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ABSTRACT

Hospital admissiaswith antimicrobial resistan(AMR) infections and associated deaths are

increasing at a rate thawill seeAMRinfectionsas the biggest cause of death globdljy2050.
Carbapenems are used as a last resort antimicrobial to treat infections with an extspdettum

of resistanceCarbapenemases are enzymes that hydrolgagbapenems as well as most

beta-lactam antimicrobials making carbapenemase producing organisms (CPOs) difficult.to treat
Thishas led to theCentersfor DiseaseControl andPrevention (CDC) listing CPOgswas out of five of

the mosturgent threas. Five carbapenemases have been identified as the biggest threat to
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Oxacillinaset8-like family (OXA48), NewDelhi metallebeta-lactamase (NDM), Verona

integronencoded metallebeta-lactamase (VIM), and Imipenemase (IMP).
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Lff @I NR Iy ( garbapenemadsegeréddentified FIBALLYH ELGS5, and70 variants of KPC,
OXA48, NDM, VIM, and IMP have been sequencespectivelyThrough sequence alignment
conserved sequencegere identifiedacross 10084 ofblakpg 100% ofblaoxass, 100 % oblanow, 98%
of blayiv, and 86 % dblave variants whickprimers weredesigned against. Primeetswere
characterised in recombinase polymerase amplification (RPA) reactions using agarose gel
electrophoresis and densitometrnn optimal primerset for each targetvas identifed and assessed
in triplex RPA reactions followed by agarose gel electrophoresis whilonstrated thatach
primer set couldsuccessfully amplifthe target genes

A bespoke bioinformatic script was developed to designiquesingle strandealigonudeotide
tails with minimal complementarity towards tha@igonucleotides \ithin the proposed ongot
pentaplexassay. Using this script six single strandiigbnucleotidetails each fifteen nucleotides in
length with four or less complementary base paow/ards the selected primers and cognate probes
were designedThe optimal primer satwere modified withp tailsto mediatedetection on a solid
surface.Tailed primers were assessed in b&RA in solution ansblidphaseRPAreactions
followed byenzymelinked oligonucleotide assayBL{ONMdetection.The background signal
observed when RPA reactions containing opposing primers in soliR®A in solutioncould not be
eliminated andassays performed in this manneere too variable converselyanchoring the
forward primer to a solid surfacadglidcphaseRPA proved to be a more reproducible form of
amplification when paired with ELONMé&adout.For the first time gentaplexsolidphaseRPA assay
done in parallel wasuccessfully pedrmed producing calibration curves with the limits of
detections of 15_lr|\/|, 2.88 pM, 702 fM, 557ﬂ\/|, and 275 fM fOIblaKpc blaOXA4g, bIaNDM, bIaV|M, and
blawetargets, respectivelyResonance Raman spectroscopy was explasedn alternative form of
readout to detect oxidised TMB produced frosolidphase RPA and ELONA reactighportable
handheld Raman reader was used to detect oxidised aMBproducectalibration curves for
blaoxaas, blaviv, andblawe with the LOD2f 12.72 pM, 826M, and5.11 pM, respectively.

Progress$as been madéowards developing pointof-care test (POCT) thattargdit KS W6 A3 FTA DS
carbapenemases. Assays using the primers designed within this project are sensitive, specific and

provide a higher level of coverageatinthe most widely used commercial assays. Further steps to

evaluate the primers in a oagot multiplex reaction will need to be performed and alternative

forms of readout such as surfacenhanced Raman spectroscopy should be investigakeagside

mechansing the assay onto either magnetic beads or lateral flow format
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1 INTRODUCTION

1.1 BROAD AIMS OF THE THESIS

Within this thesis the background of antimicrobial resistance (AMR), forms of detecting AMR,
molecular techniquesand forms of readout will be detiad in the introductionand preliminary data
will be presented, explained, and scrutinisadhe results and discussiohhe aim of the project is
to deliver a molecular assay which can proviagter, cheaper, and more portabletection of AMR
genes inproving on the efficiency of the current molecular and phenotypic gold standainitsh will
be detailed in the introduction

1.2 THE ANMICROBIAGOLDEN AGE

Prior to the mass production of antimicrobials, the estimated average lifespan varied globally from
28years in Asia toAyears in EuropéRiley, 2005)In 1900 the most common cause of mortality was
attributed to untreatable bacterial infections which accounted for a third of all documented deaths
(CDC, 1999}t is important that we define the distinction between antimicrobials and antibiotics.
Antibiotics aremoleculeswhich act on bacteria ankdave beersynthesised globally to treat bacterial
infections.Antimicrobials include classes of ajjentswhichtarget not just bacteria but viruses,
fungus, and parasite3his thesis focuses on antibiotics and resistance towards them which is
encompassed by the term antimicrobial resistance (AMR).

The synthesisf Prontosil(Colebroolet al., 1936)and penicillin \(Abrahamet al., 1940)in 1936 and
1943, respectivelymarked the beginning dhe antibiotic goldenagein whichhundredsof natural
and synthetic anhbiotics were discogred and developed. Each dpititic is grouped together in
classes (Figure 1.1), the most widely accepted classification diatits based on chemical
structure are as follows: Befactams, tetracyclines, macrolides, peptilaminoglycosides,
lincosanides, and streptogramin@/ardanyaret al., 2016) Betalactams are the largest class of
antibiotics,agentsg A 0 KAy (1 KA & Jab@ndedbg irt thie fcentie ol tHeiBstructure which
binds covalently with a penicillin binding prot€iPBP) via a highly reactive -Glbond(Goffinet al.,
1998) PBP<atalyse thecross-linking of thebacterialpeptidoglycan cell wall, inhibiting these
enzymes prevents synthesis of the cell wall and hydrolytic cell lysis dGufftnet al., 1998)
Betalactamsare further classified into subgroups, peninoglj ceplalosporins, monobactams, and
the carbapenems.
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Figurel.1: Antibiotic tree.

The seven main categories of dnditics are illustrated in red at the top of the tree, subgroups of the Batéams are
illustrated below in green. The penicillins and cephalosporins are further grouped shown in blue,ibidtiGagents
from each class listed beldiBui T, 2021)

The advent of antiioticsnot only saw a dramatic reduction in deaths related to bacterial infection
but when used as a prophylaxantibioticspathed the way for advances in modemedicine
invasive surgerieorgan transplantgpint replacements and a@motherapywhich canall now be
performed with agreatlyreduced risk of infectiofBrownet al., 2016) Sincethe introduction of
antibioticswithin modern medicindife expectancy rose 78years(United Nations, 201%nd
deaths related tdypervirulentdeadlybacterial infectiongvere temporariy reduced However, it
could be argued that despite the increaseddevity of life quality of liferemainedthe same an
unexpectedrepercussion of aniiotic usesaw an increase in infections ledirdieropportunist
organisnsin the absence of deadlietiskasegFinland, 1970)Trace amounts of natural atibtics
molecules are found in the environmefid'Costeet al,, 2011) it has been demonstratetthat
bacteria use ntral antbiotic molecules aghemical signalthrough quorum sensingSkindersoet
al., 2008; Aminov, 2009 Dvertime bacteria that have been exposed to natural aitticshave
developed antirnicrobialresistomes and the accelerated exposure of kioticsthrough medical
prescriptions ad environmental sowres in agriculture/aguaculturkeas positively selected bacteria
with resistance.

1.3 MECHANISMS OF ANTIMICROBIAL RESIGARMR)E

Between 1941 and 1943 penicillin V was undergoing clinical trials in which the first cases of
Saphylococcal infectionthat exhbit low levels of resistance were identifié8pinket al,, 1947) The

first cases of penicillin resistaBtaphylococcal infections were in 124Rammelkamget al, 1942)

and withinsixyears 59% of all Staphylococcal infections were resistant to pen{Blitberet al.,,

1948) The cause of resistance was later identified as the synthesis of an enzyme, penicillinase which
inactivates penicillin by hydrolytically cleaving the bigtetam ring(Pollock, 1967)Penicillinasevas

first observed i 940 when Abrham and Newton linked the cause of resistance to a penicillin
hydrolysing enzyme synthesised Bgcillus colbelonging to the coltyphoid group(Abrahamet al,,

1940)



The pattern of resitance towards marketed afitioticshas been observed over the course of history
(Figure 1.2). Figure 1.2 illustrates the yaaragent from each major clagantibioticswere first
introduced and the year resistance was first observed in a clinicahgett

Introduction of antibiotic

Penicillin v Tetracycline Vancomycin Ciprofloxacin Fosfomycin Aztreonam
(Penicillins) (Tertracyclines) (Glycopeptides) (quinolones) (phosphonates) (Monobactam)
1943 1948 1958 1962 1971 1984
Mafenide Kanamycin A Erythromycin Colistin Cephalosporin (1% Imipenem
(Sulfonamides) (Aminoglycosidase) (macrolides) (Polymyxins) Gen Cephalosporins) (Carbapenems)
1936 1946 1952 1959 1964 1985

PenicillinV Erythromyein Kanamycin Cephalasporin € Colistin | Vancomyein ciorafioxacin Imipenem

1942 1952 1959 1964 1973 1976 1983 1991

>

Aztreonam

Tetracycline Fosfomycin
1985

1950 1974

Identification of resistance

Figurel.2: Timeline of antbiotic discovery and rsistance towards eachntibiotic.

Antibiotics are labelled alagside the class of afioticsand the year it was approved for uabove the timeline,
antibioticslabelled below the timeline are the year resistance was first observed in a clinical setting. Information fi
(Spink, 1951; Haight et al., 1952; Morikubo et al., 1959; Barbdr, €it9%4; Lakhotia et al., 1973; Kahan et al., 1974;
Jones et al., 1976; Chin et al., 1984; Cox, 1985; Satake et al., 1991; Hutchings et al., 2019)

Betalactams are the most widely prescribed daiditic, in 2019 betdactams made up 49.6% of all
U.S outpatient prescription€CDC, 2019tgnd 46.3% of prescriptions across all care settings in
EnglandPHE, 2020aMechanismsy which bacteria are able to confer retsince towards
betalactams includeninimising the intracellular concentration of belactams by increasingnd
decreasing the expressiaf efflux pumps and porinsespectivelyaltering PBPs by means of amino
acid mutations or postranslation modificéions; and inactivating betdactams by enzyme catalysed
hydrolysis(Nikaido, 2009; Wright, 2011; Blait al, 2015) The latter mechanism the most
prevalentcause of antimicrobial resistance (AMRYymmnegativebacteria(AFBayssaret al.,

2015) Todate thousands of bettactam hydrolysing enzymes known as bltetamases have been
identified, the majority of whichhdS 6 SSy R20dzYSyiSR gA0GKAY auKS 02\
NB & A & d I y OtitpsiRdarid. m@nasieSci/ontology/36010Alcocket al., 2020) The geneshat
encode betalactamases can reside in mobgeneticelements such as plasmids, transposons, and
integrons whichare transmissiblebetween speciesia horizontal gene transfdHGT)Sultanet al.,,
2018) Therefore the presence of betdactamases in bacteria which do not cause severe infections
are still of concern. Bacteria are able to send and receive these mobile elements through either
conjugation, transformation, and transductigNormanet al.,, 2009)

1.4 THE CAUSE G¥#MRDISSEMINATION

The emergence and dissemination of resistance has been exacerbated dyettuse, underusand
misuse of anbiotics(Gullberget al, 2011) Antbioticshave been extensively used in agriculture as
growth promoters and as prophylaxis within intensive farms. The misuse di@tits has seeB80%
of all antibiotics consumed wthin the U.S given to livesto§klallingSgrenseret al., 2002; Van
Boeckekt al., 2015) Misuse of veterinary artiotics affects the environmental microbiomeith up

to 90% of oral ankiiotics excreted through urine and stool which in turn is spread through use as
fertiliser or surface ruroff (Bartlettet al, 2013; Let al,, 2015) Studies have shown a positive

3
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correlation between increagkveterinary antiotic use and antimicrobial resistan¢€hantziaragt
al.,, 2014)

In some countries production and sale of &mticsis unregulated and large volumes can be
purchased cheaply without prescriptigMichaelet al., 2014) However, even with regulations in
place antbiotics are still being unnecessarily prescribed to patients, a 2016 large scale study of
primary care prescriptions in England estimated thaf20fthe antbiotics were inappropriately
prescribed(Davies, 2018)

The underuse of arttioticsincrease the selective pressure anchn lead to bacteria developing
resistancg Komolafe, 2003)-urthermore, in low and middisncome countries it is estimated that
40 % ofprescribed antbioticsare prescribed in undedose and 4@ of patients are not provided
details of how to correctly take the prescribed medication thusliag to underuse of artiiotics
(Holloway, 2011)

Lack of stringent regulation of abtotic pollution has led to an increase of apittic molecules

found in both fresh water and marine environmeriBoyRouraet al., 2018) Seventy percent of oral
antibiotics are excreted from humans unaltered into the effluent syst&iimmerer, 2009; Kraemer
et al, 2019)as a result there are an abundant number of resistant bacteria found in wastewater
treatment plants(Rizzaet al,, 2013)

Resistance has developed because of overuse, misuse, and underuse otiastihibresistance has
disseminated across species and across the globe because of a plethora of factors, for instance the
popularity of intercontinentatravel saw 4.5 billion passengers take to planes and fly worldwide in
2019(Organization, 2019)fter the antibiotic golden ergpharmaceutical companies found little
incentive in investing in antibiotic development when it appeared the market was already saturated
Qurrently, newly developed antibiotics which are effective against resistant strainslassified as

top shelfantibioticsused for only the most resistant strains which means companies lack a financial
incentive to develop new antibiotig®lackett, 2020Q)

Ways which we can combat the dissemination of AdR introduceglobal surveillance

programmes which monitoAMRcases and the emergence of new variants such as the SENRTY
programmegFluitet al., 2000; Diekemat al., 2001; Jonest al., 2004; Galest al., 2012) improve
hygiene and sanitation globally, improving education this could be achieved by having more
frequent global awareness campaigi@Neillet al., 2014) governments and unions need to
collaborate with and provide incentives for academics and pioneers to innovate new antipiotics
apply regulations to reducennecessary use of antimicrobials in agricult(fallingSgrenseret al,,
2002; Van Boecket al., 2015) encourage academics and entrepreneurs to deliver faster genomic
devices to rapidly detect and report resistance in affected pati@Rezlinget al., 2006; Lanét al,
2019)

1.5 CARBAPENEMASES

Carbapenems are a last resort doititic and are only prescribed to patients whose infections have

not responded to previous attiotic treatments(Queenaret al., 2007) Carbapenem prescriptions

for infections resistant tox@endedspectrum betaactams has increased globally year by y&adein

et al, 2018) This increase in carbapenem use has led to the positive selection of bacteria that
produce enzymes capable of hydrolysing carbapenessvell as the other refance mechanisms
discussed in section 1.Zarbapenemases have an extremely broad affinity and can hydrolyse all
beta-lactams with few exceptions. Carbapenemases are grouped into the four classes A, B, C, and D



based on theimolecular and mechanistic gpperties(Ambler, 1980)Enzymes residing in classes A,

C, and D all utilise an active site serine to hydrolyse the-laetam ring(Vandavaset al., 2017)

whilst inactivation of betdactams by class B enzymes is zirvediated and are thereforecalled
metallo-beta-lactamases (MBLéFenget al, 2017y CA @S Ol Nb I LISy SYl aSazx O2Ay
been identified as the biggest threat to worldwide dissemination of AMR based on their broad

substrate affinity, global prevalence, and their association withabile genetic elemets making

them extremely transmissibl@Bush, 2010; Papy/allaceet al, 2011a; PHE, 2020b)

¢KS WoA3d FTALSQ OFNDILISYSYlFLaSa INB |a F2tft26ay Y
Oxacillinaset8-like family, NewDelhi metalla -lactamase (NDM), Verona integre@mcoded
metallod -lactamase (VIM), and Imipenemase (IMIPHE, 2015)

1.5.1 Klebsiellpneumoniae Carbapenemase

In 1996, North Carolina, a clinical isolateKébsiella pneumonia@<. pneumoniagwas deemed,
NBaAadl yid -dcamg: RuftheringsatijaBoRs léd to the discovery of a new carbapenemase
which was aptly nameHlebsiella pneumoniaearbapenemase (KP(Yigitet al., 2001) The first

mobile variant of KPC was identified2003(Yigitet al, 2003; Wolteret al., 2009b)and within the

first year of discovery cases KWPG2 producingK.pneumoniaébecame more frequent in the U.S and
wasfurther identified in an isolate ofalmonella eterica(Chenet al., 2014) In2005,a reported

case of KP€ producingK.pneumoniaevas recorded in France and since then KPC isolates have
been identified throughout a broad spectrum of species and infection causing KPC producing
bacteria are endemic in USA, Greece, Israel and @8imenet al,, 2014; PHE, 202Qb)

1.5.2 Oxacillinaset8-like family

The oxacillinase family are a branch of bltetamases classified by their ability to hydrolyse

oxacillin(Bushet al,, 1995; Evanst al,, 2014b) Due to the difference in both structure and

substrate specificity to all known betactamases, oxacillinaseere given theiown molecular

i€+ O0GFYLF&AS OflaaATAOLIGAZ2YY Oflaa 5 ¢KS LINBTAE
oxacillinase gene, the number defines the chronological order it was discovered rather than the

sequence similarity to neighbourimgxacillinase¢Evanst al,, 2014b) Each oxacillinase variais

grouped into subfamilies based on the sequence similarity to an ancestral OXA dizzxaneet al.,,

2014b) Currently there are 965 different OXA variants which have been classified into 44

subfamilies of which4.are carbapenemases (Table 1(Eyanst al,, 2014b)

Some OXAike families raise more concern than others, as shown in Table 1.1 thdikeXamilies:
134a 211, 213, 214, 229, 235, 427 aestricted to a single speciéScaifeet al,, 1995; Figueiredet
al., 2010)and OXAL43 and 372 have only beadected in two specig(Higginset al., 2009) The
OXA51-like family is the largest family,ith 95 erzyme variants but all 99XA51-like variantshave
only been detected on the chromosome and as siabe poor transferabilityBrownet al., 2005)
this is evident by the lack of variability of spe@esoding theblaoxasiike geNe

Most other OXAike families are largely restricted f&cinetobactespp, but since the first discovery
of OXA48-like enzymes i.pneumoniae OXA48 has disseminated across a plethora of species
includingEnterobacterceae Acinetobacteland Pseudomonaspp.(Evans et al., 2014laising

fears of an epidemic.



Tablel.1: Comparison otarbapenem hydrolysin@XAlike sulfamilies.
The table compares the gene locus and lspsicies between 14 carbapenem hydroly€i¢Alike subfamilies(Evans et
al., 2014a; Yoon etla2021)

Enzyme group Location Host species
OXA23-ike Plasmid Acinetobacter spp.
Klebsiellapneumoniae
OXA24/40-like Plasmid Acinetobacter spp.

Klebsiellapneumoniae
Pseudomonas aeruginosa
OXA48-like Plasmid and chromosome Acinetobacter spp.
Eneterobacteriaceae spp.
Pseudomonas aeruginosa
Shewanella xiamenensis

OXAS51-like Plasmid and chromosome Acinetobacter spp.
Eneterobacteriaceae spp.
OXAS58-like Chromosome Acinetobacter spp.
Eneterobacteriaceae spp.
OXAl34alike Plasmid and chromosome Acinetobacter Iwoffi
OXA143like Plasmid Acinetobactebaumannii
Acinetobactepittii
OXA211-like Chromosome Acinetobacter johnsonii
OXA213like Chromosome Acinetobacter calcoaceticus
OXA214like Chromosome Acinetobacter haemolyticus
OXA22%like Chromosome Acinetobacter bereziniae
OXA235like Chromosome Acinetobacter schindleri
OXA372like Chromosome Citrobacter freundii
Morganella morganii
OXA427-like Plasmid Enterobacterales

1.5.3 The metallebetalactamases: Imipemase, Veronmtegronencoded netallo-beta-

lactamase, and Ne®elhi netallo-betalactamase
Imipenemase was initially discovered iSarratia marcescerisolate and was first sequenced in
1993. IMP was identified as a class B MBL sharing only 38.9% and 35.9% amino acid sequence
homology withfellow MBLs CBIl and ccf@sancet al., 1994) Despite its initial discove on the
chromosome)MP wadater foundondi N} yaYAadaAofS LIFaAaYARAE YR AGQa
between specie$PappWallaceet al., 2011b)

VIM was detected in 1998 in an isolateRseudomonaseruginosaP. aeruginosgpin Verona, Italy
(Laurettiet al., 1999)Dissemination of VIM across other countries wasinent with VIM2 and
VIM-4 identified in France and Gregaespectively(Giskeet al,, 2006) Further dissemination
between species was observeddrpneumoniaeand Enterobacter cloacaehich expressed a new
variant of VIM, VIMb (Makenaet al,, 2015a) Dissemination of VIM is facilitated biaym occupancy
on gene cassettes inserted in class 1 integidsirettiet al., 1999)

NDM was first identified in 2008, in an isolatekopneumoniagYong et al., 20090verall NDM has
a broader substrate specificity and higher catalytic activity than bothINARd VIM2 which places
this carbapenemase high on the listhta-lactamases to monito¢Poirelet al,, 2011b)
Furthermore NDMhas disseminated across a wide array ofcsg® includindenterobacteriaceae
AcinetobacterandPseudomonaspp.(Jovcieet al,, 2011; Poireét al,, 2011c; Bonnirt al., 2012)



1.5.4 Carbapenem producing organisms

Carbapenemase producing organisms (CPO) are challenging for healthcare professionalslt@treat
to the large substrate profile of carbapenemases. KPC is the most common class A carbapenemase
identified worldwide(Bush, 2010and can hydrolyse all betactams. A combinational therapy of a
beta-lactamase inhibitor and a befactam is required to treat KRLoducingGPO(Nordmannet al.,
2009) NDM VIM, and IMP are all MBLs tHeve a broad substrate profile, the monobactam
subgroup are the only bettactams which they are incapable of hydrolys{Rgirelet al., 2006; Yong

et al, 2009; Makenat al., 2015b) Some pathogenproducing theVIM-1 and VIM-4 variantswere
resistant to the monobactam aztreonaf®iskeet al., 2006) This is a caustor alarm asvIM-1 and

VIM-4 draw closer to conferring resistance towardskalbwn beta-lactams OXA48-like enzymes
exhibit low level hydrolytic actiwtagainst carbapeneni{Poirelet al,, 2004)yet are often detected

in species who are resistant to carbapenems, due to other carbapenem resistancanisaeh such

as the loss of porin®PHE, 2020bAs such,liere is a high risk that phenotypic assays would not
detect these species giving tipetential for blaoxass genesto spread undetected among permeable
strains(PHE, 2020b) reatment options for infectiongroducingOXA48 are ceadministering a
beta-lactamase inhibitor (clavulanic acid, sulbactam and tazobactam) with ddatm(Naas

et al, 1999)

Infections with CPOs leave limited treatment options leading to a yearly increase of deaths related
to AMR. Figwes released by the CDC shalveore than 2.8 million AMR infectiomgere detectedn

the U.Sin 2019 and more than 35,000 deathgere attributed to AMR infectionsThe CDC have
highlightedcarbapenemresistantEnterobacteraleand @rbapenemresistantAcinetobacteias two

of five urgent threats in the 2019 AR rep¢@DC, 2019a)

Cassinet al. (2019)revealed thatcarbapenerrresistantP. aeruginosa carbapenenresistant

Acinetobacter spp and carbapenemesistantkK pneumoniaeas the &, 53", and &' biggest causes of

disability adjusted life yeam@mongstAMRbacterial infectionsn the EU and EEA 2014 the UK

prime minister called for a review on thtreatof! aw> G KS NBadz GAy3 NBLR2NI 1
NELIR2NILIQ ¢Fa LINRRIdZOSR FyR FAYSR (G2 IRRNBaa (GKS as
growing threat (O'Neillet al, 2014) TKS h Qb SA f NB L2 NIi , 18,600 dexthsiielatRd G K| G )
to AMR infections occurred in the Utis reportsuggestedhat if the rate ofdeaths related to AMR
increaseyealy as it is currently, by 2050 Tillion people will die from AMR infections

Figure 1.3 shows the prevalence of Enterobacteriaceae in 38 European countries, data is taken from
selfassessment by eagh | i Ae2pgrid.in 2013 OXA48 producing Enterobacteriaceae were the

most frequency detected carbapenemase in Belgium, Fraamm Malta, whilst increasing positive
isolates were reported in Ireland, Spain, and the KIRGoroducing Enterobacteriaceaeane

endemic to Itdy, Malta, and Greece and it is the most disseminated in Europe.
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Figurel.é: Prevalence of carbapénemase préd'ucing Enterobacteriaceae by type of carbapenemase.
CA@S 3IS23INI LKAOKT YILA 2F 9dNBLIS aK2gAy3d (KS Eubplad |
countries.The diagram isdapted from(ECDC, 2013)

According to theJKHSA (2029 K2 LINB RdzOSR (GKS 9y 3t yRQa TFANAID
surveillance of carbapenemapeoducing gram negative bacteria, a total of 2186 carbapenemase
producing Gram negativieolates were identified in England between October 2020 and September
2021. The report detailed OX48-like was the most frequent cause of carbapenessistance and

was observed in 41 % of all carbapenempisElucers whilst NDM and KPC each made up 25 % o

the 2186 isolates. The most common isolated carbapenerpasgucing gram negatives were

Klebsiella pneumonia@2.1%) Enterobacter spp25.4 %), andt. col(21.4%)YUKHSA, 2021)

To prevent the spread ofisease and dissemination of resistance genes there is currently a clinical
unmet need for rapid testing to detect CPOs. Identifying CPOs through rapid testing enables health
care professionals to promptly isolate the patient from others and provide theecbtherapy,

reducing the risk of mortality and spread of diseéBenomoet al., 2017)

NI



1.6 DETECTING CARBAPEREBSISTANCE

Currently, fnenotypic methods are the gold standard for determinaagbapenerresistan

organismsAll phenotypic techniques require culturing of bacteria, for instance the disc diffusion

methodis the techniqueecommendedy the Clinical and laboratory standards instit(&LSl,

2021)to identify carbapenenresistance. This technique cultures a clinical strain on an appropriate

agarin the presence ofliscs containing Bnown concentration of carbapenem After a 1624 h

incubation at 35 C zones of gwth inhibition around each carbapenedisk are measured

(seeHgure 14), the concentration otarbapenensrequired to inhibit growth is called the minimum

inhibitory concentration (MIC)Sandle, 2016)The MIC is measured for eachrbapenenmand

compared against clinical breakpoints set by CLSI in Am{@ic3l, 202Dy the European

Committee on Antimicrobial Susgtibility Testing (EUCAST) to provide guidance on the dose

(EUCAST, 2020)here thecarbapenem®d alL/ NBAARSa Ay GKS O0NBF 1 LRAY
are sensitive, intermediate or resasit to that drug. This method ascertains the resistance profile

but fails to specify the mechanism ifsistance, which is crucial information when tracking

resistancel YR A0 Qa RAAASYAYIFIGA2Y GKNRdzZAK | LRLJzZ | GA2Y

Growth time_
16-24 h

Figurel.4: Schematic of the disc diffusion phenotypic method

The figure shows the disc diffusion technique used to measure MIChbtegitowards cultured bacteria. Abtotic
discs, A, B, and C are placed on an agar plate agghtams from a clinical sample are cultured. After cultire
diameter of the growth inhibition around each abititic disc is measured to provide information on the MIC.

Phenotypic techniques can be adapted to screen for specific classasbajpenenase producers

such as thenodified Hodge testMHT), Carba NP test-t€st, or broth microdilution by

incorporating inhibitors of each class such as EDTA for class B carbapen@ielsast al., 2002;
Pasteraret al,, 2015)or phenyl boronic acid (PBA) to inhibit class A carbapenenfaaaDijket al.,
2014) However, these techniques lack the specificity molecular tests can achieve and both
sensitivity and specificity vary between spedierdmannet al, 2012; Tijeet a., 2013; Osterblad

et al, 2014) Enzymes with a low level of carbapenemase activity can cause false negative results
whilst the presence of intrinsically encoded resistance genes can cause false pesitig(Segakt

al., 2005)

Overall,phenotypic methods provide a resistance profilem which the correct treatment and dose

can be determined. The time required to perform phenotypic screens limits its applicatibe at t

point of care POQG. Currently, there is an unmet need rapidly screen individuals for resistance, in

doing so allowpromptintervention to take place such as isolation to prevent bibta spread of

disease and the dissemination resistance. The time required to perform phenotypic screens can

Ffa2 060S02YS LINBOfSYIFIGAO Ay &aSNAR2dza AtfySaasSa adz
increases 7.8 % for every hour that patient goes without an effective treatm@itmaret al.,,



2006; Liwet al,, 2017c)In instances such ahis, the advent of rapidestingto determineresistance
is essential

1.7 POINT OF CARE TEST

Point of care tests (POCT) can be performed atthessité YLX S Aa GF 1Sy &dzOK |
a hospital, the GPs office or at home. POCT deliver rapidts thatcan inform users of the mos
appropriate actionsThere are many weklnown examples of everyday POCTs which include the
glucose biosensdiGuilbaultet al, 1973) pregnancy testButleret al., 2001) and SARSV-2 tests
(Linareset al., 2020) The World Health Organisation (WHO) dictates a seriesidélijuesc known
asREASSUREDvhich describes desired characteristics @Ptechniques. ThHREASSURED
guidelinesyequirethe techniqueto be able to connect in redime, ease of specimen collection,
affordable, sensitive, specific, uskiendly, rapd and robust, equipmentree and delivered to
end-users(Peelinget al, 2006; Lanet al., 2019) TheREASSURED criteria aims to fireperfect

balance of accuracy, affordability, and accessibility without compromising on these key characteristic
(Figure 15) making the test applicable to all levels of healthcare particularly in developing countries
However, no test is perfect and tradeff between these characteristic have to be mgtlandet al,

2019) Sudies have showed compromising on sensitivity for tests which are rapid have led to more
patients being treated tharelying ontime-consumingdaboratory based nucleic acid tests to

diagnose patients, this is known as ttepid test paradoXGiftet al,, 1999; Meggeét al,, 2017)

Affordability

Accessibility

Figurel.5: The three key characteristics of POCTs.
The REASSURED criteria set out by WHO aims to find the sweet spot of accuracy, affordatmtigsaiflity as shown
in green.

To put these guidelines into context; specific, sensitive, and rapid detection of pathogenic organisms
are paramount to accurately diagnose and treat a patient appropriately. Appropriate and prompt
treatment reduces the personal health impact of diseaseel as the subsequent public health
burden(Crawet al., 2012) Efficient diagnosis and treatment of pathogenic organisms can only be
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applied globally if the costhd complexity of diagnostic tests are reduced, to mistingviable in
resource limitedegions(Crawet al, 2012)

The thresholds for each criterion of REASSDIR not set in stone #se needs and demands for

testing differs between disease and geographical location. Typically, a REASSURED POCT will deliver
results within 1 har, althoughthe widely used nucleic acid PGGfiat detects resistant mTB takes

1h 45 min (Pathmanatharet al,, 2017) Ideally the POCT woutdst less than $10 although this

could be prohibitive in high incidence regicarsd would preferably bequipment free buthis isnot

essential as manlyattery powered portable POCTs have been designed and successfully

implemented into diagnostic settingkaksanasopiat al., 2015) Introducing realtime connectivity

in POC3aims to reduce errors in subjective interpretation of testgreement of diagnosisas been
shownto vary 8090 % between trained community health workevken interpreting rapid

diagnogic tests(Turbéet al,, 2021)

1.8 MOLECULARAGNOSTEC

Since the Polymerase Chain Reaction (R@RYirst developedh 1983(Mulliset al., 1986)

moleaular diagnostics have increasingly been implemented; the utilisation of PCR has engendered
new approaches regarding biological and medical rese@ehibyaret al., 2013) PCR uses
opposing forward and reverse primers which are typically betweeBQBasesn length to
exponentially amplify target nucleotide sequendesrenz, 2012Nucleic acidare amplified

through thermal cycling were lsightemperature is applied to denature the douldéranded DNA
into single strands. The temperaturetigen lowered so specific primers can anneal to
complementary sequences followed by increasing the temperature to facilitate strand extension by
aTaq polymeras¢Weieret al., 1988) The temperature which primers anneal is specific to the
lengthand G/C contemhof the primers, the salt concentration of the PCR readtiand the size of the
amplicon;typically good primersange from44 °C to 74 °(Rychliket al,, 1990) Taq polymerasés
optimally catalytic betweerv0-75°C(Lawyeret al., 1993) therefore, the elongation steps are
typically performed within this range h& denaturation steps are typically permed at 94°C. 1
generallytakes the thermocycler between 280 s to heat or cool the reacti@to eachdesired
temperature and allow sufficient time for annealing, elongation or denaturation to take gldoe

et al, 2008) After a full cycleof denaturation, annealing, and elongatitme number of target DNA
sequences double; the cycles are repeated to amplify DNA to a detectable level in a benchtop
thermal cyclerThermal cyclesrequirea lot of energy to efficiently heat and cool reactions to the
required temperatures and is this time taken to change temperatures whiclthis rate limiting

step in amplifcation.PCR is capable of amplifying RNA, single stranded DNA, and dwahbtied
DNA with he resulting productBeingmany copies of the target duplex amplicon. For efficient
amplification, forward and reverse primers shotygicallytarget sequences producing an amplicon
less than 1000 bp in length but PCR can amplify narger sequencef_orenz, 2012)

The PCR products are commonly visgal by staining the DNA with a fluorescent dye such as
ethidium bromide which intercalates between the double strands, and each DNA fragment is
separated by molecular weight and charge on an agarose gel across an elect(losfigigt al.,
2012) Performing PCR analysisngsagarose gel electrophoresis provides a qualitative measure
where separated DNA is visualised by eye, alternatively:tirmal PCR provides more quantitative
measurements offering information on thenetics of the reaction. Redime PCR utilises
fluorescent molecules tagged to primerssquencespecific probes which emiifuorescencehat
can be measured in real time when the target sequence is amp(iBadbyaret al., 2013)thus
reducing the time taken to observe resulBCR has successfully been applied in the field of
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diagnostics by amplifying nucleic acids specifimtdtiple pathogenic genem a single rea@n
(multiplexing)(Markoulatoset al, 2002; Nihonyanagit al., 2012; Beniteet al,, 2016) including the
WoAd FADBSQ (Boird al, 1218 YoSSwhyaebal, 2011; Monteiroet al, 2012) Detecting
each amplified product froma onepot multiplex reaction can be achievdyy separation and
visualisation by eye on agarose g@eirelet al, 2011d) using melting curves postmplification to
determine specific amplicor®lonteiro et al., 2012) and tagging amplicons with target specific
fluorescentTagman probegSwayneet al., 2011)

PCRean differentiate between single nucleotide polymorphisms and can amplify low gene copies
making it highly specific and sensitiidatsuda, 2017)PCR typically amplifies gertesa detectable
level within (46 hours) which is an improvement over phenotypic assays which can take between
24-72 h(Poirelet al,, 2011d) Furthermore, by carefully designing primers PCR can gnnpliltiple
targets in a single reaction reducing the cost #igdid handling timesequired to run multiple PCR
reactions.For the past 9years, PCR has been the gold standard for nucleic acid amplifi¢Gtianw

et al, 2012) However, this technique has encountered several hindrances which have limited its
global application, namely the requirement of expensive laboratmaged equipment and the
necessity for hig temperature thermal cyclinMulliset al, 1986; Garibyaet al, 2013) The
presentday necessity for quicker amdore accessible nucleic acid amplification techniques (NAATS)
has materialised particularly in terms of developingOCdevices.

In an effort to miniaturise reaime PCR making the tests quicker and less lalmensive
O2YYSNOAIET 1AGa GFNBSGAY3I GKS WwWoA3d FAOSQ KI @S ad
performed in laboratories were primers, probes, dNTPs, bsffeaq polymerase, and sample are
mixed in a tube and the reaction is performed on a benchtop thermal cyetammercial kits
streamline sample preparation, amplification and detection to reduce the risk of contamination,
liquid handling stepsand reactn time.The commercial kits usmartridges thatcontain all the
constituents requiredo perform reaitime PCR for each target geradl that is required is to add the
sample to the cartridge and loatlinto the commercial hardware, which performs therhtgcling at
optimised conditionsThe two most widely used assag@heckDirect CPE and the Xpert CaiiRdy
Cepheidboth carry-out fully automated reatime PCR followed by fluorogenic detection, results are
read within 1h 40 mir§Nijhuiset al., 2013)and 47 min(Tenor et al., 2013b; Tataet al., 2016b)
respectively.

Not all carbapenemase variants are detected by the commercial kits (Table 1.2pphdichave
claimedthe Xpert CarbaR can detect abblakpg blaoxaas, blanowm, blaviv (exceptblavivs, blavivez,

blavimz2), andblame1ike Variants excepblawvrz, andblamei4 based offin-silicoanalysis (Table 1.2).
Contrary to then-silicoanalysis primers that were a match fiolaymprs andblawveiz were not
detectedin-vitro (NICE, 2016; Cepheid, 2019; &ilal, 2020)andthe analytical sensitivitgnd
specificityvaried from94-100 %(Findlayet al., 2015)and 7799.4 %Tenoveret al, 2013b; Anandan

et al, 2015a) respectively The Chechlirect CPE and BD max Chedints CPO assayase they are
unable to detecblavimz (Nijhuiset al, 2013; MAX, 202BndNovodiag CarbaRzannot detect

blavim21 andblayim22 (Novodiag, 2021)Elitech group, Meridian Bioscience, and AusDiagnostics, have
not declared the level of coverage provided by CRE ELITe MGB kits, Revogene Carba C assay, or the
AusDiagnostics MT CRE EUddspectivelybut independent studies have shovilt®0 % sensitivity

for CRE ELITe MGB(Kkéirlichet al., 2018)and Revogene Carba C asgagdelet al., 2020)whilst

MT CRE EU kit showed 95.5% sensitiMigunieret al., 2018) Novadiag have not declared the level

of coverage afforded by Novodiag CarbaR+ other than they tétgats blaoxass, blanowm, blaviv and

blawe but a study performed birlich et al (2021¢valuatedNovodiag CarbaRand found that it
detected a broad rangef variants of each gene and successfully detectelladp variantsgiving it
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an overall sensitivity and specificity of 98.2 % and 99.7 %, respeciielyyommercial multiplex kits

OFyy2i RSGSOG Ittt GKS CkekipRevafitnta arebdingdis€oGereand 3 FA JS Q
some gene families, namebjamp, are too genetically diverse to design a single set of primers to.

The cost of each assay and the hardware required takes commercial kits away from the POC with
costs per assay wingfrom £8(CRE&nd ESBL ELITe MGB kits) to @#5/odiag Carba{irlichet

al., 2021)and the cost of hardware varyirmmptween £1800qCheckdirect CPE kit)PHE, 2021tp
£121308 (Xpert Carb&)(NICE, 2016Although, current commercial kits have improved both speed
andeFf FAOASy Oe 27T 7R &dh&énemageme highk Sost bfdha Fardware and
necessityto use bulky mains powered laboratory hardware prevents these assays from being

performed at thePOC
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Tablel.2: CommerciaPCR based carbapenemase diagnostic tests

I 2YYSNODAFET t/w o6lFaSR Faalea RSGGSOGAYy3I (GKS wora3ad FASSQ O Nb ||

hardware, cost per &, level of coveragesensitivity, ad specificity Information collated fronfTenover et al., 2013a;

Anandan et al., 2015b; Findlay et al., 2015; Huang et al., 2015; Lau et al., 2015; NICE, 2016; Girlich et al., 2018t Meunier
al., 2018; Vanstone et al., 2018; Chwtal., 2020; Girlich et al., 2020; Lucena Baeza et al., 2020; Sadek et al., 2020; Girlich
et al., 2021; PHE, 2021)

Commercial Time Cost Cost of Variants detected Variants Sensitivity Specificity

kit (min) per hardware (in-silico) not (%) (%)
assay (E) detected
in-situ
Xpert 47 30 1807F KP@2 to 16 IMP-4,7,  94-100 77-99.4
CarbaR 121308 OXAl162, 163, 181, 8, 13, 14,
(Cepheid) 204, 232, 244, 245, 18, 48,
247 62
NDM1 to 9
VIM-1 to 38
(except VIM3, 21,
22)
IMP-1, 3, 8, 9, 13,

19, 2022, 24, 25,
27, 28, 30, 31, 33,

37, 40, 42
Checkdirect 100 | 1024 18000 KPEL to 15 OXA163 100 82-94
CPE kit OXA48, 162, 163, | All IMP
(Check 181, 204, 232, 244
Points) 245
NDM1to 8
VIM-1 to 37
(except VIMY)
BD MAX 150 10 80000 KP@2 to 24 OXA535 92-97.1  97-98.8
Check OXA48, 162, 163, IMP-11,
Points CPO 181, 204, 232, 244, 13,14
245, 370
NDM1 to 16
VIM-1 to 47
(except VIMY)
IMP-1-4, 6, 8, 10,

19, 20, 24, 25, 26,
30, 34, 38, 40, 42,

43,52, 55

CRE ELITe| <180 8 >54900 100 100
MGB kits

(Elitech

group)

Novodiag 80 45 45000 KPC 1to 24 98.2 99.7
CarbaR+ NDM 1 to 16
(Mobidiag) OXA48, 162, 163,

181, 204, 232,

244, 245, 247, 252
370, 405, 438, 484
517, 519, 793
VIM-1 to 20, VIM
23 to 46
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Table 1.2 continued

Revogene 70 44 10000 100 100
Carba C 50000
assay
(Meridian
Bioscience)
Aus <240 1049 10000 95.5 99.8
Diagnostics 50000
MT CRE EU

1.9 ISOTHERMAL AMPLIFICATION TECHNIQUES

Performing DNA amplification at a single temperature (isothermal amplification) in place of thermal
cycling asiecessaryn PCR aims to reduce cost, negate the use of centralised equipment, and
increase the rate of amplification. To date tlkasre severakothermal NAATsas listed in Table 1.3
(Crawet al,, 2012) Primers vinen used insothermal amplification techniques can anneal and
subsequently extend at a single temperataéowingcontinuous amplificatiorio occur.

In all isothermal NAATSs a polymerase enzyme is used to synthesis DNA; however, the techniques
used to amplify DNAta constant temperature vary from carefully designed primers that provide
continuous amplification or enzyme mediated techniques that facilitate unzipping of the double
helix. Examples of isothermal amplification techniques that employ specifically ddgigimers to
facilitate continuous amplification are Logpediated isothermal amplification (LAMBmart
amplification process version 2 (SMAP)tani et al., 2007) androlling circle amplification (RCA)
LAMP and SMAR#th use6 and five primersrespectivelythat are both targetspecific and
selfpriming producing large steAbop DNA structures made of inverting repeétotomiet al.,
2000; Mitaniet al., 2007) alternaively, RCAuses circulaprobes to facilitate repetitive elongation
of the same target sequen¢®aubendielet al., 1995) Examples of isothermal amplification
techniques that use enzyme mediat®dNA unzippingre Helicase dependent amplification (HDA)
(Vincentet al,, 2004b) Nicking enzyme amplification reaction (NEAR) Nesgt al,, 2003) Nucleic
acid sequence based amplificatiNASBAJCompton, 1991 )and recombinase polymerase
amplification (RA) (Piepenburget al. 2009. Strand displacement amplificatiq®DAlses 4
primers two of which are designed with Hinc2 recognition sitesiatiterefore, a technique which
employs specifically designed primers and enzymes to facilitate continuoudiaatjan (Walkeret
al,, 1992)

Like PCR, probes and fluorestly labelled primers can be introduced into easbthermalreaction

to detectamplified productgZhaoet al., 2015) By operating at a single temperature, the assays

listed in Tablel.3 can beperformedin a simple battery powered water bath bringing the techniques
closer to thePOCHowever, all but BA SMAP 2, and RPA require an initial deretion stepto

produce fngle stranded DNAefore amplification can occur. Most isothermal amplification

technigues have reaction times comparable to that of PCR but RPA, SMAP2, and NEAR have quicker
reaction times than even the fastest PCR based commercial kit, Xpert-Rarba
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Tablel.3: Isothermal amplification techniques.
Isothermal amplification techniques were evaluated by reaction time, number of primers used within a reaction, limit of
amplification, and reaction temperatur@VNalker et al., 1992; Lizardi et al., 1998; Notomi et al., 2000; Deiman ed@2; 2

Van Ness et al., 2003; Vincent et al., 2004a; Piepenburg et al., 2006; Mitani et al., 2007; Tatsumi et al., 2008; MEnova et a
2012; Ménova et al., 2013; Zhao et al., 2015; Xu et al., 2018)

Isothermal Reaction Number of Limit of Reacton
amplification duration (min) primers amplification temperature (°Q
technique (gene copiey
Loop-mediated 60-90 4-6 6/25 pl 60-65
isothermal
amplification (LAMP)
Helicase depenent 7590 2 500/50 pl 65
amplification (HDA)
Rolling circle <90 2 20/50 ul 30-65
amplification (RCA)
Smart amplification 1550 5 10726 pl 60
process version 2
(SMAP2)
Nicking enzyme 15 1 >10 55
amplification
reaction (NEAR)
Nucleic acid 105 2 25230 41
sequence based
amplification
(NASBA)
Recombinase 20 2 10720 pl 37-42
polymerase
amplification (RPA)
Strand displacement <120 2-4 1050 37

amplification (SDA)

Despite isothermal amplification techniques having distinct advantages over PCR, their use in

diagnostics is still in its infancy. Examples of multiplex isothermal techniques are abundant in the

literature (Jarviuset al,, 2006; Iseket al., 2007; Andreseet al, 2009; Cranne#t al,, 2016)but no

LJdzo t A OF A2y & KI @S I OKASOSR Yabhpédemiséernativalyf A FA OF (A
the Eazyplex superbumpmplete cre kit is a commercial assay which employs LAMP to atvplify

blaoxaas, blanowm, andblayim in four parallel singleplex reactiorfgindlayet al., 2015)which

exemplifies the difficulty to multiplex using LAMP.

1.10RECOMBINASBOLYMERASWPLIFICATIORPA)

Several publications hawdemonstrated RPAs ability to amplify-40 gene copieper 50ul reaction
(Euleret al,, 2012a; Euleet al,, 2012b; Ameet al., 2013; Crannebt al., 2016)and some groups

have documented after a 1 h RPA reaction a single gene copy was ddtespdnburget al., 2006;
Boyleet al, 2013b) RPA has a limit of amplification comparable to PCR but has better amplification
efficiency and therefore, a quicker reaction time making it appealing for PBEX@dret al.,, 2013)

RPA exponentially amplifies DNA using opposing forward and reverse primers and three core
proteins, T4 phage uvsX recombinase, T4gp32 single stranded binding proteirBand a
polymerase, whiclall perform optimally between 342 °C As illustrated in Figure@the
recombinase interacts with the primers and scans down dsDNA in searClorigplementanyDNA,
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once found the recombinase facilitates strand exchange creatindpain the double strand.
Single stranded binding proteins bind to the opposing stramy@nting homologous recombination,
upon primer annealing to the complementary strand the recombinase hydrolyses ATP and
dissociats. TheBsupolymerase is recruited to the 8nd of the primer and initiates simultaneous
strand displacement of the opposiistyand and DNA syntheqiRiepenburget al., 2006)

o SRR

5, 3

Forward primer Recombinase ®®®80888® Single stranded binding protein Reverse primer @ polymerase

|

Figurel.6 Schematic of Recombinase polymerase amplification.

The recombinase in grey interacts with the forward (red) and reverse (blue) primer to scan down the DNA for a
complementarysequence once found recombinase facilitates strexchange and single stranded binding proteins (r
circles) interact with the opposing strandsupolymerase (purple) is recruited to theoB8the primer and initiate®NA
synthesis. These steps are repeated for the duration of the reaction. Badgdres from(Piepenburg et al., 2006)

Amplification within RPA can be measured in #t@ak using exo and fpg probes. Bgitobes

contain a fluorescent molecule, a quencher, and a tetrahydrofuran (THF) abasic site. Within the exo
probe the abasic site separatdse quencher and fluorophoralternatively, thefluorophore is linked

to the abasic sitevithin the fpg probeAddite y I t f 82 620K LINRP6Sa NB o0f207:"
prevent extension. Once the fpg probe hybridisesHe target sequence th&oxoguanine DNA
glycosylase (FPG) cleaves the linker between the fluorophore and the abasic site and fluorescence is
emitted (Piepenburget al., 2006) Alternatively, upon the exo probe hybridising to the target

sequence amxonucleaseH. coliexonucleasell) cleaves the abasic site generating a free 3' end

which functions as a forward primer enabling extension whilst separating the quencher and
fluorophorewere fluorescence develops typically generating a signal witki® Bnin(Hilk-

Cawthorneet al,, 2014) Because the exo probe is also used as a forward primer assays using exo
probes are up to 3 orders of magnitude more sensitive than assays using fpg probes as
demonstrated byEuleret al.(2012a) TwistDX have designed and marketed two devices, T8ISO and
T161S0, whichave2-channel and Zhannel fluorescent channels, respectively, enabling real time
detection of multiple fluorophores.

Many papers have successfully combined RPA with instrumentagerreadout systems such as
lateral flow stripgPiepenburget al, 2006; Crannebt al., 2014b; Cranne#t al,, 2016)andsome
studies haveachieved multipleXRPAamplification combined with lateral flow reado(Eranneliet

al., 2016; Let al,, 2019b; Larregarmientoet al,, 2021) Currently, TwistDX produce three forms of
lateral flow strips for lateral flow readout-star disposable nucleic acid lateral flow detection,
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Milenia Hybridetect 1 which both have the capacity to detect single targets, and the PCRD nucleic
acid detection vich can detect two different targef@®oultonet al.,, 2018)

wt! Qa FoAfAdGe G2 FYLXATE ydzOft SAO FOARa |G t2¢ GS
step,reduces the need for equipmentptentially reduces cost and makes the tésnore
userfriendly, making RPA promising application in developing a molecular POCT.

1.11MECHANISING CAPTURE AND DETECTION

The most common methods of detecting amplified products within a laboratory are agarose gel
electrophoresis and colourimetric readisu Agarose gel electrophoresis segtesnucleic acids
through a gelwhen a charge is applied the negatively chargedleic acidsnigrate to the positive
electrode(Serwer, 1983)The speedavhichthe nucleic acidsnigrate through the gel is proportional
to its size and charge (the smaller thegment the quicker it migrates). Prior to DN&ing loaded
onto the gel, nucleic acids are incubated with a fluorescent nucleic acid stain which intercalates
between base pairs allowing for DNA detection on the gel when excited withé#ét al., 2012)
Agarose gel electrophoresis is fantastic at separating a mixtubdNéf fragments and when ran with
molecular ruler can characterispecific nucleic acids based on molecular weight. However, the
process is time consuming, restricted to the laboratory, requires trapedonnel, and expensive
equipment.

A more usetfriendly form of detection is colourimetric readaufolourimetric assays typically use
anenzymebased detection probe which binds specifically to the target in a sandwich assay. The
most widely used colourimetric assaiymolecularsciencas the Enzymdinked immunosorbent
assay(ELISAWwhich utilises anbodies tofacilitate both capture onto a solid surfacgpically a
microtitre plate,and detection(Figure 17) (Engvalkt al,, 1971) Antibodies can bind nucleotides if
they are tagged with recognition molecules such as biofigoxigeninor fluorescein(Figure 1.7)
(Crannelkt al,, 2016) Antibodies which are conjugated with an enzyme, typically HRP, bind the
NBEO23AYyAGA2Y Y2fS0dz S 2y GKS 2LJ1RaAy3d aiNryR IyR
instance TMB, a colour change occurke strength of the colour change is proportional to the
concentration of the target nucleic acid bound to the surface of the well. Unlike Agarose gel
electrophoresis a quantitative measurement can be obtained from the ELISA by measuring the
absorbance bthe wellin a spectrophotometer

TMB
TMB,,
+2H*
ﬁ

Figurel.7: Example of an Enzym@ked immunosorbentassay.

Antibodies immobilised to a solid surface (blue) bind a recognition molecule tagged to thestrarided DNA and on
the opposing strand a different recognition molecule is bound by a reporter antibody which is conjugated to HRP
molecule. In the presence of hydrogen peroxide HRP catalyses the oxidation of TMB forming a blue colour chan
on the96-well plate.

Concentration of analyte

v
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An alternative to ELISAs are Enzylimked oligonucleotide assa(ELONAS). ELONAs detect a range
of target analytes but do so using oligonucleotides to facilitate capture and detection as an
alternative to antibodiesOligonucleotide structures which have high affinity and specificity to the
target ligand are designaasing combinatorial chemistry procelssown assystematic evolution of
ligands by exponential enrichment (SELEX)letet al, 1996) The oligonucleotides generated

using SELEX can easily be modified with redognmolecules to facilitate capture and detection,
can be synthesised in many labs, and unlike antibodies will have the same binding prajpedles

et al, 1996)

The sandwictbased assay can also be transfertedilternative platforms to 9&vell microtitre

plates such akateral flow strigs. Lateral flow assays (LFAs) are papased platforms for direct
detection of target analytes. A clinical sample is added on the sample pad of the lateral flow strip
and through capillary action the sample migrates to the conjugate pad were reporter probes (most
commonly a gold nanoparticle conjugated to an antibody) bind the target analytes (see Figure 1.8).
The sample migrates through the matrix towards the absorbent pablcate at the detection zone

the target analyte binds to an immobilised capture probe. This process all occurs in minutes and the
results are observable by eye. LFAs can be adapted for multiplex detection by spatially separating
detection zones on the memane. LFAs have been implemented in many diagnostic tests most
notably pregnancyButleret al, 2001)and Covid testéLinareset al,, 2020) The simplicity,

portability, speed and loveost of LFAs makes them a promising platform for POCT.

Absorbent pad

Detection zone
Control line
Matrix

Conjugate pad

Sample pad

Figurel.8: Schematic of a lateral flow assay.

The sample is transferred to the sample pad and through capillary action the sample flows up the strip towards tt
absorbent pad. At the conjugate pad the reporter (green antibody with red gold nanopaiiade)the target analyte.
The target analyte bound to the reporter probe is captured by the blue antibody at the detection zone.

There are two classes of LFA, those that exploit antibodies, lateral flow immunoassay (LFIA) and
those that do not, nucleic acid lateral flow assay (NALFA). Using oligonucleotides to facilitate both
capture and detection eliminates the need for antibodidsich reduces cost, avoids sacrifice of
animal hosts and reduces the risk of batokbatch variation. Oligonucleotides can be synthesised
with high reproducibility and are chemically stable meaning they will return to their natural form
after denaturation(JausetRubioet al., 2017)
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Sensitveand LISOAFAO [CL! & KI @S 06SSy RS@St2LImest 12 RSGS
Carba 5, RESKSTO.0.K.N.V., OX8 KkSeT, and IMP-BeT(Warehamet al., 2016; Boutaét al.,

2018; Fauconnieet al,, 2018; Kieffeet al., 2019; Haret al., 2021) Howerer, these methods target

antigens on the carbapenemase enzymes and cell culture is still required to achieve volumes for

detection.

1.12INTEGRATINRPACAPTURE AND DETECTION PLATFORMS

As mentioned in section 1.9 TwistDX manufacture three types of latevalasays for the detection

of RPA products. The lateral flow assays are compatible with the TwistAmp nfo kit sold by TwistDX.

¢CKS y¥2 (Al dzaSa |y dzyfl oSttt SR F2NBIFNR LINAYSNE p
O2yaAraiaiAy3d 20elcarboyyfluordseéitn grais (FAMY a THF abasic group separating the
FYGA3ISYAO t106St FyR (KS o L2t @YSNI asS SE(GSyairzy
biotin-labelled antisense strand subsequent cleavage occurs bl teliendonuclease IV (nfo)

NEBf SIFaay3a (GKS o 0f 201 SN YR 3ASYSNIGAYy3 | FTNBS o
elongation producing a dual labelled amplig@hepenburget al., 2006)

Within the Ustar disposable nucleic acid lateral flawwd Milenia Hybridetect 1 assays species

specific aniFAM antibody coupled to a gold nanoparticle binds to the FAM molecule of the dual

labelled amplicon andibtin binds to streptavidin immobilised at the detection zone on the lateral

flow strip (Piepenburget al., 2006) The PCRD NALFIAaids two probes, both probes are labelled

GAUK | 0A2GAYy Y2tS0dA S i G4KS p S v RdigbxigeRin 1t KS NB ¢
65LD0O 3INRdAzZLI 2N p Cla Y2ftS80dA# S G2 LINRPRdzOS (62
biotin and theother labelled with DIG and biotifPoultonet al.,, 2018) Within the PCRD NALFIA

streptavidin labelled gold nanoparticles bind to the biotin of both amplicons and the amplicons are
separated on the lateral flow strip by binding to eithertiaBFAM or antiDIG antibodies at spatially

separated detection zones.

laAy3a ¢gAal5-Qa y¥F2 1AG YR O2YO0AYSR fFGSNFt Ff2
assays which can detect as low as 10 gene copies/50 pl afted@ra2 RPA reactionral

subsequent detection on lateral flow which returns results within 5 (@irannelket al., 2014a;

Jaroenranet al,, 2014; Kerstingt al., 2014a) Research groups have combined RPAL&HA

RSGSOGAZ2Y 6AGK2dzi dzaAy3d ¢gAail! YL yF2 1A0 6@ Y2RA
primers with recognition molecules which are detected with a streptavidin coated gold nanopatrticle

and captured by cognate antibodies onto the surface of ladtéow strips(Crannelkt al., 2014a,;

Crannelket al,, 2016)

Of interestJausetRubioet al. (2016)have integrated RPA amplification and detection on NALFA by
incorporating primers modified with single stranded oligonucleotides into RPA. Both the forward

YR NBGJSNARS LINAYSNHE INB Y2RAFASR gAGK 2t 232y dzOf S
tail resides a C3 spacer which prevents DNA synthesis of the tails. When tailed primers are used
GAGKAY 5b! FYLXAFTAOFIGAZY GKS NB&adzZ GAy3 RdzLd SE Y
amplicon is able to bind gold nanoparticle conjugateamooligonucleotide complementary to the

reverse tail whilst the opposing tail hybridises to a complementary sequence immobilised at the

detection zone (Figure 9).
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Gold nanoparticle conjugated to a single stranded oligonucleotide

5 3 Reverse primer with a single stranded tail
5 3’ Forward primer with a single stranded tail

@—>5' Biotin conjugatedsingle stranded oligonucleotide

| | Streptavidin

Figurel.9: Schematiof capture and deection of RPA amplicoadza A yatled primers on lateral flow.

Thefigure showsthe proposed capture and detection of RPA amplicon using primerp witigle stranded tails,
designed bylausetRubio et al. (2016)he C3 spacer between the primer and tail blocks extension of the polymera
leaving singlestranded tails. The tail (grey) modified to the forward primer (red) hybridises to a complementary
sequence (green) immobilised onto the surface of a lateral flow strip through streptavidin (red diamond) biotin (b
circle) interactions. The tail (greyjodified to the reverse primer (blue) hybridises to a complementary sequence
conjugated to a gold nanoparticle (reporter probe).

1.13RAMAN SEATTERING&ND RESONANBEMAN SPECTROSCOPY

Raman scattering a noninvasive technique used to characterise compouimdgal time.During
Raman scattering a laser is shown onto a molecule of interest, the light from the laser excites
electrons within the molecule taking them to a higher electronic state (Figdi®.Due tothe

transfer of energy from the photon to thexcitedoscillating electrons anthe vibrational modes of

the chemical bondsomephotonsproduce a scattered light wittessenergywhich produces a
longerwavelength than the incoming ligigee Figure 10) (Johnet al., 2017a) Ramanscattering
measures the vibrational fingerprint produced by oscillating electrons of an analyte when a source
light is directed on ifRamaret al., 1928) The vibrational fingerprint is in the form sarp Raman
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peaks spanning across the resonance wavelength. The vibrational fingerprint is unique to that
molecule making Raman scattering a highly selective techriftptecan distinguish between
multiple structurally similar molecules

Resonance Raman

Excited
electronic
state

Raman

Ground
electronic
state

Figurel.10: Schematic of the electronic energy levels of Raman and resonance Raman

Raman scattering is a rare event and occurs approximately in 1 in E8fetg® million photons,

most photons and their moleculesmain unchanged after interactions and the photon is scattered

at the same wavelength as the incident photon otherwise known as rayleigh scattering as shown in
Figurel.11 (Smithet al,, 2019) For this reason Raman scattering lacks $eitgi(Smithet al., 2019)

and techniques to improve the assayaequired such as resonance Raman spectros¢ignseret

al., 2005a) As shown in Figurell0 by exciting a molecule wita laser whose frequendgclose to

the frequency of the electronic transitiamore energy is transferred from thghotons of thelase

to the molecule achieving a higher electronic stéfgue 1.10) causing morgphotonsto undergo
Raman scatteringJohnet al,, 2017b)
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Excitation laser ) i
Rayleigh scattering

Ascatter = AIas,er

Raman scatterin
Ascatter > AIaser

Figurel.11: Schematic of light scattering
Excitation of a molecule using light from a laser directed onto it and producing a scattered light at a longer wavel

Raman peakareintensifiedwhenthe frequency of the source light is in resonance with the

electronic excited state of the molecul®lorton et al., 2009)this is known asesonance Raman
spectroscopy (RRI)he enhanced Raman signal achieved by RRS is up to 6 orders of magnitude over
Raman scatterin@enseret al., 2005a) RRScan characterise multiple compounds in a single

solution based on their unigue Raman peaks withispectra and does so in rdéiahe providing the
potential for multiplexed analysig&dwards, 2005)

Portable handheld Raman readers have successfully been employthe fdetection and

differentiation of target analytes by many research gro(@sensetal> H n My TetalWSOKE A 6 1 |
Sanche=st al, 2019a; Sanchezt al> H 1 ™M ¢ @RI, 2020 Minjaturisation of Raman

spectroscopy into a portable hdheld reader makes RR&doutmore applicable to th€OCGhus
FOKASGAY A (KS YIRSSINIY SREASSSE | (i RSF Sy R

1.14PROJECT AIMS AND OBJECTIVES

The endpoint goal of this studyas to develop &REASSURECT which incorporates RPA

amplificaton within either a microfluidic deviceordn! [ C! NBIF R2dzi G2 RSGSO
carbapenemases in@e-pot multiplex assay. The limits and characteristics of RPA will be
investigated, such as limit of detection and dynamic range. Funtivesstigations into alternative

methods of detectia will be carried out to produce ultrgensitive assaysuch as RRS and SERS

¢tKS AYAUGALIf 202SOGAOGS sl a G2 ARSYyOGAFe 3ASYySiGAo
carabapenemase genes, design primiia target each gene and to assess the viability of using

these primers irsingleplex and multipleRPA reactions.

The second objective was to develop a method to capture and detect the target amplicons using a
bioinformatic approach; initially tailed priers andcognatesequencesuch as that demonstrated by
JausetRubioet al. (2016)will be assessed and validated faodé gene within the laboratory.

The third objective aims ttvansfer parallel multiplex reactions into a working epet multiplex
reaction which can amplify and differentiate all five targets. To achaemeepot pentaplexassay
the reverse primers mugie modified with a tail sequence which is unique for that target gene,

23

i K

0 A



therefore, mediating capture usingomplementarycapture probes which arepatially separated
Lateral flow could be investigated as a platform for quug pentaplex detection with capre probes
for each target spatially separated on the lateral flow stBg spatially seperating each amplicon the
same reporter probe can be uséaldetectall five targetdor example a gold nanoprticle

conjugated to an oligonucleotide which is coeplentary to the free tails of each amplicon

The finalobjective was to investigate alternative forms of readsuth afRRSvhich could improve
the sensitivity of the assay making it uksansitive.
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2 MATERIALS ANMDETHODS

2.1 MATERIALS

AttenuatedE.coliTop10 cellsPureYield plasmid midiprep system, and u80dNTPwere

purchased from Promega. Synthetic plasmids contaiblag-c, blaoxass, blanow1, blavimz, blame,

Legionella pneumohilserogroup wzmgene, and custom DNA oligonucleotides were all purchased

from Integrated DNA Technologies. BielieG single stranded oligonucleotides (capture probes),

BiotinTEG forwaR LINA YSNE X YR pQl wt O2yadaAl SR aAy3aftsS al
probes) were purchased froBiomers.net. UltraPure Agaro4600 and Ejel lowrange quantitative

DNA ladder were purchasdmm Invitrogen.10,000xGelRed nucleic acid stairas/purchased from
Biotium.Nudeic acid loading buffer and E¥ad 20 bp molecular ruler were providéy BicRad.

TwistAmpbasic kit and TwistAmp Liquid basitwere purchased from TwistDRierce High binding

streptavidin coated plates were provided byK SN2 CA A OKSNJ { OASYGAFAOD Yt |
tetramethylbenzidine) microwell peroxidaselmtrate was purchased from Sesxe.LuriaBertani

(LB) broth low salt granulated was purchased from Melford. Sodium dodecyl sulfate (SDS),

Formamide, Titon X100, and Ween20were purchased from Sigma.ithn this projectPBS wa

made to pH 7.2 with 2.7 mM KCI, 1.5 mM:R&, 8 mM NaHPQ, 138 mM NaGNhich were all

purchased from Sigma

2.2 PLASMID TEMPLADINAENCODING CARBAPENEMASE GENES

Fasta fileof the plasmids containing eithdlakpe, blaoxass, blanowi, blavimz, or blame: were
provided with each synthesised plasnfitldm Integrated DNA Technologidsach Fasta sequence
wasinputted into SnapGene Viewer which produceplasmid magrom whichthe promoter
sequences and locations of the genes encoded on the plaseridannotated The plasmid
encodingblaoxass has been used as a representative examplthefplasmid magenerated by
SnapGene viewdFigure 2.1)
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pUCIDT-AMP+0XA-48

3550 bp

Figure2.1: Representative example of the carbapenemase containing plasmid DNA templates.
The plasmid map generated in SnapGene Viewer illustrates the positiontdddhes gene (green), betgalactosidase
(pink), ampicillin hydrolysing betactamase (red), and the promoter sequences (blue).

2.3 GENERAL LABORATORY TECHNIQUES

2.3.1 Transformation

Carbapenemase containing plasmid DNA was transferredliopd Ochemically competeniE.coli

cells. One hundred nanogramsmsmid DNA was transferred to one shot Top10 chemically
competent cells, mixed via inversion and allowed to incubate&t for 30 min. Cells were

transferred to a heat block at 42 °C for 30 seconds and placed in an iced water bath for 2 min as part
of heat shock. After the #hin incubation, 250 uL of LB media was transferred tocthrapetent cells

and incubated at 37C on a shaker set at 225 RPM fdr. The cell suspensions were plated onto

solid LB agaczontainingampicillin(100ug/ml) to select for cells transformed with the ampicillin
resistancecontaining plasmid. Cells were cultured at°87for 18 h.

2.3.2 Bacterial cell growth
A colony from each agar plate was extracted and transferred tml%f LB media containing
ampicllin (100ug/ml) for culture at 37 °C on a shaker set at 225 RPM fdr. 20

2.3.3 Plasmid purification
Pureyield jpasmid midiprep systerwas used to extract and purify carbapenemase containing
plasmids from the cultured TOPEcolicellstransformed with eaclecarbapenemase containing
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plasmid Cell lysis was executed, and plasmid purification was performed using centrifugation as per

GKS YIFydzFlF Ot dzZNBENDR&a LINRPG202fd . NASFEex nn Yt 2F C
carbapenemase containing plasmids werecessed and the plasmids were eluted in 200

nuclease free water. The protocol was repeated for each carbapenemase containing plasmid.

2.3.4 Determining DNA concentration

The Concentration of carbapenemase containing plasmid (template DNA) was determimga usi
Qubit 4 fluorometer (ThermoFischer scientific). The Qubit 4 fluorometer uses dsDNA specific dyes
that emit fluorescence when bound to double stranded DNA and is deemed more sensitive than
measuring UV absorbance which does not distinguish between siflestranded DNA, or

degraded DNA and is prone to noise from contaminants such as salts, solvents, detergents, proteins,
free nucleotidegSimboloet al., 2013) Template DNA was measured using the Qubit dsDidadB
Range (BRassay kit (concentration range 62000 ngful) as per the manufacturers protocol. Biief
Qubit dsDNA BR Reagewas diluted 1:200 in diD. For each use thfé&uorometer was calibrated

using the provided DNA standards, a low DNA concentration standard was made by transferring
10l of the low DNA standard provided into 1@Dof dsDNA BR wking reagent, mixed using a
pipette, vortexed and inserted into the Fluorometer, this was repeated with the high DNA standard.
Ten microlitres from each aliquot of template DNA was transferred@ubit tubescontaining

190l of dsDNA BR workinmgagent, mixed using a vortend transferred into the Qubi

fluorometer, triplicate readings were performed for each aliquot and the average DNA
concentration was calculated.

2.4 LIST OF PRIMERS AND OLIGONUCLEOTIDES

2.4.1 Validating primer length within RPA

Tabe 2.1: Sequencetargeting the wzm genaused within RPA

Primers in the table are targeted to themgene specific to theegionella pneumophilserogroup Istrain (accession
number:HF678227.1

Primer length (nt) Forward primer Reverse primer \
27 TAATGATTGGATTAGGTATTGGT CAAGAGATAATGGATTAACAGCA
23 TAATGATTGGATTAGGTATTG( CAAGAGATAATGGATTAACAG!
19 TAATGATTGGATTAGGTATTC CAAGAGATAATGGATTAAC
15 TAATGATTGGATTAGGTAT CAAGAGATAATGGATTA

2.4.2 Mismatch analysis

Table2.2: Fully complementary and neonomplementary equencedargeting the wzm geneused within RPA

Primers in the table are targeted to theemgene specific to theegionella pneumophila straifNuceotides in red are base
mismatches

Number of mismatches and Forward primer Reverse primer
their location
None TAATGATTGGATTAGGTATT(C CAAGAGATAATGGATTAACAC

One in the centre of both TAATGTTGGATTAGGTATTG( CAAGAATAATGGATTAACAGC
primers

Two in the centre of both TAATGTTGGATTAGGITGGT  CAAGAATAATGGATGEAGCA
primers

hyS i GKS o TAATGATTGGATTAGGTATT( CAAGAGATAATGGATTAABAC
primers

¢g2 G GKS o TAATGATTGGATTAGGIET  CAAGAGATAATGGATEAGIA
primers
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2.4.3 Primer screen
Table2.3: Primers targetingblakpc

The number used to name each primer pair refers to the length of amplicon produced.

Primer name Forward primer sequence Reverse primer sequence

KPC 87 CATCTCGGAAAAATATCTGACA  TTGGCGGCGGCGTTATCACTG
KPC 114 TTCTGCTGTCTTGTCTCTCATC  CACCGATGGAGCCGCCAAAGT
KPC 124 GCTTTCTTGCTGCCGCTGTGCT GTTGTCAGATATTTTTCCGAGA
KPC 20 TACAGTGATAACGCCGCCGCC  GAGCCCAGTGTCAGTTTTTGT/
KPC 03 AATACAGTGATAACGCCGCCG CAGAGCCCAGTGTCAGTTTTTG]

Table2.4: Primers targetingblaoxaass.

The number used to name each primer pair refers tdethgth of amplicon produced.

Primer name Forward primer sequence Reverse primer sequence

OXA155 AAACAAGCCATGCTGACCGA GTGGGCATATCCATATT
OXA186 AACCAAGCATTTTTACC TTGATAAACAGGCACAAC
OXA194 TTAGCCTTATCGGCTGTGTT GGTAAAAATGCTTGGTT
OXA239 GTTGTGCCTGTTTATCAA TCGGTCAGCATGGCTTGTTT

Table2.5: Primers targetingblanpwm.

The number used to name each primer pair refers to the length of amplicon produced.

Primer name Forward primer sequence Reverse primer sequence |
NDM 129 CAACTGGATCAAGCAGGAGATC/  GACAACGCATTGGCATAAGTC!
NDM 135 ATCAGGACAAGATGGGCGGTA  CATTGGCGGCGAAAGTCAGGC
NDM 194 CAACTGGATCAAGCAGGAGAT C, CATTGGCGGCGAAAGTCAGGC
NDM 205 CGGTTTGATCGTCAGGGATGC  CAACGCATTGGCATAAGTCGC.,
NDM 214 GCTGAGCACCGCATTAGCCGC  GCCATCCCTGACGATCAAACC

Table2.6: Primers targetingblayiu.

The number used to name each primer pair refers to the length of amplicon produced.

Primer name Forward primer sequence Reverse primer sequence

VIM 46 ATGGTCTCATTGTCCGTGATG  GTATCAATCAAAAGCAACTCAT
VIM 124 GATGAGTTGCTTTTGATTGATA GGTCGTCATGAAAGTGCGTGG!
VIM 147 ATGGTCTCATTGTCCGTGATG  GGTCGTCATGAAAGTGCGTGG

Table2.7: Primers targetingblayvp.

The number used to name each primer pair refers to the length of amplicon produced.

Primer name
IMP 189

Forward primer sequence
GGAATAGAGTGGCTTAATTCTC

Reverse primer sequence
CCAAACCACTACGTTATCT \
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2.4.4 RPA in solution

Table2.8: Sequencetargeting the Big fivetarbapenemasesised within RPA in solution and ELONA detection.
Forward primeisequences ari red. Reverse primer sequeseeein blue.Five prime isigle strandedails are in green.

Target Capture probe Forward primer with Reverse primer witt  Reporter

gene tails tails probe

KPC 5'CTCTGTTGGGTC] 5 GAAGACCCAACAGB® | 5 TCAGGACACACTCBT | p BRP
TTTTTTTTTTTTITT  AATACAGTGATAACGCCG( CAGAGCCCAGTGTCAGT AAGAGTGTGTCC
TEGBiotino Q ccs' TGTAAG! GA3'

OXA48 5 CGAGTGGAAGGT 5 CGAACCTTCCACT3G | 5 TCAGGACACACTCBT | p BRP
GTTTTTTTTTTTTIT GTTGTGCCTGTTTATEAA TCGGTCAGCATGGCTTC AAGAGTGTGTCC
TEGBiotino Q 3 GA3'

NDM 5' AAGGTGTTCCAAC 5 TAGTTGGAACACTRBI | 5 TCAGGACACACTCBT | p BRP
ATTTTTTTTTTTTIT] CGGTTTGATCGTCAGGGA CAACGCATTGGCATAAG AAGAGTGTGTCC
TEGBiotino Q c3' GCA' GA3'

VIM 5'AACTTCGTAATGT 5 CTACATTACGAAEDE | 5 TCAGGACACACTCBT  p BRP
GTTTTTTTTTTTEIT ATGGTCTCATTGTCCGTG/ GGTCGTCATGAAAGTGC AAGAGTGTGTCC
TEGBiotino Q G3' GGAG' GA3'

IMP 5' TTGATAGCACAG( 5 GACCTGTGCTAT@®A | 5 TCAGGACACACTCSBT | p BRP
CTTTTTTTTTTTETT] GGAATAGAGTGGCTTAAT| CCAAACCACTACGTTAT( AAGAGTGTGTCC
TEGBiotino Q CG3' 3 GA3'

2.4.5 SolidphaseRPA universal tails
Table2.9: Sequencesf primerstargeting the Wig fiveQ O NI | LiBodifed with &55single strandeduniversaltail
and complementary reportemprobe used withinsolid-phaseRPA.

gene

Forward primer

Forward primer sequensarein red. Reverse primer sequence ardlue.Five prime imgle strandedail isin green.

Target

Tailed everse primer

Reporter probe

KPC 5'BiotinTEG 5' TCAGGACACACTEOF pQ -l wt
AATACAGTGATAACGCCGCEG CAGAGCCCAGTGTCAGTTTTT@T, AAGAGTGTGTCCTS/

OXA48 5'Biotin TEG 5' TCAGGACACACTEIF p ARP
GTTGTGCCTGTTTATEAA TCGGTCAGCATGGCTT@TTT | AAGAGTGTGTCCTS/

NDM 5'Biotin TEG 5' TCAGGACACACTEIF p BRP
CGGTTTGATCGTCAGGGABG( CAACGCATTGGCAGACGCAR | AAGAGTGTGTCCTS/

VIM 5'BiotinTEG 5' TCAGGACACACTEOF p ARP
ATGGTCTCATTGTCCGTGBTGC GGTCGTCATGAAAGTGCGTBGA AAGAGTGTGTCCTS/

IMP 5'Biotin TEG 5' TCAGGACACACTEIF p BARP
GGAATAGAGTGGCTTAATTGT( CCAAACCACTACGTTATCT | AAGAGTGTGTCCTRS/

2.4.6 SolidphaseRPA; unique tails

Table2.10: Sequencesf primerstargeting the Big fiveCtarbapenemasewith 5' single strandeduniquetailsand
complementary reporteprobesused insolid-phaseRPA.

gene

Forward primer

Forward primer sequences drered. Reverse primer sequea@ein blue.Five prime single stranded taite in green.

Target

Tailed everse primer

Reporter probe

KPC 5'Biotin TEG 5' TCAGGACACACTEIF p ARP
AATACAGTGATAACGCCGCEG CAGAGCCCAGTGTCAGTTTTTGT, AAGAGTGTGTCCTS/

OXA48 5'Biotin TEG 5'CTACATTACGAAGI 5'HRP
GTTGTGCCTGTTTATEAA TCGGTCAGCATGGCTTETTT | AACTTCGTAATGTAC

NDM 5'Biotin TEG 5'GTA ACG ACA GAC A33T 5'HRP
CGGTTTGATCGTCAGGGABG( CAACGCATTGGCATAAGTCECA ACTGTCTGTCGTBAC

VIM 5'Biotin- TEG 5'GACCTGTGCTATEI®A 5'HRP
ATGGTCTCATTGTCCGTGBTC GGTCGTCATGAAAGTGCGTBGA TTGATAGCACAGGT(

IMP 5'BiotinTEG 5TAGTTGGAACACCBY 5'HRP
GGAATAGAGTGGCTTAATTBT( CCAAACCACTACGTTARTCT | AAGGTGTTCCAAGT/
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2.5 RECOMBINASE POLYMERASE AMPLIFICATION

2.5.1 Recombinase Polymerase Amplification in solution

Recombinase polymerase amplification is distributed in sdvferms by TwistD¥section 1.9)

Within this project two forms of RPA kit were used, The TwistAmp basic kit and the TwistAmp liquid
oFraArd {AGd wSFOGA2Yya dzaAy3a GKS ¢gArAaid! YLI oFaAd 1A
instructions. Briefly, peraaction 2.4 pl of 10 uM forward primer, 2.4 ul of 10 uM reverse primer,

29.5 pl of free rehydratiotbuffer 2.5l of 25 mM dNTP m;jx.0 ul of 0.Ing/pl template DNAand

3.2 ul of dHO was added to the lyophilised reaction pellet. The solutionimaarted to mix and

centrifuged followed i the addition of 2.5 ul of 28M Magnesium Acetate (MgOAC) to the lid and

a second centrifuge step to initiate the reaction. Each reaction wabated on a heat block at 37

°C for 20 min. Four minutes into the 37 °C incubation the reactions were mixed using a microfuge

and returned to the heat block for the remaining 16 min. After 20 min each reaction was stopped by
placing the reaction at 4 °C. &sions containingnd SYLJX | G S 6 b ¢ / negative 4§ SNBE dza SR
controls.

2.5.2 Agarose gel electrophoresis

Nucleic acids were separated using agarose gel electrophoresis. In this technique an electric current
is used to move nucleic acids through pores within arixaf agarose polymers. Commonly, TAE or
TBE buffer is used within gel electrophoresis, the cations and anions within both buffers carry the
electrical current whilst maintaininglaw conductivity mediun{Sandersoret al., 2014) The

phosphate backbone of nucleic acids are negative, tloeegfin an electric field nucleic dsiwill

migrate to the anode. The rate at which each nucleic acid migrates to the anode is dependent on
pore size, type of agarose, buffer, voltage applied, nucleic acid conformation, and the size of the
nucleic acid¢Aaijet al., 1972) The smaller the pores and the greater the molecular mass of the
fragment the slower the nucleic acidsove through the matrix. After separation nucleic acids can be
visualised using UV light when stained with an appropriate dye. Gels are mixed with integcalatin
dyes such as GelRed and wheund to DNA fluoresce under UV ligheeet al, 2012)

The products of RPA reactions were separated by size on a 3 % (w/v) agarose gel. Agarose was
melted in 0.X TBE buffer (Triboric acidEDTAuffer) (47 mM Tris, 45 mM boric acid, 1.3 mM EDTA)

with 0.01% (v/v) GelRed nucleic acid stain and gels were cast. TBE was used rather than TAE as it has
shown to provide better separation of smaller DNA fragments than($A&dersoret al., 2014)

Eight microlitres of each RPA reaction was mixed with 4 pid&ic acid loaishg buffer, 5ul from

each mixture was transferred into separate wells of theraga gel alongsidereEZ load 2®p

molecular ruler for molecular weight estimation angy@& lowrange quantitative DNA ladd¢o
determinequantity of DNA. Electrophoresisas performed at 10 for 2 h. An image of the

resulting gel was taken using a Btad ChemiDoc XRS+. Densitometry was performed using Image

lab software provided by BiRad.

2.5.3 Enzymdinked oligonucleotide assay (ELONA)

Oligonucleotides can be used to batApture anddetecttarget molecules in a sandwich assay.
Within an Enzymdinked oligonucleotide assay (ELONA) capture oligonucleotides are bound to a
surface such as@6-well microtiter plate whilst the reporter oligonucleotide is conjugated to an
enzyme commonly, horseradish peroxidase (HEBpletet al, 1996) Within ELONA, detection of
the target analyte is facilitated through the addition of a detection substrate which when catalysed
by the enzyme elicits eolour change that can be quantified by nseaing the absorbance
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High binding capacity streptavidin coated wells were washed three times withl2PBS8ween
(0.05% v/vpefore beingfunctionalised with 5@l of 12.5 nM BiotifTEG capture probe in PBS and
left to incubateovernighton a plate shaker set to 240 RPM &C4 Threesubsequent wash steps
using 20Qul of PBSween (0.05% v/v) were performed prior to transferring RB&ctionsto each
well and inclpating at room temperature fot hon a plate shaker set at 240 RPWhless stated
otherwiseRPAreactions wereliluted by a factor of 5n 4xSSC with additives (0.6 M NaCl, and
0.06 M Sodium Citrate, 0.1% SDS (w/v), 1.4% TritaB0{v/v), and 5% formaide (v/v)).

Immediately after incubation at room temperature three wash steps with [208f PBSween
(0.05%v/v) were performed and 50l of 1 nM reporter probe diluted in 4x SSC with additives was
transferred to each well and incubated for 1 hrabm temperatue on a plate shaker set at
240RPM. Subsequently three wash steps were performed usingiP@0OPBSween (0.05% v/v)

and finally 200l of TMB microwell peroxidase substrate was transferred to each well. The
absorbance in each well was amured at 630 nm using a Tecan infinite M200 plate reader.

2.5.4 CombinedSolidphaseRecombinase Polymerase Amplification and ELONA analysis

RPA wa mediated directly on the surface of a streptavidin coated well by usingiath-TEG

forward primer functiondised on the well negating the use of a capture probe to immobilise the RPA
amplicons generatedx situ High binding capacity streptavidin coated wells were washed three
times with 200ul of PBSween (0.05% v/v) and functionalised with fDof 480 nM Batin-Teg

forward primer at 4°C overnight on a plate shaker set at 240 RPM. RPA liquid basic kit master mix
gl & YIRS & LISN GKS YI ydzFl OG dzNJ@ oiRéreadtighDduffedtizOG A 2 y & ¢
4l of dHO, 3.6ul of 25mM dNTP mix5pul of 10x Emix, 2.4ul of 10uM reverse primer, 2.5 of

20x core reaction mix and 2.6 of MgOAc were transferred to an Eppendorf vortexed to mix and
centrifuged. After functionalising each well with forward primer each well was washed three times
with 200l of PBSween (0.05% v/v) and 41 of RPA liquid basic kit mastermix was transferred to
all but three wells which instead contained flof PBS (PH 7.2). Five microlitres of@ias
transferred to three wells containing master mix, these wellstaeeNTCs. Template DNA was

spiked into the remaining wells typically ranging from 463-9M aM, the plate was covered with a
plate seal and incubated at 3 for 40 min on a plate shaker set at 240 RPM unless otherwise
stated in the results. Immediatebfter incubation wells were washed three times with 30®f
PBSween (0.05% v/v) and 50 of 20nM reporter probe was transferred to each well and

incubated for 45 min at room temperature on a plate shaker set to 240 RPM. Subsequent three
wash steps vih 200l of PBSween (0.05% v/v) were initiated prior to transferring 100of TMB
microwell peroxidase substrate to each well ahd absorbance was measured at 630 nm using a
Tecan infinite M200 plate reader.

2.5.5 Resonance Raman Spectroscopy

After solidphaseRPA reactions were performed as detailed in sec?ism, 300l of TMB was

added to each well and allowed to develop for 5 min before transferring280each TMBZharge
Transfer Comple$CTC) solution to separate glasssfial analysis. Ondundred percent ethanol

was used as a standard for the snowy range instrument CBEx handheld Raman reader. The laser
within the Raman reader was set to power 5 emitting at 630 nm and the integration time was set to
2 s to measure the Raman fingerprint othasolution. The Raman spectra generated for each
solution was saved as both spc and RMN files and sent to a collaborator, Dr Waleed Hassanain
(Strathclyde University) who utilised Matlab software to translate the intensitpss the Raman
wavelength
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2.6 STATISTICAL ANALYSIS

Semilog doseresponse curves were generated using Origin(@dginLab, 2021 Codficient of
determination(R squaredyvas calculated to 5 decimal points for each cuawethe standard
deviations were calculated faach point on the curveThe limit of detection (LOD) for each curve
was calculated as the sum of the mean absorbandbeho template controls (NTCs) plus three
times the standard deviatio(Equation 1)A factor of three was applied to the standard deviation to
provide a confidence interval 085 %.ALODwith a 95% confidence interval was calculatedeach
curveas the value ofhe percentile ott-distributionand the degrees of freedoifm-1, were n is
equal to the number of replicat®¢g¢see equation 2)The assays use 3 replicates for each point
therefore the degrees of freedois 2 and by using-distribution tablea factor 0f2.92is required to
infer a confidence interval &5 %(Armbrusteret al, 2008) By multiplythe standard deviation by 3
this thesis reports LOD with >95 confidencénterval.

D0000LQI ®QQoz,
Equationl: Equation used to calculate the limit of detection (LOD) wésestandard deviation.
00 O A op R p,

Equation2: Equation used to calculate the LOD wdlntank is the average of the blank measurements, t is the multiplier
for the given a and degrees of freedorm Is the percentile ofdistribution, nl is degrees of freedom were n is equal to
the number of replicates, andis the standard deviation.

Thelimit of detection was converted into gene copy humbers u&ingation 3.
"OQEE fEd G OQE Qe8I ¢ G G € A QOD'AHR Q' Qa n & (up '

Equation3: Two-part equationused to catulate gene copiesere Xis the value o$tarting template DNA.

2.7 BIOINFORMATIC STUDIES AND ALIGNMENT OF CARBAPENEMASE
VARIANTS

FASTA files for each carbapemase variant identified up to 03.04.200&re obtained from the
Comprehensive Antibiotic Resistaridatabase (CARAIcocket al., 2020)and the National Center

for Biotechnology Information (NCBI). JalvigMaterhouseet al., 2009)was used to align nucleotide
sequences of&ch variant and up to five setd primers were designed to conserved sequences of
each of the carbapenemase genes. The propensity of primers to form secondary structures in the
form of primerdimers (homodimers and heteradiers) and hairpin formations wepgredicted using
the Oligoanalyzesoftware provided by tiegrated DNA Technologies (I0fOwczarzet al., 2008)

The sequences of each primer are listed in Table22.3

2.8 ASSESSING SPECIFQHTPRIMERSESIGNED AGAINST HHE FIV@
CARBAPENEMASES

A false positive screen was performed in collaboration with Dr Matthew Pocock, Newcastle
University. A script was designed perform BLAST searches and mine the NCBI nucleotide database
for genes which have regions of homology to the primers that were desigiedscript obtained

the Genbank files for each hénnotated with eithelKPC, OXA8,NDM, VIM, or IMRFollowed by
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removing these fromthéitf A 3G € S @Ay 3 2yfte 3ISySa GKIG FNB y2i
carbapenemased he protein sequences for all known true positiyeiss annotated with either

KPC, OXA8, NDM, VIM, or IMRvere aligned and using the hidden Markov model a profile for each

target gene was madd he six frame translations of eadhy 2 y Wo A 3 FhkwefeQ Fyy 20l (S|
compared against the profilef the translated hit align®vith the profile, it provesthis hitisan

unannotated carabapenemase gene ahd hit is reannotated as that genéds a second measure

the location of there-annotatedhits within the profile are crosghecked with the regions which the

primer bind,if these region®verlap the reannotatedgene is removed from the list of hitgor

specific primers which are homologous to the target gene the final file will have removed all BLAST

hits leaving an empty file.

2.9 DESIGN OF SINGLE STRANBEBCAPTURE AND REPORTER PROBES

In collaboration with Dr Matthew Pocock (Newcastle Universitiespoke script was designed that
exploited a random sequence generatBrimer 3 and NCBI nucleotide blast. Initially, six
oligonucleotides all 15 nucleotides in length were randomly gemelatising primer 3, the script
crosscheckedcomplementarityacrossselfcomplementarityof each oligaucleotide thefive
alternativeoligonucleotidegproduced by the random sequence generatibre reverse complement
of each oligonucleotide, and all 1@imers targeted tdlakpg blaoxaas, blanowm, blaviv, andblawme. If

five or more consecutive nucleotides wecemplementarywith any of these sequences all six
oligonucleotides were rejected and the process was restarted with 6 new oligonucleotides being
randomly generatedTheaforementioned script generated six oligonucleotides which were used to
modify the 5 ends of the foward and reverse primers uséaRPA in solutiofiTable 2.8) and
solidphaseRPA(Tables 2.9 and 2.10)

2.10COMPUTING

2.10.1 Jalview

Jalview(Waterhouseet al., 2009)was used to align sequences of multiple variants and provided a
platform for visualising base mutations across all sequences enabling the identification of conserved
regions across all variants whichirpers were designed to.

2.10.2 Oligoanalyzer

Potential secondary structures formed between multiple primers (pridierers) and hairpin
structures was predicted using Oligoanaly@@wczarzyet al., 2008) The likelihood of each structure
forming was calculated as the change in Gibbs free en@@y. Theproperties of each primer was
calculated using the following conditions: 1.8 mM dNTPs, Omi ManM Mg, 0.48 mM
oligonucleotides and at 25 °C.

2.10.3 Snap gene viewer

SnapGene ViewdBdence, 2018as usectreate plasmid maps shown in 2.2 aadannotate the
sequences oblakpe, blanomi, blaoxass, blavimz, andblawve highlighingthe conserved regions across
all variantgdentified upto 03.04.2018
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2.10.4 Image lab

Image lal(Bio-Rad Laboratories, 201gpftware was used to capture, analyse and annotate images
taken by BieRad imaging hardware. Usingtandard withknown molecular weiglsthe molecular
weightof DNA was determinedd quantitation ladder was used in each gel as a reference for Image
lab software to calculate the amount of DNA froine optical density of each band on the gel.

2.10.5 Nucleotide BLAST

Nucleotide BLASRItschulet al,, 1997)searches were performed to identify similarity between the
guery nucleotide and the sequenced nucleotides within the database. Searches can be adjusted to
return hits that are either highly similaspmewhat similar, or more dissimilar sequences to the
query. The search returns a list of hits with the scientific name, description, query coverage,
accession number, andv&lue.

2.10.6 Origin Pro

OriginPro(OriginLab, 202yvas utilised to produce graphs, fit sigmoidal d@esponse curves, and
analy® datapoints for their closeness of fit to the curve in ttegms of the coefficient of
determination

2.10.7 Primer 3

Primer 3(Rozeret al., 2000)was used tadentify regions otomplementaritybetween the six
oligonucleotides used as single strandgalls. Primer 3 was used to identify complementarity
between the six tails and each primtargeting theWig fiverarbapenemasesnd the sequences
used for thecapture and reporter probes.

2.10.8 Expasy
Expasy translat@Gasteigeet al., 2003)was employed to translate the coding regionstékpe,
blaoxaas, blanom1, blavivi, andblawe.1 into 6 frame amino acid translations.

2.10.9 UCSFKEhimera
UCSF Chimera softwa(feettersenet al., 2004)was used to visueseand annotate ¢ystal structures
taken from theprotein databaseRDB.
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3 BIOINFORMATIC DESIGN OF PRIMERS TARGEWHNGFTVE
CARBAPENEMASES

3.1.1 Identifying all documented variants of each of #ig fivararbapenemase genes

¢ KS FTANRG &aiSL) AcArbdpéndhirias i HentifykabtheWariand of Backide e
documented.Variants can differ from the wild type carbapenemase by a single base mutation or
more, to ensure all variants of the target carbapenemases are detettedoding regions of each
variant must be obtained to identifthe conserved region® which primers can be designe@ene
variants and their nucleotide sequences were searched for witiérBioproject provided byNCBI
databasghttps://www.ncbi.nlm.nih.gov/bioproject/). The Bioproject records the representative DNA
sequences that encode resistance mechanisms towardbiatitis Multiple sources were employed
to collate the records but th main contributors ar¢he Lahey group, Resfinder, the Center for
Veterinary Medicine at the Food and Drug Administration, the Comprehensive Antimicrobial
Resistance Database (CARIDYthe Institute Pasteur With multiple data sources and antimicrobial
sentrysurveillanceprogrammes set up worldwide suck Bluitet al. (2000) Galeset al. (2012) and
Diekemaet al. (2001)which have screened patient wintimicrobial resistanbloodstream skin,

and soft tissuenfectionsfrom European, Latin America, and the north American hospitals,
respectivelyto determine the AMR profil and input thegenome sequences to NCBI and the
bioproject.Initially, within this project garches were performed up to 03.@018 which retrieved a
total of 33, 14, 21,5, and D variarts for blake(Table 3.1) blaoxass (Table 3.2) blanom (Table 3.3),
blayim (Table 3.4) andblave (Table 3.5)respectively.
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Table3.1: List ofblakpcvariants identified and their associated accession numbers.

Gene variant Accession number
Blakpc AF297554.1
Blakpe AY034847.1
Blakpes AF395881.1
Blakpes AY700571.1
Blakpes EU400222.2
Blakpes EU555534.1
Blakper EU729727.1
Blakpes FJ234412.1
Blakpeo FJ624872.1
Blakpeio GQ140348.1
Blakpei1 HM066995.1
Blakpei2 HQ641421.1
Blakpeis HQ342889.1
Blakpcia JX524191.1
Blakpcis KC433553.1
Blakpcis KC465199.1
B|a(p(;17 KC465200.1
B|8Kp(;18 KP681699.1
Blakpcio KJ775801.1
B|8Kp(;20 MF772496.1
Blakpe1 LN609376.1
B|8Kp(;22 KM379100.1
Blakpe2a NG_060569.1
B|84<p@24 KR052099.1
Blakpes KX844826.1
Blakpcos KX619622.1
Blakpco7 KX828722.1
Blakpeos KY282958.1
Blakpco KY563764.1
Blakpcso KY646302.1
Blakpes1 NG_055494.1
Blakpcs2 NG_055495.1
Blakpess NG_056170.1
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Table3.2: List ofblapxaasiike Variants identified and their associated accession numbers.

Blaoxaas AY236073.2
Blaoxa1e2 HM015773.1
Blaoxa163 HQ700343.1
Blaoxa1s1 JN205800.1
Blaoxa199 JN704570.1
Blaoxazo4 JQ809466.1
Blaoxaz32 JX423831.1
Blaoxaza4 JX438000.1
Blaoxa24s JX438001.1
Blaoxazs7 JX893517.1
Blaoxas7o KF900153.1
Blaoxaaos KM589641.1
Blaoxa4ss NG _049722.1
Blaoxasss KX828709.1

Table3.3: List ofblanpm variants identified and their associated accession numbers.

Gene variant Accession number |
Blanom1 FN396876.1
Blanom2 JF703135.1
Blanpwms JQ734687.1
Blanoma JQ348841.1
Blanpwms JN104597.1
Blanpms JN967644.1
Blanpm7 JX262694.1
Blanpms AB744718.1
Blanoms KC999080.2
Bla\lDM-lo KF361506.1
Bla\lDM-ll KP265939.1
Bla\lDM-lz AB926431.1
Bla\lDM-ls’ LC012596.1
Bla\lDM-14 KM210086.1
Bla\lDM-ls KP735848.1
B|&\1|3M.15 KP862821.1
B|&\1|3M_17 KX812714.1
B|&\1|3M.18 KY503030.1
B|&\1|3M_19 MF370080.1
B|&\1|3M.zo KY654092.1
B|&\1|3M_21 MG183694.1
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Table3.4: List ofblayv variants identified and their associated accession numbers.

Gene variant Accession number Gene Variant Accession number
Blaviv1 Y18050.2 Blavim-29 JX311308.1
Blavim2 AF191564.1 Blaviv-ao JN129451.1
Blavims AF300454.1 Blaviv-a1 JN982330.1
Blaviv-a AY135661.1 Blavim-a2 JN676230.2
Blavivs AY144612.1 Blavimss JX258134.1
Blavivs AY165025.1 Blaviv-aa JX013656.1
Blavim.z AJ536835.1 Blavimss JX982634.1
Blavivs AY524987.1 Blavim-ss JX982635.1
Blavimo AY524988.1 Blaviv-37 JX982636.1
Bla/||\/|.1o AY524989.1 Bla/||\/|.38 KC469971.2
Blav||v|.11 AY605049.2 Blav|M.39 KF131539.1
Blaviv-12 DQ143913.1 Blaviv-a0 NG_0503681
Blavim-13 DQ365886.1 Blayim-a1 KP771862.1
Blaviv-14 EF055455.1 Blavim-a2 KP071470.1
Blaviv-is EU419745.1 Blayiv-a3 KP096412.1
Blaviv-1e EU419746.1 Blaviv-a4 KP681696.1
Blav||v|.17 EU118148.2 Blav|M.45 KP681695.1
Bla/||v|_1g AM778091.1 Bla\/|M.45 KP749829.1
B|av||v|.19 FJ822963.1 Bla\/le KT954134.1
Bla/||v|_20 GQ414736.1 Bla\/|M.4g KT964061.1
Blavim-21 Blavim-a9 KU663374.1
B|a/||v|_22 FJ499397 B|a\/|M.5o KU663375.1
B|av||v|.23 GQ242167.1 B|a\/||v|.51 KU746270.1
Bl&/||\/|_24 HM855205.1 Bl&\/|M.52 KX349731.1
B|a/||v|.25 HM750249.1 B|a\/|M.53 KX788872
Blayiv-2s FR748153.1 Blayiv-sa KY508061.1
Blayiv-27 HQ858608.1 Blayiv-ss MG552720.1
Blayiv-2s JF900599.1 Blayiv-se MG834535.1
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Table3.5: List ofblayyp variants identified and their associated accession numbers.

Gene variant Accession number Gene variant Accession number
Blamp-1 S71932.1 Blamp-as HQ875573.1
Blamp-2 AJ243491.1 Blamp.3o MK507818
Blamp3 AB010417.1 Blamp.4o AB753457.1
Blavp4 AF244145.1 Blavpa1 AB753458.1
Blames AF290912.1 Blamp.a2 AB753456.1
Blawvrs AB040994.1 Blavpaz AB777500.1
Blamp.7 AF318077.1 Blamp-a4 AB777501.1
Blawvrs AF322577.2 Blavp.as KJ510410.1
Blamp-o KC543497.1 Blamp.as MK507819
Blawmp-10 AB074433.1 Blawvp.47 KP050486
Blawp-11 AB074436.1 Blawvp.4s KMO087857
Blamp.12 NG_O49175.1 B|auv|p.49 KP681694
Blamp-13 AJ550807 Blamp-so
Blamp-14 AY553332 Blamp.s1 LC031883
Blamp-15 AY553333 Blamps2 LC055762
Blawmp-16 AJ584652 Blawp-s3 NG_O49215
Blamp-17 NG_049180 Blampsa NG_O49216
Blamp.1s AY780674 Blamp-ss KU299753
B|a|Mp.19 EF118171 B|a||v|p.56 KU351745
Blamp-20 AB196988 Blamps?

B|a|Mp.21 AB204557 B|a||v|p.58 KU647281
B|a|Mp_22 DQ361087 B|a|Mp.59 KX196782
Blawp-23 NG_049187 Blavp-so LC159227
B|a|Mp_24 EF192154 B|a|Mp.51 KX462700
B|31Mp.25 EU541448 B|a||v|p.62 KX753224
Blamp-26 GU045307.1 Blamp-ss KX821663
Blamp-27 JF894248.1 Blamp-ss KX949735
Blamp-2s JQ407409.1 Blamp-ss KY315991
Blamp-29 HQ438058.1 Blampe-ss LC190726
Blame-30 NG_049195 Blamp-s7 MF281100
Blamp-31 KF148593.1 Blamp-ss NG_055584
Blamp-32 JQ002629.1 Blame-s9 MF678349
Blawp-a3 JN848782.2 Blawp.70 MG748725
B|a||v|P.34 AB715422.2 Blawp.71 MG818167
B|a||v|p.35 JF816544.1 Blamp.72 MHO021847
Blamp-3s Blamp.73 MH021848
Blamp-s7 JX131372.1

Thereareno recordsfor blaviw2i, blavess, blaveso, andblames? either in the literature or within the
NCBI database, thereforap sequencesre available forthese variantslt is possible that these
variantsareredundantand do nothave associated genes.

3.1.2 Nucleic acid alignment

The coding regions of alariants fo each2 ¥ (1 K S cadiapedemasas@rs dligned and

visualised within Jalvie\irhe OXAl8-like family has been used as a representational example of the
FfAIYyYSyl @AradztAaSR Ay Wt JASH abgénmedtslzldS o0 dM0O X AY
provided in the AppendixdHgures9.1-9.4).

39



loquinu aseg

Figure3.1 Alignment ofblapxaassiike Variants.

Alignment ofblaoxass, blaoxaisz blaoxaiss blaoxais1, blaoxaiee blaoxazos blaoxazzz, blaoxazas, blaoxazas, blaoxazaz,
blaoxaz7o, blaoxaaos, blaoxaazs, and blaoxasss was performed using Jalview. Conserved bases are represertksdias
blocks with alotin the centre Nucleotides are coloured individuailyanine in redgytosine n orange;adenosine in
green;thymine in BlueN residues are base deletions from tmasensus sequence.
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Conserved regions across all variants were manually identified. Figure 3.2 shawsseeved
sequences which angotential biomarker primer binding sites across the variaAtoss 33 variants
of blakpconly 20 base mutations reside within the first 721 bases providinflfy0conserved
regions towhich primers can be designed againsithoughblaoxass has the least number of
variants,blaoxaszs Shares 84.5 % sequence similarity wikttaoxass, leaving only sixxonservedegions
ranging from 1720 bases in lengtthroughout the entire alignmentAcross 21 variants bfaypm
there only 17 base mutatiorscross813 total bases providing 10 large regiavisich primers can be
designedagainst It is imposible to desigriully complementary forward and reverggimers that
target all % variants ofblayiv, but if the most genetically distant variafila, vz is excluded five
conserved regions across themaining54 variants are available to design prins@gainst Bla/m7
has only been documented three times,eigolate in BrazilBalero de Paulat al,, 2017)and two
isolatesin USATolemaret al., 2004; Aboufaycadt al., 2007) Furthermoreblayimz remains
susceptiblet@eNIi I LISYSY YR A0Q& K&RNERTf & ( ABOrraét &1.[i201d)A
therefore, it is currentlydeemed to be ofow clinical relevancelherefore blayimr was excluded
from the primer design and Figure 3.2 due to its divergence which cause difficulties with primer
design Many multiplex PCR based assays do not detegiblérable 1.2 of section 1.7) because of
its high level of divergence from other variants within the VIM faithiguet al., 2015; Girlictet al,,
2020; Probset al., 2021)

Start @imsssEe  KPC End
882 bp
200 4007 6007 800"
[ |es-14sbp| = 157-271bp | || [ 357-435bp | | |  [533-600bp| | 617-715bp |
23-51bp 457-501 bp
53-84 bp 273-307 bp
Start OXA-48 End
798 bp
200 400 600"
10-19 bp 187-203 bp 355-372 bp 575-593 bp 712-728 bp
376-392 bp
Start NDM 1461-507 bp| End

813 bp

221-261 bp
666-697 bp

Start VIM End

801 bp
2007 4007 6007 800"
203-230bp | 332-365 bp 526-548 bp 727-747 bp
232-257 bp

IMP
741 bp

Start F 1343-347 bp End

2007 [ 400 600!
[ | | [ N i 0 1l | | na |
107-113bp  151-155 bp 283-287 bp 391-395 bp 490-495 bp 565-570 bp 622-626 bp
199-204 bp 220-227 bp  316-323bp  355-359 bp 580-584 bp

Figure3.2: Conserved regions acrofise Hig 5Q

Fully conserved regions acrd88, 14, 2170, and % out of 55) variantsidentified up to 03.04.2018f blacps blaoxaas,

blanpm blampand bla,w respectively (bkawr excluded. Conserved regions are depicted in green with the base numbers
labelled.SnapGene Viewer (Insightful Science. 2018)
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313 90k fdzr iAy3a wSO2YoAyl & ferfordanoe WshdbhvanBondPERI A FA OF )
lengthprimers

The lack of sequence homology betwede 70 variants ofblawe dictatedonly short fully conserved

sequences (8 bp maximunwhich isless than optimal for primer design, thed to the questios

GK2¢ YlIye YAaYlIGiOKSa o0SGoS&YSLINRYSNI EEgR APKBEIKE

aA1T S LINAYSNE OlFly 0SS (2ftSNIGSR Ay wt! KéE

Piepenburget al. (2006)states RPA performs optimally using primers betweer3®basesut PCR
length primers are compatible with RRAhough,amplification kinetics will be slowdTwistDX,
2021) As complementary regions across variantdlebsa.ssike, blaviv, andblamvpare less than 30
bases the viability of using shorter primers in RPA must be investigated.

To investigate amplification efficiency of RPA using primers sets shorter tHzas88 four primer
sets (Table 2.1) were designtithe same loci on a weditudiedLegionella pneumdpla serogroup
1 gene,wzm Forward and reverse primers 27, 23, 19, andaSesn length were incorporated into
RPA reactions and analysed via agarose gel electrophorésis ¢ad 25.2).

RPA was able to amplifiye target sequence to a detectable level on an agarose gel (Figure 3.3)
when primers 1%asesn length were used.essintense bands near the expected amplicon size

(180 bp) are observed when primers shorter tharb23esn lengthwere used Amplicons are
separated on the agarose gelaheavier than expected molecular weight, this anomaly could be
due to the presence of crowding agents, single stranded binding proteins, and recombinase within
the samplewhich retards the migration of DNA on the agarose gel. The retarded migration of RPA
products is observed within the literatuf&laiset al., 2015; Londofiet al., 2016; Babet al., 2017)

and will bedescribedn moredepth in section 4.4.2With the understandinghat RPAcanamplify

DNA using primers ahortas 15basedn length enabled the design of primesdich target all 14
variants of theblapxaasike familyand 54 variants dblayim.

Interestingly it appears that the longest primer pair (Basesn length) producd low molecular
weight products consistent withrimer dimers which are represented as the bands between
60-80bp in Figure3.3. Primerdimers are a revccurring problem when using RPA and several
examples can be found in the literatuf@ohrmaret al., 2012a; Kerstingt al., 2014b; Hwet al,,

2017) the longer the primes arethe higher the risk of producing secondary structures such as
primer dimers. Despitdlakpcandblanom having large, conserved regions across all variants, shorter
sequencesround 23basesn length wil be targeted to design primers againgith the aim of
redudngthe risk of forming primedimers as described previousBrimers which are 2Bases in
lengthproduced a large amount of amplicon thus reassuring that primers at this length are
appropriate.
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200 bp

80 bp
60 bp

Figure3.3: Comparison of different primer lengths in an RPA aspayformedfor 20 min at 37°C.

Agarose gel electrophoresis (3 %) for RPA products usmoflitemplate DNA. Lane M molecular weight marker.
Primersets were performed in duplicate with a no template control (NREJY. marks highlight bandsth saturated
optical densitiesThe amplicon is predicted to B80bp.

3.1.4 Evaluating Recombinase Polysde 3 S ! Y LJ A ¥ A Olnilisingtghe3d (2f SN} yOS 1
Reports in the literature of the number of mismatches tolerated within RPA is \@neging primers

between 31 and 3basesn lengthAbd El Waheat al. (2013) Boyleet al. (2013a)and Daheret al.
(2015)demonstratedamplification can still occur when using primers with 5, 6 and 9 mismatohes

their target, respectivelyDaheret al.(2015)Sa Gl 6 ft AAKSR OGKIF G wt! Q& FoAf Ade
dependent on the location of the mismatches on the primer and the G/C content of the target

sequence. Like PCR, mutations at ther8l of the primerare nore deleterioustovt | Q&4 STFFAOASY.
GKIY AYUGNRBRdzOAY3 YAaYl GOKSa AyaSNylrtte on ol aSa
Mutations at the 3end of the primeiinterfere with Bsupolymerase elongatiofDaheret al., 2015)

However,Abd El Waheet al. (2013) Boyleet al. (2013a) andDaheret al. (2015)all used primers

which were30+basesn length as recommended by TwistlIXie to the lack of homology between

variants ofblaoxassiike, blaviv, @andblawe, primers used within this project will be shorter tha

30bases

To investigate the effect of using primesisorterthan 30basesn lengthwith mismatches towards
their target sequence, primesets(Table 2.2)were designed to the same loci on a watllidied
Legionella pneumophilserogroup lgene,wzm Fivesetsof primers all 2basesn length were
investigated: aetthat was fully complementary to the target sequence was used as a reference
pair. Setswith either one or two mismatches were incorporated at the centre or then@l of both
the forward and reverse primers to investigate thectlocation and number omismatcles have
on amplification Each primer set was incorporated into RPA reactions as detaile8. inghd
analysed via agarose gel electrophorggi5s.2).

Theprimer sets were tested for RPA amplification efficiency againsivitratarget gene andhe
guantity ofamplicon at theexpected product siz€ 80 bp) was measured for each sétwas
apparent that mismatches to the target sequence were poorly tolerated within RPA and only
primers with one central mismatch were able to ampttig target to adetectableintensity
(Figure3.4). Furthermore, the quantity of amplicon was reduced whEimers with a single central
mismatch were used in RPA compared to fully complementary primibespresence of DNA
concatemers is observed when primer sets with 2 central mismatches and 1 mismatch agtige 3
were usedDNA concatemers have been obsed within PCR analpossible explanatiofor this
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anomaly could be due teecombination of primer®nto random sequencewsithin the reaction
(Faulhammeet al,, 2000; Sakamotet al, 2000) RPA reactions contain a RecA recombinase
protein, it is probable that base substitutiorecreasehe complementarity betweemprimersand
target andduringRPAproducenon-specific amplified productsf different sizes creating the
concatemereffect observed inigure3.4. Alternatively, therepetitive banding observed in
Hgure3.4iscomparable tahe banding patterrproduced during arbitrarily primed PCR (RRR).
This phenomena is the result amplificationoccuring at sufficiently low temperatureallowing
primersto anneal tonon-homologoussequertes(mis-priming)producingstochastic amplified
products(Welshet al., 1990)whichappear as repetitive concatemer like banding on agarose gels
The results demonstrate that it is advisable for primers which are shorter than 30 nucleotides in
length to contain no mismatches with the target sequence; however, RPA can tgbeiraiers
containing asingle central mismatch balhe amount of amplicon mduced was reduced.

200BP

"
—
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—
—
-
—
e
e
-
-

)

Figure3.4: Analysis of primers with mismatches

Agarose gel electrophoresis (3 %) for RPA products using 1 ng of templatea®N@: low range quantitation ladder
lane M- molecular weight marker; lane-Blank;. The amplification profile of eachiper setwas analysedh duplicate
with a no tempéte control (NTC). The amplicon is predicted t@&@&bp.

3.1.5 Determining the most clinically relevant variantblaie

The longest conserved sequence across@¥ariants ofblamprwas eight nucleotidefFigure 3.2). &
demonstratedin Fgure 34 RPA can tolerate a single centnaismatchin both primers angrimers
with 2 or more mismatches fail to amplify the target. Therefatrés impossible to design primer
that would target and successfully amplify @lvariants.

The global prevalence efich variant was recorded to determine clinical relevafiable3.6)

Within Table 3.6 the number of mismatches between variants and primers are listed, this column is
relevant for the next sectiorfter extensive literature searchesd mining publishedequences

within the NCBI databasenly variants documentetive or more times withirclinical samples were
considered for targeting primeiagainst For instance, out of thfifteen documented isolatesf

blamp.2e producing bacteridourteen were detected in wastewater samples and aoe was
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observed in a human hogieannotet al.,, 2012; Slekoveet al,, 2012; Kharet al., 2018) Thirty-six
variants have only been documented once in human clinical samplea ttdl of 4 variants have
been documented less than five times leavirkgvariants whichare deemed as the most clinically
relevantby the standards set out in this project
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Table3.6: Overview ofglobal incidence of eachlayyp variant and primer mismatchesacross those variants
Please note there are 5axiantswith perfect primers iharkedgreen)and8 variants with onenismatch which are likely to
yield positive assay coverage (marked orange) and variants with two or more mismatches are likely to yield poor assay
coverage are marked in red of which 5 are against clinically significant variants.
Documented cases Variant d blawp Number of mismatches Reference
betweenthe sequence
and the forward and
reverseprimer
(forward,reverse)
20+ Blamp1 0,0 (Matsumuraet al,
2017b; Waneet al,,
2020a)
20+ Blampz 0,0 (Wanget al,, 2020a)
20+ Blamp4 0,2 (Matsumuraet al,
2017b; Liet al., 2021)
20+ Blamps 0,0 (Seoket al,, 2011;
Matsumuraet al.,
2017b)

20+ Blamp.7 0,0 (Gibbet al,, 2002;
Papagiannitsist al.,,
2017b)
20+ Blavrs 0,0 (Yanet al, 2002;
Chouchanet al,, 2013;
Matsumuraet al,,

2017b)
20+ Blavpg 0,0 (Yanget al.; Xionget al.,
2006; Quet al., 2009)
20+ Blamp.1o 0,0 (Chouchanet al., 2013;
Silvaet al,, 2015)
20+ Blavr1s 0,1 (Chouchaneét al.,, 2013;
Matsumuraet al.,
2017b)
20+ Blamp.14 0,0 (Matsumuraet al,,
2017b)
20+ Blavris 0,0 (GarzaRamo<t al,,

2008; Gilarranet al.,
2013; Bayssast al,,

2014)
20+ Blampis 0,0 (Wolteret al, 2009a;
Martinezet al.,, 2012)
41 Blamp-26 0,2 (Kohet al., 2010; Huang

et al, 2012; Xiat al.,
2012; Kimet al,, 2013;
Lascol®t al., 2013;
Peirancet al., 2014;
Dolejskeet al., 2016;
Katede et al.,, 2016;
Tadaet al,, 2016;
Matsumuraet al,, 2017a;
Gorrieet al,, 2018)
29 Blamp1g 0,0 (Neuwirthet al., 2007;
Yamamotecet al., 2011;
Polliniet al,, 2012;
Yamamotcet al., 2012)
20 Blavp11 0,0 (Joneset al., 2004;
Sugimotoeet al., 2010;
Takahashét al., 2010;
Zhaoet al., 2012; Koyana
et al, 2013; Tunyapanit
et al, 2013; Yamamoto
et al, 2013)
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Table 3.6 continued
Documented cases| Variant ofIMP Number of mismatches References
between the sequence

and the forward and
reverse primer
(forward,reverse)
18+ 2 in Blamp2z 0,0 (DlllluaSEt al.ll 2205)095
Pellegriniet al,, ;
wastewater Viedmaet al,, 2012; Mir6
et al, 2013; Penat al.,
2014; Zamoranet al.,
2015; Ortegaet al.,
2016)

12 Blames 0,0 (Da Silvat al., 2002;
Brizioet al., 2006; Da
Silvaet al., 2010; Grosso
et al, 2015)

12 Blamp.2s 0,0 (Livet al, 2012; Yt al,,
2016; Kinet al,, 2017)
12 Blampas 0,2 (Jiaret al., 2014; Laét
al., 2017; Papagiannitsis
et al, 2017a)
7 Blavp.1s 2,0 (Mendeset al,, 2004;
Eseret al,, 2009; Anat
al., 2010; Scheffeet al.,
2010; Fehlbergt al.,
2012; Picaet al., 2012)
8+ 18 in swine Blamp27 1,2 (Dixonet al,, 2016;
Mollenkopfet al., 2017;
Potteret al, 2018)

6 Blamvp.aa 1,0 (Shigemotcet al., 2013;
Tadaet al, 2016)
6 Blawvpas 0,0 (Kazmierczakt al.,
2016)
5 BlaMP—43 O’O (Tadaet al,, 2013)
5 Blawvrss 0,0 (Liapiset al., 2019)
1+14in Blamp2g 0,0 (Fournieret al, 2012;
wastewater Jeannotet al,, 2012;
Slekoveet al., 2012;
GbaguidiHaoreet al.,
2018; Kharet al.,, 2018)
2 Blampas 0,0 (Yuaret al, 2017; Litet
al., 2018a)
2 Blamp.3s 1,2 (Pournarast al,, 2013;
Pfennigwerthet al,,
2015)
2 Blamp.4o 0,0 (Notakeet al.,, 2013)
2 BlaMP—42 0,0 (Notakeet al., 2013)
2 Blavpss 0,0 (Aziziet al,, 2016;
Shakibaieet al., 2017)
2 Blampe7 1,2 (Kubota, 2017; Stanton,
2017)
2 Blawvr7o 0,0 (lwataet al.,, 2020)
1+ 1inswine Blawvrsa 1,2 (Deshpande, 2017;
Pfalleret al., 2018;
PoulinLaprade, 2020)
1 Blamps 1,0 (lyobe, 2016)

47



. Tablesécontinued
Documented cases Variant ofIMP Number of mismatches References

between the sequence

and the forward and
reverse primer
(forward,reverse)

1 Blawvp.17 0,1 (Docquier, 2016)
1 Blamp.20 0,0 (Shibata, 2004)
1 Blamp21 0,0 (Shibata, 2005)
1 Blave.23 0,0 (Xu, 2016; Perez
Pahcios, 2019)
1 Blamp2a 0,0 (Leeet al, 2008)
1 Blamp.2s 0,0 (PérezLlarenaet al,
2012)
1 Blamr.30 0,0 (Pegeet al, 2013)
1 Blavesa1 1,2 (Pfennigwerthet al,
2015)
1 Blamps2 0,0 (Prombhulet al., 2016)
1 Blavpas 0,1 (Deshpandet al., 2013)
1 Blamp.a7 0,1 (Fournieret al., 2012)
1 Blamp.3o 0,0 (Triponney, 2019a)
1 Blawp.a1 0,0 (Notakeet al, 2013)
1 BIaMP-44 0,0 (Tadaet al, 2013)
1 Blamp.s 1,1 (Triponney, 2019b)
1 BIaMP-47 0,0 (Rabine, 2015)
1 Blamp.ag 0,0 (Kazmierczakt al.,
2016)
1 Blampst 0,0 (Tadaet al,, 2015)
1 Blamps? 0,0 (Aoki, 2015)
1 Blavpss 0,0 NCBI Refseq Project
1 Blampsa 0,0 (Rabine, 2015)
1 Blamess 0,0 (LépezGarcizet al.,
2018; Silveirat al.,
2021)
1 Blampss 0,0 (Holmgaard, 2016)
1 Blampsg 0,2 (Kalamatas, 2016)
1 Blawvr.so 0,0 (Saitoet al,, 2021)
1 Blamrs1 1,0 (Lange, 2016)
1 Blamrs2 0,0 (LopezGarcieet al,
2018)
1 Blawvrss 0,0 (Khuntayaporret al.,
2019)
1 Blamess 0,0 (Saitoet al,, 2021)
1 Blamrss 0,0 (Kubotaet al, 2019)
1 Blame.so 0,0 (Zhanget al., 2020)
1 Blamp.71 0,0 (Bour, 2018)
1 Blamvp.72 0,0 (Kalamatas, 2018)
1 Blavp.7s 0,0 (Kalamatas, 2018)
1 Blamp.12 0,0 (Docquieret al., 2003;
(found in soil) Willmset al, 2020)
Blampas
Blameso
Blavp.s7
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Attempts were made to design primers towards the tdpr2ost clinically relevarblayevariants
(Table 36). Out of the B variants 20 could be targeted with a singlair of primers(Table 2.7)

which have a maximum of 1 mismatch betwesachprimer and the target sequenceshe

sequence alignmenat the primer binding regions acroize 25 most clinically relevarblawe
variantsare shown inFigure 3.5. Blamr.ss has a singlebasemismatch located within the centre of the
forward primer binding region anblame13 has a singléasemismatch at the centre of the reverse
primer binding regn. Based off the findings irigtire 3.4 these wéants should be detected using
RPABIlawp4, blameis, blamezes, andblawess all havea fully complementary primer and a primer with
two centralmismatchesthis combination of mismatches has not been assessed previously and
whether these variants can be detected using RPA will have to be roedfin-vitro. Blame.27 has a
mismatch in the forward primer binding region and two mismatcimete reverse primer binding
region, the mismatch analysis in Figure 3.4 suggestfttatvariant willnot be detected.Across all

70 variants 60 have 1 or less mismatches with each primer giving the primers a predicted 85.7 %
coveragewhich is comparable to all the current commercial molecular assays (Table 1.2).

A

mP-A
P2
P-4
IMP-5
M-
mP-7
M-8
MP-9
IMP-10
IMP-11
IMFP-13
P14
IMP-15
IMF-16
IMP-18
IMP-19
P22
IMP-25
IMP-26
IMP-2T
IMP-34
IMP-38

320 B 480
IMP-43
MP-48

IMP-1 |
IMP-?
IMP-4 |
IMP-5 |
IMF-6 |
IMP-T |
IMP-8 ||
IMF-9 |
IMP-10 |
iMP-11
IMP=-1 3
IMP-14 |,
IMP-15 |
IMP=-16 |
IMP-18 |,
IMP-19 |
IMP=22 |
IMP-235 |
IMP-26 |
IMP-27 &
P-34 |
IMF-38 |
IMP-43 |
IMP-438 |
IMP-63 IMFP-E3 &

Figure3.5: Sequence allgnment ahe most cllnlcally relevant blap variants W|th|n JaIV|ew

A ¢ Alignment across the 25 most clinically relevantyplaariants atthe region theforward primer is targeted (367
328); alignment labelled Btise regionthe reverse primer is designed against (4/BB).Conserved bases are
represented as dots. Nucleotides are coloured individually Guanine in red; Cytosine in orange; Adenosine in gre:
Thymine irblue.Blawe-1, 2, 5, 6, 7, 8, 9, 10, 11, 14, 15, 18, 19,25, 43, 4863are fully complementary across both
primer binding regions8lame-13,andblame-34 have a single internal mismatch in one primer binding re@twe-4,
16, 26, and 38 have two internal mismatches in one primer bindigignand blaue27 has a sintg internal mutation in
the forward primer binding region and two internal mismatches in the reverse primer binding region.

Multiple primerscouldhave been designed to ensure a wider coveragelaf; however,

producing gpentaplexmolecular diagnostic is challenging aextending the multiplex capacity to a
hexaplex or more would only add to the difficultgurrently there ardew commercially available
molecular assays that detect some variantblafue but not all(Tatoet al, 2016a; Meunieet al,,
2018; Girlicket al,, 2020; Probset al., 2021) most commercially available assays are limited to the
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YoA3d nQ O (Vable LB onwnly #o8nd irEnterobacteriaceaand do not detecblawp
(GarciaFernandezt al, 2014; Huangt al, 2015; Laetal> H n mp T et{alt, 30205Girfjcliet
al., 2021) If apentaplexassay is successfully developed, more primers targélage can be
explored to ensure more variants are detected.

3.1.6 Designing primers teach of thebig fivezarbapenemase genes

With the exception of Imipenemagaultiple primerswere designedagainstfully conserved regions
within blakpg blaoxass, blavom, andblayivto carry out screening assays to determine the best pair in
optimisation studiesHve prime sets were designed agairtsikecand blanom; however the criteria
for the amplicon lengthwithin RPA<500 bp)and the lack of homology between the variaofs
blaoxaasiike family andblavim restricted the number of viable primer sets targetibigoxass and blayiv

to four and three, respectivelpue to the lack of sequence similarity between all 70 variants of
blame Only one set of primers were designed towards 20 of the 25 most clinically relevant variants.
Were possible mltiple primer sets were designed an effortto increase the chances @fentifying
sensitiveand robustprimer setswhen incorporated into RPAactions With the endpoint goal of
developing ane-pot multiplex POT, it is beneficial to screen multiple primer sétsprovide
opportunities to chang@rimer pairsin the eventthat some primers are not viable in multiplex
reactions.

Primers were dsigned against sequences with the least propensity to form secondary structures

such as primedimers and hairpidoops. The propensity of each primer to form secondary

A0NHzZOG dzNB & 61 & LINBRAOGSR dza A QligoAnalyzer33 stkwa®Bs 5b! ¢ S
per section 210.2. The propensity to form secondary structures was calculated as the change in

Gibbs free energynG) where alower nG valugmore negativekquates to a more stable structure

forming and thereforea greaterpropensity to formsecondary structures. The accumulation of

primer dimers within a reaction can decrease efficiency of the reaction and introduce false positive
results(Liuet al,, 2017b; Let al., 2019a)

Two types of primedimers were predicted, homodimers which form between two of the same
primers and heterodimers which form between two different primd?smersdimerswith nG value
of -9.75kcal/moleor less (more negativegre certain to form primer dimerand primer diners with
more positive predicteghG values are less likely to fofdohnstoret al., 2019) Primers were
initially designedo attain the highespG valugleast negativejor both homodimerisation and
hairpinloop formation. Were possible primers near 28skesin length were designed; using primers
shorter than recommendedimsto decrease theverall nucleic acid complexityithin RPAeaction
thusredudngthe risk of forming primedimers. The lack of homology acrdsaoxaasiike Variants and
blame variarts meant primers shorter than 23asesn length were designed against each gene.
Primers were paired to producamplicors less thar250 bpin length and the primer sets
(Tables2.3-2.7) which provided the highegiGvalue(least negativejor heterodimerisation

(Tables 3.7-3.11) were taken forward for primer screening within the lab.
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Table3.7: Primer sets targeting blaecand their propensity to form secondary structures
Thepropensity to formhomodimers, heteradhers, and hairpin formations amlculated for each primer set as the change
in Gibbs free energyG).

KPQorimer set Amplicon Homodimerisation fi (Kcal/mol) Heterodimerisation Hairpin f DXKcal/mol)
(bp) (n Kcal/mol)
KPCl14 114 Forward:-5.38 Reverse:5.02 -5.02 Forward:0.61 Reverse:1.17
KPCl124 124 Forward:-3.61 Reverse:3.91 -3.61 Forward:-1.16 Reverse: 1.36
KPG87 87 Forward -3.91 Reverse-3.61 -3.9 Forward -0.86 Reverse-1.51
KPQ204 204 Forward -3.61 Reverse-3.14 -4.26 Forward -1.25 Reverse-0.18
KPCQ203 203 Forward:-3.61 Reverse:3.14 -4.62 Forward:-1.25 Reverse: 0.29

Table3.8: Primer sets targeting blaxass and their propensity to form secondary structures.
Thepropensity toform homodimers, hetedimers, and hairpin formations acalculated for each primer set as the change
FNBS SySNHe@
Amplicon
(bp)

Ay DAOGOGA
OXA48 primer set

onbDy ®

Homodimerisation i (Kal/mol)

Heterodimerisation

(n XKcal/mol)

Hairpin f DKcal/mol)

OXA194 194 Forward:-7.81 | Reverse:3.14 -4.74 Forward:-4.67 Reverse: 1.35
OXA186 186 Forward:-3.14 Reverse:3.9 -4.85 Forward: 1 Reverse: 0.31
OXA239 239 Forward:-3.9 Reverse:5.38 -6.21 Forward: 0.35 Reverse:0.13
OXA155 155 Forward:-5.38 Reverse:5.02 -6.57 Forward:-1.32 Reverse:0.76

Table3.9: Primer sets targeting blgom and their propensity to form secondary structures.
Thepropensity to formhomodimers, heterdimers, and hairpin formations asalculated for each primer set as the change
Ay DAOOA

NDM primer set

FTNBES SySNH@

Amplicon
(bp)

onbDyL P

Homodimerisation fi D(Kcal/mol)

Heterodimerisation
(n D(Kcal/mol)

Hairpin o XKcal/mol)

NDM214 214 Forward:-4.74 Reverse:4.62 -3.61 Forward:-1.92 Reverse:0.22
NDM 205 205 Forward:-4.62 Reverse:3.9 -4.95 Forward:-1.25 Reverse:1.47
NDM 129 129 Forward:-4.62 Reverse:3.9 -3.9 Forward:-2.54 Reverse:1.76
NDM194 194 Forward:-4.62 Reverse:3.61 -4.74 Forward:-2.54 Reverse:0.98
NDM 135 135 Forward:-3.61 Reverse:3.61 -3.9 Forward: 0.19 Reverse:0.98

Table3.10: Primer sets targeting blaw and their propensity to form secondary structures.

Thepropensity to formhomodimers, heterdimers, and hairpin formations asalculated for each primer set as the change
Ay DAO6O6a TNBS SySNHe& onbD

VIM primer sets Amplicon

Il 2Y2RAYSNRA &I GA2Y

Heterodimerisation Hairpin (0 (Kcal/mol)

(bp) (n Kcal/mol)
VIM 46 46 Forward:-3.61 Reverse:3.14 -5.37 Forward:-0.76 Reverse: 1.79
VIM 147 147 Forward:-3.61 Reverse:8.53 -5 Forward:-0.76 Reverse:0.3
VIM 124 124 Forward:-3.14 Reverse:8.53 -5.49 Forward: 1.34 Reverse:0.3

Table3.11: Primer sets targeting blae and their propensity to form secondary structures.
Thepropensity to formhomodimers, heterdimers, and hairpin formations asalculated for each primer set as the change
in Gibbs free energn(D 0 ®

IMP primer set

Amplicon Homodimerisation fi XKcal/mol) Heterodimerisation
(bp) (n Kcal/mol)
IMP 189 189 Forward:-5.36 Reverse:6.3 -7.96

Hairpin (0 (Kcal/mol)

Forward:-1.44 Reverse: 0.48
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3.1.7 Assessing the specificity of each primer set foiwinformatic sequence data
To determine if each primer set was specific to the target derspoke automated bioinformatic
searches were performed as part ofadse positive screen

The sequences of each primer were BLAST searched generating alligieofesvith homologous
sequences (hits) within the NCBI nucleotide database. Due to the great number of carbapenemase
variants and the vast number of sequenced genomes containing carbapenemase genes the task of
identifying nontarget genes within thedi of hits wagoo laboriousto do manuallyIn collaboration

with Dr Matthew Pocock, Newcastle University a script was designed to elimihmatéts that were
target gene specific leaviranly the hits which were nooarbapenemasespf examplewhen BLAST
searching primers targeting KPC all hits containing the KPC gene were exthelpdocess of the

script is detailed in sectionand anillustration of the process within the script is depicted

FHgure 3.6.

52



Start

Primer sequences were
searched against all
nucleotide sequences
within NCBI

v

The translated protein
sequences were extracted
for all hits annotated with
the target gene

v

The protein sequences for
all known target sequences
were aligned and using the
hidden markov model a
profile was generated for
each target gene

v

The 6-frame translations of
each non-annotated hit
were compared to the
profile

Does the
Does the hit o location of the hit
align with the Yesn| ThEhItisthe |~ " correspond with the
profile? target gene region of alignment
with the
profile?

Figure3.6: Flow diagram detailing the steps within the script designed to checkgbecificity of each primer

The processes built into a bioinformatic script ciddsscks the specificity of each primer set to the target genes and
searches for anfjomolog/ to any nonrelated or closely related genesuBcylinder signifies the start of the script.
White boxes are processes carried out by the script. Green diamonds are decisions made within the script. Red |
signify terminatiorof the process.

The sequencesf each primer sets @bles 2.32.7) were searched within the NCBI nucleotide
database and using the script detailed in sectionahd Figure 3.®its that were annotated with
the target gene were removed. The output of the script retrieved zerofbiteach primer pair
meaning the primers were specific for their target gene. The raw data for each primer can be
accessed through the followirtgypetinks:

1. KPGC https://figshare.com/s/cc8c649af003372302b8

2. OXA48- https://figshare.com/s/91e51ca8221a50767503
3. NDM- https://figshare.com/s/a189a58805125ad1d62b
4. VIM- https://figshare.com/s/86785c1db387aba37939

5. IMP- https://figshare.com/s/c6fb6f65837e745971dd
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3.2 DISCUSSION

3.2.1 Coverage of primer sets

The primers designed within this section target 100 %lafr¢ blaoxass, andblanpm variants, whilst

the primersetstargetingblaviv are predicted to detect 54 out of 55 variants providing a level of

coverage of 98 % and the primer set targetirigmve can detect 85.8 %. The availalbemmercial

Faalea OlFyy2id RSI{SOilcarbdpdnenddedéBhowhinarabRI.2 6 KS WoA 3 TFA
Studies performed bNICE (2016 epheid (2019)andGillet al. (2020)have shownthe Xpert

CarbaR can detec2.1 % an®7 % oblay,w andblawe variants, respectivelyyhilst studies

performed byNijhuiset al.(2013)and MAX (2021showed thecheckpoints CPO can detect 36.4 %

of blajp variants and neither BD chegloints CPO or the superbt@RE kit can detebtayim (NICE,

2017) This shows that the primers designed within this project have greater coverage than what is
provided by the current commercial kits. Additional sets of primers could be designed to detect the
remaining 14.2 % dilaye variants and2 % ofblaymvariantsi K I 4 I NBy Qi prid@<b8tNBE R 6
producing a pentapleassay will be challenging and adding further primers within the reaction adds

to the complexity and increases the risk of producing primer dimers.

D’

The following variants exhibit low levels ofdnglytic activity towards carbapenems but they are
classed as carbapenases Blaoxaiss(Poirelet al.,2011a) blaoxasos (Dortetet al.,, 2015) blakpes
(Oueslatiet al., 2019) blakpei4, and blakpess (Biancoet al.,2020) Detecting variants with low levels
of carbapenemase activiig of importance which is why the commercrablecular assays detect for
these variants as observed the Xpert Carb#&, BDMax cheghoints CPO, and chedlirect CPE kit
which all detecblaoxaiss andblakecia (Huanget al, 2015; Cepheid, 2019; Chuegal., 2020)

Additional carbapenemaseariants have arisen since the prinsats(Tables 2.2.7) were designed
The prevalence of these variants is yet to be determined and new variants will aweaygeif

there is a selective pressure to mutateislikely that in the future variants with mutations at the
primer binding sites will be discovered and sleenutations will prevent amplification, but this is a
risk that cannot be avoidedhen using molecular techniqueRimers within assays can be chadge
to improve coverage of the assay and detect new varigmsviously, manufacturers such as
Cepheid and eazyplex have altered commercial assays from their original release to increase the
coverage that they providéDortetet al., 2016; Tateet al,, 2016b; NICE, 2017)

3.2.2 Using PCR length primers within RPA

¢CKS LINAYSNE GKIG KI @S 0S5 SgibapeBeinasasyameRveanz27tai I NBS G § K
26 baseswhich are shorter than what is typically used within RPA, the recommended length for each
primer is 3035 basegPiepenburget al., 2006) Despite reports that using shorter primers in RPA
reactions reduces the rate of amplificatifinet al., 2019a; TwistDX, 2024¢veral groups have
demonstrated using conventional PCR primersZ2tase$ within RPA reactionsvhichprovide

sensitive molecular testdvlayborodaet al,, 2016; Fulleet al,, 2017; Wangt al., 2017b; Martorell

et al, 2018) Wanget al.(2017a)and Fulleret al. (2017)demonstrated thatRPA is more analytically
sensitive than PCR when using conventional PCR primers by up two orders of maghitlatet

al.,, 2017; Wanget al,, 2017b) Usingprimers which are the length abnventional PCR primers

rather than RPA primers both decreases the cost of the assay and reduces the rigkeofiprier
formingthus increasing the capacity to multiplex. The most targets that have dettted in a

multiplex RPA reaction are thr¢€rannelket al, 2016; Lawt al, 2016)the latter study uses primers
ranging from 2434 bases and contrary to whaTwistDX (2021have statel the shorte primer set

(24 and 2ehase$ provided the most sensitive assay.
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3.2.3 Insilicodesign of primer set

Each primer set has been designechggheOligoanalyzer software whichased on PCR conditions
predicts secondary structureBrmingbetween primers. Thim-silicoanalysis calculates the stability
of each possible structure as the change in Gibbs free enpjyunder constant conditions;
however, RPA utilisproteins to process pairing and facilitate strand exchange which is not
accounted for. Thereforeht in-silicoanalysis isn estimate of how primers will interact and cannot
predict with certainty the pattern of amplificatiowhen performingRPAin-vitro. Higginset al.
(2018)have developed a bespoke programme (PrimedRPA) which aids the deRBA girimers;
what separates PrimedRPA from previous primer design software such as p(isméeBgasseet

al., 2012)is the ability to automatically design RPA primers and exo prthgginset al., 2018)
However, our decision tevadeusing exo probeause shorter primersand the limited conserved
regions acrosblaoxassiike, blaviv, andblame meantlittle would have been gained from ugin
PrimedRPA.
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4 VALIDATING PRIMERS TARGETINBIGHEVECARBAPENEMASES
WITHINRPA

4.1 PRIMER SCREEN

Each primer sdisted in Table 2:2.7 were empirically evaluated for the purpose of selecthng
most sensitive and robust primer sfetr each target gene. The selected prinsets will be modified
with single stranded oligonucleotideised to mediate capture and detgon ofthe amplicon.

The nucleotide sequences fblakpe, blaoxass, blanom, blavivez, andblawea were eachsynthesised
into separate individual pUCIDT plasmids and wethe template DNA within RPA reactioReom
this point on theblakpe, blaoxaas, blanom1, blavimz, andblame.1 containing plasmids will be referred
to as KPC, OX#8, NDM, VIM and IMRespectivelyEach primer setvas incorporated into duplicate
RPA reactions with®pM of template DNA added to the reaction mix, alongsédsingle negative
control containing no template DNA. Each RPA reaction was performed asderabalysed on
agarose gels as detailed irb2, and densitometry was performed as detailed ih(4 to calculate
the amount of amplicon produced.

4.1.1 Assessment of primers designed agaliait-c

All five sets of primers amplifidldPCGand producedoright bands near the expected amglit size of
each primer pair ini§ure 4.1. Each amplicon is running at a higher molecular weight than the
expected sizbut all amplicons remain in the correct incremental order compared to each other
providing confidence that the desired amplicons have been generated. A possible explanation for
the amplicons running at higher than expected molecular weigtdsie to thepresence of RPA
proteins and crowding agents within the RPA solution forming a-prd#ein-crowding agent

complex which migrates slower in gel electrophoréKisrstinget al., 2014b; Glaist al,, 2015;
Londoficet al,, 2016; Babwet al,, 2017; Litet al, 2018b; Let al,, 2019a) Visually, KPC 203 and
KPC114 produced the most amplicon; this observation is supported by the quantitdéiteeshow

in Figure4.1Bwith 402ng and 292 ng of amplicon produced by KB and KPT14, respectively
Banding is observed in the NTC lanes of each primer set, these bands are likely amplified primer
dimers.The primer set KPZD3 produced the most amplicon and therefoveas selectedor further
assays within this project.
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Figure4.1: KPC primer screen.

A- Agarose gel electrophoresis (3 %) of RPA reactions performed@tf8720 min using five different sets of primers
targeted to theblakpcgene. RPA reactions were performed in duplicate alongside a negative control for each prim
Lane M¢ 20 bpmolecular weight markedane Q- low range quantitation ladderPrimersetsare aptly named after the
size of the amplicon thgyroduce B- Densitometry measuring the quantity of amplicon from an agarose gel
electrophoresis loaded with RPA reactions containing 90 pM of KPC template DNA. Error bars repretsefattoe
deviationbetween duplicates.

4.1.2 Assessment of primers designed agdiixass

All primer sets targeting OX#8template produced ampicons near the expected sizadbre 4.2),

as stated previouslin section 4.1.1he migration of DNA is retarded by the presence of RPA
proteins and apwding agents. The OXA 239 primerwetded343 ng of amplicon which & 2.5

and 2.9fold morethan the OXAL86, OXA94, and OXA 155 primer sets, respectivelgsthfigures

are represented inigure4.2B. Primer set OXA 194 was the only set tooproduce detectable

bands in the NTC; however, a low quantity of amplicon was produced using these primers. If
OXA194 were to be selected, RPA would have to be performed for longer to achieve comparable
amplification to that of OX&39 after only 20 min reaction. Furthermore, performing RPA for longer
may see the emergence of bands in the NTC of T34Avere there areurrently none. High
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molecular weight bands at 440 bp and 500 bp are present whenlBXand OXA86are used,
respectively; these bands are only present when template BNidedand are not seen in the NTC
lanes indicating that the high molecular weidhands may be the product of hairpmediated
duplication and triplicatior{Piepenburget al,, 2006; Salazast al., 2021) Theamplicon band
produced by OX2&39 is far more intense than the faint bands in the \Wi@h might be amplified
primer dimers andouldtranslateaslow-levelbackground in th@&nzymelinked oligonucleotide
assays (ELONAJr this reasorthe primer set OXR39 was selected for further assessment.

A
C C & C
“ ko) °>\$Q S o § bx > b‘e ) &) o,é
NN N S I N S SN, Rl
FF F T EFF FTFFFTSSF
100 ng
40 ng
500 bp ' d S 20 ng
280 bp S
240 bp b ¢ 10 ng
200 bp S
160 bp
5ng
B

400

350

(W8]
=]
=]

2]
[%2)
=]

iy
[%2)
=]

Quantity of amplicon{ng)
= =)
5] 5]

L
=]

OXA 155 OXA 186 OXA 194 OXA 239
Primer set

o

Figure4.2: OXA48 primer screen.

A- Agarose gel electrophoresis (3 %) of RPA reactions performed at 37 °C for 20 min using four different sets of
targeted to theblaoxass gene. RPA reactions were performed in duplicate alongside a negative control for each pr
pair. Lane M; 20 bpmolecular weight markedane Q- low range quantitation ladderPrimersetsare aptly named after
the size of the amplicon thgyoduce B Densitometry measuring the quantity of amplicon from an agarose gel
electrophoresis loaded with RPA reagti@ontaining 90 pM of X448 template DNA. Error bars represent thandard
deviationbetween duplicates.
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4.1.3 Assessment of primers designed agdihaiom

All five primer sets targetinDM templateamplified the target gene, this is represented as the
bright bands forming near the expected amplicon size for each primer s&jure 4.3. Visually,

primer set NDM205 produced the most amplicon followed by NR2WM this is further supported by
the quartitation data shown in fgure 4.8 were NDM205 and NDM214 produced 304 ng and

242ng, respectivelyProminent bands are observed in the NDM 214 NTC lane and faint bands are
present in the NTC lanes primer sets NDM 135, NDM 194, and NR206 indicatinghe formation

of secondary structures between primers such as amegliprimerdimers.Bands forming in the

NTCs are common across all primer s$eisNDM 205 producedhe most amplicon and was

therefore, selected for future assays.
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Figure4.3: NDM primer screen.

A- Agarose gel electrophoresis (3 %) of RPA reactions performed at 37 °C for 20 min using five different sets of
targeted to theblaypm gene. RPA reactions were performed in duplicate alongside a negative control for eactsetin
Lane Mc¢ 20 bp molecular weight marker; lane Q low range quantitation ladder. Primer pairs are aptly named aftel
size of the amplicothey produce B- Densitometry measuring the quantity of amplicon from an agarose gel
electrophoresis loaded with RPA reactionstaiming 90 pM of NDM template DNA. Error bars represenstardard
deviationbetween duplicates.
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4.1.4 Assessment of primers designed agdlirajv

The optimal size of the target amplicon is within®@0 bp(Piepenburget al., 2006) the possibility

of targeting sequences less th&0 bp using RPZould be of interest. With the lack of sequence
homology betweerall variants oblayv only a fewprimers could be designeds a resultwo
primerswere paired together (VIM 46) whiakould produceanamplicon only 46 bn length As
shown in kgure4.4 amplification of a 46 bp product was possible although less amplicon was
produced compared to primer sets VIN24 and VIML47. RPA reactions using either VIM 124 or
VIM 147 produced a large quantity amplicon(shown n Fgure 4.4B). High molecular weight bands
at 320bp and 380 bp are observed whtamplate DNA is added to reactions containwigl 46 and
VIM 124 primer sets, and further bands (120 bp and 140 bp) are visible when VIM 46 is used. The
cause of these notspecific bands are unknown but VIM 46 and VIM 124 share the same forward
primer, therefore, the banding ray be mediatedby the forward primembinding nonspecifically
Bands in NTCs of all three primers are visible indicating amplifiegtpdimers wereformedin the
absence of templatdn addition to VIML47 producing the most amplicon (313 ng), no femecific
high molecular weight bands are presemtthe template containing reactions. Despite the NTC of
VIM 147 showing somémited undesired bands which are possibly amplified primer dimers,

VIM 147 will be carried forward in future assays targeting VIM.
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Figure4.4: VIM primer screen.

A- Agarose gel electrophoresis (3 %) of RPA reactions performed@tf@720 min using three different sets of primel
targeted to theblayiv gene. RPA reactions were performed in duplicate alongside a negative control for each prim
pair. Lane M; 20 bp molecular weight markedane Q- low range quantitation ladderPrimer pairs are aptly named
after the size of the amplicon th@yoduce B- Densitometry measuring the quantity of amplicon from an agarose ge
electrophoresis loaded with RPA reactionstaining 90 pM of VIM template DNA. Error bars represenstiwedard
deviationbetween duplicates.

4.1.5 IMP189assessment

As only one primer pair was designed to target tlar®st clinically relevarblawe variants a primer
screen was not necessary but characterising the primer set within RPA reactions was still required.
The primerpairwas incorporated in RPA reactions as detailed n12and the products of each

reaction were analysed via agarose gelcélophoresis as per 2.2 and densitometry was performed

as detailed in 2.0.4 to calculate the quantity of amplicon produced. The prirpair targeting IMP
amplified the target sequence producing an amplicon slightly alibe predictedmolecular weight
(Fgure 4.5). The shift from the expected molecular weight is due to the DNA interacting proteins and
crowding agentsvithin RPA as described in section 4.1.1. Visually, intense bands were pratuced
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200bp which isnear the expected amplicon si¢&89 bp)generating araverage of 11@6g of
amplicon (Fyure 4.8). The appearance of high molecular weight bands (460 bp) wheplagenis
present are twice the size of the amplicon, therefore they may correspond to hampdiated
duplications. The appearance of bands at 60, 160, and 240/260 bp in the NTC lane indicate
secondary structureformingbetween primers. Many groups haeacountered offtarget
amplificationobservedon agarose gsland havestill developed sensitive diagnostic asséierstirg
et al, 2014b; JauseRubioet al.,, 2017)
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Figure4.5: IMP primer screen.

Agarose gel electrophoresis (3 %)RETA reactions performed at 3Z for 20 min using primer set targetindplap
gene RPA reactions were performed in duplicate alongside a negative cdranal M- 20 bp molecular weight ladder;
lane Q- low range quantitation laddeB - Densitometry measuring the quantity of amplicon from an agarose gel

electrophoresis loaded with RPA reactions containing 90 gMPfemplate DNA. Error bars represent standard
deviationbetweenreplicates

4.2 TRIPLERPAASSESSED VIA AGAROSE GELS

Onepot multiplex amplification involves simultaneous amplification of multiple targets in a single
reaction. To achieve @ne-pot multiplex reaction multiple primer setend multiple templatesre
incorporated into a single solutiogfMahonyet al., 1995) Increasing the number of primers and DNA
within a reaction angive rise to crostybridisation of primers and mipriming with other
templates(Bishopet al., 2008)translating to false positive signals and/or reduced amplification of
the target (Liuet al,, 2017b; Let al, 20193. Therefore, it is prudent to aess the primers within
one-pot multiplex conditions prior to modification with single strandails.
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Of the five primers sets, three (KPC 203, NDM 205, and.8@Pproduce amplicons of a similar size,
making it difficult to decipher their products froome another on an agarose g#ierefore, these

primer seswere not assessed in the same assay. Alternatively, three triplex assays were performed
in which OXA 239 and VIM 146 were incorporated into each triplex assay and the third primer set
(KPC 203, N 205, and IMP 189) wasterchanged

The recommended concentration of primers within a single RPA reaction is 480 nM (Piepenberg
2006); however, previous groups who have published literature on multiplex RPA have addressed
the need to alter the primer awcentration from what is recommenddgersting et al., 2014b;

Crannell et al., 2016; Kunze et al., 20M)ltiplex amplification increases the sequence complexity
within the reactionwhichincreases the risk of forming primdimers and secondary structures
decreasing both specificity and sensitivity of the aq8dgrkoulatoset al., 2002) Optimising primer
concentrationwas tested by performing RPA with either 480, 240, orrid0of each primer.

Singleplex reactions containing a single set of primers were performed in parallel with the triplex
assayg under the same conditions set out irb2L. All three DNA templates we present in

singleplex reactions as well as triplex reactions. Products formed in both the singleplex and triplex
reactiorswere compared to assess any impact on amplification of the amplicon or-astvity

when the nucleotide complexity is increake

4.2.1 Triplex RPA assay targeting KPC;48XAnd VIM

Singleplex and triplex RPA reactions targeting KPGAB)akd VIMemplateswere performed in
parallel and analysed via agarose gel electrophoresis as f@r Rlultiplexed amplification of all
three target amplicons was achieved, this is represented by bandsrigrear the expected size in
Hgure 4.6. Bands highlighted by red, yellow, and blue boxes are the amplicons produced by the
KPQ03, OXA&39, and VIM 147 primer sets, respectively.Blésamplicons were still generated for
all three targets when the lowest primer concentrations (120 nMyawsed When comparing

triplex andsingleplex reactions, amplification of KPC, @8Aand VIM looks to be largely unaffected
when performed in tripgx although additional bands are present

Bands at 180 bp and 460 bp are produced when amplification is performed in triplex. These bands
are only observed when template DNA is present, consequently, they must be products of the
amplified genes. The barat 460 bp is double the size of the amplicon produced by KPC 203 primers
which suggestit might be the product of hairpimediated duplication between two KPC amplicons.
Visually, few bands are visible in the triplex NTC laviesn 480 nM and 120 nM of jpners were

usedbut surprisingly, more bands are present in the NTC when 240 nM of primers were used.
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Figure4.6: Triplex assay with KPC 2@8mers incorporated

Agarose gel electrophoresis (3 %) with RPA products from singleplex RPA reactions targeting-48@r @K and
triplex RPA reactions targeting KPC, @8Aand VIM spiked with either 480, 240, or hR0of each primer. Reactions
were ®ededwith 90 pMof KPC, OX%48, and VIM template DNA alongside a NTC. Amplicons produced BQXKPC
primer set are highlighted by red boxes; amplicons produced by the OXA 239 primer set are highlighted by yello
amplicons produced by the VIM 147 primer set arélfggted by light blue boxes. Singleplex reactions for each targe
gene were perfomed once alongside a NTC and triplex reactions were performed in duplicate alongside a single
Lane M- 20 bp molecular marker.

4.2.2 Triplex RPA assay targeting NDM,-@%And VIM

Singleplex and triplex RPA reactions targeting NDM-@8{And VIMemplateswere performed in
parallel and analysed via agarose gel electrophoresis as p@r Bands neaathe expected amplicon
sizes (ure 4.7) are present inoth triplex and singleplexeactions. The amplicon produced by
NDM205, OXA 239, and VIM 147 are highlighted in red, yellow, and blue boxes, respectively.
Amplification of all three targets look largely unaffected when performed in trigdeplification of
the target sequaces improvedvhen 240nM of primers were usedReducing the concentration of
primers reduces the number of oligacleotides within the reaction; feweoligonucleotides
decreases thehance of obtaining spurious amplification produatsl forming primerdimers
therefore, increasing both specificity and sensitivity of the reacfMarkoulatoset al., 2002)

Amplified products which are not of the predictachplicon size (180 bp and 420 bp and >500 bp)

are formed during triplex amplification when template DNA is present. Reducing the primer
concentration to 120M eliminates the band at 180 bp but the high molecular weight bands are still
visible. The high mecular weight bands are mediated only in the presence of other primers when
template DNA is added to RPA reactions, therefore, they are likely a result of secondary structures
forming between different amplicons and primers. Banding is observed in théaN@é€of all triplex

and singleplex reactions. Surprisingly, the NTC lane with the fewest and faintest bands are observed
when 480 nM of primers were used.
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Figure4.7: Triplex assay with NDM 205 primenscorporated.

Agarose gel electrophoresis (3 %) with RPA products from singleplex RPA reactions targeting NEBYIpOXM and
triplex RPA reactions targeting NDM, GX& and VIM spiked with either 480, 240, or TR0 of each primer. Reactions
were gecedwith 90 pMof KPC, OX%48, and VIM template DNA. Amplicons produced by NDM 205 primer set are
highlighted by red boxes; amplicons produced by the OXA 239 primer set are highlighted by yellow boxes; ampli
produced by the VIM 147 primer set are highlighted byt ke boxes. Singleplex reactions for each target gene we
perfomed once alongside a NTC and triplex reactions were performed in duplicate alongside a single NTQ0 ape
molecular marker.

4.2.3 Triplex RPA asstargetingOXA48, VIM, and IMRemplates

Singleplex and triplex RPA reactions targeting-@XA/IM, and IMBemplateswere performed in
parallel and analysed via agarose gel electrophoresis as f@r Phe image of the gel ghown in
FHgure 4.8 with ampliconsrpduced by OXA 239, VIM 147, and IMP 189 primers highlighted in
yellow, blue, and red boxes, respectivelynplification of target sequencesene greatly reduced
when performingtriplex amplificationthis isrepresentedby thefainter bands near each amgdin
sizecompared to those produced in a singleplex reactions

RPA triplex reactions produced the most amplicon when 240 nM of each primer was used, this
observation was made previoustyFigure 4.7 and potentialexplanationfor the increase in
amplification wagliscussedn 4.2.2.Reducing the concentration of primers 1@0nM eliminated
any visible bands in the NTC lane of the triplex reactions.

A high molecular weight band in the singleplex reaction targeting-@&Aas not beembserved in
previous gels, the band is roughly double the molecular weight of the amplicon generated by
OXA239, therefore, it is plausible to suggest that this band is a duplicate amplicon which may have
been generated through interactions with IMP 18%pers. Faint bandm the NTC& OXA 239 and
VIM 147 singleplex reactiomse consistent with amplified primedimers. Repetitive banding is
present in the NTC when IMP 189 was used in singleplex reactions. Thiévefanding was
observed in gure 34 of section 3.1.3 it was hypothesised that some primers bind-specifically

to template DNA and initi@DNA elongation produieg different sized products which appear as
repetitive concatemer like banding on an agarose gel.
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Bands separated at 18p, 240 bp, and 300 bp are not amplis@nd are observe in triplex
amplifications but not in either of the three singleplex amplifications. These bands only form when
template DNA is present and the band at 180 bp is not visible when the primer conéemfisat

reduced to 120 nM. The band at 180 bp is present in all three trgdsays (gures4.6-4.8). The

primer sets OXA 239 and VIM 147 are the only constant within all three assays and the 180 bp is not
present when OXA48 or VIM is amplified in singiex reactions, therefore, this band must be an
amplified product of both VIM47and OXA39 primers

Figure4.8: Triplex assay with IMP 189 jmners incorporated.

Agarose gel electrophoresis (3 %) with RRAucts from singleplex RPA reactions targeting IMP -48<Ar VIM and
triplex RPA reactions targeting IMP, GX& and VIM spiked with either 480, 240, or tiR0Oof each primer. Reactions
were ®ededwith 90 pMof IMP, OXAl8, and VIM template DNAmplicons produced by IMP 189 primer set are
highlighted by red boxes; amplicons produced by the OXA 239 primer set are highlighted by yellow boxes; ampli
produced by the VIM 147 primer set are highlighted by light blue boxes. Singleplex reactach fiarget gene were
perfomed once alongside a NTC and triplex reactions were performed in duplicate alongside a single NTQQ bpe
molecular marker.
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4.3 MAPPING THE SELECTED PRIMERS ONTO THEIR RETROSPECTIVE
CRYSTAL STRUCTURE

Analysis bygarose gel electrophoresis identified five sensitive primer, $&8203, O 239,
NDM205, VIM147, and IMRL89which amplifed their corresponding target sequences both in
singleplex and triplex reactionshe primer binding regions within the cryssatuctures were
assessed to gain information on the structure and functionality of these regions in the enzyme to
better understand why these regions are conserved across the variants and gauge how likely it is
that mutations will occur in these regions.

4.3.1 Protein alignment of all five primer sets

The coding regions dllakpe, blaoxass, blanom, blavime, andblawe: were obtained from NCBI
nucleotide database and translated into amino acid sequences using EXpagyrimer sets
selected from the primescreenswvere translaedto identify the amino acid residues that each
primer coded. A summary of the amino acid sequences that each primer covers are listed in
Table4.1

Table 4.1: Summary of nucleotide and amino acid sequences each pdoverswithin each carbapenemase gene.
Codons that are only partialgoverel by the primer are depicted as amino acids in red.

Primer pair FWD primer FWD primer REV primer REV primer
nucleotide amino acid nucleotide amino acid
sequence sequence sequence sequence

KPC203 AATAC AGTGATA. QY SDNAAA CAGAGCCCAGT( SL QK LTLGS
GCC GCC GCC (128135) CAG TTT TTG TAA (189198)
OXA239 GTTGTGCCTGT VVPVYQ TCGGTCAGCATG KQAMLE
TAT CAA (119124) TG TTT (192-198)
NDM 205 CGGTTTIGATCGT NGLIVRDG CAACGCATTGG |ATYANAL
AGG GAT GGC (76-83) ATA AGT CGC AA (137-144)
VIM 147 ATGGTCTCATTG NGLIVRDB @ GGTCGTCATGA/ VSTHFHD®
CGT GAT GG (70-77) GTG CGT GGA G (111-119)
IMP 189 GGAATAGAGTG( G|IEWLNS CCAAACCACTAC PDNVVVW
CTT AAT TCT CG (8592) GTTATCT (141-147)

4.3.2 Crystal structure kP&

Using UCSF chimera softwateystal structures of each carbapenemase was examined and the
functionality ofeachresiduewithin the primer binding regionsere analysed based on their locus
within the structure.

Figures4.9 and 4.1@epicts the crystal structure of KRGn complexwith phenyl boronic inhibitor.
Phenyl boronic inhibitor is a competitive inhibitor and binds in the active site o2KR€sidues
which the forward (128L35) and reverse primers (1898)cover, are in red and orange,
respectively. Sequencesveredby the forward primer are located within alpha helix 5 which forms
part of the active site. Serine 130 aaspaagine 132 from alpha helix Sigkre 410) form bonds

with the phenyl boronic molecule. The carbonyl oxygen of the phenyl ring forms gation
interadions withasparagine 132, this action is conserved across other serinelbet@masegKeet

al., 2012) The C3 carboxylate of belactansinteract with serine 130, this region is known as the
beta-lactam carboxylate binding pocket. Avibactam and other class A inhibitors are known to bind at
this site(Celenzat al,, 2018) The regluescoveredby the reverse primer resides within alpha
helix7 and the curve between alpha helix 7 and 8; the function of these residues are structural.
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Figure4.9: Crystal structure of KRZin complex with phenyl boronic intiitor, PDB ID: 5SMGI.

The phenyl boronic molecule and main residues directly interacting with the phenyl boodedcileare shown as stick
(carbon atoms in beige, oxygen atoms in red, and nitrogen atoms in blue) whitesthe KPQ is depicted as ribbon
structure. Residues that the KR@3 forward primer cover are in red and residues that the-RB8¥everse primer cover
are in orange. lllustrations were prepared using UCSF Chimera.

Figure4.10: Magnified crystal structure of KRZin complex withphenyl boronic inhibitor focusing on interactions
between Serine 130 and Asparagine 132, PDB ID: 5MGlI.

The phenyl boronic molecule and main residiiesctly interacting with the phenyl boronieoleculeare shown as stick
(carbon atoms in beigandgrey, oxygen atoms in red, and nitrogen atoms in blue) whilst the rest e2 iERfepicted as
ribbon structure. Residues that the KBI3 forward primer cover are in red. lllustrations were prepared using UCSF
Chimera.
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4.3.3 Cirystal structure dDXA48

The crystal structure of OX48 in complex with imipenem is illustrated in Figsdel1land 412. The
residuescoveredby the reverse primer @2-198) are shown in orange, this region spans part of the
9" alpha helix and @ beta strand. The residueveredby the forward primer (119.24) form part

of the 8" alpha helix and are illustrated in red. Valine ¥@6ides in the forwargrimer binding

region ands associated with the hydrophobic pocket which the methyl group of carbapenems sit in
during hydrolysigStojanosket al., 2021) Serine 118 is directly adjacent to the residueseredby

the forward primer;serine 118 residue directly interacts thi imiperem through hydrogen bonds

(see kgure 412). The residues covered by the reverse primer contains two charged resigsies (
andglutamic acid) andwo polar residuesdlutamine andthreonine). Polar residues form hydrogen
bonds within thestructure and charged residues form salt bridges between opposing charged amino
acids stabilising the tertiary structures. Despite a lack of evidence that suggests why the sequence
covered by the reverse primer is conserved the residues might be strugturgdortant as thg

provide hydrogen and salt bridge bonds.

Figure4.11: Magnified image of theOXA48 crystal structure in complex with imipenem, PDB ID: 7KH9.
Theimipenem molecule and main residuesdity interacting with the imipenem are shown as stick (carbon atoms i
grey, oxygen atoms in red, nitrogen atoms in blue, and sulfur atoms in yellow) whilst the rest48 @ picted as
ribbon structure. Residues which the (84 forward primer coweare in red and residues that OX209 reverse primer
cover are in orange. lllustrations were prepared using UCSF Chimera.
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Figure4.12: A magnified image of theDXA48 crystal structure incomplex with imipenem, PDB ID: 7KH9.

The imipenem molecule and main residues (Ser 118 and Val 120) directly interacting with imipenem are shown ¢
structure(carbon atoms in grey, oxygen atoms in redd nitrogen atoms in blue) whilst the rest OXA48 is depicted
as ribbon structure. Residues which the @X@forward primer cover are in red. lllustrations were prepared using U
Chimera.

4.3.4 Crystal structure diDM-1

Figure 4.3 depicts the crystal structure of NDiin complex with hydrolysed meropenem. The
NDM structure is made up of 5 alpha helixes and 12 beta stréBdset al., 2011)of which the
forward (7683) and reverse primer (13F44)coverresidues on the '8 (red) and 8 (orange) beta
strand, respectively. Mutational studies have shoagpartate 84is an essential residue, base
substitutions at this residue result in a ladkhydrolytic activity towards abeta-lactams(Sunet al.,
2018) Aspartate 84 foms hydrogen bondsvith the followingresidueshistidine 55, valine 113,
threonine115, andysne 121 to make the shell surrounding the second zinc binding(8unet al.,
2018) Aspartate 84 is a residue upstream of the forward primer binding site, this region is
structurallyimportant to maintain the position ofispartate 841t is not obvious why theegion
which the reverse primer coveis conservedit is made up ofive hydrophobic residuesspleucine,
alanine x3, andeucine) and two polar residueth(eonine andasparajine)which maybe important
for structural integrity.
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Figure4.13: Crystal structure of NDM in complex with hydrolysed meropenem, PDB ID 4EYL.

The hydrolysed meropenesshown as sticktructure(carbon atoms in grey, oxygen atoms in red, nitrogen atoms ir
blue, and sulfur atoms in yellow) whilst NEIMs depicted as ribbon structure. Residues which the R@@orward
primer cover are in red and residues which NZIM reverse primer cev are in orange. lllustrations were prepared
using UCSF Chimera.

4.3.5 Crystal structure o¥iM-1

The crystal structure of VIMI in complex with hydrolysed meropenem is displayed in Fayude

and4.5. The VIMu & (G NHzO G dzZNB S E KA 0 A (iacross h&SMBL superfamilyf 2 f R 02 y &
(Salimragt al,, 2019) The forward70-77) and reverse primer (1:119)coverresidues that form

the 39 beta strand (red) and the'Sbeta strand/4" alpha helix (orange), respectively. Histidine 114,

histidine 116, andspartate 118 are situated in the binuclear zinc cerlrat form the active site

(see kgure 4.5). Histidine 114 and 116 interact with the first zinc ion whalgtartate 118 interact

with the second zinc ion and forms hydrogen bonds with a water molecule. Given the proximity and
involvement within the active site, it can be ascertained that the amino acdsrad by the reverse

primer are essential during hydrolysis of carbapenems.

The sequence covered by the forward primer is adjacent to the active site loggBj6dhich

through mutational analysis has been identified as essential for maintaining hydrolytic activity
againstextendedspectrumcephalosporins. Further, mutational alysis on each residue covered by
the forward primer has returned negative fithess scores when mutated and challenged with
meropenem. Low fitness scores are directly correlated with weaker hydrolytic activity than the
wildtype (VIM2) (Chenet al,, 2020) Theregion covered by thé&rward primercontainsnon-polar
residues glycine,leucine,isoleucineyaline) which are buried at the core of the structure. Residues
situated at the core of VIM have high mutational sensiidhd on average hawehigh deleterious
fitness effect{Chenet al,, 2020)
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Figure4.14: Qrystal structure of VIML in complex with hydrolysed meropenem, PDB ID: 5N5I

The hydrolysed meropenem and main residues directly interacting with the meropezgmions (grey) are shown as
stickstructure(carbon atoms in beige, oxygen atoms in red, nitrogen atoms in blue, and sulfur atoms in yellow) w
the rest ofVIM-1 is depicted as ribbon structure. Residues that the MiRiforward primer cover are red. Residues th:
the VIM147 reverse primer cover are orange. lllustrations were prepared using UCSF Chimera.

Figure4.15: A magnified image of the/IM-1 crystal structure in complex with hydrolysed meropenem, PDB ID: 5N!
The hydrolysed meropenem and main residues directly interacting with meropenem (His 114, His 116, and Asp :
zinc ions (grey) are shown ssckstructure(carbon atoms in grey, oxygen atoms in red, nitrogen atoms in blue, and
sulfur atoms in yellow) whilst the rest of VIMs depicted as ribbon structure. Residues that the MFireverse primer
cover are in orangdllustrations were prepared using UCSF Chimera.

4.3.6 Cngstal structure ofMR-1

The crystal structure oMP-1 in complex with 3aminophtalic acid inhibitor is illustrated in
Figures4.16 and 4.77. Amino acids covered by the forward prin{86-92) form part of the 29 helix
(red). Two residues on helix &partate 81 anderine 80 form interactions with @nc ion in the first
ion binding site and the inhibitor, respectively. Residues coveretidyaverse primer (14147)
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form the 10" beta-strand and part of the loop connecting bestrands 9 and 10 (orange).

Histidine139 interacts withzinc in the second ion binding sifeliraiwaet al,, 2014) Histidine 139 is

situated in the loop connecting beta strands 9 and 10, it is likely that beta strands 9 and 10 are

essential to maintain structural folding of the second ion binding site. It appearshbairimers are

coverregions within MP-1 that are fundamentatoA 4 Qa4 K& RNRf &8GA O | OGAGAGE 2
which would explain why they are highly conserved across the most clinically relevant variants.

Figure4.16: Crystal structure of IMPL in complex with 3aminophtalic acid inhibitor, PDB ID: 3WXC

The 3aminophtalic acid and main residues directly interacting with tta@rdnophtalic acid orinc ions (grey) are showi
as stickstructure(carbonatoms in beige, oxygen atoms in red, and nitrogen atoms in blue) whilst the rest-afisMP
depicted as ribbon structure. Residues which the 1BBPforward primer cover are in red and residues which the
IMP-189 reverse primer cover are in orange. lllattms were prepared using UCSF Chimera.
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Figure4.17: Magnified image of thelMP-1 crystaIAstructure in complex with-&minophtalic acid inhibitor,

PDBID: 3WXC.
The main residues (Ser 80, Ser 81, and His 139) directly interact witanmiadphtalic acid molecule and tlzec ions

(grey) are shown as stiskructure(carbon atoms in beige, oxygen atoms in red, and nitrogen atoms in blue) whilst
rest ofIMP-1 is depicted as ribbon structure. Residues that thel®®Pforward primer cover are in red and residues
that the IMP189 reverse primer cover are in orange. lllustrations were prepared using UCSF Chimera.
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4.4 DISCUSSION

The primer screens performed in 4.3411.5 have identified five primer pairs which produce a large
amount of desired amplicon and therefore, have the potential to work in a parallel multiplex assay.
The five primer pairs, KFXD3, OXA&39, NDM205, VIM147, and IMPL89 have been selected for

the next stage of assay developmentalfdition,the multiplex screens in 4.24.2.3 shows ongot

triplex assays format is possible if the-Gft NBS G F YLIX AFAOFGA2Y R2SayQi
formats.

4.4.1 Aberrant migration of RPA amplicons

Within this project RPA products were mixed with an excess of nucleic acid |tadieg this

excess was used to dilute the crowding agents present in the RPA mixture. The Carbowax20M
crowding agent used within RPAimicsin vivoconditions to enhance catalytic activity of the
enzymeqLiet al,, 20193 but alsomakes the RPA solution viscous which effects the migration of
DNA throughagarose gels and often presents as smeadndhe gel Diluting the RPA reaction prior
to gel electrophoresis generated distinct bands with no evidence of smearing on thatgstch
amplicon separated at higher than expected molecular weigktte. viscositpf the DNAcrowding
agent complexould account for a slower migration through the .gehe T4gp32 singkdranded
binding proteins form weak interactions with doukd&randed INA, these proteins bind as
multimers along DNA with a monomer binding evefyn8icleotide(Joseet al., 2015) This
DNAprotein-crowding agent complesetarded themigration of each amplicoand consequently
each amplicon separated at higher than expected molecular weights.cotld be released from
the DNAprotein-crowding agent complex by performing pemnplification purification steps such
as heat treatment to denature RPA proteins, centrifugation to sediment the protein components
(Babuet al., 2017) proteinase K treatment to digest throteins(Liuet al., 2018b) SDS treatment
(Glaiset al.,, 2015; Kapooet al,, 2017) or use a commercial PCR clegnkit (Piepenburget al.,,

2006; Londofiet al, 2016; Martorelket al,, 2018) The purpose of performing primer screens was to
identify the primer set which yielded the most amplicon and to identify any-smecific ampfied
by-products generated in the absence of a targite concentration of DNA which is eluted from
PCR cleanp kits can be variablgGlaiset al., 2015; Vermaet al., 2020) Introducing this variability is
not appropriate for a primer screen when attempting to quantify amplicon producti@R Eleafup
kits purify at specific molecular weights and DNA which is higher or lower than the target molecular
weight will be eliminatedLondoficet al,, 2016) therefore, PCR cleamp kits do not provide a
holistic view of RPA amplification and-tdfget amplified products such as priméimers may be
missed. Furthermore, PCR cleamkits increase the timesostand complexity of the assdilersting
et al, 2014b; Londofiet al., 2016)which is why they were not used in the primer screens

4.4.2 High molecular wght bandsobservedn reactions containintemplate DNA

High molecular weight bands have been documented irRRéliterature (Jaroenranet al.,, 2014;
Evanst al,, 2018; Let al,, 2020)with groups referring to them by different nomenclature such as
non-specifically amplified band&imet al., 2018) spurious RPA product€haijarasphongt al.,

2019) andartefacts of the assagSharmeet al,, 2014) Despite their reocauing appearance within
the literature there is little evidence to suggest what causes the high moleselight bands.
Piepenburget al. (2006)encountered the high molecular weight bands and ascertained that their
appearane was the result of hairpin mediated duplications or triplications of the proddairpin
mediated duplicatiorcouldexplainthe high molecular weight bands which were double the size of
the ampliconbut for all other bandshere isno obvious explanatiariTo determine if the
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non-specifically amplifietbandsimpact on some assay formats the primers will be modified with
tails and deéected on ELONA.

4.4.3 Primerdimers

Evidence of primedimers in the NTC was observed for most primer sets. Prilineers are the
result of primers hybridising to each other, this is a common issue within DNA amplification and is
observed frequently when amplification occurs at low temperatui#®lshet al, 1990) Through
agarose gel electrophoresis primeéimers were discernible from each amplicon; however,
alternative forms of reagbut which are more suited to P@Guch as colorimetric assaygpically
modify primers with recognitin moleculesa@ mediate capture andetection of amplified products,
within these assays primelimers can produce a false positive sigfillstrated in Figure.18)
Primerdimers forming during RPA is common within the literat(d@oenranet al, 2014; Kersting
et al, 2014b; Londofiet al,, 2016; Maet al., 2018)and many groups havemployednfo probes
(Rohrmanet al,, 2012b; Jaroenranet al, 2014; Lét al, 2020) Exo probegMaet al., 2018)base
mutations (Wuet al,, 2020) CRISPRas12aChaijarasphonget al., 2019) andselfavoiding
molecular recognition system (SAMRSharmeet al., 2014)to eliminate the high levels of
background produced by primedimers.SAMRS primers contamodified nucleotides
(2-aminopurineT | <= GP QJ A : -Gx)X=@AG LY@QIE A dgokyinosifeCG*p /1 I 1
and N4-thyl-T' -feoxycytidine (C*)that form hydrogen bonds with their corresponding natural
bases. SAMRS nucleotides only form a single hydroged with another SAMRS nucleotide,
therefore, SAMRS primers only interact with target DNArimer dimers impact future assays
designing SAMRS primers may eliminate the issues caused by primer dimers.

A O, positivesigna
B ¢ False positive

._ Primer modified with recognition molecule

._ Primer modified with fluorescent molecule

Figure4.18: Schematic representation of how false positive signals can arise from pridireers forming.

Atypical RPA reaction using primers modified with recognition moleculdmtA forward and reverse primers bind to
the targetand the resulting amplicon produces a positive signaglti® modified primers bind to each other forming a
heterodimer primedimer, the primedimer has both recognition molecules and can, therefore, be captured and
detected producing a false positigignal.

All primers sets except VIM 46 produced suffici@miplicon when incorporated intRPA reactions
spiked with90 pM of template DNAT 0 achieve sensitive assgyimer sets that produced the most
amplicon were selected for further investigatid®ome of the primers chosen for further assessment
show bands forming in the NTCs which are consistent with priiimeers.Formation ofprimer
dimersreduces the number dfee primers available to amplify the target gene, therefore,
decreasing the sensitivity of the assagpd as detailed above can generaien-specific signal
translating as falsepositive result.
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The primerghat were selected produced amplicon bandsiefhwere significantly more intense
than the bands present in the NT8ensitive gmers whichproduae large quantities oamplicon

aims to limit the impacprimer dimers may causen thelimit of detection LOD of ELONA assay
formats. Without modifying the primers with tails to mediate capture and detection on an ELONA
plate t is not possible to determine if the primeimers observed in the agarose gels withduce
non-specific signal anonpact further assays

4.4.4 Multiplex primers within RPA

Multiplexing aims to reduceostandtime required to detect multiple targetas well agnakingan
assay more usdriendly. Three triplex RPA assays were performga preliminary screeio assess
if amplification of the target sequences were affected whaultiple primers wergresent in a
single reactionMultiplex amplification of all three target amplicons were achieved adtwsthree
triplex assays, even at the lowest concentrations (120 oiMyrimers tested Transferring from
singleplex to multiplex reactiorgreatly increases the sequence complexity within the reaction
which can lead to nospecific amplification and the formation of priméimers. To reduce
non-specific amplification the concentration of prers must be optimisednd typicallyit has been
found thatlower concentrations oprimersarerequired(Crannelket al, 2016; Let al., 2019b;
LarreaSarmientoet al., 2021) Thisobservationwasmadein the triplex reactions (Figure 4468)in
whichperforming RPA reactions wid0 nM of each primer yielded more amplicfam most
targets Using lower concentrations of primers redadfe sequence complexity within the
reaction, and fewer noispecific products were observed, this shows less primers bound
non-specificallyand more free primers were available to bind theget sequencePerforming RPA
with 120nM of each primer greatly redudehe appearance of nospecificamplified products
amplicons were produced for all targets but the yield of each was reduced

The preliminary triplex assays suggest thaha-pot amplification strategy has potential provided
the additional bands do not interfere with the final assay readout

4.45 Crystal structures

The primers were initially designed as they were conserved across the maximum number of variants
in each gene family and therefore, provided the maximum sequence coveBggmpping the

primer DNA sequences onto the respective crystal structures itas tiat nost of the selected

primers target sequences that translate to regions essential for structural intexjribe
carbapenemasand hydrolytic activity towards carbapenems. Despite little information provided on
the sequences covered by the revemimersof KPQ03, OXA&239, and NDM05the sequences

are highly conserved acro88, 14, and 21 variants, respectivelywhich suggests they may be

essential irthe proteinQ structural integrity.Mapping each primer binding region on crystal
structureshas provided a degree of confidence that mutations in these regions are unfavourable for
carbapenemase activity ensuring that the primers will continue to have good coverage in the short
to medium term However, selective pressure could force changesesdlareas if alternative or

new antbiotics come into play, therefore, regular screening for new variants that become
increasingly prevalent is paramount
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5 ASSESSINGPAN SOLUTION AMBLONAETECTIONSING TAILED
PRIMERS

515SaA3IyAy3T p oliganligeditladils a G NI Y RSF

5.1.1 Generating six unique oligonucleotide sequences

Rather than using hapten based recognition molecules such as lpasingle stranded
oligonucleotides (tails) were chosen to modify primerke forward ad reverse primers are
modified withp tails separated by a C3 spaeehnich blocks the polymerase from elongating the
tails. Incorporating tailed primers within RPA produces a dugteglicon flanked with tails at
opposingp endswhich can mediate bothapture and detectior{Figure 1.6)

A bioinformatics driven approach was used to design six unique oligonucleotide sequences.
Typically, groups who have successfully usdéldd primers within RPA hawgsedtails between

17-22 nucleotides in length (Ahmed N. et al. 2020; Kortlia S. et 20; ZWbldra, A. et al. 2019; Toldra,
A. et al. 2019; Jaus®ubio, M. et al. 2018; JausRubio, M. et al. 2016Y.he highest number of
targets amplified in a single ofmot RPA reaction using tailed primers is tausetRubio, M. et al.
2018; Toldra, Aet al. 2018; Toldra, A. et al. 201®Yith the aimof performing a ongpot pentaplex
assay, shorter tails (15 nucleotides in length) were designed with the hypothasissing shorter
tails will reduce the oligonucleotide complexity within the assay thiedefore, mitigatenon-specific
amplification

A bespoke programme that utilisédlimer3 and NCBI nucleotide blast in tandem was created by
DrMatthew PocockNewcastle Universityl he process performed by the script to generate six
unique tails is repreented as a flow chart in Figure 5.1. Briefhe $criptrandomly generated six
sequences each 15 nucleotides in length and seartimedequence$or guaninerich regions
Guaninerich regions cafiorm G4 quadruplex structures (Spiegel J. et al. 201€3candary

structure whichcould compromise the sensitivity of the ass#ya guaninerich regionwas foundthe
oligonucleotide wasejected,andanother random 15 nucleotide sequence was generated until six
oligonucleotide sequences absent of guaniigh sequences werproduced To prevent

non-specific binding of the tails Primer3 was used to assess the 6 sequences using the following
criteria: Each sequenamnnot bind to5 or more consecutive bases with either itself, any of primers
(KPC 203, OXA 23¢DM 205, VIML47,0r IMP 189) any of theremaining five sequencesr the
reverse complement of eadequencedthe reverse complement sequences will eitherthe

capture or reportemprobes). If any of theligonucleotidedailed to meet the criteria all six
sequences wre discarded, and the process would stagainwith six more randomly generated
oligonucleotidesLastly, lmmology between theligonucleotide sequences and adpresentative
genomeswithin the NCBI nucletide databasavere searched and all 6 oligonucleotides were
discarded if one or more sequence shared signifitermology with any known gene.

This approach produced six unigsequenceseach fifteen nucleotides in lengthat can be used as
tails to modfy thep end of each primer
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Figure5.1: Flow diagram detailing theprocessof designing six unique oligonucleotide sequences

Light blue cylinder signifies the start of the script. White boxepraeesses carried out by the script. Green diamond

are decisions made within the script. Red cylinder signifies termination of the process.
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5.1.2 Pairing tails with primers

The proposed method of capturing each amplicon was to modify the forward primers with a tail
which is unique to the target genBy spatially separating capture probes which are cognate to the
unique tails on a detection platform such as a lateral flowpstach target eplicon can then be
captured at different sites on the same platfo figurel.9). Modifying the reverse primers with a
tail which is universal for all five targets enables detection with the same reporter probe.

Eachtail-primer combinaticn was computationally assessed using Integrated DNA Techndlogies
Oligonalayzer software to predict the propensitiyeach combinatiofiorming homodimersand
heterodimers. As described previously in sect8oh.6the software calculates the propensity to

form secondary structurelsetween sequences & (G KS OKIl y3IS ApG)Asoodingad TN
to Johnstoret al. (2019)the nG threshold for primergiimers to formwhen using the oligoanalyzer
softwareis-9.75kcal/mole(Johnston2019), primerimers may still form between primers that
return nG values that are more positive tha® 75kcal/molebut theyare less likely to do sdhenG
values for each oligonucleotide is calculated differently when using alternative dimer prediction
software such as primerROC, Oligo 7 and PrirmaBtherefore the threshold value of producing
primer-dimers with absolute againty differs(Johnstoret al., 2019) Furthermore there is little in

the way of literature and studies tealidate or state what the threshold value is for forming primer
dimers but generally fimers that generate the most positiyes values are more favourable for RPA
reactions.

&
(s}

Initially, the reverse primeof KPQ03was modified with each tail individualnd using the
Oligoanalyzer tool the propensity to form homodimers was assessed a@i\alue for each
combination of KPE03tailed reverse primer was documented. This process was repeated for the
reverse primers of OXA 239, NDM 205, VIM 147, and IMRA48 thenG values for each
combinationarelisted in Table 5.1. The sequence, TCAGGACACACTCTT (tail 5) proaideedge

the most positivenG value for forming homodimers across all five reverse primers and was selected
to modify each reverse primexsa universal taito facilitate detectiorwith a cognate universal

reporter probe

Table5.1: Computationally assessing the propensity of tailed reverse primers to form homodimers.

Sequences listed in thails column are modified onto the &nd of the KPC 203, OXA 239, NDM 205, VIM 147, and IMP 189
reverse primers and the propensity of each to form homodimers was calculatesl @gange irGibbs free energynG)
calculated akcal/mole The valugsequercein green represent the sequence chosen to modify the corresponding reverse
primers.

Tails KPC 203 OXA 239 ‘ NDM 205 VIM 147 IMP 189 ‘
1.CTACATTACGAAGT -4.26 -7.13 -5.19 -8.53 -6.3
2.GACCTGTGCTATC/ -4.89 -6.69 -5.09 -8.53 -6.3
3.CGAACCTTCCACT( -5.19 -5.38 -5.12 -8.53 -6.3
4TAGTTGGAACACCT -5.02 -5.38 -5.24 -8.53 -10.49
5TCAGGACACACTC] -6.24 =538 =319 -8.53 =683
6.GAAGACCCAACAG/ -3.9 -5.99 -6.97 -9.06 -6.3

Nexthomodimers forming between every combination of tail &odvard primers targeting each of
0 KS WadtAapefem®@®a3 assessed a5 values for each combination are listed in
Table5.2. Thauniquetail modified oneachforward primer will facilitate capture at different
detection sites, theefore, theforward primers of KPC 203, OXA 239, NDM 205, MM and

IMP 189 must be modified with different tails.
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Tail 5 (TCAGGACACACTCTT) was selected to modify the reveese qmuhtherefore, was not
assessed to modify the forward primefiils 6, 4, and 2 provided the most posith@ values when
modified to the forward primers of KPC 203, NDM 205, and 1B respectively, and were selected
to modify those primersTail 4provided the most positiveG value when modified to the forward
primers of VIML47 and NDM205, as a compromise tail 1 was chosen to modify Y4V as this
provided a more positivaG value than modifying the forward primer of NI2@5 with the next
besttail. The forward primer of OX239 was modified with tail 3 despite it providing the second
lowest (more negativepG value, this was the best possible combination of tailed primers to ensure
low nG values for all five tailed primers. The sequences tdiddd primers, capture and reporter
probes are listed iffable 2.8

Table5.2: Forward primers (possible capture)

Sequences listed in the tails column are modified onto teadof the KPC 203, OXA 28BM 205, VIM 147, and IMP 189
forward primers and the propensity of each to form homodimers was calculatbe ahange irGibbs free energynG)
calculated a%kcal/mole The values in green represent the sequences chosen to modifyrtesponding forward primers.

Tails KPC 203 OXA 239 NDM 205 VIM 147 IMP 189
1.CTACATTACGAAGT  -4.85 -3.9 -7.13 -4.95 -5.36
2.GACCTGTGCTATCA -5.96 -3.9 -6.95 -5.99 -5.36
3.CGAACCTTCCACTC -6.76 -6.36 -10.36 -6.76 -9.54
4TAGTTGGAACACCT -4.85 -5.24 -4.67 -4.64 -5.36
6.GAAGACCCAACAGA -361 -6.84 -6.14 -7.58 -6.14

As a prediction of how each tailed primer would interact with each otherdnespot multiplex
reaction, thenG values for heterodimers forming between each tailed forwanither (Table 5.3),
tailed reverse primer (Table 5.4), and tailed forward and tailed reverse primers (Table 5.5) were
calculated.

Table5.3: Listing thepropensityof each forwardtailed primersinteracting with each other represented gsG values.
Values are the change in Gibbs free enepg( @} chlda&téd akcal/mole

FWDtailed primers KPQ03 OXA239 NDM205 VIM 147 IMP 189

KPC03 -3.61

OXA239 -7.91 -6.36

NDM 205 -8.31 -8.54 -4.67

VIM 147 -7.58 -6.68 -8.73 -4.95

IMP 189 -8.17 -9.54 -6.95 -5.99 -5.36

Table5.4: Listing thepropensityof eachtailed reverseprimersinteracting with each other represented g3G values.
Values are the change in Gibbs free enepg( @} chlazétéd adkcal/mole Values in red are above th@.75kcal/mole
threshold.

REMailed primers  KPQ03  OXA239 NDMZ205 VIM 147 IMP 189

KPCQ03 -6.24

OXA239 -7.81 -5.38

NDM 205 -6.24 -3.9 -3.9

VIM 147 -6.24 -7.06 -10.05 -8.53

IMP 189 -6.24 -5.23 -6.97 -6.97 -6.3



Tableb.5: Listing thepropensityof tailed forward andtailed reverse primersinteracting with each other represented as
NG values.
Values are the change in Gibbs free enepg( @ ) chlazétéd adkcal/mole Values in red are above tH&75kcal/mole
threshold.

FWD FWD FWD FWD FWD
KPCQ03  OXA239 NDM 205 VIM 147 IMP 189
REV KP203 -6.69 -6.62 -6.21 -7.94 -8.07
REVOXA239 -6.69 -7.13 -5.24 -7.94 -8.07
REWDM 205 -6.69 -8.16 -5.24 -7.94 -8.07
REV VIML47 -8.09 -7.94 -4.67 -7.94 -8.07
REV IMAL89 -10.91 -6.62 -10.49 -7.94 -8.07

In Table 5.4 th@G value calculated between the tailed reverse primers of NDM 205 and VIM 147 is
higher than-9.75kcal/mole By inspecting the predicted hybridisation of these tapeitners (data

not shown) it was shown that the primevgere complementay whichcould be thecause of the high

NG value rather than the tail®ue to the lack of available conserved sequences across all variants of
blayim only one region was available to design a reverse primer to and thereforegtieese primer

of VIM147cannot be changetb reducethe nG value.

From Table 5.5 three primers are predicted to form primer dimers p@@values higher

than -9.75kcal/mole(more negative) the first primer dimer of concern fastretween the forward
primer of KPQ03 and reverse primer of IMEB9, whilst the second primer dimer of concern forms
between the reverse primer of IMP 189 atie forward primer of NDM 20Further analysis of the
hybridisation between the primer dimerfiswscomplementaritybetween the primers and not the
tails, whichcould bethe causeof the highnG valuesThe primer sequence of IMEB9 was dictated

by thenarrow-conservedsequences between the 25 most clinically relevant variants and therefore,
the primers cannot be redesigned to reduce thé values.

The primers have been designed whttails (Table 2.8)o limit nontarget interactions between
tailed primers in a one pot multiplex ass&ome tailed primers produce high negatie@ values
which suggest they will form primer dimers but due to the sequence complexitpentaplexassay
this could never be perfect

5.2 ASSESSING TAILED PRIMERSEISBISAETECTION ARBAROSE
GEL ELECTROPHSIB

In previous experiments RPA reactions were analysed using agarose gel electrophoresis.
Incorporating a pair of tailed primers into RPA reactions enables other formesaddutsuch as
ELONA. An ELONA is a sandwich based assay, like an ELISArtcafdsring the target analyte
onto a solid surface and detecting the immobilised analyte with target specific reporter probes
conjugated to an enzymroletet al,, 1996) Rather than using antibodies, ELON#ptoys
oligonucleotides to capture and detect target analyf{sse figure 5.2).

The most commonly used enzyme within ELONAserseradish peroxidase (HRP) the presence of
which is measured through the addition of a chromogenic substrate most commonly

3,3 Z gekgmethylbenzidine (TMB). In the presence of hydrogen peroxide, HRP catalyses the
oxidation of TMB which in turn causes a colour change which is measuaspectrophotomeer.
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ELONASs provide quantitative data in the foosfranabsorbanceneasurenent. The quantity of
oxidised TMB in a reaction is proportionate to the intensity of the absorbance measured at 630 nm.

As a proofof-principle ELONAs were performed to validate RPA anepeirt detection using tailed
primers (see Figure 5.2)s desched in 1.11and 5.1.1introducing primers modified with tails

aSLI N GSR 6@ | /o aLJ} OS LINE RdzO & til on th&kaaplitoS E I Y LI A C
free to hybridise to complementary singééranded oligonucleotidefinctionalised onto the surface

of the ELONA plat@-igure 5.B). Once captured onto the surface of the ELONA plate the opposing
tail is free tohybridise toa complementary oligonucleotide conjugated tdRP reporter probe

(Figure 5.2). Calibration cures can be generated by measuring the absorbance emitted from RPA
reactions which are spiked with different concentrations of template DNA ranging from high to low
and analysed on an ELONA plate. Both dynamic range and the LOD can be determined using
calibration curves which will determine if the tailed primers are a viable system to facilitate
detection.

A B C D
™E -

' ; “L.
2H +TMB,, < | ‘

[+
¢ ' : <
| HRP conjugated to a single stranded oligonucleotide

e 3 ReVETSE primer with a single stranded tail
w3 Forward primer with a single stranded tail
@—5' Biotin conjugatedsingle stranded oligonucleotide

| Streptavidin

Figure5.2: Schematic of the ELONA detection usmgingle strand tailedampliconapproach.

A- The suface of a streptavidin coated well is functionalised with sisgiended oligonucleotide(capture probe)
through biotinstreptavidin interactions. B Tailed amplicons are captured on the surface through complementary
hybridisation. @ HRRlinked reporer probe hybridises to the opposing tail of the immobilised amplicon.

5.2.1 Assessing RPA in solutigingtailed KPQ03 primers

Tailed KPC 203 primers were incorporated into RPA readdng). Tenfold serial dilutions of KPC
template were added to RPA reactions with the starting concentration ranging from 88&aM.
Agarose gel electrophoresis and ELONA were carriedopéer2.5.2 and 25.3 to analysis the RPA
reactions. To ensure amptins hybridised to the capture and reporter probes efficiently 4x SSC
buffer was chosen to both dilute RPA reactions pasiplification and the reporter probe. Groups
who have previously published work on RPEONA using tailed primers have documented that
4x SSC buffer provided the optimal salt concentration to facilitate DNA hybridisation on ELONA
(JausetRubioet al., 2016; Jahanpeymet al., 2019)

Visual observations of the agarose gel (Figure 5.3) showed the amplicon separated at a higher
molecular weigh(280 bp)than predicted (233 bp) and visible amplicon was generated down to
8.9fM of starting template. Low molecular weight bands betweerl@0 bp are consistent in each
reaction. However, ELONA (Figbr8B) showed no correlation between template concentration and
absorbanceconsequently, @urve could not be fitted to this datadigh levels of background noise
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in the NTCs translated to a calated LODf 2.02a.u.which was higher than all but one
measurementThe absorbance emitted from wells containing buffer only (no RPA components or
oligonucleotides) remained low (0.048u.) which shows the background is not caused by
non-specific bindig of the reporter probeThe nonspecific signal generated on the ELONA could be
caused by primedimers formingoetween the forward and reverse primer paiich have both

tails exposed to facilitate capture and detection (see Figure 5.4).

A
280 bp- :
- -
—
-—
100 bp [
—

B

w
1

N
1

Absorbance at 630 nm (a.u.)
1

1 Y .
g NllLlLAEN

T T 1
N

T T T T
1E-6 1E-5 1E4 0.001 0.01 01 1 10 100 \

Concentration of KPC template (pM)
Figure5.3: Assessing tailed KPC 203.
A ¢ Agarose gel electrophoreqi8 %)visualising the products of RPA reactions using t&l@ 203 primers, across a
range of template DNA concentrations (89 pid.9 aM). B ELONA analysis measuring the absorbance at 630 nm ¢
the same RPA reaction&bsorbance was measut® min after the addition of TMB substrate. Egdint is the average
of duplicates and error bars represent tstandard deviatiorbetween duplicates. The LOD is represented as the
horizontal red line and the average absorbance produced by buffer only is represented as the gréeridiaeimage
of a 96well microtitre plateafter TMBwas added as part of the last steptie ELONA. From left to right the
concentration of KPC template seeded into the RPA reactions decreases fron8@gNland from visual observatior
a colour change has occudé all wells.
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O HRP conjugated to a single stranded oligonucleotide
3

5 e e 3¢ REVETSE primer with a single stranded tail
5 s 3/ FOrward primer with a single stranded tail

@——=75" Biotin conjugatedsingle stranded oligonuclectide

| | Streptavidin

Figure5.4: Schematic diagram demonstrating the mechanism in which prirdieners can cause false positive signal.
The BiotiATeg singlestranded oligonucleotide capture probe (green) iefionalised onto the surface of the microtitre
well through streptavidirbiotin interactions. A Primerdimers formed from RPA reactions are transferred to the
functionalised well. BThe tail (grey) of the forward primer (red) hybridises to the capgitwbe. G The HRP conjugate:
reporter probe (yellow) hybridises to the tail (grey) modified to the reverse primer (blue).
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5.2.2 Assessing RPA in solution with tall8dA 23rimers

The sensitivity of tailed OXA 239 primers was assessettbsporating them into RPA reactions
spiked with tenfold serially diluted OX4#8 template DNA ranging from 91 pdy®.1 aM. Agarose gel
electrophoresis was performed as peb2 to visualise the products of each RPA reaction and
ELONA was performed as [£5.3 to quantify the levels of amplicon in each reaction.

Visible amplicons are produced 280 bp which is higher than tlexpected amplicon size (269 bp)
Amplicon bands wergisualy observed at starting template concentrations as lov@d<M on the
agarose ge{Figure 5.5). Faint low molecular weight bandsi§pPare observed when 91 fM or
lower concentrations ofemplate DNA was used in the RPA reactidBen measured by ELONA,
high absorbances were measured in all wells (FigurB)aricluding the NT@ghich produced a high
LOD of 1.A.u. The absorbance emitted from wells containing buffety o RPA components or
oligonucleotide}remained low(0.046a.u) which shows the background is not caused by
non-specific binding of theaporter probeor insufficient washing of the sampleBhis suggests that
the high background observed in the ELONA could be caused by the formation of primer dimers.
calibration curve can be determined across the range as all reactions containinggpraaehed
saturation levelgust 1 min after the addition of MB.
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Concentration of OXA-48 template (pM)
Figure5.5: Assessing tailed OXA 239 primers.
A ¢ Agarose gel electrophoreq8 %)visualising the products of RPA reactions using tailed OXA 239 primers, acros
range of template DNA concentrations (91 pld.1 aM). B ELONA analysis measuring the absorbance at 630 nm ¢
the same RPA reactions. Absorbance was measured 1 min afsddhi®n of TMB substrate. Each point is the avera
of duplicates and error bars represent standard deviatiorbetween duplicates. The LOD is represented as the
horizontal red line and the average absorbance produced by buffer only is represeriedjesen line.
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5.2.3 Assessing RPA in solution with taliaM 205primers

Tailed NDM 205 primers were incorporated into RPA reactions performed as detail&dlin 2.
Tenfold Serial dilutions of NDM template DNA ranging from 9@; VM were spiked into RPA
reactions and the resulting products were visually assessed by agarose gel electrophoresis as
detailed in 25.2 and quantitatively assed by ELONA as d&B82.

The amplicon separated at 260 bp which is higher than the predicted ampli®(285 bp). The

visual detection limit represented as the faint bands at 260 bp (Figure 5.6) was OLDpM.

molecular weight bands (8020 bp)were observed in all reactions but the quantity and intensity of

low molecular weight bands increaserhen lower concentrations of template &re used. No

correlation between template concentration and the absorbaooald be ascertained from the

ELONA (Figure 5.6B). As a result of the high levels of background in the NTC the calculated LOD is
higher(2.3a.u) than any template containing measurement. Minimal absorbance was measured in
wells containing no primers (buffer onlf).055a.u) which shows that the background is not caused

by nonspecific binding of the capture and reporter probe.
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Concentration of NDM template (pM)
Figure5.6: Assessing tailed NDM 205 primers.
A ¢ Agarose gel electrophoregi8 %)visualising the products of RPA reactions using tailed N@A\b&mers, across a
range of template DNA concentratior8)(pM ¢ 9 aM). B¢ ELONA analysis measuring the absorbance at 630 nm of
same RPA reaction&bsorbance measungents were takerdOmin after the addition of TMB substratEach point is
the average of duplicates and error bars representstia@dard deviatiorbetween duplicates. The LOD is representec
the horizontal red line and the average absorbance produced by buffer only is represented as the green line.
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5.2.4 Assessing RPA in solution with taikédl 147 primers

Tailed VIM 147 primers weircorporated into RPA reactions as detailed 2. RPA reactions
were spiked with tenfold serially diluted VIM template DNA ranging from 9% pM aM and
visually analysed on agarose gel electrophoresis as p&, 2ollowed by quantitative analysisa
ELONA as per23.

RPA produced detectable banais190 bp which is near theear the expected amplicon size
(177bp). Visible bands near the expected amplicon size were obsavhied 91 aM of starting
templatewas addedFigure 5.7). Low molecular wgét bands (66100 bp) begin to appear in
reactions spiked with 0.91 pM of template DNA, the intensity of the bands increase when lower
concentrations of template are used with the most intense bands appearing in the NTC. No
correlation between absorbanand starting template concentration was ascertained from the
ELONA (Figure 5.7B)ighabsorbance measurements were recordadall template containing
reactions and NTCs which translated to a high LOD ofalud®he tuffer controls which did not
containRPA components or oligonucleotides emitted low absorbane€gl8a.u.showing that the
background was not due to nespecific binding of the capture and reporter probes.
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Figure5.7: Assessing tailed VIM 147 primers.
A ¢ Agarose gel electrophoreg8 %)visualising the products of RPA reactions using tailedIMIMprimers, across a
range of template DNA concentratior&l(pM ¢ 9.1 aM). B¢ ELONA ana$js measuring the absorbance at 630 nm of
the same RPA reactions. Absorbance measurements were measured 1 min after the addition of TMB substrate.
point is the average of duplicates and error bars represenstiduedard deviatiorbetween duplicates.fie LOD is
represented as the horizontal red line and the average absorbance produced by buffer only is represented as the
line.
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5.2.5 Assessing RPA in solution with taildé& 189 primers

Tailed IMP 189 primers were incorporated into RPA reactions asided in 25.1. RPA reactions
were spiked with tenfold serially diluted IMP template DNA ranjiog 92pM to 9.2 aM and
subsequent visual and quantitative analysis was performed by agarose gel electrophoresis and
ELONA as detailed in62 and 25.3, respectively.

No visible bands at the predicted amplicon size, 219 bp (189 bp duplex amplicon flanked by two 15
nucleotide single stranded oligonucleotides) are observed on the agaro¢eigete 5.8) which
suggests that amplification failed to generate wmaltered ampliconMultiple amplified products at
molecular weights 140 bp, 300 bp, 480 bp, >500 bp were generated in reactions containing high
template concentrations (9gM and 9.2 pM) (Figure 5.8). High molecular weight bands at 460 bp
and >500 bp werebserved when IMP 189 primers were assessed in FigbreBands at 140 bp and
300bp are only observed when tailvere usedThe bands observed at high concentrations of
template DNAcould beproducts from primers annealing to ndarget sequences (nigriming).

ELONA analysis (Figure 5.8B) shows minimal signal was generated at all template conceatrdtions
a calculated LOD which is higher (0.428) than any of the absorbances measuredhe template
containing wellsThecause of thdow absorbancemeasuredwithin the ELONA&ould be due tdails
hybridising to norarget sequencesuch as primerdf primesbind tothe tailsit prevents the tail

from hybridising to either the capturer@eporter probeand is therefore, not detected. Binding
between primers and tails would also sequester free primers available to amplify the target gene
and/or lead to concatemers forming between amplicavisich would lead to an assay wiliw
sensitivityand amplicons of various sizesmingwhich is what is observed in Figure 5.8.
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Figure5.8: Assessing IMP 189 tailed primers.

A ¢ Agarose gel electrophoregi8 %)visualising the products of RPA reactions using tailed IMP 189 primers, acros:

range of template DNA concentratior82(pM ¢ 9.2aM). B¢ ELONA analysis measuring the absorbance at 630 nm ¢

the same RPA reactisnAbsorbince measumments were takerl5 min after the addition of TM&ubstrate. Th&.OD is

represented as the red horizontal line and the average absorbance produced by buffer only is represented as the

line. Each point is the average of duplicates andetiner bars represent thstandard deviatiorbetween duplicates.

5.2.6 Preliminary investigation into the background generated in ELONA detection

To identify the cause of the background exhibited in the calibration curve attempts (BigBend
Figures 5.58.8B), more controls were introduced. A simple petentiallyinformative experiment

was designed, consisting of twelve RPA reactions. Three reactions contained 0.912 pM4& OXA
template while nine reactions contained no template at all. For the ninéd\lThree contained all

the components of RPA including primers, three contained all components of RPA but no primers;
and three contained primers and all components of RPA except magnesium acetate. Magnesium
acetate is an essential cofactor for tBsu pdymeraseused within RPA, without it amplification will
not occur(Liet al,, 2019a) All RPA reactionsere executed as per 2.1 andincorporated into

H.ONAs as detailed in323. The average absorbance for each control is presented as a column chart
depicted in Figur®.9. As observed in previous experiments high absorbance was measured in the
NTC wellgontaining both primers and magnesium acetaiegigible absorbance was measured
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when no primers were present confirming that background is not caused by the contents of the RPA
mastermix. When RPA was performed withmagnesium acetate negligible absorbance was
measured which shows that the backgrousdaused by notspecific amplificatiorof primer dimer
complexegather than simple hybridisation of free primers to the capture probes.

4
3.5

2.5

1.5

Absorbance at 630 nm(a.u.)
= N

0.5

O e A . . = o -

0.912 pM NTC NTC without NTC without Buffer
template primers MgAQOc

Figure5.9: Columnchart assessing the cause of high background observed in the ELONA.

An array of controls within RPA reactions were assessed using ELONA. The controls were: RPA reactions conta
RPA components and 0.912 pM of @8Aemplate; reactions containing template DNA (NTC); reactions containin
no template DNA (NTC) or primers, reactions containing no template DNA (NTC) or MgAOc and wells that conta
Buffer. Each control was performed in triplicate and the products of each were transferre&L@&HA plate for
analysis. Error bars represent the standard deviation betvirgglicates.
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5.2.7 Diluting RPA prior to performing ELQdéfection

In an attempt to reduce the background signal observed in previous ELONAS, the concentration of
RPA reactiongansferred to the ELONA plate was investigated. Diluting RPA reactions prior to
analysis varies in the literature from groups transferring undiluted reactions onto the ELONA plate
(JausetRubioet al.,, 2016; JauseRubioet al, 2018; Toldrat al., 2018; Toldrat al., 2019; Kortlet

al., 2020)to groups diluting the reactions by up to a factor of(Skouridowet al., 2019; Wangt al.,,
2020b; Wanget al,, 2021) Post amplification, RPA reactions were diluted by factors of 5, 10, 50, 100,
250, 500, or 1000 in 4x SSC buffer and incorporateddhtONA as described b 3.

Figure 5.10 shows diluting RPA by a factor 5 or 10 produegligble difference between the signal
generated in template containing RPA reactions and the background observed in the NTC, this
observation is in keeping with previous assays which diluted RPA prodwetattyr of5 and
exhibited high levels of backgrodriThe background observed in the NTCs are reduced when the
RPA products are diluted in increasingly mor&S&C and when diluted by a factor of 50 or more a
clear difference between the background absorbance measured in the NTC and the signal of the
template containing wellgs obseved. The biggest distinction between overall signal and
background was observed wh&PAwvas dilutedby a factor of 100. Despite a reduced background
when RPA reactions were diluted 50 fold or more the absorbance emitted iINTI&s is still too high
to produce a specific and sensitive asgaging forward 100 fold dilutions will be implemented in
further ELONASs butifther measures are required to reduce the background to an acceptable level

1/1000 1/500 1/250 1/100 1/50 1/10
Dilution factor in 4x S5C
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= N
=N

Absorbance at 630 nm (a.u.)

o
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H 91 pM of VIM template DNA B NTC

Figure5.10: Comparing dilutions of RPA reactions prior to transferring onto ELONA plate.

RPA reactions were spiked with 91 pM of VIM template DNA and pooled together. Pooled RPA reactions contair
template were used for each NTC. Both template containing and NTC RPA reactions were diluted by factors of 5,
100, 250, 500 or 1000 before ELONA analfisorbance measurements were taken 5 min after the addition of TMI
substrate The columns represent ameaage of two readings arttie error bargepresent thestandard deviatiorof the
duplicates.

5.2.8 Optimising RPA reaction tirpeior to ELONA detection

Incubating RPA reactions at 3Zfor longer periods of time witjenerate more product buwill also
increase amplified byproductsin assays suffering from off target amplification which can cause
higher levels of backgrounédjusting the reaction time of RPA was assessed with the aim of
reducing the accumulation @mplifiedprimer dimers and consequentlyeduce the background
observed in the ELONA. RPA reactions were spiked with 91 pM of VIM tendfilat¢he reactions
were initiated with magnesium acetate the RPA reactions were incubated & 8 either 5, @,

15, or 20 min before stopping the reaction at@. Agarose gel electrophoresis was performed on
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the RPA reactions as peb2 and RPA reactions were dilutbd a factor ofL00 in 4 SSC followed
by ELONA analysis which was performedetailed in 25.3.

Amplicons were generateat 200 bp which is near thexpected amplicon size (177 bp) when RPA

was performed for 1@nin or more andthe intensity of the amplicon bands increase across the time
range(Figure 5.11)A faint band near theraplicon size is shown in one duplicate when RRA
performed for 5 minwhilst the second duplicate failed to amplify the target geloew molecular

weight bands (100 bp) appear in the NTCs when RPA is performed for 10 min or more. ELONA
detection showedhe background in the NTC remained high when RPA reactions were performed
for 20min (Figure 5.11B). The signal generated from RPA reactions performed for 10 min or more is
near saturation, and although performing RPAX0rmin andl5 min reduced the backgund

without greatly affecting the signal, the backgrousdstill considered too higfFigure 5.11B).

Minimal background was measured when RPA was performed for 5 min; however, only one
duplicate generated a signal when template DNA was presgme. of he 10 min duplicates shows

poor amplification on the agarose gel but this is not reflected in the errors bars on the ELONA which
suggests that the difference in intensity of the bands may be due to a loading arfeéafdrming

RPA for 15 min reduced thmckground but not to a level which would produce a sensitive and
specific assayherefore, further optimisation of the assay is required.
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Figure5.11: Timecourse assay of RPA in solution.

A ¢ Agarose gel electrophoregi® %)visualising the products generated from RPA reactions performed for 5, 10, 1¢
20 min using tailed VIM 147 primers with a starting template concentration of 91 pM alongsid€ &Neaction time
tested. B¢ ELONA analysis measuring the absorbance at 630 nm of the same RPA reactions. Absorbance was n
5 min after the addition of TMB substrate. Columns are averages of duplicates and the error bars are representa
the standard deviatiorbetween duplicates.
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5.2.9 Optimisingprimer concentratiorused withinRPA in solution

High concentrations of primedrive weak interaction between primers producing amplified primer
dimers(Chouet al., 1992; Browniest al, 1997; Poritzt al, 2014) Lower concentrations of primers
used in RPA reactions were investigated with the hypothesis that reducing the concentration of
primers should reduce primatimers forming and the resulting backgrouRPA reactions were
performed with 91 pMof VIM template DNAand werespikedwith either 240,160, 120, or 9&M of
tailed VIM 147 primers and RPA was performed at@7or 15 min before stopping the reaction at
4 °C. RPA reactions were dilutbyg a factor ofL00 in 4XSSC and transferred tdfanctionalised plate
were ELONA was performed as pes.2.

The strength of the positive signal decreased as lower concentrations of primers were uséx and t
strongest positivesignalwas generated whe@40 nM of each tailed primawere used in RPA
reactions(Figure 5.12)Reducing the primer concentration to 240 nM or less greatly reduced the
background observed in previous assays which used 480 nM of primers (FiguseE15.BPA

reactions containing 240 nigroduced the strongest signal and consequgibs the large

distinction between signal and background, thereforeing forward RPA reactions will be

performed for 15 min using 240 nM of each primer and RPA reactions will be diluted by a factor of
100 prior to ELONA detection.

09
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. ] ] -
240 160 120 96

Primer concentration (nM)

Absorbance at 630 nm (a.u

B 91 pM of VIM template DNA B NTC

Figure5.12: Assessing primer concentrations in RPA reactions.

ELONA detection measuring the absorbance emitted from RPA reactions performed for 15 min using either 240,
120, or 96 nM of VIM 147 tailed primers. RPA reasticontaining 91 pM of VIM template DNA were compared agail
reactions which contain no template DNA (NTC) for each primer concentrbisorbance weremeasured 3nin after
the addition of TMB substrat&ach column represents duplicate reactions itlor bars representing thetandard
deviation

5.3 RPACALIBRATION CURVE USING OPTIMISED ASSAY CONDITIONS

Using the optimised conditions, tenfold serially diluted VIM template ranging from 9¢ 9 aM

were spiked into RPA reactions containing 240 nM of each primer and were performed riun k5

37°C. The amplified products were visually analysed by agarose gel electrophoresis as described in
25.2. RPA reactions were diluted by a factor of 100 i88&prior to performing ELONA as peb23.
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Observable amplicons were producad200 bp which isear the predicted size (177 bpJisible
amplicons were observedthen91 aM of template DNAvas addedFigure 5.13). Low molecular

weight bands (800 bp) ardirst introduced when 0.91 pM of template DNA is added and as the
concentration of template DNA decreases the intensity of the low molecular weight bands increase.
Despite performing RPA under optimised conditions high levels of backgroenegsiv obsered

This isshown visually as the LOWhich was calculated as 2.25u.(red horizontal line) (5.13B) and

no correlation between template concentration and absorbance was ascertained.
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Figure5.13: Determining the sensitivity of VIM 147 tailed primers with optimised RPA conditions.

Tenfold serial dilutions of VIM template DNA (91p®1 aM) were spiked into RPA reactions which were performec
15 min using 240 nMdf tailed primers. & Agarose gel electrophoredi8 %)used to separate DNA fragments by size
and visualise the amplified products of RPA. Absorbances were measured 1 min after the addition of TMB subst
B- Absorbance measurement taken from ELOB#&ation of each RPA reaction. Each point is the average of duplic
reactions with the error bars representing thiandard deviation
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5.4 DISCUSSION

5.4.1 Designing six unique oligonucleotide sequences that can be used as tails

The bioinformatic driven appro&dllustrated in Figure 5.1 generated six unique oligonucleotide
sequencesvhich can be used as tails with the intention of modifying the forward and reverse primer
with said tails to mediate capture and detection of the amplicons. The tails were desigtieftur
or less consecutiveomplementaritypasesowards each other, the primers, and the reverse
complementsequence of the tailsSequences 15 nucleotides in length were chosen as tails to
modify the primers. Choosing shorter sequences than groupshalie published assays utilising
tailed primers(JausetRubioet al,, 2016; JauseRubioet al, 2018; Toldra&t al., 2018; Magrifi&t al,,
2019; Skouridoet al., 2019; Toldrat al., 2019; Ahmeatt al., 2020; Kortlet al., 2020; Liet al.,
2020; Wanget al., 2020b; Wangt al., 2021)aims to decrease complexity within the opet
multiplex assay and reduce the risk of rgpecific biing and the consequential false positive
signal.

5.4.2 Oligoanalyzer as a tool to assess complementarity between primers and tails
TheOligoanalyzer tool was used to computationally assess complementarity between tails and
primers, tails were chosen to modifyimers on the basis of which tailed primer provided the most
positivenG value. Sequences which return more posifi@&values are in theory less likely to form
secondary structures such as pringémers. By comparing-silicoanalysis using th@ligoanalyzer
and performingn-vitro PCR amplificatiodohnstoret al. (2019)calculatedthat sequences which
returned anG value of9.75kcal/moleor more were certain to form secondary structures during
amplification. All selected tailed primeexcept VIML47 and IMPL89scorednG values less

than -9.75kcal/molefor both homodimersation ad heterodimerisation. Upon investigation the high
negative valuegredicted for VIML47 and IMPL89were caused by primegprimer interactions and
not interactions with the tailsvhich could potentially cause false positive signal within a multiplex
assayThe few conserved sequences acrblkgype variants meant only one set of primers could be
designed and only two robust sets of primers targetitey,w were identified in the primer screen
Figure 4.4; both primer sets targetitpyim use the same reverse primer sequence and therefore,
VIM 147 and IMP 189 cannot be changed for primers that produce lp@eralues.

Since modifying the primers with tailew software PrimerROC has been released which performed
better in predicting primedimers formingn-vitro than the OligoanalyzeXJohnstoret al., 2019)
PrimerRO®as been designed to determine whether primers will form dimers under PCR conditions
and not RPAwut it could bebeneficial toinvestigat incorporating PrimerROC into the script
(Figureb.1) to design tailed primers in the future.

5.4.3 Nonspecific signal generated in ELONAs

With the exception ofhe IMP189primerswhich failed toproduce an ampliconperforming RPA
using tailed primers lookepromising on agarose ggbsoducing a concentration dependant
calibration series witlvisual detection limit®f 8.9 fM, 9.1 fM, 0.9 pM, and 91 aM for KPC, NDM,
OXA48, and VIMemplates respectively. As predicted, decreasing the concentration of starting
template DNA decreased the amount of amplicon generated, and conversely the amount and
intensity of low molecular weight bands increased. The low molecular weight bands are consistent
with primerdimers which caused high levels of background when analysdel ONAas a result of
the high background no correlation between template concentration and absorbance could be
ascertained and the calculated LO&Rere too high. Performing RPA with tailed IMP98rimers

failed to produce an amplicon and napecificamplified products were identified in the agarose gel
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when high concentrations of template DNVere present. The nosspecific amplified products are a
result of mispriming, and the subsequent ELONA produced very weak absorbanceswlsigrial
generated by tailedMP 189 primersmay be caused by primers n@pecifically binding to the tails
Using Oligoanalyser tharedicted primerdimer structuresetween IMPL89 primers were
investigated andte most stable primer dimer fored betweenthe forward primerhybridising
across both the reverse primer and reverse wdiich wouldblock detection

5.4.4 Optimising RPA conditions to reduce background

Exhaustive measures were explored to reduce the level of background observed in dt&dtian
such as altering salt coantrations ofthe buffer, primer concentration, RPA reaction time,
concentration of probednvestigatingdiluting the RPA productsjternative buffers (NaCl and
MgC}), introducing more stringent wash steps, and thealiidn of additives to the SSC buffer (EDTA,
Tris, Triton x100)n the absence of magnesiuacetate,no absorbance was measurdedures.9)
confirmingthe background was mediated by amplification and was not due tespatific
hybridisation of free primers and probealthough, diluting RPAeactions by a factor of 100,
reducing the concentration of primete 240 nM,andreducing theRPA reaction timé& 15 min
showed a reduction in backgroura preliminary optimisation experiments (Figure 5,1&hen

these conditions were used to assess the sensitivity of RPkkEs of background remained high
(LOD absorbance of 2.25u) and no correlation betwen template DNA and absorbance was
ascertainedFigure 5.13)Further conditions could have been investigated such as increasing the
temperature,but the assay was deemed to be too variable to continue assay development.
Performing optimisation assays ngihigh concentrations of template may have produced biased
results and exploring lower template concentrations may have provided a better comparison
between signal and background. Some groups who have produced sensitive assays using tailed
primers have usd PCR cleanp kitsto remove low molecular weight primer dimepsior to ELONA
(Toldraet al,, 2018; Toldrat al., 2019) As stated in 4.4.1 PCR clagmkits adds to the complexity,
cost and time of the assay taking it away from the RIK&stinget al., 2014b; Londofiet al., 2016)
which is why PCR cleap kits were not explored in this project.

Using tailed primers avoids the need for labelling primersusidg antilmdieswhich reduces timg
cost, and cold storage requiremenf$oldraet al., 2018) Singlestranded nucleotides were chosen to
facilitate capture and detection because they are more stable, less affectezhiperature, and
have a greater potential for multiplexing than antibod{®ganget al., 2021) However, complex
kinetics of hybridisatio#based capture and detecticedds to the difficulty of producingensitive
and speffic POdswhich is reflected by the few published studies using tailed prirfléosstjenset
al., 2003) Performing RPA in solution using tailed primers saw absorbance measurements for
template containing reactions andTCs saturate 1 min after the addition of TNDBie to the
difficulty of performing singleplex RPA reactions in solution, further atterapgerforming RPA in
solution usingailed forward and revers@rimers were abandoned; alternativelsolidphaseRPA
will be investigatedyjoing forward

5.4.5 Solidphaseamplification

False positive signals arising from repecific amplified products are abundant in tR@Alterature

and many groups have transferred phification onto thesolidphaseto combat mispriming and

primer dimers from formingAdessket al,, 2000; Shaperet al,, 2001; del Riet al,, 2014; Kerstingt

al., 2014b; Khateet al.,, 2019) Duringsolidphaseamplification one primer is immobilised onto a

solid surface whilst the opposing primer remains in solution. Anchoring one of the primers to a solid
surface limits the diffusion adne primerand eliminates one of the taithus reducing sequence
complexity within the reactions andecreasing the overall interactions between primers which
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should reduce the levels of background caused by priiteers(Shapercet al, 2001; Shiret al,,
2013;Kerstinget al,, 2014b) Becausamplification occurs directly on the surfatke assay does
not require a capture probe ake target is amplifiedvhilst captured to the surface thus reducing
the number ofbinding eventsequired to detect the amplicartherefore, improving the chancefo
success whilgihaking the assay more usétendly (Shinet al,, 2013)
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6 RECOMBINASE POLYMERASE AMPLIFISRIDIOSTECTION OF
CARBAPENEMASE GENES ON A SOLID PLATFORM

As previously stated in secti@¥.5 performingsolidphaseRPA was investigated to overcome the

high background observed when RPA was performed in solution. The high background was shown to

be a result of norspecific amplified primedimers. As a proebf-principlesolidphaseRPA was

performed with thep Biotin-TEG modifiedorward primer immobilised onto the surface of a-@e!ll

microtitre plate through streptavidifiotin interactions whilst the tailed reverse primer remained in

solution (Figures.1). The resulting mplified productsareduplex amplicosg A G K I aAy3f S pQ
immobilised on a solid surface negating the use of a secondagntétile forward primeito capture

the product onto a surfaceia a nucleic acid capture prob&iethylene glgol (TEGis a 15 molecule
spacemwhich is used to separate the primer from the biotin molecule to prevent steric hinderance
allowingbiotin to bind streptavidinunimpeded(Peeterset al., 2008)

A B C D

“ o o

c
Q HRP conjugated to a single stranded oligonucleotide
3

5 s 3' REVETSe primer with a single stranded tail

@=———=3' Biotin-TEG forward primer
| } Streptavidin

Figure6.1: Diagramof solid-phaseRPAand ELONA detection

A- Streptavdin coated microtitre wells areinctionalised withp Biotin-TEG modified forward primers (re@)q
SolidphaseRPA occurs with the reverse tailed primer (lslne grey) in solution, the end product is an immobilised
RdzLJ SE | YLI A O 2sjiglessiahdedail (grey)CA AIHRP probp é@njugated to a single stranded
oligonucleotide hybridises to the complementary tait, TMB is added to the rection drratalysed into the oxidised
form by the HRP causing a colour change.

In the forthcoming procbf-principle experiments the reverse primarsKPQ03, OXA239,
NDM205,VIM147, and IMP189¢ SNB Y2 RAFASR | & ( KnScleptidetaBy R g A G K |
(universal tailwhich was designed in section 5.1.1 (Table.2)8jng a tail which is universal for all

five targets allows detection of each gene using a single reporter probe provided the reporter probe
is tethered to @ oligonucleotidewhich is the reverse complement of the reverse primer tail
sequence. An assay performed in this manner has the capacity to perform multiplex amplification
and detection in parallel where each gene is detected in separate reactions which are spatially
sepaated, using the same reporter probBerforming parallel multiplex amplification of all five

genes is a good proaff-principle experimenand many research groups have published assays
usingsolid-phaseRPA to amplifynultiple targets m parallel(Kerstinget al, 2014b; Chaoét al,, 2016)

If amplification in parallel is successful unigue tails can be assigned to each carbapenemase gene
which facilitate differentiation tking the assay further towards a opet multiplex assays.
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6.1 OPTIMISING CONDITIONSOEEPHASRPA

6.1.1 Determining soligghase RPA reaction time

The conditions otombinedsolidphaseRPA and ELONA detectiwpre optimisedprior to

performing calibration curve® identify theparameterswhich yield the most sensitive assays. The
RPA reaction timeggmount of biotinylated forward primer functionalised to the ELONA plate, and
concentration of reporter probe were all evaluatedpreliminary optimisation experiments.

Using VIMemplate as the target a timecourse assay was executed to determine tpgimumtime
required to amplify a range of template concentrations (455 @#56.5 fM) to a detectable level

using ELONA. To me&etREASSURIEDteria a POCt must deliver results within@8min without
compromising sensitivittLandet al, 2019y 2 AGK GKAa AY YAYRI wt! Q&
starting template concentrations (455 pM, 4.55 pM, and 4M} on thesolidphasewere assessed

at incubation times of 20, 30, and 40 min. CombisetidphaseRPA and ELONA detection was
carriedout as per 2.4 and the results are represented as the ratio of signal to backgroune
background is derived from trebsorbancegenerated in the NTGigure 6.2

Performing RPA for 2@in produced the highest signal to background ratio (67:1) at 459pM
starting template but minimal signal was produced at the lower concentrations of templatg#155
and 45.5M. The findings in Figure 6.2 sugggstrforming amplification for 30 or 4&in would

produce an assay with a wider dynamic range than an gesdgrmed at 20 min. The preliminary
findings illustrated in Figure 6.2 suggests RPA should be allowed to proceed for 40 min because a
higher signal was produced at the lowest concentration of starting template which should translate
to a more sensitive ssay.

20min 30min 40min

80

[ L I = T |
o o O

Signal:background ratio
= I w =
[en] [en] [an] [e=]

o

Incubation time

m455pM m4.55pM  m45.5fM

Figure6.2: Timecourse assay fosolid-phaseRPA.

RPA reactions were performed for either 20, 30, or 40 min against high (455 pM), medium (4.55 pM), and f4y (4
concentrations of VIM templateNA. Absorbance was measured 5 min after the addition of TMB substrate. Ratios
signal and background at each time and template concentration were compared. Each reaction time and concen
were assessed in singular reactions.
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6.1.2 Assessing the optimebncentration of forward primer and reporter probe

The concentration of forward primer tethered to the surface of microtitre wells and the
concentration of reporter probeised for detectiorwas assessed to find the optimum
concentrations which provide thmost sensitive assay whilst avoiding repecific background.

Streptavidin coated wells were functionalised with either 960, 720, 48240 nM ofp Riotin-TEG
modified KPQO03forward primer. Solidphaseamplification was performed witlan RPA mastermix
containing 8.9 pM of KR€mplate and 480 nM of universal tailed KPC 203 reverse primer. The
checkerboard assay was completed by adding ei#erl0, 5or 2.5nM of reporter probe to the
ELONA plate. Thédsorbanceof oxidised TMB was measured at 630 nm in each well and the
signal:background ratios were calculated for each concentration of forward primer/reporter probe
(Figure 6.3)Thehighestsignal:backgroundatio (22.8:1was observed when 48tM and 20nM of
forward primer andeporter probe were usedrespectively. The signal did not saturate at the
highest concentration of reporter probe (20 nM) when 480 nM and 720 nM of forward primer were
used but there is a clear distinction between absorbance peed by template containing and NTC
reactions.

- = N N
o w =} w

Signal:background ratio
L

960 720 480 240

Concentration of forward primer (nM)

B 20 nM reporter probe B 10nM reporter probe

B 5 nM reporter probe B 2.5 nM reporter probe

Figure6.3: Forward primer (epture probe)and reporterprobe optimisation.

RPA reactions were performed for 40 min af@7%bn ELONA plates functionalisethwither 960, 720, 480, or 240V

of forward primer (biotiATeg capture) subsequent detection with either 20, 10, 5, and 2.5 nM of reporter probe we
added in a checkerboard assay. Absorbance was measured 5 min after the addition of TMB substul#ferérieein
absorbance between reactions containing 8.9 pM of KPC tengtat& TC was assessesia ratio Due to the
complexity of the assay each concentration tested was only performed singularly.

In the initial optimisation experiments, we have demonstrated amplification of both VIM and KPC
template DNAhrough elongation of surface tethered primers. Performing RPA osalidphase

has significantly reduced the background which was observed Riffhwas performed in solution.
The most sensitive assays occurred when RPA was performediuin4&ing 480 nM of forward
primer and 20 nM of reporter probe, therefore, these conditions will be used in fidalid-phase
RPA assays.
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6.2 ASSESSING THE SEMBIY OF EACH PRIMER SET MODIFIED WITH A
UNIVERSAL TAIL USING COMBINEBPHASIRPAANDELONA
DETECTION

6.2.1 Combined soligghase amplification and ELONA detectbKPC using a reverse primer
modified withthe universal tail

Serial dilutions of KPC temmaDNA ranging from 445pM - 98.9fM were spiked irsolid-phase

RPA reactions containing KB@3 primergTable 2.9and ELONA detection was performed as per

2.5.4. Five minutes after the addition of TMB substrate the absorbance of each reaction was

measured and plotted against the concentration of starting template shown in Figure
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Figure6.4: Calibration curve of KP@sing a universal tail

A doseresponse curve of KPC template (concentration range 4452498\ fM) obtained frontombinedsolidphase
RPA and ELONA detectidhe curve is fitted to a serlng sigmoidal dose responaad the LOD calculated as the sum
of the average absorbaneshibited in the NTC plus three times the standard deviation and is represented as a re
in the graph Each point is representative of three independent replicaeisthe error bars represent the standard
deviationof the replicatesMeasurements we taken 5 min after the addition of TMB.

Asigmoidaldoseresponse model was used to plot the curve in Figure 6.4, how well the curve fits

the data set is determined by the coefficient of determinatiosgRared. R squared is calculated as
GKpBroparthA 2y 2F GFNRFGA2Y Ay GKS NBaLRa®lerDKLI OF y ¢
et al. 2015). The calculatedsguared from Figure 6.4 is 0.99086 which infers a close fit of the curve

to the points and therefore, a small degree of variabilitghserved between each concentration.
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The analytical performance of this assay can be characteris&dith@B. The LOD is assumed to be

the value above the blank measurement denoting the threshold from which the assay can detect the
presence or absencd an analytg Armbrusteret al, 2008) Thesimple model for determining the

LOD relies on calculating the meanasarements and standard deviation from blank replicates. The
standard deviation is multiplied by a factor 6fil@ and added to mean of the replicatéSLSI, 2012)
Throughout this project the LOD will be calculatedreessmean of the blank 3xstandarddeviation

of the blank multiplying the standard deviation by a factor of thre#l find the concentration

where measurements are velikely to exceed the highest expected value of the bla@kmbruster

et al,, 2008) The LOD calculatddr the KFZ detection assay i67 fM(Figure6.4).

6.2.2 Combined soligghase amplification and ELONA detectb®XA48 using a reverse primer
modified with the universal tail
CombinedsolidphaseRPA and ELONA detection were performed as fme4 2singOXA239
primers (Table 2.9. Serial dilutions of OX48 template DNA ranging from 456 pM to 9tM were
spiked into each reaction and the absorbance was measured 30 min after the addition of TMB
substrate producing a calibration curve with an R squared value of 0.9gidire 65) showing a
closeness of fit and an LOD of 7.265 pM. Thirty minutes after the addition of TMB the background
observed in the NTC wells remained low buteaksignal was generateeiven when high
concentrations of template (456M) were spikedrito RPA reactionthus providing a narrow
dynamic range for the assayhenarrow dynamic range angeak signal generated in Figure 6.5
could be the consequence of using short primers. The forward and reverse primers targetid@ OXA
are 18 lasesand 20 lases respectively, and are shorter than those targeting KPC (23 andsé® b
NDM (22 and 23dse$, VIM (21 and 23dse3, and IMP (23 and 1%beg. Previous experiments
within this project showed using primers shorter than 2&ésn length decreaseamplification
rate within RPA (Figur 3), this is further substantiated iiulleret al., 2017)who showed using
primers shorter than 20dsessignificantly impacts amplification. As previously stated, shorter
primers were designed due to the lack of homology between the identified variaftisas,
therefore, primers cannot be extended in lehdo increase amplification as this would compromise
the detection of somelinically relevant variants
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Figure6.5: OXA48 calibration curveusing a universal tail

The absorbance measured fraolidphase RPA reactions spiked with varying concentrations of4@X&mplate DNA
(456pM ¢ 91.1 fM) Absorbance measurements were taken 30 min after the addition of TMB sub$trateurve is
fitted to a semilog sigmoidal dose responaad the LOD callated as the sum of the average absorbance exhibited
the NTC plus three times the standard deviation and is represented as a red line in thé&gcpboint is
representative of 3 individual measurements (na®J the error bars represent the starrdadeviationof the replicates

As a proofof-principle experiment, Figure 6.5 shows G¥emplatewas successfully amplified
using an immobilised forward primer and tailed reverse primer; and validates the detection of
amplified products throughybridisation of a HRfhked reporter probe to the tailed amplicon.
Furthermore, the high levels of background observed when RPA was performed in solw#on ha
reduced significantljn asolidphaseformat.
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6.2.3 Combined soligghase amplification and ELON&tattionof NDM using a reverse primer
modified withthe universal tail

Attempts to generate a calibration curve against NDM were made by sp@littphaseRPA

reactions containindNDM 205primers(Table 2.9with different concentrations of NDM template

ranging from 9 pM ¢ 910 aM (Figur®.6) followed by ELONA detection as pér.£. Acalibration

curve was produced with an R square value of 0.4767 which shows the points do not fit to the curve.

A weak absorbanceas measured when high concentrationd\iDM template vere used, 90.8 pM.

Evidence of nomspecific amplification is shown by the increasing absorbance measured at lower
concentrations of template DNA (91 fM10 aM).The increase in absorbance at concentrations

below 91L0fM could be due to thdormation of primerdimers at lower template concentrations.
Primerdimers can cause nespecific signal withisolidphaseamplification if the immobilised

forward primer binds to the primer region of the reverse tailed primer leaving the tail exposed to

bind the reported probe. Further investigations such as altering the sequence of the tail are required
to assess if this is the case. The increasing background signal at low concentrations of template DNA
meantthe calculated_OD did not cross the curvad@no concentration for LOEbuld be confidently
calculated.
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Figure6.6: NDMcalibration curve using aniversal tail

The absorbance measured frawolidphaseRPA reactions spiked with varying concentrations of NDM template DN
(91 pM ¢ 910 aM). The curve is fitted to a selmg sigmoidal dose response. The LOD calculated as the sum of the
average absorbance exhibited in the NTC plus three times the standaatiat®e and is represented as a red line in the
graph. Measurements were taken 10 min after the addition of TR&Bh point is representative of 3 individual
measurements (n=3)nd the error bars represent the standard deviatdithe replicates
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6.2.4 Combined slid-phaseamplificationand ELONA detectiaf VIM using a reverse primer
modified withthe universal tail
CombinedsolidphaseRPA and ELONA detection were performed as 4 2sing theVIM 147
primers(Table 2.9. Serial dilutions of VIM teplate DNA ranging from 456 p§©1.1 fM were
spiked into each reaction producing a calibration curve (Figufewith an R squared value of
0.98864 fit to a sigmoidal dose/response curve suggesting a closeness of fit. Absorbance
measurements were takenr8in after the addition of TMB substrate and a LOD of @0Wwas
achieved thus demonstrating the assay is both rapid and sensitive.
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Figure6.7: VIM calibration curve.

The absorbance measured from sqiltase RPA reactions spiked with varying concentrations of VIM template DN/
(456pM ¢ 91.1 fM).Absorbance was measured at 63® 3 min after the addition of TMB substrafghe curve is fitted
to a semilog sigmoidal doseesponse and the LOD calculated as the sum of the average absorbance exhibited in
NTC plus three times the standard deviation and is represented as a red line in théegidppoint is representative o
3 individual measurements (n=8)d the error lars represent the standard deviatiofithe replicates
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6.2.5 Combined soligghase amplification and ELONA detectbiMP using a reverse primer
modified withthe universal tail
CombinedsolidphaseRPA and ELONA detection were performed as e 2sirg IMP 189 primers
(Table 2.9. Serial dilutions of IMP template DNA ranging from 463¢#3 fM were spiked into each
reaction and the absorbance was measuredf after the addition of TMB substrate producing a
calibration curve with an R squared valfe0.98125and a LOD of 4.048M was obtained from the
curve(Figure 6.8). Figure 6.8 shows amplification and detection of IMP osoligphasewas
successful although a weak signal was generated at the highest template concentration. Much like
the OXA239 primer pair the reverse primeof IMP189is shorter (19 hseg than thoseof KPQ03
NDM205, and VIML47, which could account for the weak signal observed in Figure 6.8. Further
possibilities include the tail hybridising ngpecifically with eithethe forward or reverse primers,
therefore, limiting thenumberof primers available to amplify the target. To evaluate the cause of
the weak signal the sequence of the tail should be altered and assessed in cornblidgthaseRPA
and ELONA detection assays.
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Figure6.8: IMP calibration curve.

The absorbance measured from sqiltase RPA reactions spiked with varying concentrations of IMP template DN/
(463pM ¢ 93 fM). Absorbance was measured at 630 B6min after the addition of TMB substrat€he curve is fitted
to a semilog sigmoidal dose response and the LOD calculated as the sum of the average absorbance exhibited i
NTC plus three times the standard deviation and is represented as a redfiegiaph.Each point is representative of
3 individual measurements (n=&)d the error bars represent the standard deviatdithe replicates
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6.2.6 Summary ofolidphaseRPA using primers modified with a universal tail

Performing RPA on theolid phasehas reduced th@on-specific backgroundbserved when RPA
was performed in solution to low levels makisglidphaseRPA a promising platforrour out of

five targets were successfully amplifiedsiolidphaseRPA reactions and detected via ELONA using
reverse primers modified with a universal tailed prim8olidphaseRPA assays targeting KPC and
VIM were highly sensitive with low femtomolar LODs while, LODs for assays targetid@ @\
IMP had picomolar LODSolidphaseRPA targeting NDidroduced lav absorbance measurements
at high concentrations of NDkmplate and nonspecific amplification was observed at low
concentrations of template DNA. Because of the low signal anespenificamplification,a

calibration curve \ith apoor R squared/alue was produced, to overcome these isstestail

modified to the reverse primer will be changékhe tails for four out of the five genes must be
changed to differentiate each gene iroae-pot multiplex reaction. It was decided that KRG

should remain paired with the universal tail and going forward the tadslified to the reverse
primers ofOXA239, NDM205, VIM147, and IMPL89pairswould be changed to unique sequences.
The high sensitivity and low variability achieved by the usaktailed KPC03primers as

determined by the LOD (157 fM) and R squared value (0.99086) influenced the decision to keep the
reverse primer targeting KPC paired with the univetaihl Furthermore, it would be beneficial to
investigate whatffect changng the tail has on the amplification of OX& and IMP; changing the
tail couldreduce any primedimers from forming making more primeavailableto hybridise to the
target thus improvindhe rate of amplification.

6.3 ASSESSING THE SENSITIVITY OF RRINMDERSD WITH UNIQUE
TAILS USING COMBIISERIEPHASIRPAANDELONAETECTION

6.3.1 Selecting uniqueequences that can be used as tailmodify the reverse primexsf

OXA239, VIM147, and IMPL89
To achieve the engoint goal of producing a orpot multiplex assay the sequences of the tails must
be changed to ones that are unique to the target gene. Amplification using a unique tail and
detection with a cognate probe conjugated to a complementary oligonucleotide will enable
differentiation of each carbapenease gene.

Tails generated by the script in 5.1.1 weredifiedr & G KS pQ Sy R 200XAR$S NS TS NE
VIM 147, and IMPL89. The tails which were best matched to each primerswassessed using the

Oligaanalyser software and the tailed primgwhich preferentially formed homodimers over

heterodimers at low analyte concentratiomgere chosen for further assessment in combined

solidphaseRPA and ELONA detecti@f interest, thenG values for the predicted

homodimeisation and heterodimeisation between the reverse primers modified with unique tails

and their cognate forward primers are presented in Table 6.1.

Table6.1: Computationally assessing the propensity wiiquetailed reverse primers forming homodimers and

heterodimers.

¢KS LINRLISyarde 2F SIFIOK GFAftSR NBGSNAS LINARYSN) i2 KeoNRRAAS |

forming heterodimers was calculated as the changes in Gibbs free enqeBygalcuated askcal/mole
Primer pair Homodimeirisation between  Heterodimerisation between

tailed reverse primers forward and tailed reverse
(kcal/mole) primers (kcal/mole)
OXA239 -7.13 -6.21
VIM 147 -8.53 -5.99
IMP 189 -10.49 -7.96
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6.3.2 Combined soligghase amplification and ELONA detectb®XA48 using a reverse primer
modified with a unique talil

The unique taileddXA239primers(Table 2.10yvere validated by combinesolidphaseRPA and

ELONA detection performed as peb.2. Seriatilutions of OXAL8 template concentrations ranging

from 456pM - 91.1fM were spiked into the RPA reactions and the absorbance was measured 5 min

after the addition of TMB substrate producing a calibration curve with an R squared value gf3.983

(Figure6.9). The LOD calculated from calibration curve in Fig@evas2.88 pM.
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Figure6.9: OXA48 calibration curve using unique tail.

Calibration curve generated frogolidphaseRPA reactionseeded withDXA48 template ranging from 456 pi
91.1fM. The absorbance of each reaction was measured at 630 nm, 5 min after the addition of TMB sulastnate. E
point is representative of three independent replicates (ian8)the error bars represent theandard deviation of the
replicates. fecurve is fitted to a semtog sigmoidal dose responsehelimit of detection was calculated as the averac
absorbance of the no template controls plus three times the standard deviation and is representeckeditiee r
crossng the curve.

The assay using the unigue tail produced a detectable signal 5 min after the addition of TMB, at this
time an absorbance of 0.48 was measusgdhe highest template concentration (456 pMyhen

the universal tail was used TMi&as allowed to develop for 30 mandachieval an absorbance of

0.49 at the highestemplate concentration.The assay using the unique tail producedeguivocal
signal25 min faster than using a universal tdihe narrow dynamic range can be attributexthe

short primer length used to targdtiaoxass; as previously stated, th@XA239 primers are shorter

(18and 20base$ than those targeting the remaining four carbapenemase genes and therefore, a
reduced amplification is expected. Alternatively, prinrdéners could form between the tailed

reverse primers sequestering them and reducing the number of reverse primers available to amplify
the target sequence
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6.3.3 Combined soligghase amplification and ELONA detectdbNDM using a reverse primer

modified witha unique tail
Previous attempts agolid-phaseamplification ofthe NDMtemplate using a reverse primer modified
with a universal tail sequend&igure 6.6) exhibited background noise at low concentrations of
template and minimal signal at higloncentrations of templatevhen tested in ELONAuggesting
negligible amplicon was producedotential unique tail candidate sequences produced by the
bioinformatic script in section 5.1.1 were assessed in the NDM assay; however, all sequences tested
genegated minimal signal in ELONA. Therefaréail which our group have previousyiccessfully
used in publicationg§JausetRubioet al, 2016)s I & dza SR (12 Y2RAT&050KS pQ SyF
reverse primer (Table 2.10)s this tail has successfully been used in the pesbgthis tail aims to
resolve the lack of signal and background observed in Fgj6r@henG values for
homodimergation and heterodimerisation argoth below the-9.75kcal/molethresholdas shown in
Table 6.2

Table6.2: Computationallyassessing the propensity aihiquetailed NDM 205reverse primerof forming homodimers

and heterodimers.

The propensity ofthe NDMnap G Af SR NBGSNBES LINAYSNI (i2 KEONARAAS 6AGK AGQ

forward primer forming heterodimers was calculated as the changes in Gibbs free gr@fggl¢ulated akcad/mole.
Homodimerisationbetween unique tailed Heterodimerisationbetween unique tailed

NDM 205reverse primergkcal/mole) reverseNDM 205primer andNDM 205

forward primer (kcal/mole)
-6.53 -6.53

The reverseéNDM 205 primer modified withthe unique tal wasincorporated into combined
solidphaseRPA reactions and ELONA detection as fed 2Serial dilutions of NDM template

ranging from 454 pM 91 fMwere spiked into RPA reactions and the absorbance measured 10 min
after the addition of TMB substrat@he results of the assay are shown in Figu® from which the

LOD was calculated as 702 fM and the R squared value is 0.96433. Changing the sequence of the tail
to a unique sequence has eliminated the background signal observed when the universastail

used (Figure 6.6). The assay has an LOD in the femtomolar range and an R squard@8ibiga
suggests a closeness ofdftthe pointsto the curve whichis much improved from the assay using

the universal tail.
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Figure6.10: NDM calibration curveiusinga unique tail

Calibration curve generated frosolidphaseRPA reactionseeded wittNDMtemplate ranging from 84 pM ¢ 91 fM.
The absorbance of each reaction was measuregBatnm, 10 min after the addition of TMB substratachEpoint is
representative of three independent replicates (rex®)the error bars represent the standard deviation of the
replicates.The curve is fitted to a semiog sigmoidal dose responsthelimit of detection was calculated as the averag
absorbance of the no template controls plus three times the standard deviation and is represented as the red line
crossngthe curve.

6.3.4 Combined soligphase amplification and ELONA detectibWIM using a reverse primer
modified with a unique tail

Previously, a calibration curveas successfully generategingthe VIM147 primers modified with a

tail whichwas universal for all five casbenemase genes. The universal tail modified to the reverse

primer (Table 2.9) was changed to one that was unique tdthawv target gene (Table 2.10).

Reverse primers modified with the unique tail were incorporated into combgudid-phaseRPA
reactions and ELONA detection were performed as p&M2 RPA reactions were spiked with
different concentrations of VIM template DNA ranging from 456 pM to 911 aM, the results of the
assay are shown in Figure 6. hecalibration curve has an R squared valfi®.88977 fit to a
sigmoidal dose/response curve and an LOD of 557 fM was calculated from curve, which is
comparable to the LOD achievétD7 fM)using the universal tail (Figu6e?).
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Figure6.11: VIM calbration curve using unique tail.

Calibration curve generated frosolidphaseRPA reactionseeded withVIMtemplate ranging from#56pM ¢ 911aM.
The absorbance of each reaction was measured at 630 nm, 5 min after the addition of TMB sulzsthgteinEis
representative of three independent replicates (rex®)the error bars represent the standard deviation of the
replicates. Mecurve is fitted to a serog sigmoidal dose responsghelimit of detection was calculated as the averag
absorbancef the no template controls plus three times the standard deviation and is represented as the red line
crossngthe curve.

6.3.5 Combined soligpphase amplification and ELONA detectibiMP using a reverse primer
modified with a unique tail

The unique tailedMP 189reverse primer (Table 2.10) was incorporated into combis@d-phase

RPA reactions with ELONA detection and performed as pet. Serially diluted IMP template DNA

ranging from 463 pM, 93 fM was spiked intsolidphaseRPA reactions and the aage absorbance

of each reaction was plotted in a calibration curve (Figur@)6.The LOD obtained from Figure 3.1

was 275 fM which is a significant improvement over using the universal tail which obtained an LOD

of 4.076 pM. The R squared in Figure2éahs calculated as 0.99475 which shows a closeness of fit

of the points to the curve.
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Figure6.12: IMP calibration curve using anique tail

Calibration curve generated frogolidphaseRPA reactionseeded witHMPtemplate ranging from#63pM ¢ 93fM.

The absorbance of each reaction was measured at 630 nm, 5 min after the addition of TMB sulzsthapeirt is
representative of three indepéent replicates (n=3ndthe error bars represent the standard deviation of the
replicates.The curve is fitted to a sertog sigmoidal dose responsehelimit of detection was calculated as the averac
absorbance of the no template controls plus thtieges the standard deviation and is represented as the red line
crossngthe curve.

6.3.6 Summary ofolidphaseRPA

The assay targeting KPC had the lowest LOD and therefore, the reverse primer remained modified
with the universal tail whilst the reverse printetargeting the remaining four carbapenemases were
modified with unique tails. Changing the tail modified to reverse primer of-@8<&nd IMP to

unique sequences improved the signal strength and decreased the LODs for both assays (Table 6.5).
Changing theail on the NDM reverse primer to a unique sequence eliminated thespatific
background which was generated at lowemplate concentrations and consequently an LOD was
calculated for the assay. ThelidphaseRPA assay targeting VIM remained sensititien the

universal tail was changed for a unique tail and the LODs were compabatidphaseRPA

reactions wergperformed for 40 min and when unique tails were used all five targets were detected
within 10 min. Overall it takes under an hour &mnplifyand detecteach genavhich meets the rapid
criteria oOf REASSURHKIandet al., 2019)
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Table6.3 Summary of the LODs calculated frasnmbinedsolid-phaseRPAand ELONAletection(i  NASGiAy 3 G(KS Wo A3
usingreverseprimers modified with either universal or unique tails.

Universal tail Unique talil

Target | Time TMB was LOD Time TMB was LOD
left to develop left to develop
(min) (min)
KPC 5 157 tM 5 157 fM
OXA48 30 7.265 pM 5 2.88pM
NDM 10 N/A 10 702 fM
VIM 3 407 fM 5 557 fM
IMP 20 4.076 pM 5 275 fM

6.4 RESONANJRAMANSPECTROSCOPY

In an effort to increase the sensitivity of each assay alternative methods of detection were explored.
Resonance Raman spectroscopy (RRS) is a highly selective technique that excites molecules at a

specific frequency in resonance with an electronic excétadie of the moleculéJenseret al,

2006b). Each compound has a unique vibrational fingerprint in the form of sharp peaks across the
NEaz2ylyO0S 6 @St Sy3aikKed 9EOAGIGAZ2Y 2F Y2t SOdzZ S& 64
of that particular chromophore only. This provides cleatedéntiation between target molecules

and their background constituents.

Catalysed oxidation of TMB substrate yields multiple oxidised states. The first step in oxidation yields
a radical cation in equilibrium with a charge transfer complex (CTC)his i€TC molecule that

elicits the blue colour charge. The proposed target compound within our study is the CTC oxidised
form of TMB which has aglectronic transitiomat <nax650 nm. Previous researchers have

documented a 5@old increase in sensitivity vem using RRS compared to the sensitivity achieved by
ELISA using a HRP probe. Within this study the group excited CTC using a laser excitation wavelength
of 633nm and measured the Raman spectral peaks which were exclusive to CTC, 191 cm

1336¢cm?, and1609 cm' (Lainget al,, 2011)

Portable handheld Raman readers have successfully been employed for the detection and

differentiation of target analytes by many research gro(@sensetal> H nmy Tet aW30KSE A 6 1 |
Sanchezt al., 2019b) Miniaturisation of Raman spectroscopy into a portable handheld reader

YIE1Sa ww{ Y2NB | LILX A0l ofS (e toiihk &ddzahS NXYi KOIXER (- SONKAIS ¢
REASSURBRRSan characterise multiple compounds in a single solution based on their unique

Raman peaks within a complex spectra and does so iftire@lproviding the potential for

multiplexed analysiéEdwards, 2005)
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6.4.1 Resonanc®aman Spectroscopy detection of G6A

SolidphaseRPA was performed as stated i®.2.and subsequent detection by resonarRBRSvas
performed as per &.5. A range of OXA8 template concentrations, 456 pi9.12 fM were spiked
into solidphaseRPA readbns, the results of the assay are shown in Figui8. Figure 6.13A shows
the Raman vibrational spectra producesing the 633 nm laser, from whithe highest signal
unique to CTC generated was at the wavelength 1609ama therefore,measurements at
1609cm! were chosen to produce the calibration curve depicted in Figure 6 Aigign the curve,
the LOD was calculated at 12.72 pM which is slightly higher than the LOD when a benchtop
spectrophotometer was used to detect oxidised TMB8pM shown in Fjure 69) but still in the
picomolar range. An accurate plot of the curve to the data points within this assay is shown by the
high R squared value of 0.99722.
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Figure6.13: Calibration curve of OXA8 usingResonanceRaman Jectroscopy.

A Is arepresentativeexample of the Raman vibration spectra produced when oxidised TMB was excited with 63:
laser, this example was taken from combined RRANA spiked with 456 pM@KA48 template (n of 3)B- The dose
response curvgenerated fronsolidphaseRPA reactionseeded wittOXA48 templateranging from456 pM ¢ 9.12 fM.
Theresonance peak at 1609 einwas measured 5 min after the addition of TMB substrate. Baictt is representative
of three independent replicates (n =aB)dthe error bars represent the standard deviation of the replicatesciirve is
fitted to a semilog sigmoidal dose respongk limit of detection calculated as three times the standardai@n of the
NTplus the mean of the NTi€illustratedas the redine crossing the curve.

Intensity of Raman peak at 1609 cm-1 (a.u.

6.4.2 Resonance Raman spectroscopy detection of VIM

Resonance Raman spectroscopy was performed as pé&rtd. detect CTC produced from
solidphaseRPA reactions sggd with VIM template concentrations ranging from 455 pM to 911 aM
the results of the assay are shown in Figure 6Fldure 6.14A shows the Raman vibrational spectra
produced using the 633 nm laser, from which the highest signal unique to CTC was gkaérate
1609cm? and therefore, measurements at 16@81* wavelength were chosen to produce the
calibration curve depicted in Figure 6.148calibration curve was fitted from the RRS
measurements with an R squared value of 0.98188 (Figu#. The LOD ohtned from Figure 64
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was 826 fM which is marginally higher than the LOD achieved by the assay using benchtop plate
reader to measure oxidised TMB (557 fM shown in Figur® 6.1

A

= 6000
5000
4000
3000

2000

1000

Resonance intensity (a

0
1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shiffcnr?)

Figure6.14: Galibration curveof VIM usingResonanceRaman Spectroscopy

Ac Is a representative example of the Raman vibrational spectra producedamhexidised TMB solutionégcited

with a laser set to 633 nm. The example given is of a combineE RBPNRA spiked with 455 pilIM template DNAn of
3). B- The dose response cumw@s generated fronsolidphaseRPA reactionseeded with/IM templateranging from
455 pM¢ 911 aM Theresonance peak at 1609 einwas measured 5 min after the addition of TMB substrate. Each
point is representative of three independent replicates (nan@}he error bars represent the standard deviation of th
replicates. Mecurve is fitted to a seiog sigmoidal dose respongk limit of detection calculated as three times the
standard deviation of the NTflus the average of the NT<illustratedas thered linecrossing the curve.
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