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Abstract

At least two real-time PCRs for the early diagnosis of leptospirosis have been described,

evaluated and validated. However, at least one other report suggested adaptation and modi-

fication of primers and probes used in these assays since additional Leptospira species

have been described and the primers and probe in use possess a serious mismatch to cor-

responding target sequence. In this study we developed a real-time PCR for detection of

pathogenic Leptospira based on the lipL32 gene. The present method consists of generic

primers and probes based on target sequence of 10 pathogenic Leptospira species includ-

ing Leptospira interrogans. The hybridization, annealing and extension temperature (60˚C)

were optimized as the optimal temperature of the DNA polymerase enzyme which is used in

the amplification reaction. The present assay has a high analytical sensitivity and specificity;

the calculated diagnostic sensitivity and specificity were 93.0% and 98.3% respectively.

Moreover, the present method includes an internal control which enables easy detection of

false negative results and an optional extraction control which enables the estimation of the

DNA extraction efficiency.

Introduction

Real-time PCR in its various forms and chemistries has been applied and adopted in many

clinical laboratories as a robust diagnostic tool for detection of pathogens. Particularly, diagno-

sis of leptospirosis in the early acute phase can facilitate the treatment of an infected patient

with a proper antibiotic at an appropriate time, which might prevent further complications

including multi-organ failure. In addition, real-time PCR is a perfect tool which can be applied

to identify the sources of the infection and related maintenance reservoirs. The diagnosis of

leptospirosis in the early acute phase is not possible by serological methods such as ELISA,

MAT, and rapid diagnostic tests (RDT’s), which mainly rely on detection of anti-leptospiral

antibodies and hence only can be detected in late acute phase of the disease (more than 7 days

after the onset of the disease) [1, 2]. Detection of DNA of pathogenic leptospires in patient

samples is very successful during 1–5 days after the onset of the disease [3]. During the past

decade, at least two real-time PCRs have been developed and validated for leptospirosis
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diagnosis [3–6]. Since continuously monitoring the performance of these particular molecular

tests is required as part of the validation procedure of a diagnostic test [7], at least one other report

suggested adaptation and modification of primers and probes used in these assays as many new

species have been described and the primers and probes in use possess a serious mismatch to cor-

responding target sequence [8]. In fact, most of these PCRs targeting pathogenic Leptospira have

been developed based on the genome sequence of one Leptospira species namely L. interrogans.
Recently, new pathogenic species of the genus Leptospira have been described and the whole

genome sequence of at least one strain representing each species have been published in the

genome sequence database [9], which makes it possible to evaluate (in silico) the specificity of the

molecular methods used for the detection of this pathogen. According to the OIE recommenda-

tion for diagnostic tests; evaluation, monitoring the performance and continuously checking the

specificity and the sensitivity of a particular test are critical factors in the validation procedure [7].

In this study, we demonstrate the development and validation of a real-time PCR for detection of

pathogenic leptospires according to the OIE criteria. The assay was optimized conforming to the

standard real-time PCR protocol using hydrolysis probes (dual-labeled oligonucleotides) [10].

This assay has the ability to detect all pathogenic Leptospira species currently known with a high

efficiency, sensitivity and specificity. The test has been optimized to accommodate multiplexing

with other real-time PCR assays in use for other pathogenic micro-organisms. Alternatively it

might be used as a single assay but with another real-time PCR test in the same time using the

same thermocycler. Moreover, the assay was optimized including a synthetic template as an inter-

nal control (IC) to assure the quality of the system. Optionally, this template could be used to

check the efficiency of the DNA extraction procedure as well.

Materials and methods

The development and validation of this real-time PCR was performed according to the OIE

criteria for validation of a diagnostic method [7] and according to a standard real-time PCR

protocol using hydrolysis probes [10].

Ethics statement

This research was exempted from ethical review of human subjects research by the Medical

Ethics Review Committee of the Academic Medical Center, University of Amsterdam

(W20_327#20.362).

Micro-organisms and DNAs preparation

In this study, 73 strains belonging to pathogenic, non-pathogenic and intermediate Leptospira
species (Table 1) and 46 other micro-organisms (Table 2) were included and tested to evaluate

the method described in this paper. Leptospira strains were derived from the reference collec-

tion of the National Leptospirosis Reference Centre (NRL), AMC, Amsterdam, the Nether-

lands. Genomic DNAs of other 46 micro-organisms were partly acquired from the

Microbiology Department (AMC) and partly a gift from colleagues from other institutions.

DNA extractions

Leptospira strains were propagated at 30˚C in EMJH liquid media which is prepared according

to Ellinghausen and McCullough [11] as modified by Johnson and Harris [12]. The number of

bacteria per ml was estimated using a Helber bacteria counting chamber (Weber Scientific

international, West Sussex BN15 8TN England). Genomic DNA of Leptospira strains from the

culture medium and the internal control (IC) template were extracted using Qiagen mini kit
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Table 1. Leptospira strains used in the assay.

No. Species Serovar Strain Status Result Reference

1 L. alexanderi Banna A 31 Pathogenic + [20]

2 L. alexanderi Manhao 3 L 60 Pathogenic + [20]

3 L. alexanderi Mengla A85 Pathogenic + [20]

4 L. alexanderi Manzhuang A23 Pathogenic + [20]

5 L. alstonii Pinchang 80–412 Pathogenic + [20]

6 L. borgpetersenii Kisuba Kisuba Pathogenic + [20]

7 L. borgpetersenii Hardjo typeBovis Sponselee Pathogenic + [20]

8 L. borgpetersenii Balcanica 1627 Burgas Pathogenic + [20]

9 L. borgpetersenii Mini Sari Pathogenic + [20]

10 L. borgpetersenii Kisuba Kisuba Pathogenic + [20]

11 L. borgpetersenii Hardjo type Bovis L550 Pathogenic + [21]

12 L. borgpetersenii Poi Poi Pathogenic + [20]

13 L. borgpetersenii Arborea Arborea Pathogenic + [20]

14 L. borgpetersenii Mini Sari Pathogenic + [20]

15 L. borgpetersenii Ballum Mus 127 Pathogenic + [20]

16 L. borgpetersenii Hamptoni Hampton Pathogenic + [20]

17 L. borgpetersenii Kwale Julu Pathogenic + [20]

18 L. borgpetersenii Nigeria Vom Pathogenic + [22]

19 L. interrogans Copenhageni Wijnberg Pathogenic + [20]

20 L. interrogans Pyrogenes Salinem Pathogenic + [20]

21 L. interrogans Hardjo type Prajitno Hardjoprajitno Pathogenic + [20]

22 L. interrogans Hawain LT 62–68 Pathogenic + [20]

23 L. interrogans Waskurin LT 63–68 Pathogenic + [20]

24 L. interrogans Copenhageni M 20 Pathogenic + [20]

25 L. interrogans Kremastos Kremastos Pathogenic + [20]

26 L. interrogans Pomona Pomona Pathogenic + [20]

27 L. interrogans Lai Lai Pathogenic + [20]

28 L. interrogans Australis Ballico Pathogenic + [20]

29 L. interrogans Bataviae Swart Pathogenic + [23]

30 L. interrogans Lora Lora Pathogenic + [20]

31 L. interrogans Icterohaemorrhagiae RGA Pathogenic + [20]

32 L. interrogans Recreo 380 Pathogenic + [20]

33 L. interrogans Lai type Langkawi Langkawi Pathogenic + [24]

34 L. kirschneri Bim 1051 Pathogenic + [20]

35 L. kirschneri Grippotyphosa Moskva V Pathogenic + [20]

36 L. kirschneri Cynopteri 3522 C Pathogenic + [20]

37 L. kirschneri Grip. type Duyster Duyster Pathogenic + [20]

38 L. kirschneri Sokoine RM1 Pathogenic + [25]

39 L. kirschneri Lambwe Lambwe Pathogenic + [20]

40 L. kmetyi Malaysia Bejo-IsoT Pathogenic + [26]

41 L. mayottensis Kenya 200901122 Pathogenic + [27]

42 L. meyeri Sofia Sofia 874 Pathogenic + [20]

43 L. noguchii Huallaga M7 Pathogenic + [20]

44 L. noguchii Carimagua 9160 Pathogenic + [20]

45 L. noguchii Louisiana LSU 1945 Pathogenic + [20]

46 L. santarosai Guaricura Bov. G Pathogenic + [20]

47 L. santarosai Luis M 6 Pathogenic + [20]

(Continued)
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(Germany). Genomic DNA of Leptospira strains in spiked blood, serum and urine were

extracted using easyMAG automated system (bioMérieux, Marcy l’Etoile, France) according

to the manufacturer’s recommendation. The quality and quantity of leptospiral DNA was esti-

mated by measuring the absorbance of DNA using the spectrophotometer ND-1000 Nanodrop

(3411 Silverside Rd, Bancroft Building, Wilmington, DE 19810, USA). Leptospira interrogans
serovar Icterohaemorrhagiae strain Kantorowicz was used to optimize and evaluate this assay,

and therefore a total genome size of 5 Mb was used to estimate the equivalent number of

genome copies per μl of the purified leptospiral DNA [13]. All DNAs extracted from Leptospira
strains (Table 1) were standardized to a concentration equivalent of 102 genome copies/μl. In

order to check the efficiency of the extraction method, a concentration of 0.58 pg equivalent to

100 copies of IC DNA was added to the spiked blood, serum, urine and each clinical material

prior to DNA isolation. DNA of all patient’s diagnostic materials used in this assay such as

blood, serum and urine were isolated using the easyMAG automated system.

Real-time PCR assay

Primers and probes design and selection. Primers and probes were designed targeting

lipL32 of pathogenic Leptospira; the lipL32 sequence of 97 strains belonging to 10 species of

Table 1. (Continued)

No. Species Serovar Strain Status Result Reference

48 L. santarosai Sulzerae LT 82 Pathogenic + [20]

49 L. santarosai Rioja MR 12 Pathogenic + [20]

50 L. santarosai Huanuco M 4 Pathogenic + [28]

51 L. santarosai Varela 1019 Pathogenic + [20]

52 L. weilii Ranarum ICF Pathogenic + [20]

53 L. weilii Vughia LT 89–68 Pathogenic + [20]

54 L. weilii Qingshui L 105 Pathogenic + [20]

55 L. dzianensis undesignated M12A Pathogenic + [29]

56 L. barantonii undesignated FH4-C-A1 Pathogenic + [29]

57 L. putramalaysiae undesignated SSW20 Pathogenic + [29]

58 L. adleri undesignated FH2-B-D1 Pathogenic + [29]

59 L. ellisii undesignated AT17-C-A5 Pathogenic + [29]

60 L. gomenensis undesignated KG8-B22 Pathogenic + [29]

61 L. inadai Lyme 10 Intermediate - [20]

62 L. licerasiae Varillal VAR 010 Intermediate - [30]

63 L. wolffii Khorat Khorat-H2T Intermediate - [31]

64 L. broomii Hurstbridge type HB6 5399 Intermediate - [32]

65 L. fainei Hurstbridge BUT 6 Intermediate - [33]

66 L. idonii Undesignated Eri-1T Intermediate - [34]

67 L. biflexa Patoc Patoc I Saprophytic - [20]

68 L. biflexa Andamana CH 11 Saprophytic - [20]

69 L. meyeri Semaranga Veldrat Sem. 173 Semarang173 Saprophytic - [35]

70 L. terpstrae Hualin LT11-33 Saprophytic - [20]

71 L. vanthielii Holland Waz Holland Saprophytic - [20]

72 L. wolbachii Codice CDC Saprophytic - [20]

73 L. yanagawae Saopaulo Sao Paulo Saprophytic - [20]

+ Positive PCR result,—Negative PCR result.

https://doi.org/10.1371/journal.pone.0241584.t001
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Table 2. Other micro-organisms tested in this study.

No. Species PCR Result

1 Acinetobacter calcoaceticus -

2 Bartonella henselae -

3 Bacillus subtilis -

4 Bifidobacterium longum -

5 Bordetella bronchiceptica -

6 Borrelia burgdorferi -

7 Brucella melitensis -

8 Burkholderia cepacia -

9 Campylobacter jejuni -

10 Candida albicans -

11 Candida dublinensis -

12 Candida glabrata -

13 Candida krusei -

14 Candida parapsilosis -

15 Corynebacterium diphteriae -

16 Corynebacterium xerosis -

17 Enterobacter aerogenes -

18 Enterococcus faecalis -

19 Enterococcus faecium -

20 Escherichia coli -

21 Helicobacter pylori -

22 Klebsiella pneumoniae -

23 Lactobacillus plantarum -

24 Legionella pneumophila -

25 Leishmania donovani -

26 Leptonema illini -

27 Listeria monocytogenes -

28 Mycobacterium africanum -

29 Mycobacterium bovis -

30 Mycobacterium leprae -

31 Mycobacterium tuberculosis -

32 Neisseria gonorrhoeae -

33 Pasteurella multocida -

34 Plasmodium falciparum -

35 Proteus mirabilis -

36 Pseudomonas aeruginosa -

37 Rickettsia akari -

38 Salmonella enterica -

39 Staphylococcus aureus -

40 Streptococcus pneumoniae -

41 Streptococcus sanguis -

42 Trypanosoma cruzi -

43 Toxoplasma gondii -

44 Treponema pallidum -

45 Turneriella parva -

46 Yersinia enterocolitica -

- Negative PCR result.

https://doi.org/10.1371/journal.pone.0241584.t002
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pathogenic Leptospira were retrieved from the sequence database [14], aligned and a consensus

sequence was determined using Mega7 software [15]. Subsequently specific primer sets and

probes were designed and modified using free available software (primer3) [16, 17]. The

probes were modified at 5’ end and 3’ end with FAM as a reporter and BHQ1 as a quencher

respectively. The sequences of the oligonucleotides, modification of the mismatching base

pairs of the primers and probes, and the modification of the 5’ end and 3’ end of the probes are

shown in Table 3.

The sensitivity and specificity of the selected primers and probes were tested in silico utilis-

ing BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). As a DNA template for the IC, a synthetic

DNA sequence was designed, synthesized and cloned in cloning vector pUC57-Kan. A primer

set and probe targeting the IC template sequence were designed specifically matching these

synthetic DNA sequence. The IC probe was modified at 5’ and 3’ with TexRed fluorophore

and BHQ2 quencher respectively (Table 3). All primers and probes were synthesized by a com-

mercial facility (Sigma-Aldrich, United Kingdom). The IC DNA template was synthesized and

cloned by a commercial facility (Thermo Fisher, Germany).

Optimization of the real-time PCR. The assay was optimized using LightCycler 480

Probes Master mix (Roche, Germany) according to the manufacturer’s recommendation. Two

phases of assay optimization were performed. The initial phase was performed without includ-

ing the IC system. The final optimization phase was performed after the initial one as the IC

template, IC primers and probe were incorporated in the reaction mix. In order to achieve

optimal performance and maximal PCR efficiency, the selected primers and probe were tested

using different concentrations and within a selected range of annealing and hybridization tem-

peratures. The test was performed employing the CFX96 real-time PCR detection system

according to the manufacturer’s instructions (BioRad Laboratories, Inc, the Netherlands). The

selected primers and probe (LipgrF2, LipgrR2 and LipgrP1) sequence are shown in Table 3. In

order to get perfect matching and high specificity to all pathogenic Leptospira targeted by this

assay, the reverse primer LipgrR2 was modified at nucleotide base 18 and 24 with bases Y(C

+T) and W (A+T) respectively and the probe LipgrP1 was modified at base 13,16 and 25 with

degenerated bases K (G+T), R (A+G) and Y (C+T) respectively. The concentration of the

reagents and the cyclic amplification protocol were optimized according to the real-time PCR

standard protocol. Briefly, 12.5 μl of 2x master mix (Roche, Germany), 0.4 μM of each lepto-

spires forward and reverse primer (LipgrF2 and LipgrR2), 0.2μM of the leptospires probe

(LipgrP1), 0.16 μM of each internal control primers (IntoF2 and IntoR2), 0.08 μM of internal

control probe (IntoP2), 0.25 μl double-distilled DNase/RNase-free water and 0.29 pg (equiva-

lent to 50 copies) of IC DNA template, and finally 10 μl of sample DNA template in a total

Table 3. Sequences and modification of the primers, probes and synthetic DNA template IC used to optimize the

assay.

Oligo ID Sequence Target

LipgrF2 5’CGCTGAAATGGGAGTTCGTATGATTTCC3’ lipL32
LipgrR2 5’GGCATTGATTTTTCTTCYGGGGTWGCC3’ lipL32
LipgrP1 5’FAM AGGCGAAATCGGKGARCCAGGCGAYGG3’BHQ1 lipL32
IntoF2 5’TAGAATCATTGAATCTATCACATCTCATG3’ Internal Control

IntoR2 5’TTGAACTAAATGTAGACTAAAGATGATCG’3 Internal Control

IntoP1 5’TxRd TTCACATTAACATTCAATAATCAATCATGAA3’BHQ2 Internal Control

PlasintS1 5’CTATAGAATCATTGAATCTATCACATCTCATGTACTTCACATTA
ACATTCAATAATCAATCATGAATTAATTCAATTTCTGATATGAA
TCGATCATCTTTAGTCTACATTTAGTTCAATATATC3’

Internal Control DNA template

https://doi.org/10.1371/journal.pone.0241584.t003
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volume of 25 μl were submitted to the amplification procedure. The amplification program

consists of initial DNA denaturation and DNA polymerase activation at 95˚C for 5 minutes,

45 cycles of two steps 95˚C for 20 seconds as denaturation and 60˚C for 30 seconds represent-

ing hybridization of the probes, annealing of the primers and the extension of forward and

reverse primers.

Analytical specificity. The specificity of the assay was investigated using a panel of Leptos-
pira strains representing pathogenic, intermediate and saprophytic species (Table 1) and other

micro-organisms (Table 2). A concentration equivalent to 103 genome copies per reaction of

each Leptospira strain was tested in duplicate.

Analytical sensitivity. The detection threshold of the PCR was estimated using L. interro-
gans serovar Icterohaemorrhagiae strain Kantorowicz combined with the IC DNA template.

Serial dilutions (10-fold) of strain Kantorowicz genomic DNA starting at 1 × 104 copies per

reaction down to 10 copies per reaction were used to construct a standard curve of the assay.

To determine the lower concentration which can be detected by the assay, the last positive

10-fold dilution still giving a positive signal was subjected to subsequent 2-fold serial dilutions.

Finally the end-point was set at the dilution in which the assay could detect the target in at

least 95% of the replicates. As internal control for the clinical samples the concentration of the

IC template was standardized to 50 copies per reaction. To assess the effects of the biological

matrix on the analytical sensitivity, seronegative (MAT) and PCR negative blood (200 μl) and

serum (200 μl) samples as well as PCR negative urine samples (1 ml) were each spiked with a

10-fold serial dilution of 9 x 105 leptospires of L. interrogans serovar Icterohaemorrhagiae

strain Kantorowic. These samples were subjected to DNA extraction and subsequent amplifi-

cation. The last positive 10-fold dilution still giving a positive signal was subjected to subse-

quent 2-fold serial dilutions, DNA extraction and subsequent amplification. PCR data was

analyzed using CFX Manager Software (BioRad Laboratories, Inc, the Netherlands) and the

regression mode analysis was selected to determine quantification cycle (Cq) values.

Diagnostic sensitivity (DSe), specificity (DSp) and confidence intervals (CI). Diagnos-

tic sensitivity, specificity and 95% confidence intervals (DSe, DSp and CI) were calculated

using 249 clinical samples of Dutch human patients suspected of leptospirosis. One sample

from each patient was tested in this lipL32 real-time PCR. These clinical samples were submit-

ted to the National Leptospirosis Reference Laboratory (NRL), AMC, the Netherlands. NRL

functions as a diagnostic reference center for leptospirosis in the Netherlands and is accredited

according to ISO 15189. The standard procedures include MAT, ELISA, culture [2] and secY
real-timePCR [3] to diagnose leptospirosis. Patients were considered having leptospirosis

based on one or more of the following criteria: positive culture, positive PCR, single MAT titer

with a pathogenic strain�1:160, single IgM-ELISA titer�1:160, seroconversion /� four-fold

titer rise MAT or IgM ELISA in paired samples taken at least 2 days apart [2].

Serum, EDTA blood and urine samples taken in the period May 2013 until October 2016

were tested. Either banked samples (stored at -20˚C) were used or DNA extracted from these

samples (DNA stored< 1 year at -20˚C). All tests were performed in duplicate and the statisti-

cal analysis was performed according to standard literature [18, 19].

Results and discussion

Real-time PCR profile

LipL32 primer set LipgrF2/ LipgrR2 and probe LipgrP1 in combination with IC primer set

IntoF2/ IntoR2 and probe IntoP1 were selected as they reacted with high sensitivity and speci-

ficity to their targets. The optimal concentration of the reaction reagents and the cyclic
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amplification conditions were mentioned earlier as “Real-time PCR assay” in the material and

methods section.

Analytical specificity of the assay

In silico testing of primer LipgrF2/ LipgrR2 and probe LipgrP1 sequence using BLAST search,

shows no identities between the primer set, the probe and genomic sequences of any organism

other than pathogenic Leptospira. DNA from 73 Leptospira strains belonging to 17 pathogenic,

6 intermediate and 6 saprophytic Leptospira, as well as 46 other micro-organisms were tested

(Tables 1 and 2). Primer set LipgrF2/ LipgrR2 and probe LipgrP1 specifically amplified geno-

mic DNA isolated from pathogenic Leptospira species, 1000 genome copies per PCR reaction

of all pathogenic strains gave positive results with an average Ct of 31 while they did not react

with intermediate and saprophytic species (Table 1) and other micro-organisms (Table 2),

indicating a high analytical specificity for pathogenic Leptospira.

Analytical sensitivity of the assay

The analytical sensitivity of the assay when using DNA extracted from L. interrogans strain

Kantorowicz and IC template was one copy per reaction as the real-time PCR standard curve

shows the following values (E = 101,6%, R2 = 0,99, Slope -3,28 and y-int = 41,26) (Fig 1). The

regression mode of the analysis was selected in CFX Manager Software for the analysis and

determination of the quantification cycle (Cq).

The analytical sensitivity for the spiked serum, blood and urine with L. interrogans strain

Kantorowicz were estimated as 2, 3 and 5 leptospires per reaction respectively using the proto-

col mentioned above.

Efficiency of the extraction method

When using 100 copies of the IC DNA template to estimate the efficiency of the extraction

method, we observed 68.3% recovery in serum, 44.7% in blood and 30.0% in urine. Although

the estimation of the extraction efficiency is beyond the scope of this study our results show

that the IC is useful to evaluate the extraction method.

Diagnostic sensitivity and specificity

Clinical blood samples from 71 laboratory-confirmed leptospirosis patients and 178 negative

patients (suspected of leptospirosis) were enrolled as a prospective consecutive cohort to deter-

mine the diagnostic sensitivity (DSe) and specificity (DSp); 66 of the confirmed cases and 3 of

the 178 negative cases had a positive lipL32 real-time PCR result. Therefore the DSe and DSp

of the PCR are 93.0% (CI 83.6–97.4%) and 98.3% (CI 94.8–99.6%) respectively.

Sensitivity and specificity of particular real-time PCR assays mainly rely on primers and

probe design, their selection criteria and their optimal parameters. Moreover, optimizing the

concentrations of all reagents involved in the amplification reaction and optimizing the reac-

tion conditions ensure a sensitive, specific and efficient assay. At least one report illustrated

that primers and probes used in two validated PCRs for detection of pathogenic leptospires

required modification since serious mismatching in these oligos was reported which resulted

in at least one pathogenic species of Leptospira which could not be detected [8]. In this assay,

the PCR successfully detected all pathogenic Leptospira but not saprophytic and intermediate

leptospires as well as other microorganism tested so far. This high analytical specificity indi-

cates that the primers and probe set used in this study perfectly matches the target sequences

of pathogenic leptospires and excludes saprophytic and intermediate leptospires as well as
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other microorganism sequences. Moreover, the oligo set was designed according to a standard

procedure and their optimal annealing and hybridization temperature was adjusted to the

optimal temperature for DNA polymerase activity (60˚C) permitting a high reaction sensitiv-

ity. The assay shows a high analytical sensitivity combined with a high real-time PCR reaction

efficiency since one copy of genomic DNA can be detected from pure targeted DNA. However,

testing spiked biological materials such as serum, blood and urine with Leptospira resulted in

an analytical sensitivity of 2, 3 and 5 genomic copies, respectively. The efficiency of the extrac-

tion method used to isolate the DNA and the existence of inhibitors may explain the slight dif-

ferences in the analytical sensitivity value between pure DNA and spiked materials. The

diagnostic sensitivity and specificity were calculated as 93.0% and 98.3%, respectively. Calcula-

tion of these values mainly rely on the reference standard, in this study diagnostic culturing,

serology and secY real-time PCR were considered as reference standard according to the stan-

dard procedures of NRL.

As quality control, IC was used in this assay to check the performance of the reaction proce-

dure per individual sample and single reaction tube or plate well and to investigate the pres-

ence of inhibitors in the clinical samples. Moreover it can be used to check the efficiency of the

extraction method. In conclusion, a real-time PCR with high specificity and specificity was

developed. This PCR includes the internal control as one of the quality control parameters of

this assay and an optional extraction control in case of using a manual and not automated con-

trolled extraction method. The present assay has several advantages over currently in use PCR

methods. First it has the capability to detect all known Leptospira pathogenic species since the

generic primer and probe set used in this assay reacts positively with all mentioned pathogenic

species. Secondly the ability to monitor false negative results that may be generated during

DNA extraction or during the reaction since the method incorporates the synthetic internal

control. Thirdly the hybridization, annealing and amplification temperature (60˚C) have been

optimized to the optimal temperature of the DNA polymerase enzyme. This allows multiplex-

ing with other PCRs to detect other pathogens in one tube or to run the test in the same plate

but in different wells using the standard cyclic programme.

Author Contributions

Conceptualization: Marga G. A. Goris.

Methodology: Ahmed A. Ahmed.

Validation: Ahmed A. Ahmed, Marga G. A. Goris, Marije C. Meijer.

Writing – original draft: Ahmed A. Ahmed, Marga G. A. Goris.

Writing – review & editing: Ahmed A. Ahmed, Marga G. A. Goris, Marije C. Meijer.

References
1. Goris MG, Leeflang MM, Loden M, Wagenaar JF, Klatser PR, Hartskeerl RA, et al. Prospective evalua-

tion of three rapid diagnostic tests for diagnosis of human leptospirosis. PLoS Negl Trop Dis. 2013; 7(7):

e2290. https://doi.org/10.1371/journal.pntd.0002290 PMID: 23875034

2. Goris MGA, Leeflang MM, Boer KR, Goeijenbier M, van Gorp ECM, Wagenaar JFP et al. Establishment

of Valid Laboratory Case Definition for Human Leptospirosis. J Bacteriol Parasitol 2012; 3(132). https://

doi.org/10.4172/2155-9597.1000132

3. Ahmed A, Engelberts MF, Boer KR, Ahmed N, Hartskeerl RA. Development and validation of a real-

time PCR for detection of pathogenic Leptospira species in clinical materials. PLoS One. 2009; 4(9):

e7093. https://doi.org/10.1371/journal.pone.0007093 PMID: 19763264

4. Slack A, Symonds M, Dohnt M, Harris C, Brookes D, Smythe L. Evaluation of a modified Taqman assay

detecting pathogenic Leptospira spp. against culture and Leptospira-specific IgM enzyme-linked

PLOS ONE Development of lipL32 real-time PCR for pathogenic Leptospira detection

PLOS ONE | https://doi.org/10.1371/journal.pone.0241584 November 2, 2020 9 / 11

https://doi.org/10.1371/journal.pntd.0002290
http://www.ncbi.nlm.nih.gov/pubmed/23875034
https://doi.org/10.4172/2155-9597.1000132
https://doi.org/10.4172/2155-9597.1000132
https://doi.org/10.1371/journal.pone.0007093
http://www.ncbi.nlm.nih.gov/pubmed/19763264
https://doi.org/10.1371/journal.pone.0241584


immunosorbent assay in a clinical environment. Diagn Microbiol Infect Dis. 2007; 57(4):361–6. https://

doi.org/10.1016/j.diagmicrobio.2006.10.004 PMID: 17188447

5. Stoddard RA, Gee JE, Wilkins PP, McCaustland K, Hoffmaster AR. Detection of pathogenic Leptospira

spp. through TaqMan polymerase chain reaction targeting the lipL32 gene. Diagn Microbiol Infect Dis.

2009; 64(3):247–55. https://doi.org/10.1016/j.diagmicrobio.2009.03.014 PMID: 19395218

6. Thaipadungpanit J, Chierakul W, Wuthiekanun V, Limmathurotsakul D, Amornchai P, Boonslip S, et al.

Diagnostic accuracy of real-time PCR assays targeting 16S rRNA and lipL32 genes for human leptospi-

rosis in Thailand: a case-control study. PLoS One. 2011; 6(1):e16236. https://doi.org/10.1371/journal.

pone.0016236 PMID: 21283633

7. World Organization for Animal Health (OIE). Principles and methods of validation of diagnostic assays

for infectious disease. In: Manual of Diagnostic Tests and Vaccines for Terestrial Animals. Volume 1. 8

ed. 2018.

8. Bourhy P, Bremont S, Zinini F, Giry C, Picardeau M. Comparison of real-time PCR assays for detection

of pathogenic Leptospira spp. in blood and identification of variations in target sequences. J Clin Micro-

biol. 49. 2011/04/08 ed2011. p. 2154–60. https://doi.org/10.1128/JCM.02452-10 PMID: 21471336

9. Fouts DE, Matthias MA, Adhikarla H, Adler B, Amorim-Santos L, Berg DE, et al. What Makes a Bacterial

Species Pathogenic?: Comparative Genomic Analysis of the Genus Leptospira. PLoS Negl Trop Dis.

2016; 10(2):e0004403. https://doi.org/10.1371/journal.pntd.0004403 PMID: 26890609

10. Heid CA, Stevens J, Livak KJ, Williams PM. Real time quantitative PCR. Genome Res. 1996; 6

(10):986–94. https://doi.org/10.1101/gr.6.10.986 PMID: 8908518

11. Ellinghausen HC Jr., McCullough WG. Nutrition of Leptospira Pomona and Growth of 13 Other Sero-

types: Fractionation of Oleic Albumin Complex and a Medium of Bovine Albumin and Polysorbate 80.

Am J Vet Res. 1965; 26:45–51. PMID: 14266934

12. Johnson RC, Harris VG. Differentiation of pathogenic and saprophytic letospires. I. Growth at low tem-

peratures. J Bacteriol. 1967; 94(1):27–31. https://doi.org/10.1128/JB.94.1.27-31.1967 PMID: 6027998

13. Takahashi Y, Akase K, Hirano H, Fukunaga M. Physical and genetic maps of the Leptospira interrogans

serovar icterohaemorrhagiae strain Ictero no.1 chromosome and sequencing of a 19-kb region of the

genome containing the 5S rRNA gene. Gene. 1998; 215(1):37–45. https://doi.org/10.1016/s0378-1119

(98)00277-7 PMID: 9666070

14. National Center for Biotechnology information (2015). Basic Local Alignment Search Tool. http://blast.

ncbi.nlm.nih.gov/Blast.cgi.

15. Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-

ger Datasets. Mol Biol Evol. 2016; 33(7):1870–4. https://doi.org/10.1093/molbev/msw054 PMID:

27004904

16. Koressaar T, Remm M. Enhancements and modifications of primer design program Primer3. Bioinfor-

matics. 2007; 23(10):1289–91. https://doi.org/10.1093/bioinformatics/btm091 PMID: 17379693

17. Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M, et al. Primer3—new capabili-

ties and interfaces. Nucleic Acids Res. 2012; 40(15):e115. https://doi.org/10.1093/nar/gks596 PMID:

22730293

18. Wilson EW. Probable Inference, the Law of Succession, and Statistical Inference. Journal of the Ameri-

can Statistical Association. 1927 (22):4.

19. VassarStats. Web site for statistical computation 2019, http://vassarstats.net/.

20. Brenner DJ, Kaufmann AF, Sulzer KR, Steigerwalt AG, Rogers FC, Weyant RS. Further determination

of DNA relatedness between serogroups and serovars in the family Leptospiraceae with a proposal for

Leptospira alexanderi sp. nov. and four new Leptospira genomospecies. Int J Syst Bacteriol. 1999; 49

Pt 2:839–58. https://doi.org/10.1099/00207713-49-2-839 PMID: 10319510

21. Bulach DM, Zuerner RL, Wilson P, Seemann T, McGrath A, Cullen PA, et al. Genome reduction in Lep-

tospira borgpetersenii reflects limited transmission potential. Proc Natl Acad Sci U S A. 2006; 103

(39):14560–5. https://doi.org/10.1073/pnas.0603979103 PMID: 16973745

22. Ezeh AO, Kmety E, Ellis WA, Addo PB, Adesiyun AA. A new leptospiral serovar in the Pyrogenes ser-

ogroup isolated in Nigeria. Rev Sci Tech. 1990; 9(4):1195–6. https://doi.org/10.20506/rst.9.4.534

PMID: 2132712

23. Wolff JW, Broom JC. The genus Leptospira noguchi, 1917; problems of classification and a suggested

system based on antigenic analysis. Doc Med Geogr Trop. 1954; 6(1):78–95. PMID: 13173355

24. Wagenaar JF, Gasem MH, Goris MG, Leeflang M, Hartskeerl RA, van der Poll T, et al. Soluble ST2 lev-

els are associated with bleeding in patients with severe Leptospirosis. PLoS Negl Trop Dis. 2009; 3(6):

e453. https://doi.org/10.1371/journal.pntd.0000453 PMID: 19488407

PLOS ONE Development of lipL32 real-time PCR for pathogenic Leptospira detection

PLOS ONE | https://doi.org/10.1371/journal.pone.0241584 November 2, 2020 10 / 11

https://doi.org/10.1016/j.diagmicrobio.2006.10.004
https://doi.org/10.1016/j.diagmicrobio.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17188447
https://doi.org/10.1016/j.diagmicrobio.2009.03.014
http://www.ncbi.nlm.nih.gov/pubmed/19395218
https://doi.org/10.1371/journal.pone.0016236
https://doi.org/10.1371/journal.pone.0016236
http://www.ncbi.nlm.nih.gov/pubmed/21283633
https://doi.org/10.1128/JCM.02452-10
http://www.ncbi.nlm.nih.gov/pubmed/21471336
https://doi.org/10.1371/journal.pntd.0004403
http://www.ncbi.nlm.nih.gov/pubmed/26890609
https://doi.org/10.1101/gr.6.10.986
http://www.ncbi.nlm.nih.gov/pubmed/8908518
http://www.ncbi.nlm.nih.gov/pubmed/14266934
https://doi.org/10.1128/JB.94.1.27-31.1967
http://www.ncbi.nlm.nih.gov/pubmed/6027998
https://doi.org/10.1016/s0378-1119%2898%2900277-7
https://doi.org/10.1016/s0378-1119%2898%2900277-7
http://www.ncbi.nlm.nih.gov/pubmed/9666070
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/bioinformatics/btm091
http://www.ncbi.nlm.nih.gov/pubmed/17379693
https://doi.org/10.1093/nar/gks596
http://www.ncbi.nlm.nih.gov/pubmed/22730293
http://vassarstats.net/
https://doi.org/10.1099/00207713-49-2-839
http://www.ncbi.nlm.nih.gov/pubmed/10319510
https://doi.org/10.1073/pnas.0603979103
http://www.ncbi.nlm.nih.gov/pubmed/16973745
https://doi.org/10.20506/rst.9.4.534
http://www.ncbi.nlm.nih.gov/pubmed/2132712
http://www.ncbi.nlm.nih.gov/pubmed/13173355
https://doi.org/10.1371/journal.pntd.0000453
http://www.ncbi.nlm.nih.gov/pubmed/19488407
https://doi.org/10.1371/journal.pone.0241584


25. Mgode GF, Machang’u RS, Goris MG, Engelbert M, Sondij S, Hartskeerl RA. New Leptospira serovar

Sokoine of serogroup Icterohaemorrhagiae from cattle in Tanzania. Int J Syst Evol Microbiol. 2006; 56

(Pt 3):593–7. https://doi.org/10.1099/ijs.0.63278-0 PMID: 16514033

26. Slack AT, Khairani-Bejo S, Symonds ML, Dohnt MF, Galloway RL, Steigerwalt AG, et al. Leptospira

kmetyi sp. nov., isolated from an environmental source in Malaysia. Int J Syst Evol Microbiol. 2009; 59

(Pt 4):705–8. https://doi.org/10.1099/ijs.0.002766-0 PMID: 19329592

27. Bourhy P, Collet L, Brisse S, Picardeau M. Leptospira mayottensis sp. nov., a pathogenic species of the

genus Leptospira isolated from humans. Int J Syst Evol Microbiol. 2014; 64(Pt 12):4061–7. https://doi.

org/10.1099/ijs.0.066597-0 PMID: 25249563

28. Masedo Agirre S, Chernukha Iu G. [Classification of Leptospira isolated in Peru]. Zh Mikrobiol Epidemiol

Immunobiol. 1979;(2):77–81. PMID: 419911

29. Vincent AT, Schiettekatte O, Goarant C, Neela VK, Bernet E, Thibeaux R, et al. Revisiting the taxonomy

and evolution of pathogenicity of the genus Leptospira through the prism of genomics. PLoS Negl Trop

Dis. 2019; 13(5):e0007270. https://doi.org/10.1371/journal.pntd.0007270 PMID: 31120895

30. Matthias MA, Ricaldi JN, Cespedes M, Diaz MM, Galloway RL, Saito M, et al. Human leptospirosis

caused by a new, antigenically unique Leptospira associated with a Rattus species reservoir in the

Peruvian Amazon. PLoS Negl Trop Dis. 2008; 2(4):e213. https://doi.org/10.1371/journal.pntd.0000213

PMID: 18382606

31. Slack AT, Kalambaheti T, Symonds ML, Dohnt MF, Galloway RL, Steigerwalt AG, et al. Leptospira wolf-

fii sp. nov., isolated from a human with suspected leptospirosis in Thailand. Int J Syst Evol Microbiol.

2008; 58(Pt 10):2305–8. https://doi.org/10.1099/ijs.0.64947-0 PMID: 18842846

32. Levett PN, Morey RE, Galloway RL, Steigerwalt AG. Leptospira broomii sp. nov., isolated from humans

with leptospirosis. Int J Syst Evol Microbiol. 2006; 56(Pt 3):671–3. https://doi.org/10.1099/ijs.0.63783-0

PMID: 16514048

33. Perolat P, Chappel RJ, Adler B, Baranton G, Bulach DM, Billinghurst ML, et al. Leptospira fainei sp.

nov., isolated from pigs in Australia. Int J Syst Bacteriol. 1998; 48 Pt 3:851–8. https://doi.org/10.1099/

00207713-48-3-851 PMID: 9734039

34. Saito M, Villanueva SY, Kawamura Y, Iida K, Tomida J, Kanemaru T, et al. Leptospira idonii sp. nov.,

isolated from environmental water. Int J Syst Evol Microbiol. 2013; 63(Pt 7):2457–62. https://doi.org/10.

1099/ijs.0.047233-0 PMID: 23203626

35. Victoria B, Ahmed A, Zuerner RL, Ahmed N, Bulach DM, Quinteiro J, et al. Conservation of the S10-

spc-alpha locus within otherwise highly plastic genomes provides phylogenetic insight into the genus

Leptospira. PLoS One. 2008; 3(7):e2752. https://doi.org/10.1371/journal.pone.0002752 PMID:

18648538

PLOS ONE Development of lipL32 real-time PCR for pathogenic Leptospira detection

PLOS ONE | https://doi.org/10.1371/journal.pone.0241584 November 2, 2020 11 / 11

https://doi.org/10.1099/ijs.0.63278-0
http://www.ncbi.nlm.nih.gov/pubmed/16514033
https://doi.org/10.1099/ijs.0.002766-0
http://www.ncbi.nlm.nih.gov/pubmed/19329592
https://doi.org/10.1099/ijs.0.066597-0
https://doi.org/10.1099/ijs.0.066597-0
http://www.ncbi.nlm.nih.gov/pubmed/25249563
http://www.ncbi.nlm.nih.gov/pubmed/419911
https://doi.org/10.1371/journal.pntd.0007270
http://www.ncbi.nlm.nih.gov/pubmed/31120895
https://doi.org/10.1371/journal.pntd.0000213
http://www.ncbi.nlm.nih.gov/pubmed/18382606
https://doi.org/10.1099/ijs.0.64947-0
http://www.ncbi.nlm.nih.gov/pubmed/18842846
https://doi.org/10.1099/ijs.0.63783-0
http://www.ncbi.nlm.nih.gov/pubmed/16514048
https://doi.org/10.1099/00207713-48-3-851
https://doi.org/10.1099/00207713-48-3-851
http://www.ncbi.nlm.nih.gov/pubmed/9734039
https://doi.org/10.1099/ijs.0.047233-0
https://doi.org/10.1099/ijs.0.047233-0
http://www.ncbi.nlm.nih.gov/pubmed/23203626
https://doi.org/10.1371/journal.pone.0002752
http://www.ncbi.nlm.nih.gov/pubmed/18648538
https://doi.org/10.1371/journal.pone.0241584

