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Abstract

Leptospirosis is a ubiquitous zoonotic disease and a major clinical challenge owing to the
multitude of clinical presentations and manifestations that are possibly attributable to the
diversity of Leptospira, the understanding of which is key to study the epidemiology of this
emerging global disease threat. Sri Lanka is a hotspot for leptospirosis with high levels of
endemicity as well as annual epidemics. We carried out a prospective study of Leptospira
diversity in Sri Lanka, covering the full range of climatic zones, geography, and clinical
severity. Samples were collected for leptospiral culture from 1,192 patients from 15 of 25
districts in Sri Lanka over two and half years. Twenty-five isolates belonging to four patho-
genic Leptospira species were identified: L. interrogans, L. borgpetersenii, L. weilii, and L.
kirschneri. At least six serogroups were identified among the isolates: Autumnalis (6), Pyro-
genes (4), Icterohaemorrhagiae (2), Celledoni (1), Grippotyphosa (2) and Bataviae (1).
Seven isolates did not agglutinate using available antisera panels, suggesting new ser-
ogroups. Isolates were sequenced using an lllumina platform. These data add 25 new core
genome sequence types and were clustered in 15 clonal groups, including 12 new clonal
groups. L. borgpetersenii was found only in the dry zone and L. weiliionly in the wet zone.
Acute kidney injury and cardiovascular involvement were seen only with L. interrogans
infections. Thrombocytopenia and liver impairment were seen in both L. interrogans and L.
borgpeterseniiinfections. The inadequate sensitivity of culture isolation to identify infecting
Leptospira species underscores the need for culture-independent typing methods for
Leptospira.
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Author summary

There is a huge diversity in pathogenic Leptospira species worldwide, and our knowledge
of the currently circulating species is deficient owing to limited isolation and identifica-
tion of Leptospira species from endemic countries. This prospective study reveals the wide
pathogen diversity that causes human leptospirosis in Sri Lanka, representing four species,
more than six serogroups, and fifteen clonal groups. Further, the different geographic and
climatic zone distributions and clinical manifestations observed underscores the need for
prospective studies to expand the molecular epidemiological approaches to combat
leptospirosis.

Introduction

Leptospirosis is caused by a group of pathogenic Leptospira species of the phylum Spirochetes
and is considered one of the commonest zoonotic diseases worldwide [1,2]. Leptospira spp.
colonize proximal convoluted tubules of kidney tissue of various mammals particularly
rodents, dogs and various domesticated livestock, and such reservoir hosts excrete the bacteria
to the environment via urine [3,4]. Humans are incidental hosts who acquire the disease by
direct contact with urine or tissues of reservoir animals or, more frequently by indirect contact
with contaminated water sources [5,6]. The number of cases due to leptospirosis has been esti-
mated to be 1.03 million annually worldwide, with 58,900 deaths [1]. The majority of tropical
countries in Oceania, southeast Asia, the Caribbean region, South America, central and eastern
sub-Saharan Africa, and south Asia are estimated to have substantial morbidity and mortality
that is attributable to leptospirosis.[7]

Understanding the diversity of infecting Leptospira has been a major global focus, especially
in recent years. Substantial changes in the classification of Leptospira based on whole-genome
sequencing have led to the identification of 43 new Leptospira species during the period 2018
to 2020 [8-11]. In addition, the more robust classification of Leptospira strains beyond the spe-
cies level using core-genome multi-locus sequence typing (cgMLST) [9,12] and single nucleo-
tide polymorphism typing methods have rapidly expanded our knowledge of the molecular
epidemiology of Leptospira. However, the goal of reducing the global burden of this deadly dis-
ease will require enhanced understanding of pathogen types and applications and linkage to
disease distribution, transmission, virulence, clinical presentations, and outcome.

The global leptospirosis disease burden study [1] highlighted Sri Lanka as leptospirosis
hyperendemic with an estimated morbidity of 300.6 and mortality of 17.98 per 100,000 popu-
lation per year. Disease incidence tends to be higher during the rainy seasons, i.e., the south-
west and northeast monsoons. Cases, however, are not confined exclusively to the wet zone
and have been reported in the dry zone as well where most residents are engaged in farming
activities. Outbreaks have also occurred in the dry zone following extreme weather events like
flooding [13].

As in many other endemic countries, understanding Leptospira diversity in Sri Lanka is
limited because of a lack of knowledge of the circulating pathogenic species and serovars. Stud-
ies that utilized culture-based isolation of Leptospira species were carried out in Sri Lanka dur-
ing the period from 1950 to 1970 in the wet zone only. Several pathogenic strains of the species
L. interrogans [14-16], L. borgpetersenii [17], L. kirschneri [18], and L. santarosai were detected
during that time [19,20]. Since the 1970s, no culture based isolation studies were reported
until 2018, when two human isolates belonging to L. interrogans were recovered from the wet

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009272 March 18, 2021 2/17


https://doi.org/10.1371/journal.pntd.0009272

PLOS NEGLECTED TROPICAL DISEASES Species diversity of pathogenic Leptospirain Sri Lanka

zone [21]. Despite the availability of next-generation sequencing methods for many years,
whole-genome sequencing data for Sri Lankan isolates were not available until recently [22].

A systematic review published in 2016 revealed the large diversity of Leptospira strains in
Sri Lanka based on historical data [23]. Being an island with a high leptospirosis disease bur-
den makes Sri Lanka an ideal location to study pathogen diversity linked with epidemiological
and clinical patterns of the disease. Low-passage isolates from human sources with high-reso-
lution genetic typing in a place with high pathogen diversity would enhance our global knowl-
edge of leptospirosis. This study was designed to provide a comprehensive understanding of
the circulating pathogenic Leptospira species and serotypes responsible for human leptospiro-
sis in Sri Lanka, covering different clinical presentations and geographical locations as well as
epidemic and endemic disease over a period of two and half years.

Methods
Ethics statement

Written informed consent was obtained from all patients prior to sample collection. This
study is approved by the Ethics Review Committee of the Faculty of Medicine and Allied Sci-
ences, Rajarata University of Sri Lanka. Protocol No. ERC/2015/18

The present study was embedded in a larger clinical-epidemiological study on leptospirosis,
in Sri Lanka and the study protocol has been published [24]. Specific details related to Leptos-
pira diversity and methods in brief are given here.

Study setting

This study was carried out from June 2016 through January 2019 at several locations in Sri
Lanka that differed with respect to mean temperature, rainfall, elevation, ecology, human
activities, and leptospirosis endemicity. The main data collection sites were the Teaching Hos-
pital Anuradhapura (THA) and Teaching Hospital Peradeniya (THP). THA is in the dry zone
located at low elevation with low humidity, high temperature, large rice paddy fields, water res-
ervoir-based irrigation systems, and low endemicity for the disease. THP is in the wet zone
located at high elevation, low temperature, rainfall-based farming activities, and high endemic-
ity. Samples for Leptospira diversity assessment were collected through two approaches. First,
as a part of the main study described in Agampodi et al. 2019, prospective data and sample col-
lection was done in THA and THP. In addition, during an outbreak of leptospirosis in 2017,
we set up the same procedure at Base Hospital Avissawella and Provincial General Hospital
Rathnapura from June to September. These two wet-zone areas have high endemicity, repre-
senting low and intermediate elevations. As a part of the service component of this study, we
offered diagnostic services to all requesting physicians and collected additional culture sam-
ples. This resulted in sample collection from District General Hospital Kegalle, Base Hospital
Karawanella, Sri Jayewardenepura General Hospital, and General Hospital Polonnaruwa
(GHP) again representing different geographical locations. These study sites (Fig 1) represent
seven districts belonging to four provinces of the country, and the patients who visited these
hospitals came from all nine provinces.

Study samples

Culture collection was done from three types of patients. Acute undifferentiated febrile (tem-
perature >38°C) patients who presented to adult wards (age >13 years) of THA, THP, Provin-
cial General Hospital Rathnapura (PGHR) and Base Hospital Avissawella (BHA) (both
outpatient department and hospitalized patients) were included as possible cases of
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THA: Teaching Hospital, Anuradhapura
GHP: General Hospital, Polonnaruwa
THP: Teaching Hospital, Peradeniya
DGHK: District General Hospital, Kegalle
BHK: Base Hospital, Karawanalla

BHA: Base Hospital, Awissawella

PGHR: Provincial General Hospital,
Rathnapura

Wet Zone

Fig 1. Geographical distribution of the seven hospitals from which the culture collection was done to identify 25
new strains of pathogenic Leptospira from Sri Lanka. The base map used in the figure is freely available from The
United Nations Office for the Coordination of Humanitarian Affairs https://data.humdata.org/dataset/sri-lanka-
administrative-levels-0-4-boundaries.

https://doi.org/10.1371/journal.pntd.0009272.¢g001

leptospirosis. A possible case was defined as any acute undifferentiated febrile patient with
headache, myalgia and prostration. Probable cases of clinical leptospirosis which were defined
as those who were having the classical clinical features of leptospirosis with an exposure his-
tory, were included from GHP. Culture samples from Sri Jayewardenepura General Hospital
and Base Hospital Karawanella were included only if they came from clinically confirmed
cases of leptospirosis. These cases were defined according to the surveillance case definition
for leptospirosis set by epidemiology unit of Sri Lanka[25]. Physician-diagnosed probable or
definite acute bacterial meningitis or lower respiratory tract infections (e.g., consolidated lobar
pneumonia), traumatic or post-operative fever per physician discretion, fever owing to noso-
comial infections, and any patient with confirmed diagnosis as a cause for the fever were
excluded. Epidemiological data were collected from each patient using a fully structured, inter-
viewer administered questionnaire which was described in detail in the study protocol paper
published elsewhere[24]
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Once the isolation is done, all culture-positive patients were later contacted and/or visited
to collect additional data. The additional data were collected mainly to identify exact type of
exposure if possible and residing places of patients preceding the illness. In addition, diagnosis
cards of these patients were also traced to extract any missing data during hospital stay. Each
patient’s clinical records were also retrieved from the corresponding hospital.

Sample collection and isolation of Leptospira

Blood (7 ml) was collected into EDTA tubes from all eligible patients. Bedside inoculation of 2
and 4 drops (100-400 pl) was done into two tubes with 9 ml Ellinghausen-McCullough-John-
son-Harris (EMJH) semisolid medium with added antibiotics (5-fluorouracil and neomycin).
These cultures were kept at room temperature (usually 28-32°C) until transfer to the Leptospi-
rosis Research Laboratory of the Faculty of Medicine and Allied Sciences, Rajarata University,
Sri Lanka, and then incubated at 30°C until the cultures become positive or for 6 months. Sam-
ples from THA were transferred on the same day to the research laboratory whereas other
samples collected from distant places were transferred within 2 days of collection.

In brief, EMJH semisolid media were prepared by adding 2.3 g of EMJH base (Difco), 1.5 g
bacteriological agar, and 100 mg sodium pyruvate into 785 ml distilled water and adjusting the
pH to 7.4. The media were autoclaved, and once cooled to ~50°C, 100 ml Leptospira enrich-
ment media and 100 ml fetal bovine serum were added. To suppress the growth of possible
contaminating bacteria, 5-fluorouracil (100 pug/ml, final) and neomycin (25 pg/ml) were
added. Each inoculated medium was inspected by taking approximately 50yl of volume into a
clean glass slide after mixing the culture tubes well by inverting several times. Prepared slides
were examined under 40X objective of a dark-field microscope to check for the presence of
motile spirochetes; this was done initially after 3 weeks and then on a monthly basis. However,
samples were inspected before 3 weeks if quantitative PCR of the corresponding whole-blood
sample indicated a positive reaction. The procedure for qPCR on clinical samples is described
elsewhere in the published protocol paper[24]. Culture tubes were inspected for consecutive
six months before reporting as negative. When growth was detected, subcultures were made
into liquid and semisolid media, and an aliquot was fixed with 5% dimethyl sulfoxide and
stored at —-80°C. Isolates were sub-cultured every two weeks on liquid media and on semisolid
media every three months. Certain isolates required weekly subculture into liquid media to
maintain viability. None of the isolates became contaminated during the subculture process,
although two positive original clinical samples were contaminated with bacilli. For those two
samples, subcultures were made into liquid media and subsequently filtered through a 0.2 pm
pore-size microfilter to overcome the problem of contamination.

Next-generation sequencing, cgMLST and phylogenetic tree

DNA was extracted from culture using the PureLink Genomic DNA Mini kit (Invitrogen,
Dublin, Ireland) and Wizard Genomic DNA Purification Kit (Promega, Southampton, UK)
according to manufacturer instructions. NGS was performed using Nextera XT DNA Library
Preparation kit and the NextSeq 500 sequencing systems (Illumina, San Diego, CA, USA) at
the Mutualized Platform for Microbiology (P2M) at Institut Pasteur. The data were analyzed
using CLC Genomics Workbench 9 software (Qiagen, Hilden, Germany). cgMLST typing was
performed for strain taxonomy using a scheme based on 545 highly conserved genes with
BIGSdb (http://bigsdb.pasteur.fr/leptospira), and a phylogenetic tree was generated using
cgMLST with Interactive Tree of Life v3, and GrapeTree [26] was used to visualize the core
genomic relationships among the isolates and the previously reported Sri Lankan isolates
[9,27,28]. A Clonal Group (CG) is defined as a group of cgMLST allelic profiles differing by no
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more than 40 allelic mismatches, out of 545 gene loci, from at least one other member of the
group.

Serotyping of new isolates

Serotyping of newly isolated Leptospira strains was done at the Pasteur Institute, France.
Microscopic agglutination test using a standard battery of rabbit antisera raised against 24 ref-
erence serovars representing the main serogroups was used for this study [29,30].

Results

From June 2016 through January 2019, we acquired blood cultures from 1192 patients.
Patients were from 14 districts of Sri Lanka, representing all 9 provinces (Fig 2).

The majority of patients were male (n = 985, 82.6%). The mean age of the sample was 43.4
years (SD 14.7). Most of the cultures (96%) were obtained from hospital inpatients, and the
remaining 4% (48 cultures) were from outpatients. Of the 1192 cultures, 80 (6.7%) were
received from hospitals where only typical clinical cases of leptospirosis were sampled (from
Sri Jayewardenepura General Hospital, Base Hospital Karawanella and Provincial General
Hospital Rathnapura). Another 107 (9.0%) were from GHP, where patients represented only
probable cases of leptospirosis. The remaining 1005 patients (84.3%) were from THA, THP,
Base Hospital Avissawella and Provincial General Hospital Rathnapura, representing patients
who presented with acute undifferentiated fever.

Of the 1192 patients, 25 isolates had been identified by January 2019. Among the acute
undifferentiated febrile patients, 1.5% (16/1047) had culture-positive leptospirosis; among the
probable and clinically confirmed cases of leptospirosis, culture positivity was 4.7% (5/107)
and 5.0% (4/80), respectively. The incubation period required to detect growth (assessed with
dark-field microscopy) varied between 1 and 17 weeks. For each patient, both 2 drops and 4
drops of blood-inoculated media gave positive results. The median incubation period was 15
weeks for the first 9 isolates and was 6 weeks for the remaining 16 isolates (S1 Fig).

Leptospira was isolated from one female and 24 male patients who presented with fever.
Only three patients were from outpatient departments, and the rest were inpatients. Of the
three outpatients, two were later admitted to a hospital owing to increased disease severity.

cgMLST analysis revealed that the 25 isolates represented four species: L. interrogans (15
isolates, 60%), L. borgpetersenii (7 isolates, 28%), L. weilii (2 isolates, 8%), and L. kirschneri (1
isolate, 4%). The predominant clonal groups (CG) were L. borgpetersenii CG267 (7/25), fol-
lowed by L. interrogans CG266 (3/25), CG10 (2/25), and CG263 (2/25).

The two L. weilii isolates clustered in different clonal groups (CG262, CG264). Interpretable
data for serogroup assay was available for only 19 isolates. Seven samples resulted in no agglu-
tination, probably owing to new, previously unreported serogroups/serovars. The assay
revealed that the 19 seropositive isolates represented at least six serogroups, namely Autumna-
lis, Pyrogenes, Icterohaemorrhagiae, Grippotyphosa, Celledoni, and Bataviae. Table 1 shows
the species identity, serogroup status and distribution of clonal groups among the 25 isolates.

A phylogenetic tree was constructed from the cgMLST data for our 25 isolates (labeled as
FMAS) together with previously reported local isolates (n = 9) and worldwide pathogenic Lep-
tospira isolates. Fig 3 shows the phylogenetic tree constructed using the cgMLST data.

Most of the clonal groups found in the local isolates were unique and not found in other
countries. The three isolates of L. borgpetersenii (FMAS_AP2, FMAS_AP3 and FMAS_APS)
were from patients in the same district of dry zone. Autumnalis from dry zone shows signifi-
cant core genome relatedness and clustered together (Fig 4). Genomic relatedness between
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Numbers and colours
represents the no. of
cultures received from each
district, with light-to-dark

color scheme shows
increasing numbers

Fig 2. Distribution of probable exposure sites/residence of the 1192 febrile patients from whom the cultures were
collected for the isolation of 25 new strains of pathogenic Leptospira in Sri Lanka. The base map used in the figure
is freely available from The United Nations Office for the Coordination of Humanitarian Affairs https://data.humdata.
org/dataset/sri-lanka-administrative-levels-0-4-boundaries.

https://doi.org/10.1371/journal.pntd.0009272.g002

FMAS_APS5 of dry zone and Sri Lanka 39 was observed; the latter isolate is an old isolate recov-
ered from wet zone. (metadata for the GrapeTree is included in S1 Table)

Culture-positive leptospirosis patients were distributed widely in the study areas (Fig 5). L.
borgpetersenii was exclusively isolated from patients in areas of the dry zone at low elevation,
with hot and dry conditions. The single isolate of L. kirschneri was from the same setting. In
contrast, L. weilii was isolated from patients in the wet zone, whereas L. interrogans was iso-
lated from patients in all geographical areas (Fig 5). The serogroup distribution also revealed a
specific pattern for all nonagglutinating isolates, which mainly were from the dry zone at low
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Table 1. Putative species, serogroups, cgMLST and clonal groups for the 25 newly isolated pathogenic Leptospira from Sri Lanka.

Strain ID Species Serogroup cgMLST* CG*
FMAS_KW1 L. interrogans Pyrogenes 784 10

FMAS_KW2 L. interrogans Autumnalis 631 291
FMAS_AW1 L. interrogans Autumnalis 555 74

FMAS_RT1 L. weilii No agglutination 556 262
FMAS_AW?2 L. interrogans Autumnalis 567 269
FMAS_AW3 L. interrogans Pyrogenes 557 9

FMAS_RT2 L. interrogans Autumnalis 569 271
FMAS_PD1 L. interrogans Pyrogenes 558 263
FMAS_PD2 L. weilii Celledoni 559 264
FMAS_KG1 L. interrogans Bataviae 560 265
FMAS_KG2 L. interrogans Pyrogenes 561 263
FMAS_AP1 L. interrogans Autumnalis 562 266
FMAS_AP2 L. borgpetersenii No agglutination 563 267
FMAS_AP3 L. borgpetersenii No agglutination 575 267
FMAS_AP4 L. borgpetersenii No agglutination 564 267
FMAS_AP5 L. interrogans Pyrogenes 565 10

FMAS_AP6 L. interrogans Pyrogenes 785 321
FMAS_AP7 L. interrogans Autumnalis 786 266
FMAS_PN1 L. borgpetersenii No agglutination 787 267
FMAS_PN2 L. interrogans Icterohaemorrhagiae 788 322
FMAS_PN3 L. interrogans Autumnalis 789 266
FMAS_PN4 L. borgpetersenii No agglutination 790 267
FMAS_APS L. borgpetersenii No agglutination 791 267
FMAS_AP9 L. borgpetersenii No agglutination 792 267
FMAS_PN5 L. kirschneri Grippotyphosa 793 323

cgMLST- core genome Multi Locus Sequence Typing, CG: clonal group defined as a group of cgMLST allelic profiles differing by no more than 40 allelic mismatches,

out of 545 gene loci, from at least one other member of the group.
* cgMLST and CG strain types reported in the table were identified through the database BIGSdb at http://bigsdb.pasteur.fr/leptospira

https://doi.org/10.1371/journal.pntd.0009272.t001

elevation. The most frequent serogroup, Autumnalis, was observed in all geographical settings.
All L. borgpetersenii isolates were in CG267, the majority of which failed to agglutinate with
reference antisera (slight agglutination was seen with antisera against serovars Grippotyphosa
and Louisiana).

Clinical profile of culture-positive patients

Complete demographic and clinical profiles for the culture-positive patients are included as
additional data (S1 Table). No fatalities were reported for patients with culture-positive lepto-
spirosis. Among hospitalized patients, the median duration of hospital stay was 4 days (inter-
quartile range, 3-5 days), and the longest stay was 12 days followed by 9 days (both patients
had acute kidney injury requiring hemodialysis). Another two had renal involvement with ele-
vated serum creatinine but not severe acute kidney failure. Twelve patients had elevated serum
glutamic-oxaloacetic transaminase and serum glutamic-pyruvic transaminase, and three other
patients had elevated serum bilirubin. Thrombocytopenia was common in those 12 patients,
with a platelet count <100,000 per microliter. Two patients who underwent hemodialysis also
had cardiac involvement with hypotension. Notably, all patients who had one or more severe
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complications were infected with L. interrogans. Infection with L. interrogans or L. borgpeterse-
nii was associated with thrombocytopenia and liver involvement.

Discussion

This study is the first to report information on the diversity of pathogenic Leptospira species in
Sri Lanka and probably one of the few prospective studies on Leptospira disease diversity in
the literature representing all geographical regions of an entire country. The study also reports
the first isolation of Leptospira from dry zones in Sri Lanka. In addition, we report here the
first isolation of L. weilii from humans in Sri Lanka, the existence of which was suggested
based on molecular studies of clinical samples [31]. This study also provides the first evidence
of serogroups Celledoni and Bataviae circulating in Sri Lanka. Moreover, with the exception of
L. santarosai, our study identified all pathogenic Leptospira species that were reported to have
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existed in Sri Lanka during the 1960s and 70s (as reviewed by Naotunna et al. in 2015), con-
firming the breadth of Leptospira diversity in Sri Lanka [23]. Recent reports indicated that L.
interrogans, L. borgpetersenii and L. kirschneri are widespread species in other tropical regions
of the world [32-37]. However, the geographical distribution of certain Leptospira species is
limited, such as L. santarosai, which has been mainly reported in South America [38-41], and
L. weilii in Asia [37,42,43]. Only limited reports have described the existence of L. weilii out-
side Asia, for which cattle and rodents are the dominant reservoir hosts [37,44-46].

We identified 15 distinct clonal groups of Leptospira, underscoring the diversity of patho-
genic Leptospira circulating in Sri Lanka. Genomic relatedness was not observed between most
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of old Sri Lankan isolates with these new isolates probably due to emergence or introduction
of new strains rather than genetic drift. The distribution of certain clonal groups suggests geo-
graphical demarcation of Leptospira spp. found in humans between dry and wet zones. Inter-
estingly, all three L. borgpetersenii isolates belonged to a same cluster and originated from
patients from the same district in the dry zone. These observations might reflect similarities in
climate, reservoir hosts and environmental conditions in a particular geographical area. Clus-
tering of L. interrogans into several clonal groups and shared genomic relatedness across differ-
ent geographical areas could possibly be due to diversity of reservoir hosts and adaptability of
the species to different environmental conditions. These observations suggest that different
environmental drivers of leptospirosis operate in distinct ways for different pathogenic species
and their serovars in these climatic zones. Notably, areas where L. borgpetersenii was found in
our study were all in the dry zone where cattle and buffalo are commonly used in rice paddy
farming activities.

Majority of the total study population and culture positive patients were males and this is
likely to be due to exposure to contaminated sources as males engage in outdoor activities
more frequently than women and this pattern of involvement is seen across most of the pub-
lished studies worldwide[1,7,47,48]. According to available clinical data, renal, hepatic, haema-
tological and cardiovascular complications are observed in infections with L.interrogans,
which is consistent with worldwide-published data [49-51]. Though the severe pulmonary
infections are reported as common in some parts of Sri Lanka[52], pulmonary complications
were not observed among the 25 culture positive patients.
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The diversity of circulating serogroups in Sri Lanka that has been known since the 1960s
has been replicated in this study, and 19 isolates belonging to 6 different serogroups, and the
non-agglutinated cultures might reflect other unidentified serovars. Serological and molecular
assays done on veterinary field has already identified the role of rodents, cattle and dogs as res-
ervoir hosts in Sri Lanka[53-55]. Nityananda and Harvey carried out extensive investigations
of reservoir hosts and isolated Leptospira from dog (serogroups Icterohaemorrhagiae, Hebdo-
madis, Javanica, Pomona), brown rat (Icterohaemorrhagiae), rice field rat (serogroups Ictero-
haemorrhagiae, Grippotyphosa, Javanica), bandicoot rat (serogroups Icterohaemorrhagiae,
Javanica) and shrew (serogroups Icterohaemorrhagiae, Javanica) [53]. The observed diversity
in serogroups suggests a wider range of reservoir hosts even though Sri Lanka is a small island.

Although culture isolation remains essential for in-depth molecular epidemiological stud-
ies, the present study highlights the constraints faced for culture isolation of Leptospira, for
which both a high level of skill and procedural optimization are required. Leptospira spp. are
fastidious organisms, and their growth requirements differ from those of many other bacterial
genera. Leptospira tend to have a relatively long incubation period, as the lag period during in
vitro culture range from days to many weeks [56]. Other culture-isolation studies have
reported an incubation period of ~3 weeks, but with a wide range [57-59]. We attribute the
relatively lengthy incubation period of 15 weeks required for the first nine cultures in our
study partly to lack of experience to detect scanty growth of Leptospira during the first phase of
the study. However, it is also possible that those isolates were fastidious and required lengthy
incubation periods. Isolation is essential for genomic and vaccine studies pertaining to Leptos-
pira, and for that purpose specific skills are needed. Although culture isolation has 100% posi-
tive predictive value for diagnosing leptospirosis, its sensitivity is low, consistently <10% in
most studies [34,60,61]. Similarly, our study yielded low sensitivity, which can be attributed to
a few possible causes: Because the study population consisted of patients with acute febrile ill-
ness, their fever may have been caused by another unrelated illness; Use of antibiotics prior to
culture; also, performing blood cultures during the late phase of illness and infection with fas-
tidious Leptospira spp. may account for the low sensitivity during culture isolation.

One limitation of this study is the lack of isolates from Southern part of the country where
high level of mortality is reported[62]. Extremely low sensitivity of culture procedures resulted
in 25 isolates, a number inadequate for statistically significant analysis of patient outcomes.
Further, while L. santarosi has been previously reported in Sri Lanka, isolates of this species
were not obtained in this study.

This large collection of pathogenic Leptospira isolates from clinical samples will be a great
addition to the global knowledgebase for leptospirosis. Whole-genome sequencing and genomic
analysis of this set of isolates will reveal the pathogenic diversity and evolution of Leptospira spe-
cies, in comparison to archived Leptospira isolated from Sri Lanka more than 50 years ago. The
first three isolates from this study are already published[22] and available in NCBI genome data-
base (accession numbers: GCA_005222565.1, GCA_005222585.1, GCA_005222625.1.

Whole genome sequencing and comparative genomic analysis of this collection will facili-
tate ongoing studies on identifying the putative virulence genes, pathogenic mechanisms with
specific host adaptations, horizontal gene transfer mechanisms, and microbial resistance as
shown in studies on the diversity and epidemiology of other microorganisms [63-68].

Supporting information

S1 Fig. Distribution of incubation period for culture isolation among 25 newly isolated
pathogenic Leptospira from Sri Lanka.
(JPG)
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S1 Table. Clinical and demographic profile of the 25 culture positive leptospirosis patients.
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