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Text S1 

Supporting Methodology and Results 
Induction of virulence gene expression 

V. cholerae strains were grown overnight in M9 minimal medium (Sigma-Aldrich, Buchs, Switzerland) 

supplemented with vitamins (MEM, Gibco), Bacto casamino acids (Becton, Dickinson and Company) 

and glucose. Overnight cultures were washed in minimal medium and diluted 1:100 in M9 medium 

containing vitamins and casamino acids, as well as the indicated carbon source. Glucose, N-

Acetylglucosamine (GlcNAc), sucrose, galactose, lactate, or succinate (all purchased from Sigma-

Aldrich, Buchs, Switzerland) served as carbon sources and were provided at a concentration of 50 mM. 

Alternatively, starch from potato or from rice (Sigma-Aldrich, Buchs, Switzerland) was boiled for 

10 min before being mixed with the M9 medium components to a final concentration of 10 g/l to mimic 

starch-based oral rehydration conditions. 

 The strains were grown at 37 °C under shaking conditions until the bacteria reached an optical 

density at 600 nm (OD600) of ~0.1. At that time, sodium bicarbonate (Sigma-Aldrich/Fluka, Buchs, 

Switzerland), was added to a final concentration of 100 mM to induce virulence [1]. Samples for 

expression analysis (qRT-PCR) were harvested when the culture reached an OD600 of ~0.8-1.0, whereas 

samples for the quantification of cholera toxin (ELISA) were taken 5 h post-bicarbonate addition. 

Because the rice-based starch changed the turbidity of the medium, bacteria were enumerated using a 

Neubauer chamber instead of relying on optical density measurements, and the latter was back 

calculated accordingly. For inhibition of ToxT by the small-molecule virstatin [2,3] the bacteria were 

grown either in the presence of DMSO (vehicle control) or 50µM virstatin (dissolved in DMSO; Enzo 

Life Sciences, Inc.). 

 

Quantitative reverse transcription-based PCR (qRT-PCR) 

Bacterial cells were harvested from 5 ml of culture and lysed in 1 ml Tri Reagent (Sigma-Aldrich, 

Buchs, Switzerland) or 1 ml TRIzol (Invitrogen, Basel). The samples were stored at -80 °C until RNA 

isolation was performed using GenElute™ Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, 

Buchs, Switzerland). Putative contaminating DNA was removed by a TURBO DNA-free™ DNase 

treatment (Ambion). The reverse transcription of 1 µg of total RNA was performed using a 

Transcriptor Universal cDNA Master mix (Roche, Rotkreuz, Switzerland). Quantitative PCR was 

performed as described previously [4] with expression values given relative to the reference gene gyrA. 
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Model description 

Our spatially explicit epidemiological model builds on the model presented by Rinaldo et al. [5]. The 

epidemiological dynamics are modeled using a system of differential equations, taking into account 

hydrological pathogen transport, human mobility as well as precipitation: 

	  

 𝑑𝑆!
𝑑𝑡
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( 1 ) 

 

Individuals living at node 𝑖 can be susceptible (𝑆!), symptomatically infected (𝐼!,!), asymptomatically 

infected (𝐼!,!) or recovered (𝑅!). 𝐵! represents the bacterial concentration in the water reservoir of the 

node. The population is assumed to be in demographic equilibrium, with a constant recruitment 𝜇𝐻! of 

susceptibles, where 𝜇 is the mortality rate (unrelated to cholera) and 𝐻! is the total population size. 

Note that the partition of the infected compartment into two classes is employed for the first time in a 

spatially explicit model here. 

Susceptible individuals are infected at rate: 

 

 
ℱ! 𝑡 = 𝛽 1 −𝑚
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!

!!!

  , 

 

( 2 ) 

 

where 𝛽 stands for the maximum rate of infection. 𝐵!/(𝐾 + 𝐵!   )   is the probability of infection after 

exposure to concentration 𝐵!, with 𝐾 being the half-saturation constant [6,7]. This is modeled assuming 

that the force of infection in a given node depends on the local concentration 𝐵! for a fraction (1−𝑚) 

of the susceptible hosts and on the concentration 𝐵! of the surrounding communities for the remaining 

fraction 𝑚. The parameter 𝑚 represents the community-level probability that individuals travel outside 
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their node and it is assumed, in this formulation, to be node-independent. The concentrations 𝐵! are 

weighted according to the probabilities 𝑄!"  that an individual living in node 𝑖 would reach 𝑗  as a 

destination [8]: 
 

 
𝑄!" =

𝐻!𝑒!!!"/!

𝐻!!
!!! 𝑒!!!"/!

  , 

 

( 3 ) 

 

where the attractiveness of node 𝑗  is governed by its population size. However, deterrence 

exponentially increases with distance 𝑑!"between nodes 𝑖 and 𝑗 according to a shape factor 𝐷. 

 Infected individuals show symptoms with probability 𝜎. These individuals may recover at rate 𝛾, die 

from cholera or from other causes at rate 𝛼 or 𝜇, respectively. Asymptomatically infected individuals 

do not die from cholera and recover faster by a factor 𝜀 [9]. Recovered individuals lose their acquired 

immunity at rate 𝜌, or they die at rate 𝜇. 

 The bacterial concentration at each node is supplied by the product of the bacterial shedding rate 𝑝 

of the infected individuals and the probability 𝑞 that the freshly shed bacteria reach the water reservoir, 

divided by the volume of the later. This volume is considered to be directly proportional to the 

population size at the node 𝑊! = 𝑐𝐻! . Parameters 𝑝 and 𝑞  take different values for symptomatic 

(subscript 𝑆) and asymptomatic (subscript 𝐴) individuals because people without symptoms shed less 

bacteria [9] and because of possibly different sanitation conditions. See section Model calibration and 

parameter estimation below for a thorough discussion of these aspects. Symptomatic individuals are 

assumed to stay within their home node, whereas the movement of asymptomatic individuals is 

modeled similar to equation ( 2 ).  

Asymptomatic people leave their node 𝑗 with probability 𝑚 and reach node 𝑖 based on the gravity 

factor 𝑄!": 

 𝒢!,! = 𝐼!,!   

𝒢!,! = 1 −𝑚 𝐼!,! +𝑚 𝑄!"𝐼!,!   .
!

!!!

 

 

( 4 ) 

 

We further considered that rain events cause a deterioration of sanitation conditions and a higher 

probability of the contamination of water reservoirs [10]. The shedding term in equation ( 1 ) thus 

increases with precipitation intensity 𝐽!(𝑡)according to the factor 𝜙  [5]. In addition, V. cholerae 
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pathogens are subject to natural mortality at rate 𝜇! and hydrological transport at rate 𝑙. In our case, the 

probability 𝑃!" that pathogens travel from node 𝑖 to 𝑗 is equal to one if 𝑗 is the downstream nearest 

neighbor of 𝑖, and zero if otherwise. 

 

Modeling the Haiti epidemic 

In order to apply the above model to the Haitian epidemics we used the countries road network (© 

OpenStreetMap contributors, available online at http://www.openstreetmap.org under the Open 

Database License) as well as the hydrological network, which was derived from a digital terrain model 

(DTM) (data available from the U.S. Geological Survey, http://earthexplorer.usgs.gov) using 

established hydrological methods [11-15]. The procedure consists in the determination of the unique 

steepest descent flow path from every pixel of the DTM to the sea. Pixels draining to the one and the 

same outlet belong to the same river basin. Because this leads to a very heterogeneous basin size 

distribution, the larger watersheds had to be split into smaller units according to catchment divides, 

whereas the coastal (smaller) watersheds were aggregated to reasonable size. Using this procedure, the 

Haitian territory was subdivided into 365 hydrological subunits, which each correspond to a node in 

our model. Nodes are connected through the hydrological network and to the road network. From the 

latter, the shortest distance between each pair of nodes was calculated [16] and taken as an input to 

build the distance matrix that was used in equation ( 3 ). The population of each subunit (see Fig. 5 in 

the main text) was derived from a remotely sensed population distribution (Oak Ridge National 

Laboratory, 2011; http://ornl.gov/sci/landscan/index.shtml), which has been updated to correspond to 

the most recent population estimates [17]. Daily precipitation fields were obtained from a remotely 

sensed dataset by the National Aeronautics and Space Agency (NASA), which has a spatial resolution 

of 0.25 latitude and longitude [18]. We assume that, at the beginning of the epidemics, the entire 

population was susceptible (𝑆! 𝑡! = 𝐻!)[5,19-23]. As an initial condition, we introduced a number of 

infected individuals to selected nodes in the Centre and in the Artibonite departments of Haiti 

according to a detailed report about the state of the epidemics on 20 October 2010 [21]. Additionally, 

an initial equilibrium bacterial concentration (𝐵!(𝑡!) = (𝑝!𝑞!𝐼!,! 𝑡! + 𝑝!𝑞!𝐼!,! 𝑡! )) was imposed at 

the same nodes. We further assumed that no recovered individuals were present at the beginning of the 

epidemics (𝑅! 𝑡! = 0). 
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Model calibration and parameter estimation 

To reduce the number of unknown parameters we introduced the adimensional bacterial concentration 

ℬ! = 𝐵!/𝐾 along with the aggregated contamination rate for symptomatics 𝜃 = 𝑝!𝑞!/𝑐𝐾. Parameters 

that could not be derived from previous work or from the literature were calibrated using data from 

daily epidemiological reports that are available on the website of the Public Ministry of Health of Haiti 

(Ministère de la Santé Publique et de la Population, http://mspp.gouv.ht/) [24]. The calibration period 

starts at the beginning of the epidemics (20 October 2010) and ends in December 2011. Because the 

data are freely available at the department level only, our model outputs needed to be upscaled for 

comparison. We assumed that the number of weekly reported cases corresponds to the number of 

newly infected symptomatic individuals. To derive the number of reported cases from the model, one 

thus needs to calculate 𝐼! (the modeled newly reported cases) as follows: 

 
𝐼!   𝑡 = 𝜎ℱ! 𝑡 𝑆!

!!!!

!

d𝑡    , 

 

( 5 ) 

 

where Δ𝑡 is equal to one week. The sum of the squared residuals between the reported cases and the 

model output that was calculated according to ( 5 ) was used as the objective function. For calibration, 

we relied on a Markov Chain Monte Carlo (MCMC) approach with several chains, which the so called 

differential evolution adaptive Metropolis (DREAMZS) algorithm [25,26]. The parameters that related 

to rice-based ORS (𝜏! and 𝜏!), which are described in section Modeling the effects of rice-based ORS, 

have been set to zero during calibration because we assume that only standard (glucose-based) ORS 

has been used. See Supporting Table S4 for other parameter values and references. 

 

Modeling the effect of rice-based ORS 

Our model can be used to estimate the impact of the reduction of the disease duration and of the stool 

volume on the overall dynamics of the epidemics in space and time. To include these effects, we 

assume that the reported cases correspond to the symptomatically infected and that all of these 

individuals received at least basic treatment with ORS (in a hospital, at home or at a so called 

rehydration point [27]). In addition, we assume that the reduction in stool volume correlates with a 

reduction in the number of V. cholerae that was shed per unit time. The effects can then be integrated 

into our model by reducing the disease duration as well as the bacterial shedding rate for symptomatic 

individuals. Two additional adjustable parameters (𝜏! and 𝜏!) have thus been added to our model: 
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 𝑑𝑆𝑖
𝑑𝑡

= 𝜇 𝐻! − 𝑆! − ℱ! 𝑡 𝑆! + 𝜌𝑅!   

𝑑𝐼!,!
𝑑𝑡

= 𝜎ℱ! 𝑡 𝑆! −
1

1 − 𝜏!
𝛾 + 𝜇 + 𝛼 𝐼!,!   

𝑑𝐼!,!
𝑑𝑡

= 1 − 𝜎   ℱ! 𝑡 𝑆! − 𝜀𝛾 + 𝜇 𝐼!,!   

𝑑𝑅!
𝑑𝑡

= 𝛾
1

1 − 𝜏!
𝐼!,! + 𝜀𝐼!,! − 𝜌 + 𝜇 𝑅!   

𝑑𝐵!
𝑑𝑡

=   −𝜇!𝐵! − 𝑙 𝐵! − 𝑃!"
𝑊!
𝑊!

!

!!!

𝐵! +
𝑝!𝑞!
𝑊!

1 + 𝜙𝐽! 𝑡 1 − 𝜏! 𝒢!,! 𝑡 +
𝑝!𝑞!
𝑝!𝑞!

𝒢!,! 𝑡   . 

( 6 ) 

 

These parameters can be used to adapt the recovery rate as well as the bacterial shedding rate of the 

symptomatic individuals only. 𝜏! is the reduction in the disease duration and 𝜏! is the reduction in the 

bacterial shedding rate, which are both expressed as a fraction of one. For calibration, both parameters 

have been fixed to zero (no effect), thus the equations were equivalent to ( 1 ). 

 Whereas values for the ratio of asymptomatic to symptomatic shedding rates (𝑝!/𝑝!) are available 

in the literature [9,28,29], the relative probability that asymptomatics contaminate environmental water 

bodies (𝑞!/𝑞!) is difficult to estimate. Assuming that a high fraction of symptomatic individuals is 

admitted to hospitals or treatment centers, this ratio indeed depends on the sanitary conditions in health 

care facilities compared with regular households. One would expect sanitation to be a key issue in 

hospitals. However, as few functional sewer systems exist in Haiti [30], few options are left for proper 

disposal of human fecal matter. In addition, during the peak phases of the epidemics, health care 

facilities were subject to over-occupancy [27]. Furthermore, during cholera outbreaks, symptomatic 

patients are released as soon as their condition starts improving (less than three liquid stools in six 

hours [31]), even if these individuals might still shed V. cholerae. Therefore, depending on the relative 

impact of the various effects that are stated above, the ratio (𝑞!/𝑞!) can take a high range of values. By 

adding this ratio as a parameter to the calibration procedure, we were not able to identify its value 

uniquely due to a very flat posterior distribution. This is probably due to its high correlation with other 

parameters (e.g. 𝜃). In addition, the Akaike information criterion (AIC) [32,33] indicates that the 

improvements of the model output are not significant (see Supporting Table S5). Thus, we decided not 

to calibrate 𝑞!/𝑞! but to proceed as follows: to assess the sensitivity of the remaining calibration 

parameters as well as the model outputs with respect to changes of the ratio 𝑞!/𝑞!, we calibrated the 

model with a range of different values. From the Supporting Figure S6, it can be seen that we are able 

to calibrate the model almost equally well independently of the value of 𝑞!/𝑞!, whereas the values of 

the calibrated parameters vary. We note that 𝜃 is particularly sensitive to changes in 𝑞!/𝑞! because 
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both parameters directly affect bacterial shedding and they thus compensate. Supporting Figure S5 

shows the important influence that 𝑞!/𝑞! has on the result of a ten percent reduction of the bacterial 

shedding rate as well as the disease duration (using parameters 𝜏! and 𝜏!). This influence due to the 

fact that the ratio 𝑞!/𝑞!  acts directly on the relative contribution of symptomatics versus 

asymptomatics to the environmental bacteria concentration, whereas only symptomatics are treated 

with ORS. It can further be seen that only a very high value of 𝑞!/𝑞! (above 200) significantly reduces 

the impact of rice-based ORS. Such values would imply that the probability of contaminating the 

environmental water bodies is more than 200  times higher for asymptomatically than for 

symptomatically infected individuals. Based on the above analysis, it is unlikely that this fraction takes 

values as high as that under Haitian conditions. Thus, we assume the conservative value of 𝑞!/𝑞!   =

200 for the purpose of this study. To show the influence of a given treatment effect on the overall 

disease dynamics, 𝜏! and 𝜏! were set to appropriate values after an initial phase of 30 days, which we 

considered necessary to initiate systematic treatment with rice-based ORS. The calibrated parameters 

remained fixed. 

 The values taken by these parameters vary according to different sources [34-37]. Gore et al. [34] 

conducted a comparative analysis of several studies and their results indicate that the reduction in 

disease duration varies around 12% (5 to 19%) and the reduction of stool volume during the first 24h 

around 36% (28 to 44%) for adults (when rice-based ORT was compared with glucose-based WHO-

ORS). Please note that whereas the reduction of disease duration can be directly related to parameter 

𝜏!, the reduction of stool volume would only correspond to parameter 𝜏! if the bacterial concentration 

in the stool remained constant. As this hypothesis is unlikely to be verified, and bacterial concentration 

in the stool is hardly ever reported, we conducted our analysis using a broad range of values for 𝜏!and 

𝜏!.	  

The effect on the epidemiological dynamics of setting both treatment parameters (𝜏! and 𝜏!) to a 

hypothetical value of 0.1, which assumes a ten percent reduction of disease duration and shedding rate 

for symptomatically infected individuals, can be seen in Figure 5, and Supporting Figures S4-S6. Note 

that the reduction has only been applied after an initial period of 30 days. One can clearly state a 

considerable reduction in disease incidence in all departments that begins at the moment the reduction 

is applied. However, it can be seen that the model predicts a higher number of cases during fall 2011, 

most likely due to a high number of susceptibles in the system during that period (Figure S7). Overall, 

as discussed in the main text, the assumption of maintaining other infection processes unchanged by the 
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introduction of alternative hydration treatments seems quite reasonable, thus allowing us to issue 

predictive scenarios to the unfolding epidemic patterns.  
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