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ABSTRACT: Emergence of novel zoonotic infections among the
human population has increased the burden on global healthcare

Sequence
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systems to curb their spread. To meet the evolutionary agility of R — ? ; ; ; ;
pathogens, it is essential to revamp the existing diagnostic methods f;ogfﬁgzér =

for early detection and characterization of the pathogens at the :ﬁ% (@ deecton 2 ) |H| x| x
molecular level. Padlock probes (PLPs), which can leverage the %% -4 - T 2| v|x|x
power of isothermal nucleic acid amplification techniques (NAAT) e =

such as rolling circle amplification (RCA), are known for their high Feneemnpane R et s ) |@|v|v|e
sensitivity and specificity in detecting a diverse pathogen panel of gi{,‘;ﬂ'ﬁ,‘?gn';’,

studies

interest. However, due to the complexity involved in deciding the
target regions for PLP design and the need for optimization of
multiple experimental parameters, the applicability of RCA has been limited in point-of-care testing for pathogen detection. To
address this gap, we have developed a novel and integrated PLP design pipeline named AutoPLP, which can automate the probe
design process for a diverse pathogen panel of interest. The pipeline is composed of three modules which can perform sequence data
curation, multiple sequence alignment, conservation analysis, filtration based on experimental parameters (T,,, GC content, and
secondary structure formation), and in silico probe validation via potential cross-hybridization check with host genome. The modules
can also take into account the backbone and restriction site information, appropriate combinations of which are incorporated along
with the probe arms to design a complete probe sequence. The potential applications of AutoPLP are showcased through the design
of PLPs for the detection of rabies virus and drug-resistant strains of Mycobacterium tuberculosis.
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he spread of infectious diseases has recently increased at resulting from increased migration and travel trends, has

an alarming pace, with millions of lives being afflicted inevitably led to an increased risk for novel zoonotic infections,
everyday.' Infections such as the recently alarming COVID-19 requiring cross-species surveillance and rapid control of spread
have led to heavy socioeconomic burdens, thus directly among both human and animal populations.” Hence, rapid
affecting the healthcare systems.” Furthermore, the complex diagnostic techniques with high sensitivity and specificity are
and multifaceted nature of infectious diseases challenges our required for early detection of zoonoses caused by AMR strains
ability to curb their spread, thereby providing the opportunity of pathogenic bacteria and hypervariable strains of viruses,
for pathogens to further enhance their evolutionary fitness in which can aid better surveillance, prognosis, and response.
the environment.” The resultant noticeable increase in The era of biotechnology revolution has gifted humanity
pathogen load has alongside supported the evolution of several with an array of bioassay methodologies and advanced readout

platforms to precisely enhance the molecular identification of
pathogens in both temporal and spatial scales.” Popular
diagnostic methods for pathogen detection can be divided
into several subcategories including microbiological assays
targeting the phenotype, serological antigen/antibody detec-
tion assays, and nucleic acid amplification tests (NAATS)
directly targeting the genotype. Preliminary characterization of
the micro-organism of interest is often accomplished through

antimicrobial resistance (AMR) strains.” With the looming
threat of AMR, dysfunctional treatment regimens involving
first- and second-line antibiotics demand attention with
adapting bacterial strains; likewise, the increase in the number
of emerging and reemerging strains of hypervariable viruses at
a global scale equally burdens the healthcare systems.”® Hence,
it is highly necessary to find alternate solutions to diagnose and
tackle infectious diseases in an integrated and rapid manner.
Especially, natural enzymatic adaptations observed in RNA
viruses such as the error-prone polymerase functionality confer Received:  August 23, 2022
high sequence diversity and capability to bypass the species Published: February 15, 2023
barrier, thereby disrupting not only the existing diagnostic

strategies to detect them but also the available therapeutic

options to treat such viral infections.” Further, the increase in

interactions between humans, animals, and pathogens,
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microbiological techniques involving culturing of the pathogen
from the infected specimen through selective and nonselective
enrichment methods, followed by initial identification of the
pathogen from the culture based on selective staining
procedures, and subsequent biochemical confirmation of the
detected pathogen using spectroscopic or other relevant
methods."” The immune response profile of the infected
individual is further studied using serological assays involving
detection of highly specific antigen-antibody interactions.
These methods include enzyme-linked immunosorbent assay
(ELISA), radioimmunoassay (RIA), immunofluorescence
assay (IFA), latex agglutination assay, and hemagglutination
assay. Serological assays designed based on highly pathogen-
specific surface antigens can help pinpoint the pathogens of
interest responsible for the zoonotic infections, based on the
corresponding antibody generated by the human immune
response pathways.''

NAATSs are potential alternatives to microbiological and
serological assays due to their relatively faster mode of
detection and high sensitivity, which are desirable for
constantly monitoring the continually evolving patho-
gens.”'>"> The most popular NAATSs include polymerase
chain reaction (PCR), rolling circle amplification (RCA), loop-
mediated isothermal amplification (LAMP), recombinase
polymerase amplification (RPA), strand displacement amplifi-
cation (SDA), and nucleic acid sequence-based amplification
(NASBA). Among these methods, RCA, LAMP, RPA, SDA,
and NASBA can be classified as isothermal NAATS, as they can
work under a constant temperature, thereby becoming relevant
for applications at the point-of-care (PoC) settings. However,
PCR depends on a carefully designed temperature ramping
protocol to enable the nucleic acid of interest to go through
the three phases of transformation: denaturation, annealing,
and extension.” Further, such a temperature ramping can also
damage the nucleic acid of interest and inactivate the enzymes
involved in the assay.'* As a result, specialized thermostable
DNA polymerases are also necessary to perform PCR. From a
computational perspective, the efficiency of PCR also heavily
depends on the primer design process and the optimality of
various kinetic parameters of the primer sequence, which are
necessary to initiate the extension phase of the PCR cycle. In
this context, isothermal NAATS are advantageous over PCR
assays as they are operative at a constant temperature, and can
amplify the DNA or RNA sequence of interest without
considerable denaturation or a mandatory requisite of
thermostable polymerases.'”"* In specific, the RCA method
is highly revolutionary in that, it is the first method to consider
circular DNA templates as starting material for amplification."”
The underlying advantages include natural replication of DNA
from circular plasmids and viral genomes, possibility of
promoter-independent template recognition in the case of
RNA polymerases, ability to amplify circular DNA as small as a
few tens of nucleotides in size with high efficiency, and
combined high specificity and sensitivity with multiplexing
ability."> These applications demonstrate the potential of RCA
as one of the important isothermal NAATs in molecular
detection of nucleic acid from a truly diverse pathogen panel of
interest. Consequently, RCA has also been extensively utilized
to enhance the detection limit of oligonucleotide probes
specific to zoonotic pathogens such as newcastle disease virus
(NDV),'® zika virus (ZIKV), ebola virus (EBOV), dengue
virus (DENV),"” etc.
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The history of probe design for molecular diagnostics dates
back to 1976 when prenatal diagnosis of a-thalassemia was
performed based on DNA sequence signatures.'® With the
advent of several advancements in molecular biology,
specifically the development of PCR using thermostable
DNA polymerase enzymes, the diagnostics industry has seen
an explosion of DNA and RNA sequence-based pathogen
detection strategies, which were also bolstered further by the
completion of the Human Genome Project.'”*° Today clinical
pathology studies in laboratories are heavily reliant on the
availability of molecular detection methods specific to
pathogens of interest, to arrive at conclusions about disease
severity from clinical samples of patients.”’ This is also
observable in the COVID-19 pandemic where RT-PCR has
become the standard diagnostic test for highly sensitive and
specific detection of several viral variants.”' >’ Rapid
adaptation of the test procedure to address emerging endemic
variants and new waves of the pandemic at a global scale was
also observed. All of these demand stringent probe design
strategies to further a specific and robust detection of the target
of interest. However, with the limitations of PCR-based
detection methods outlined earlier and the apparent difficulties
in designing new sets of probes for every emerging pathogen
and its variants, there is a dire need to automate molecular
probe design strategies, which can leverage the potential of
RCA in accelerating pathogen detection, such as padlock
probes (PLP)** or molecular inversion probes (MIP).”> PLPs
add to the levels of specificity in RCA, as it exclusively resorts
to circle hybridization.'> Together, PLP-RCA being an
underexplored NAAT method for PoC applications can
provide an unprecedented degree of multiplexing, specificity,
versatility, and amenability to integration in miniaturized
platforms."> Herein, we have developed a novel PLP design
pipeline called AutoPLP, to automate the design of PLPs for
molecular detection of zoonotic pathogens, as a case study.

A plethora of nucleic acid probe design methods have been
developed earlier, including Primer3,” chipD,”’ OligoMiner,28
ProbeMaker,”’ PathogenMIPer,?’0 and ProbeDealer.>’ How-
ever, the existing methods for PLP design can consider only a
subset of assay-related technical parameters, speed, time, and
memory requirements into consideration, while automating
the probe design process. To address this critical need for an
advanced and flexible probe design pipeline with general
capability to design probes against any given pathogen of
interest, AutoPLP is proposed in the current study. AutoPLP
improves upon the existing methods by integrating all steps of
the PLP design process into a single framework, from sequence
data curation to cross-hybridization checks. AutoPLP enables
multiplexing at the species level and organism level, by being
able to design probes covering user-defined sets of species or
serotypes of a pathogen of interest, and for a panel of diverse
pathogens, respectively. Unlike the existing PLP design tools
such as ProbeMaker”” and PathogenMIPe1‘,30 AutoPLP checks
for potential secondary structure formation after backbone
integration to ensure that the PLPs do not sequester significant
stretches of nucleotides from target identification, by self-
hybridization. The method has been validated against two
common zoonotic pathogens namely, the rabies virus and
Mycobacterium tuberculosis. Results from AutoPLP show the
potential of the method to support and accelerate the
development of novel molecular diagnostics against zoonotic
pathogens by strategically accounting for all of the relevant
experimental parameters already during the design process.
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B RESULTS AND DISCUSSION

The general features of AutoPLP implementation and the
results from both the case studies are discussed in detail in the
following sections.

Features of AutoPLP Method. AutoPLP method was
implemented in Python (v3.6) and is dependent on BioPython
(v1.79), numpy (v1.18.5), ViennaRNA (v2.4.18), and
WordCloud (v1.8.1) packages. Further, stand-alone versions
of ClustalOmega (v1.2.4), MEGA (v11.0.10), and NCBI
BLAST+ (v2.12.0) packages are also required for automated
MSA, phylogenetic analysis, and cross-hybridization check-
points, respectively. Command-line arguments are used to
parse the input parameters supplied by the user for each stage,
facilitating parallel usage of the AutoPLP method for multiple
organisms. The parameters supported by codes corresponding
to module 1 and module 3 are tabulated as follows (Tables 1
and 2).

Table 1. Input Parameters Supported by Module 1 of
AutoPLP Method with Associated Action Description

flag or input mandatory
parameter description input
- (—-input) a file with NCBI accessions to download. yes
If genome size is large, kindly consider
using specific gene IDs instead of entire
genomes for preprocessing.
-g (--gene_inp) level of alignment - use “gene” if only a yes
specific gene is used and “genome” if
complete genomes are used.
-d (--database) NCBI database ID (default = nuccore) no
- (--email) an e-mail address for Entrez login no
-b (--batch) the number of accessions to process per no
request (default = 100)
-0 (--output_dir)  a directory to write downloaded files to yes
-f (--seqs) folder with .fasta for each genome or for no
the gene from related species
-s (--sense) is the genome negative-sense RNA? no
(yes/no) (default = no)
-h (--help) display all available flags and their no

description for the user

Module 1—pre_process_genomes.py. The automated
functionality of module 1 includes sequence data curation,
filtering, genome classification, preprocessing, and MSA.
Module 1 supports a wide range of input parameters (Table
1) allowing the user to flexibly apply the method depending on
the accessibility of sequence data of interest.

Either -i or -f flag, along with -g, must be invoked to use
module 1. For negative-sense RNA genomes such as the Ebola
virus, module 1 considers both viral RNA and complementary
RNA (cRNA) sequences for PLP design and the genome is
preprocessed accordingly.

Module 3—gene_level PLP_design.py. Module 3 is
responsible for the extraction and filtration of conserved
regions from the MSA, followed by enumeration of all possible
backbone combinations, haplotyping, and finalization of PLP
sequences for experimental validation. Module 3 takes into
account all of the relevant experimental parameters and
conditions necessary for the validation of PLPs including Ty,
GC content, presence of k-mer repeats, and potential self-
hybridization. A list of all of the input parameters supported by
module 3 is tabulated below (Table 2).

Module 3 requires a fixed comma-separated variable (CSV)
file containing the accession numbers, barcode information,
restriction site information, and family assignment obtained
from phylogenetic analysis to design PLPs for the target
organism. As module 3 is independent of the other modules
and vice-versa, sequence data curation and multiple sequence
alignment are also possible via module 3, without initially
invoking module 1. The output from module 3 is a text file
containing the finalized, filtered, consensus PLP sequences for
each family of input sequences, along with the appropriate
choice of barcode sequences and gene coordinates. The output
also includes details on the input parameters utilized for the
calculation and the physicochemical properties of the designed
PLPs.

Designing Padlock Probes Targeting Rabies Virus.
Rabies virus belongs to the Rhabdoviridae family and Lyssavirus
genus. Viruses belonging to the Lyssavirus genus are causative
agents of viral encephalitis, commonly referred to as Rabies
infection. Early detection of rabies in animals and early

Table 2. Input Parameters Supported by Module 3 of AutoPLP Method with Associated Action Description

mandatory
flag or input parameter description input
- (--input) a CSV file with inputs for PLP design (NCBI ID, Barcodel, Restriction site sequence, Barcode2, family) yes
-s1 (--barcodes) a file containing barcode sequences of interest no
-d (--database) NCBI database ID (default = nuccore) no
- (--email) an e-mail address for Entrez login no
-b (--batch) the number of accessions to process per request (default = 100) no
-0 (--output_dir) length of each PLP arm (in nucleotides) (default = 15). A directory to write downloaded files to yes
+f (--seqs) folder with fasta file(s) or name of a single multi-fasta file with all sequences. If sequences have to be downloaded from yes
NCBI, provide “download” keyword as input
-s2 (--sense) is the genome negative-sense RNA? (yes/no) (default = no) no
-1 (--arm_length) length of each PLP arm (in nucleotides) (default = 15) no
-t (~-Tm_thresholds) lower and upper thresholds for probe T, (in celcius). Should be given as a pair inside parathesis no
(t1,t2) where, t1 < t2 (default = (25, 77))
-n (--npergene) number of probes to output for the given set of sequences (default = 3) no
-c (--conservation) conservation (in percentage) expected between probe and target. Note that higher percentage can decrease the number of no
probes output from the code (default = 65%)
-g (--gc_content) lower and upper thresholds for probe G + C content (in percentage). Should be given as a pair inside parathesis no
(gcl, gc2) where, gcl < gc2 (default = (30, 50))
k (~-kmer_repeats)  length of contiguous single nucleotide repeats (Ex: AAAAAA) allowed in the probe sequence (default = 6) no
-h (--help) display all available flags and their description for the user no
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Figure 1. (a) Word cloud summarizing the information collected on molecular detection of rabies virus from literature survey. (b) Phylogenetic
tree obtained from MEGA software using the MSA of rabies genomes generated by AutoPLP Module 1. The three families of rabies virus
considered for padlock probe design are designated as f1, f2, and f3 as labeled in the tree. Species of rabies virus belonging to each of the three

families are grouped together using dotted boxes.

diagnosis of potential rabies infection in humans can lead to
better control of rabies in endemic regions and under-
developed countries. Several studies showcasing the applica-
tion of NAATSs for the rapid detection of rabies virus from
clinical samples have been published. Specifically, the
nucleocapsid (N) gene, RNA-dependent RNA polymerase
(L) gene, and glycoprotein (G) gene have been extensively
studied to extract highly conserved regions, which can serve as
targets for sensitive and specific diagnosis of the infection. In
this case study, the objective was to design PLP sequences with
desired input parameters to accurately detect rabies virus via
RCA.

Literature Survey. To extract information on the genes
commonly targeted for molecular detection and diagnosis of
rabies virus, a detailed literature survey was performed using
PubMed keyword search. Genes, probe regions, sensitivity, and
specificity of various NAAT methods for the detection of
rabies virus were collated. Results from the literature survey
were summarized using a word cloud, which records the
frequency of various terms commonly observed in titles of
articles collated during the literature survey (Figure 1a). Based
on the literature survey it was clear that N, L, and G genes in
the rabies genome are common target regions for design of
primers and probes for molecular detection of rabies infection.

Sequence Data Curation and Preprocessing. Based on the
ICTV nomenclature, the NCBI RefSeq accession numbers of
the genome sequences of 17 rabies species were obtained
(Table 3). With the list of accession numbers, module 1 of
AutoPLP was invoked to automatically download the 17
genomes from NCBI Entrez database.”” The downloaded
sequences were preprocessed and subjected to MSA using the
ClustalOmega stand-alone program. The resultant MSA output
was utilized as input to perform phylogenetic analysis.

Phylogenetic Analysis. The Molecular Evolutionary Genet-
ics Analysis (MEGA) software was used to import the MSA
obtained from Module 1 and generate the phylogenetic tree for
the set of input sequences. The 17 species were subdivided
into three families or taxons based on the clustering observed
in the tree (Figure 1b). According to the families assigned to
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Table 3. NCBI Accession Numbers of the Genome
Sequences of 17 Species of Lyssaviruses Obtained from the
ICTV Nomenclature

NCBI accession number species

EF614259 Aravan lyssavirus
AF081020 Australian bat lyssavirus
JE311903 Bokeloh bat lyssavirus
EU293119 Duvenhage lyssavirus
EF157976 European bat 1 lyssavirus
EF157977 European bat 2 lyssavirus
KU244266 Gannoruwa bat lyssavirus
JX193798 Tkoma lyssavirus
EF614260 Irkut lyssavirus
EF614261 Khujand lyssavirus
EU293108 Lagos bat lyssavirus
KY006983 Lleida bat lyssavirus
Y09762 Mokola lyssavirus
M13215 Rabies lyssavirus
GU170201 Shimoni bat lyssavirus
MF472710 Taiwan bat lyssavirus
EF614258 West Caucasian bat lyssavirus

each viral species, an input file was prepared for the design of
PLPs using module 3.

Padlock Probe Design and Filtration. As discussed eatlier,
a set of finalized parameters (Table S) were used to design
PLPs for the case studies. Using the input file prepared based
on the results from phylogenetic analysis and a set of backbone
sequences and restriction sites of interest (see Supporting
Information 2), module 3 of AutoPLP was designed to
enumerate all possible combinations of backbone sequences,
which are stitched to the probe regions identified based on
sequence conservation, GC content, melting temperature (T,)
and other filtration parameters. This resulted in a final set of
207, 216, and 29 probes for N, L, and G genes, respectively. It
must be noted that the probes output by module 3 are
consensus probe sequences, composed of nonstandard
nucleotides, haplotyping (see Nomenclature Appendix) the
variation or degeneracy of nucleotides in each position of the

https://doi.org/10.1021/acsinfecdis.2c00436
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Figure 2. Kernel density estimation (KDE) plots showing the distribution of various key properties of the probe sequences collected from the
literature (red) in comparison with that of the PLPs designed by AutoPLP (blue) for the rabies virus: (a) probe length; (b) T, (in celcius); (c) GC

content (in %); (d) MFE (in kcal/mol).

probe. The final set of consensus PLPs obtained from
AutoPLP for rabies virus are provided as part of the Supporting
Information 2. The formats followed for input and output files
in AutoPLP method are also outlined as part of the Supporting
information 1 (Section SI).

Analysis of Filtered Probe Sequences. The final set of
probe sequences obtained from AutoPLP method for each
gene of interest in the rabies virus was compared with
analogous probe sequences for molecular detection of rabies
virus, obtained from literature survey, thereby providing a
second level of confirmation for the target binding sequence
information. A significant difference in the size of probe
sequences was observed in the literature, as most of the probes
were designed specifically to RT-PCR assay and were quite
smaller compared to the size of the PLPs from AutoPLP
(Figure 2a). It is notable that the PLPs from AutoPLP had a
constant length of 93 nucleotides. Further, key properties of
the designed probes including T, GC content, and minimum
free energy (MFE) of secondary structure formation were
compared with that of the probes collected from the literature
(Figure 2b—d).

The T,, distribution (Figure 2b) indicates that the PLPs
designed by AutoPLP have a high and narrow range of T,
compared to the probes collected from the literature. This can
be attributed to the wide difference in the length of probe
sequences being compared, which is known to impact the T,
of the sequence due to a potential increase in hydrogen
bonding with the increase in sequence length—for instance,
observable differences between T, for binding regions only
versus T, for the full PLP length (see Supporting information
1—Figure $3).>* The GC content (Figure 2c) of both datasets
of probes was found to lie within 20—60% as desirable. Similar
argument can also be made for the observed difference in MFE
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distributions (Figure 2d) of the two sets of probe sequences.”

The observed differences in Figure 2D can be attributed to the
relatively lower number of sequences available in the literature
for rabies virus being analyzed. However, when extended to
probe sets with increased number of datasets, the differences
can be more pronounced with a noticeable shift in the MFE
levels toward the lower end (see Supporting information 1—
Figure S4).

Designing Padlock Probes Targeting M. Tuberculosis.
Mycobacterium tuberculosis (Mtb) is a pathogen of major
concern due to its ability to withstand both first- and second-
line antibiotics, leading to drug resistance. It can also affect
multiple organ systems of the human body, including spine,
kidney, and brain, leading to extra-pulmonary tuberculosis
(EPTB).** Clinically, two types of tuberculosis have been
identified based on the advent of the infection after exposure to
the pathogen: latent tuberculosis infection (LTBI) and
tuberculosis disease (TB). In the case of LTBI, the infection
is asymptomatic despite exposure to the pathogen, making
diagnosis and treatment equally challenging.” As of 2020, an
estimated 5.8 million people have been infected with TB
globally, with India, Indonesia, and the Philippines being the
worst affected countries.*® The primary genes of interest to
detect emerging extensively drug-resistant TB strains (XDR-
TB) are catalase peroxidase (katG) and DNA-dependent RNA
polymerase f subunit (rpoB) which lead to resistance for the
TB drugs Isoniazid and Rifampicin, respectively. Other target
genes commonly found in the literature for molecular
detection of M. tuberculosis are rrs (16S rRNA gene), devR,
fabGl, gyrA, gyrB, inhA, insertion sequences (I1S1081, 1S6110,
1S986), mpb64, rimM, and sdaA. In this case study, the
objective was to design PLP sequences with desired input
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Figure 3. (a) Word cloud summarizing the information collected on molecular detection of M. tuberculosis from literature survey. Phylogenetic tree
obtained from MEGA software using the MSA of (b) katG and (c) rpoB gene sequences generated by AutoPLP Module 1. Due to the dense
clustering observed in the katG phylogenetic tree, the family definitions considered for probe design are not shown in the figure. A small inset
shows one of the prominent sub-branches in the tree. The two families of rpoB sequences considered for padlock probe design are designated as f1

and f2 as labeled in the tree.

parameters to accurately detect drug-resistant TB strains via
RCA, by targeting the katG and rpoB genes.

Literature Survey. To extract information on the genes
commonly targeted for molecular detection and diagnosis of
Mtb, a detailed literature survey was performed using PubMed
keyword search. Further, TB-specific databases such as the TB
Database (TBDB)”” and TB portals’ were used to obtain
information on various drug-resistant TB strains of interest.
Genes, probe regions, sensitivity, and specificity of various
NAAT methods for the detection of TB were collated. Results
from the literature survey were summarized using a word cloud
(Figure 3a).

Sequence Data Curation and Preprocessing. To target the
katG and rpoB genes of drug-resistant TB strains, PopSet
datasets of katG and rpoB sequences were collected from the
NCBI website and converted into a list of accession numbers
for download. This amounted to a set of 278 katG and S1 rpoB
sequences (Table 4). With the list of accession numbers
(Supporting information 1, Table S2), module 1 of AutoPLP
was invoked to automatically download the gene sequences
from NCBI Entrez database.”” The downloaded sequences
were preprocessed and subjected to MSA using the
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Table 4. NCBI PopSet Dataset Identifiers of the katG and
rpoB Gene Sequences from Drug-Resistant M. tuberculosis
Strains Utilized for the Case Study

gene NCBI PopSet ID no. of sequences

katG 449838665 16
929524375 187
1373737810 75

rpoB 405113443 25
478718539 3
569533973 18
1905476421 3
1917459101 2

ClustalOmega stand-alone program. The resultant MSA output
was utilized as input to perform phylogenetic analysis.
Phylogenetic Analysis. The Molecular Evolutionary Genet-
ics Analysis (MEGA) software was used to import the MSA
obtained from Module 1 and generate the phylogenetic tree for
the set of input sequences. The neighbor-joining method with
Tamura—Nei distance model was used to build the
phylogenetic tree, and the katG and rpoB gene sequences
were subdivided into three and two families, respectively,
based on the clustering observed in the tree (Figure 3b,c).
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According to the families assigned to each gene sequence, an
input file was prepared for the design of PLPs using module 3.

Padlock Probe Design and Filtration. As discussed earlier,
a set of finalized parameters (Table S) were used to design

Table S. Input Parameters for the AutoPLP Method for
Design of PLPs for the Case Studies Showcased in This
Work”

rabies M.
parameter virus tuberculosis

negative-sense RNA genome no no

length of PLP arms (in nt) 20 20

T, thresholds (in °C) (25, 77) (25, 85)
minimum number of probes to output per gene 3 3
sequence conservation threshold (in %) 65 S0

GC content threshold (in %) (30, 50) (30, 50)
repeated bases threshold (in nt) 6 6

“nt—nucleotides.

PLPs for the case studies. Using the input file prepared based
on the results from phylogenetic analysis and a set of backbone
sequences encompassing detection and restriction sites of
interest, module 3 of AutoPLP was designed to enumerate all
possible combinations of backbone sequences, which are
stitched to the probe regions identified based on sequence
conservation, GC content, melting temperature (T,) and
other filtration parameters. This resulted in a final set of 11 and
2 probes for katG and rpoB genes, respectively. It must be
noted that the probes output by module 3 are consensus probe
sequences, composed of nonstandard nucleotides haplotyping
(see Nomenclature Appendix) the variation or degeneracy of
nucleotides in each position of the probe. The final set of
consensus PLPs obtained from AutoPLP for Mtb are provided
as part of the Supporting Information 2. The formats followed

for input and output files in AutoPLP method are also outlined
as part of the Supporting information 1 (Section S1).

Future Perspectives. The AutoPLP pipeline currently
provides automated modules for over 70% of the function-
alities necessary for successful PLP design experiments,
reducing the manual intervention required in the process.
However, the key element of PLP design, namely, the target
region or gene selection, remains in the manual module
(Module 2) to facilitate flexibility to the user in considering
tested target regions from an extensive literature survey. The
upcoming version(s) of AutoPLP will be aimed at automating
the literature mining analysis with machine learning and
artificial intelligence-based methods,®® to automate the target
region selection for PLP design. The identified target regions
will be at user discretion within Module 2. Further, some
advanced parameters such as the sinusoidal template length-
dependent amplification bias observed in RCA," will be
considered in Module 3, to suggest optimal PLP length for
amplification of longer probe sequences.

B CONCLUSIONS

In this study, a novel method was developed to enable rapid
design of PLPs for diagnosis of zoonotic infections. The
method automates key phases of the probe design pipeline in
three modules and provides control over multiple experimental
parameters of interest, which can increase the in vitro detection
efficiency of the designed PLP. In silico validation of the
method was performed by designing PLPs targeting multiple
genes of interest in Rabies virus and M. tuberculosis.
Specifically, probes were designed against genes responsible
for antimicrobial resistance in multiple strains of M. tuber-
culosis, to test the ability of the method when applied on
sequences of high diversity. The filtered set of probes from the
method were further compared with existing probes collected

Genome
Pathogen Sequence data classification
panel c: l?ltt'or) and
ALY pre-processing
* Curation of ) » Three genome classes

genomes/annotation (+*sSRNA, -ssRNA,

s from sequence dsDNA)

databases

Reverse transcription

* Redundancy check of ssSRNA genomes

Data mining for

identification of

conserved
regions

Phylogenetic
analysis

Literature survey ]

* Keyword search-

Multiple sequence
alignment (MSA)
Phylogenetic free
construction

y

based literature
curation
Prioritization (Year,
Journal, Citations,

Delineation of
families/clades of
pathogen species

Credibility,
Reproducibility)

Pathogen-specific
databases

+ Parasites: WormBase,

Tools: WordCloud

Tools: Geneious Prime

MEGA, ClustalO, EMBL EMBOSS suite

PlasmoDB

* Viruses: NCBI Virus,
GISAID

+ Bacteria: Ensembl
Bacteria, NCBI Microbial
Genomes, TB Database

v

Experimental/Diagnostic Final set of Cross-hybridization Haplotyping Initial set of
validation probe candidates checkpoint and filtering probe candidates
* BLASTn search * Haplotyping
Key against host genomes, degenerate positions
if any * Sequence-level fiters
Module 1 * Cross-pathogen probe (Conservation, length,
hybridization check in T,, GC content)
Module 2 case of multiplexing +  Structure-level filters
Module 3 S (Potential secondary

ST+ package structure formation)

Tools: RNAfold

Figure 4. Overall architecture of AutoPLP with the components of each primary module shown in different colors.

465

https://doi.org/10.1021/acsinfecdis.2c00436
ACS Infect. Dis. 2023, 9, 459—469


https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00436/suppl_file/id2c00436_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00436/suppl_file/id2c00436_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00436/suppl_file/id2c00436_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00436?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00436?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00436?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00436?fig=fig4&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

from the literature in terms of their property profiles. The
results show the potential of this method to accelerate the
development of novel molecular diagnostics against zoonotic
pathogens by accounting for all of the relevant experimental
parameters during the design process.

B MATERIALS AND METHODS

AutoPLP is a novel pipeline developed in this study to facilitate
rapid design of PLPs or MIPs for the detection of any
pathogen of interest (for details on the interaction of PLPs
with target genes of interest, see refs 15, 16). The pipeline has
been developed in a modular manner with three primary
modules as described below. In silico validation of AutoPLP
was performed through the design of PLPs for a hypervariable
virus and a multidrug-resistant bacterium, as part of a zoonotic
pathogen panel.

Overview of AutoPLP. The overall architecture of
AutoPLP consists of several components, which can be
grouped under three primary modules (Figure 4).

Module 1. The objective of module 1 is to collect sequence
information (genomes or gene sequences) for various species
of a pathogen of interest and establish the taxonomical
hierarchy of the pathogen through phylogenetic analysis. To
achieve this, module 1 utilizes the following three sub-modules.

e Sequence data curation and filtering: This sub-module
takes the NCBI accession identifiers for the genomes or
genes of interest as input, for a list of species/strains for
every pathogen of a panel. The genome or gene
sequences are automatically downloaded in FASTA
format,*' into a user-defined path in the system by
connecting with the NCBI Entrez database®™ using
BioPython.* The user can also entirely bypass this step
by providing a path to a folder containing the genome or
gene sequences in FASTA format. This is specifically
useful in cases where the sequence information has to be
curated from alternate sources other than the NCBI
Entrez database.*” An initial filtering is done at this point
by a redundancy check for the removal of any duplicated
sequence information.

e Genome classification and preprocessing: This sub-
module classifies the input genome sequences into one
of the following three categories: negative-sense single-
stranded RNA genomes, positive-sense single-stranded
RNA genomes, and double-stranded genomes. This step
is essential in the case of pathogen panels involving
viruses, where negative-sense RNA genomes are
possible, such as the Ebola virus.'"” For positive-sense
single-stranded RNA genomes, the genome sequence
can be directly used in probe design. For negative-sense
single-stranded RNA genomes, the genome is consid-
ered as viral RNA (vVRNA), with polarity opposite to that
of the viral mRNA or complementary RNA (cRNA).
Therefore, the module performs reverse transcription on
the vRNA to obtain the cRNA, with the same polarity as
that of the viral mRNA. During the later stages of PLP
design, probes will be designed against both vVRNA and
cRNA sequences for organisms with negative-sense
single-stranded RNA genome.

e Multiple sequence alignment (MSA): In this penultimate
sub-module of module 1, an MSA is performed for the
curated genome or gene sequences using the ClustalO-
mega program®* from the EMBL EMBOSS suite.*” The
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gap open and gap extension penalties for the MSA are
kept at their default values, but can be modified as per
user preference. The FASTA format output from
ClustalOmega can be used as input to Module 2 of
AutoPLP, which is described below. While using module
1, it is advisable to supply genome sequences for
performing the MSA only if the genome size is less than
20 kilo-base pairs (kbp). Otherwise, supplying the
sequences of a gene of interest for which PLPs have to
be designed, rather than the whole genome sequence,
will provide a better trade-off between the time taken for
MSA and the PLP design. It is notable that this choice is
at the discretion of the user depending on the pathogen,
time, and computational resources available to design
PLPs.

Module 2. This is the only module requiring manual
intervention in AutoPLP. The objective of this module is
twofold: delineating the taxonomical hierarchy of the pathogen
using the MSA output from module 1, and mining existing
literature and pathogen-specific databases for identification of
highly conserved regions in their genes or genomes, which are
potential target regions for PLP design. Likewise, for emerging
and reemerging strains of pathogens, the hypervariable regions
responsible for the generation of novel variants can also be
effectively targeted using this approach.

e Phylogenetic analysis: The MSA output in FASTA
format obtained from module 1 can be used as input to
existing phylogenetic analysis tools such as MEGA*® or
the commercially available Geneious Prime. With a
suitable choice of evolutionary distance model and tree-
building method available in the tool, the phylogenetic
tree can be obtained for the set of gene or genome
sequences considered as input. For the validation of
AutoPLP, MEGA was used as the tool for phylogenetic
analysis with the Tamura—Nei distance model,*” to
construct dendrograms using the neighbor-joining
method. Using standard tree-cut approaches available
in the literature to define groups of taxa, the different
sub-families present in the organism can be identified.

e Data mining for identification of conserved regions: One
of the critical steps of PLP design for the detection of a
pathogen is the identification of the target gene or
genetic region of interest. Selection of such regions can
be made by identification of pathogen-associated
molecular patterns (PAMPs), which are conserved
regions of the pathogen genome coding for gene
products capable of triggering the innate immune
response in the host immune system.”® Based on
existing literature on NAAT for oligonucleotide-based
pathogen detection, such highly conserved regions
within the pathogen genome or pathogen-specific
genes can be identified, which are ideal candidates for
probe design. Such genes or genetic regions should not
have any considerable similarity to the host genome
(human genome in most cases), to ensure specificity of
the PLPs in binding to the target region of the pathogen.
Apart from literature mining, conserved genes and
genetic regions can also be identified using pathogen-
specific databases. The results from this sub-module can
be visualized using word clouds to understand the
relative frequency of observation of various pathogen
detection methods.
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Module 3. The objective of this module is to filter, freeze,
and finalize (FFF) the PLP sequences for a target gene of
interest in a pathogen.

o Initial set of probe candidates: Based on the taxonomical
hierarchy for the pathogenic species/strains obtained
from module 1 and a target gene identified from module
2, this sub-module can extract subsequences of user-
defined length from the target gene sequences for each
sub-family of the organism. This is achieved using a
sliding-window approach where the window size is
controlled based on the user-defined parameter “Arm
length”, referring to the length of oligonucleotide bases
involved in the target binding.

e Haplotyping and filtering: Haplotyping (see Nomencla-
ture Appendix) is used to cluster groups of degenerate
target sequences into a consensus sequence, against
which the probes will be designed. Positions of variation
in the consensus sequence can be substituted with
Wobble base pairs to enhance the variation tolerance of
the designed probes. To further facilitate the direct
applicability of the extracted probe sequences for the
development of an isothermal NAAT, several filtration
parameters are applied on both the probe and target
sequences, which are described below.

® Probe length: Length of the 5" and 3’ arms of the
PLP. Default value is set to 15 nucleotides per
arm, capable of hybridizing to a target region of 30
nucleotides in length.

o Sequence conservation: Percentage conservation of
nucleotide positions expected in the target sub-
sequence. The default conservation percentage is
set to 65% of the target sub-sequence length, as
the probability of observing a longer conserved
region in the target gene can decrease drastically
as the number of sequences or species in a sub-
family of the organism increases, due to alignment
errors li;icggng to ambiguously aligned regions
(AARs)."”

o T, threshold: Melting temperature (T,,) of the
probe sequence, initially done for the target
binding region, and then extended to the entire
PLP length including the backbone. Default range
for T, is set from 25 to 77 °C, to allow a wide
operating temperature for the probe sequence
without denaturation from the hybridized state. In
specific, the lower range caters to experimental
conditions involving room temperature which is
more relevant for isothermal NAATs, while the
upper range is based on the operating temperature
of the enzymes used in experiments. A more
stringent threshold can be enforced during post-
processing of the finalized probe sequences, to
obtain a smaller subset of probes with high
confidence. T, is calculated based on an
implementation of the nearest-neighbor thermo-
dynamics method.

o GC content: Although T, and GC content are
highly correlated, this filtration parameter is
explicitly enforced to increase the stringency of
the output probes from AutoPLP. The default
range of percentage GC content of the target
sequence is set from 30 to 50% and can be
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modified as per user requirement to tailor the
pipeline for the organism of interest.

o Self-hybridization potential: Percentage of nucleo-
tides in the target sub-sequence and probe
sequence, which can be tolerated in a potential
secondary structure formed by base-pairing with
itself (self-hybridization). The default value is set
to a maximum of 30% of nucleotides in the stem
region of the predicted secondary structure for the
target sequence or the probe sequence. The entire
PLP length has been considered in the current
version for the internal loop formation check;
however, as required for mutation studies,
emphasis can be laid specifically on the 3’ or 5’
ends and the associated loop formation therein.
The RNAfold algorithm in the ViennaRNA
python package is used to predict the secondary
structure for a given oligonucleotide sequence.

o Cross-hybridization checkpoint: The probes obtained
after filtration must be checked for potential cross-
hybridization with the host genome (in most cases,
human genome), to prevent the probes from generating
false positive or spurious signals during pathogen
detection in vitro by experimental validation. In the
event of multiplexing, it is also necessary to check for
cross-hybridization of filtered probes from each organ-
ism with the genomes of other organisms both within
and outside the panel considered for study. This will
ensure that the probes are specific enough to identify
only the pathogen of interest, and will not generate false
positives due to cross-pathogen targeting.

The final set of probe candidates obtained from AutoPLP
will be directly amenable to experimental validation for highly
specific and sensitive detection of the pathogen of interest from
clinical samples. Apart from the experimental parameters
considered in the current version of AutoPLP, it would also be
interesting to consider advanced criteria such as ligase-specific
footprints to allow for potential regions of mismatches between
the PLP and the target region, and application of a composite
scoring function to rank the output PLPs for further
experimental validation. Future versions of AutoPLP can also
include a specific analysis sub-module to compare the critical
parameters of the designed PLPs with that of the nucleic acid
probes existing in the literature for the pathogenic gene of
interest.

Case Studies Using AutoPLP. To showcase the
application of the AutoPLP method, a panel of two pathogenic
micro-organisms, namely, the rabies virus and M. tuberculosis
are considered for PLP design. The following parameter
settings are used for probe design using AutoPLP for each
organism (Table S). The changes in parameter values between
the two organisms are made to accommodate the differences
observed in sequence diversity.

The resultant probes are compared with the existing
oligonucleotide probes in literature, to elucidate the differences
in the parameter distributions of the designed PLPs. Further,
the time taken by AutoPLP to design PLPs for the two
organisms is also documented.
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The source code for AutoPLP method will be made available
upon request.
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The Supporting Information is available free of charge at
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Supporting information 1: Input and output file
formats supported by AutoPLP, list of noncanonical
alphabets used in nucleotide nomenclature, list of
accession numbers of Mtb katG and rpoB sequences
used in the case study, Nomenclature Appendix, along
with supporting figures (PDF)

Supporting information 2: List of chosen backbone
sequences and final list of padlock probe sequences
designed by the AutoPLP method for target genes of
interest in Rabies virus and Mtb (XLSX)
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