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Abstract

Loop-mediated isothermal amplification (LAMP), an attractive DNA amplification method,
was developed as a valuable tool for the rapid detection of Toxoplasma gondii. In this study,
species-specific LAMP primers were designed by targeting the AF146527 sequence, which
was a conserved sequence of 200- to 300-fold repetitive 529 bp fragment of T.gondii. LAMP
reaction system was optimized so that it could detect the minimal DNA sample such as a
single tachyzoite or 10 copies of recombinant plasmid. No cross-reactivity was found when
using DNA from other parasites as templates. Subsequently, a total of 200 human blood
samples were directly investigated by two diagnostic methods, LAMP and conventional
PCR. Fourteen of 200 (7%) samples were positive for Toxoplasma by LAMP (the primers
developed in this study), whereas only 5 of 200 (2.5%) were proved positive by conventional
PCR. The procedure of the LAMP assay was very simple, as the reaction would be carried
out in a single tube under isothermal conditions at 64°C and the result would be read out
with 1 h (as early as 35 min with loop primers). Thus, this method has the advantages of
rapid amplification, simple operation, and easy detection and would be useful for rapid and
reliable clinical diagnosis of acute toxoplasmosis, especially in developing countries.

Introduction

Toxoplasmosis is a common parasitic disease caused by infection of Toxoplasma gondii (T.
gondii), which infects a variety of mammals including rodents, cats, and humans [1]. Infection
of the parasite can be acquired by eating raw meat containing tissue cysts, or food and water
contaminated by oocysts [2]. Acute infection can result in pregnant women transplacental
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transmission to the fetus and severe damage to the fetus, which eventually causes neonatal mal-
formations, neurological damage, blindness, or stillbirth [3]. T. gondiiis typical of short dura-
tion and self-limiting when signs and symptomsare present.The hostpersists in cyst form
without related clinical symptoms. However, persistent or recrudescent clinical manifesta-
tions, life-threatening consequences may result in newborns and immunocompromised hosts,
such as encephalitis, myocarditis, and chorioretintis [4].

Diagnosis of toxoplasmosis is important for the control of the disease. Laboratory diagnosis
has historically relied on one of the below several ways in acute T. gondii infection. For exam-
ple, the parasitological and histological method is to isolate the tachyzoite stage from blood or
body fluids such as tissue culture. The immunologic methods are the detection of T. gondii
antigens or specific antibodies, such as indirect flurorescent-antibody test and enzyme-linked
immunosorbent assays [5,6]. The molecular biological method as PCR is to amplify the specific
T. gondii genes or DNA fragments [7]. The modified agglutination test, immunochromato-
graphic test and the real-time PCR have also been developed as diagnostic methods for T.
gondii infection [8-10]. Despite these advances, diagnosis of T. gondii infection remains unsat-
isfactory because serological methods are time-consuming, and false-positive results may
occur due to extra-parasitic materials during parasite antigen preparation [11], and sometime
cannot differentiate early infections [12]. Although PCR-based techniques have been devel-
oped recently, they are limited due to long reaction time and the expensive cost of the appara-
tus [7,13]. Therefore, it is still necessary that we develop the cost-effective and rapid detection
methods for T. gondii.

Loop-mediated isothermal amplification (LAMP) originally developed by Notomi is a
newly introduced technique that amplifies target nucleicacids with high sensitivity, specificity,
efficiency, and rapidity under isothermal conditions [14]. The LAMP method uses a DNA
polymerase called Bst polymerase with displacement activity and a set of 4 especially designed
primers that recognize a total of 6 conserved and distinct sequences of the target DNA. So
far, LAMP has been applied for the diagnosis of various parasitic diseases, including trypano-
somosis [15-17], piroplasmosis [18]. In addition, LAMP has been used for the detection of
Cryptosporidium parvum oocysts [19]. LAMP assay has also been used for the detection of
Toxoplasma gondii based on the B1 and TgOWP genes in water samples [20], diagnosis of
toxoplasmosis based on the SAG1, SAG2 and B1 genes from human blood samples [21].
Recently, AF146527 fragment (GenBank AccessionNo. AF146527), which is a 200- to 300-
fold repetitive 529 bp fragment of T. gondii, has been utilized for the development of a very
sensitive and specific PCR for diagnosis [8, 22], and even in LAMP assay on swine DNA sam-
ples [23].

In the present study, we improved the LAMP method for T. gondii detection based on
AF146527 sequence. We obtained the optimal reaction condition as the temperature of 64°C,
reaction time for 1 hour, the Mg** and betine concentration of 3.0-6.0mM and 1.0 mM,
respectively. Moreover, the LAMP method was proved to be very specific and sensitive in
detecting T. gondii in DNA samples and human blood samples.

Materials and Methods
Parasite culture

T. gondii RH strain was used in our study. Tachyzoites were maintained in Vero cell mono-
layerand cultured in Dulbecco Modified Eagle Medium (HyClone, USA) supplemented with
5% fetal calf serum(FCS, HyClone, USA) at 37°C, in 5% CO, atmosphere for 3 to 4 days.
Tachyzoites were purified with a 27-gage needle syringe and a 5.0 um pore filter (Millipore,
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MA, USA) by previously described method [24]. Purified tachyzoites were stored at -70°C for
further use.

Clinical samples

A total of 200 blood samples were collected from pregnant volunteers in the Second Hospital
offilin University, China. The blood sampling was conducted by experienced staff in this hos-
pital to prevent unnecessary risk of exposure to blood and to avoid adverse events for partici-
pates.The following conditions were used as inclusion criteria for participation: The age had a
limit of 22 to 40 years old; they were in contact with or had been raising dogs, cats and other
pets; they were not taken any toxoplasma related medical examination. Oral informed consent
from these anonymous participates was recorded by us in the present of a witness. The study
was conducted after being approvedby the Ethics Review Board of China Agricultural Univer-
sity, and the consent procedure in this study was also approved by IRB.

Blood samples were collected in tubes containing EDTA and citrate and sent to our labora-
tory where they were stored at 4°C until processing. All samples were handled under aseptic
conditions.

LAMP reaction system

Four primers were used for the LAMP assay targeting six conserved region of the AF146527
sequence (GenBank AccessionNo. AF146527) of T. gondii. The outer forward primer (F3),
outer backward primer (B3), forward inner primer (FIP) and backward inner primer (BIP)
were designed using the Primer Explorer program (http://primerexplorer.jp/elamp4.0.0/index.
html). Two sets of the four primers are listed in Table 1. The LAMP reactionmixture (25 pL)
contained 2puLof the extracted DNA, 1.6uM of primers FIP and BIP, 0.2 pM of primers B3

and F3, 1 pLof BstDNA polymerase (New England Biolabs), 1.0 M betaine (Sigma-Aldrich),
1.6mM deoxynucleoside triphosphate (ANTP), and 2.5 pL of 10xbuffer (New England Biolabs)
[20 mM Tris-HCI (pH 8.8), 10 mM KCl, 2.0mM MgSO,, 10 mM (NH4),504, 0.1% Tween-20].
The LAMP reaction was performed for 30 to 60 min at 65°C and was stopped by heat inactiva-
tion at 80°C for 2 min. Electrophoresis with 1.5% agarose gel was used to analyze 20 pL of the
LAMP products, followed by ethidium bromide staining and photography.

Analytical sensitivity and specificity of LAMP assay

The primer sequences 529F (5’ ~CGCTGCAGGGAGGAAGACGAAAGTTG-3")and 529R
(5" ~CGCTGCAGACACAGTGCATCTGGATT-3" ) were selected to specifically amplify the
AF146527 DNA sequence in T. gondii genome as described previously [22]. The DNA frag-
ment was inserted into pEASY-T1 Simple Cloning Plasmid (Transgene Co., China). The plas-
mid was evaluated by Nucleic Acid/Protein Analyzer DU™® 800 (Beckman Coulter, USA) and
the copies of AF146527 sequence were calculated using the following formula:

Copies/mL = Conc. of Plasmid (g/mL)xAvogadro’s Constant/Molecular Weight of Plasmid
(g/mol)

Molecular Weight of Plasmid (g/mol) = Average Molecular Weight of BasesxTotal Number
of Bases in Plasmid

The plasmids were diluted 10-fold serially as 10° copies to 1 copy to determine the sensitiv-
ity of LAMP assay. Besides, tachyzoites of T. gondii RH strain harvested from the cell culture
were counted on a hemocytometer and diluted as 40, 20, 15, 10, 5 and 1 tachyzoite(s) in 200 uL
of fresh human blood. For LAMP assay, genomic DNA was extracted from the 200 uL sample
solution with a DNA Extraction Kit (Tiangen, Beijing, China). The reactions were performed
at least twice. In addition, 1 tachyzoite in PBS was used as a template of LAMP assay (without

PLOS ONE | DOI:10.1371/journal.pone.0169125 January 5, 2017 3/11


http://primerexplorer.jp/elamp4.0.0/index.html
http://primerexplorer.jp/elamp4.0.0/index.html

@° PLOS | ONE

Rapid Detection of T. gondiiby LAMP

DNA extraction). At the same time, DNA derived from Eimeria tenella, Cryptosporidium par-
vum, Neospora caninum and Trypanosoma evansi was used to check the specificity of T. gondii
LAMP assay.

Conventional PCR

In brief, PCR was carried out in a 25 pL reaction volume which contained 2uL DNA template,
0.5 pL forward primer and 0.5 uL reward primer (529F and 529R as described before), 12.5uL
2x TaqMix (Transgene, Beijing), 9.5 pL double distilled water. The amplification was per-
formed with a PCR machine (T-Gradient, Biometra®)), that consisted of initial denaturation
at 94°C for 5 min, followed by 30 cycles of 94°C for 45 sec, primer annealing at 55°C for 30
sec, extension at 72°C for 1 min and a final extension at 72°C for 10 min. PCR products were
electrophoresedin a 1.2% agarose gel and stained with ethidium bromidefor visualization.

Clinical sensitivity of LAMP assay

The clinical sensitivity and specificity of the LAMP assay were determined using 200 blood
samples. Genomic DNA was extracted from 100 pL of blood samples with a DNA Extraction
Kit (Tiangen, Beijing,China).The purified DNA was dissolved in 30 uL of double-distilled
water for subsequent LAMP assay and conventional PCR.

Results
Optimization of LAMP assay

The LAMP method is a rapid and convenient method for target DNA fragment detection. Like
other DNA amplification methods, the reaction is also related to several factors, including tem-
perature, time etc. As shown in Fig 1A, LAMP reaction was set up at different temperatures
from 59 to 70°C. It is shown that the strongest signal was obtained when the reaction system
was incubated at 63 to 64°C, whereas almost no signal at 59-62°C or over 67°C. According to
the proper temperature of Bst DNA polymerase of 64°C, the optimal temperature of LAMP
reaction was selected as 64°C. Then the LAMP reaction was lasted for different times from 15
min to 90 min. The LAMP reaction needed at least 45 min, and the product reached maximum
when lasted for 60 min (Fig 1B). So the proper reaction time would be 1 hour. Mg>* could
enhance the efficiency of the Bst DNA polymerase. Mg>" should keep at a proper level in the
LAMP reaction system, since that the precipitation generated during the reaction would affect
read out of the result with lower Mg>", and too higher Mg>" level would decrease the specificity
of LAMP reaction. Obvious DNA band was seen when the concentration of Mg>" was 3.0~
6.0mM (Fig 1C). Finally, the optimal concentration of betine was checked. With the betine

Table 1. Nucleotide sequences of 2 groups of LAMP primers (AF and RE) designed in this study.

Primer
AF-F3
AF-B3
AF-BIP
AF-FIP
RE-F3
RE-R3
RE-BIP
RE-FIP

doi:10.1371/journal.pone.0169125.t1001

Sequence (5°-3°)

GTTGGGAAGCGACGAGAG

ACAGTGCATCTGGATTCCTC
CCGGTGTCTCTTTTTCCACCCTTCGGAGAGGGAGAAGATGTT
CCTCGTGGTGATGGCGGAGATCCCTTCGTCCAAGCCTC
GTTGGGAAGCGACGAGAG

CAGTGCATCTGGATTCCT
CTCGTGGTGATGGCGGAGATTTTCGTCCAAGCCTCCGACTCTG
CGGTGTCTCTTTTTCCACCCTTTTTTCGGAGAGGGAGAAGATGTTT
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concentration over 0.6 mM, the target fragment got well amplified, which is consistent with
the previous report, which betine could improve the stability of long length DNA and the spec-
ificity of LAMP reaction [14]. Due to the inhibitory effect of large amount betine, the most
suitable concentration of betine is 1.0 mM (Fig 1D).

A Temperature (°C)
M 59 60 61 62 63 64 65 66 67 68 69 70
—Eessss— '

1500 bp —

500 bp —
200 bp —

B Reaction time (min)
30 45 60 75 90 90/-DNA

5000 bp ——

500 bp ——
250 bp —
100 bp =

C Mg2+ concentration (mM)

M 0 2.03.0405.06.07.08.09.0water

e ) et bl b b hed e

-

D betine concentration (mM)
M 0020406081.0121.4 water

-~ 4‘—-1=;__‘ r._' = f »—q

5000 bp —

500 bp —
250 bp —
100 bp —

Fig 1. Optimization ofLAMP reactions. LAMP reaction were carried out using genomic DNA from
tachyzoites under various conditions, as different reaction temperatures (A), reaction times (B), Mg*
concentrations (C) and betine concentrations (D). Lane (M), DNA ladder.

doi:10.1371/journal.pone.0169125.9001
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Specificity of LAMP reaction

The designed four LAMP primers, F3/B3/FIP/BIP (Table 1), were used to amplify the
AF146527 fragment from various DNA samples from T. gondii, and some other protozoan
parasites including E. tenella, C. Parvum, N. caninum and T. evansi. First, in reaction contain-
ing T. gondii DNA, the target fragment was clearly seen (Fig 2, lane 2). While using DNA from
other protozoa as the template, no such target fragment was obtained (Fig 2, lane 1 and lanes
3-5). It is suggested that LAMP assay with target specific primers showed high specificity in
detection of T. gondii.

Sensitivity of LAMP assay

The sensitivity of the LAMP assay was analyzed by detecting the DNA amplification in condi-
tions containing different copies of DNA template. The recombinant plasmid containing
AF146527 fragment was diluted serially, and then the obtained dilution such as 10° copies to 1
copy of plasmidswasused as the template for the LAMP assay. As shown in Fig 3A, only 10
copies of the recombinant plasmid as the template, the target DNA fragment would be ampli-
fied in high efficiency. When the reaction system contained only 1 copy or even less of the
recombinant plasmid, there was no DNA product for target fragment.

Moreover, the turbidity change was also monitored. The turbidity began to increase early at
about 30 min when there contained 10° copies of the recombinant plasmid (Fig 3B, red line).
With the decrease of plasmid copies, the increasing of turbidity occurred later. The turbidity
increased at late as 42 min in the condition of only 10 copies of the recombinant plasmid as
the template (Fig 3B, purple line). There was no increase in turbidity even after 1h when only 1
copy of the recombinant plasmid was in the reaction system(Fig 3B). There was no obvious

1 2 3 4 5 M

<+—750 bp
<+—500 bp

+—250 bp

«—100 bp

Fig 2. Specificity of LAMP. LAMP reaction was monitored for DNA amplification of Eimeriatenella (lane 1),
Toxoplasma gondii (lane 2), Trypanosoma evansi (lane 3), Cryptosporidium parvum (lane 4)and
Neosporacaninum (lane 5)by gel electrophoresis. Lane (M), DNA ladder.

doi:10.1371/journal.pone.0169125.9002
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A copies of recombinant plasmid

M N 10° 10® 107 10° 10° 10* 10° 10> 10 1 107

~—— 1000000
—N

(o] 360 720 1080 1440 1800 2160 2520 2880 3240 3600

Time (s)

Fig 3. The sensitivity of LAMP was checked. (A) LAMP reaction with different copies of the recombinant
plasmid as the template.Lane (M), DNA ladder. (B) LAMP reaction with different copies of the recombinant
plasmid was monitoredon the LoopampRealtimeTuribidimeter.

doi:10.1371/journal.pone.0169125.9003

difference in maximum turbidity at the end of the reactions with different plasmid copies from
10°to 10",

The sensitivity of LAMP was also checked in conditions that the template was the genomic
DNA extracted from different numbers of tachyzoites. As shown in Fig 4A, the amplified
DNA fragments were seen when using genomic DNA from at least 5 tachyzoites. In the condi-
tion with genomic DNA from only 1 tachyzoite, although there was no DNA product (Fig 4A),
the amplified target fragment was seen in seven out of eleven reactions (Fig 4B, lanes 2-8).

From above, it is suggested that the LAMP assay was very sensitive in detection of Toxo-
plasma even with only 10 copies of the target fragment or only 5 tachyzoites in the sample.

Comparison between LAMP and conventional PCR

A total of 200 clinical samples were subjected to the conventional PCR and LAMP assays.
After analyzing via the PCR assay, 5 (2.5%) and 195 (97.5%) of the samples were judged to be
positive and negative with T. gondii, respectively (Table 2). Also, the PCR products of the 5
positive samples were sequenced and showed 100% identity with the target sequence (Data not
shown). Then both the previous positive and negative samples were analyzed by LAMP assay
with different primers, including Xuan-LAMP [23], AF-LAMP, RE-LAMP (this article,

Table 1), etc. As shown in Table 2, the previous 5 positive samples were all proved to be posi-
tive with Toxoplasma via AF-LAMP, RE-LAMP and Xuan-LAMP assays, but fewer positives
were detected via LAMP with other LAMP primers (Table 2). Among the 195 negative samples
analyzed by the conventional PCR, another 8 and 9 samples were proved to be positive with
Toxoplasma checked by AF-LAMP and RE-LAMP, which resulted in the total detection ratio
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Fig 4. Sensitivity of the LAMP method. LAMP reactions were carried out using genomic DNA from various
tachyzoite(s)mixed with 200 yL fresh human blood sample (A) and genomic DNA from single tachyzoite in
PBS (B) as the template.

doi:10.1371/journal.pone.0169125.9004

of 6.5% and 7%, respectively. However, using the Xuan-LAMP assay, there was a surprising
number, 170 out of 195 were proved to be positive with Toxoplasma (Table 2), which suggested
that the Xuan-LAMP might be too hypersensitive for toxoplasma detection. For other LAMP
assays [20-21], only one to three samples out of 5 PCR-positive samples were detected to be
positive by B1-LAMP assay and B1/SAG1/SAG2-LAMP assays, although 3 out of 195 negatives
were proved to be positive via SAG2-LAMP. So the detection rate using other LAMP primers
was lower than the conventional PCR (Table 2).

Discussion
In this study, we improved the LAMP method for T.gondii detection, a highly specific and sen-

sitive diagnostic system. The reaction conditions were screened for the most optimal as the

Table 2. Comparison of the conventional PCR and LAMP for detection of T.gondiiin blood samples from pregnancy.
No. (%) with Xuan No. (%) with AF No. (%) with RE No. (%) with B1 No. (%) with Toxo | No. (%) with SAG1 No. (%) with

primers® primers primers primers® B1 primers® primers® SAG2 primers®
+ - + - + - + - + - + - + -
No. (%) withPCR | + | 5(2.5) 0 5(2.5) 0 5(2.5) 0 3(1.5) 2(1) 1(0.5) 4(2) 3(1.5) 2(1) 3(1.5) 2(1)
- | 170(85) | 25(12.5) | 8(4) | 187(93.5) | 9(4.5) | 186 (93) 0 195 (97.5) 0 195 (97.5) 0 195 (97.5) | 3(1.5) | 192 (96)
Total percent (%) 87.5 12,5 6.5 93.5 7 93 15 98.5 0.5 99.5 1.5 98.5 3 97

aXuan primers: Zhanget al. Experimental Parasitology. 2009,122:47-50.
PB1,SAG1,SAG2 primers: Yeeet al.Journal of Clinical Microbiology, 2010,48:3698-3702.
°Toxo B1 primers: Isaiaet al. Diagnostic Microbiology and Infectious Disease, 2008,62: 357—365.

doi:10.1371/journal.pone.0169125.1002
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temperature being 64°C, reaction time 1 hour, the Mg®* and betine concentrations 3.0-6.0
mM and 1.0 mM, respectively. The LAMP method was proved to be very specific for detection
of T. gondii. Moreover, the LAMP method was much more sensitive in detecting T. gondii
than other methods such as the conventional PCR.

Since the invention of the LAMP assay, it has been successfully established in diagnosing
diseases caused by viruses [25-27], bacteria [28] and parasites [15-16, 19]. Moreover, LAMP is
used for detection of toxoplasma by amplification of various T. gondii genes, as TOXO B1,
TgOWP, SAGI, SAG2 and AF146527 fragment. However, almost the same general reaction
conditions were used for these genes or fragments except a little variation with the reaction
temperature as 65°C or 63°C [20-21, 23]. In order to get the highest efficiency of LAMP assay
based on the AF146527 fragment, reaction conditions were tested in this study. Using the opti-
mal condition, the target fragment has been well amplified (Fig 1).

Mover, we determined the specificity of the LAMP assay through screening heterologous
genomic DNA from other parasites, no cross-reactivity with E. tenella, C. parvum, N. caninum
and T. evansi DNA samples was detected. The detection limit of this LAMP assay was 5 tachy-
zoites, which was less sensitive than the nested PCR target at Bl gene [21], when using pure T.
gondii DNA as a template. However, when plasmids containing single copy of AF146527
sequence were used, the detection limit was 10 copies of the target sequence. The difference
between these two limits may be due to DNA losses during T.gondii genomic DNA extraction.

For the 200 human blood samples from pregnant women, the LAMP assay and conven-
tional PCR were both tested. All the five PCR-positive blood samples were proved by DNA
sequencing, which suggested that there was no false-positive result. The above 5 samples were
also be detected as positive by our LAMP assay (AF-LAMP and RE-LAMP), as well as Xuan-
LAMP assay. Only one to three samples out of 5 PCR-positive samples were detected to be pos-
itive by B1-LAMP assay and B1/SAG1/SAG2-LAMP assays, suggesting their lower sensitivity.
To amplify B1/SAG1/SAG?2 genes, the LAMP assay was carried out according to their reported
general reaction conditions [20-21]. So, the lower sensitivity of BIl/SAG1/SAG2-LAMP assay
might be caused by the LAMP reaction efficiency, as well as the character of different sample
types [20-21]. For the 195 PCR-negative samples, several samples were judged as positive via
our LAMP assay indicating higher sensitivity than the conventional PCR. Xuan-LAMP
showed higher sensitivity (78/91) than the conventional PCR (70/91) in the detection of T.
gondii [23]. Here the 170 samples in 195 PCR-negative samples were determined as positive by
Xuan-LAMP assay, which indicated a surprisingly high sensitivity. This might due to the tissue
specificity.

Conclusions

Our results have demonstrated that the AF146527-based LAMP assay could be applied for
detection of T. gondii with the detection rate of at least 10 copies of the target DNA fragment
from 5 tachyzoites. Also our LAMP method showed higher sensitivity and valid rate in the
processing of clinical samples. Although detection rate varies among different LAMP assays,
the LAMP method still has its advantages in specificity, rapidity, sensitivity and easiness for
wide application both in veterinary and medical fields. More works need to be done to further
improve the LAMP method in diagnostic approach for Toxoplasmosis, and even for other
pathogens.

Acknowledgments

We thank Dr. Jigang Yin(Key Laboratory of Zoonosis, Ministry of Education, Jilin University)
for his activeparticipation during sampling and Prof. QiJun Chen (College of Animal Science

PLOS ONE | DOI:10.1371/journal.pone.0169125 January 5, 2017 9/11



@° PLOS | ONE

Rapid Detection of T. gondiiby LAMP

and Veterinary Medicine, Shenyang Agricultural University), Prof. Heng Wang (Department
of Microbiology and Parasitology, Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences and School of Basic Medicine, Peking Union Medical College), Dr. Chun-
juanHuang (Institute of Biophysics, Chinese Academy of Sciences) for critical comments dur-
ing the preparation of the manuscript.

Author Contributions

Conceptualization: XS.

Data curation: XMS YS] XYL XS.

Formal analysis: XMS YS] XYL XS.

Investigation: XMS YSJ XYL GH LX JXS.

Methodology: XMS XS.

Project administration: XS.

Resources: MX JXS.

Supervision: XS.

Writing - original draft: XMS XS.

Writing - review & editing: XYL XS.

References

1.

10.

1.

Bhopale GM. Development of a vaccine for toxoplasmosis: current status. Microbes Infect.2003;
5:457-62. PMID: 12738002

Dubey JP, Graham DH, De Young RW, Dahl E, Eberhard ML, Nace EK, et al. Molecular and biologic
characteristics of Toxoplasma gondiiisolates from wildlife in the United States. J Parasitol.2004; 90:67—
71. doi: 10.1645/GE-110R PMID: 15040668

Fatoohi AF, Cozon GJ, Greenland T,Ferrandiz J, Bienvenu J, Picot S,et al. Cellular immune responses
to recombinant antigens in pregnant women chronically infected with Toxoplasma gondii. Clin Diagn
Lab Immunol.2002; 9:704—7. doi: 10.1128/CDLI.9.3.704-707.2002 PMID: 11986281

Leport C, Remington JS.Toxoplasmosis in AIDS. Presse Med.1992; 21:1165-71. PMID: 1409466

Garcia JL, Navarro IT, Vidotto O, Gennari SM, Machado RZ, da Luz Pereira AB,et al. Toxoplasma gon-
dii: comparison of a rhoptry-ELISA with IFAT and MAT for antibody detection in sera of experimentally
infected pigs. Exp Parasitol.2006; 113:100-5. doi: 10.1016/j.exppara.2005.12.011 PMID: 16458299

Meek B, Diepersloot RJ, van Gool T, Speijer D, Peek R. Igm recognition of recombinant Toxoplasma
gondiiantigens by sera of acutely or latently infected humans. Diagn Microbiol Infect Dis.2003; 45:45—
52. PMID: 12573550

Gross U, Roggenkamp A, Janitschke K, Heesemann J. Improved sensitivity of the polymerase chain
reaction for detection of Toxoplasma gondiiin biological and human clinical specimens. Eur J Clin
Microbiol Infect Dis.1992; 11:33-9. PMID: 1563381

Edvinsson B, Lappalainen M, Evengard B. Real-time PCR targeting a 529-bp repeat element for diag-
nosis of toxoplasmosis. Clin Microbiol Infect.2006; 12:131-6. doi: 10.1111/j.1469-0691.2005.01332.x
PMID: 16441450

Huang X, Xuan X, Hirata H, Yokoyama N, Xu L, Suzuki N, et al. Rapid immunochromatographic test
using recombinant SAG2 for detection of antibodies against Toxoplasma gondiiin cats. J Clin Micro-
biol.2004; 42:351-3. doi: 10.1128/JCM.42.1.351-353.2004 PMID: 14715776

Mainar-Jaime RC, Barberan M. Evaluation of the diagnostic accuracy of the modified agglutination test
(MAT) and an indirect ELISA for the detection of serum antibodies against Toxoplasma gondiiin sheep
through Bayesian approaches. Vet Parasitol.2007; 148:122-9. doi: 10.1016/j.vetpar.2007.05.018
PMID: 17624672

Montoya JG. Laboratory diagnosis of Toxoplasma gondiiinfection and toxoplasmosis. J Infect
Dis.2002; 185 Suppl 1:573-82.

PLOS ONE | DOI:10.1371/journal.pone.0169125 January 5, 2017

10/11


http://www.ncbi.nlm.nih.gov/pubmed/12738002
http://dx.doi.org/10.1645/GE-110R
http://www.ncbi.nlm.nih.gov/pubmed/15040668
http://dx.doi.org/10.1128/CDLI.9.3.704-707.2002
http://www.ncbi.nlm.nih.gov/pubmed/11986281
http://www.ncbi.nlm.nih.gov/pubmed/1409466
http://dx.doi.org/10.1016/j.exppara.2005.12.011
http://www.ncbi.nlm.nih.gov/pubmed/16458299
http://www.ncbi.nlm.nih.gov/pubmed/12573550
http://www.ncbi.nlm.nih.gov/pubmed/1563381
http://dx.doi.org/10.1111/j.1469-0691.2005.01332.x
http://www.ncbi.nlm.nih.gov/pubmed/16441450
http://dx.doi.org/10.1128/JCM.42.1.351-353.2004
http://www.ncbi.nlm.nih.gov/pubmed/14715776
http://dx.doi.org/10.1016/j.vetpar.2007.05.018
http://www.ncbi.nlm.nih.gov/pubmed/17624672

@° PLOS | ONE

Rapid Detection of T. gondiiby LAMP

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Ashburn D, Davidson MM, Joss AW, Pennington TH, Ho-Yen DO. Improved diagnosis of reactivated
toxoplasmosis. Mol Pathol.1998; 51:105-9. PMID: 9713595

Guy EC, Pelloux H, Lappalainen M, Aspock H, Hassl A, Melby KK, et al. Interlaboratory comparison of
polymerase chain reaction for the detection of Toxoplasma gondii DNA added to samples of amniotic
fluid. Eur J Clin Microbiol Infect Dis.1996; 15:836—9. PMID: 8950567

Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, Amino N, et al. Loop-mediated iso-
thermal amplification of DNA. Nucleic Acids Res.2000; 28:E63. PMID: 10871386

Kuboki N, Inoue N, Sakurai T, Di Cello F, Grab DJ, Suzuki H, et al. Loop-mediated isothermal amplifica-
tion for detection of African trypanosomes. J Clin Microbiol.2003; 41:5517-24. doi: 10.1128/JCM.41.12.
5517-5524.2003 PMID: 14662933

Njiru ZK, Mikosza AS, Armstrong T, Enyaru JC, Ndung’u JM, Thompson AR. Loop-mediated isothermal
amplification (LAMP) method for rapid detection of Trypanosoma bruceirhodesiense. PLoS Negl Trop
Dis.2008; 2:147. doi: 10.1371/journal.pntd.0000147 PMID: 18253475

Njiru ZK, Mikosza AS, Matovu E, Enyaru JC, Ouma JO, Kibona SN, et al. African trypanosomiasis: sen-
sitive and rapid detection of the sub-genus Trypanozoon by loop-mediated isothermal amplification
(LAMP) of parasite DNA. Int J Parasitol.2008; 38:589—-99. doi: 10.1016/j.ijpara.2007.09.006 PMID:
17991469

Alhassan A, Thekisoe OM, Yokoyama N, Inoue N, Motloang MY, Mbati PA, et al. Development of loop-
mediated isothermal amplification (LAMP) method for diagnosis of equine piroplasmosis. Vet Parasi-
t0l.2007; 143:155-60. doi: 10.1016/j.vetpar.2006.08.014 PMID: 16973284

Karanis P, Thekisoe O, Kiouptsi K, Ongerth J, Igarashi |, Inoue N. Development and preliminary evalua-
tion of a loop-mediated isothermal amplification procedure for sensitive detection of cryptosporidium
oocysts in fecal and water samples. Appl Environ Microbiol.2007; 73:5660-2. doi: 10.1128/AEM.01152-
07 PMID: 17616628

Sotiriadou |, Karanis P. Evaluation of loop-mediated isothermal amplification for detection of Toxo-
plasma gondii in water samples and comparative findings by polymerase chain reaction and immunoflu-
orescence test (IFT). Diagn Microbiol Infect Dis.2008; 62:357—65. doi: 10.1016/j.diagmicrobio.2008.07.
009 PMID: 18715739

Lau YL, Meganathan P, Sonaimuthu P, Thiruvengadam G, Nissapatorn V, Chen Y. Specific, sensitive,
and rapid diagnosis of active toxoplasmosis by a loop-mediated isothermal amplification method using
blood samples from patients. J Clin Microbiol.2010; 48:3698-702. doi: 10.1128/JCM.00462-10 PMID:
20660217

Homan WL, Vercammen M, De Braekeleer J, Verschueren H. Identification of a 200- to 300-fold repeti-
tive 529 bp DNA fragment in Toxoplasma gondii, and its use for diagnostic and quantitative PCR. Int J
Parasitol.2000; 30:69-75. PMID: 10675747

Zhang H, Thekisoe OM, Aboge GO, Kyan H, Yamagishi J, Inoue N, et al. Toxoplasma gondii: sensitive
and rapid detection of infection by loop-mediated isothermal amplification (LAMP) method. Exp Parasi-
t0l.2009; 122:47-50. doi: 10.1016/j.exppara.2009.01.012 PMID: 19545521

Sun XM, Ji YS, Saeed AE, Lu ZM, Liu XY, Suo X,et al. Identification of antigenic proteins of Toxoplasma
gondii RH strain recognized by human immunoglobulin Gusing immunoproteomics. J Proteomics.2012;
77:423-32. doi: 10.1016/j.jprot.2012.09.018 PMID: 23026549

Hong TC, Mai QL, Cuong DV, Parida M, Minekawa H, Notomi T, at al. Development and evaluation of a
novel loop-mediated isothermal amplification method for rapid detection of severe acute respiratory
syndrome coronavirus. J Clin Microbiol.2004; 42:1956-61. doi: 10.1128/JCM.42.5.1956-1961.2004
PMID: 15131154

Ihira M, Yoshikawa T, Enomoto Y, Akimoto S, Ohashi M, Suga S,et al. Rapid diagnosis of human her-
pesvirus 6 infection by a novel DNA amplification method, loop-mediated isothermal amplification. J
Clin Microbiol.2004; 42:140-5. doi: 10.1128/JCM.42.1.140-145.2004 PMID: 14715744

Parida M, Posadas G, Inoue S, Hasebe F, Morita K. Real-time reverse transcription loop-mediated iso-
thermal amplification for rapid detection of West Nile virus. J Clin Microbiol.2004; 42:257-63. doi: 10.
1128/JCM.42.1.257-263.2004 PMID: 14715762

Iwamoto T, Sonobe T, Hayashi K. Loop-mediated isothermal amplification for direct detection of Myco-
bacterium tuberculosis complex, M. avium, and M. intracellulare in sputum samples. J Clin Micro-
biol.2003; 41:2616—22. doi: 10.1128/JCM.41.6.2616-2622.2003 PMID: 12791888

PLOS ONE | DOI:10.1371/journal.pone.0169125 January 5, 2017 11/11


http://www.ncbi.nlm.nih.gov/pubmed/9713595
http://www.ncbi.nlm.nih.gov/pubmed/8950567
http://www.ncbi.nlm.nih.gov/pubmed/10871386
http://dx.doi.org/10.1128/JCM.41.12.5517-5524.2003
http://dx.doi.org/10.1128/JCM.41.12.5517-5524.2003
http://www.ncbi.nlm.nih.gov/pubmed/14662933
http://dx.doi.org/10.1371/journal.pntd.0000147
http://www.ncbi.nlm.nih.gov/pubmed/18253475
http://dx.doi.org/10.1016/j.ijpara.2007.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17991469
http://dx.doi.org/10.1016/j.vetpar.2006.08.014
http://www.ncbi.nlm.nih.gov/pubmed/16973284
http://dx.doi.org/10.1128/AEM.01152-07
http://dx.doi.org/10.1128/AEM.01152-07
http://www.ncbi.nlm.nih.gov/pubmed/17616628
http://dx.doi.org/10.1016/j.diagmicrobio.2008.07.009
http://dx.doi.org/10.1016/j.diagmicrobio.2008.07.009
http://www.ncbi.nlm.nih.gov/pubmed/18715739
http://dx.doi.org/10.1128/JCM.00462-10
http://www.ncbi.nlm.nih.gov/pubmed/20660217
http://www.ncbi.nlm.nih.gov/pubmed/10675747
http://dx.doi.org/10.1016/j.exppara.2009.01.012
http://www.ncbi.nlm.nih.gov/pubmed/19545521
http://dx.doi.org/10.1016/j.jprot.2012.09.018
http://www.ncbi.nlm.nih.gov/pubmed/23026549
http://dx.doi.org/10.1128/JCM.42.5.1956-1961.2004
http://www.ncbi.nlm.nih.gov/pubmed/15131154
http://dx.doi.org/10.1128/JCM.42.1.140-145.2004
http://www.ncbi.nlm.nih.gov/pubmed/14715744
http://dx.doi.org/10.1128/JCM.42.1.257-263.2004
http://dx.doi.org/10.1128/JCM.42.1.257-263.2004
http://www.ncbi.nlm.nih.gov/pubmed/14715762
http://dx.doi.org/10.1128/JCM.41.6.2616-2622.2003
http://www.ncbi.nlm.nih.gov/pubmed/12791888

