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Abstract

the most likely explanation for this.

Background: Pathogenic Leptospira spp. present in the blood of patients with leptospirosis during the first week
of symptoms can be detected using culture or PCR. A proportion of patients who are positive by PCR are negative
by culture. Leptospira spp. are fastidious bacteria, and we hypothesized that a false-negative culture result may
represent infection with a distinct bacterial subset that fail to grow in standard culture medium.

Methods: We evaluated our hypothesis during a prospective study of 418 consecutive patients presenting to a
hospital in northeast Thailand with an acute febrile illness. Admission blood samples were taken for Leptospira

culture and PCR. A single tube nested PCR that amplified a region of the rrs gene was developed and applied,
amplicons sequenced and a phylogenetic tree reconstructed.

Results: 39/418 (9%) patients were culture-positive for Leptospira spp., and 81/418 (19%) patients were culture-
negative but rrs PCR-positive. The species associated with culture-positive leptospirosis (37 L. interrogans and 2
L. borgpetersenii) were comparable to those associated with culture-negative, PCR-positive leptospirosis

(76 L. interrogans, 4 L. borgpetersenii, 1 unidentified, possibly new species).

Conclusion: Molecular speciation failed to identify a unique bacterial subset in patients with culture-negative, PCR-
positive leptospirosis. The rate of false-negative culture was high, and we speculate that antibiotic pre-treatment is

Background
Leptospirosis is an acute febrile illness caused by patho-
genic species belonging to the genus Leptospira [1,2].
This zoonotic disease has a worldwide distribution but
is most common in tropical and subtropical regions and
has the greatest impact on public health in developing
countries [1-4]. Disease is maintained by chronic carrier
hosts that excrete the organism into the environment,
and infection in man results from direct contact with
infected animals or indirect contact with a contaminated
environment [1-3].

Leptospira are present in the blood during the first week
of infective symptoms [1,2]. Culture is rarely performed in
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routine clinical practice since this may take several months
and requires considerable expertise, which places it within
the domain of specialist reference centres. Culture con-
tinues to have an important role, however, in defining the
global epidemiology of infection [4]. Identification of the
serovar of infecting isolates can provide clues as to the
chronic carrier host, since certain serovars may by asso-
ciated with one or a small number of mammalian or other
species [2-4]. Such information makes an important con-
tribution to the development of prevention strategies. Cul-
ture also provides vital material for basic and applied
research [1,4].

Although culture provides valuable information and
material, it is only positive in a minority of cases [5-8]. In
a recent study conducted by us to assess the diagnostic
accuracy of a real-time PCR assay for human leptospiro-
sis in Thailand, culture was positive in only 39/133 (29%)
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laboratory confirmed cases [5]. The remaining cases were
diagnosed using the microscopic agglutination test
(MAT), a serologic test on paired (acute and convales-
cent) serum samples. MAT has been used previously to
infer the prevalent Leptospira serovars in a given region
by determining the serovar against which the highest
titer is raised, but this is associated with considerable
inaccuracy. In Thailand, MAT was reported to predict
the infecting serovar in only 33% of human leptospirosis
cases when compared with serovar determination of the
actual infecting isolate using the cross agglutinin absorp-
tion test (CAAT) [9].

PCR is more sensitive than culture for the detection of
Leptospira in clinical samples [5,8,10,11]. In our setting,
PCR detects around twice as many cases of leptospirae-
mia compared with culture in patients presenting to
hospital with an acute febrile illness [5]. Leptospira spp.
are fastidious microorganisms, and a possible explana-
tion is that patients who are culture-negative but PCR-
positive are infected with isolates that fail to grow in the
standard culture medium used (EMJH, Ellinghausen,
McCullough, Johnson, and Harris medium). Here, we
explore this possibility by examining the hypothesis that
Leptospira spp. associated with culture-negative leptos-
pirosis includes a distinct subset at the species level
compared with Leptospira spp. associated with culture-
positive infection.

Methods

Ethics Statement

Ethical approval was given by the Ministry of Public
Health, Royal Government of Thailand for the cohort
study of acute febrile illness conducted in northeast Thai-
land from which the subjects and blood samples used here
were drawn. These patients provided written informed
consent [5]. Additional ethical approval was given by the
Faculty of Tropical Medicine, Mahidol University, Thai-
land for their inclusion in this case-control study.

Patient recruitment, sampling and Leptospira culture

A prospective cohort of 418 consecutive patients present-
ing to the Udon Thani hospital, northeast Thailand with
an acute febrile illness were recruited between 10" Janu-
ary 2001 and 16™ June 2002, as described previously [5].
In brief, patients were identified during twice daily
rounds of the medical wards. Inclusion criteria were
patients who were > 15 years of age with fever (> 37.8°C)
of unknown cause who agreed to participate in the study.
Patients with a blood smear positive for malaria parasites
or those with another definable source of infection on
admission such as pneumonia or urinary tract infection
were excluded from the study. Parallel blood samples for
culture and PCR (5 ml collected into each of heparin and
EDTA blood tubes, respectively) were taken on
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admission from all patients. Leptospira culture was estab-
lished in Udon Thani hospital on the day of venepunc-
ture, and cultures were maintained and examined weekly
for up to 6 months, as described previously [12]. Species
identification of Leptospira cultures was undertaken by
amplification and sequencing of the near full-length 16S
rRNA gene, as described previously [6]. EDTA samples
were left at room temperature for no more than 6 hours
prior to storage at -80°C.

Bacterial strains and DNA extraction

The Leptospira spp. used in this study are listed in Table 1.
Additional isolates used were one clinical isolate of each of
the following: Staphylococcus aureus, Enterococcus spp.,
Escherichia coli, Salmonella enterica serovar Typhi, Kleb-
siella pneumoniae, Pseudomonas aeruginosa, Burkholderia
pseudomallei, Orientia tsutsugamushi strain Kato and
Rickettsia typhi. Genomic DNA was extracted from
laboratory cultures using the Wizard® Genomic DNA
extraction kit (Promega, USA), with the addition of 5 pl of
10 mg/ml lysostaphin during the extraction of S. aureus.
The EDTA blood sample was thawed and total DNA
extracted in 2009. Extraction was performed using the
Nucleon™ BACC Genomic DNA Extraction Kit (GE
Healthcare Biosciences, USA) and the extract suspended
in 1 ml of TE buffer. DNA samples were stored at -20°C
prior to use.

Primer design

Primer design was based on three criteria. These were that
primers would: (i) anneal to DNA belonging to Leptospira
spp- associated with disease in humans or animals (i.e.
belonging to the pathogenic and intermediate groups), but
not to saprophytes which can be laboratory contaminants;
(ii) amplify a gene fragment small enough to be sequenced
in a single reaction; and (iii) amplify a gene fragment con-
taining the maximal number of polymorphic sites between
species for the size of product, maximizing the ability of
the region to discriminate between different but closely
related Leptospira species.

We downloaded and aligned 184 sequence traces from
GenBank for the partial or full rrs gene of Leptospira spp.
belonging to nine pathogenic and five intermediate species
(see Additional file, Table S1 for accession numbers). The
number for each species was as follows - pathogenic spe-
cies: L. interrogans (n = 61), L. borgpetersenii (n = 28),
L. kirschneri (n = 21), L. santarosai (n = 22), L. noguchii
(n = 12), L. weilii (n = 13), L. alexanderi (n = 5), L. alstonii
(n = 2), L. kmetyi (n = 1); intermediate species: L. broomii
(n = 3), L. fainei (n = 3), L. inadai (n = 3), L. licerasiae
(n =9), and L. wolffii (n = 1). The median length of
sequence traces was 1320 nucleotides (range 977-1509,
IQR = 1318-1431); the 1509 nucleotide trace represents
the full-length rrs of L. interrogans serovar Lai. A 443-
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Table 1 Leptospira spp.used in this study

Serovar Serogroup Strain Species Status

Lai Icterohaemorrhagiae Lai L. interrogans Pathogen
Cynopteri Cynopteri 3522C L. kirschneri Pathogen
Fortbragg Autumnalis Fort Bragg L. noguchii Pathogen
Javanica Javanica Veldrat Batavia 46 L. borgpetersenii Pathogen
Manhao3 Manhao L60 L. alexanderi Pathogen
Alice Autumnalis Alice L. santarosai Pathogen
Pingchang Ranarum 80-412 L. alstonii Pathogen
Sarmin Sarmin Sarmin L. weilii Pathogen
Lyme Lyme 10 L. inadai Intermediate
Khorat - H2 L. wolffii Intermediate
Hualin Icterohaemorrhagiae LT11-33 L. terpstrae Non-pathogen
Semaranga Semaranga Veldrat Semaranga 173 L. meyeri Non-pathogen
Patoc Semaranga Patoc | L. biflexa Non-pathogen
Codice Codice cbC L. wolbachii Non-pathogen
Saopaulo Semaranga Sao Paulo L. yanagawae Non-pathogen

nucleotide region was identified that contained 32%
(45/141) of all polymorphic sites within the 184 sequence
trace alignment. This was located at positions 89 to 531 of
the rrs gene of L. interrogans serovar Lai strain 56601
[GenBank: NC_004342].

Single tube nested PCR assay

Molecular assays were performed at the Mahidol-Oxford
Tropical Medicine Research Unit. A single tube nested
PCR was developed that would amplify the 443-nucleotide
rrs fragment described above, together with around 50
bases up- and downstream of this target region. PCR pri-
mers were designed using PrimerSelect software (DNAS-
TAR Inc., Wisconsin, USA). Primers were as follows: rrs-
outer-F (5" CTCAGAACTAACGCTGGCGGCGCG 3),
rrs-outer-R (5° GGTTCGTTACTGAGGGTTAAAAC
CCCC3’), rrs-inner-F (5 CTGGCGGCGCGTCTTA 3’),
and rrs-inner-R (5° GTTTTCACACCTGACTTACA 3’).
The resulting amplicon was 547 bp. A 25 pl PCR reaction
contained 4.5 mM of MgCl,, 200 uM of ANTP, 1.25 unit
of Tag DNA polymerase (Roche, USA), 0.150 pmol of
each outer primer, 1.25 pmol of rrs-inner-F, 5 pmol of rrs-
inner-R, 1 M of Betaine (Sigma-Aldrich, USA) and either
1 ul of DNA extracted from laboratory cultures or 5 pl of
DNA extracted from EDTA blood samples taken from
febrile patients. PCR was performed in duplicate for each
sample using a PTC-200 Peltier Thermal Cycler (M]
research, USA) using the following conditions: one cycle of
95°C for 2 minutes; 40 cycles of 95°C for 10 seconds, 67°C
for 15 seconds and 72°C for 30 seconds; 40 cycles of 95°C
for 10 seconds, 55°C for 15 seconds and 72°C for 30 sec-
onds; then one cycle of 72°C for 7 minutes. Positive and
negative controls were included in each run. The positive

control was genomic DNA extracted from L. interrogans
serovar Lai strain Lai spiked into human DNA as diluent.
Human DNA was extracted from a 5 ml blood sample
taken from a single individual and extracted as described
above for clinical samples. The negative control was reac-
tion mixture minus DNA template. Amplicons were visua-
lized using 1.5% gel electrophoresis followed by staining
with ethidium bromide. A positive PCR result was defined
as the visualization of a band of predicted size for one or
both samples.

Analytical sensitivity of the assay was determined using
10-fold serial dilutions of genomic DNA extracted from
L. interrogans serovar Lai strain Lai and suspended in
human DNA as diluent. Genomic equivalents (GE) were
estimated based on a genomic size of 4,659,275 bp, the
average genome size of two L. interrogans strains [13,14].
Analytical specificity was determined using DNA extracted
from Leptospira spp. (Table 1) and other pathogenic bac-
teria that are common causes of septicemia or febrile ill-
ness in our setting (S. aureus, Enterococcus spp., E. coli,
S. enterica serovar Typhi, K. pneumoniae, P. aeruginosa,
B. pseudomallei, O. tsutsugamushi and R. typhi).

Sequencing and sequence analysis

Purified PCR products were sequenced by Macrogen
Inc. (Seoul, Korea) using the rrs-inner-F and rrs-inner-R
primers. Sequences were aligned using SeqManlI soft-
ware (DNASTAR Inc., Wisconsin, USA), and trimmed
to the 443-nucleotide region. A neighbor-joining tree
was reconstructed prior to inferring Leptospira spp.
based on a comparison with sequence for 14 pathogenic
and intermediate Leptospira spp. acquired from Gen-
Bank database using software Mega 5.0 [15].
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Results

Discriminatory power of the 443-nucleotide region to
speciate Leptospira spp

Alignment of the 443-nucleotide rrs fragment of 184
strains revealed a total of 25 unique alleles for 14 different
species. Polymorphic sites, a phylogenetic tree and the fre-
quency of each allele by species are shown in Figure 1.
Eight Leptospira spp. (L. borgpetersenii, L. alexanderi,
L. alstonii, L. kmetyi, L. wolffii, L. inadai, L. licerasiae, and
L. broomii) each had a single unique rrs type (of which
two species, L. kmetyi and L. wolffii, only had one rrs
sequence trace available for the analysis). The remaining 6
species had between two to five alleles; the frequency of
each allele within a given species is shown in Figure 1.

An analysis was performed to determine the discrimina-
tory power of the 443-nucleotide rrs fragment to speciate
the 14 Leptospira spp. compared with the nearly whole
length rrs gene (median length 1320 bp) for the 184
sequence traces by comparing average (%) nucleotide dis-
tances. Average distances ranged from 0.27-2.50% between
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the pathogenic species and 0.23-3.16% between the inter-
mediate species for the 443-nucleotide region (Table 2).
By comparison, average distances ranged from 0.13-1.42%
between pathogenic species and 0.23-2.73% between
the intermediate species for the near full-length gene
(Table 2). This indicates that the use of the 443-nucleotide
rrs fragment is associated with a similar discriminatory
power to that of longer regions of the rrs gene sequence.

Analytical sensitivity and specificity of single tube nested
PCR

The analytical sensitivity of the PCR assay was determined
using DNA of L. interrogans serovar Lai strain Lai diluted
to reach a final concentration of 100, 10 or 1 GE/reaction.
Duplicate samples at each DNA concentration were evalu-
ated on 10 independent occasions. Both samples were
positive on all occasions for 100 and 10 GE/reaction, while
8/10 runs were positive for 1 GE/reaction (both samples
positive in 6/10 runs and one of two samples positive in
2/10 runs). An LOD value of 1 GE/reaction equates to 40

<
Polymorphic positions
1111111111111 11111111111122222222222233334444
2224445666777 777888888¢¢90000124485879¢666¢2244
125089¢47¢ 12359135789¢902813683429442¢84697 236 E56Alle Frequency
.L_imerrogansAEO']OQ}[joj CTGCGATGCCGAGAATAATTTCGGATTCCATGACGTAGGCTGACA 1 42/61 (69%)
@ L. interrogans FJ154564.1 SC oL 2 13/61(21%)
@ L. kirschneri FJ154572.1 C . e 3 17/21 (81%)
@ L. kirschneri AY461878.1 SC . A 4 2/21 (10%)
@ L. kirschneri FJ154573.1 c . A . CCoL 5 221 (10%)
@ L. noguchii EU349495.1 yc . A . AT A . 6 1112 (8%)
«E. L. noguchii FJ154588.1 TC . SA AT A . 7 5/12 (42%)
@ L. noguchii FJ154582.1 YcC . A ST 8 6/12(50%)
oL borgpetersenii AM050573.1 Cc . .G A . G .G . . .. . c . T . A . 9 28/28 (100%)
@ L. weilii FJ154590.1 .C . .G . G .T . ... . . ... cc . T . A . 10 12/13 (92%)
@ L. weili DQ483058.1 .C . . G A . G T - & 5 0 & & s . s s cc . T A . " 1/13 (8%)
@ L. alexanderi DQ991482.1 c . G . A . G . T c AT 12 5/5 (100%)
@ L. santarosai Z21649.1 .C . .G A . T G .GA . .C . c . A . A G 13 1/22 (5%)
@ L. santarosai FJ154576.1 TC . .G A . T G .GA . .C . c . A . .G 14 1122 (5%)
ﬁ. L. santarosai AY631883.1 TC . .G . A . T .G .GA . .C . Y . A . .G 15 7122 (32%)
@ L. santarosai AY461888.1 TC . .G A . T .G .GA . .C . .C A . .G 16 1122 (5% )
@ L. santarosai AY996805.1 TC . .G A . T .G .GA . .C . A . .G 17 12/22 (55%)
@ L. alstoni AY631881.1 .C . T AL B A . 18 2/2 (100%)
oL kmetyi AB279549.1 .C . TA . A . . C L C LT A . 19 1/1 (100%)
@ L. wolffii EF025496.1 .CA A .CATTATTG .CGC GATAAG .CT G . T . C .C . A 20 1/1 (100%)
I: L. licerasiae EF612280 .CA .A .CATTATTG .CGC GATAAG .CT G .T..C . .CCGA 21 5/5 (100%)
® L. fainei AY631885.1 .C..A.CA .T . .TTG .C GATA LT G .T..C . . .A AT 22 2/3 (67%)
® L. fainei U60594.1 .C . .A.CA .T . .TTG .C GATA s T G .T..C . .A . ATG . 23 1/3 (33%)
L. inadai AY631891.1 .C..A.CA.TACTG .CG .CGATA LT .G . LC . A LAT 24 3/3(100%)
@ L. broomii AY792329.1 .C. .A.CA .TACTG .CG .CGATA LT G .T..C . . A AT 25 3/3 (100%)
0.02 0.01 0.00
Figure 1 Phylogenetic analyses of 184 partial rrs sequences from 14 Leptospira species resolves 25 unique alleles. The tree was
reconstructed using the neighbor-joining method as implemented in MEGA ver 5.0 [15]. A total of 45 polymorphic sites were demonstrated.
The vertical numbers shown indicate the nucleotide position based on rrs of L. interrogans serovar Lai [GenBank: AE01300.1], and a dot indicates
an identical nucleotide at that position.
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Table 2 Nucleotide distance based on the 443-nucleotide fragment and almost full-length fragment of the rrs gene

Nucleotide distance based on the 443-nucleotide rrs

Average distance (%)

1 2 3 4 5 6 7 8 9 10 11 12 13
1 L. interrogans
2 L. kirschneri 0.27
3 L. borgpetesenii 1.81 1.58
4 L. noguchii 113 0.90 1.58
5 L. santarosai 2.28 2.05 1.37 1.83
6 L. weilii 1.81 1.62 0.68 2.00 2.05
7 L. alexanderi 1.58 1.35 0.90 1.58 1.83 1.09
8 L. alstonii 0.90 0.68 1.35 0.90 1.83 1.77 1.13
9 L. kmetyi 1.58 1.35 1.58 1.35 2.50 2.00 1.81 0.68
10 L. fainei 4.14 3.87 4.36 4.03 461 478 4.59 391 3.69
11 L. inadai 451 4.25 4.74 4.63 431 5.38 474 429 451 1.20
12 L. broomii 474 447 451 4.63 454 5.16 497 451 4.29 0.98 0.23
13 L. wolffii 542 517 542 542 5.66 6.06 5.87 542 519 2.56 271 248
14 L. licerasiae 5.87 5.62 5.87 5.87 6.12 6.51 6.32 5.87 564 3.01 3.16 293 045

Nucleotide distance based on almost whole length fragment of rrs gene

Average distance (%)

1 2 3 4 5 6 7 8 9 10 11 12 13
1 L. interrogans
2 L. kirschneri 0.13
3 L. borgpetesenii 0.77 0.69
4 L. noguchii 0.64 0.57 0.83
5 L. santarosai 1 1.03 0.81 091
6 L. weilii 1.00 092 048 1.00 1.05
7 L. alexanderi 0.99 0.89 063 1.06 1.23 092
8 L. alstonii 0.89 083 1.08 0.81 142 1.28 1.24
9 L. kmetyi 0.95 0.89 0.99 0.80 1.35 1.21 1.27 0.53
10 L. fainei 493 4.81 4.86 4.86 5.09 522 524 511 462
11 L inadai 4.84 471 4.79 4.90 4.86 527 5.09 5.04 477 0.61
12 L. broomii 5.06 4.94 4.86 5.01 501 527 532 5.27 477 043 0.23
13 L. wolffii 462 454 4.58 472 4.80 498 4.86 4.85 455 242 2.58 2.35
14 L. licerasiae 432 424 4.30 427 442 4.58 448 447 4.09 2.65 2.73 2.58 1.36

Leptospira cells per 1 ml of human blood using the DNA
extraction and PCR protocol described in materials and
methods. Analytical specificity was determined using DNA
from 15 Leptospira strains belonging to pathogenic, inter-
mediate or non-pathogenic Leptospira spp. (Table 1),
together with 9 other bacterial species that frequently
cause febrile illness in our population. The assay gave a
positive reaction for all Leptospira spp. in the pathogenic
and intermediate groups, and was negative for Leptospira
spp. belonging to the non-pathogenic group. All reactions
were negative using DNA from one representative each of
S. aureus, Enterococcus sp., E. coli, S. enterica serovar
Typhi, K. pneumoniae, P. aeruginosa, B. pseudomallei, O.
tsutsugamushi and R. typhi.

Leptospira spp. associated with culture-positive and
culture-negative leptospirosis

Admission blood samples were taken for Leptospira cul-
ture and PCR from 418 consecutive patients presenting
to a hospital in northeast Thailand with an acute febrile
illness. Culture was positive in 39/418 cases (9%); the
infecting species in these cases (determined by extraction
of genomic DNA from cultured organisms, amplification
and sequencing of the near full-length rrs gene) were
L. interrogans (n = 37) and L. borgpetersenii (n = 2).

The 443-nucleotide rrs PCR assay was performed on all
418 samples. This was positive in 37/39 of the culture
positive cases. A comparison of the sequence from the
two PCR assays demonstrated that the 443-nucleotide rrs
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fragment amplified directly from blood was identical to  unidentified species (n = 1, sample L498) (Figure 2). All
the same region of the near-full length rrs gene amplified 118 sequences of the 443-nucleotide rrs have been sub-
from cultured organisms in each case. The 443 bp rrs  mitted to GenBank [GenBank: JF925163 - JF925280].

PCR was also positive for 81 of the 379 culture negative
cases. The infecting species in these cases were defined  Analysis of an unidentified Leptospira species
The rrs sequence of the unidentified species from sample

based on phylogenetic analysis of the rrs fragment as
L498 clustered in a phylogenetic branch of the tree

L. interrogans (n = 76), L. borgpetersenii (n = 4), and an
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Figure 2 Phylogenetic analysis of a 443-nucleotide region of rrs for 118 isolates of 14 Leptospira species. The tree was reconstructed
using the neighbor-joining method as implemented in MEGA ver 5.0 [15]. Colour coding represents the following: RED, sequence of a PCR
fragment amplified from patients with culture-positive leptospirosis; BLUE, sequence of a PCR fragment amplified from patients with culture-

negative leptospirosis; YELLOW, sequence for reference strains obtained from GenBank.
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containing L. borgpertersenii, L. santarosai, L. weilii and
L. alexanderi, and was most closely related to L. borgpeter-
senii (Figure 2). The 443-nucleotide rrs sequence of 1L498
was aligned with the nine rrs alleles identified for these
four species (Figure 3). This demonstrated a total of three
polymorphic sites for the unidentified species, as follows:
A at position 175, T at position 219, and A at position
366. The presence of T at position 219 was unique in the
entire rrs database for all 14 species, while the presence of
an A at position 175 was observed in multiple species
(Figure 1). The presence of an A at position 366 was
observed in one of the three rrs alleles of L. kirschneri, and
in three intermediate Leptospira species (L. fainei,
L. inadai and L. broomii) (Figure 1).

The patient from whom this sample was collected pre-
sented with 3 days of fever, headache, conjunctival suffu-
sion and calf tenderness. Paired serum samples were taken
on days 2 and 10 after the onset of symptoms from this
patient. MAT was negative (MAT titer < 1:50) against a
panel of reference isolates of the following serovar:
Pomona, Hardjo, Tarassovi, Grippotyphosa, Celledoni,
Copenhageni, Australis, Pyrogenes, Canicola, Hebdomadis,
Mini, Sarmin, Autmnalis, Cynopteri, Ballum, Bataviae,
Djasiman, Javanica, Panama, Shermani and Mwalok. The
patient became afebrile eight hours after the initiation of
doxycycline, made an uneventful recovery, and was dis-
charged home three days after admission. Doxycycline was
continued to complete a 7-day course. The patient had
made a full clinical recovery when seen in clinic for the
day 10 serum sample.
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Discussion

The purpose of this study was to examine whether Lep-
tospira spp. associated with culture-negative leptospirosis
included a distinct subset at the species level compared
with Leptospira spp. associated with culture-positive
infection. The driver for this was to explain why the
majority of patients with PCR-positive leptospirosis in
our setting are culture-negative. Demonstration of a spe-
cific culture-negative sub-set would have opened the way
to develop alternative culture media and potentially
increase the sensitivity of culture, but we found no such
differences.

There are several alternative explanations for PCR-posi-
tive but culture-negative leptospirosis. The patient may
have received an effective antimicrobial drug but may not
have cleared non-viable organism by the time that the
blood sample was taken. We do not have information on
antimicrobial consumption by our study patients prior to
hospital admission, and this remains an important possibi-
lity. Leptospira spp. might also perish in the blood collec-
tion tube prior to laboratory culture due to fluctuations in
ambient temperature or other factors, and are fastidious
bacteria with highly defined growth requirements. Timing
of the sample after the onset of symptoms is also impor-
tant; we have reported previously for the same group of
patients that those who were PCR-positive and culture-
positive had a shorter duration of illness prior to sampling
than those who were PCR-positive but culture-negative
[6]. Two patients were culture-positive but PCR-negative.
A possible explanation is that this resulted from a

2 6
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Figure 3 Comparison of polymorphic sites in a 443-nucleotide region of rrs for an unidentified Leptospira species. The sequence of
1498 was compared with that of four species (nine different rrs alleles) with which it genetically clusters.
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stochastic effect associated with a sample containing a low
bacterial concentration; i.e., by chance, the aliquot taken
from the sample for culture contained organisms but the
sample used for DNA extraction did not. An alternative
explanation is laboratory error or contamination.

This study has several limitations. The patient group
studied were those people who were sufficiently unwell to
require hospitalization, and so the findings cannot be gen-
eralized to cases with milder clinical manifestations.
Furthermore, the characteristics of Leptospira spp. and the
study population in Thailand may be significantly different
to that in other settings.

The genetic diversity of rrs described here has been
noted previously during a study in which a 452-nucleo-
tide region of the 16S ribosomal RNA gene (defined
with reference to rrs2 of L. interrogans serovar Copen-
hageni strain Fiocruz L1-130) was used as one of six
loci of a genotyping scheme devised by Ahmed et al.
[10]. This region maps to positions 103 to 554 of the rrs
gene of L. interrogans serovar Lai strain 56601, and
includes the 443-nucleotide rrs region used in our study
(position 89 to 531). The number of alleles and poly-
morphic sites in 9 pathogenic and 5 intermediate Lep-
tospira spp. were identical for the 443-nucleotide and
452-nucleotide regions. Ahmed et al. evaluated 120
strains belonging to 6 pathogenic species (L. interrogans,
L. noguchii, L. kirschneri, L. santarosai, L. alexanderi,
and L. borgpetersenii), which were separated by rrs2 into
29 different alleles containing 20 polymorphic sites. This
suggests that alleles of Leptospira rrs arise frequently
and could occur through homologous recombination
within or between closely related species rather than by
mutation [16,17].

Gene sequence analysis represents an important tool for
the delineation of Leptospira species. The genes used pre-
viously in such analyses have included 16S rRNA (rrs)
[18-29], DNA gyrase subunit B (gyrB) [26,30-32] and RNA
polymerase subunit B (rpoB) [33,34]. An important ques-
tion is what constitutes a new Leptospira species based on
genetic differences at one or a small number of genetic
loci. At one end of the spectrum, a Leptospira species may
be clearly genetically distinct from other members of the
genus based on a large degree of genetic diversity. Nucleo-
tide distances between pathogenic and intermediate spe-
cies evaluated in this study were more that 4% when
compared using the nearly entire rrs gene (> 3% based on
the 443-nucleotide rrs region). However, defining a species
based on genetic differences at a small number of genetic
loci is problematic. For example, two closely related Lep-
tospira species (L. interrogans and L. kirschneri) have just
1 to 4 nucleotide differences when compared using the
nearly entire gene, and 1 to 3 nucleotide differences based
on the 443-nucleotide rrs region. Similarly, the sequence
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difference between the closely related L. inadai and L.
broomii is 3 nucleotides based on the nearly entire gene
and a single nucleotide based on the 443-nucleotide rrs
region. This is equivalent to the number of differences
observed within L. noguchii alone, which using our 443-
nucleotide rrs region defined 5 polymorphic sites and 3
alleles. The unidentified species in this study (L498) was
most closely related to L. borgpetersenii and had 3 nucleo-
tide differences based on the 443-nucleotide rrs region. It
remains to be seen whether this is a new species or a var-
iant of an existing one. The lack of a live bacterial culture
in this case precludes further characterization using addi-
tional tools such as DNA hybridization.

Conclusions

The PCR assay described here was designed to speciate
Leptospira spp. associated with culture-negative infec-
tion, and increases the number of cases for whom the
causative species can be identified. This assay also repre-
sents a potentially useful epidemiological tool in settings
where culture is not available. It is not clear why cul-
ture-negative leptospirosis is so common among our
patient population, but the ready availability of over the
counter antibiotics and the frequency with which these
are purchased represents a plausible explanation that
could be tested in future studies.

Additional material

Additional file 1: Additional Table Accession numbers of rrs
sequences used during primer design.
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