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ABSTRACT

Leptospirosis has emerged as an important urban healilepras slum settlements have
expanded worldwide. Yet the dynamics of the environmenti@hsmitted_eptospira
pathogen has not been well characterized in these settiegss&U a stratified dense
sampling scheme to study the dynamickegtospira abundance in surface waters from a
Brazilian urban slum community. We collected surface wsderples during the dry,
intermediate and rainy seasons within a seven-month panduantified pathogenic
Leptospira by quantitative PCR (qPCR). We used logistic and lineaedmodels to
identify factors that explained variation for the presenckcamcentration of eptospira
DNA. Among 335 sewage and 250 standing water sampdpgspira DNA were detected
in 36% and 34%, respectively. Among the 236 sampigspositive results geometric
meanLeptospira concentrations were 152 GEg/mL. The probability ofifigd_eptospira
DNA was higher in sewage samples collected duringdimy season when increased
leptospirosis incidence occurred, than during the dryose@y.2% vs 12.5%, respectively,
p=0.0002). There was a marked spatial and temporabigeteeity inLeptospira DNA
distribution, for which type of water, elevation, and timelay that samples were
collected, in addition to season, were significant predictbogether, these findings
indicate thateptospira are ubiquitous in the slum environment and that the watated
risk to which inhabitants are exposed is low. Seasonal gesaaleptospira presence may
explain the timing of leptospirosis outbreaks. Effective pnéwa will need to consider the
spatial and temporal dynamics of pathogermatospira in surface waters to reduce the

burden of the disease.

Keywords: Leptospira, leptospirosissurface water, public health, sewage, urban slum
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1. INTRODUCTION

Leptospirosis is a widespread zoonotic disease that canseghan 1 million cases
and 50,000 deaths each year (Costa et al., 2015; Tongetrrsl., 2015). The disease ranges
from mild flu-like symptoms to severe complications, sashWeil's disease and
pulmonary hemorrhagic syndrome, for which case fatalig/to >40% (Haake and Levett,
2015; Ko et al., 2009). Pathogeieptospira colonize the kidneys of a broad range of
mammalian species and are shed in the urine into the emard where they survive for
periods that range from a few hours to several morgpsrtting on the species, serovar
and the characteristics of the environmental matrix (Heltseod Marshall, 1978;
Khairani-Bejo et al., 2004; Okazaki and Ringen, 1957; &4 et al., 2017; Trueba et al.,
2004). Leptospirosis is an environmentally-transmitted desdagnan infection occurs
primarily through contact of abraded skin or mucous brames with contaminated
environment, most notably water (Ko et al., 2009). Hmvethere is a lack of knowledge
regarding the abundance and distribution of pathodesmiospira in surface waters that
serve as a transmission source in endemic areas. Morélog environmental factors that
influence their abundance and distribution, and thereforeskef infection, are poorly
understood.

Leptospirosis has recently emerged as a major publithhablem among
impoverished urban settlements in tropical and subtrogeatloping countries (Karande
et al., 2002; Ko et al., 1999; Kyobutungi et al., 2008;\Réeal., 2007). Inadequate
sanitation in these settings, specifically precarious ssygtems and trash accumulation,
promotes the thriving of rodents, which are major reses\ad pathogenit.eptospira
(Costa et al., 2014; Panti-May et al., 2016; Riley et al.720@ger et al., 2016). 865

million people resided in urban slums in 2012 and this numhbexpected to double by
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2025 (UN-HABITAT, 2013). Consequently, the burderird# disease will continue to
increase in the coming years.

Exposure to contaminated water is a well-recognizedfaistor for leptospirosis in
urban slums. Climatic conditions leading to an increasiebin exposure to water appear
to be important drivers for disease transmission. Leptospioosbreaks frequently occur
during periods of seasonal rainfall and flooding in the mdam setting (Ko et al., 1999;
Tassinari et al., 2004), as well as in other epidemiologit#tions where transmission is
endemic (Desvars et al., 2011; Ko et al., 2009; Lal. g2016; Smith et al., 2013;
Tangkanakul et al., 2005; Weinberger et al., 2014fpllmwing extreme weather events
(Agampodi et al., 2014; Amilasan et al., 2012; Karandé €2@02; Trevejo et al., 1998).
In addition, the proximity of households to open drainageesysand direct contact with
sewage, flooding water and runoff have been associatednereased risk of infection in
prospective, cross-sectional and case control stuglas€llos and Sabroza, 2001;
Felzemburgh et al., 2014; Navegantes de Araujo et dl3;ZDliveira et al., 2009; Reis et
al., 2008; Sarkar et al., 2002). Furthermore, pathadssptospira have been detected in
sewers, streams and puddles from endemic areas (&ahak, 2006; Kurilung et al.,
2017; Mufioz-Zanzi et al., 2014; Saito et al., 2013; Sunetrah, 2015). Altogether, this
highlights the key role of surface waters in the transmissideptospirosis in urban slums.

Yet the abundance and distribution of pathogéejtospira in the surface waters of
endemic areas have not been well characterized. Toadyepne study performed in Peru
has succeeded in quantifying pathogdregtospira in the waters of an urban slum,
reporting mean concentrations around 1,000 leptospires/ot(cange 2-1,286) (Ganoza
et al., 2006). In this study, we aimed to provide higloltggn information on the presence

and concentration of pathogetieptospira in anurban slum at high-risk for leptospirosis,
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and to evaluate whether the spatiotemporal dynamiceqgfdthogen explained the
variation in risk of infection. To this end, we perforneedense sampling of the surface
waters from a Brazilian urban slum with high infection sg&7.8 per 1,000 individuals per
year) (Hagan et al., 2015) where leptospirosis outbreedsr each year in the rainy season
(Ko et al., 1999; Sarkar et al., 2002). We collected $88ples of sewage and standing
water from different elevations within this urban slum agm@seven-month period that
spanned the dry, intermediate and rainy seasons. Pegglesence of pathogenic
Leptospira, and concentrations in positive samples, were estimatgddntitative-PCR
(gPCR) and subsequently modeled using logistic andrimead models, respectively, to

identify the factors that explained their spatial and tempa@ngation.

2.METHODS
2.1 Study site

The study was conducted in Pau da Lima, an urban atummunity located in the
city of Salvador, Brazil (Fig. 1A). The study site hastereviously described in detail
(Reis et al., 2008; Unger et al., 2016). Briefly, the camity consists of four valleys with
an area of 0.46 kfr(Fig. 1B) and has a population of 12,651 inhabitafédzemburgh et
al., 2014). The slum has a precarious sanitary infrasteigvith open sewers and rainwater
drainage that overflow during heavy rainfall events, leatbrfgequent flooding in valley
bottoms during the rainy season. Salvador has a typogatal rainforest climate (Képpen
classification:Af) with relatively stable temperatures throughout the yady thean, and
average high and low values; 25.3 °C, 28.2 °C, and 22, and high relative humidity
(average, 80.9%). The average annual precipitatiofl&anm, with a monthly average

rainfall of over 60 mm, indicating that there is no autheihtycseason. However, the period
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from April to July has an average rainfall of over 20@/month (Brazilian National

Institute of Meteorology, 2015) and it is locally considessdhe rainy season.

2.2 Sampling design and collection

One of the valleys in the Pau da Lima community with singfevironmental
features and risk factors for leptospirosis than the othleys (Felzemburgh et al., 2014;
Hagan, 2016) was selected for the longitudinal survespidace waters. The valley
selected had a slightly smaller surface and a low@tence of violence, which allowed for
a denser sampling and facilitated the access to the samplsgr$ieestratified sampling
scheme was designed to collect 672 water samples fres strata of sampling sites based
on elevation (valley top, middle and bottom) and three collegt@iods (rainy,
intermediate and dry) during the seven-month period floip2011 to January 2012
inclusive. The valley was divided into three sections of apprately 30,000 fy which
corresponded to above 52 m (valley top), between 3%2md (valley middle), and below
38 m (valley bottom), measured from the lowest point efhlley. We stratified sites
according to elevation since previous studies found tp&idpirosis infection risk was
inversely associated with household elevation (Hagan, &l5). Fourteen paired
sampling sites were selected along a continuous section widjoe open sewer that flows
from the top to the bottom of the valley. Among the 14quhgampling sites, four, eight
and sixteen sites were distributed at the valley top, middléatiom sections,
respectively. Within each valley section, paired sampling siége approximately 30 m
apart from each other. For each paired site, sampiarsgoerformed at two locations that
were 5 m apart between sewer confluences (Fig. 1&aét of the 28 sampling points,

samples were collected from the open sewer and framdiswater located in an area
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contiguous to the sewer. Standing water was defined agcaaynulation of water without
connection to a sewer or other water flow. If standing m&ées not available in the area
adjacent to the sewer, the sample was collected withinwsratil5 m from the established
site, or otherwise not collected.

Samples were collected during three sampling campaighs2011, November
2011 and January 2012 (Fig. 2). The sampling montins sedected based on the historical
average monthly rainfall (1996-2009): those months withvemage precipitation higher
than 200 mm were considered as the rainy season,\libskess than 100 mm were the
dry season, and those with a precipitation between 1@@Hh mm were the intermediate
season (Fig. S1). Measures of daily rainfall were obd&ireen a municipal weather station
located 0.9 Km away from the study site. Within each sampkngpd, samples were
collected at each of the 28 sampling points on three ekgfs week, both in the morning
(from 8 am to 10 am) and in the afternoon (from 4 pi@ pon). Because of the correlation
between leptospirosis incidence and seasonal rainfake(l&b, 1999), samples were
collected for two consecutive weeks in July 2011, but onlyweek in November 2011
and January 2012. Sample collection points were geerefed and entered in a
Geographic Information System (GIS) database (Reis &0&18) during the first sampling
campaign to facilitate the return to the same sites inubgesjuent campaigns. Aliquots of
50 mL of sewage or standing water were collected inetgolyethylene containers using
aseptic techniques at the selected sites and times, aigénatid at 4 °C up to 18 h before

processing.

2.3 Quantification of Leptospira DNA in surface water
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DNA was extracted following a procedure described presho(Riediger et al.,
2016). Briefly, samples were homogenized by inversiahaad0-mL aliquot was
centrifuged at 15,000 ¢ for 20 min at 4°C. The supernatant was discarded anoktiet
was recovered and frozen at -80 °C. Pellets were therethim batches of 23 samples and
DNA was extracted using the PowerSoil® DNA Isolation KbBio) following the
manufacturer’s instructions. An extraction blank consistihgltrapure water was added to
each extraction batch to monitor for cross-contamination.

Pathogenid.eptospira were quantified using a TagMan® assay targeting arfesd
of lipL32 gene (Stoddard et al., 2009) with minor modifications @6@0 Fast Real-Time
PCR thermocycler (Applied Biosystems). Calibration cunaesed on genomic DNA from
L. interrogans serovar Copenhageni strain Fiocruz L1-130 (Nascimernah, 2004) were
run on each plate and used to transform quantificagioles (Cq) to concentrations
(genome equivalents (GEq)/reaction). Non-template contrete randomly included in all
rows of each plate to discard the presence of contimgnaNA. Samples, controls and
calibrators were run in duplicate. All negative controlgréetion blanks and non-template
controls) were negative in all cases. gPCR inhibition wasitor@d using a specifically
designed Internal Amplification Control (IAC) plasmid tekte singleplex reactions. See
Supplementary Material for further details on the gPCGRy<scalibrators, genome
equivalent calculations, inhibition assay and estimation ofdhection factor. DNA
extractions and gPCR analyses were performed accaalthg minimum information for
publication of quantitative real-time PCR experiments (MIQ&}elines (Bustin et al.,
2009).

To confirm the specificity of the qPCR in detecting pathogkaatospira, 15% of

the samples with a positive result in each sampling seasevramtomly selected for DNA
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sequencing. The gPCR products were loaded in a 28%0sgel, submitted to
electrophoresis and then purified using the QlAquick Géldexion Kit (QIAgen)

following the manufacturer’s instructions. Purified producgserSanger sequenced using
primer LipL32-45F, edited using BioEdit 7.2.5 (lbis Bioscies) and compared to the

sequences available in GenBank using BLAST.

2.4 Datatreatment

Samples were considered positive when both qPCR replsfad@ged amplification
before a Cqg of 40. Samples with a single positive reactene submitted to an additional
gPCR in duplicate. If in this second qPCR the sample aegiih either of the replicates, it
was considered positive. The GEq per reaction in altipegiPCR replicates were
averaged, normalized by the volume of water analyaed loge-transformed to obtain
concentrations in GEg/mL. To account for the DNA loss dus@ample processing and
DNA extraction,Leptospira GEq concentrations were corrected using a calibratiove
generated in sewage spiked with known concentratiobsioferrogans (Riediger et al.,
2016) (Supplementary Material).

Positive qPCR samples with concentrations below the 95%teitower limit of
detection of the gPCR (18 GEqg/mL) (Riediger et al., 20dre included in the positivity
analysis but were excluded in the concentration analyseddition, standing water
samples that could not be collected due to the absencdefwere treated as negatives

for modeling purposes since this absence implied noaisleptospirosis infection.

2.5 Statistical analysis
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Logistic and linear mixed models were used to analyzedberrence of a positive
Leptospira sample and the lggLeptospira concentration in positive samples, respectively.
In both models, we accounted for the repeated-meatuieure of the data by including
random effect terms for the sampling location, weekdadwithin week. Surface water
type, season, period of the day and elevation were irtlasiéxed effects. Elevation was
treated as a three-level factor (top, middle and bottore)fikst selected only variables that
were statistically significant in their respective univariateloan effect models (logistic or
linear). After including these significant variables igemeral model, all possible
interactions were tested. As a last step of the modelinggydixed and interactions
terms that did not remain significant were eliminated. Istalps, likelihood ratio tests
were used for the inclusion or elimination of variables (950 Random terms were kept
in the models even if their respective variances weatively small given the intrinsic
expected correlation in the space and time (locationkaed day within the week). In the
resulting logistic and linear mixed models, we calculated tbdigted probability of
finding a surface water sample witkptospira DNA and the predictedeptospira DNA
concentration according to specific interactions by centéhegemaining variables on
their observed mean values (Fox, 2003). When a fagtommore than two levels was
included in the model according to the likelihood ratio critedescribed above, we
assessed the significance of differences between fastgslusing post-hoc pairwise tests
(Lenth, 2016). Analyses were conducted using the stafisoftware R v3.1 (R Core
Team, 2013), with Ime4 (Bates et al., 2015) , Lsmeaastfl, 2016), ImerTest
(Kuznetsova et al., 2013) and Effects (Fox and Hong9ppackages. Cohen’s kappa was

used to estimate the strength of agreement between sewhgeading water samples

10



235 collected in the same site. Comparisons were made usifap@/etest in GraphPad Prism
236 v7.01.

237

238 2.6 Leptospirosisincidence

239 Severe leptospirosis cases in the metropolitan regionhed®a within the study
240 period were identified from an active surveillance proged the state infectious diseases
241 hospital (Couto Maia Hospital). The study team prospectieejuated admissions to
242 identify suspected cases who met the clinical definitionduee leptospirosis (Ko et al.,
243 1999) and enrolled patients per written informed consenopols approved by the ethics
244  committees of the Oswaldo Cruz Foundation and Yale Uniyers

245

246 3.RESULTS

247 3.1 Rainfall pattern and leptospirosisincidence

248 During the study period, the rainfall pattern differed friv@ historical pattern

249 described for the city of Salvador, Brazil (Braziliantidaal Institute of Meteorology,

250 2015). We observed a higher mean cumulative monthijathin November 2011

251 compared to July 2011 and January 2012 (329.1 mBd.@and 36.4 mm, respectively,
252  Fig. S1). Therefore, the sampling period in July 2014 defined as the intermediate

253 season, November 2011 as the rainy season, and y&@l&r as the dry season.

254 A total of 101 severe leptospirosis cases were reportaslidé during the 7-months
255 study period, with an incidence of 3.8 cases per 100@tabitants. The number of cases
256 peaked in the rainy season (November 2011) with 6 wa$8s per week following intense
257 rainfall events (Fig. 2). In the dry and intermediate ®ess0 to 5 cases were reported each

258 week.
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3.2 Specificity of Leptospira gPCR assay

To verify whether the gPCR reaction was specifically detggathogenic
Leptospira in surface water samples, we partially sequencetigh82 amplicon from 36
samples (15.3%) out of 236 gPCR-positive samples. T$asples were randomly selected
and came from all seasons, types of water, collectioesteind locations and comprised
samples with all the range of estimated concentrations. Aeg6enced samples showed
their highest similarity to othdreptospira lipL32 gene sequences deposited in GenBank
(Leptospira sp. (24), L. interrogans (11) and L. borgpetersenii (1)), irrespective of the
Leptospira DNA concentration of the sample (see Table S1 fonesece accession
numbers and highest hits). This result confirmed thali ph&2 gPCR method is highly
specific for the detection of pathogehigptospira in complex environmental surface water

matrices.

3.3 Distribution and quantification of Leptospira DNA in surface waters

A total of 585 samples (335 sewage and 250 standirgy)vaére collected in Pau
da Lima and tested by gPCR for the presence of patiwigeptospira. 86 standing water
samples could not be collected because no accumuldtvater was found in the
designated sampling area and one sewage sample wesriog processing (Table 1)

Among 585 samples collected, 236 (40%) were positivedptospira DNA (36%
of 335 sewage samples, and 46% of 250 standing wagles, respectively). Sewage
showed the highest positive proportion in the rainy seagitimup to 50% of 84 samples
positive, and the lowest in the dry season with only 15&3afamples positive. In

addition, more sewage samples were positive for pathogepiiaspira DNA at the bottom
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306

of the valley (41% of 191 samples) than in the middletapdireas of the valley. In
contrast, the proportion of positive samples in standing wasmore stable across
seasons and elevations (Table 1). When accountingfecallected samples the overall
positivity decreased to 34% for standing water. Standetgrwas less frequently found in
the middle of the valley and during the dry season with 48% and 57% of samples
collected, respectively. As a result, the overall standiatgmpositivity in the middle of the
valley and the dry season was particularly affected, avigtduction of approximately a
50% (Table 1). Furthermore, sewage and standing watgples collected in the morning
and afternoon had similar positivity ratios. Finally, therggth of agreement between the
results obtained for paired sewage and standing watglessugollected in the same site
was only ‘fair’ (62% observed agreements;0.21+0.06) (Table S2).

Among 231 gqPCR positive samples with concentrations atheviewer limit of
detection, the geometric mean concentration and couge i@h.eptospira DNA was 152
[21-17,378] GEg/mL (143 [22 — 2,187] and 166 [207/378] GEg/mL in sewage and
standing water, respectively). Overall, mean geomegptospira DNA concentrations in
surface water from the urban slum surveys were gitypérey and did not vary
substantially with respect to type of water, season lidatmn, elevation in the valley and

period of collection (Fig. 3).

3.4 Spatial and temporal predictorsof Leptospira DNA presence and concentration
The final logistic mixed model for the probability of findiagpositive sample for

Leptospira DNA included fixed terms (elevation), fixed terms with int¢i@ns (surface

water type, season, and period of collection) andaemnelffects (location, week, and day

within week) (Table 2). Elevation was included in the ni@dea fixed term indicating that
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329

the localization of the sample in the valley modified their pholity of being positive for
Leptospira independently of the other variables. The modeled protyadi finding a
positive sample, with all variables other than elevation seteatdhserved mean values,
was higher in the bottom of the valley (38%) than in thediei2%) or the top (29%),
although the differences with respect to the top sectioa neat statistically significant
(p=0.0007 and p=0.269, respectively) (Fig. 4A).

In addition, the model included two significant interactierms: season and type of
water, and season and period of collection. The anaf/iee interaction between season
and type of water showed that sewage samples initheseason and the intermediate
season had higher probabilities to be positive (47% and B8&pectively) than those in the
dry season (13%; p=0.0002 and p<0.0001, respectivalgpntrast, in standing water
samples the probability of being positive did not vary sigaiitly between seasons (Fig
4B). Furthermore, in the rainy season sewage samipdegesl significantly higher
probabilities to be positive than standing water ones (47%23a%d respectively;
p=0.0096). On the contrary, in the dry season, starvdatgr samples were more likely to
show positive results, although the difference was not statigtgignificant (24% and
12%, respectively; p=0.0553) (Fig. 4B). However, whensidering all seasons together no
difference was found between the overall positivity of seveagestanding water (36% and
34%, respectively, p=0.6028). Regarding the interacteiwden the season and the period
of collection, the model showed that in the rainy seasomples had higher probabilities to
be positive in the morning than in the afternoon (49% and, 2é8pectively; (p=0.0038),
whereas no differences were found between the interteeshia dry seasons (Fig. 4C). To

sum up, the logistic mixed model revealed that elevatiospseéype of water, and period
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330 of collection were spatial and temporal predictors of tie@abilities of finding_eptospira
331 positive samples in the surface waters of the urban slu

332 The final linear mixed model for the concentratiorLgbtospira DNA in positive
333 samples included only season and period of collectioixed éffects and random effects
334 for location, week and day within week. The other varmaftigpe of water and elevation)
335 were not statistically significant in the final model (Tab)el@ the rainy season, positive
336 samples had significantly higher concentrationseptospira DNA when compared to the
337 dry season (162 and 107 GEqg/mL, respectively; p=0)0428reover, samples collected in
338 the morning showed higher concentrations than those i@t the afternoon (180 and
339 108 GEg/mL, respectively; p<0.0001). However, dedpiag statistically significant,

340 these differences were small (less than 0.2 logits in all cases), which implied that the
341 geometric means in positive samples were virtually the simatzardless of type of water,
342 elevation, season or period of collection.

343

344 4.DISCUSSION

345 In this study, we aimed to determine the abundance obgeticLeptospira in the
346 surface waters of an urban slum with high risk for lgptosis infection, and to evaluate
347 how their presence and concentration varied acrosg sypactime. We found that

348 pathogenid_eptospira are ubiquitous in sewage and standing water (>33% posjtaltigit
349 in concentrations that are generally low (around 150 GEQ/®@ur results indicate that
350 pathogenid.eptospira have a heterogeneous spatial and seasonal distributionstudy
351 site, being more prevalent towards the lower areas ofditenand in the rainiest months.
352 Nevertheless, despite the spatial and seasonal varidi@ere,is a widespread and persistent

353 but low environmental burden across the study site.
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The probability of finding positiveeptospira samples in the sewage of the urban
slum presented a seasonal pattern. The number oiveassimples increased during the
rainy season, reaching its minimum during the dry se@&ale 1 and Fig. 4). This
increased positivity may be due to a combination of fasiach as a mobilization of
pathogenid_eptospira from soil reservoirs because of rainfall, a dissolution of
environmental biofilms (Barragan et al., 2011), oeahanced survival due to higher levels
of oxygen or the dilution of sewage toxic compoundsaftghet al., 1948), among others.
The specific dynamics of mobilization, dispersion and suna¥glathogenid eptospira in
water and soil deserve further studies. The seasonatpatiserved in our study site is
consistent with the increased number of severe leptospuases reported in the
metropolitan area of Salvador, Brazil 1-4 weeks aftengaeainfall events (Fig. 2). This
seasonal distribution has been reported in other settiogadthe world where large
epidemics occur in the rainy season preceded by eggsafcheavy rainfall such as tropical
storms, typhoons or monsoons (Amilasan et al., 2016ari¢ke et al., 2002; Tangkanakul et
al., 2005). The increased contact with potentially contathavater and soil due to
flooding and runoff has been hypothesized as the maierdf leptospirosis outbreaks
(Amilasan et al., 2012; Bourhy et al., 2012; Hagan et @L.52Karande et al., 2005, 2002).
Together with this exposure factor, our results providditbeempirical data showing that
in the rainy season surface waters, and sewage in partiardanore likely to contain
pathogenid_eptospira and thus, there is a higher environmental risk circudatirthe urban
slum.

Both sewage and standing water samples were potentialoggsef pathogenic
Leptospira in the environment. Up to 50% of sewage samples wesiiye in the rainy

season, which suggests that in the rainy periods, semeitsaverflow are drivers of
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infection. In contrast, in the dry season standing watapkss showed substantially -
although not significantly- higher positivity ratios than sgezand, in general, they
presented a diminished temporal variability (Table 1 and4By. The differences between
sewage and standing water were further accentuatttebyeak positivity concordance
observed in paired samples (Table S2). Taken togettese results lead us to hypothesize
that sewage and standing water are two distinct ecologi@lois of the pathogen.
Consequently, the mechanisms that influence the presépa¢ghogenid_eptospira in
sewage and standing water (input from the animal reseeféect of rainfall and run-off,
survival kinetics, etc.) may have different spatiotempadyalamics in each reservoir. Other
studies in the Peruvian Amazon, Southern Chile, anchiesla have also reported high
positivity ratios in puddles (Ganoza et al., 2006; MufiozzZahal., 2014; Sumanta et al.,
2015). Puddles are abundant and ubiquitous in our stigjysing found in areas such as
the middle of the informal net of unpaved paths that cdrthearban slum, and in the
yards of houses. These areas are heavily usednygoity dwellers and may be a more
accessible source of pathogebheptospira than the open sewers that, although precarious,
have some degree of canalization. Since leptospirosisl&rea in the study site with cases
occurring year-round (Fig. 2), we believe that staneiater may play a role in
leptospirosis transmission, particularly in between rainfalhes/ehen the accidental
contact with sewage and runoff is diminished. Thereforeliphealth authorities need to
consider standing water as a source of pathogepiospira along with sewage when
designing interventions aimed at reducing the transmissitireafisease.

We identified a spatial distribution of positive samples with adnigmvironmental
risk in the bottom of the valley, despite the small dimerssadrour study site. Previous

studies in this urban slum showed that lower househeldion was a risk factor for
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leptospirosis infection presumably because lower elevagiana proxy for higher flooding
risk during rainfall events (Hagan et al., 2015) and comt@éh mud after flooding is
associated with higher risks of infection (Felzemburgh.ef@ll4; Reis et al., 2008). Since
open sewers, rainwater drainages, and non-canalizetf namverge towards the bottom of
the valley, surface water in these areas and particievage, may be receiving the
influence from all the water basin increasing the probalmfifyinding Leptospira positive
samples. Overall, this spatial heterogeneity highlightsstinatl-scale changes in the
environmental features may substantially contributefferdnces in the risk of infection.
The concentration of pathogenieptospira in positive surface water samples was
predominantly low. The clear majority of samples haocentrations ranging from 20 to
1,000 GEg/mL, with an average around 150 GEg/mL. Te,dlére is only one other study
that has succeeded in quantifying pathogéspgtospira in surface waters of urban areas,
where they found mean concentrations around 1,000mkli&Ganoza et al., 2006). This
discrepancy may be explained by the fact that the 168\ rfene-based qPCR used in that
study (Smythe et al., 2002) was not completely specifipdtinogenid_eptospira (Viau
and Boehm, 2011), which resulted in the detectidnepfospira of unknown pathogenicity
(Ganoza et al., 2006). On the contrary,libe32 gPCR used in our study was highly
specific for pathogeniteptospira (Stoddard et al., 2009), which validates our results.
However, the low surface water loads detected in ouy stodtrasted with the high
infection rates reported in the community (35.4 to 37r&8#00 individuals per year)
(Felzemburgh et al., 2014; Hagan et al., 2015). The lnotdoses required for human
infection are still unknown, but our findings indicate ttiet concentration circulating in
the water is rarely higher than 1,000 GEg/mL. This eatration is several orders of

magnitude lower than the doses required to cause infigttiough natural routes in animal
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models of infection. The conjunctival route showssg Zalues of 2 x 10in Guinea Pigs
(Lourdault et al., 2009) and doses as high dseplospires to cause 100% death in Golden
Syrian hamsters (Wunder et al., 2016a, 2016b). Notabtg,and abrasions in the skin are
an effective route of infection in grivet monkeys and @aiRigs (Palmer et al., 1987,
Zhang et al., 2012) and have been associated with gedtesks for human infection in
multiple epidemiological studies (Chusri et al., 2012; Hochedal., 2011; Leal-
Castellanos et al., 2003). While we cannot rule out theepeesof additional infection
sources with higher concentrations, previous epidemiologiadies performed in this site
have consistently pointed out to open sewers as main slo¥anfection (Felzemburgh et
al., 2014; Hagan et al., 2015; Reis et al., 2008). TWwasspeculate that a mechanism by
which the infectious dose substantially decreases, poskibljisruption of skin barriers,
enables the transmissionladptospira in waters with low concentrations. Further
epidemiological and experimental studies are required tarootifis hypothesis and to
determine whether this route of transmission is the mairceairthe disease in the study
site.

As a limitation of our study, thigpL32 gPCR assay used in our experiments had a
detection limit of 18 cells/mL (Riediger et al., 2016). Bageaur results, it is possible that
concentrations under this limit may be occurring in the senfeaters of our study site. If
that is the case, the positive proportions reported hegietine underestimated.
Nevertheless, qPCR does not provide information regattagiability of bacteria
because DNA from metabolically inactive or dead cells enigt for a variable time in the
environment (Nocker and Camper, 2009). Since onlyl@iedlls have the potential to
cause infection, quantitative gPCR-based results maydresiimating the environmental

risks. Furthermore, although we identified a higher giewe ol eptospira positive
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samples in the rainy season, this study was not desigmegltare the specific effect of
rainfall events in the dynamics of the pathogen. Thugyniye captured big seasonal
differences and not the short-term variability in positivitd aoncentration that is likely
occurring due to mobilization and runoff after rainfall. Sstidy is needed to understand
the immediate impact of rain intensity and frequency iretineronmental load and the
risks of infection. Finally, this study focused on the acefwater reservoirs. Soil and mud
are other environmental reservoirs of pathogeeptospira that have received little
attention in the literature and, may be essential to stateting the global dynamics of

pathogenid_eptospira in the environment.

5. CONCLUSIONS

» The presence of pathogemieptospira exhibited a clear seasonal pattern in the surface
waters of the urban slum, particularly in sewage, aegpologically proven source
of infection. This is the first empirical evidence that treer-related risk to which
inhabitants of an endemic area are exposed increadesnainy season. Thus, the
seasonal peaks of severe leptospirosis may be not oalipdan increased exposure to
contaminated sources, but also to a higher environmeskalwhich modifies the
current view on leptospirosis transmission after rainfalhesze

* The water-related risk for leptospirosis was spatially heteregus, being more
prevalent in sewage samples towards the bottom of theyvalhis finding is
remarkable when considered the small size of the studyFsithermore, it indicates
that preventive measures need to account for the spaiitioa for the risk of the

disease.
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* In addition to sewage, standing water is a reservoir obpatticLeptospira in the
urban slum environment. Their relatively stable positivitypas seasons and
elevations, suggests that standing water may be relevaheftransmission of the
disease, especially in between rainfall events. Consegugrglclosing of open
sewers alone, a common public health measure, mayemutfficient to eliminate the
water-related transmission of the disease.

* The concentration of pathogerieptospira in surface waters was generally low (mean
concentration 152 GEg/mL) which contrasts with previougrenmental studies and
the high infection rates reported in this urban slum. Fugpefemiological and
experimental research is necessary to understand thralrfastory of leptospirosis
infection and its correlation with low infectious doses.

* Pau da Lima, our study site in Salvador, Brazil, hagairoharacteristics to other
marginalized communities around the world. Hence, owltsesay help to
understand the drivers of the temporal and spatial variabilityban leptospirosis
epidemics. This knowledge is essential to implement timedyedficient measures to

reduce the burden of leptospirosis worldwide.
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FIGURE CAPTIONS

Figure 1. Pau da Lima community in the city of Salvador, Brazil. (A) Location of
Salvador in South AmericgB) Location of the study site (red) within the cit{C)
Sampling sites along the open sewer in the studied vatleyrange, yellow and red, areas
of the valley above 52 m (valley top), between 52 and 38attey middle), and below 38
m (valley bottom), respectively, as measured from the doweint of the valley(D)

Photograph of a representative section of the open séwer lbottom of the valley.

Figure 2. Weekly severe leptospirosis cases identified at the stédetious diseases
hospital (orange) and precipitation (blue) during the stwehod. The shaded areas denote
the three sample collection campaigns during the internged&iny and dry seasons. The

vertical dashed lines indicate the collection days in eatiplgag campaign.

Figure 3. Concentration of pathogeni@ptospira spp. in sewage and standing water
samples from Pau da Lima stratified by season, elevatidtime of collection. The

geometric mean and standard deviation are shown forggaap of samples.

Figure 4. Predictedprobability of finding a_eptospira DNA positive sample in the final
logistic mixed model according to specific interactidig. Elevation(B) Interaction of
season and type of wat@®) Interaction of season and period. Probabilities were caézllat
by centering the remaining variables on their observezhmelues and are expressed as

decimals with 95% confidence intervals. (**)@01; (***) p<0.001.
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Table 1. Collection success and occurrence of pathogenic Leptospira in sewage and standing

water samples from the urban slum community. The samples are stratified by season, elevation,

and period of collection. The overall positivity used for modeling purposes was cal cul ated by

considering non-collected standing water samples as negative.

Sewage samples

Standing water samples

Targeted Collected* Positive Ov.e.rgll Targeted Collected Positive ngrqll
positivity positivity

TOTAL 336 335 121 (36%) 36% 336 250 (74%) 115 (46%) 34%
Seasons
Intermediate 168 168 67 (40%) 40% 168 141 (84%) 67 (48%) 40%
Rainy 84 84 42 (50%) 50% 84 61 (73%) 26 (42%) 31%
Dry 84 83 12 (15%) 15% 84 48 (57%) 22 (46%) 26%
Elevation
Top 48 48 14 (29%) 29% 48 34 (71%) 17 (50%) 35%
Middle 96 96 28 (29%) 29% 96 44 (46%) 21 (48%) 22%
Bottom 192 191 79 (41%) 41% 192 172 (90%) 77 (45%) 40%
Period
Morning 168 168 65 (39%) 39% 168 132 (79%) 64 (49%) 38%
Afternoon 168 167 56 (34%) 34% 168 118 (70%) 51 (43%) 30%

*The percentages of collected sewage samples are omitted because only one sample could not be

collected and tested for Leptospira presence.




Table 2. Estimated regression parameters and standard errors in the final logistic and

linear mixed models on the probability of finding a positive sample and logio

concentration for Leptospira DNA, respectively. (*) p<0.05 (**) p<0.01; (***) p<0.001

Coefficient estimate (SE)

L ogistic model

for probability

Linear mode

for concentration

Intercept

Intermedi ate season

Rainy season

Standing water

Morning period

Top elevation

Middle elevation

Interaction terms
Intermediate season X Standing water
Rainy season X Standing water
Intermediate season X Morning period

Rainy season X Morning period

“157 (0.39) ***
1.36 (0.42) **
1.35 (0.47) **

0.77 (0.40)
0.00 (0.39)
-0.39 (0.20)

-0.74 (0.25) ***

-0.77 (0.46)
-1.64 (0.52) **
0.10 (0.45)

0.97 (0.52)

1.92 (0.00) ***
0.16 (0.08)
0.18 (0.09) *

0.09 (0.15) ***
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- Sewage and standing water are a source of pathogenic Leptospira in urban slums

- Leptospira were ubiquitous in this setting, detected in 33% of sampled surface water
- Pathogen concentrations were low (~150 GEg/mL ) in positive surface water samples
- Seasonal leptospirosis risk is associated with increased pathogen detection in water

- Prevention needs to account for the spatiotemporal dynamics of pathogenic Leptospira



