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Evaluation of loop-mediated isothermal amplification assays
for rapid detection of blaKPC producing Serratia spp. in
clinical specimens: A prospective diagnostic accuracy study
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Abstract. The prevalence of carbapenem-resistant
Serratia spp. is increasing owing to the propagation of f§ lacta-
mase Klebsiella pneumoniae carbapenemase (blaKPC) and
it has become one of the major global health concerns. As
effective therapies for such resistant pathogens are limited,
there is a great need for the rapid and sensitive characteriza-
tion of the pathogen. In the present study, a loop-mediated
isothermal amplification (LAMP) method for the rapid detec-
tion of Serratia spp. with blaKPC in pure cultures and clinical
specimens was developed. A calcein indicator and real-time
turbidity recording system were used to assess the LAMP
reaction. The LAMP assay was compared with conventional
PCR and real-time PCR kits for the target pathogen. The
desired amplification was achieved using selected primers and
detection was possible using both the calcein indicator method
and the real-time turbity recording system at 65°C for 60 min.
The sensitivity of the detection system for b/laKPC-producing
Serratia spp. reached a detection limit of 3.92 pg/ul DNA,
which was 10 times more sensitive than conventional PCR.
Specificity testing indicated that the primers were highly
specific. Compared with conventional culture methods and
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real-time PCR, the LAMP assay was more sensitive, easier
for laboratory staff to master and less influenced by the
clinical specimen matrix. In conclusion, a LAMP assay for
blaKPC-producing Serratia spp. that permitted rapid, sensitive
and economical detection for this pathogen was successfully
developed. Comparisons with alternative methods indicated
that the LAMP assay was more feasible in a clinical setting.

Introduction

Serratia spp., particularly the species Serratia marcescens
(S. marcescens), are ubiquitous environmental gram-negative
bacteria. They are members of the Enterobacteriaceae family
that flourish in all kinds of environments and have become
important pathogens and were included in those accounting
for hospital-acquired infections in recent years. In general,
Serratia spp. does not pose a threat to individuals with normal
immunity. However, patients who are hospitalized in the
neonatal department, (pediatric) intensive care unit (ICU) or
bone marrow transplant and oncology units are immunocom-
promised or immunosuppressed and the severity of infection
is markedly increased (1-3). Serratia spp. infections are also
associated with other complications, such as infections in the
lower respiratory tract, urinary tract, wounds and the blood-
stream (4). Studies have also indicated that Serratia spp. may
give rise to corneal ring infiltrates in patients with human
immunodeficiency virus through contaminated contact
lenses (5,6). Among the infections caused by Serratia spp.,
bloodstream infection (BSI) is the most prevalent and fatal (7).
Hence, a rapid and sensitive characterization method is
urgently needed to guide anti-infection therapies (8).
Carbapenem-resistant Enterobacteriaceae (CRE)
have become a serious problem worldwide. Resistance to
carbapenems is rising year on year due to the spread of
carbapenemases, the mutation of penicillin-binding proteins,
decreased membrane permeability and overexpression of
efflux pumps (9,10). For CRE, the predominant mechanism
contributing to such resistance involves carbapenemases,
particularly B lactamase Klebsiella pneumoniae carbapen-
emase (blaKPC), and type B and type D carbapenemases.
Genes encoding these carbapenemases have also been
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detected in S. marcescens (11,12). In addition, other types
of carbapenemases, including S. marcescens enzymes,
Serratia metallo-pB-lactamase, Guiana extended-spectrum
B-lactamase and Germany imipenemase, were detected in
S. marcescens isolated in different regions (13-18). The high
hydrolytic efficiency of these carbapenemases when acting on
carbapenem substrates combined with the natural resistance of
S. marcescens to polymyxin B and polymyxin E (two restricted
antibiotics used for multidrug-resistant bacteria infections),
makes the treatment of S. marcescens infections challenging
in the clinical setting (19).

Loop-mediated isothermal amplification (LAMP) is
a high-specificity, high-efficiency and rapid amplification
technology based on PCR. It uses a DNA polymerase with
high displacement strand activity and three pairs of specially
designed primers to amplify the target sequence (20). LAMP
is frequently used to detect infectious diseases among humans,
livestock and plants. There are various detection methods for
the reaction endpoint, including the turbidity method, agarose
gel electrophoresis and UV light detection method. The
turbidity method is widely used due to its simple operation
and real-time mode. This method detects the by-product of
the LAMP reaction (Mg,P,0,, magnesium pyrophosphate, a
white precipitate) at an optical density of 650 nm every 6 sec.
A variety of microorganisms have been successfully detected
by using this method, such as Mycoplasma pneumoniae,
Salmonella spp. and Clostridium difficile (21-23).

Due to the prevalence of carbapenem-resistant Serratia spp.
in China (24-28), the present study aimed to develop a LAMP
method for the rapid characterization of blaKPC producing
Serratia spp. (from pure cultures and clinical specimens) with
the calcein/Mn** complex and a constant turbidity recording
system and the reaction characteristics were assessed.

Materials and methods

Bacterial strains and preparation of templates. In the present
study, 31 bacterial strains isolated from patients were used,
including three different strains of Serratia spp. (S. marcescens
DY12303, S. liquefaciens DY12165 and S. rubidaea DY 12122).
The characteristics of these 31 bacterial strains are listed in
Table 1. S. marcescens DY12303 with blaKPC-2 was obtained
from a patient who was admitted to the ICU at Henan Province
Hospital of Traditional Chinese Medicine (TCM; Second
Affiliated Hospital of Henan University of TCM, Zhengzhou,
China) and validated by a Vitek-2 Compact automated system
for ID/AST (Bio Merieux). This strain was used as the positive
control for Serratia spp. identification and blaKPC detec-
tion. Sequencing of 16s ribosomal (YRNA and blaKPC-2
were performed using the PCR primers PCR F27, R1492,
KPC-forward (F) and KPC-reverse (R) (see Table III). The
PCR mixture contained 10 1 PCR 2X master mix reagent
(Tiangen Biotech Co., Ltd.), 1 ul 2 uM forward and reverse
primers, 1 pl (2 ng) of template and 7 ul double-distilled
(dd)H,0. The procedure was as follows: Initial denaturation
at 94°C for 5 min, followed by 35 cycles of 94°C for 30 sec as
the denaturation step, 58°C for 30 sec as the annealing step and
72°C for 30 sec as the extension step. For the final extension
step, the reaction was held at 72°C for 10 min. The product
was sequenced by Sangon Biotechnology Co., Ltd. and the

sequencing results of 16s rRNA and blaKPC-2 were 100%
identical to the S. marcescens and blaKPC-2 sequences in
GenBank. Genomic DNA from bacteria was extracted using
a QIAamp DNA Mini kit (cat. no. 51304; Qiagen GmbH)
following the manufacturer's protocol. Purified DNA was
diluted 100-fold and saved as a template for the experiments.

Primer design. As the LuxS gene of Serratia spp. diverged from
other luxS genes of bacterial species, such as Escherichia coli,
Salmonella enterica, Pantoea ananatis, Listeria monocy-
togenes, Yersinia pestis, and Erwenia amylovora the luxS
gene, which is associated with the quorum sensing system of
Serratia spp., was selected as the target sequence. The complete
luxS gene sequences of S. marcescens ATCC274 (GenBank
accession no. AJ628150), S. odorifera (GenBank accession
no. GG753567), S. lique faciens ATCC27592 (GenBank
accession no. CP006252) and S. rubidaea (GenBank acces-
sion no. CP014474) were obtained from the National Center
for Biotechnology Information (NCBI) GenBank database
(https://www.ncbi.nlm.nih.gov/genbank/) and compared using
CLUSTAL W2.1. The sequence alignment results (Fig. S1)
were further analyzed using Primer Explorer software V5
(http:/primerexplorer.jp/lampvSe/index.html), and forward
outer (F3), backward outer (B3), forward internal (FIP), back-
ward internal (BIP), forward loop (LF) and backward loop
(LB) primers were designed to optimize the amplification
reaction.

To design universal LAMP primers for blaKPC, KPC-1 to
KPC-32 (the GenBank accession no. of each blaKPC subtype is
listed in Table IT) were compared using CLUSTAL W2.1 (29).
The sequence alignment results were tackled with the same
procedure for Serratia spp. To obtain the most appropriate
primers, three sets of primers were designed for Serratia spp.
and blaKPC. The sensitivity and specificity of the LAMP
assay were then compared with those of conventional PCR.
To complete this comparison experiment, luxS-F and luxS-R
primers for S. marcescens identification and KPC-F and
KPC-R for blaKPC identification were designed. The primers
were synthesized by Sangon Biotechnology Co., Ltd. and the
primer sequences are listed in Table III.

Specificity and sensitivity evaluation of the LAMP assay.
To evaluate the sensitivity of the LAMP assay, pure genomic
DNA of S. marcescens DY12303 was extracted by using a
QIAamp DNA Mini Kit (Qiagen GmbH). DNA quantity and
quality were determined with a NanoDrop-1000 Spectrometer
(Thermo Fisher Scientific Inc.). The pure genomic DNA was
further subjected to serial 10-fold dilutions over a log7 scale
with ddH,O. Template concentrations ranging from 392.0 ng/ul
to 0.392 pg/ul were measured to compare the detection limit
difference between the LAMP assay and conventional PCR.

To determine the specificity, 18 common non-Serratia
clinical isolates were evaluated using the Serratia spp. identi-
fication LAMP assay. In addition, 12 clinical isolates carrying
prevalent resistance genes were used for the specificity evalu-
ation of blaKPC LAMP assays (details of the bacterial strains
are presented in Table I).

LAMP assay protocol and product detection. A 25-ul volume
of the reaction system of the DNA amplification kit (Eiken
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Table 1. Bacterial strains used in the present study.

, 2021

Species

Resistance mechanism

Source

S. marcescens DY 12303
S. liquefaciens DY 12165
S. rubidaea DY 12122
E.coliDY12123

K. pneumoniae DY 12326
A. baumannii DY 12522
P.vulgaris DY 12184

P. aeruginosa DY 12122
S. sonnel DY 12531

Y. pestis DY 12189

C. freundii DY 12218

S. typhi DY 12161

M. morganii DY 12439
P.rettgeri DY12210

A. baumannii FY 12252
P. aeruginosa DY 12476
K. oxytoca DY 12151

E. cloacae DY 12105

E. coliDY 12228

K. pneumoniae DY 12274
P. mirabilis DY 12407

S. maltophilia DY 12143
E. coliDY12295

B. cepacia DY 12521

K. pneumoniae DY 12384
A. baumannii DY 12223
S. maltophilia DY 12143
S. typhi DY 12161

E. aerogenes DY 12121
E. cloacae DY12315

P. aeruginosa DY 12476

KPC-2

MCR-1
VIM-1
MCR-1
NDM-1
blal.1
TEM-1
CTX-M-3
NDM-1
IMP-9

Clinical isolate
Clinical isolate
Clinical isolate
Clinical laboratory*
Clinical isolate
Clinical isolate
Clinical laboratory
Clinical laboratory
Clinical laboratory
Clinical laboratory
Clinical laboratory
Clinical laboratory
Clinical laboratory
Clinical laboratory
Clinical isolate
Clinical laboratory
Clinical isolate
Clinical isolate
Clinical laboratory
Clinical isolate
Clinical laboratory
Clinical laboratory
Clinical laboratory
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
Clinical laboratory
Clinical isolate
Clinical isolate
Clinical isolate

“Department of Clinical Laboratory of Henan Provincial Hospital of Traditional Chinese Medicine. bla, [ lactamase; KPC, Klebsiella pneu-
moniae carbapenemase; VIM, Verona imipenemase; OXA, oxacillinase; NDM, New Delhi metallo-f-lactamase; MCR, plasmid-mediated

colistin resistance gene; IMP, imipenemase.

Chemical Co., Ltd.) was applied to the LAMP assay. The
main components of the reaction system were recorded in
the instruction book for the d kit. The final concentrations of
primers required for one reaction were as follows: For FIP
and BIP 40 pmol, for LF and LB 20 pmol, and for F3 and B3
5 pmol. Finally, 1 ul genomic DNA template was added to the
reaction tube (Eiken Chemical Co., Ltd.) containing the mate-
rials required for the LAMP reaction. The reaction proceeded
at 65°C for a duration of 60 min. For inactivated products, a
reaction temperature of 80°C for 5 min in a constant-temper-
ature dry bath was used. To detect LAMP products, two
different methods were adopted. The first was direct visual
inspection; 1 pl of calcein/Mn?* complex (Eiken Chemical Co.,
Ltd.) as the indicator was added to 24 ul of LAMP reactants
prior to the LAMP reaction. In positive reactions, the color
changed from orange to green, whereas in negative reactions,

there was no color change. The color change was easily
observed under natural light or with the aid of ultraviolet light
(365 nm wavelength). An analytical method was also used for
reaction monitoring. This method used an LA-230 Loopamp
real-time turbidimeter (Eiken Chemical Co., Ltd.) to monitor
the turbidity (the white precipitation caused by the presence
of magnesium pyrophosphate, Mg,P,0,). The LAMP assay
was assessed in real-time by recording the optical density
at 650 nm every 6 sec and the turbidity was recorded with the
turbidimeter software.

Conventional PCR protocol and product detection. For
conventional PCR, 50-ul reaction mixtures were employed.
The main components were as follows: 25 u1 PCR 2X master
mix reagent (Tiangen Biotech Co., Ltd.), 1 #M forward and
reverse primers (luxS and KPC; see Table II) and 1 pul of the



4 LIU et al: DETECTION OF ISOLATED KPC-PRODUCING Serratia spp. BY LAMP ASSAY

Table II. Subtypes of blaKPC used in blaKPC primer design.

Subtype of blaKPC GenBank accession no.
KPC-1 AF297554
KPC-2 AY034847
KPC-3 AB557734
KPC-4 FJ473382
KPC-5 EU400222
KPC-6 EU555334
KPC-7 EU729727
KPC-8 FJ234412
KPC-9 FJ624872
KPC-10 GQ140348
KPC-11 HMO066995
KPC-12 HQ641422
KPC-13 HQ342889
KPC-14 JX524191
KPC-15 KC433553
KPC-16 KC465199
KPC-17 KC465200
KPC-18 NG049251
KPC-19 KJ775801
KPC-21 NG049254
KPC-22 NG049255
KPC-24 NG049256
KPC-25 KU216748
KPC-26 KX619622
KPC-27 KX828722
KPC-28 NGO052581
KPC-30 KY646302
KPC-31 NG055494
KPC-32 NGO055495

blaKPC, B lactamase Klebsiella pneumoniae carbapenemase.

DNA template. The procedure for conventional PCR was an
initial incubation at 94°C for 2 min, 35 cycles at 94°C for 30 sec
as a denaturation step, 58°C for 30 sec as the annealing step,
and 72°C for 30 sec as the extension step. For the final exten-
sion step, the reaction was held at 72°C for 10 min. The PCR
products were separated by electrophoresis using 1% agarose
gels (Amresco) and GelRed (Biotium) as a nucleic acid dye at
the recommended concentrations. A Gel Doc XR+ imaging
system (Bio-Rad Laboratories, Inc.) was used to image the
PCR products.

Evaluation of inhibition in clinical specimens. To evaluate
inhibition in clinical specimens, pure DNA extracted by
QIAamp DNA Mini Kit (Qiagen GmbH) from the sputum
and blood of healthy donors were mixed 1:1 with serially
diluted genomic DNA extracted from the clinical isolate
S. marcescens DY12303 with blaKPC as templates for the
LAMP assay. Thus, the final concentration of templates ranged
from 19.6 to 0.0196 pg/ul. Subsequently, 1 ul of DNA template
was added to 24 ul of the reaction mixture; the concentrations

in the mixture for LAMP were described above. Finally, 25 ul
of the LAMP assay mixture was used to evaluate the inhibi-
tory characteristics of the pure DNA extracted from sputum
and blood.

LAMP assay evaluation of clinical specimens. Clinical
specimens required for the present study were collected at the
Henan Province Hospital of TCM (Zhengzhou, China) from
January to December 2018. The age range of patients was
4-82 years old, with a mean age of + SD is 43.67+23.44. The sex
ratio was 208 (male): 151 (female). Sputum specimens obtained
from the ICU, Neurosurgery department and Oncology depart-
ment were collected to investigate the efficacy of the LAMP
assay for detecting Serratia spp. with blaKPC. First, a conven-
tional culture method was adopted-all clinical specimens were
inoculated, cultured, separated and identified in accordance
with the national clinical inspection operating procedures of
China and the results were used as a gold standard. In short, the
clinical samples were inoculated into 5% blood agar medium
and cultured at 37°C for 18-24 h. For Gram-negative bacilli,
the isolated strains were biochemically identified according to
Bergey's Manual Systematic Bacteriology (30) and compared
with positive control strains. In short, the difference between
Serratia marcescens and other bacteria in the same genus was
arabinose-negative, raffinose-negative and xylose-negative; it
may ferment sugars including maltose, glucose, mannose and
sucrose. Each specimen was then stored at -20°C for DNA
extraction. To reduce DNA loss during the extraction process,
sputazyme (Kyokuto) was used to reduce the viscosity. In
brief, the proper volume of sputazyme was added to 500 pl
sputum, then boiled for 5 min and subsequently centrifuged
at 6,600 x g for 10 min at room temperature. The DNA in
the supernatants was used as templates. A QlAamp DNA
Microbiome Kit (Qiagen GmbH) was used to extract bacterial
DNA from the sputum specimens according to the manufac-
turer's instructions. Both unpurified and purified DNA were
used as templates for LAMP assays and real-time PCR assay
(Serratia marcescens genesig Standard kit, Primerdesign Co.,
Ltd.) to compare the two methods.

Real-time PCR protocol and product detection. A
Serratia marcescens genesig Standard kit (Primerdesign
Co., Ltd.) was used for real-time PCR in accordance with the
manufacturer's protocol. The final volume of the S. marcescens
Probe-based Fluorescent quantitative PCR was 20 ul, which
contained 10 ul Precision PLUS 2X qPCR Master Mix, 1 ul
S. marcescens primer/probe mix, 5 ul (2 ng) of templates
and 4 ul RNase-free water. PCR cycling parameters were as
follows: 95°C for 2 min, followed by 50 cycles at 95°C for
10 sec and 60°C for 1 min.

Data analysis. Sensitivity, specificity, positive predictive value
(PPV), negative predicted value (NPV) and positive likelihood
ratio (PLR) were calculated by using Clinical Calculator 1
(http://vassarstats.net/clin]l.html#return). The calculations were
as follows: Sensitivity=A/(A+C) x100%, Specificity=D/(D+B)
x100%, PPV=A/(A+B) x100%, NPV=D/(D+C) x100%, PLR=
Sensitivity/(1-Specificity) x100%, where A indicates positivity
according to LAMP and conventional culture, B positivity
according to LAMP and negativity on conventional culture,
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Table III. Sequences of primers used for amplification of LuxS and blaKPC.

Primer Type/definition Sequence (5'-3")

U5-FIP Forward inner GCTTTCCAGGCATCGGCAACGCACCGGTTTCTACATGAG
U5-BIP Reverse inner ATGGCCGACGTGCTGAAAGTACTGGTACTCGTTCAGCTCA
U5-F3 Forward outer GGCGTGGAGATTATCGACAT

U5-B3 Reverse outer CGAGTGCATGTGGTAGGTAC

US-LF Loop forward TTCCGGCACGCCGATCA

US5-LB Loop reverse GACCGACCAGCGCAAGA

K17-FIP Forward inner CAGCACAGCGGCAGCAAGACTGAGGAGCGCTTCCCA
K17-BIP Reverse inner TCCGTTACGGCAAAAATGCGCTCGTCATGCCTGTTGTCAGAT
K17-F3 Forward outer GGCGCAACTGTAAGTTACCG

K17-B3 Reverse outer TCACTGTATTGCACGGCG

K17-LF Loop forward GCCCTTGAATGAGCTGCAC

K17-LB Loop reverse GGTTCCGTGGTCACCCA

LuxS-F PCR forward TTGATCTGCGCTTTTGCCGC

LuxS-R PCR reverse TTCACCACCACGCCGTTATC

KPC-F PCR forward CGGTCAGTCCGTTTGTTC

KPC-R PCR reverse CTTGGTCGGTCTGTAGGG

F27 16S rRNA PCR AGAGTTTGATCCTGGCTCAG

R1492 16S rRNA PCR ACGGCTACCTTGTTACGACTT

rRNA, ribosomal RNA; KPC, Klebsiella pneumoniae carbapenemase.

C negativity on LAMP and positivity on conventional culture
and D negativity on LAMP and conventional culture.

Results

Optimal primers for the LAMP assay of Serratia spp. with
blaKPC. A total of three sets of candidate primers were designed
for the detection of Serratia spp. and blaKPC. Under the same
reaction conditions, it was observed that the primer U5 set ampli-
fied the target sequence at 15, 18 and 21 min for S. marcescens
DY12303, S. liquefaciens DY12165 and S. rubidaea DY12122,
respectively. For the remaining two sets, either low efficiency
or amplification failure was observed. Therefore, the U5 sets
were chosen, which were able to amplify the target gene in the
shortest time, as the optimal reaction primers for Serratia spp.
identification (Fig. 1A). For blaKPC detection, primer K17
was confirmed as the fastest and most appropriate primer
(Fig. 1B). Accordingly, the U5 and K17 primer sets (listed in
Table IIT) were chosen as the optimal primers for the detection
of Serratia spp. with blaKPC in the LAMP assay.

Optimal temperatures for the LAMP assay of Serratia spp.
with blaKPC. To determine the most suitable reaction condi-
tions for the selected primers in the LAMP reaction for the
detection of Serratia spp. with blaKPC, several temperatures
from 61 to 68°C at 1° intervals were evaluated. As indicated
in Fig. 2A and B, 64-67°C was the most suitable temperature
range. Based on these results, 65°C was chosen as the reaction
temperature.

Specificity of the LAMP assay for Serratia spp. with blaKPC.
To estimate the specificity of the LAMP assay, S. marcescens

DY 12303 was used as the positive control and ddH,O as the
negative control. Furthermore, 18 non-Serratia spp. bacterial
strains and 12 clinical isolates without blaKPC were tested
in the specificity experiments. Fig. 3A and B indicate that an
increase in the turbidity curve only occurred when DNA from
S. marcescens DY12303 was used as the template. For the
negative control (ddH,0O) and the other reference strains, no
significant amplification was detected. These results suggested
that the primers selected had excellent specificity.

Sensitivity of the LAMP assay for Serratia spp. with blaKPC.
As indicated in Fig. 4A-1 and B-1, the detection limit of the
LAMP assay for Serratia spp. and blaKPC was 3.92 pg/ul
when monitored by a real-time turbidimeter recording system.
In addition, a direct visual method was adopted to monitor
the results of the LAMP assay for Serratia spp. and blaKPC.
Prior to the LAMP reaction, 1 gl of calcein/Mn?** complex
was added to 24 ul of the prepared LAMP reaction mixture.
All positive reactions turned green, whereas the negative
reactions still remained orange (Fig. 4A-2 and B-2). It was
concluded that these two detection methods had similar sensi-
tivities. To compare sensitivities, conventional PCR was also
performed by using luxS and blaKPC primers. The amount
of template added in the conventional PCR was the same as
that for the LAMP assay. It was observed that the detection
limit of conventional PCR for luxS and KPC was 39.2 pg/ul
(Fig. 4A-3 and B-3). Taken together, these results suggested
that the LAMP assay was 10 times more sensitive than conven-
tional PCR.

Inhibition analysis of clinical specimens. Pure genomic DNA
extracted from the clinical isolate S. marcescens DY 12303,



Table IV. Sensitivity and specificity of Serratia spp. with P lactamase Klebsiella pneumoniae carbapenemase in the loop-mediated isothermal amplification assay.

Culture (n)

Specificity (%) PPV (%) NPV (%) PLR (%)

Sensitivity (%)

Negative

Positive

Sample/result
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Sputum directly

94.8 (91.4-97.0) 81.5(71.0-88.9) 98.6 (96.1-99.5) 18.26 (11.1-29.8)

943 (85.3-98.2)

15
274

66

Positive

Negative
Extracted DNA

94.5 (91.0-96.7) 80.5 (70.0-88.1) 98.6 (96.1-99.5) 17.0 (10.5-27.5)

94.3 (85.3-98.2)

16
273

66

Positive

Negative

Percentages are provided with the 95% confidence interval in brackets. PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelihood ratio.
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Figure 1. Primer screening of Serratia spp. harboring blaKPC. in the
loop-mediated isothermal amplification assay. (A) Three sets of primers
were used for luxS gene amplification under the same conditions: U3, U5 and
U142. Samples: S.M, S. marcescens DY12303; S.L, S. liquefaciens DY12165;
S.R, S. rubidaea DY12122. (B) Three sets of primers for blaKPC gene
amplification in S. marcescens DY12303 under the same conditions: K9,
K17 and K21. Turbidity was monitored by a real-time turbidimeter recording
system at 650 nm, the recording frequency set at 6 sec. blaKPC, 3 lactamase
Klebsiella pneumoniae carbapenemase.

which has blaKPC-2, was used as a positive control and
seeded into DNA extracted from the blood and sputum of
healthy donors and reaction curves were compared with
those of samples from the pure culture. As indicated in
Fig. 4A-1 and B-1, compared with the pure culture samples,
the sensitivity of the luxS and KPC LAMP assay for the spiked
samples was unchanged, at 1.96 pg/ul (Fig. 5A and B). Thus,
it was concluded that the DNA extracted from the sputum and
blood did not interfere with the LAMP assay.

Performance comparison of the LAMP assay, conventional
culture and real-time PCR in detecting clinical specimens
of Serratia spp. with blaKPC. In the present study, sputum
specimens collected at the Henan Province Hospital of TCM
(Zhengzhou, China) were used to examine the feasibility,
sensitivity and specificity of the LAMP assay. The LAMP
assay was compared with conventional culture and the results
of real-time PCR kits. From January to December 2018, a
total of 359 sputum specimens were collected. For conven-
tional culturing combined with Tagman probe real-time PCR
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Figure 2. Optimal reaction temperature screening of the LAMP assay for
blaKPC harbored in Serratia spp. (A) The LAMP reaction for S. marcescens
identification at different temperatures. (B) Reaction curve of the LAMP
reaction for blaKPC identification at different temperatures. Turbidity was
monitored by a real-time turbidimeter recording system at 650 nm every
6 sec. LAMP, loop-mediated isothermal amplification; blaKPC, (3 lactamase
Klebsiella pneumoniae carbapenemase.

for blaKPC, 70 positive specimens of blaKPC producing
Serratia spp. were detected. For the LAMP assay, with
non-purified DNA (boiling method) from sputum specimens
as templates, 62 positive specimens of blaKPC producing
Serratia spp. were detected. The sensitivity and specificity of
the LAMP assay were 94.3 and 94.8%, respectively. However,
when the same templates were used for real-time PCR directly,
no amplification products were detected due to the existence
of interfering substances in the sputum. When purified DNA
extracted from the sputum specimens was used as a template
for the LAMP assay, the sensitivity and specificity was
94.3 and 94.5%, respectively. When the same templates were
used in a real-time PCR assay, the sensitivity was 94.3% and
the specificity was 96.0%, which was similar to those of the
LAMP assay. The results of the LAMP assay are presented in
Table I'V. The present results revealed that the LAMP reaction
had excellent sensitivity and specificity, and was less suscep-
tible to interfering substances in clinical specimens than the
real-time PCR method.

Discussion
Serratia spp. are the smallest gram-negative bacilli in the

environment and belong to the Enterobacteriaceae family.
In the clinical setting, the most commonly encountered
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Figure 3. Specificity of the LAMP assay for Serratia spp. harboring
blaKPC. (A) Specificity of the LAMP reaction for S. marcescens iden-
tification. Samples: PC, positive control (S. marcescens DY 12303); NC,
negative control (double-distilled water); 12123, E. coli DY12123; 12326,
K. pneumoniae DY12326; 12223, A. baumannii DY12223; 12184, P. vulgaris
DY12184; 12122, P. aeruginosa DY12122; 12531, S. sonnel DY12531;
12189, Y. pestis DY12189; 12218, C. freundii DY12218; 12161, S. typhi
DY12161; 12439, M. morganii DY12439; 12210, P. rettgeri DY12210; 12252,
A. baumannii FY12252; 12476, P. aeruginosa DY12476; 12151, K. oxytoca
DY12151; 12105, E. cloacae DY12105; 12228, E. coli DY12228; 12274,
K. pneumoniae DY12274; 12407, P. mirabilis DY12407. (B) Specificity of
the LAMP reaction for blaKPC detection. Samples: PC, positive control
(S. marcescens DY 12303); NC, negative control (double-distilled water);
12295, E. coli DY 12295; 12521, B. cepacia DY12521; 12384, K. pneumoniae
DY12384; 12223, A. baumannii DY12223; 12143, S. maltophilia DY12143;
12161, S. typhi DY12161; 12121, E. aerogenes DY12121; 12315, E. cloacae
DY12315; 12476, P. aeruginosa DY12476; 12228, E. coli DY12228; 12122,
P. aeruginosa DY12122; 12252, A. baumannii FY12252. Turbidity was
monitored by a Loopamp real-time turbidimeter at 650 nm every 6 sec.
Amplification was performed at 65°C for 60 min. LAMP, loop-mediated
isothermal amplification; blaKPC, p lactamase Klebsiella pneumoniae
carbapenemase.

species are S. marcescens and S. liquefaciens. S. marcescens
is generally considered as an innocuous, non-pathogenic,
environmental organism. As its red colonies are easily recog-
nized by the naked eye, it is frequently used as a popular
biological marker (31). However, this organism has recently
been thought to be an important opportunistic pathogen that
may lead to various types of infectious disease in vulnerable
populations, such as patients at ICUs and hematopathy depart-
ments. Nosocomial infections caused by S. marcescens have
reached 1-2%. Infections may take place in any part of the
body, with the respiratory tract and the blood stream being
the most common (32). Furthermore, in pediatric patients,
S. marcescens may give rise to meningitis according to case
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Figure 4. Sensitivity comparison between the LAMP assay and conventional PCR for Serratia spp. harboring blaKPC. The pure genomic DNA extracted
from S. marcescens DY12303 was diluted in a serial 10-fold dilution. Both LAMP reactions and PCRs were carried out in duplicate for each dilution point.
Tubes and lanes: 1,392.0 ng/ul; 2,39.2 ng/ul; 3,3.92 ng/ul; 4,392.0 pg/ul; 5,39.2 pg/ul; 6,3.92 pg/ul; 7,0.392 pg/ul; 8, negative control (double-distilled H,O).
(A-1 and B-1) The turbidity of the LAMP assays for S. marcescens (A-1) and blaKPC (B-1) were monitored by a Loopamp real-time turbidimeter at 650 nm
every 6 sec. (A-2 and B-2) 1 ul of fluorescent detection reagent was added to 25 pl of LAMP reaction mixture prior to the LAMP reaction. In positive reactions,
the color changed from orange to green. Otherwise, there was no color change. (A-3 and B-3) The PCR products were analyzed by 1% agarose gel electro-
phoresis and stained with GelRed. LAMP, loop-mediated isothermal amplification; blaKPC, §§ lactamase Klebsiella pneumoniae carbapenemase; M, marker.
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Figure 5. Detection of Serratia spp. harboring blaKPC in spiked blood specimens and sputum specimens. (A) Detection of the luxS gene in spiked human
blood specimens and sputum specimens by a Loopamp real-time turbidimeter at 650 nm every 6 sec. (B) Detection of the b/aKPC gene in spiked human blood
specimens and sputum specimens by a Loopamp real-time turbidimeter at 650 nm every 6 sec. Samples: B4-B7, concentration of genomic DNA in human
blood extract of 19.6, 1.96,0.196 and 0.0196 pg/ul, respectively; S4-S7, concentration of genomic DNA in sputum extract of 19.6, 1.96,0.196 and 0.0196 pg/ul,
respectively. blaKPC, (3 lactamase Klebsiella pneumoniae carbapenemase.

reports (33). S. marcescens infection may also cause endocar-
ditis and osteomyelitis in patients with heroin addiction (34).
Serratia spp.-associated BSI usually occurs due to
contaminated intravenous solutions and is a life-threatening
condition that must be diagnosed and treated as soon as
possible (35). In recent decades, routine BSI diagnosis has
included continuous monitoring of the blood culture by auto-
mated systems, subcultivating on an appropriate solid medium
and bacterial identification using commercial kits, requiring

~72 h. Although the detection time has been shortened by
the introduction of mass spectrometry as an alternative
method for bacterial identification directly from positive
blood cultures, the specialized equipment and high cost of
this method restrict its use in general hospitals and health
care units (36). Furthermore, this method cannot be used to
detect resistance markers, such as blaKPC, in Serratia spp.
Therefore, the development of a convenient, rapid, sensitive
detection method for Serratia spp. with blaKPC is required
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for the diagnosis and treatment of Serratia spp.-associated
BSI.

In our experience, lassical culturing used to detect
Serratia spp requires >48 h to identify the target pathogen and
antibiotic spectrum. Furthermore, the sensitivity of the culture
method is insufficient for the detection of Serratia spp. with
blaKPC. To the best of our knowledge, a method based on
LAMP assays for detecting blaKPC harboring Serratia spp.
has not been previously reported. Compared with conven-
tional bacterial culture and identification methods, LAMP
assays may proceed at a constant temperature and the time
required is only 1 h, saving time and effort. Furthermore,
heparin, a commonly used anticoagulant in serum and
plasma, which is well-known as an inhibitory substance for
conventional PCR, does not affect LAMP assays (37). It's also
possible for LAMP assays to detect a pathogen directly from
biological fluids, such as blood, pleuroperitoneal fluids and
cerebrospinal fluid (38).

After consideration of the epidemiology of Serratia spp.
and the advantages of the LAMP assay, the present study aimed
to design primers specifically for Serratia spp. with the most
prevalent carbapenemase resistance gene, blaKPC, for use in
a LAMP assay. The LAMP assay allows clinical specimens to
be screened more easily and rapidly than existing techniques.

The sensitivity analysis suggested that the detection limit
of the LAMP method reached 3.92 pg/ul for Serratia spp.
with blaKPC. A sensitivity comparison with conventional
PCR revealed that the LAMP was 10 times more sensitive
than conventional PCR. In the specificity analysis, the luxS
gene from Serratia spp. (<516 bp) was selected as the target
sequence for Serratia spp. identification. It was indicated that
Serratia spp. was able to be detected within 30 min and 19
non-Serratia spp. family bacterial strains tested negative,
demonstrating good specificity. Furthermore, 12 bacterial
strains without blaKPC also produced negative results. In
summary, the blaKPC primers designed in the present study
were able to detect all subtypes of blaKPC.

It was previously demonstrated that for the LAMP assay, it
is unnecessary to purify the DNA from clinical specimens (39).
However, exogenous DNA and inhibitors may markedly
reduce the sensitivity of PCR. To assess the anti-interference
performance of the LAMP method, DNA was extracted from
the sputum and blood of healthy donors and spiked speci-
mens were prepared using genomic DNA extracted from the
DY12303 bacterial strain and extracts from sputum and blood.
The results indicated that the limit of bacterial detection in the
LAMP assay with spiked specimens was similar to that for the
pure culture.

To investigate the adaptability of the LAMP assay for
clinical specimens, 359 sputum specimens were collected and
the DNA was extracted with a commercial DNA extraction kit
and the boiling method. The detection results for the LAMP
assay and real-time PCR were compared with conventional
culture methods. The results indicated that the detection
efficiency of the LAMP assay was almost the same as that of
the conventional culture method and was not affected by the
DNA extraction method. For the real-time PCR, the detection
efficiency was the same as for the conventional culture method
when purified DNA from sputum was used as templates, but
no amplification products were detected when non-purified

DNA extracted by the boiling method was used as the
template. From these results, it was concluded that the LAMP
assay had good sensitivity, specificity and efficiency compared
with conventional culture and real-time PCR methods.
Furthermore, in the present study, the fluorescent reagent
(calcein/Mn?** complex) that was added to the reaction mixture
made the detection results more visual and easier to determine.
The advantages of the LAMP assay suggested that this method
was more suitable than conventional molecular methods, such
as regular PCR and real-time PCR, for the rapid detection of
blaKPC-producing Serratia spp. in clinical specimens.

In the LAMP reaction, it is not necessary for all of the
primers to link with the target sequence. FIP and BIP primers
are of great importance and if these primers bind to the target
sequence, the signal is positive. However, further studies
are required to confirm this assumption (40). Although the
amplification principle of the LAMP method is complex, the
performance of this method is more feasible and efficient
than that of other methods. The operation of the assay may
be accomplished under isothermal conditions, which may be
achieved in a primary laboratory. Due to its favorable char-
acteristics, this LAMP assay may be adopted by inspection
and quarantine departments to perform site inspections for
blaKPC-producing Serratia spp. In ICUs of hospitals, the
LAMP assay may be used as a means of point-of-care testing
to detect resistant bacteria and guide antibiotic usage.

In summary, a detection method based on a LAMP
assay for blaKPC-producing Serratia spp. was successfully
established. The sensitivity, specificity and feasibility were
indicated to be superior to conventional culture methods and
molecular biotechnology methods. The most significant feature
of the LAMP assay presented in the present study is that it is
easy for the staff of a primary laboratory to master. Thus, this
assay may have a positive impact in primary hospitals, disease
control and prevention departments, as well as inspection
and quarantine departments. Furthermore, the present study
offers a novel perspective on the infectious characteristics of
Serratia spp. and their resistance mechanisms, leading to a
greater understanding of antibiotic screening for the treatment
of critical care patients.
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