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Abstract

Leishmaniasis is a neglected tropical disease which kills an estimated 50000 people each

year, with its deadly impact confined mainly to lower to middle income countries.

Leishmania parasites are transmitted to human hosts by sand fly vectors during blood

feeding. Recent experimental work shows that transmission is modulated by the patchy

landscape of infection in the host’s skin, and the parasite population dynamics within

the vector. Here we assimilate these new findings into a simple probabilistic model for

disease transmission which replicates recent experimental results, and assesses their

relative importance. The results of subsequent simulations, describing random parasite

uptake and dynamics across multiple blood meals, show that skin heterogeneity is

important for transmission by short-lived flies, but that for longer-lived flies with

multiple bites the population dynamics within the vector dominate transmission

probability. Our results indicate that efforts to reduce fly lifespan beneath a threshold

of around two weeks may be especially helpful in reducing disease transmission.
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Introduction 1

Leishmaniasis is caused by parasites of the Leishmania genus. Details of the infection 2

depend on the particular species [1], but all species share the same general vector-borne 3

lifecycle, with distinct and complex life cycle stages in the mammalian host and sand fly 4

vector [2]. Leishmania parasites have two main morphological forms. Broadly speaking, 5

Amastigotes (ovoid, non-flagellated) dominate the mammalian stage of the lifecycle. 6

Promastigotes (larger, flagellated) are found in the vector, and are divided into multiple 7

developmental subclasses [3, 4]. 8

When an uninfected female sand fly bites an infected mammal, it ingests amastigote 9

infected macrophages from the host’s skin or blood [5]. Amastigotes differentiate into 10

procyclic promastigotes, which are resistant to the digestive enzymes of the sand fly 11

midgut [2]. Procyclics then replicate before differentiating into nectomonad 12

promastigotes [3]. Nectomonads are able to migrate towards the thoracic midgut [2] and 13

bind to the midgut epithelium [6]. There they differentiate into leptomonad 14

promastigotes [3]. Leptomonads are the final replicative stage, replicating more rapidly 15

than procyclics, and migrating through the thoracic midgut to the stomodeal valve [3]. 16

Finally, leptomonads differentiate into metacyclic promastigotes, the infectious stage. 17

Metacyclics have a short cell body and long flagellum to enhance motility [3]; they can 18

be transmitted to a new host where they infect host macrophages via phagocytosis. 19

(The infection dynamics in the host are similarly complex [7] [8], but are not relevant to 20

this investigation which focuses on transmission from vector to host.) 21

Two recent key findings concerning details of Leishmania biology offer new insights 22

into the possibility of understanding, and possibly controlling, the spread of the disease. 23

They are described below: 24

Patchy landscape of infection in the host Transmission from host to vector occurs 25

when a sand fly consumes a blood meal from an infected host. Doehl et al. [5] showed 26

first that the parasite load in the host’s skin, rather than that in its blood, is the major 27

determinant of successful infection, and furthermore that skin parasite burden is highly 28

variable within and between hosts. They then used a modelling approach to investigate 29

the consequences of this patchiness. For a host with a low mean parasite burden, a 30

patchy skin landscape enhanced outward transmission (although the overall probability 31
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of successful transmission remained low), whereas for a host with a high parasite burden 32

a homogenous distribution favoured transmission. 33

Retroleptomonads A new lifecycle stage was identified by Serafim et al. [9], the 34

retroleptomonad promastigote [9]. When an infected sand fly takes another blood meal, 35

the metacyclic stage can de-differentiate into a leptomonad-like stage, termed the 36

retroleptomonad. These replicate for 3-4 days before differentiating back into 37

metacyclics [9]. This serves to greatly amplify the parasite load prior to the next bite 38

(4.5 fold increase in the number of metacyclics 18 days post infection in comparison to a 39

single bite sand fly) and thus increases the probability of disease transmission [9], a 40

finding confirmed experimentally under laboratory conditions. 41

The objective of this study was to build a mathematical model to incorporate these 42

new findings, and thereby to assess how they might influence our understanding of the 43

factors governing Leishmania transmission. A simple differential equation model, 44

parameterised by data from [3], was developed to describe the population dynamics of 45

nectomonad, leptomonad and metacyclic promastigote stages within the vector (Model 46

A). This model was then refined by the addition of the retroleptomonad lifecycle stage, 47

using data and observations from [9] (Model B). These models of population dynamics 48

within the sand fly provide a framework for a series of stochastic simulations which 49

describe the random processes of feeding and parasite ingestion across multiple blood 50

meals. Such simulations allow the consequences of changes in disease prevalence at the 51

epidemiological scale and the thresholds of disease transmission to be quantifiably 52

predicted. 53

1 Model Details 54

1.1 Modelling Approach 55

The modelling strategy is summarised in Fig 1. First, we develop a simple, algebraically 56

tractable and computationally efficient model for parasite population dynamics within a 57

single infected sand fly, and then parameterise this model according to the available 58

information. This model then forms a key ingredient in a series of larger stochastic 59

simulations intended to extract useful details about the transmission of Leishmania. 60
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Fig 1. Flowchart overview of the modelling approach. Two dynamic models,
calibrated to replicate prior results, evaluate parasite population dynamics in the
sandfly vector. These can be used as part of larger simulations to obtain insights into
Leishmania transmission.

In order to create a tractable model, several key assumptions are made. In addition 61

to those represented in Fig 1, we also assume that differentiation between parasite life 62

stages occurs at 100% efficiency and that there is a single globally applied carrying 63

capacity. 64

1.2 Model Definitions 65

Model A describes the dynamics of Nectomonads (N), Leptomonads (L) and 66

Metacyclics (M) using a simple set of near-linear ordinary differential equations 67

(ODEs), 68

dN

dt
= −αN (1)

dL

dt
= αN + rL

(
1− N + L+M

C

)
− sL (2)

dM

dt
= sL− uM (3)

The assumptions are biologically parsimonious: N differentiate into L at rate α, L 69

replicate at rate r (limited by a carrying capacity C) and differentiate to M at rate s, 70

and M are also subject to mortality at rate u. 71

Model B extends Model A to incorporate the dynamics of the Retroleptomonads 72

(R) [9] using two sets of near-linear ODEs. Under standard conditions ’normal mode’ is 73

used, 74
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dN

dt
= −αN (4)

dL

dt
= αN + rL

(
1− N + L+M +R

C

)
− sL (5)

dM

dt
= sL+ vR− uM (6)

dR

dt
= qR

(
1− N + L+M +R

C

)
− vR (7)

In addition to the original assumptions, it is assumed that any existing R 75

differentiate to M at rate v and replicate at rate q limited by carry capacity C. For a 76

four-day period after subsequent bites ’dedifferentiation mode’ is used, 77

dM

dt
= sL− gM − uM (8)

dR

dt
= qR

(
1− N + L+M +R

C

)
+ gM (9)

Now, M dedifferentiate to R at rate g and R no longer differentiate to M . 78

Parameterisation of Model A was performed using data obtained from Rogers et 79

al [3] (see supplementary method S1) but due to a lack of suitable data, it was not 80

possible to perform similar parameter fitting for the new parameters in Model B. Table 81

1 includes a summary of the default parameter values chosen. 82

Table 1. Table of default model parameter values.

Parameter Name Default Value Source
α Nectomonad differentiation rate 1.52 [A]
r Leptomonad replication rate 1.45 [A]
s Leptomonad differentiation rate 1.65 [A]
u Metacyclic decline rate 1.61 [A]
C Carry capacity 2 ∗ 106 [A]
v Retroleptomonad differentiation

rate
4.0 [B]

q Retroleptomonad replication rate 3.5 [B]
g Metacyclic dedifferentiation rate 4.0 [B]

All parameters and their default values. [A]: Values are derived from parameterisation
based on data from Rogers et al. [3], see supplementary method S1. [B]: Values chosen
as a result of personal communications with Dr. Pegine Walrad.
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Results 83

1.2.1 Replicating experimental results on sand fly feeding schedules and 84

mammalian infection heterogeneity 85

In order to verify that our retroleptomonad-inclusive Model B is capable of replicating

the experimental results observed by Serafim et al. [9], we ran a set of 20000 Monte

Carlo simulations designed to imitate their experimental setup. In this scenario, all flies

take a bite at day 0 from an infected host. Half the flies take an additional bite at day

12 from an uninfected host, the other half take no subsequent bites. We fix the mean

skin parasite burden to 2× 106 and let k = 2 to mimic the blood source used by Serafim

et al.. After the initial bite, we take up a number of amastigotes according to the

methods in supplementary methods S2. In this example, the initial number of

nectomonads N0 has mean µ and variance σ2:

µ = 9600 σ2 = 46108800

Of particular interest are the numbers of metacyclics and retroleptomonads present in 86

each fly throughout their adult lifespan. Fig 2A compares the numbers of metacyclics 87

and retroleptomonads at each day sampled by Serafim et al. 88

Fig 2. Replicating the results of [9] and [5]. A) Comparison of the numbers of
metacyclics (top) and retroleptomonads (bottom) at specific days throughout the
lifespan of the simulated flies. Blue represents flies that bite only at day 0, orange
represents flies that bite at day 12. The two categories are combined prior to day 12. B)
Number of simulated sandflies considered infected at 7 days post-infection for RAG
mice 10-18, parameterised according to Doehl et al.

Fig 2A reflects the qualitative dynamics observed in the experiments of Serafim et al. 89
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We observe a similar reduction in the number of metacyclics immediately after the bite 90

at day 12 and a corresponding increase in the number of retroleptomonads over the 91

same time period. Similar behaviour can be observed for the proportions of metacyclics 92

and retroleptomonads (Supplementary Figure 1), and this behaviour is sufficiently 93

robust to be observed even with parameter randomisation (Supplementary Figure 2). 94

We also wish to verify that our model can capture the importance of micro- and 95

macro-scale heterogeneity in the skin parasite distribution as reported by Doehl et al [5]. 96

To do so, we ran sets of 1000 Monte Carlo simulations for parameter combinations 97

corresponding to mice 10-18 as calculated by Doehl et al. Each simulated fly bit an 98

infected host at t = 0. We then sampled the number of metacyclics in each fly after 7 99

days, and calculated how many sandflies were infected at that time. For a sandfly to be 100

considered infected, 500 metacyclics must be present. Fig 2B compares the number of 101

infected sandflies for each mouse. 102

We observe that heavily infected mice such as mouse 13 are able to infect a large 103

proportion, if not all, of the sandflies. Lighter infections such as those of mice 10 and 16 104

typically infect very few sandflies, if any. This matches the observations made by Doehl 105

et al [5] and verifies that our model successfully captures the relationship between 106

outward transmission potential and micro- and macro-scale skin patchiness. 107

1.3 Analytic results 108

In this section we provide a selection of analytically-derived properties and consequences 109

of our proposed models. They serve to reinforce and validate the numerically derived 110

behaviours discussed in Section 1.4. In particular, we present expressions bounding 111

implied disease transmission probabilities in a range of hypothetical scenarios. 112

Specifically, we restrict our attention to scenarios in which a sand fly makes either 113

two or three bites over a period of 12 days. In all scenarios the fly is assumed to bite an 114

infected host at time t = 0, when it ingests N0 parasites in the nectomonad life stage, 115

and an uninfected host at time t = 12, when it deposits M12 parasites in the metacyclic 116

life stage. N0 is considered a random variable. M12 is considered a deterministic 117

function of N0, so inherits probabilistic behaviour from this random variable. A 118

transmission event is associated with the sand fly depositing a number of parasites 119
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exceeding a threshold T . Thus transmission is also a random variable inheriting 120

probabilistic behaviours from N0. 121

The scenarios we consider differ in terms of the occurrence of an additional bite of 122

an infected host at time t = 6. In our model the blood meal ingested in this bite 123

triggers the retroleptomonad reproduction mechanism, effecting the number of 124

metacyclics that can be deposited at time t = 12. 125

The structure of the model described in Section 1 is such that, given that there are

bites only at times 0 and 12, M12 is in fact proportional to N0 i.e.

M12 = C2N0 (10)

where C2 is a constant derived by solving the system of equations in Section 1. It is 126

implicitly a function of the model’s differentiation rate parameters and the time elapsed 127

between bites. 128

If the blood meal bite at time t = 6 does take place a different set of equations,

involving the retroleptomonads, is used to determine the resulting number of

metacyclics at time t = 12. M12 is now determined by N0 and a correspondingly

different multiplicative constant

M12 = C3N0 (11)

Expressions (10) and (11) can be combined when we write

M12 = C3N01B + C2N0(1− 1B) (12)

where 1B is an indicator function taking value one when the blood meal bite at time 129

t = 6 does take place and zero otherwise. 130

We can now, for instance, consider the expectation of M12

E(M12) =C3 E(N0)E(1B) + C2 E(N0)(1− E(1B))

= [C2 + (C3 − C2)E(1B)]E(N0) (13)

which follows on the assumption that 1B and N0 are considered probabilistically 131
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independent. Note that E(1B) is the probability that the blood meal bite takes place. 132

Eq (12) can also be used to produce an expression for the transmission probability at

time t = 12

P (Transmission) =P (M12 ≥ T )

=P (M12 ≥ T | second bite)P ( second bite)

+ P (M12 ≥ T | no second bite)P ( no second bite)

=P (N0 ≥ T/C3)E(1B) + P (N0 ≥ T/C2)(1− E(1B)) (14)

We will use Eq (14) to express how the variability in N0, which was the subject of 133

interest in Doehl et a. [5], and the variability in the availability of a blood meal, which 134

was the subject of interest in Serafim et al. [9], both contribute to the probability of 135

disease transmission. 136

To help progress our arguments here we appeal to Chebyshev’s inequality, which

tells us that a random variable takes values close to its expectation with high

probability, more precisely it says that the probability of the random variable being

further than k > 0 standard deviations from the expectation is smaller that k−2 i.e.

P (|X − E(X)| ≥ k
√
var(X)) ≤ 1/k2 (15)

or equivalently

P (|X − E(X)| ≥ k) ≤ var(X)/|k|2+ (16)

where we have introduced the rectifier function

|k|+ =


k k > 0

0 k ≤ 0

(17)

In order to accommodate negative k. 137

In the case when there is no bite at time t = 6 Chebyshev’s inequality allows us to
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put an upper bound on the transmission probability

P [Transmission | no second bite] =P [M12 ≥ T | no second bite]

=P [C2N0 ≥ T ]

=P [N0 − E(N0) ≥ T/C2 − E(N0)]

≤P [|N0 − E(N0)| ≥ T/C2 − E(N0)]

≤ var(N0)/|T/C2 − E(N0)|2+ (18)

Such an upper bound is useful because it suggests ways the transmission probability 138

can, in principle at least, be forced down. We could, for example, force down the 139

variance of the number of parasites ingested at time t = 0. Alternatively, by decreasing 140

the conversion rate from nectomonads at time t = 0 to metacyclics at time t = 12 we 141

would decrease C2 which also serves to bring down the upper bound. 142

Considering the average over cases in which the blood meal bite does and does not

occur at time t = 6, Chebyshev’s inequality leads us to an expression of the form

P [Transmission] =P [M12 ≥ T ]

≤ var(N0)

(
ρ

|T/C3 − E(N0)|2+
+

1− ρ
|T/C2 − E(N0)|2+

)
≤ var(N0)

1

|T/(ρC3 + (1− ρ)C2)− E(N0)|2+

=var(N0)
1

|T ′/C2 − E(N0)|2+
(19)

where the second line follows from Jensen’s inequality. Since C3 > C2, the second

bite/retroleptomonad phenomenon effectively leads to a version of Eq (18) in which the

transmission threshold has been lowered from T to

T ′ = T × 1

1 + ρ(C3/C2 − 1)
(20)

As well as providing quantitative predictions, this ‘equivalent threshold’ result is 143

intended to provide another angle from which to interpret the significance of the 144

retroleptomonad reproduction mechanism. Specifically, the retroleptomonads do not 145

negate the capacity for skin heterogeneity to increase metacyclic numbers to 146
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transmission-sufficient levels for a subset of flies. Rather, they make these levels easier 147

to attain. We see the effects of skin heterogeneity and the retroleptomonads act 148

together to contribute to disease transmission. 149

An alternative expression linking the retroleptomonads to the transmission

probability follows from assuming that the number of metacyclics derived from

retroleptomonads is very large relative to the transmission threshold (i.e. C3N0 � T ).

In this case we can consider the transmission probability given the blood-meal bite at

t = 6 is close to one

P (M∗12 ≥ T | second bite) ≈ 1 (21)

Then, using Chebyshev’s Inequality we see that

P (M∗12 ≥ T ) ≤ρ+ (1− ρ)µM∗(1 + µM∗/k)

(T/C2 − µM∗)2

=ρ+ (1− ρ) var(N0)

(T/C2 − E(N0))2
(22)

This bound provides another way to assess the relative influences of key parameters on 150

the probability of transmission. For cases in which the transmission threshold is high 151

relative to the number of metacyclics produced without the retroleptomonads (i.e. 152

C2N0 � T ) and the blood-meal bite probability ρ is reasonable large, the rightmost 153

summand in Eq (22) dominates. We then see the transmission probability reduced to 154

the the blood-meal bite probability. When ρ is very small, however, the variance of N0, 155

and the skin heterogeneity that drives it, becomes important again. It is this 156

heterogeniety that provides each fly with its greatest chance of being able to deposit a 157

sufficient number of parasites at time t = 12 to cause transmission. So in this case, 158

where the blood-meal bite practically ensures transmission, we see that it is either the 159

blood-meal probability or the skin heterogeneity that is most important for disease 160

transmission. 161

1.4 Simulation study 162

This simple scenario is useful because it allows us to make analytical predictions about 163

the behaviour of our system, however these predictions are useful only if we can verify 164
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that they apply to more sophisticated systems. Let us once more consider the full 165

system for both models as originally defined (Model A: Eqs 1-3; Model B: Eqs 4-9). 166

Each sexually mature female fly has a predetermined lifespan drawn from an 167

exponential random variable of mean 13 days and bite throughout their lives, with 168

inter-bite times drawn from a gamma distribution of mean 6 days and with bite loads as 169

previously defined (Supplementary Method 2). We also reinstate the 3-day delay before 170

the emergence of nectomonads. 171

We require a suitable metric to assess the infectiousness of Leishmania under a 172

variety of PB and k values. One such metric commonly used in epidemiology is the 173

R0 [10] defined as ”the number of secondary infections generated from a single infected 174

individual introduced into a susceptible population” [11]. As we do not explicitly model 175

individual hosts, this measure is unsuitable. Let us instead consider a proxy value: 176

”Mean R0”, defined to be the average number of infections caused by a single sandfly. 177

Though this is not strictly an R0 value, higher Mean R0 values imply a higher R0 value 178

for the disease assuming that the number of sandflies biting a given infected host 179

remains unchanged. 180

We determine that an transmission has occurred at a given bite using either a binary 181

threshold or a smooth ’threshold function’. In the case of the binary threshold, we 182

assume that if the number of metacyclics transferred (MT) exceeds some fixed threshold 183

T, we guarantee an infection (and if not an infection never occurs). For the smooth 184

’threshold function’, we assume the chance of infection PT at a given bite depends on 185

MT such that: 186

PT = 0.5(tanh(0.015(MT − 200)) + 1) (23)

Whilst the binary threshold is easier to relate to our analytical work it is very 187

unlikely to be applicable to a real situation, especially as it disregards any nutritional or 188

genetic variation between potential hosts. Thus, let us consider the smooth threshold 189

function. Corresponding figures for the binary threshold function can be found in the 190

supplementary information, and we observe qualitatively similar behaviour with both 191

the binary and smooth thresholds. 192
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Let us first compare our two models for a range of different scenarios. Assume that 193

some proportion of hosts is initially infected and that this proportion is fixed with no 194

dependence on time or transmissions. Initially, we will consider two scenarios where 195

either 100% or 25% of hosts are initially infected (for further scenarios see 196

supplementary Figure 3): 197

Fig 3. Retroleptomonad dynamics dominate over skin heterogeneity and
result in elevated mean R0 values. Heatmaps of the Mean R0 for simulated
sandflies for both Model A (left half) and B (right half) with 100% (top half) or 25%
(bottom half) chance of biting an infected host. Note that each model utilises a different
scale for clarity.

Although the simplest conclusion we can draw from these heatmaps is that 198

introducing retroleptomonads increases our mean R0 value, there are a number of more 199

notable results. We observe that for Model A there is a peak in the mean R0 value for 200

low skin homogeneity and high mean skin parasite burden for both scenarios. Though 201

our analytic approach does not deal directly with Model A, we could consider Model A 202

to simply be the scenario where flies never take 3 bites (and thus where 203

retroleptomonad lifecycle stage has no significant role). In this context we note that a 204

low skin homogeneity increases the probability of transmission as some flies are now 205

able to take up many parasites and remain infectious at the next bite, whereas for 206

homogenous environments it is less likely that any fly would have this capability. This 207

would match the prediction of Doehl et al. [5]. 208

The peak is entirely absent from the corresponding heatmaps for Model B; instead 209
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we have a plateau spanning most of the parameter space with a slight decrease in mean 210

R0 for very low k values (IE very patchy environments). We note from our analytical 211

section that as ρ (the chance of taking 3 bites) increases, k (skin homogeneity) has a 212

progressively reduced impact. Thus, given that ρ effectively remains constant (and 213

non-zero) regardless of k one might anticipate that the mean R0 would be independent 214

of k. Similarly, considering the magnitude of the amplification of the metacyclics (Fig 215

2A) it is reasonable to expect that the mean skin parasite burden would be relatively 216

unimportant. This does not hold for very low skin homogeneity and/or parasite 217

burdens, for under these conditions it is possible that the fly may fail to be initially 218

infected or may not remain infected by the time of their second bite and thus be 219

rendered unable to benefit from the retroleptomonad-dependent population boost. 220

Accordingly, skin homogeneity has a particularly reduced role in very long lived 221

sandflies that bite many times. In such flies, the number of metacyclics are repeatedly 222

amplified and this results in almost guaranteed transmission at the third and 223

subsequent bites for the majority of these flies. To assess the impact of such flies, let us 224

restrict the lifespans of the simulated flies to 20 days (see Fig 4A). Restricting the

Fig 4. Retroleptomonad dominance is dependent on having a sufficiently
large maximum lifespan. A, B) Heatmaps of the Mean R0 for simulated sandflies in
Model B with 100% chance of biting an infected host and with lifespans restricted to 20
days (A) or 15 days (B). Crosses indicate the mean skin parasite burden and skin
homogeneity of various mice from [5]. C) Mean R0 value against maximum lifespan for
RAG mice 1-18 from Doehl et al.

225
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lifespan of the flies to 20 days appears to have minimal effect on the influence of skin 226

homogeneity, though the plateau is now at a reduced mean R0 value (predominantly 227

because flies cannot take as many bites). It should be noted that with a mean inter-bite 228

time of 6 days, it is not unlikely that a given individual could take 3 bites in 20 days. 229

Let us now consider a further restriction of the lifespan to 15 days (see Fig 4B). 230

Under this new, harsher restriction we see that skin homogeneity has much stronger 231

influence on the mean R0 value. The peak observed in Model A is present again. The 232

mean R0 value does not drop to zero away from that peak, however. This is likely 233

because some flies will still manage to bite three times and thus benefit from the 234

retroleptomonad replicative cycle (this could also be interpreted as having a low, but 235

non-zero, ρ and thus we would expect a similarly low but non-zero mean R0). 236

Let us once more turn to the Doehl et al. mice to uncover the transition between 237

these two states. Using the parameterisation for mice 1-18 from Doehl et al [5], we ran 238

sets of 5000 sandflies for each mouse for a range of different maximum lifespans and 239

calculated the mean R0 value for each set. We can then compare the trajectory taken 240

by the mean R0 value for each population of simulated sandflies as we increase the 241

maximum lifespan (Fig 4C). 242

We note that the mean R0 value increases with the maximum sandfly lifespan for all 243

mice, especially once the maximum lifespan exceeds approximately 15 days, as 244

anticipated from Figs 4A and 4B. This demonstrates the smooth transition away from a 245

patchiness-dominated scenario and towards a retroleptomonad-dominated scenario as 246

flies live for longer. Thus we see that although the conclusions of Doehl et al [5] do not 247

hold for flies with unrestricted lifespans they may still be very much applicable to the 248

shorter-lived portion of the population, and that reducing the maximum lifespan of the 249

sandflies (and thus enlarging the shorter-lived portion) can have a tangible impact on 250

the mean R0 value. 251

Discussion 252

We observe both numerically and analytically that the inclusion of retroleptomonads 253

allows sandflies which take multiple bites to transfer more parasites on subsequent bites 254

and thus be more effective at transmitting leishmaniasis, as anticipated by Serafim et 255
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al [9]. Less trivially, we also observe that the inclusion of retroleptomonad-dependent 256

amplification in the model alters the relationship between the mean R0 and skin 257

homogeneity. In scenarios where the retroleptomonad life stage is absent (Model A) or 258

play a substantially reduced role (Fig 4B) we see a strong dependence on skin 259

homogeneity, with patchy environments leading to more transmissions as some flies take 260

up many parasites and can then cause infections, as predicted by Doehl et al [5]. In 261

scenarios where retroleptomonads are more important however, we see the opposite: 262

skin homogeneity is unimportant to the transmission of the disease, as even small 263

numbers of parasites initially present can be amplified greatly. 264

Although this result casts some doubt on the predictions made by Doehl et al. [5] 265

there are other important considerations. Doehl et al. predicted that patchy skin 266

distributions would enhance transmissions because flies could occasionally take up many 267

parasites and then cause many infections, whereas in less patchy environments flies 268

would be very unlikely to take up enough parasites to infect at the next bite. While we 269

observe the loss of the relationship between skin homogeneity and mean R0 for the full 270

system there are scenarios where it re-emerges. Flies with short lifespans (Fig 4B) cause 271

more transmissions with patchy skin distributions than even ones. Such flies are 272

unlikely to live long enough to bite three or more times and thus do not typically 273

benefit from the inclusion of the retroleptomonad stage in the model. This is reflected 274

in our analytical work. Consider the short-lifespan flies to have a low chance of taking 275

three bites (IE a low ρ), then from Eq 22 we see that low k values increase the chance of 276

transmission. Thus, there are conditions under which the scenario posed by Doehl et al. 277

is relevant to the spread of the parasite. 278

The extent to which this applies in reality is uncertain. Although previous lab-based 279

studies suggest that sandflies have fairly short adult lifespans (<20 days) [12] with 280

further reductions when infected [13], release-recapture studies in natural settings 281

suggest they may live much longer than in lab environments [14], especially given the 282

additional mortality associated with oviposition in lab populations [15]. However, there 283

is uncertainty as to the magnitude of the lifespan reduction in lab conditions, given that 284

the lifespan of wild sandflies will vary between species and environmental conditions. 285

Until this issue is clarified it will be difficult to properly quantitatively assess the 286

importance of the retroleptomonad lifecycle stage in disease transmission. 287
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This is further complicated by the feeding behaviour of the sandflies. We chose to 288

model the time between subsequent bites (in days) using a gamma distribution of mean 289

6. Though this is a reasonable approximation for our model, in reality there is little 290

information available about how often sandflies feed. It is likely that the feeding rate is 291

linked to the oviposition cycle (given the dependence of oviposition on a blood meal) 292

and the abundance of potential blood sources. Though the scenario of regular feeds 293

posed by Serafim et al [9] is likely to be appropriate for a population with abundant 294

sources of blood meals it is not necessarily true for all populations. Additionally, 295

although we consider populations with different proportions of initially infected hosts 296

(Pi) including values such as 25% and 10% which are more applicable to current 297

populations where it is endemic ( [16,17]) and observe that our results hold for such 298

scenarios, we assume that hosts are evenly distributed throughout the populations and 299

this is unlikely to be applicable in reality. 300

There is significant evidence that the behaviour of the sandflies is also altered once 301

infected. A notable component of Leishmania infection known to alter sandfly behaviour 302

is Promastigote Secretory Gel (PSG), a filamentous proteophosphoglycan-based gel 303

secreted into the thoracic midgut and stomodeal valve [2, 3]. The occupation of the 304

midgut by PSG causes the sandflies to feed ineffectively, taking smaller blood 305

meals [3,18] and demonstrating increased persistence when disturbed (with an increased 306

likelihood of biting a second host after a disturbance) [13]. PSG also acts as a filter 307

allowing only metacyclics to pass through [3], and impedes the unidirectional flow of 308

blood through the stomodeal valve, causing the sandfly to regurgitate PSG and the 309

parasites within it into the bite. This may amplify the number of infectious parasites 310

transferred to a new host on a successful bite [3, 19]. These influences could have 311

important implications. The frustrated feeding and increased persistence of infected 312

sandflies suggests that PSG could increase the likelihood of transmission, both directly 313

by transferring more infectious parasites and indirectly by increasing the rate at which 314

retroleptomonads emerge. Although we model the regurgitation of parasites by 315

increasing the number of transferred metacyclics for heavily infected flies [20] we do not 316

directly model the PSG due to insufficient information regarding its production and 317

how it interacts with the parasites in the midgut. Future studies may elucidate this 318

matter further and allow a reasonable model to be produced. 319
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Another avenue of future enquiry that holds potential value relates to improving the 320

parameterisation of our model. As the discovery of the retroleptomonad lifecycle stage 321

is very recent [9] we have insufficient data to properly parameterise Model B. Although 322

we can demonstrate that our model produces similar behaviour to that of the 323

experimental system, it would be preferable to have more data to base our parameter 324

upon. Future studies may seek to improve the identification of retroleptomonads using 325

transcriptomics tools as has been done for previous life cycle stages [21]. Alternatively, 326

they may seek to provide more information about the two lifecycle stages we omit from 327

our model, the amastigotes and procyclic promastigotes. Either of these options would 328

greatly improve our model. 329

Conclusion 330

This work has produced a basic population dynamic model for nectomonad, leptomonad 331

and metacyclic promastigotes and integrated the recently discovered retroleptomonad 332

promastigote. This model can be further enhanced via the addition of missing life cycle 333

stages or additional parameter to improve the fit. This provides a basic tool that can be 334

expanded upon depending on the aims of a study. For example, a similar model may 335

prove useful if modelling the impact of interventions on promastigote dynamics. 336

Through using Monte Carlo Simulations, we have demonstrated that the addition of 337

retroleptomonads to the model greatly enhances transmission from the second bite 338

onwards. This could suggest that retroleptomonads are a good stage to target in control 339

efforts, potentially through interventions that reduce the number of bites a sand fly 340

takes. We have also demonstrated that skin parasite heterogeneity does have an impact 341

on Leishmania transmission, although a much smaller impact than retroleptomonads. A 342

patchy distribution slightly enhances transmission when retroleptomonads aren’t present 343

(such as the first bite), but a non-patchy distribution enhances transmission when 344

retroleptomonads develop. 345
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Materials and methods 346

Model parameterisation was performed in RStudio v1.2.5019 (R version 3.6.1) with the 347

digitize package [22] using data from [3] (see Supplementary Method S1 for full details). 348

All Monte Carlo simulations were performed in MATLAB R2019b. Data analysis was 349

performed in RStudio v1.2.5019 (R version 3.6.1). 350

Supporting information 351

S1 Method. Parameterisation of Model A The basic model (Model A) 352

produced in this study focuses on three promastigotes stages, nectomonads, 353

leptomonads and metacyclics. Differential equation based models were produced based 354

on the lifecycle described by Rogers et al [3]. This method assumes that the parameters 355

used for rates are all constant. Parameterisation was achieved by fitting data from 356

Rogers et al to the model. Data was collected from Figure 1 of this paper using the 357

digitize function in R as this data wasn’t readily available [3, 22]. The digitize function 358

is used to manually collected data from plots. The data collected were the total number 359

of parasites in the sand fly and the percentage of each promastigote stage (nectomonad, 360

leptomonad, metacyclic) present in the sand fly over a course of 10 days. This was then 361

used to calculate the number of each promastigote stage. This data was then exported 362

into MATLAB where the function ”lsqcurvefit” was used to produce the best fitting 363

parameter values. The quality of fit was assessed via an R2 value, which defines the 364

proportion of variation that is explained by a model. A high R2 is indicative of a good 365

fit where as a low R2 is indicative of a poor fit. 366

S2 Method. Bite Mechanics In order to represent a ’patchy’ environment for 367

sandflies to draw parasites from, bite loads were generated from a negative binomial 368

distribution using the ’nbinrnd’ function in MATLAB. This function outputs a random 369

value from a negative binomial distribution. This takes the following inputs: P 370

(Probability of a positive result, in this case probability that a sand fly will ingest 371

parasites following a bite) and R (the number of successes required). R and P are 372

defined as follows: 373
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R =
µ2
N

σ2
N − µN

P =
µN

σ2
N

.

where: 374

µN = PBVBM σ2
N = (µN )(1 +

µN

k
)

Since this model starts from nectomonads, the number of amastigotes had to be 375

converted to nectomonads. The number of nectomonads is approximately three times 376

greater than the number of amastigotes [3], hence the number of amastigotes was 377

multiplied by three to estimate the number of nectomonads. 378
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Fig 5. Supplementary Figure 1: Replicating the results of [9] (parasite
proportions). Comparison of the proportions of metacyclics (top) and
retroleptomonads (bottom) at specific days throughout the lifespan of the simulated
flies. Blue represents flies that bite only at day 0, orange represents flies that bite at
day 12. The two categories are combined prior to day 12.

S1 Fig. 379
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Fig 6. Supplementary Figure 2: Evaluating model robustness by
randomising parameters. Number of metacyclics within the sandflies at specific
days, with all parameters randomised prior to the start of each simulation. Parameters
lie within 10% of the default value (Table 1). Blue represents flies that bite only a day
0, orange represents flies that bite at day 12.

S2 Fig. 380
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Fig 7. Supplementary Figure 3: Additional infected host proportions
reflect the retroleptomonad dominance. Heatmaps of the Mean R0 for simulated
sandflies for both Model A (left half) and B (right half) with 100% (top row), 50%
(second row), 25% (third row), and 10% (bottom row) chance of biting an infected host,
with the smooth transmission threshold function.

S3 Fig. 381
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Fig 8. Supplementary Figure 4: Heatmap dynamics remain qualitatively
similar under a binary transmission threshold. Heatmaps of the Mean R0 for
simulated sandflies for both Model A (left half) and B (right half) with 100% (top row),
50% (second row), 25% (third row), and 10% (bottom row) chance of biting an infected
host, with the binary transmission threshold.

S4 Fig. 382
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Fig 9. Supplementary Figure 5: Reduced lifespan (20 days) dynamics
remain qualitatively similar under a binary transmission threshold.
Heatmap of the Mean R0 for simulated sandflies in the retroleptomonad model with
100% chance of biting an infected host and with lifespans restricted to 20 days, with the
binary transmission threshold.

S5 Fig. 383
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Fig 10. Supplementary Figure 6: Reduced lifespan (15 days) dynamics
remain qualitatively similar under a binary transmission threshold.
Heatmap of the Mean R0 for simulated sandflies in the Retroleptomonad model with
100% chance of biting an infected host and with lifespans restricted to 15 days, with the
binary transmission threshold.

S6 Fig.
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1. Bañuls AL, Bastien P, Pomares C , Arevalo J, Fisa R, Hide, M, Clinical

pleiomorphism in human leishmaniases, with special mention of asymptomatic

infection. Clin. Microbiol. Infect. 2011 Oct; 17(10):1451-1461.

2. Kamhawi S, Phlebotomine sand flies and Leishmania parasites: friends or foes?

Trends Parasitol. 2006 Sep; 22(9):439-445

3. Rogers ME, Chance ML, Bates PA, The role of promastigote secretory gel in the

origin and transmission of the infective stage of Leishmania mexicana by the

sandfly Lutzomyia longipalpis. Parasitology. 2002 124:495-507

4. Bates PA, Revisiting leishmania’s life cycle Nat. Microbiol. 2018 3:529-530

September 7, 2020 26/28

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2020. ; https://doi.org/10.1101/2020.09.07.285809doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.07.285809
http://creativecommons.org/licenses/by-nc-nd/4.0/


5. Doehl JSP, Bright Z, Dey S, Davies H, Magson J, Brown N, Romano A, Dalton

JE, Pinto AI and Pitchford JW, Kaye PM, Skin parasite landscape determines

host infectiousness in visceral leishmaniasis. Nat. Commun. 2017 Jul; 8(1):57

6. Wilson R, Bates MD, Dostalova A, Jecna L, Dillon RJ, Volf P, Bates PA,

Stage-specific adhesion of Leishmania promastigotes to sand fly midguts assessed

using an improved comparative binding assay. PLoS Negl. Trop. Dis. 2010 Sep;

4(9)

7. Handman E, Bullen DVR, Interaction of Leishmania with the host macrophage.

Trends Parasitol. 2002 Aug; 18(8):332-334

8. Kima PE, The amastigote forms of Leishmania are experts at exploiting host cell

processes to establish infection and persist. Int. J. Parasitol. 2007 Aug;

37(10):1087-1096

9. Serafim TD, Coutinho-Abreu IV, Oliveira F, Meneses C, Kamhawi S and

Valenzuela JG, Sequential blood meals promote Leishmania replication and

reverse metacyclogenesis augmenting vector infectivity. Nat. Microbiol. 2018 May;

3(5):548-555

10. Massad E, The elimination of Chagas’ disease from Brazil. Epidemiol. Infect.

2008 Sep; 136(9): 1153-1164

11. Luz PM, Struchiner CJ, Galvani AP, Modeling transmission dynamics and

control of vector-borne neglected tropical diseases. PLoS Negl. Trop. Dis. 2010

Oct; 4(10): e761

12. Abdel-Hamid YM, Life table characteristics of the female sandfly, Phlebotomus

papatasi (Scopoli) (Diptera: Psychodidae) under three food regimes. J. Vector

Borne Dis. 2012 Dec; 49(4):226-229

13. Rogers ME, Bates PA, Leishmania Manipulation of Sand Fly Feeding Behavior

Results in Enhanced Transmission. PLoS Pathog. 2007 Jun; 3(6):e91

14. Killick-Kendrick R, Rioux JA, Mark-release-recapture of sand flies fed on

leishmanial dogs: the natural life-cycle of Leishmania infantum in Phlebotomus

ariasi. Parassitologia 2002; 44(1-2): 67-71

September 7, 2020 27/28

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2020. ; https://doi.org/10.1101/2020.09.07.285809doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.07.285809
http://creativecommons.org/licenses/by-nc-nd/4.0/


15. Killick-Kendrick R, Recent advances and outstanding problems in the biology of

Phlebotomine sandflies: a review Acta Trop. 1978; 35(4): 297-313

16. Shokri A, Fakhar M, Teshnizi SH, Canine visceral leishmaniasis in Iran: A

systematic review and meta-analysis. Acta Trop. 2017 Jan; 165:76-89

17. Assefa A, Leishmaniasis in Ethiopia: A systematic review and meta-analysis of

prevalence in animals and humans. Heliyon. 2018 Aug; 4(8):e00723

18. Rogers ME, The role of leishmania proteophosphoglycans in sand fly transmission

and infection of the Mammalian host Front. Microbiol. 2012 Jun; 3: 223

19. Volf P, Hajmova M, Sadlova J, Votypka J, Blocked stomodeal valve of the insect

vector: similar mechanism of transmission in two trypanosomatid models. Int. J.

Parasitol. 2004 Oct; 34(11):1221-1227

20. Kimblin N, Peters N, Debrabant A, Secundino N, Egen J, Lawyer P, Fay MP,

Kamhawi S, Sacks D, Quantification of the infectious dose of Leishmania major

transmitted to the skin by single sand flies. Proc. Natl. Acad. Sci. U. S. A. 2008

Jul; 105(29):10125-10130

21. Inbar E, Hughitt VK, Dillon LAL, Ghosh K, El-Sayed NM, Sacks DL, The

Transcriptome of Leishmania major Developmental Stages in Their Natural Sand

Fly Vector. MBio. 2017 Apr; 8(2)

22. Poisot T, The digitize package: extracting numerical data from scatterplots. R J.

2011 3(1):25-26

September 7, 2020 28/28

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2020. ; https://doi.org/10.1101/2020.09.07.285809doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.07.285809
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Model Details
	Modelling Approach
	Model Definitions
	Replicating experimental results on sand fly feeding schedules and mammalian infection heterogeneity

	Analytic results
	Simulation study


