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ARTICLE INFO ABSTRACT

Keywords: Klebsiella pneumoniae, a prevalent healthcare-associated pathogen, poses a significant challenge to diagnosis and
Klebsiella pneumoniae treatment due to its virulence and antimicrobial resistance. The demand for more efficient, precise and accessible
CRISPR,'CaSISa diagnostic methods is imperative, as current approaches are labor-intensive and resource-dependent. In this
giy:;f:;:;]:m study, a CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-based diagnostic tool for rapid

detection of hypervirulent K. pneumoniae infections was proposed. We integrated recombinase polymerase
amplification (RPA) coupled with a lateral flow assay and Cas13a (CRISPR associated protein 13a) to target the
housekeeping rpoB gene for species-specific detection and the capsular polysaccharide regulating gene rmpA for
identification of hypervirulent strains of K. pneumoniae. Tested on 18 K. pneumoniae strains, the devised tool
successfully detected hypervirulent strains K. pneumoniae M59 and K. pneumoniae KP109 showing presence of
rmpA. This study allows to develop an instrument-free platform for routine diagnosis of K. pneumoniae from
serum, urine, and saliva samples that would empower healthcare personnel to facilitate proper and timely

Multidrug resistance

treatment of infections caused by the K. pneumoniae.

1. Introduction

Rapid, convenient and efficient diagnosis of infectious diseases are
vital for ensuring clinical care, directing infection control and public
health initiatives to restrict disease transmission in highly equipped
medical centers as well as remote healthcare settings with limited re-
sources. An ideal diagnostic procedure could be the one which is rapid,
affordable, error-free, and enables point-of-care (POC) operation
without the necessity of a technically trained person, expensive instru-
mentation, or power supply. A test that endows these features could aid
in the early detection of highly virulent pathogens, conscious isolation to
prevent disease spread, and facilitate prompt medical attention and
timely cure [1].

The menace of antimicrobial resistance is a call for urgent attention
towards global health, as an effect of which, in 2019 alone, nearly 5
million people worldwide fell prone to the factor directly attributable to
drug resistance and lost their lives, claims a study published in The
Lancet [2]. The Centers for Disease Control and Prevention (CDC)
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broadly categorizes pathogens as urgent, serious, and concerning groups
based on the threats they possess [3]. It is asserted by the CDC that
committed prevention and disease control initiatives could cut down
fatalities arising from antibiotic-resistant illnesses. A significant portion
of progress made in combating antimicrobial resistance was lost, mostly
as a consequence of the pandemic, according to the CDC’s 2022 special
report detailing COVID-19's effects on antibiotic resistance [4]. The
pandemic challenged health departments, healthcare centers, and the
general population frighteningly near breaking point and made it
immensely difficult to sustain the progress made against the antimi-
crobial resistance.

Opportunistic bacterial pathogens that are generally thought of as
commensals but prey on weakened immune systems and disturbed
microbiomes of hospitalised patients to cause maladies are particularly
vicious [5-7]. Of the pool of pathogens responsible for causing hospital-
acquired infections (HAIs), especially concerning are the Gram-negative
bacteria including Klebsiella pneumoniae, which has acquired resistance
to ampicillin and exhibits multidrug resistance (MDR) to several other
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medications [8]. Antimicrobial-resistant (AMR) K. pnuemoniae was
recognized by CDC as an organism demanding immediate attention and
placed under the urgent category [3]. This leaves very few choices for
antibiotic therapy since K. pneumoniae readily acquires virulence-
causing and AMR genes through the transmission of mobile genetic el-
ements, which confers resistance to third-generation cephalosporins and
carbapenems [9]. K. pneumoniae stands among the leading pathogens
causing HAIs around the world, causing pneumonia, urinary tract in-
fections, wound infections and surgical site sepsis [6,10]. Investigations
also demonstrate that this bacterium played a significant role in infant
sepsis in Africa and Asia, and is an obvious opportunist, which
frequently colonises the human gut, nasopharynx, and skin [11,12]. The
carbapenem-resistant K. pneumoniae is particularly vicious as it can
effortlessly acquire virulent genes through the transmission of mobile
genetic elements. Currently, K. pneumoniae is mostly detected using
phenotype-based approaches of identification, such as biochemical
markers [13] or bacterial recognition systems [14]. Many times, matrix-
assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS) is also used to detect K. pneumoniae [15]. However, a
limiting factor of the aforementioned techniques is that these techniques
are culture-based and therefore it requires longer diagnosis time, leading
to delay.

With nucleic acid-based detection, it is easier to diagnose pathogens
at an early stage and prevent the spread of infections. Polymerase chain
reactions (PCRs)-based molecular diagnostic techniques devised to
detect K. pneumoniae that have presented propitious outcomes, but this
technology necessitates the requirement of expensive instrumentation,
skilled professionals and long reaction time. Some key isothermal
amplification technologies presently in use include recombinase poly-
merase amplification (RPA), strand displacement amplification (SDA),
rolling circle amplification (RCA), helicase-dependent isothermal DNA
amplification (HDA), nucleic acid sequence-based amplification
(NASBA) and loop-mediated isothermal amplification (LAMP). RPA is
relatively the simplest of all these technologies and therefore it is
adopted in applications requiring rapid nucleic acid amplification [16].

Currently, clustered regularly interspaced short palindromic repeats
(CRISPR) and the associated proteins (Cas) are the most intensively
genome editing tools of the modern era [17-20]. Persistent research in
this area has unearthed several different CRISPR toolboxes and since
then many CRISPR-based technologies have materialized [21-24].
Recent years have witnessed the advancements of several CRISPR-Cas
variants based detection platforms that have shown great sensitivity
and ultra-specificity. Such tools make use of either Cas9 enzyme which
determines the presence of pathogens by specifically recognizing,
binding and cleaving the target nucleic acid sequence [25], or other Cas
nucleases such as Cas12 and Cas13 which rely on pathogen detection by
virtue of their collateral cleavage ability [26,27]. The ability of this
technology to specifically target virulence and drug-resistant genes both
chromosomally encoded as well as plasmid-borne, without impacting
healthy bacterial populations makes it a potential antimicrobial arsenal.
Aside from its use in AMR therapy, CRISPR-Cas system when integrated
with other approaches could endow diagnostic tools with on-site ap-
plications giving instrument-free readouts. CRISPR systems when com-
bined with the RPA approach of isothermal amplification method for
nucleic acid detection could harness the rapidity and convenience of
RPA, leading to detection and intervention at the early stages of infec-
tion onset [28].

In this work, we employed a simple instrument-free CRISPR detec-
tion platform with RPA to first demonstrate the detection of Klebsiella
spp. by detecting the species-specific housekeeping rpoB gene of
K. pneumoniae. We then proceeded to detect the hypervirulent strains of
K. pneumoniae amongst the clinical strains of the organism by targeting a
capsular polysaccharide regulating rmpA gene. The limit of detection of
the present method was determined. Importantly, the protein purifica-
tion steps are relatively simple and do not demand any tedious purifi-
cation procedures, and therefore it can be executed with minimal to no

Microchemical Journal 203 (2024) 110931
instrumentation support except for a centrifuge.
2. Materials and methods
2.1. Strains and plasmids

In this study, 18 strains of K. pneumoniae and six other strains
(Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Serratia
marcescens, Chromobacterium violaceum and Bacillus subtilis) belonging to
different genera were used. Fifteen out of the eighteen clinical strains of
K. pneumoniae were provided by The Maharaja Sayajirao University of
Baroda, Vadodara, India. The genomic DNA of all the strains used in the
study were extracted manually using a simple phenol-chloroform
extraction method demonstrated by Cheng and Jiang [29]. Strains E. coli
DH5a and E. coli BL21(DE3) were used for cloning experiments and as
expression host of the recombinant vectors, respectively. All the bacte-
rial strains were grown and maintained in Luria Bertani (LB) medium
(HiMedia, India) at 37 °C. Plasmid pC019 harbouring the LwaCas13a
gene of the Leptotrichia wadei origin was kindly gifted by Prof. Feng
Zhang and procured from Addgene repository (Plasmid #91909). The
pET28a expression vector was used for the construction of Casl3a
plasmid.

2.2. Cloning, expression and purification of recombinant LwaCas13a

The purified Cas13 protein is among the key components of the in
vitro testing of the diagnostic assay. Hence, the LwaCas13a gene (3.4 kb)
was amplified from plasmid pC019 using Casl3a_pET28aF and
Cas13a_pET28aR primers (Table 1) that was digested by Sacl and Hin-
dIII and ligated to Sacl/HindIII-digested pET28a followed by its trans-
formation into chemical competent E. coli DH5a. Clones were screened
and sequence was verified. Confirmed clone was named as SHER10.
SHER10 was transformed into chemically competent E. coli BL21(DE3)
pLysS cells using the heat shock method and gene expression was
induced at the mid-log phase in the cells of E. coli BL21(DE3) pLysS with
0.75 mM isopropyl p-D-1-thiogalactopyranoside (IPTG). Following 16 h
incubation, cells expressing hexa-histidine-tagged Casl3a protein were
centrifuged and stored at —80 °C until further use.

The Cas13a protein was purified through means of Ni-NTA affinity
chromatography by using Ni-NTA Spin Kit (QIAGEN, Germany) ac-
cording to the manufacturer’s protocol with minor modifications.
Briefly, the frozen cell pellet was resuspended in lysis buffer (50 mM
NaH3PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0), 3U Benzonase® per
culture volume (Thermo Scientific, USA) and 100 pL lysozyme stock
solution (10 mg ml™1) (Thermo Scientific, USA). All protein purification
steps were carried out on ice. The suspension was incubated at 37 °C for
30 min. The cells were then disrupted by a 7-10 cycles of pulse soni-
cation and the lysed suspension was centrifuged to separate the clear
lysate from the cell debris. In case of unavailability of a sonicator, this
step can be skipped, just the protein output would be comparatively less.
The supernatant was then applied onto an equilibrated Ni-NTA column
and centrifuged at 100 g until the entire applied volume of supernatant
passed through. The column was washed thrice, once with 0.5-1 volume
of wash buffer NPI-20 (50 mM NaH3PO4, 300 mM NaCl, 20 mM imid-
azole, pH 8.0), followed by 0.5-1 volume of wash buffer NPI-60 (50 mM
NaH,PO4, 300 mM NaCl, 60 mM imidazole, pH 8.0), and at once with
0.5-1 volume of wash buffer NPI-60 (50 mM NaH5PO4, 300 mM NaCl,
60 mM imidazole, pH 8.0) to remove most of the non-specifically bound
proteins. The protein was eluted using elution buffer NPI-500 (50 mM
NaH,PO4, 300 mM NaCl, 500 mM imidazole) in two subsequent elution
steps.

To purify the protein further, after chromatography, the Casl3a
protein fractions were combined and dialyzed using a Slide-a-Lyzer
dialysis cassette (ThermoScientific, USA) against dialysis buffer (50
mM Tris HCl, 600 mM NacCl, 2 mM DTT, pH of 8.0) for 24 h at 4 °C with
constant stirring over a magnetic stirrer. The dialyzed elute was buffer
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exchanged to storage buffer (50 mM Tris HCl, 600 mM NaCl, 2 mM DTT,
15 % v/v glycerol, pH of 8.0) and stored in aliquots at —80 °C until
further use. Protein concentrations were measured spectrophotometri-
cally at 280 nm wavelength using NanoDrop (Thermo Scientific, USA).

Reference
This study
[33]
This study
[30]

2.3. Designing of RPA primers, probes and crRNA

Klebsiella-specific rmpA gene was retrieved from GenBank (GenBank
no. AY059958.1) in the FASTA format, and the conserved region was
chosen to design RPA primers using NCBI Primer-Blast server
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Parameters used
to design primers were mostly default with the exception of amplicon
size in between 100-120 bp, melting temperature between 54-67 °C and
the primer size between 25-35 nt in length. T7 RNA polymerase pro-
moter sequence was appended to the 5' end of the forward RPA primers
to allow T7 transcription. Primers and oligonucleotides were ordered
from Eurofins Scientific (Banglore, India) (Table 1).

The pre-crRNAs were initially synthesized as a single-stranded DNA
oligonucleotide template containing a spacer sequence joined with a 5’
direct repeat sequence to form a complete crRNA and a T7 RNA poly-
merase promoter sequence upstream of the crRNA sequence for the T7
transcription to take place. The entire sequence was ordered as the DNA
reverse complement template. Multiple Primer Analyzer tool (Thermo-
Fisher Scientific) was used to ensure that both RPA primers and crRNAs
with probabilities to form self-dimers or cross-primer dimers were not
taken through to production.

To ensure presence of rmpA in the K. pneumoniae

strains used in this study
RPA primer sets for pre-amplification of rmpA in

RPA primer set for pre-amplification of rpoB in
K. pneumoniae

K. pneumoniae
ssRNA reporter molecule for trans-cleavage by

T7 promoter annealing sequence for IVT
LwaCasl3a

crRNA targeting K. pneumoniae rpoB
crRNA targeting K. pneumoniae rmpA

To amplify Cas13a gene

Purpose

Nucleotides
32
34
20
20
55
29
60
60
35
35
9
89
25
poly-U (=6)

2.4. Preparation, in vitro transcription and purification of crRNA

The crRNAs were created in accordance with the recommendations
of Kellner et al. [30]. The crRNA template was flanked by a 5' T7 RNA
polymerase promoter binding sequence to allow transcription to take
place. The crRNAs were transcribed in vitro using methods described in
earlier studies [30,31]. Synthetic single-stranded DNA templates (Inte-
grated DNA Technologies, USA) synthesized as reverse complement of
the desired crRNA repeat construct were annealed to an oligonucleotide
sequence corresponding to the T7 promoter primer sequence (Table 1).

To proceed with in vitro transcription (IVT), 1 pL crRNA template
(100 pM) at a final concentration of 10 pM was mixed with 1 pL 10x
standard Taq buffer (Thermo Scientific, USA) and 1 pL T7 IVT primer
(100 pM) and the final volume was made up to 10 pL with nuclease-free
water. Annealing was performed in a thermocycler by running a dena-
turation cycle at 95 °C for 5 min followed by gradual cooling to room
temperature at 1 °C min~!. The annealed reaction mixture served as a
template for subsequent IVT reactions. The 10 pL annealed reaction was
mixed with 10 pL of NTP buffer mix and T7 RNA polymerase mix from
the HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB, USA), and the
final volume was made up to 40 pL with nuclease-free water. The
transcription reaction was incubated at 37 °C for 4 h.

The IVT products were purified using RNeasy MinElute Cleanup Kit
(QIAGEN, USA) according to the manufacturer’s protocol. Purified
crRNA was quantified with NanoDrop and the correctness was
confirmed by electrophoresis. Aliquots of the crRNA were stored at —
20 °C to avoid repeated freeze-thawing until further use.

2.5. Pre-amplification and lateral flow assay (LFA)-based detection

Lateral flow detection reactions were set up as described in Goo-
tenberg et al. [32] with some modifications. The detection was carried
out as a two-pot SHERLOCK (Specific High Sensitivity Enzymatic Re-
porter UnLOCKing) reaction, wherein, the basic RPA reaction was first
performed following the instructions of the TwistAmp Basic Kit (Twist
Dx, United Kingdom). First, each RPA reaction was set up in a reaction
volume of 50 pL containing 29.5 pL rehydration buffer, 2.4 pL each of
forward and reverse primers (10 pM), and the remaining volume made
up with RNase-free water. Then 1-2 pL (50 ng pL~!) input of the

GCTCGCACAATAGCAAAGAGTCGACGTGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CAACTGTCGTCCTAAAAAATAAGTCCCTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

GAAATTAATACGACTCACTATAGGG

GAAATTAATACGACTCACTATAGGGTTAATAAATCAATAGCAATTAAGCACAAAAGAAAC
/56-FAM/rUrUrUrUrUrU/3Bio/

GAAATTAATACGACTCACTATAGGGGAAGGAGTAATTAATAAATCAATAGCAATTAAGCA

CTTATCATATTTATTGATCCCCTTAACATTTTGTA

GAAATTAATACGACTCACTATAGGGTCAAAGACATTAAAGAACAAGAAGTCTACA
TATCATATTTATTGATCCCCTTAACATTTTGTACC

ATAAAGCTTTTCCAGGGCCTTGTACTCGAACATC
GATGATACGTGCGTTATACAGAACCTTAC

AATGAGCTCATGAAAGTGACCAAGGTCGACGG
ACTGGGCTACCTCTGCTTCA

CTTGCATGAGCCATCTTTCA

Sequence (5'-3")

Primer/probe
Cas13a_pET28aF
Cas13a_pET28aR
rmpA-PCR/F
rmpA-PCR/R
rpoB-RPA/F
rpoB-RPA/R
rmpA-RPA/F1
rmpA-RPA/F2
rmpA-RPA/R1
rmpA-RPA/R2
rpoB_crRNA
rmpA_crRNA
T7 primer
LFA-RNA
reporter

Bio biotin, FAM fluorescein, IVT in vitro transcription, ssRNA single-stranded RNA.

A list of all primers and probes used in this study.

Table 1
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extracted sample was added to each reaction. The reaction mixture was
vortexed and spun briefly before adding 2.5 pL of 280 mM magnesium
acetate (MgOAc) for the reaction to initiate. The reaction mixture was
incubated at 37 °C for 15-20 min in a thermocycler and gently flicked
after 5 min since the initiation of the reaction to ensure even substrate
distribution. The amplicon generated from the RPA reaction served as
the template for in vitro transcription using T7 RNA polymerase to
generate the Klebsiella rmpA gene target.

The SHERLOCK reaction mixture protocolpublished by Kellner et al.
[30] was referred for guidance and then optimized and further modified
as described below. As advised, to avoid the possibilities of reagent and
work area contamination that may generate false positive signals,
separate pre- and post-amplification work areas were used when setting
up the RPA and LwaCas13a reaction. Before setting up the reaction, the
entire surface and the pipettes were wiped down with an RNase-away
solution. For the SHERLOCK reaction, CRISPR-Cas reaction mixture
was prepared by adding the following components in a microfuge tube
in top-down order for a reaction volume of 20 pL: 0.4 pL 1 M HEPES,
0.36 pL 0.5 M MgCly, 0.5 pL. 1 mg mL ™! purified LwaCas13a, 0.5 pL 40U
pL~! murine RNase inhibitor, 2 pL. 10 mM rNTP solution mix, 2 pL 10X
T7 buffer, 0.5 pL 50U mL~! T7 RNA polymerase, 100 nM rmpA crRNA, 1
pL RPA template, 0.2 pL 100 uM LF-RNA reporter and the remaining
volume made up with RNAse-free water. The reaction was incubated at
37 °C for 50 min.

The end results of the lateral flow reaction were detected on
commercially available lateral flow strips (Milenia HybriDetect 1,
TwistDx). A custom probe FAM-Biotin polyU RNA reporter (/56-FAM/
rUrUrUrUrUrU/3Bio) was synthesized from Integrated DNA Technolo-
gies, USA. After the completion of the reaction, Cas13a detection re-
actions were diluted to 1:5 in Hybridetect 1 Assay Buffer, and the LFA
strips were then dipped and incubated at room temperature for 5 min.
The strips were then removed from the solution, aired and the results
were interpreted.

3. Results
3.1. Cloning and expression of recombinant LwaCas13a in E. coli

The foremost step was to recombinantly express LwaCas13a in E. coli
followed by purifying the recombinant protein using Ni-NTA affinity
chromatography. The clone producing a linearized band of 8.8 kb was
taken as the desired clone (SHER10) harbouring LwaCasl3a gene
(Fig. S1). SHER10 was confirmed for correctness through restriction
digestion, PCR amplification and DNA sequencing. Following the
transformation and expression, chromatography products were
analyzed and visualized by denaturing gel electrophoresis, which
revealed that induced E. coli cells had produced the desired protein with
a molecular weight comparable with the predicted LwaCasl3a weight
(~143.7 kDa) (Fig. S2).

3.2. Isothermal pre-amplification of target sequence

A 120-bp fragment of the rmpA gene was chosen as the target region
specific for K. pneumoniae as predicted by the primer-BLAST software.
The specificity of RPA primers towards the rmpA gene of hypervirulent
K. pneumoniae (hvKp) was evaluated by setting up RPA reactions under
optimized conditions tested across all 18 test strains of K. pneumoniae. To
assess if the target nucleotide sequence was being amplified specifically
through RPA, we first used just one primer pair to confirm amplification.
The conditions used at this point for the said amplification were as
instructed in the manufacturer’s protocol without any further optimi-
zation. Prior to performing RPA, the presence of rmpA gene across all
test strains of K. pneumoniae was affirmed through PCR (535 bp) using
rmpA-PCR/F and rmpA-PCR/R primers (Table 1) based on Yeh et al.’s
work [33]. Genomic DNA extracted from all 18 K. pneumoniae strains
served as the template for the PCR amplification. As determined through
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PCR, K. pneumoniae MTCC KP109 and M59 were found to bear the
hypervirulent gene rmpA (Fig. S3) and therefore for the subsequent
optimization process, strain MTCC KP109 was taken as the positive
control and nuclease-free water as the negative control. The appropri-
ateness of RPA was confirmed by running the product on 2 % agarose gel
(RPA-AGE), and as it was expected, a band of ~120 bp was observed in
the positive control with no significant amplification in the negative
control when visualized over a UV-transilluminator.

3.2.1. Primer-set validation and evaluation of optimal conditions

To screen out the most efficient primer set, four different RPA primer
pair combinations (rmpA-RPA F1R1, F1R2, F2R1 and F2R2) (Table 1)
were tested with experimental positive and non-template control (NTC)
to determine their aptness in amplifying rmpA. All primer combinations
were first tested for amplification at 37 °C for 20 min. The products
amplified by RPA were electrophoresed on a 2 % agarose gel and
observed under a UV lamp. The RPA-AGE results confirmed the ampli-
fication of target rmpA gene in all possible combinations of primer sets
with no non-specific bands in the NTC, however, the optimal amplifi-
cation was observed in F1R1 combination (Fig. 1a).

The F1R1 primer pair was then optimized in terms of incubation time
and temperature and the results were visualized through RPA-AGE. RPA
is known to function at the isothermal range of 37-42 °C, and therefore,
reactions were carried out at temperatures ranging from 37—43 °C with
1 °C increments. The optimal temperature for this investigation turned
out to be 37 °C, as deciphered from the intactness of the band in RPA-
AGE, regardless of amplification at all temperatures from 37 to 43 °C
(Fig. 1b). Upon exceeding the recommended range of temperature,
indeed a decrease in the intensity of the amplified product was observed
at 43 °C.

A threshold amplification began to be seen 5 min after the start of the
reaction as observed as a faint band which continued till about 30 min
(Fig. 1c). Since the intensities of the amplified product at 20 and 30 min
were largely the same, amplification at 37 °C for about 20 min was fixed
as the optimum duration for RPA reactions of rmpA.

In RPA, the amplification was initiated by the addition of MgOAc to
the reaction mixture. The suggested MgOAc concentration range for the
reaction was 12 mM to 30 mM, the standard concentration being 14 mM.
Based on the application notes of the manufacturer, three different
concentrations of MgOAc (14 mM, 20 mM and 22.4 mM per pellet) were
tested in this study to determine the optimum concentration of MgOAc
required to initiate the reaction at the soonest (Fig. 1d). Since, no sig-
nificant difference in the intensities of the band was observed, the
standard concentration of 14 mM MgOAc was accepted for all further
RPA reactions.

The F1R1 primer-pair was recognized as the best-suited primer
combination and the pair was taken into further consideration in the
amplification process. All 18 test strains of K. pneumoniae were then
amplified through RPA based on these optimised reaction conditions.
The specificity of the chosen primer set was also validated by performing
an RPA reaction under pre-determined conditions against six other
bacteria belonging to different genera, including E. coli, S. aureus,
P. aeruginosa, S. marcescens, C. violaceum and B. subtilis. The genomic
DNA of these bacteria were used as templates to amplify the rmpA gene,
however, positive band corresponding to the size of the gene of interest
were seen in none signifying that the selected primer set holds distinct
specificity for the rmpA gene of hvKp and does not cross-react and
amplify any other pathogen or the strain of K. pneumoniae negative for
rmpA (Fig. 54).

3.3. Verifying the collateral cleavage activity of Cas13a in K. pneumoniae

We intended to detect hvKp through means of the CRISPR-Casl3a
system. For this assay, the reporter molecules that remained intact, or
simply put, those molecules which did not undergo cleavage were
captured at the first line of detection, generating a visible band on the
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Fig. 1. Primer screening and condition optimization for pre-amplifying rmpA using RPA (a) Primer set selection demonstrating each primer set combination (F1R1,
F1R2, F2R1, and F2R2) along with its respective NTC as stated above each lane. The band size of the DNA ladder is mentioned on left, (b) The effect of temperature
on RPA reaction determined through amplification at varying temperatures ranging from 37-43 °C, (c) Assessing the difference in intensities of the amplified product
upon RPA carried over a period of 5-30 min with respect to corresponding NTCs, and lastly (d) Magnesium acetate (MgOAc) concentration optimization through RPA
based on F1R1 primer pair; the first lane represents an RPA reaction without the addition of MgOAc and the subsequent lanes demonstrates the effect on RPA
following the addition of 2.5, 3.6 and 4.0 mM MgOAc. M molecular marker, N non-template control.

control line, and therefore were considered negative. Only those samples
that generated a signal at the second line of detection (test line) were
considered positive for this test.

3.3.1. Species-specific detection of K. pneumoniae test strains
In order to verify the feasibility and specificity of the collateral
cleavage functionality of recombinant LwaCasl3a in detecting

M6 M10 M33 M35 M36 M40 M48

200 bp --
100 bp --

M49

K. pneumoniae in general, the assay was first tested upon the species-
specific K. pneumoniae rpoB gene which was initially chosen as the
target sequence. The rpoB actually encodes the f-subunit of bacterial
RNA polymerase and every bacterial species possesses this gene, but the
length and nucleotide sequence of this gene in different bacteria is
somewhat different [34]. The rpoB is therefore considered a crucial
determinant for the identification of different bacterial species and
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Fig. 2. (a) Amplification of rpoB performed on all 18 test strains of K. pneumoniae. It demonstrates the RPA-AGE image of the amplified products of the rpoB gene, (b)
Lateral flow assay for species-specific detection of K. pneumoniae. LFA was performed on 18 clinical test strains of K. pneumoniae flow assay for determining the
species-specific presence of rpoB. When visualized in the direction of flow, appearance of the first band (control line) denotes non-cleavage of reporter, while
development of the second band (test line) signifies reporter cleavage and therefore target detection. All the test strains of K. pneumoniae tested positive for the

presence of rpoB. ATCC*, K. pneumoniae ATCC1705.
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analyzing phylogeny, especially when studying closely related isolates
[35]. For this, a two-pot SHERLOCK detection approach was opted. The
target DNA sequence for the rpoB gene from all 18 K. pneumoniae test
strains were amplified in advance through RPA (191 bp) (rpoB-RPA/F
and rpoB-RPA/R primers (Table 1)) and used as the template for the
LwaCas13a detection assay (Fig. 2a). Following an hour of incubation of
the reaction at 37 °C, the reaction was diluted with 80 pL hybridetect
assay buffer supplied with the LFA kit. In the case of rpoB, a distinctly
visible red-coloured band was observed in all of the test isolates of
K. pneumoniae ensuring genuine and accurate detection of K. pneumoniae
(Fig. 2b). No such band was observed on the control line, suggesting no
capturing of intact reporter molecules because of their collateral
cleavage as a function of LwaCas13a. A control band was observed in the
NTC without a distinctly perceivable test band indicating the absence of
K. pneumoniae-specific rpoB gene in the sample.

3.3.2. Hypervirulence detection of K. pneumoniae test strains

Once the feasibility of the detection system was ensured, the
confirmed strains of K. pneumoniae were examined for the presence of
K. pneumoniae-specific rmpA gene. The RPA-based amplification of all 18
test strains of K. pneumoniae based on the optimized reaction conditions
were visualized on RPA-AGE as shown in Fig. 3a. For LFA-based
detection, a band at the first line of detection was taken as negative
for rmpA and the appearance of a band at the second line of detection
was considered positive for rmpA. Red bands were observed on the test
line of isolates M59 and KP109 indicating the presence of rmpA gene
(Fig. 3b). This asserts the specific detection of rmpA which encodes a
unique peptide of 25 kDa and is strongly associated with K. pneumoniae’s
hypermucoviscosity phenotype in human isolates [36]. This result was
in agreement with the RPA-AGE image (Fig. 3a) wherein amplification
of the rmpA fragment was observed in only the said two strains.

3.4. Cross-reactivity validation across different genera

To validate the selectivity of the CRISPR detection assay towards
K. pneumoniae-specific genes, the assay was performed on six different
genera of bacteria including E. coli, S. aureus, P. aeruginosa,
S. marcescens, C. violaceum and B. subtilis, and test the cross-reactivity of
the CRISPR detection tool. In this test, K. pneumoniae ATCC1705 was

M6 M10 M33 M35 M36 M40 M48 M49

200 bp -1
100 bp -
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used as the positive control and for the NTC, nuclease-free water was
used as the template. Three other already screened strains of
K. pneumoniae reported in this study, namely strains M2, M59 and
KP109 were randomly picked to test and compare the results across
different genera. As mentioned in previous sections, pre-amplified RPA
products of the listed organisms were used as templates for detection.
The CRISPR-based rpoB detection assay showed, no cross-reactivity to-
wards the DNA of any of the alternate pathogens in the study except for
K. pneumoniae strains, i.e. ATCC KP1705, M2, M59 and KP109, leading
to clear identification of K. pneumoniae strains, and therefore was
assured to be specific for the target (Fig. 4a). The same strains were then
tested for the presence of rmpA across different genera. In the cross-
reactivity testing for the detection of rmpA, positive results were only
observed in strains KP109 and M59 (Fig. 4b). Appearance of just the test
band was observed in none of the non-specific target bacteria, indicating
that the assay was negative for those and selective for rmpA-specific
strains only.

3.5. Sensitivity assay of the RPA-LFA

To determine the sensitivity or the minimum detection limit of the
CRISPR-assisted detection assay for detecting rmpA, serial dilutions of
nucleic acid of K. pneumoniae strains were used. We started with an
initial concentration of 1025 ng uL.~! of genomic DNA of K. pneumoniae
KP109 as read on UV spectrophotometer, and then serially diluted the
genomic DNA at the gradient of 107}, 102, 1073, 10,107, 107, 1077,
and 10°® dilutions, which were used as templates for subsequent re-
actions. The diluted DNA was amplified using RPA, followed by the
Casl3a-LFA detection. The minimum limit of detection (LOD) was
realised to be at the dilution of 10> which concentration-wise corre-
sponded to 10.25 pg pL ! of genomic DNA. The band on the control line
appears to fade gradually with an increase in the concentration of the
template (Fig. 5).

4. Discussion

K. pneumoniae is a major causative pathogen of opportunistic
healthcare-associated infections globally, poses a great threat to the
community which in turn is increasingly aggravated by the prevalence
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Fig. 3. (a) Amplification of rmpA under pre-optimized conditions performed on all 18 test strains of K. pneumoniae. Figure demonstrates the RPA-AGE image of the

amplified products of the rmpA gene, (b) LFA for determining the hypervirulent form

of K. pneumoniae. LFA was performed on 18 clinical test strains of K. pneumoniae

for detecting the presence of rmpA. In line with the data of RPA image of rmpA amplification, two of the test strains, namely K. pneumoniae M59 and KP109 were

tested positive for the presence of rmpA.
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Fig. 4. Validation of CRISPR-assisted diagnostic tool for specificity and cross-reactivity across genera.

detection based on CRISPR-assisted LFA.

(a) rpoB detection based on CRISPR-assisted LFA, (b) rmpA
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Fig. 5. LFA results demonstrating the testing of minimum limit of detection for Klebsiella-specific rmpA. The amount added to the RPA reaction (ng/mL) is shown at
the top of each lane. Lanes with a distinctly brighter test band against the control band were considered to be favouring the test (concentration 1-10°°).

of extended-spectrum beta-lactamases (ESBLs) and carbapenem resis-
tance. The organism is capable of acquisition of numerous virulence
factors by the exchange of foreign mobile genetic elements further
adding up to its noxious characteristics and evading host-immune
response. The bacteria can thrive in a variety of environmental niches
due to metabolic versatility and so are frequent colonisers of mucosal
surfaces (i.e. intestine, upper respiratory tract and urinary tract). The
pathogen is known for its high degree of plasticity and as a virtue of that
possesses the ability to acquire virulent and resistance-conferring plas-
mids [37]. The predominant modes of virulence in K. pneumoniae are
attributed to the factors of enhanced lipopolysaccharide synthesis and
polysaccharide capsules formation, along with fimbrial adhesion and
siderophore production [37,38]. The thick capsule and biofilm endow
the bacteria with high-level resistance to escape the host immune sur-
veillance by obstructing the access of antibodies and antibacterial pep-
tides to the inside of the cell [39]. In the interior core of the biofilm-
protected cells, the bacteria adapt to starvation and that along with
low oxygen availability arrests the growth, thereby diminishing the ef-
ficacy of antibiotics to act on metabolically active and dividing cells
[40,41]. K. pneumoniae biofilms that develop on the inner surfaces of
catheters and other indwelling devices are the most clinically significant

[42]. Patients with impaired immune systems are more susceptible to
the prevalence of K. pneumoniae biofilms which may very likely aid in
the colonisation of the gastrointestinal, respiratory and urinary tracts
and eventually lead to the emergence of invasive infections.
K. pneumoniae’s involvement in causing meningitis, pulmonary pneu-
monia, UTIs, abdominal infections, bacteremia, septicemia and pyo-
genic liver abscess in immunocompromised as well as healthy
individuals have been reported [43-46].

The global market for infectious disease diagnostics rallied at USD
35.5 billion in 2022, and is projected to witness a slight decrease of —1.4
% CAGR hitting 33.1 billion USD by 2027, considering a decline in the
number of reported cases of COVID-19 [47]. Nevertheless, increased
awareness for early disease detection, a shift in prioritising the need to
move centralised laboratories to decentralise POC testing, and technical
advancements are all proving to be driving factors for the market’s
consistency. In a recent article published in Nature, it was reckoned that
CRISPR-based diagnostics rank among seven promising technologies to
stand out in 2022 [48]. CRISPR-based diagnostics work much faster than
culture-based identification methods, as compared to PCR-based testing,
it allows amplification to happen isothermally, thereby minimizing or
nearly abandoning the dependency on specialized instruments. In
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K. pneumoniae, enhanced rmpA production leads to the emergence of
hypermucoviscous phenotype and transcriptional fusions of cps-
promoter regions tend to increase in expression in the presence of
excess rmpA [49]. The presence of virulence-causing rmpA gene is
mainly determined through the PCR [50] and/or MALDI-TOF MS [51]
methods which are instrument-dependent and are not suitable for rapid
diagnosis. These processes are also labour-intensive, lengthy and rely
heavily on sophisticated instruments. Isothermal amplification pro-
cesses, particularly RPA, can steer clear of the usage of any complex
machinery and also carry out amplification in a temperature range of
37-42 °C, thereby defining its suitability for rapid on-site applications.

The two-pot CRISPR-based nucleic acid detection platform contrived
in this study aimed for the rapid and accurate recognition of
K. pnuemoniae species and distinguish the hypervirulent K. pneumoniae
out of the pool of already detected K. pneumoniae. A number of studies
have used rpoB for the identification of K. pneumoniae [52-54]. It is said
that the hypervariable region of this gene, which is located between
positions 2300 and 3300, is the most suited for identification and
phylogenetic discrimination at the species and subspecies level [35].
The CRISPR-assisted K. pneumoniae detection assay was extremely spe-
cific for K. pneumoniae and efficiently identified all of the 18 strains of
K. pneumoniae and achieved 100 % inclusivity and exclusivity applied to
various pathogens (Table 2). Amplification of the target sequence was
first visualized and ensured for correctness by running the resultant
amplicon on AGE. We did not observe any sort of false-positive detection
in this assay. From the diagnostics perspective, this assay gives
instrument-free read-outs, performs at 37 °C and gets done in just two
fluid-handling steps. The target-dependent crRNA designed for the genes
rpoB and rmpA are to be credited for the dependability and accuracy of
this CRISPR-based detection platform. An upper hand of using LFA-
based detection is that the users can visualize the development of
bands on their own with naked eyes and interpret accordingly based on
instructions guided regarding the development of subsequent bands.
Due to its reduced cost and user-friendly nature, LFA for nucleic acid
detection has drawn more interest as the need for diagnosis in envi-
ronments with limited resources. However, no technology is perfect and
therefore with CRISPR-based LFA-based detection too, there exists a
constraint. Despite the quickness, simplicity, stability, and visual qual-
ities of LFA, it lacks the sensitivity necessary to detect important markers
that are present in incredibly small concentrations in a sample, which
limits the applications that can be made of them. A bottleneck of LFA-
based fluorescence detection is the LOD. With increase in dilution, the
LOD tends to diminish, which in our case implies that the collateral
cleavage function of the Cas13a remained dormant since the crRNA for
rmpA did not find the target nucleotide sequence (because of sparsely
available targets) and therefore could not bind to the target strand. Also,
to be recognized as a useful POC diagnostic, a diagnostic tool under
development needs to be thoroughly tested on a variety of clinical
samples and situations. This is especially important for treating acute
infections. Although most of the Klebsiella strains examined in this
investigation were obtained as isolates from blood and urine specimens,
we did not really test the developed diagnostic tool directly on biological
fluids that were potentially contaminated. An inclusive study of this sort
might have offered greater clarity of the tool’s overall effectiveness in its
current version.

Cutting down multiple liquid handling steps and manual operations
readily simplifies the process of detection, minimizes the chances of
cross-contamination and streamlines the detection process for early
detection and timely therapeutic intervention concerned with
K. pneumoniae infections. Also, simplifying diagnostic procedures will
make it much easier to bring analyses near bedside to be handled by less-
trained personnel by following straightforward instructions. This will
not only democratize access to healthcare but also lessen the burden on
healthcare centres and overworked medical personnel. Unfortunately,
despite the knowledge of the fact that consequences from infectious
illness are directly correlated with a prolonged pathogen identification

PA Ccv SM BS
X
X

Cross-reactivity testing
SA

MTCC EC
KP109

ATCC
1705

M6 M10 M33 M35 M36 M40 M48 M49 M50 M52 M53 M55 M57 M59 KPMV 36808
v
X

Species-specific diagnostics
M2
v
x

NTC

LFA results
Target
poB

rmpA

NTC non-template control, KP Klebsiella pneumoniae, EC Escherichia coli, SA Staphylococcus aureus, PA Psuedomonas aeruginosa, CV Chromobacterium violaceum, SM Serratia marcescens, BS Bacillus subtilis.

A symbolic summary of the detection results obtained in this study.

Table 2
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process which only adds to aggravation of the infectious state, conven-
tional hospital laboratories are still constrained by slow, multistep
culture-based assays, which delays therapeutic care in acute and critical-
care settings. This only aids the bacteria to establish a full-fledged
infection. It is envisaged that this technology may take the shape of a
futuristic diagnostic tool wherein individuals may test any of their
biological secretions swabbed from urine, saliva, or nasal lining, in the
comfort of home. An instrument-free mode of result readout would
allow them to observe and interpret outcomes by following a simple
instruction booklet [55].

Piepenburg et al. [56] published their initial findings of the RPA in a
paper entitled “DNA Detection Using Recombination Proteins” and they
were already cognizant of the value of their revolutionary DNA ampli-
fication technique for POC applications. after 17 years the publication of
this seminal study, RPA still is amongst the most widely utilized
isothermal DNA-amplification techniques. But just as no technology in
this world is flawless, RPA is not either. A significant shortcoming of
RPA, in addition to the issue of potential carryover contaminations, is
the non-specific amplification of undesirable products. RPA reactions do
generate some amount of background noise, wherein the resultant
products rarely get sequenced. These artefacts may possibly arise as a
result of undesired interaction of the primers and may sequentially
cumber the desired amplification by unnecessarily consuming primers
and crowding around the assay’s resources [57]. Usually, RPA primers
are quite lengthy (28-35 nt), and with no steps involving temperature
denaturation of DNA, the likelihood of the labelled RPA primers cross-
dimerizing is high, which could be a reason why cross-dimers can pro-
vide misleading positive signals [58]. Such artefacts may themselves
serve as templates for subsequent amplification cycles and thus enter
into an unavoidable phase of exponential amplification. During the
initial course of this study, we were skeptical of RPA results, but fortu-
nately, we stumbled upon Rani et al.’s [59] work on RPA-based LFA
bioassay designed for E. coli and realized that our results were not
actually erroneous. The non-specific products take up the stains of the
DNA dyes which could be a reason for the sheared effect observed in the
non-target strains. Piepenburg et al. [56] had anticipated this flaw of the
RPA method and suggested incorporating an additional enzyme endo-
nuclease IV (nfo) into the RPA reaction to overcome the issue of non-
specific amplification. TwistDx, the company that primarily supplies
RPA reagents used to supply a kit by the name of TwistAmp® nfo kit for
this purpose. However, since 2022, this kit has been discontinued, and
thus if needed, one has to make their own version by simply mixing
endonuclease IV with the TwistAmp® Basic Kit. Since the RPA kit that
we used in our study was just the TwistAmp® Basic Kit, the background
noise may have arrived for that particular reason. A thorough investi-
gation of the same could be found in Tan et al.’s [16] work wherein the
authors have beautifully compiled the pros and cons of RPA. We must
acknowledge the fact that RPA does give some amount of background
amplifications and it may give false-positive results. Amalgamating
technologies or approaches, for instance CRISPR that bring in specificity
to this isothermal amplification technique is sure to take the success of
this tool a notch further.

Similar to this study, Li et al. [60] demonstrated the detection of
rmpA2 gene through an RPA-LFA-based detection protocol without
involving CRISPR-Cas systems. Interestingly, in a quest to find out what
beneficial effect CRISPR may offer to this detection process, especially
when detection is also possible through RPA-LFA method, we came
across work by Zhou et al. [61]. The study was based upon the detection
of S. aureus from food samples and the authors discussed why Cas13a is a
better choice of nuclease than its coequal counterpart Cas12. The rea-
sons were as follows: 1) Casl3a was found to be more active in delin-
eating collateral cleavage activity as compared to Cas12, thus resulting
in enhanced fluorescence. 2) Casl2 requires dsDNA or ssDNA as the
substrate which technically means that a target DNA molecule does not
need to be transcribed into an RNA strand for detection, as in the case of
Cas13 [62]. Zhou et al. [61] found that inclusion of the transcription
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step generates a lot more number of target sequences, resulting in better
sensitivity and considerably lower LOD (1 CFU mL™! of S. aureus for
Casl3a as against 10® CFU mL~! in the case of Casl2a). 3) Most
importantly, this detection platform can leverage the potential of
CRISPR type III effector nuclease Csm6, which is a single strand-specific
endoribonuclease that can work in tandem with Cas13a to accelerate the
collateral cleavage activity and intensify trans-cleavage signal sensi-
tivity [63]. This is not possible with Cas12a. RPA alone can produce
background signals which may lead to false-positive detection. How-
ever, by bringing CRISPR to this scenario, one can harness the specificity
of the crRNA which is the crux of this technology.

Given how quickly K. pneumoniae may transform from a typical gut
commensal to a hypervirulent bug, early detection of biothreat agents,
for instance, hvKp in this case, using highly proficient and ultra-specific
diagnostic tools could evade possibilities of an outbreak of epidemic in
the community. However, it is easier said than done when it comes to
conceiving POC tools since the practical and regulatory sanctions
decelerate or sometimes even impede the transition of laboratory tests
for on-site applications. It goes without saying that when using POC
devices compliance with federal, state and local regulations must be
met. Operational turn-around time is a critical aspect of consideration
for any novel POC to prove its applicability and therefore it is important
that the assay must hold relevance to the current gold standards of
testing. Stability of the crRNA is yet another key element of efficient
CRISPR-assisted diagnostics. Extrinsic influences such as nucleases
could be causing crRNA degradation by affecting its stability and
integrity, thereby impeding pathogen detection. Besides, it is also
important to ensure that the Cas13 nuclease doesn’t lose its effectiveness
due to factors such as storage conditions, incorporation of cryoprotec-
tants, concentration of buffers and salts, pH, lyophilization and several
other factors that could leave significant effects on biomolecule stability
and activity. With time, as the CRISPR-assisted POC technologies
continue to mature, such issues could be systematically addressed and
resolved in order to realize their benefits for the routine care of patients.

5. Conclusion

The CRISPR-based diagnostic approach demonstrated in this study
presents a promising solution for rapid and accurate species-specific
detection of K. pneumoniae. The assay was completed in a span of 1 h
and 10 min (50 min of CRISPR reaction, 15 min of RPA and 5 min of
LFA) at a constant temperature of 37 °C without the need for any specific
instrumentation. The compatibility of this diagnostic tool with paper-
based LFA formats enhances its accessibility, making it easily inter-
pretable even by individuals without specialized training. This CRISPR-
based diagnostic tool could be very useful for rapid and accurate diag-
nosis of K. pneumoniae infection, especially in resource-limited settings.
Persistent efforts invested in this area could facilitate outstretching the
tool to field-level for on-the-spot applications where costly instrumen-
tation is inaccessible or in compromised-resources settings, which will
lessen the dependence on sample collection, transportation and testing
in laboratories.
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