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Background: Acinetobacter calcoaceticus–baumannii (ACB) complex has emerged as
an important nosocomial pathogen and is associated with life-threatening infections,
especially among ICU patients, including neonates. Carbapenem resistance in
Acinetobacter baumannii has emerged globally and is commonly mediated by blaOXA-23.
Clinically significant infections with carbapenem-resistant Acinetobacter baumannii (CRAB)
are a major concern since therapeutic options are limited and associated mortality is high.
Early diagnosis of both the pathogen and resistance is important to initiate the optimal
therapy and prevent selection of resistance. In the current study, a loop-mediated isothermal
amplification (LAMP) assay was developed for rapid detection of the ACB complex and
carbapenem resistance mediated by blaOXA-23.

Methodology: Universal LAMP primers were designed for the detection of significant
members of the ACB complex and carbapenem resistance targeting the ITS 16S–23S
rRNA and blaOXA-23 gene respectively. The optimal conditions for the LAMP assay were
standardized for each primer set using standard ATCC strains. The sensitivity of the LAMP
assay was assessed based on the limit of detection (LOD) using different DNA
concentrations and colony counts. The specificity of LAMP was determined using the
non-ACB complex and non-Acinetobacter species. The results of the LAMP assay were
compared with those of polymerase chain reaction (PCR).

Results: The optimal temperature for the LAMP assay was 65°C, and the detection time
varied with various primers designed. Using the ITS Ab1 primer, LODs of LAMP and PCR
assays were 100 pg/μl and 1 ng/μl of DNA concentration and 104 cfu/ml and 108 cfu/ml of
colony count, respectively. The LAMP assay was 10- and 104-fold more sensitive than
PCR using DNA concentration and colony count, respectively. The LAMP assay was found
to be specific for clinically important ACB complex species.
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Significance of the study: The LAMP assay can be applied for early detection of
significant species of the ACB complex from clinical samples and their carbapenem-
resistant variants. Depending on the emerging pathogen and locally prevalent resistance
genes, the LAMP assay can bemodified for detection of colonization or infection by various
resistant bugs.

Keywords: Acinetobacter calcoaceticus–baumannii (ACB) complex, carbapenem-resistant Acinetobacter
baumannii (CRAB), loop-mediated isothermal amplification (LAMP) assay, internal transcribing spacer (ITS)
16S–23S rRNA, polymerase chain reaction (PCR), limit of detection (LOD)

INTRODUCTION

Acinetobacter species are a group of aerobic, non-fermentative,
oxidase-negative, non-motile, gram-negative coccobacilli, and
they have emerged as important opportunistic pathogens in
healthcare facilities (Peleg et al., 2008; Howard et al., 2012;
Akrami and Namvar, 2019). The Acinetobacter
calcoaceticus–baumannii (ACB) complex is most commonly
associated with life-threatening infections in humans such as
sepsis and ventilator-associated pneumonia (VAP). The ACB
complex comprises four different members: Acinetobacter
baumannii (A. baumannii), Acinetobacter pittii (A. pittii;
genomospecies 3), Acinetobacter nosocomialis (A. nosocomialis;
genomospecies 13TU), and Acinetobacter calcoaceticus (A.
calcoaceticus) (Prashanth and Badrinath, 2006; Chusri et al.,
2014).

Within the ACB complex, A. baumannii has emerged as an
important pathogen associated with a variety of nosocomial
infections, including bacteremia, pneumonia, meningitis, and
urinary tract and surgical site infections (Manchanda et al.,
2010; Chen et al., 2014). A. baumannii has rapidly acquired
resistance to multiple antibiotics, and multidrug resistance
(MDR) is common. Recently, studies have reported that the
infection rates of A. pittii and A. nosocomialis have been
gradually increasing among hospital patients (Nemec et al.,
2011; Wang X et al., 2013; Chusri et al., 2014).

Carbapenem resistance in MDR A. baumannii has emerged
globally, and infections with carbapenem-resistant Acinetobacter
baumannii (CRAB) are of major concern as limited therapeutic
options are available for management and they are associated
with high mortality (Lemos et al., 2014; Butler et al., 2019). The
reported mortality rate among patients with sepsis caused by A.
baumannii is up to 20% in neonates and varies from 16.3%
(outside ICU) to 43.4% (within ICU) among adults (Peleg et al.,
2008; De et al., 2013; Nazir, 2019). The β-lactam resistance in A.
baumannii is mediated by various β-lactam–hydrolyzing
enzymes, i.e., class A (extended-spectrum β-lactamases,
ESBLs), class B (metallo-β-lactamases, MBLs), class C
(ampicillinase C, AmpC), and class D (OXA type). The
subgroups of carbapenem-hydrolyzing OXA’s enzymes
prevalent in A. baumannii are OXA-23, OXA-24, OXA-51,
and OXA-58 (Butler et al., 2019). However, the blaOXA-23 gene
has been disseminated worldwide, and the frequency of OXA-23
producing A. baumannii strains in clinical settings is significantly
high (Hsu et al., 2017; Butler et al., 2019; Jain et al., 2019; Kumar
et al., 2019; Vijayakumar et al., 2019). These enzymes are

primarily encoded on plasmids and easily transmissible within
gram-negative bacteria.

In patients with sepsis, early detection of both the pathogen
and associated drug resistance is important for optimizing
therapy and preventing selection of resistance. Every 1-h delay
in antibiotics may lead to a 3–7% increase in the odds of a poor
outcome (Seymour et al., 2017). The turnaround time (TAT), for
identification of the pathogen along with its sensitivity profile, is
at least 24–48 h using culture-based diagnostic methods
(conventional or automated) (Ahmad et al., 2017). In recent
years, MALDI-TOF (matrix-assisted laser desorption ionization
time-of-flight) mass spectrometry has been established as a
diagnostic tool for identification of microorganisms from pure
cultures. However, the high initial investment for the equipment
and its limited application for detection of drug resistance in
routine diagnostic laboratories are some of the major existing
challenges (Kostrzewa et al., 2013; Oviaño at al., 2016).
Molecular-based techniques, like polymerase chain reaction
(PCR), can further reduce the TAT for the final result with
better specificity but are not widely used in resource-limited
countries as they require considerable skill, expensive
equipment, and trained personnel (Drapała and Kordalewska,
2013). A simple, cost-effective, and rapid method is required to
detect both the pathogen and associated antibiotic resistance
within the shortest TAT in hospitals with limited resources.

In recent years, loop-mediated isothermal amplification
(LAMP) is a widely used technique for rapid diagnosis of
infectious diseases in hospitals as it offers a field-friendly
alternative to PCR (Drapała and Kordalewska, 2013).
Previously, the LAMP assay has been widely used for
detection of various pathogens, including influenza A subtypes
H1N1, H5N1, and H7N9, Mycoplasma pneumoniae,
Mycobacterium tuberculosis, Neisseria meningitidis,
Plasmodium vivax, and human immunodeficiency virus
(McKenna et al., 2011; Haleyur et al., 2014; Modak et al.,
2016; Yadav et al., 2017; Ahn et al., 2019).

LAMP is a simple, rapid, and specific tool that amplifies the
DNA under isothermal conditions using Bacillus
stearothermophilus (Bst) DNA polymerase and a set of four
(to six) specifically designed primers. The ease of detection of
amplification and the simplicity of the assay are the hallmarks of
this technique (Notomi et al., 2002; Abdullahi et al., 2015). In
addition, it eliminates the need for expensive equipment or
technical expertise. Hence, it can be used as a rapid tool for
point-of-care (POC) diagnosis in healthcare facilities particularly
in the resource-constrained settings.
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Studies for detection of A. baumannii using the LAMP assay
are scarce and are limited to detection of either A. baumannii or
carbapenem resistance (Soo et al., 2013; Wang Q et al., 2013; Li
et al., 2015; Yamamoto et al., 2015; Garciglia et al., 2020; Khirala
et., 2020; Tesalona et al., 2020). In the present study, the LAMP
assay was designed for detection of clinically significant members
of the ACB complex (A. baumannii, A. pittii, and A.
nosocomialis) and associated carbapenem resistance.

MATERIAL AND METHODS

Study Settings (Study Site and Ethical
Consideration)
The study was conducted at the Department of Microbiology,
Vardhman Mahavir Medical College and Safdarjung Hospital,
New Delhi, from May 2018 to February 2019. The LAMP assay
was standardized for detection of clinically significant members
of the Acinetobacter calcoaceticus–baumannii complex (A.
baumannii, A. pittii, and A. nosocomialis) targeting the
internal transcribing spacer (ITS) region between 16S and 23S
rRNA genes and associated carbapenem resistance mediated by
blaOXA-23. This study was approved by the institutional ethics
committee (IEC/VMMC/SJH/Project/April 2018/1056). The
workflow of the study is summarized in Figure 1.

Design of LAMP Primers
Universal LAMP primers were designed for detection of A.
baumannii, A. pittii, and A. nosocomialis using nucleotide
sequences of the ITS region between 16S and 23S rRNA genes

of respective strains. A total of 10 sequences (four sequences each
from A. baumannii and A. pittii and two sequences from A.
nosocomialis) were retrieved from the NCBI database (http://
www.ncbi.nlm.nih.gov/) using respective GeneBank accession
numbers: AY601823.2, AY601826.1, AY601825.1, AY601824.1
(A. baumannii), EU030650.1, EU030647.1, AY601827.2,
AY601829.1 (A. pittii), and AY601830.2, FJ360743.1 (A.
nosocomialis). Using the BioEdit Sequence Alignment Editor
(Informer Technologies, Inc.), a common sequence was aligned
from the conserved location of these 10 sequences (Figure 2A).
However, within this common sequence, different nucleotide bases
were present in A. baumannii, A. nosocomialis, and A. pittii at
position numbers 153 (G,G,A), 178 (T,C,C), 279 (T,T,G), and 308
(A,G,G). Nucleotide bases located at positions 153, 178, 279, and
308 were replaced bymixed bases R, Y, K, and R, respectively, and a
consensus sequence was generated (Figure 3).

• Alignment of the above 10 sequences demonstrates that our
consensus sequence is conserved across the diverse
sequence of three species (Figure 2A). Hence, the
consensus ITS 16S–23S rRNA sequence shown in
Figure 3 was finally used to design the LAMP primers
that included forward and backward outer primers (F3 and
B3), forward and backward inner primers [FIP(F1c + F2)
and BIP(B1c + B2)], and forward and backward loop
primers (LF and LB). This consensus sequence was also
aligned with the sequence of Acinetobacter calcoaceticus and
non-ACB complex species (A. lwoffii, A. radioresistens, A.
haemolyticus, and A. junii) to study the specificity of
primers (Figure 2B).

FIGURE 1 | Summary of the study workflow.
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• A total of 30 sets of outer and inner LAMP primers were
designed using Primer Explorer V5 version software
(Eiken Chemical Co., Ltd., Tokyo, Japan). The selection
of primers was based on various criteria and included
length (18–25 bp), melting temperature (Tm) (60–63°C for
F1c and B1c and 55–58°C for F2, B2, F3, and B3), GC
content (30–65%), and the distance between primers
(120–180 bp for F2 and B2, 45–60 bp for F2 and F1c,
2–20 bp for F3 and F2, and 5–100 bp for F1c and B1c).
Five sets of ITS primers were selected based on the stability
of either end of each primer (using the dG value
≤−4.0 K cal/mol). However, positions of bases were
shifted in order to design the loop primers manually
and to fulfill the selection criteria. Finally, all the primer
sequences were tested against the Basic Local Alignment
Search Tool-National Center for Biotechnology
Information (BLAST-NCBI, http://blast.ncbi.nlm.nih.
gov/Blast.cgi) to ensure specificity.

The blaOXA-23-mediated carbapenem resistance was detected
using OXA-23 LAMP primers described previously by
Yamamoto et al. (2015).

Performance of the LAMP assay was validated with PCR.
Forward and backward outer LAMP primers (F3 and B3) of ITS
and OXA-23 were used for the PCR assay. The primers used in
this study were procured from Integrated DNA Technologies,
Inc., United States, in lyophilized form (Table 1). Primers were
reconstituted using nuclease-free water and stored at −20°C.

Selection of Bacterial Strains and DNA
Extraction
A. baumanniiATCC 19606 and a pre-characterized carbapenem-
resistant clinical isolate of A. baumannii positive for blaOXA-23
(CRAB/05/RICU/VMMC-SJH) were used to standardize the
LAMP and PCR assays. The specificity of assay was
determined using diverse strains of A. baumannii (N � 30), A.

FIGURE 2 | (A) shows the alignment of sequence of diverse isolates of A. baumannii (N�4), A. pittii (N � 4), and A. nosocomialis (N�2) and demonstrates that the
sequences are conserved across diverse isolates of three species except few locations. (B) shows the alignment of our consensus ITS 16S–23S rRNA sequencewith the
sequence of other Acinetobacter species (A. calcoaceticus, A. lwoffii, A. radioresistens, A. haemolyticus, and A. junii). The presence of the non-conserved region at
locations from 140 to 210 (where our two to three primers are aligned) demonstrates that our LAMP primers were not specific for other Acinetobacter species.
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FIGURE 3 | A universal consensus sequence of the ITS 16S–23S rRNA gene that was used to design the LAMP primers for detection of significant members of the
Acinetobacter calcoaceticus–baumannii (ACB) complex. Red color bases signify the mixed bases used in place of different bases present in A. baumannii, A.
nosocomialis, and A. pittii. The sequences sites for ITS Ab1 and Ab2 LAMP primers are designated by upper and lower horizontal arrows, respectively. Right and left
arrows indicate sense and reverse complementary sequences that were used.

TABLE 1 | Primers used in the study.

Target gene (primer) Primer type Primer sequences (59–39) Reference

16S–23S rRNA Internal Transcribed Spacer (ITS Ab1) ITS Ab1 F3a CACAACAAGTTGTTCTTCATAGAT This study
ITS Ab1 B3a CGAACTCCTGACCTCCTG
ITS Ab1 FIP AGACTTGAACTTGTGACCCCACTGAGGGTCTGTAGCTCAG
ITS Ab1 BIP ACCATGACTTTGACTGGTTRAAGTTCGCTCTACCAACTAA

GCTAAG
ITS Ab1 LF TCAAGCGTGTGCTCTAACC
ITS Ab1 LB GATACATGAYTGATGATGTAAGCTG

16S–23S rRNA Internal Transcribed Spacer (ITS Ab2) ITS Ab2 F3a AGATGTATCTGAGGGTCTGT This study
ITS Ab2 B3a TTCTGGTGGAGACTAGGA
ITS Ab2 FIP ATGGTGGGTCTGACAAGACTTGTCAGTTGGTTAGAGCACAC
ITS Ab2 BIP ACATGAYTGATGATGTAAGCTGGGGGTCGAACTCCTGACC

TC
ITS Ab2 LF GATAAGCGTGGGGTCACAAG
ITS Ab2 LB CAGGCGCTCTACCAACTAAGC

blaOXA-23 (OXA-23) OXA-23 F3a GAAGCCATGAAGCTTTCTG Yamamoto N et al., 2015
OXA-23 B3a GTATGTGCTAATTGGGAAACA
OXA-23 FIP ACCGAAACCAATACGTTTTACTTCTCAGTCCCAGTCTATCAGGA
OXA-23 BIP CTGAAATTGGACAGCAGGTTGACTCTACCTCTTGAATAGGCG
OXA-23 LF TTTTGCATGAGATCAAGACCGA
OXA-23 LB CTGGTTGGTAGGACCATTAAAGGTT

F3, forward outer primer; B3, backward outer primer; FIP, forward inner primer; BIP, backward inner primer; LF, loop forward primer; LB, loop backward primer. MP primers are used for
amplification of ITS 16S–23S rRNA for identification of clinically significant members of the Acinetobacter calcoaceticus–baumannii (ACB) complex and blaOXA-23 gene for detection of
carbapenem resistance.
aForward and backward outer primers (F3 and B3) of each set of LAMP primers were used for PCR.
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pittii (N � 6), A. nosocomialis (N � 2), non-ACB complex species
(N � 21), and non-Acinetobacter species (N � 10). Details of
bacterial strains used in this study are summarized in Table 2.

All reference and clinical strains were sub-cultured on
Mueller Hinton Agar (MHA) [HiMedia Pvt. Ltd., India] and
incubated at 37°C. After overnight incubation, genomic DNA
was extracted using the boiling prep method described
previously (Li et al., 2015) with modifications. Briefly, two or
three isolated colonies of organisms were suspended in 100 µl of
nuclease-free water and mixed well. Bacterial suspension was
heated at 100°C for 15 min and then placed on ice for 10 min.

Finally, suspension was centrifuged at 12,000 rpm for 5 min.
Approximately 60 µl of the supernatant was stored at −20°C for
LAMP and PCR assays.

Controls for LAMP and PCR Assays
The positive control (PC) and negative control (NC) used for the
LAMP and PCR assays included A. baumannii ATCC 19606 and
Escherichia coli (E. coli) ATCC 25922 for ITS primers and CRAB/
05/RICU/VMMC-SJH and A. baumannii ATCC 19606 for OXA-
23 primers, respectively. For all the reactions, nuclease-free water
(NFW) was used as a reagent control (RC).

TABLE 2 | Details of bacterial strains used in the study.

Details of bacterial strains

Non-Acinetobacter species No. Type

Staphylococcus aureus ATCC 25923 1 Reference
Enterococcus faecalis ATCC 29212 1
Escherichia coli ATCC 25922 1
Klebsiella pneumoniae ATCC BAA 1705 1
Enterobacter cloacae ATCC 700323 1
Candida krusei ATCC 6258 1
Pseudomonas aeruginosa ATCC 27858 1
Serratia marcescens 1 Clinical
Providencia stuartii 1
Stenotrophomonas maltophilia 1

Acinetobacter species

ACB complex Acinetobacter baumannii ATCC 19606 1 Reference
Acinetobacter pittiia 6 Clinical
Acinetobacter nosocomialisb 2
Carbapenem-resistant A. baumannii (CRAB/05/RICU/VMMC-SJH); a pre-characterized clinical isolate positive for
blaOXA-23

1

Thirty diverse genotypes of Acinetobacter baumannii
Pulsotypes Genotypic characterization Phenotypic characterization

blaOXA-51 blaOXA-23 blaNDM-1 Biofilm production AST results
MER IMP NET

I + + + ++ R R R 1
II + + + ++ R R I 1
III + + + + R R R 1
IV + + − +++ R R R 1
V + + − +++ I I S 1
VI + + − ++ R R R 5
VII + + − ++ R I R 1
VIII + + − + R R S 3
IX + + − + R R R 11
X + − + + R R R 1
XI + − + − R R S 1
XII + − − + S S S 2
XIII + − − + R R R 1

Non-ACB complex Acinetobacter lwoffii 6 Clinical
Acinetobacter variabilis 3
Acinetobacter ursingii 2
Acinetobacter radioresistens 2
Acinetobacter junii 2
Acinetobacter schindleri 2
Acinetobacter indicus 2
Acinetobacter haemolyticus 1
Acinetobacter bereziniae 1

aTwo strains with distinct MLST patterns and four from patients from diverse geographical areas in India.
bClinical strains isolated in 2018 and 2021; ATCC, American Type Culture Collection; ACB complex, Acinetobacter calcoaceticus–baumannii complex; AST, antimicrobial sensitivity
testing; MER, meropenem; IMP, imipenem; NET, netilmicin; R, resistant; S, sensitive; I, intermediate. In the genotypic characterization section, + and – are indicative of the presence and
absence of gene, respectively. In the biofilm production section: −, +, ++, and +++ are indicative of none, weak, moderate, and strong biofilm producer, respectively.
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Determination of Detection Time for LAMP
Assay
The LAMP assay was performed using 25 μl of reaction mixture
that included 23 μl of master mix and 2 μl of genomic DNA of
control strain or nuclease-free water.

Preparation of Master Mix
The master mix for the LAMP assay included 2X of reaction
mixture buffer (40 mM HCl (pH 8.8), 20 mM (NH4)2SO4,
20 Mm KCl, 4 mM MgSO4, 0.2% Triton-X), 1.4 mM of each
dNTP, 4 mMMgSO4, 8 U of Bst DNA polymerase (New England
Biolabs, United States), 0.8 μM of FIP and BIP, 0.4 μM of LF and
LB, and 0.1 μM of F3 and B3.

Addition of Genomic DNA and SYBR Green
After preparation of master mix, 2 μl of genomic DNA (about
100 ng/μl concentration) of PC (A. baumannii ATCC 19606 for
ITS primers and CRAB/05/RICU/VMMC-SJH for OXA-23
primers) and NC (E. coli ATCC 25922 for ITS primers and A.
baumannii ATCC 19606 for OXA-23 primers) and 2 μl of NFW
as an RCwere added in the respective tubes. For the final step, 2 μl
of 1:10 diluted 10,000X of SYBR Green I (Invitrogen,
United States) was added to the inner side of the cap of each
PCR tube for visual detection of fluorescence.

LAMP Conditions and Detection Time
As the activity of Bst polymerase enzyme is optimal at
temperature 65°C (Chander et al., 2014), the LAMP assay was
initially performed at this temperature. The test was performed
separately for ITS and OXA-23 primers using multiple sets of PC,
NC, and RC (each set for a particular time) in a heating block at
65°C. This included 11 sets for ITS and five sets for OXA-23. To
detect the minimum time required for the positive assay, the
results were observed every 5 min from 10 to 60 min for ITS
primers and from 10 to 30 min for OXA-23 primers. At an
interval of every 5 min, a set of PC, NC, and RC were picked and
mixed well with the fluorescent dye on the inner side of the cap
and the results were observed visually.

Result Interpretation
The color of the LAMP product was observed under UV light or
by direct visual inspection against a white or black background.
The shortest time of detection was also observed. A change in
color from orange to green and no color change were indicative of
a positive and a negative result, respectively.

PCR Assay
The PCR was performed using forward and backward outer ITS
and OXA-23 LAMP primers (F3 and B3). The annealing
temperature of each set was determined using gradient PCR
(Eppendorf master cycler, Hamburg, Germany).

The final volume for the PCR reaction mixture was 25 μl that
included 23 μl of master mix and 2 μl of genomic DNA of control
strains or nuclease-free water. The final reaction mix consisted of
following reagents (final concentration): 10 mM Tris-HCl (pH
8.8), 50 mM KCl, 2 mM MgCl2, 200 µM of each dNTP, 0.2 µM

concentration of each primer (F3 and B3), and 1 U of Taq DNA
polymerase (Thermo Scientific, United States). After preparation
of master mix, 2 μl of genomic DNA (about 100 ng/μl
concentration) of PC (A. baumannii ATCC 19606 for ITS
primers and CRAB/05/RICU/VMMC-SJH for OXA-23
primers) and NC (E. coli ATCC 25922 for ITS primers and A.
baumannii ATCC 19606 for OXA-23 primers) and 2 μl of NFW
(as an RC) were added in respective tubes. The PCR assay was
performed for 30 cycles after initial denaturation for 5 min at
94°C and each cycle consisting of 30 s of denaturation at 94°C, 30 s
of annealing at the determined optimum temperature, and 45 s of
extension at 72°C. A final 10 min extension step was performed
at 72°C.

The amplified products were analyzed by gel electrophoresis
using 1% agarose gel stained with ethidium bromide. A PCR ruler
(100 bp) (Thermo Scientific, United States) was used as the
molecular-size marker, and Gel images were acquired using a
Gel Doc Alpha Imager “EP” system (Alpha Innotech, CA,
United States) for interpretation of PCR results.

Sensitivity of LAMP and PCR Assays Based
on Limit of Detection
The limit of detection (LOD) of LAMP and PCR assays was
determined in terms of DNA concentration and colony count
(cfu/ml) using A. baumannii ATCC 19606 (for ITS Ab1 and Ab2
primers) and CRAB/05/RICU/VMMC-SJH (for OXA-23
primers). To determine the LOD using DNA, the
concentrations were measured using a Nanodrop 2000c
Spectrophotometer (Thermo Scientific, United States) and
adjusted to 100 ng/μl. The DNA was then diluted serially (10-
fold) using nuclease-free water to produce concentrations
ranging from 100 ng/μl to 0.1 fg/μl.

In addition, the LOD was also determined using colony count.
Bacterial suspension of 0.5 McFarland standards (≈1.5 × 108 cfu/
ml) was prepared from respective strains using a DEN-1
McFarland Densitometer (Biosan Sia, Latvia). The turbidity of
suspension was adjusted to 1.0 × 108 cfu/ml and diluted serially
(10-fold) to obtain dilutions ranging from 1.0 × 108 to 1.0 × 102

(in cfu/ml). The DNA was extracted from serially diluted
suspensions using the boiling prep method.

The LAMP and PCR assays were carried out using 2 μl of
genomic DNA obtained from various dilutions of DNA and
colony counts along with the NC and RC. The LAMP assay
was performed in a heating block at 65°C for 10–60 min (ITS
primers) and 10–30 min (OXA-23 primers), and the results were
observed at 5 min intervals. For PCR, the test was performed as
per conditions specified in PCR Assay.

Effect of Various Temperatures on LAMP
Reaction
The limit of detection of LAMP assay was studied at 65°C. The
effect of temperature was assessed using least concentration (of
DNA and colony count). Duplicate vials of PC, NC, and RC were
prepared, and the LAMP assay was performed using the ITS
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primer at various temperatures ranging from 60 to 65°C (at an
interval of 1°C).

Specificity of LAMP Assay
The specificity of LAMP assay for detection of the ACB complex
was studied using 38 diverse strains of significant members of the
ACB complex [A. baumannii (30), A. pittii (6), and A.
nosocomialis (2)]. Thirty A. baumannii isolates belonged to 13
pulsotypes, and the phenotypic and genotypic characteristics of
these isolates are shown in Table 2. The specificity of LAMP assay
was also determined using 21 non-ACB complex species [A.
lwoffii (6), A. variabilis (3), A. ursingii (2), A. radioresistens (2), A.
junii (2), A. schindleri (2), A. indicus (2), A. haemolyticus (1), and
A. bereziniae (1)] and 10 non-Acinetobacter species [seven
reference strains (Staphylococcus aureus ATCC 25923,
Enterococcus faecalis ATCC 29212, Escherichia coli ATCC
25922, Klebsiella pneumoniae ATCC BAA 1705, Enterobacter
cloacae ATCC 700323, Candida krusei ATCC 6258, and
Pseudomonas aeruginosa ATCC 27858) and three clinical
isolates (Serratia marcescens, Providencia stuartii, and
Stenotrophomonas maltophilia)]. Genomic DNA was prepared
from respective strains using the boiling prep method, and LAMP
and PCR assays were performed.

RESULTS

Selection of Primers
Among the five sets of ITS LAMP primers designed for
identification of the consensus region of ITS 16S–23S rRNA
gene of A. baumannii, A. pittii, and A. nosocomialis, only two
sets of primers (namely, ITS Ab1 and ITS Ab2) were selected
based on the BLAST analysis. Both primer sets showed green

fluorescence indicating a successful amplification. Primer
sequences of ITS Ab1 and ITS Ab2 are indicated by upper
and lower arrows, respectively, in Figure 3.

Optimal Detection Time of LAMP Assay
The LAMP assay was performed at 65°C using 100 ng/μl
genomic DNA of the positive and negative controls, and the
detection time was 20, 45, and 10 min for the ITS Ab1, Ab2, and
OXA-23 primer set, respectively (Table 3). Using SYBR green,
the color change from orange to green was indicative of a
successful amplification/positive test, whereas no color
change was indicative of no amplification/negative test.
Among ITS primers, the ITS Ab1 primer set amplified the
target sequence within the shortest time.

PCR Results
The optimal annealing temperature for outer LAMP primers (F3
and B3) of ITS Ab1, ITS Ab2, and OXA-23 was 52.5, 52.5, and
50.5°C, respectively. The amplified products from positive control
(A. baumannii ATCC 19606 for ITS Ab1 and Ab2 and CRAB/05/
RICU/VMMC-SJH for the OXA-23 primer) were observed on 1%
gel corresponding to a band size of 221, 223, and 200 bp,
respectively (Figures 4A,B), while no bands were observed for
negative (E. coli ATCC 25922 for ITS Ab1 and Ab2 and A.
baumannii ATCC 19606 for OXA-23) and reagent controls.

Sensitivity of LAMP and PCR Assays
The limit of detection of LAMP and PCR assays is shown in
Figures 4A and B and Table 3. In brief, the detection limit of
LAMP assay using ITS Ab1 and Ab2 LAMP primers was 100 pg/
μl (using DNA concentration), which was 10-fold more sensitive
than PCR (1 ng/μl). While using different colony counts, the
detection limit of LAMP for ITS Ab1 and Ab2 primers was

TABLE 3 | Limit of detection of LAMP and PCR assays from different DNA concentrations and colony counts using ITS (Ab1 and Ab2) and OXA-23 primers for detection of
clinically significant members of the ACB complex and carbapenem resistance, respectively.

Primers Limit of detection of LAMP and PCR assays

DNA concentration (/µl) Colony count (cfu/ml)

LOD of LAMP with detection time LOD of PCR LOD of LAMP with detection time LOD of PCR

ITS Ab1 100 ng (20 min) 1 ng 108 (20 min) 108

107 (25 min)
10 ng (20 min) 106 (25 min)
1 ng (25 min) 105 (30 min)

100 pg (30 min) 104 (30 min)
≤10 pg (ND till 45 min) ≤103 (ND till 45 min)

ITS Ab2 100 ng (45 min) 1 ng 108 (50 min) 108

10 ng (50 min)
1 ng (50 min) ≤107 (ND till 60 min)

100 pg (50 min)
≤10 pg (ND till 60 min)

OXA-23 100 ng (10 min) 100 pg 108 (10 min) 108

10 ng (10 min) 107 (10 min)
1 ng (10 min) 106 (15 min)

100 pg (15 min) 105 (15 min)
10 pg (15 min) 104 (15 min)
1 pg (15 min) 103 (15 min)

≤100 fg (ND till 30 min) ≤102 (ND till 30 min)

ACB complex, Acinetobacter calcoaceticus–baumannii complex; LOD, limit of detection; min, minutes; ND, not detected; cfu/ml, colony-forming unit/ml.
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1 × 104 and 1 × 108 cfu/ml, respectively. Using ITS Ab1, the
LAMP assay was 104-fold more sensitive than PCR (1 × 108 cfu/
ml). Furthermore, the detection limit of LAMP using the OXA-23
primer was 1 pg/μl (using DNA concentration) and 1 × 103 cfu/ml

(using colony counts), which was 102-fold and 105-fold more
sensitive than PCR (100 pg/μl and 1 × 108 cfu/ml, respectively).
The detection time of LAMP assay using ITS Ab1, ITS Ab2, and
OXA-23 primers was 20, 45, and 10 min, respectively, for the

FIGURE 4 | Comparison of the limit of detection (LOD) of LAMP and PCR assays from direct culture for identification of significant members of the ACB complex
using ITS Ab1 and Ab2 primers and detection of carbapenem resistance using the OXA-23 primer. (A) shows the LOD using different DNA concentrations. Lane for
LAMP and PCR: PC, positive control; NC, negative control; RC, reagent control; DNA concentration (/μl) from Lanes 1 to 10; 100, 10, 1 ng, 100, 10, 1 pg, 100 fg, 10 fg,
1 fg, and 0.1 fg, respectively. (B) shows the LOD using different colony counts. Lane for LAMP and PCR: PC, positive control; NC, negative control; RC, reagent
control; colony count (cfu/ml) from Lanes 1 to 7: 1.0 × 108, 107, 106, 105, 104, 103, and 102, respectively. In (A,B), in the LAMP assay, green and orange colors are
indicative of positive and negative results, respectively, and in the PCR assay, the presence and absence of bands are indicative of positive and negative results,
respectively.
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highest concentration and 30, 50, and 15 min for the lowest
concentration (Table 3).

• The LAMP assay was performed at various temperatures
ranging from 60 to 65°C. A complete change in color from
orange to green was observed at 63–65°C. In contrast at
60–62°C, this color change was not visually distinct. Hence,
the optimal temperature range for the LAMP reaction was
63–65°C (Supplementary Figure S1).

Specificity of LAMP
The specificity of the LAMP assay was determined using ACB
complex (A. baumannii, A. pittii, and A. nosocomialis), non-ACB
complex, and non-Acinetobacter species. PCR detected both ACB
complex species (N � 38) and non-ACB complex species (N � 21)
and was negative for all non-Acinetobacter species (N � 10). In
contrast, the LAMP assay was more specific as all diverse strains
of A. baumannii, A. pittii, and A. nosocomialis were amplified
successfully, while non-ACB complex and non-Acinetobacter
species were not amplified (Supplementary Figure S2).

DISCUSSION

In the last decade, the reports of infections associated with the
ACB complex among hospitalized patients have increased. A.
baumannii is emerging as an important cause of pneumonia,
bacteremia, urinary tract infection, meningitis, and wound
infections (Manchanda et al., 2010; Chen et al., 2014). Various
countries, including India, have reported high resistance to
carbapenems in A. baumannii, ranging from 40 to 75%
(Vijayakumar et al., 2019). CRAB has been classified as a
priority one pathogen among the 12 antibiotic-resistant
“priority pathogens” by the WHO (Tacconelli et al., 2018).
Resistance to carbapenems is mediated by various OXA
enzymes (OXA-23, OXA-51, OXA-58, and OXA-24) (Hsu
et al., 2017; Butler et al., 2019).

Acinetobacter harboring blaOXA-23 have emerged globally and
are also the most prevalent carbapenemase gene circulating in
Asian countries, particularly in China and India (Mugnier et al.,
2010; Liu et al., 2015; Jain et al., 2019; Kumar et al., 2019;
Vijayakumar et al., 2019). In a multicentric study
(Vijayakumar et al., 2019) reported from India, blaOXA-23-like
was the most common mechanism of carbapenem resistance
and was observed in 97% of isolates. In this study, carbapenem
resistance mediated by blaOXA-24-like and blaOXA-58-like was not
detected. Similarly, Kumar et al. (2019) observed a high
prevalence of blaOXA-23-like (97.7%) in CRAB followed by
blaNDM-1 (29.1%) and blaOXA-58-like (3.5%). In a recent study
among patients with VAP from our center (Jain et al., 2019),
resistance was mediated by blaOXA-23-like in 96.3% (26/27) of
CRAB. These studies suggest that blaOXA-23-like can be used as a
screening marker for detection of carbapenem resistance among
Acinetobacter isolates and used in this study.

Early diagnosis of clinically significant ACB complex
infections, associated with carbapenem resistance, is important
to initiate early optimal therapy, implement antibiotic

stewardship programs, and prevent selection of resistance.
Conventional culture-based detection methods are time-
consuming and delay the optimum therapy, resulting in high
morbidity and poor outcomes (Ahmad et al., 2017). Other
molecular-based diagnostic methods require initial
investments, maintenance, and proprietary ownership, and
thus, these techniques are not a suitable option for resource-
limited countries (Drapała and Kordalewska, 2013). A point-of-
care (POC) test is required for identification of the pathogen and
associated drug resistance for optimal management of life-
threatening infections, screening of patients colonized with
resistant strains, and preventing selection and dissemination of
resistant isolates.

LAMP is a qualitative assay, in which the DNA is amplified
under isothermal conditions and the results are interpreted
visually by appearance of turbidity or fluorescence. Low
investment, easy interpretation, simplicity, and rapid detection
are the most significant features of the LAMP assay, which make
it a useful POC test (Abdullahi et al., 2015; Notomi et al., 2002).

• The strength of the study was that the LAMP assay was
standardized for detection of the other emerging clinically
important members of the ACB complex, i.e., A. pittii and
A. nosocomialis in addition to A. baumannii, and associated
carbapenem resistance. In addition, two targets, namely, ITS
16S–23S rRNA and blaOXA-23, were used for identification
of significant members of the ACB complex and
carbapenem resistance, respectively. Previous studies have
designed the LAMP assay for identification of A. baumannii
using a single target. The various targets used in these
studies are blaOXA-51 (Li et al., 2015; Garciglia et al.,
2020), ITS 16S–23S rRNA (Soo et al., 2013), adeS
(Khirala et., 2020), and blaOXA-23 (Yamamoto et al., 2015
and Tesalona et al., 2020; Garciglia et al., 2020). The
application of these assays is limited as they detect either
the pathogen or associated drug resistance. The assay using
blaOXA-51, ITS 16S–23S rRNA, and adeS as targets only
detects A. baumannii rather than significant members of the
ACB complex, while that using blaOXA-23 only detects
carbapenem-resistant A. baumannii. The other strength
of this assay was that the LOD and sensitivity of the
assay were detected using both DNA concentration (/µl)
and colony count (cfu/ml).

Various primers were designed targeting the ITS 16S–23S
rRNA region for identification of A. baumannii, A. pittii, and A.
nosocomialis, and two primers (ITS Ab1 and Ab2) were selected
for the final assay, which was performed at 65°C, the optimal
temperature for Bst polymerase (Chander et al., 2014) and
carbapenem-resistant gene (OXA-23).

The sensitivity of LAMP assay, based on the LOD, was
compared with that of PCR. The LAMP assay was found to be
more sensitive in terms of both DNA concentration (/µl) and
colony count (cfu/ml).

The majority of studies have validated the LOD of LAMP with
PCR using different concentrations of DNA. In the present study,
the detection limit of LAMP assay for ITS Ab1 and blaOXA-23
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primers was 100 pg/μl and 1 pg/μl of DNA, respectively, which
was 10- and 100-fold more sensitive than PCR (Table 3). The
similar findings were observed in previous studies in which
LAMP was found to be 100-fold (Soo et al., 2013; Yamamoto
et al., 2015) and 10-fold (Li et al., 2015; Garciglia et al., 2020) more
sensitive than PCR.

While using different colony counts (cfu/ml), the detection
limit of LAMP assay for ITS Ab1 and blaOXA-23 primers was
1 × 104 and 1 × 103 cfu/ml, respectively, which was 104- and 105-
fold more sensitive than PCR (Table 3). Limited studies have
reported the LOD of LAMP using colony count. Wang Q et al.
(2013) have studied the LOD using different colony counts, and
RealAmp (qLAMP) was used for identification of A. baumannii
targeting the pgaD gene. In this study, the LOD of LAMP was
1 × 103 cfu/ml, which was 10-fold more sensitive than
conventional PCR (1 × 104 cfu/ml).

Based on the limit of detection, the detection time of our
LAMP assay varied between 20 and 30 min, 45 and 50 min, and
10 and 15 min for ITS Ab1, ITS Ab2, and OXA-23 primers,
respectively (Table 3). As the shortest detection time was
observed with primers ITS Ab1 and OXA-23, they are
recommended as optimal primer sets for the assay. In
previous studies, the optimal temperature and detection time
were similar to our findings and reported to be 65°C for 60 min
(Li et al., 2015; Garciglia et al., 2020), 58–64°C for 30 min (Soo
et al., 2013), and 65°C for 20 min (Yamamoto et al., 2015).

• In our study, the LAMP assay was found to be highly
specific and was negative for all non-Acinetobacter species
and non-ACB complex species, and these findings were in
concordance with those of previous studies conducted by
Soo et al. (2013) and Li et al. (2015). On the contrary, all
diverse clinical strains of A. baumannii, A. pittii, and A.
nosocomialis were detected by using ITS primers, which
demonstrates that the LAMP assay can be established for
different bacterial clones associated with different
genotypes, and the diversity of the strains does not affect
the assay. The similar findings were observed by Yamamoto
et al. (2015), in which 113 bacterial strains of CRAB with
different genotypes were detected by the LAMP assay using
blaOXA-23 as a target.

There were a few limitations of this study. Although this study
was designed for detection of clinically significant members of the
ACB complex (A. baumannii, A. pittii, and A. nosocomialis), only
eight diverse strains of A. pittii (6) and A. nosocomialis (2) could
be included for testing of the assay as infections associated with
these species are limited or underreported (Chatterjee et al.,
2016). The second limitation of this study is that the assay has
to be performed in two steps for identification of both the
pathogen and carbapenem resistance. As, in the LAMP assay,
four to six primers are required for amplification of one target, if
multiple targets are used in a single assay, it causes primer–primer
interaction and leads to a false positive result.

Early diagnosis of life-threatening infections (i.e., sepsis,
pneumonia, and UTI) and colonization (rectal carriage and
environmental screening) with a resistant pathogen is

important for optimal management and prevention of
colonization and further dissemination of the resistant
pathogen. In such conditions, the LAMP assay is a potential
promising POC test for detection of resistant pathogens. Before
this assay can be used in a diagnostic lab, more experiments need
to be performed with direct clinical samples to establish the
efficacy of the LAMP assay.

In conclusion, the LAMP assay can be used as a potential
(simple, rapid, and cost-effective) tool for rapid detection of
pathogens, especially in resource-constrained countries, and
can be adapted for detection of pathogens from various
clinical samples such as blood and other fluids. Also,
depending on the emerging pathogen and locally prevalent
resistant gene, the assay can be modified accordingly.

CONTRIBUTION

A rapid molecular diagnostic tool has the most important role in
the management of pathogens associated with life-threatening
infections (i.e., sepsis, pneumonia, and UTI) and colonization
(rectal carriage and environmental screening). As per the WHO
factsheet, October 13, 2020, antimicrobial resistance (AMR) is
one of the top 10 global public health threats faced by humanity.
Early detection of resistance is important for optimal
management, prevention of colonization, and further
dissemination of resistant pathogens. Every 1-h delay in
antibiotics may lead to a 3–7% increase in the odds of a poor
outcome. Carbapenem-resistant Acinetobacter baumannii has
been classified as a priority one critical pathogen by the WHO
and is of major concern because of the limited therapeutic options
and high mortality rate.

Conventional culture-based methods are time-consuming,
and molecular-based methods require initial investments,
maintenance, and proprietary ownership. The LAMP assay is
a simple, rapid, and cost-effective molecular technique that can be
used as a potential point of care for rapid detection of emerging
resistant pathogens. LAMP is a qualitative assay, in which the
DNA amplifies under isothermal conditions and the results can
be interpreted easily. Also, depending on the emerging pathogen
and locally prevalent resistant gene, the assay can be modified
accordingly.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, and further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The present study was approved by the Institutional Ethics
Committee of Vardhman Mahavir Medical College and
Safdarjung Hospital, New Delhi, India (No. IEC/VMMC/SJH/
Project/April 2018/1056).

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 65925611

Sharma and Gaind LAMP Assay for CR-ACB Complex

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


AUTHOR CONTRIBUTIONS

RG and AS; conceptualized and designed the experiments. AS;
performed the experiments, curated the data and drafted the
manuscript. RG; supervised, critically revised and approved the
manuscript.

FUNDING

This research work was conducted as part of the ICMR-JRF
fellowship (reference no. 3/1/3JRF-2015(2)/HRD). The funding
agency and institute did not provide any financial support to
cover publication cost.

ACKNOWLEDGMENTS

We wish to acknowledge the ICMR for providing the fellowship
during the period of research work. We are also grateful to Dr. Balaji
Veeraraghavan, Dr. Saranya Vijayakumar (ChristianMedical College
Vellore, India) and Dr. Sulagna Basu, Dr. Subhasree (ICMR-NICED,
Kolkata, India) for providing the clinical isolates and genomic DNA
of Acinetobacter pittii and non-ACB complex species.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2021.659256/
full#supplementary-material

REFERENCES

Abdullahi, U. F., Naim, R., Taib, W. R. W., Saleh, A., Muazu, A., Aliyu, S., et al.
(2015). Loop-Mediated Isothermal Amplification (LAMP), an Innovation in
Gene Amplification: Bridging the Gap inMolecular Diagnostics; A Review. Ind.
J. Sci. Tech. 8, 1–12. doi:10.17485/ijst/2015/v8i17/55767

Ahmad, A., Iram, S., Hussain, S., and Yusuf, N. W. (2017). Diagnosis of Paediatric
Sepsis by Automated Blood Culture System and Conventional Blood Culture.
J. Pak Med. Assoc. 67 (2), 192–195.

Ahn, S. J., Baek, Y. H., Lloren, K. K. S., Choi, W. S., Jeong, J. H., Antigua, K. J. C.,
et al. (2019). Rapid and Simple Colorimetric Detection of Multiple Influenza
Viruses Infecting Humans Using a Reverse Transcriptional Loop-Mediated
Isothermal Amplification (RT-LAMP) Diagnostic Platform. BMC Infect. Dis. 19
(1), 676. doi:10.1186/s12879-019-4277-8

Akrami, F., and Namvar, A. E. (2019). Acinetobacter Baumannii as Nosocomial
Pathogenic Bacteria. Mol. Genet. Microbiol. Virol. 34 (2), 84–96. doi:10.3103/
S0891416819020046

Butler, D. A., Biagi, M., Tan, X., Qasmieh, S., Bulman, Z. P., andWenzler, E. (2019).
Multidrug Resistant Acinetobacter Baumannii: Resistance by Any Other Name
Would Still Be Hard to Treat. Curr. Infect. Dis. Rep. 21 (12), 46. doi:10.1007/
s11908-019-0706-5

Chander, Y., Koelbl, J., Puckett, J., Moser, M. J., Klingele, A. J., Liles, M. R., et al.
(2014). A Novel Thermostable Polymerase for RNA and DNA Loop-Mediated
Isothermal Amplification (LAMP). Front. Microbiol. 5, 395. doi:10.3389/
fmicb.2014.00395

Chatterjee, S., Datta, S., Roy, S., Ramanan, L., Saha, A., Viswanathan, R., et al.
(2016). Carbapenem Resistance in Acinetobacter Baumannii and Other
Acinetobacter Spp. Causing Neonatal Sepsis: Focus on NDM-1 and its
Linkage to ISAba125. Front. Microbiol. 7, 1126. doi:10.3389/fmicb.2016.01126

Chen, T. L., Lee, Y. T., Kuo, S. C., Yang, S. P., Fung, C. P., and Lee, S. D. (2014).
Rapid Identification of Acinetobacter Baumannii, Acinetobacter Nosocomialis
and Acinetobacter Pittii with a Multiplex PCR Assay. J. Med. Microbiol. 63 (9),
1154–1159. doi:10.1099/jmm.0.071712-0

Chusri, S., Chongsuvivatwong, V., Rivera, J. I., Silpapojakul, K., Singkhamanan, K.,
McNeil, E., et al. (2014). Clinical Outcomes of Hospital-Acquired Infection with
Acinetobacter Nosocomialis and Acinetobacter Pittii. Antimicrob. Agents
Chemother. 58 (7), 4172–4179. doi:10.1128/AAC.02992-14

De, A. S., Rathi, M. R., and Mathur, M. M. (2013). Mortality Audit of Neonatal
Sepsis Secondary to Acinetobacter. J. Glob. Infect. Dis. 5 (1), 3–7. doi:10.4103/
0974-777X.107165

Drapała, D., and Kordalewska, M. (2013). Loop-mediated Isothermal
Amplification (LAMP) as a Diagnostic Tool in Detection of Infectious
Diseases. PhD Interdiscip. J. 1, 19–23.

Garciglia Mercado, C., Gaxiola Robles, R., Ascencio, F., Silva-Sanchez, J., Estrada-
Garcia, M. T., Gomez-Anduro, G., et al. (2020). Development of a LAMP
Method for Detection of Carbapenem-Resistant Acinetobacter Baumannii
During A Hospital Outbreak. J. Infect. Dev. Ctries 14 (05), 494–501.
doi:10.3855/jidc.11692

Haleyur Giri Setty, M. K., and Hewlett, I. K. (2014). Point of Care Technologies for
HIV. AIDS Res. Treat. 2014, 497046. doi:10.1155/2014/497046

Howard, A., O’Donoghue, M., Feeney, A., and Sleator, R. D. (2012). Acinetobacter
Baumannii: an Emerging Opportunistic Pathogen. Virulence 3, 243–250.
doi:10.4161/viru.19700

Hsu, L. Y., Apisarnthanarak, A., Khan, E., Suwantarat, N., Ghafur, A., and
Tambyah, P. A. (2017). Carbapenem-Resistant Acinetobacter Baumannii
and Enterobacteriaceae in South and Southeast Asia. Clin. Microbiol. Rev.
30 (1), 1–22. doi:10.1128/CMR.00042-16

Jain, M., Sharma, A., Sen, M. K., Rani, V., Gaind, R., and Suri, J. C. (2019).
Phenotypic and Molecular Characterization of Acinetobacter Baumannii
Isolates Causing Lower Respiratory Infections Among ICU Patients. Microb.
Pathog. 128, 75–81. doi:10.1016/j.micpath.2018.12.023

Khirala, S. K., Elthoqapy, A. A., Awad, R. A., and Badr, G. A. (2020). Direct
Detection of Acinetobacter Baumannii by Loop-Mediated Isothermal
Amplification in Patients with Respiratory Tract Infection. Sci. J. Al-azhar
Med. Fac. Girls 4, 345–351. doi:10.4103/sjamf.sjamf_28_20

Kostrzewa, M., Sparbier, K., Maier, T., and Schubert, S. (2013). MALDI-TOF MS:
An Upcoming Tool for Rapid Detection of Antibiotic Resistance in
Microorganisms. Proteomics Clin. Appl. 7 (11-12), 767–778. doi:10.1002/
prca.201300042

Kumar, S., Patil, P. P., Singhal, L., Ray, P., Patil, P. B., and Gautam, V. (2019).
Molecular Epidemiology of Carbapenem-Resistant Acinetobacter Baumannii
Isolates Reveals the Emergence of blaOXA-23 and blaNDM-1 Encoding
International Clones in India. Infect. Genet. Evol. 75, 103986. doi:10.1016/
j.meegid.2019.103986

Lemos, E. V., de la Hoz, F. P., Einarson, T. R., McGhan, W. F., Quevedo, E.,
Castañeda, C., et al. (2014). Carbapenem Resistance and Mortality in Patients
with Acinetobacter Baumannii Infection: Systematic Review and Meta-
Analysis. Clin. Microbiol. Infect. 20 (5), 416–423. doi:10.1111/1469-0691.12363

Li, P., Niu, W., Li, H., Lei, H., Liu, W., Zhao, X., et al. (2015). Rapid Detection of
Acinetobacter Baumannii and Molecular Epidemiology of Carbapenem-
Resistant A. Baumannii in Two Comprehensive Hospitals of Beijing, China.
Front. Microbiol. 6, 997. doi:10.3389/fmicb.2015.00997

Liu, L. L., Ji, S. J., Ruan, Z., Fu, Y., Fu, Y. Q., Wang, Y. F., et al. (2015).
Dissemination of blaOXA-23 in Acinetobacter Spp. In China: Main Roles of
Conjugative Plasmid pAZJ221 and Transposon Tn2009. Antimicrob. Agents
Chemother. 59, 1998–2005. doi:10.1128/AAC.04574-14

Manchanda, V., Sanchaita, S., and Singh, N. (2010). Multidrug Resistant
Acinetobacter. J. Glob. Infect. Dis. 2, 291–304. doi:10.4103/0974-777X.68538

McKenna, J. P., Fairley, D. J., Shields, M. D., Cosby, S. L., Wyatt, D. E., McCaughey,
C., et al. (2011). Development and Clinical Validation of a Loop-Mediated
Isothermal Amplification Method for the Rapid Detection of Neisseria
Meningitidis. Diagn. Microbiol. Infect. Dis. 69 (2), 137–144. doi:10.1016/
j.diagmicrobio.2010.10.008

Modak, S. S., Barber, C. A., Geva, E., Abrams,W. R., Malamud, D., and Ongagna, Y.
S. Y. (2016). Rapid Point-of-Care Isothermal Amplification Assay for the
Detection of Malaria without. Nucleic Acid Purif. Infect Dis. (Auckl) 9, 1–9.
doi:10.4137/IDRT.S32162

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 65925612

Sharma and Gaind LAMP Assay for CR-ACB Complex

https://www.frontiersin.org/articles/10.3389/fmolb.2021.659256/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2021.659256/full#supplementary-material
https://doi.org/10.17485/ijst/2015/v8i17/55767
https://doi.org/10.1186/s12879-019-4277-8
https://doi.org/10.3103/S0891416819020046
https://doi.org/10.3103/S0891416819020046
https://doi.org/10.1007/s11908-019-0706-5
https://doi.org/10.1007/s11908-019-0706-5
https://doi.org/10.3389/fmicb.2014.00395
https://doi.org/10.3389/fmicb.2014.00395
https://doi.org/10.3389/fmicb.2016.01126
https://doi.org/10.1099/jmm.0.071712-0
https://doi.org/10.1128/AAC.02992-14
https://doi.org/10.4103/0974-777X.107165
https://doi.org/10.4103/0974-777X.107165
https://doi.org/10.3855/jidc.11692
https://doi.org/10.1155/2014/497046
https://doi.org/10.4161/viru.19700
https://doi.org/10.1128/CMR.00042-16
https://doi.org/10.1016/j.micpath.2018.12.023
https://doi.org/10.4103/sjamf.sjamf_28_20
https://doi.org/10.1002/prca.201300042
https://doi.org/10.1002/prca.201300042
https://doi.org/10.1016/j.meegid.2019.103986
https://doi.org/10.1016/j.meegid.2019.103986
https://doi.org/10.1111/1469-0691.12363
https://doi.org/10.3389/fmicb.2015.00997
https://doi.org/10.1128/AAC.04574-14
https://doi.org/10.4103/0974-777X.68538
https://doi.org/10.1016/j.diagmicrobio.2010.10.008
https://doi.org/10.1016/j.diagmicrobio.2010.10.008
https://doi.org/10.4137/IDRT.S32162
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Mugnier, P. D., Poirel, L., Naas, T., and Nordmann, P. (2010). Worldwide
Dissemination of the blaOXA-23 Carbapenemase Gene of Acinetobacter
Baumannii. Emerg. Infect. Dis. 16, 35–40. doi:10.3201/eid1601.090852

Nazir, A. (2019). Multidrug-resistant Acinetobacter Septicemia in Neonates: A
Study from a Teaching Hospital of Northern India. J. Lab. Physicians 11 (01),
23–28. doi:10.4103/JLP.JLP_129_18

Nemec, A., Krizova, L., Maixnerova, M., van der Reijden, T. J., Deschaght, P., Passet,
V., et al. (2011). Genotypic and Phenotypic Characterization of the Acinetobacter
Calcoaceticus-Acinetobacter Baumannii Complex with the Proposal of
Acinetobacter Pittii Sp. Nov. (Formerly Acinetobacter Genomic Species 3) and
Acinetobacter Nosocomialis Sp. Nov. (Formerly Acinetobacter Genomic Species
13TU). Res. Microbiol. 162, 393–404. doi:10.1016/j.resmic.2011.02.006

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K., Amino, N.,
et al. (2002). Loop-mediated Isothermal Amplification of DNA. Nucleic Acids
Res. 28 (12), e63. doi:10.1093/nar/28.12.e63

Oviaño, M., Rojo, M. D., Marí, J. M. N., and Bou, G. (2016). Rapid Detection of
Antimicrobial Resistance by MALDI-TOF Mass Spectrometry. Enferm Infecc
Microbiol. Clin. 34, 36–41. doi:10.1016/S0213-005X(16)30189-6

Peleg, A. Y., Seifert, H., and Paterson, D. L. (2008). Acinetobacter Baumannii:
Emergence of A Successful Pathogen. Clin. Microbiol. Rev. 21 (3), 538–582.
doi:10.1128/CMR.00058-07

Prashanth, K., and Badrinath, S. (2006). Nosocomial Infections Due to
Acinetobacter Species: Clinical Findings, Risk and Prognostic Factors.
Indian J. Med. Microbiol. 24 (1), 39–44. doi:10.4103/0255-0857.19893

Seymour, C. W., Kahn, J. M., Martin-Gill, C., Callaway, C. W., Yealy, D. M., Scales,
D., et al. (2017). Delays from First Medical Contact to Antibiotic
Administration for Sepsis. Crit. Care Med. 45 (5), 759–765. doi:10.1097/
CCM.0000000000002264

Soo, P. C., Tseng, C. C., Ling, S. R., Liou, M. L., Liu, C. C., Chao, H. J., et al. (2013).
Rapid and Sensitive Detection of Acinetobacter Baumannii Using Loop-
Mediated Isothermal Amplification. J. Microbiol. Methods 92 (2), 197–200.
doi:10.1016/j.mimet.2012.11.020

Tacconelli, E., Carrara, E., Savoldi, A., Harbarth, S., Mendelson, M., Monnet, D. L.,
et al. (2018). WHO Pathogens Priority List Working Group. Discovery,
Research, and Development of New Antibiotics: The WHO Priority List of
Antibiotic-Resistant Bacteria and Tuberculosis. Lancet Infect. Dis. 18, 318–327.
doi:10.1016/S1473-3099(17)30753-3

Tesalona, S., Felizardo, A. R., Katigbak, J. S., Ludovice, M. M., Ongto, N. C., Juan
Pardiñas, J. C., et al. (2020). Optimization and Utilization of Loop-Mediated
Isothermal Amplification (LAMP) Assay to Detect the blaOXA-23 Gene in
Carbapenem-Resistant Acinetobacter Baumannii, Klebsiella pneumoniae, and
Pseudomonas aeruginosa.Microbiol. Infect. Dis. 4 (4), 1–6. doi:10.33425/2639-
9458.1099

Vijayakumar, S., Mathur, P., Kapil, A., Das, B. K., Ray, P., Gautam, V., et al. (2019).
Molecular Characterization and Epidemiology of Carbapenem-Resistant
Acinetobacter Baumannii Collected across India. Indian J. Med. Res. 149,
240–246. doi:10.4103/ijmr.IJMR_2085_17

Wang, Q., Zhou, Y., Li, S., Zhuo, C., Xu, S., Huang, L., et al. (2013). Real-time
Fluorescence Loop Mediated Isothermal Amplification for the Detection of
Acinetobacter Baumannii. PLoS One 8 (7), e66406. doi:10.1371/
journal.pone.0066406

Wang, X., Chen, T., Yu, R., Lü, X., and Zong, Z. (2013). Acinetobacter Pittii and
Acinetobacter Nosocomialis Among Clinical Isolates of the Acinetobacter
Calcoaceticus-Baumannii Complex in Sichuan, China. Diagn. Microbiol.
Infect. Dis. 76 (3), 392–395. doi:10.1016/j.diagmicrobio.2013.03.020

Yadav, R., Sharma, N., Khaneja, R., Agarwal, P., Kanga, A., Behera, D., et al. (2017).
Evaluation of the TB-LAMP Assay for the Rapid Diagnosis of Pulmonary
Tuberculosis in Northern India. Int. J. Tuberc. Lung Dis. 21 (10), 1150–1153.
doi:10.5588/ijtld.17.0035

Yamamoto, N., Hamaguchi, S., Akeda, Y., Santanirand, P., Kerdsin, A., Seki, M.,
et al. (2015). Clinical Specimen-Direct LAMP: A Useful Tool for the
Surveillance of blaOXA-23-Positive Carbapenem-Resistant Acinetobacter
Baumannii. PLoS One 10 (7), e0133204. doi:10.1371/journal.pone.0133204

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Sharma and Gaind. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 65925613

Sharma and Gaind LAMP Assay for CR-ACB Complex

https://doi.org/10.3201/eid1601.090852
https://doi.org/10.4103/JLP.JLP_129_18
https://doi.org/10.1016/j.resmic.2011.02.006
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.1016/S0213-005X(16)30189-6
https://doi.org/10.1128/CMR.00058-07
https://doi.org/10.4103/0255-0857.19893
https://doi.org/10.1097/CCM.0000000000002264
https://doi.org/10.1097/CCM.0000000000002264
https://doi.org/10.1016/j.mimet.2012.11.020
https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.33425/2639-9458.1099
https://doi.org/10.33425/2639-9458.1099
https://doi.org/10.4103/ijmr.IJMR_2085_17
https://doi.org/10.1371/journal.pone.0066406
https://doi.org/10.1371/journal.pone.0066406
https://doi.org/10.1016/j.diagmicrobio.2013.03.020
https://doi.org/10.5588/ijtld.17.0035
https://doi.org/10.1371/journal.pone.0133204
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Development of Loop-Mediated Isothermal Amplification Assay for Detection of Clinically Significant Members of Acinetobacte ...
	Introduction
	Material and Methods
	Study Settings (Study Site and Ethical Consideration)
	Design of LAMP Primers
	Selection of Bacterial Strains and DNA Extraction
	Controls for LAMP and PCR Assays
	Determination of Detection Time for LAMP Assay
	Preparation of Master Mix
	Addition of Genomic DNA and SYBR Green
	LAMP Conditions and Detection Time
	Result Interpretation

	PCR Assay
	Sensitivity of LAMP and PCR Assays Based on Limit of Detection
	Effect of Various Temperatures on LAMP Reaction
	Specificity of LAMP Assay

	Results
	Selection of Primers
	Optimal Detection Time of LAMP Assay
	PCR Results
	Sensitivity of LAMP and PCR Assays
	Specificity of LAMP

	Discussion
	Contribution
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


