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A simple and rapid real-time loop-mediated isothermal amplification (LAMP) assay
designed to detect Lawsonia (L.) intracellularis, an important bacteria causing proliferative
enteropathy in pigs. A set of four primers targeting the ubiquinone/menaquinone
biosynthesis methylase (#//E) gene was designed for the LAMP reaction. Additionally,
serial 10-fold dilutions of cultured L. intracellularis and spiked feces were also used
for the optimization of real-time LAMP. The lower limit of the linear range of the
assay in L. intracellularis was 1.0 X 10° L. intracellularis. Real-time LAMP was 10 and 100
times mote sensitive than real-time PCR and conventional PCR detection methods,
respectively. Based on testing of 213 porcine fecal samples using real-time LAMP, real-
time PCR and PCR, the agreement quotients of real-time LAMP with conventional
PCR and with real-time PCR were 0.77 and 0.95, respectively. This study demonstrated
that real-time LAMP was a powerful tool for the rapid and sensitive detection of L.
intracellularis in porcine fecal samples.

Key words: Lawsonia intracellularis, pig, potcine proliferative enteropathy, real-time loop-
mediated isothermal amplification.

INTRODUCTION

Each year, porcine proliferative enteropathy (PPE) caused by Lawsonia (L.) intracellularis
causes enormous economic losses in intensive pig production systems all over the
world [1,2]. The animals affected are usually growing and mature pigs with nonspecific
diarrhea, retarded growth rate and weight loss. A rapid and accurate method for the
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diagnosis of the disease is the first and foremost target to provide efficient treatment
procedures, as well as supporting prevention measures thereby minimizing losses.

L. intracellularis is the causative agent of PPE, a fastidious and obligate intracellular
bacteria that can be cultivated and maintained only in cell cultures [3]. Thus, isolation
is not routinely used to detect L. zntracellularis for diagnostic purposes in clinical
conditions [4]. Therefore, a diagnostic approach to identify the specific DNA from
tissue samples by PCR and immunohistochemistry has been suggested as the “gold
standard” [4]. In addition, more reliable and sensitive methods of diagnosis, namely
several PCR-based assays including PCR and real-time PCR have been established in
the recent years to detect L. intracellularis [4-6]. Between these methods, real-time PCR
provides the best sensitivity and specificity with a detection limit of three cells per
reaction [5]. Although the performance of real-time PCR assay was more sensitive for
the detection of L. intracellularis, but required expensive fluorescence detector-based
thermocyclers.

A new technology alternative to real time PCR-based detection methods named real-
time loop-mediated isothermal amplification (LAMP) has been established. This
technique involves auto-cycling strand-displacement DNA synthesis performed by Bs?
DNA polymerase, which has a high strand displacement activity based on a set of
specific primers that recognize a total of six distinct sequences on the target DNA.
Importantly, because the LAMP assay synthesizes a large amount of DNA, the by-
product of which is an insoluble white precipitate of magnesium pyrophosphate, the
amplified target DNA can be assessed using simple turbidity analysis [7,8]. Recently,
real-time loop-mediated isothermal amplification (real-time LAMP) was developed
to amplify nucleic acids with high specificity and sensitivity, allowing quantitative
analysis of nucleic acid templates [9]. During the LAMP reaction, an insoluble by-
product, magnesium pyrophosphate, is produced in proportion to the amounts of
the target DNA to be amplified. Therefore, real-time quantification can be achieved
by measuring the turbidity caused by magnesium pyrophosphate using an inexpensive
photometer [10].

The purpose of this study was to develop and validate the LAMP assay for the rapid
and accurate detection of L. intracellularis in porcine fecal samples. For a sensitive
detection of L. intracellularis from fecal samples by LAMP reaction, a set of highly
specific primers were designed. The results obtained from this assay were compared
with the results of PCR and real-time PCR assays that are used nowadays to detect L.
intracellularis DNA in fecal samples of clinically ill pigs.

MATERIALS AND METHODS

Bacterial strains and DNA isolation

For the sensitivity and specificity of the selected primers, real-time LAMP assay
was conducted with L. zntracellularis B3903 (Boehringer Ingelheim Vetmedica, Inc.,
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St. Joseph, MO, USA) and 11 non-L. intracellularis bactetia (Brachyspira hyodysenteriae
American Type Culture Collection [ATCC] 35218, Brachyspira pilosicoli [ATCC 51139,
Campylobacter coli |field isolate|, Campylobacter jejuni |field isolate|, Clostridium perfringens
[field isolate], Escherichia coli [ATCC 25922, hemolytic Escherichia coli [ATCC 35218],
Salmonella typhimurinm |[ATCC 14028), S. cholerasuis [field isolate], Shigella flexneri [ATCC
12022], and Yersinia enterocolitica [ATCC 9610]).

A silica-membrane-based spin kit (DNeasy® Tissue kit; Qiagen GmbH, Hilden,
Germany) was used for the extraction and purification of Chromosomal DNA from
these adjusted bacterial suspensions according to the manufacturer’s instructions.
Extracted DNA samples were then stored at -20°C until further use.

Spiking of fecal samples and DNA isolation

One hundred microliters of a sterile saline suspension with a known concentration
of L. intracellularis in the range of 10°to 10° TCID, was added to fresh fecal samples.
Bacterial DNA from the spiked fecal samples were extracted from the centrifuged
pellet samples using the AccuPrep® Stool DNA extraction kit (Bioneer Co., Daejeon,
Korea) according to the instructions by the manufacturer. Briefly, the fecal samples
(200 mg) were suspended in stool lysis buffer (Bioneer Co., Daejeon, Korea), which
is designed to remove inhibitory substances from stool samples. Following proteinase
K (20 pl) treatment the samples were bound to a silica-gel based capture membrane,
washed and then eluted in a low-salt buffer. The eluted DNA was used as the template
for the amplification of real-time LAMP, real-time PCR and PCR.

Real-fime LAMP assay

The real-time LAMP assay was performed as described previously [11]. Briefly, real-
time LAMP requires a set of four primers (B3, F3, BIP, and FIP) within the target DNA.
Primers of real-time LAMP reactions for L. zntracellularis were designed against the
ubiquinone/menaquinone biosynthesis methylase (#0/E) gene using Primer Explorer
V4 Software (FUJITSU, Tokyo, Japan). Primers designed for real-time LAMP along
with the primers used for PCR and real-time PCR are described in Table 1. The real-
time LAMP reaction was performed using a Loopamp DNA amplification kit (Eiken
Chemical Co. Ltd., Tokyo, Japan) with a 24-ul reaction mixture containing 1 pl (40 pM)
each of primers LI-BIP and LI-FIP, 1 ul (5 pM) of primers LI-F3 and LI-B3, 12.5 pl
of a 2x reaction mixture, and 5 pl of target DNA. Reactions were incubated at 96°C
for 5 min for heat denaturation, followed by addition of 1 ul Bszs DNA polymerase
to bring the volume of the final reaction mixture to 25 ul, after which the mixture
was incubated at 65°C for 60 min using an LA-500 turbidimeter (Teramecs Co., Ltd.,
Kyoto, Japan). The cutoff turbidity value for discriminating between positive and
negative samples was 0.1, which is two times more than the average turbidity value of
negative controls of several replicates [12].
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Sensitivity and specificity test

The suitability of the assay for detection of L. intracellularis was evaluated by
comparing the detection results of the real-time LAMP assay using 213 fecal
samples obtained from each of 213 pigs, from ten pig farms, that had been
diagnosed clinically with L. intracellularis infection. A sterile swab was used
for the collection of fecal samples, after collection. The swabs were immediately
immersed in a 1.5 ml tube containing 400 ul Tris-EDTA buffer (10 mM Tris-HCI,
1 mM EDTA, pH 7.4) and stored at -20°C until used. L. intracellularis B3903 was
used as the positive control. DNA was extracted from the collected feces and from
L. intracellularis-infected (positive control) and non-infected (negative control)
fecal samples using the AccuPrep® Genomic DNA extraction kit (Bioneer, Co.,
Deojeon, Korea) according to the manufacturer’s instructions. The isolated DNA
was used as the template for real-time LAMP, real-time PCR and PCR.

Real-fime PCR and PCR assay
Real-time PCR and PCR assay were conducted as described previously [6,13]. Primers
used in this study are listed in Table 1.

Table 1. Primer sequences of real-time loop-mediated isothermal amplification (LAMP),
real-time PCR and PCR used in this study

Method  Primer Position” Sequence ( 5’-3%) References
LLF3 18627-18647 ATCCAAATACGTTGTTTTCCT
LL-B3 18796-18813 GGCCAATAACAGCAGACG

Realtime LI-FIP(FIc+F2)  18688-18709 TTCTCTGAAATTGCGAGAGTCC + .

LAMP 18648-18670 GTTCCAAATTCAAGTATAGCCAT This study
LIBIP(B1c+B2) 18716-18738 TGTACGAGGGACAATATTACGGA +

18768-18788 TTTACCGTTTCCTGATTCTTG

Realtime L-F 1142217-1142198 GCTGTGGATTGGGAGAAATC

PCR LiR 1142056-1142074 CAAGTTGACCAGCCTCTGC 2
LIF 1142959-1142937  GCAGCACTTGCAAACAATAAACT

PeR LIR 1142750-1142772 TTCTCCTTTCTCATGTCCCATAA 3]

* Genome position according to Genbank Accession number AM180252.

Data analysis

The sensitivity and specificity among these three assays were compared and the
agreement among the assays was examined using kappa statistics [7]. The linear
regression model was performed between a plot of the amplification time required to
exceed the turbidity level of 0.1 (17 versus the log of the initial template DNA [12].

23



Acta Veterinaria-Beograd 2015, 65 (1), 20-29

RESULTS

The success of real-time LAMP assay depends on the specificity of a set of primers
designed. To determine the specificity of the primers used in the L. utracellularis real-
time LAMP assay, L. intracellularis bacterial DNA, along with other non-L. intracellularis
DNA was demonstrated that those primers specifically bind to target DNA of L.
intracellularis but not to the DNA from others not L. intracellularis (Table 2). The
results confirmed that these primer sequences are specific for L. intracellularis. The
measurement of real-time turbidity in the real-time LAMP assay containing from 1 X
10° to 1 X 10° L. intracellularis of template DNA are shown in Table 3. Using 10-fold
serial dilutions of spiked fecal samples, we determined that the detection limit of
real-time LAMP was 10" L. intracellularis bactetia, compared to 10" L. zntracellularis for
real-time PCR and 10* L. ntracellularis for PCR (Figure 1).

Table 2. Specificity of real-time loop-mediated isothermal amplification assay

Species No. of positive strains/total*
Brachyspira spp. 0/2
B. hyodysenteriae 0/1
B. pilosicoli 0/1
Campylobacter spp. 0/2
Campylobacter coli 0/1
Campylobacter jejuni 0/1
Clostridium perfringens 0/1
Escherichia coli 0/2
Salmonella spp. 0/2
S. typhimurinm 0/1
S. cholerasuis 0/1
Shigella flexneri 0/1
Yersinia enterocolitica 0/1

“Number of strains giving positive results in the real-time LAMP assay per total number tested

Table 3. Results of T; values obtained from the real-time turbidimeter

T, (min)*
Bacterial DNA
Runl Run2 Run3 Mean*S.D.
1x10° 28.01 26.60 25.10 26.57+1.46
1x10? 30.02 30.60 32.00 30.87£1.02
1x10! 38.20 36.13 39.90 38.08+1.89
1x10° 49.50 50.52 56.01 52.01+3.51

N Tz is defined as the time required for the turbidity of the real-time LAMP reaction to exceed 0.1.
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Figure 1. Detection of Lawsonia intracellularis-DNA using the real-time loop-mediated
isothermal amplification (LAMP) assay. A turbidity of 0.1 was considered to be positive

DISCUSSION

Results of the real-time LAMP, real-time PCR and PCR assays of 213 fecal samples
from nine pig farms are shown in Table 4. One hundred seventy-one fecal samples
(80.3%) were positive by both real-time LAMP and real-time PCR; 3 samples (1.4%)
were also positive by real-time LAMP but negative by real-time PCR; no sample (0%)
was positive by real-time PCR and negative by real-time LAMP; and 39 (18.3%) were
negative by both tests. The agreement quotients (kappa), which measure the levels of
agreement beyond that of random chance, were 0.77 and 0.95, respectively (Table 5).
There were three discordant samples that were positive according to real-time LAMP
but negative with real-time PCR. Together, these results indicate a very high sensitivity
with respect to real-time LAMP assay regarding the detection of L. zutracellularis. Based
on the higher analytical sensitivity of the real-time LAMP assay, it is likely that 17
discordant samples were positive but with levels below the detection limit of PCR.

In the recent years, real-time LAMP has gained popularity for its usefulness in the
detection of several pathogens because of its sensitivity, specificity, and ease of use
compared to conventional methods such as PCR and real-time PCR [14]. Further
on, PCR requires up to 4 h for the completion of one reaction, real-time PCR is
slower and more costly than real-time LAMP. In this study, the amount of template
DNA was assessed in real-time by reading the OD_ every 6s in a LoopAmp real-time
turbidimeter. The real-time turbidity measurements curve had high linearity (Figure 1)
which is the same as in real-time PCR [6]. This finding indicates that the concentration
of any template DNA can be determined by comparing the T7value with the T7#values
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of template DNA samples of known concentrations. Thus, using a real-time turbidity
monitoring system, the concentrations of L. intracel/ularis DNA in clinical samples can
be quantified. A novel method utilizing real-time LAMP assays to detect L. intracellularis
DNA from pig fecal samples was developed in this study. Real-time LAMP offers
several advantages over PCR detecting L. intracellularis DNA using feces from pigs. In
particular, LAMP assay is a sensitive method and can be amplified 10 copies of each
DNA strand in less than 1 h under isothermal conditions.

Table 4. Compatison of PCR and real-time PCR with results of real-time LAMP for detection
of Lawsonia intracellularis in 213 fecal samples obtained from pigs on ten Korean farms

Farm No. of Real-time LAMP Real-time PCR PCR
samples  piitive Negative Positive Negative  Positive Negative

1 21 15 6 14 7 12 9
2 34 32 2 32 2 29 5
3 17 13 4 13 4 9 8
4 23 15 8 15 8 13 10
5 23 21 2 20 3 15 8
6 26 23 3 23 3 19 7
7 16 15 1 15 1 14 2
8 21 17 4 16 5 16 5
9 12 7 5 7 5 5 7
10 20 16 4 16 4 12 8

Total 213 174 39 171 42 144 69

Table 5. Comparison of the sensitivities and specificities of PCR, real-time PCR and real-time
LAMP for detection of Lawsonia intracellularis in 213 fecal samples of pigs

Real-time LAMP

Kappa index

) Q)
) 157 0

PCR 0.77
) 17 39
-t + 171 0

Real-time () 0.95
PCR ® 3 39

A previous study [15] found that the detection limit of a real-time LAMP assay for
Ebrlichia ruminantinm was 10 copies per reaction, which is at least 10 times more
sensitive than PCR but slightly less sensitive than real-time PCR. In the current study,
real-time LAMP was 10 and 100 times more sensitive than real-time PCR and PCR,
respectively. As suggested previously [16], the addition of a heat-denaturation step
increased assay sensitivity. Specifically, heat denaturation resulted in the increased
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detection of L. intracellularis DNA in the positive control and a higher detection rate
in clinical fecal samples.

In Korea, the reported prevalence of PPE ranges from 44% to 69% in individual pigs,
as determined by indirect immunofluorescence antibody testing [16]. However, the
detection rate of L. intracellularis using PCR is 7.9% (15 of 191 samples) [17]. Although
it is somewhat difficult to directly compare the prevalence of PPE as determined by
different methods, the prevalence of PPE has decreased due to the use of antibiotics.
Indeed, the use of veterinary pharmaceuticals in Korea is typically greater than in most
other countries [18]. Specifically, approximately 600 tons of veterinary antimicrobials
were used as feed additives in Korea in 2004, which is 20-fold higher than the amount
of growth promoters usedin the United Kingdom in the same year [19]. The Korea
Food and Drug Administration banned the use of all types of antibiotics in feedstuffs
for livestock and farm-raised fish in 2012, which increased the prevalence of PPE.
Therefore, it is an ideal time to develop a highly sensitive and useful real-time LAMP
assay for the detection of L. ntracellularis.

Besides pigs, there are reports of isolating L. intracellularis from a wide range of
animal species including hamsters, horses, guinea pigs, dogs, lambs, calves, ferrets,
foxes, deer, rabbits, rats, mice, ratites, wild boars, wolves, giraffes, hedgehogs, and
primates [1]. The broad range of multiple host species is questionable to whether
natural cross-species transmission might occur. L. zntracellularis (order Desulfovibrionalies,
tamily Desulfovibrionaceae), an obligately intracellular bacterium is the etiological agent
of proliferative enteropathy. It causes proliferation of the affected enterocytes
characterized by crypt hyperplasia of immature cells [20]. Similar lesions have been
found in other patients suffering from coeliac diseases. There is a hypotheses that a
similar etiological agent is probably responsible for this malady. It was also previously
suggested to be a possible agent of human ulcerative colitis. However, the etiological
role of the bacterium was not established and has never been reported in humans
[21]. Cross-species transmission among pigs, horses, hamsters and mice has been
demonstrated experimentally. Therefore, it is very difficult to conclude regarding the
risk of human infections, but recent reports of the disease in non-human primates
suggest that, as diagnostic methods improve, the disease may be detected in humans.

In conclusion, Real-time LAMP assay developed in this study was shown to be an
accurate diagnostic method for the rapid detection of L. intracellularis in porcine clinical
samples. To the best of our knowledge, it is the first report to document the detection
of L. intracellularis by real-time LAMP assay in pig fecal samples.
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REAL TIME LOOP-MEDIATED IZOTERMALNA
AMPLIFIKACIJA - OSETLJIVA I BRZA METODA ZA DETEKCIJU
LAWSONIA INTRACELLULARIS KOD SVINJA

PARK Byung-Yong, SHIM Kwan-Seob, KIM Won-Il, HOSSAIN Md Mukter, KIM
Bumseok, KWON Jungkee, PARK Choi-Kyu, CHO Sung-Jin, JO Inho, CHO Ho-
Seong

Razvijena je jednostavna i brza metoda - Real time loop-mediated izotermalna am-
plifikacija (LAMP), namenjena za dokazivanje Lawsonia (L.) intracelullaris, znacajne
bakterije koja kod svinja izaziva proliferativiu enteropatiju. Za izvodenje metode, diza-
jniran je set od Cetiti prajmera koji su specifi¢ni za biosintezu ubiquinon/menaquinon
metilaze (ubiE) gen. Pored toga, za optimizaciju real-time LAMP metode, upotre-
bljene su i desetorostruka serijska razredenja ciste kulture L. intracellularis, kao i bri-
sevi fecesa. Donja granica linearnog niza rezultata za L. intracellularis bila je 1,0 x 100.
Real-time LAMP metoda je bila 10 puta osetljivija u poredenju sa real-time PCR 1 100
puta osetljivija u odnosu na konvencionalnu PCR metodu. Na osnovu rezultata ispi-
tivanja 213 uzoraka fecesa svinja, koriste¢i real-time LAMP metodu, real-time PCR 1
PCR, stepen podudarnosti real-time LAMP sa konvencionalnim real-time PCR testom
bio je 0,77, a sa PCR testom 0.95. Rezultati studije pokazuju da je real-time LAMP
pouzdan metod za brzu i osetljivu detekciju L. intracellularis u uzorcima fecesa svnja.
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