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Gilberto Sánchez-González1☯, Zachery R. Belak2‡, Luis Lozano3‡, Renaud CondéID
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☯ These authors contributed equally to this work.

‡ ZRB and LL also contributed equally to this work.

* Renaud.Conde@insp.mx

Abstract

Since their first sequencing 40 years ago, Dengue virus (DENV) genotypes have shown

extreme coherence regarding the serotype class they encode. Considering that DENV is a

ribonucleic acid (RNA) virus with a high mutation rate, this behavior is intriguing. Here, we

explore the effect of various parameters on likelihood of new serotype emergence. In order

to determine the time scales of such an event, we used a Timed Markov Transmission

Model to explore the influences of sylvatic versus peri-urban transmission, viral mutation

rate, and vertical transmission on the probabilities of novel serotype emergence. We found

that around 1 000 years are required for a new serotype to emerge, consistent with phyloge-

netic analysis of extant dengue serotypes. Furthermore, we show that likelihood of estab-

lishing chains of mosquito-human-mosquito infection, known as consolidation, is the

primary factor which constrains novel serotype emergence. Our work illustrates the restric-

tions on and provides a mechanistic explanation for the low probability of novel dengue virus

serotype emergence and the low number of observed DENV serotypes.

Introduction

Rates of dengue virus (DENV) infection have shown a marked increase during the last two

decades, imposing a sizable burden on the health systems and economies of affected Latin-

American countries [1]. Current vaccine prospects provide limited infection protection effi-

cacy (from 42.3% to 77.7% protection, depending on the serotype), but are drastically decreas-

ing the appearance of hemorrhagic symptoms in the infected population [2]. Part of the

difficulty for dengue vaccine design arises from the existence of 4 distinct dengue virus sero-

types, each with multiple genomic sequences. Despite the existence of thousands of genotypes

for each serotype, the viruses maintain high homology between their structural protein

sequences [3]. This phenomenon contrasts with human papillomavirus (a DNA virus), where

observed mutations have given rise to over 170 serotypes [4]. The occurrence of DENV viruses

not belonging to the 4 previously described serotypes has been reported in Malaysia, but this

newcomer virus did not further propagate in the population [5]. The envelope (E) protein
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mediates virus binding to and fusion with the host cell membrane [6]. Immune response

against this protein generates neutralizing, anti-fusion, as well as replication-enhancing anti-

bodies [3]. The soluble portion of the Envelope (E) protein is composed of three distinct

domains, designated I–III. E protein is present as a dimer on the viral surface and domain I

organizes this structure. Domain II bears the fusion peptide required for viral-cellular mem-

brane fusion under low pH conditions, and its central loop is the sequence responsible for elic-

iting the greatest part of the immune response [7]. Domain III has an immunoglobulin-like

structure and is primarily responsible for binding to cellular receptors via a region adjacent to

domain I known as the E III lateral ridge [8–10]. The E protein domain III lateral ridge is the

core of the serotype-specific sequences that are conserved within each DENV serotype, and are

therefore one of the main serotype defining epitopes of the virus [10]. DENV phylogeny based

on RNA sequences usually presents the following branching order: the first divergence corre-

sponds to DENV-4, then to DENV-2, and the final branching occurs between DENV-1 and

DENV-3. Alternatively, a NS-5 based phylogenetic tree groups DENV-2 with DENV-3

(though with weak bootstrap support) and shows DENV-1 clustering with DENV-4 [11].

Sylvatic transmission of DENV serotypes 2 and 4 has been regarded as the setting for emer-

gence of the DENV-1 and DENV-3 serotypes, the supporting observation being the identifica-

tion of sylvatic transmission cycles of DENV-2 and DENV-4 in monkeys in Asia and West

Africa [12–14]. The RNA sequences of DENV-2 and DENV-4 sylvatic strains fall basal to the

human dengue viruses within their respective serotype, suggesting DENV strains isolated

from humans originated from the sylvatic environment [15]. Although no sylvatic strains have

yet been identified in DENV-3, the presence of DENV-3 antibodies in Malaysian monkeys

suggests that a sylvatic cycle also exists for this serotype [16]. No DENV-1 sylvatic strains

transmission has been observed in Africa, and this strain remains closely associated with Aedes
aegypti [17], though Ae. taylori laboratory infections with DENV-1 were marginally effective.

Another set of experiment showed that neither A. luteocephalus or A. taylori sylvatic mosqui-

toes could be infected by DENV-1 [15]. Hence, there is some evidence that dengue was origi-

nally a virus infecting forest mammals and that cross-species transmission to humans has

occurred independently in all four serotypes [11]. Conversely, it has been shown that urban/

human DENVs infect forest animals (monkeys) and are sustained there before eventually

returning to the urban ambit and infecting a human host [18]. These observations have given

rise to the current widespread belief that simple viral mutation during sylvatic transmission is

the major phenomenon governing the probability of novel DENV serotype emergence.

In order to perpetuate infection, dengue viruses are compelled to pass from one host species

to another. Other than minor transovarial transmission among mosquitos, dengue virus trans-

mission follows a human > mosquito > human pattern, with human to human transmission

absent from the viral lifecycle. Their ability to replicate in the cells of different animal genera

and different cell types within each animal is key to this cycle of alternate host infection. In

humans, the virus is able to infect liver endothelial cells, lung vascular endothelial cells, kidney

tubule multinucleated cells, spleen reactive lymphoid cells, macrophages, monocytes and lym-

phocytes [19]. In the insect (mostly mosquitoes of the Aedes genus), the viral particle mainly

infects intestinal, circulatory and salivary gland cells [20]. Infection in both mammalian and

insect hosts requires interactions of the viral E protein with specific cellular receptors, impos-

ing structural constraints and ultimately mutational restrictions in certain portions of the E

protein sequence [21]. While the need for the E-protein structure to be preserved is a key con-

straint on the ability of novel serotypes to emerge, this restriction alone does not explain the

low rate of novel DENV serotype emergence. The four known DENV serotypes are only

between 65% and 82% identical in their E-protein amino acid sequences, implying that sero-

type-modifying E-protein mutations should be easily functionally accommodated [11].
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The virus must also cope with the immune system of its hosts. This constitutes another

point of restriction that applies positive selection to virus capable of evading the host immune

response. In humans, the evolutionary pressure on the virus is mainly attributable to the host’s

adaptive immune response. Consequently, differences in E protein observed between DENV

serotypes primarily modify the protein sequence of the receptor-interacting domain III of the

viral E-protein. Interaction of domain III with the cellular receptor is a key step in infection,

therefore neutralizing antibodies that block receptor-viral interaction are important in pre-

venting cellular entry [7]. Analyses have shown that nucleotide variation represented only 5%

of the viral genome between serotypes, but these changes were highly localized to regions of

the E-protein responsible for receptor interaction and cell membrane fusion, indicating that

the mutations needed for immunological evasion correspond to regions of the viral protein

required for cell entry [22]. The significance of immunological evasion is substantial, given

that when mutations allow a virus to escape previous immunity, the mutant could provoke

severe dengue symptoms [23, 24].

Taken together, these observations would suggest a strong positive selection pressure on

viral strains with altered serotype as they would have greater chance of immune evasion, yet

paradoxically, the number and rate of novel serotype emergence among DENV is low.

In the insect, the main constraints affecting viability of viral mutants are associated with its

ability to escape the mosquito RNA interference system [25, 26]. Additional restrictions on

mutant viability are imposed by susceptibility to other immune defense mechanisms, such as

protease and thioester protein mediated processes, but the viral genetic elements affected by

the resulting evolutionary pressures remain unclear [27]. Importantly, while viral replication is

underway in the insect vector, evolutionary pressure to maintain serotype category epitope

structure is reduced, potentially increasing the likelihood of sufficient alterations to these

sequences to enable immunological evasion upon re-infection of mammalian hosts. Regarding

the timeframe during which the virus acquires mutations enabling escape from the vertebrate

adaptative immune system, we must consider that the dengue virus can persist in the mosquito

host through vertical transmission [28]. When transovarially infected, the mosquitoes increase

their larval stage duration and diminish their fecundity and fertility [29], hence restricting the

expansion of mosquito strains able to transmit the virus vertically. It is noteworthy that transo-

varial dengue transmission does increase the time during which the virus E protein can mutate

without confronting the adaptative immune system of its vertebrate host. Again, these observa-

tions should act to increase the number and probability of emergence of DENV serotypes, in

contrast the few serotypes actually observed.

DENV serotype specificity is determined by epitopes present in the protein motifs of the

domain III lateral ridge of the E protein [10]. Therefore, the emergence of a new serotype will

depend on the alteration of these epitopes. For this event to occur, the mutation must generate

a viable virus with a significantly altered epitope sequence. The number of mutations required

to render the virus particle inactive has been studied informatically by Burke et al. and was

found to be inversely dependent on the proposed genome length [30]. The number of errors

generated during DENV virus genome replication depends on the fidelity of its viral RNA-

dependent RNA polymerase, NS5. The common error rate of RNA based RNA polymerases is

1 base every 10 000 bases replicated. Therefore, a large proportion of DENV particles are defec-

tive in part of their genome, both when recollected from human patients or cultured insect

cells [31]. This fact explains the differences observed between DENV quantitation by polymer-

ase chain reaction (PCR), by focus formation unit, and by electron microscopy. Quantities of

functional DENV, as measured by focus forming unit, are overestimated 10 times when mea-

sured by electron microscopy and 10 000 times when assessed by PCR [32]. Alternate virus

passages from human Huh-7 cells to monkey Vero cells decreased virus infectivity, while
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passage in mosquito C6/36 cells resulted in variable changes in fitness (increases and

decreases). This demonstrates that infection of mosquito cells imposes fewer constraints on

the DENV sequence than vertebrate passage, thereby allowing the virus to gain diversity when

passing through the insect host [33]. When analyzing the field mutation rate of DENV, Khan

and al. observed that the yearly number of non-synonymous mutations ranged from 12 to 47

(0.35% to 1.39% of the genome). This mutation rate allows for substantial protein sequence

variations and epitope alteration over a short time period [34]. These factors should further

increase the rate of novel serotype emergence, however, as noted, actual appearance of novel

serotypes of DENV is very rare.

Given the diverse phenomenon which logic dictates should act to increase the probability

of novel serotype emergence, we wished to study further the possible reasons for observed rar-

ity of novel DENV serotype appearance. We hypothesized that the emergence of a new sero-

type must be constrained by successive probabilistic events to explain the resilience of the

serotype classes to drastic mutation. Here, we use a simple Timed Markov Model for DENV

transmission to analyze the ratio of probability of introducing a peri-urban DENV strain to

the sylvatic environment versus the reverse, always considering humans as the host vector. We

estimate the possibility of emergence and establishment of a new DENV serotype, considering

a closed urban transmission dynamic. We then examine the influence of viral mutation rate,

timescale, and the effect of vertical transmission on probability of novel serotype emergence.

The results of our analysis unexpectedly suggest that the peri-urban environment is a major

site of viral evolution and that vertical transmission has little influence on the probability of

novel serotype emergence. Having emerged, the new virus must pass several probabilistically

challenging phases before becoming established both in the human and mosquito populations,

a process known as consolidation. Our key findings are that novel serotype transmission

events are common but novel serotype consolidation is the major probabilistic hurdle to emer-

gence of new DENV serotypes. Together, these findings explain the low observed number of

DENV serotypes, and the low number of serotypes present in flaviviruses generally. Our

results aid in understanding the transmission dynamics of dengue Fever Virus with applica-

tions in viral control and mitigation, as well as facilitating a deeper understanding of the ori-

gins of novel viruses of concern to human and animal health.

Material and methods

General mathematical model and algorithm for mutation rate

A Timed Markov Transmission Model was developed to simulate the transmission dynamics

between humans and mosquitoes. One of the defining attributes of Ordinary Markov Models

is that the transition rates are constant and therefore the transitions are continuous. However,

in our actual situation, a state transition that depends explicitly on time is required. These are

provided by the Timed Markov Models. In these models, we want to construct a continuous

time process on some countable state-space S that satisfies the Markov property

PðXn ¼ xnjXn� 1 ¼ xn� 1Þ, were X2S, and X ¼ fXn : O! Sgn2N, conveying the stochastic pro-

cess for the transition within the state-space S. The Timed Markov Models are defined as [35]:

PðXnðt þ hÞ ¼ xnjXnðtÞ ¼ xnÞ ¼ Tðxn; t þ hÞ

PðXnðt þ hÞ ¼ xnjXn� 1ðtÞ ¼ xn� 1Þ ¼ Tðxn; xn� 1; t þ hÞ

Where T(xn,t+h), and T(xn,xn−1,t+h) are the stochastic transition rates, evaluated at time t
+ h. Since, in our model, the system does not express the loss of memory property (because the

epidemiological state of the system can be known in any moment and thus can be compared
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to another similar system with different elapsed time), the stochastic transition rates T cannot

be (in general) an exponential distribution.

For each mosquito, we implemented an algorithm that introduces the mutation probability

to the model. The stochastic process of new serotype occurrence is determined by multiplying

the mutation rate per base by the RNA sequence length of the E-protein (1.5 Kb approxi-

mately) and monitoring the accumulated percentage of changes relative to the original

sequence. The accumulated number of mutations is stochastic (i.e. time-dependent) while the

total number of amino acids changed per mutation event is probabilistic. In our model, we

established that amino acid sequence identity between 40%-80% relative to the parental strain

would be designated a new serotype. This is a highly conservative estimate to ensure that the

resulting E-protein would indeed constitute a novel serotype, as even the most divergent

DENV strains possess ~65% amino acid identity between their E-protein sequences [36]. We

employed the E-protein mutation rate determined by Hapuarachchi et al. (1.33x10-3 per site/

per year) divided by 365 to establish the daily rate of antigen transformation [37], thus the

probability of a new serotype occurrence is calculated as probability = time�daily mutation

rate�E-protein length�sequence identity cutoff�proportion of infective virus. The stochastic

determination of new serotype emergence is achieved through a Metropolis–Hastings algo-

rithm [38].

Finally, some important points have to be considered for the calculation algorithm: in

Table 1, numerical parameters are used to define probabilistic Beta Distributions, whose mean

magnitudes correspond to the values of the parameter (with 10% standard deviations). Sec-

ondly; the parameters represented as functions (for example the EIP function) will be multi-

plied by 1+ N(0,0.1), were N represents a probabilistic Normal Distribution with a mean value

of zero and standard deviation of 10%. This factor is a dispersion function that introduces vari-

ability to the parameter. The calculations of the model were performed using the TreeAge Pro

2008 program, which is a Python-based platform used to perform random walks.

The peri-urban-sylvatic exchange simulation

This simulation assesses the peri-urban$ sylvatic transmission probability ratio, a representa-

tion of the probability of a sylvatic DENV strain being introduced to a peri-urban area. The

simulation is a function of the human population that inhabits the peri-urban locations. Some

proportion of this population presents a DENV infection of urban or peri-urban origin. Some

individuals from this infected population will be symptomatic, hence considered as inactive

during the illness period. Conversely, the asymptomatic infected population will behave nor-

mally; some of them going into the forest to perform their usual activities. During their time in

the forest, these persons can be bitten by a sylvatic mosquito and the mosquito can acquire a

DENV of urban or peri-urban origin. In parallel, a proportion of human uninfected popula-

tion will enter the forest and face the risk of being bitten by a mosquito infected with a sylvatic

strain of DENV. These individuals may get infected by this DENV strain and introduce it into

their urban communities. The model simulated the transmission of DENV amongst 100 000

humans and monitors the evolution of epidemiological variables. This procedure was repeated

500 times, with different distribution samplings. After each simulation, the probability of peri-

urban$ sylvatic transmission was computed. This simulation supposes similar abundances of

mosquitos per person in the peri-urban area and in the forest (see the model schematic at

Fig 1A).

The number of infections in humans and mosquitoes were counted, and the probabilities

readjusted at each time step. We proceeded identically with the number of infection recoveries,

the TNSEs and the NSCEs. For the first model approach, we modeled pluviometry of the rain
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season as a sine function with a 4-month period, where the temperature changes concomi-

tantly from 25˚C to 30˚C. These temperatures cross the optimal transmission temperature

which ranges between 27–28˚C, as showed previously [39]. The parameters used to calculate

the model are shown on Table 1.

Simulation of urban environment transmission without sylvatic fringe

To estimate the time horizon for a new DENV serotype to emerge from exclusively urban

transmission dynamics, we modeled the evolution using only the reported natural mutation

rate of the virus. Our simulation postulates that the total population of humans and mosqui-

toes are at equilibrium, according to predator-prey rules [55]. The model evaluates two main

branches, one for humans and the other for mosquitoes. The Human and mosquito infection

rates are determined from the perspective of the mosquito branch. The immune conditions of

the human branch are split into three states, which are: susceptible, acutely infected, and

Table 1. Values and interpretation of the parameters of the model.

Parameter interpretation Value Reference

Human population sample [H] 100 000 per sample Proposed

Mosquitoes population sample [M] 100 000 per sample Proposed

Recalculations (loops) 500 Proposed

Initial proportion of urban infected mosquitoes 20% [40]

Initial proportion of infected humans 0 Supposed

Infectious meal rate from humans to mosquitoes 0.3 [41, 42]

Mortality rate of uninfected mosquito [k] (−90.66+9.54 T−0.18 T2)−1 [43]

Mortality rate of infected mosquito 1.56 k [44]

Infectious bites rate from mosquitoes to humans 0.2 [42, 43, 45]

Immunity acquisition rate [R(t)] 0.14 [46]

Immunity loss rate (daily loss) 0.001% [47]

Extrinsic Incubation Period [EIP] 600
ffiffiffiffi
0:3

2p

p
Exp � 0:3

ðT� 5:9Þ2

T

� �
[48]

Cross protection duration 1–2 weeks [49]

Mutation rate per amino acid per year 0.35% to 1.39% [33]

E-protein length 480 amino acids [50]

Proportion of infective virus 10−4 [32]

Percentage of sequence identity to define new serotype 40%-80% [11, 36, 51,

52]

Percentage of persons which enters to the forest to carry out their daily

activities

30%–90% Supposed

Proportion of symptomatic dengue infection in humans 4.2% [53]

Proportion of sylvatic mosquitoes infected with DENV 1.13% [54]

Explicit Calculations

Dynamic of human-infected population [I(t)] I tð Þ ¼ NHIðt� 1ÞþIðt� 1Þ� NRHðt� 1ÞþNSTEðt� 1Þ

H

Dynamic of human-infected population [R(t)] R tð Þ ¼ Rðt� 1ÞþNRHðt� 1Þ� HLIðt� 1Þ

H

Dynamic of susceptible-human population [S(t)] S(t) = 1−[I(t−1)+R(t−1)]

Dynamic mosquito-infected population [J(t)] J tð Þ ¼ NMIðt� 1ÞþJðt� 1Þ� DIMðt� 1ÞþNSCEðt� 1Þ

M

Temperature 25þ 5 Sin t
4�30

p
� �2

T = Temperature, t = Time, NSTE = New serotype transmission event, NHI = New human infection, NRH = New

recovered human, HLI = Human immunity loss, NMI = New mosquito infection, NSCE = New sequence

consolidation events, DIM = Death of infected mosquito.

https://doi.org/10.1371/journal.pone.0248765.t001
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immune. In this model, the acutely infected state corresponds to acute infection presenting

high levels of viremia, independent of the case symptomatology. The mosquito branches con-

sist of uninfected and infected states, respectively. When computing the virus transmission

rate, the model first considers the probability of death of infected mosquitoes. It then evaluates

the probability of the surviving mosquitoes producing virus with a new serotype or of the

infecting virus to remain within the consensus sequence. Once this condition is determined,

the virus may be transmitted if the mosquitos enter a meal search period. If a mosquito carry-

ing a consensus sequence bites a susceptible human, the human faces the risk of getting

infected; though acutely infected or immune persons cannot be infected. When a mosquito

carrying a new serotype bites a human, this human faces the risk of getting infected, even if it

had previous immunity to DENV. This event is counted as a “transmission of a new serotype

event” (TNSE) by the model. Given that this new virus will not be recognized by prior serotype

specific anti-DENV antibodies, the mosquitoes carrying the new serotype DENV will have the

ability to infect immune persons. Since we take into account cross-protection mechanism

effects, this new re-infection will only be possible if the infected human has no cross-serotype

protection. To complete the transmission cycle, a mosquito must bite a person infected with

the emerging serotype and get infected. This event is hereafter counted as a “new serotype con-

solidation event” (NSCE). The probability for the mosquito to bite an infected person is pro-

portional to the dengue incidence in the human population, therefore determined the number

of infected humans at each time step of the model.

In the model, for each mosquito that dies, a new mosquito emerges; either naïve or infected,

depending on the scenario (with or without transovarial transmission). In the human branch

of the decision diagram, the susceptible persons remain susceptible until infected from the

mosquito branch. When infected, they enter the acute period, where they remain for a period

Fig 1. Graphical representation of the models A) Schematic of the Markov Model of the decision tree to estimate the

peri-urban$ sylvatic probability transmission ratio. B) Schematic of the Markov Model. The nodes represent the

events of immunological break and the events of new serotype establishment which are indicated with arrows.

Abbreviations: Inf = Infected, Uninf = Uninfected, H = Human, M = Mosquito, Ref = Reference, Imm = Immune,

Ser = Serotype, and Suscept = Susceptible.

https://doi.org/10.1371/journal.pone.0248765.g001
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of time, until they probabilistically enter the immune state. Long-term immunological protec-

tion is lost after 2 years in 75% of the patients [47] (allowing the human to return to the suscep-

tible state) or when a new serotype infects the subject when the poly-immunity is lost [49] (one

or two weeks).

The model evaluates the infected states of the humans and the mosquitoes concurrently. To

produce the alternate changes between infected populations, we force the model to enter the

human branch once the mosquito branch has been evaluated. This allows determination of the

human disease response status at the same time as the mosquito one. The time step size of the

model is one day. The model evaluates and averages the results of simulating the interaction of

100 000 humans and 100 000 mosquitoes during a single rainy season (4 months modeled as a

sine-square function). To provide the final probability of novel serotype emergence this proce-

dure is repeated 500 times, using parameter values obtained from a random sampling of prob-

abilistic distributions (see the model scheme in Fig 1B). This calculation approach (known as a

second-order Monte Carlo Simulation) is fully compatible with a multivariate sensitivity anal-

ysis because it does also explore the variability of the parameters in each sampling of the distri-

bution [56]. This methodology is equivalent to the bootstrapping method which infers the

population mean based on sample data. It is a resampling method whereby the precision of

sample statistics is estimated by independent sampling with replacement from an existing sam-

ple dataset with same sample size [57].

Scenarios for the simulation of urban environment without sylvatic fringe

To investigate the effect of time and vertical (i.e. transovarial) transmission on new serotype

consolidation in the population, multiple scenarios were evaluated. All the scenarios were cal-

culated from 500 samples of the population, with 100 000 persons and 100 000 mosquitoes in

each sample. In order to simulate an increase in observation time scale, the mutation probabil-

ity was increased. Four scenarios were considered:

1. Basic scenario. The mutation rate used is the natural rate, and no vertical transmission of

the virus is considered. The results are interpreted as the outcome of the transmission and

mutation dynamics over one rainy season (one year).

2. The mutation rate is increased 100 times, with no vertical transmission. The results are

interpreted as the outcome of the transmission and mutation dynamics over 100 rainy sea-

sons (100 years).

3. The mutation rate is increased 1 000 times, with no vertical transmission. The results are

interpreted as the outcome of the transmission and mutation dynamics over 1 000 rainy

seasons (1 000 years).

4. The mutation rate is fixed as 1 000 times greater than the natural rate, and the proportion

of vertical transmission are established at 10%, 30% and 50%. These calculations allow us to

explore the effect of vertical transmission on new serotype consolidation.

Results

Dengue virus transmission is mainly peri-urban to sylvatic

We first used the mathematical model to examine the flow of DENV to and from the sylvatic

environment. The simulation predicts a mean peri-urban/sylvatic transmission probability

ratio of 92.5 with a standard deviation of 31.1. This means that the probability for a person to

introduce an urban or peri-urban DENV sequence to the forest is 92.5 times greater than the
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opposite situation. Given that DENV prevalence in the mosquito is greater in the peri-urban

areas than in the sylvatic ambit, it is more probable that a human vector introduces an urban

or peri-urban DENV sequence to the forest than the contrary [58]. Also, the forest to urban

transmission distribution follows a gamma distribution, like a Poisson process, which is typical

of rare (unprovable) events (see Fig 2). These data suggest that although the sylvatic environ-

ment is often considered the source or reservoir of novel DENV serotypes, in fact peri-urban

areas are significant sites of viral evolution and viral reservoirs which are more likely to dis-

seminate DENV to the surrounding areas than vice versa, a position supported by experimen-

tal evidence [58].

Novel serotype transmission is highly likely in the peri-urban setting

Since we found that rates of infection were higher in the peri-urban ambit and that viral trans-

mission was more likely in the urban to sylvatic direction we decided to simulate the emer-

gence of a new DENV serotype merely considering the urban transmission cycle of the virus.

For this, we calculated the number of novel serotype transmission events with probability dif-

ferent from zero in the basal scenario and other scenarios with increased probability of

mutation.

Probability of consolidation constrains the rate of novel serotype

emergence in dengue fever virus

In order to better understand the probabilistic factors controlling novel serotype emergence

we next modeled the effect of varying mutation rate in the absence of vertical (mosquito-mos-

quito) transmission. We also identified consolidation events by considering the probability of

a novel serotype emerging and then being successfully transmitted through one complete

infection cycle, that is, from mosquito to human, and back to mosquito again. The results of

this analysis are presented in Fig 3. The results shown in column A were calculated using the

natural mutation rate value, while those in column B were the result of increasing the natural

mutation rate by 100 times, and in C by 1 000 times. The scatter plots shown in the first row of

Fig 2. The peri-urban$ sylvatic exchange simulation results. This simulation calculates 500 different scenarios for

a population of 100 000 humans that live in peri-urban areas and are in contact with the forest (with a density of 1

mosquito per human). The peri-urban$ sylvatic probability of dengue transmission ratio (PUSDTR) are measured.

PUSDTR = (probability of dengue to be carried from the urban area to the forest)/(probability of dengue to be carried

from the forest to the urban area).

https://doi.org/10.1371/journal.pone.0248765.g002
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graphics summarize the results of each of the 500 simulations, while the solid lines correspond

to the mean value of these variables over the entire 500 simulations. We observed that the aver-

age value of the prevalence of DENV infection, indicated in black, (seroprevalence in virologi-

cal terminology) calculated by our model are close to 40%, in line with the data reported in

observational field studies [58]. The probabilities of new serotype transmission events are

shown in blue while the probabilities of serotype consolidation events are shown in orange.

The probabilities of transmission and consolidation events are calculated by dividing the num-

ber of transmission events divided by the 100 000 mosquitoes simulated in each cycle, giving

the probability of novel serotype transmission or consolidation per mosquito per year. This

value corresponds to the yearly probability of sufficient mutations accumulated in the E pro-

tein sequence so that a new virus serotype appears and infects a human, following a bite by an

infected mosquito. Overall, no consolidation events were observed, except when the simula-

tion was run at 1 000 times the natural viral mutation rate (Fig 3, Panel 1C). We observed that

when using 1, 100, and 1 000 times the natural mutation rate value in the equations, the proba-

bilities of new serotype transmission to humans were 1.77x10-7 [95% CI, 1.61x10-7–1.93x10-7]

per year/per mosquito, 1.98x10-7 [95% CI, 1.13x10-7–2.94x10-7] per 100 years/per mosquito

and 4.81x10-7 [95% CI, 1.88x10-7–1.07x10-6] per 1 000 years/per mosquito, respectively (aver-

age of 500 simulations). For each scenario the resulting serotype consolidation events had a

probability of occurrence of 0, 0 and 2.15x10-7 [95% CI, 1.65x10-7–2.47x10-7] per 1 000 years/

per mosquito; presenting only 6 observations of non-null probability when the mutation rate

was multiplied one thousand times. This implies that a 1 000 year time-lapse is required to

obtain probabilities of new serotype consolidation different from zero.

The second row of graphics in Fig 3 show the relationship between the probability of novel

serotype transmission and novel serotype consolidation. We observed poor correlation

Fig 3. Modeling of novel DENV serotype emergence with a varying mutation rate and no vertical transmission.

Column A: natural mutation rate, B: 100 x natural mutation rate, C: 1 000 x natural mutation rate. The graphs

presented vertically are 1: 500 x (100 000 persons and 100 000 mosquitoes) simulation outcomes, 2: new serotype

consolidation vs. new serotype transmission, 3: novel serotype transmission distribution, 4: novel serotype

consolidation distribution.

https://doi.org/10.1371/journal.pone.0248765.g003
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between these two events, obtained in the 1 000 times normal mutation rate scenario (Fig 3,

Panel 2C). In order to further clarify the role of mutation rate on novel serotype transmission

and consolidation we created probability histograms of the number of simulations run that

resulted in either novel serotype transmission (Fig 3, Row 3), or novel serotype consolidation

(Fig 3, Row 4). At the normal mutation rate, 2 simulations resulted in transmission events,

while increasing the mutation rate to 100 times or 1 000 times normal resulted in 21 and 425

transmission events, respectively (Fig 3, Row 3). In Fig 3, Row 4 we illustrate the occurrence of

novel serotype consolidation. Only when the mutation rate was increased to 1 000 times nor-

mal was there evidence of consolidation of a novel serotype, with four simulations showing

this result. These data suggest that novel serotype transmission is a common occurrence dur-

ing the dengue infectious cycle, however, it is the process of consolidation that represents the

largest probabilistic barrier to emergence of novel serotypes.

Vertical transmission does not affect probability of novel serotype

consolidation

Vertical transmission of DENV from mosquito to mosquito has been documented via the

deposition of infected eggs, a process known as transovarial transmission. This mechanism of

transmission provides the virus with a longer time frame in which to mutate free of constraint

by the immune response of the mammalian host. Furthermore, vertical transmission

increases the number of mosquitos carrying a given viral serotype since they can be infected

transovarially instead of acquiring infection through the probabilistically rare event of biting

a human infected with a novel serotype. Therefore, we would initially hypothesize that verti-

cal transmission would increase the likelihood of novel serotype transmission and ultimately

novel serotype consolidation. In order to test this hypothesis, we ran our simulation under

the same conditions as those illustrated in Fig 3 Column C, with 1 000 times the normal

mutation rate, and with various rates of vertical transmission. We then set the fraction of

mosquitos infected by vertical transmission at 10% (Fig 4, Column A), 30% (Fig 4, Column

B), or 50% (Fig 4, Column C). In Row 1 of Fig 4 the results of these simulations are shown

graphically, with the number of human infections shown in black, the number of novel sero-

type transmission events shown in blue, and the number of novel serotype consolidation

events shown in orange. As the rate of vertical transmission was increased from 10% to 50%

there was a slight, though not statistically significant, increase in the overall rate of human

dengue infection (Fig 4, Row 1). Analysis of novel serotype transmission versus novel sero-

type consolidation probabilities showed the same poor correlation found in the model with-

out vertical transmission (Fig 4, Row 2). Probability histograms illustrating the number of

novel serotype transmission events under each of the vertical transmission scenarios are

shown in Fig 4, Row 3. Increasing the rate of vertical transmission did result in a very slight

increase in the number of novel serotype transmission events as expected, but the increase

was so slight as to be essentially inconsequential (compare Fig 4, Panel 3A and Panel 3C; and

Fig 3, Panel 3A versus Fig 4, Panel 3A). This was a rather surprising finding, since we

expected that high rates of vertical transmission would have a profound effect on novel sero-

type transmission. We can infer from our results that DENV vertical transmission is only rel-

evant for short time interval. Probability histograms demonstrating the effect of varying

vertical transmission rates on incidence of novel serotype consolidation are shown in Fig 4,

Row 4. The data show that there was no discernable effect of vertical transmission rate on

novel serotype consolidation. Overall, the data indicate that, contrary to our initial hypothe-

sis, vertical transmission has little effect either on the probability of novel serotype transmis-

sion or on novel serotype consolidation.
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Discussion

Variation in immunogenic epitope constitutes the hallmark of RNA virus evasion from the

human adaptive immune system. Curiously, DENV presents few serotypes, even though numer-

ous genotypes have been reported. Here, we used a Timed Markov Transmission Model to explore

the effect of various factors on novel serotype emergence in dengue Fever Virus. Key factors

explored in this work were the peri-urban$ sylvatic transmission ratio, viral mutation rate, the

probability of initial novel serotype transmission versus novel serotype consolidation, and the

influence of vertical transmission in the mosquito vector. An increased viral mutation rate, alter-

natively interpreted as longer timescales, did result in higher probabilities of novel serotype trans-

mission and consolidation as expected. However, our model also revealed some rather unexpected

predictions, suggesting the peri-urban area as the major site of viral evolution, little effect of verti-

cal transmission on novel serotype emergence, and that while novel DENV serotypes evolve quite

readily, consolidation represents the major probabilistic hurdle to their widespread emergence.

Commonly the sylvatic environment is considered a reservoir of DENV and the source of

novel dengue virus serotypes in humans. This has been supported by data showing that the

genomic sequences of sylvatic serotypes lay ancestral to the corresponding human DENV

serotypes [11]. While this certainly indicates that the sylvatic environment is a reservoir for

DENV serotypes it does not necessarily imply that those serotypes first evolved in the sylvatic

context. In fact, the data presented here (Fig 2) suggests that novel serotype evolution and

emergence are more likely to occur in the peri-urban setting and that resulting novel serotypes

then pass to the sylvatic realm where they may be subsequently maintained. This has implica-

tions for viral control since it challenges the view of wild spaces as sites of novel viral emer-

gence and directs us to also consider the peri-urban ambit as a rich location for viral evolution.

Fig 4. Modeling of the emergence of dengue virus presenting a new serotype with virus mutation rate 1 000 times

normal, and with vertical transmission. Column A: 10% of vertical transmission, B: 30% of vertical transmission, and

C: 50% of vertical transmission. The graphs represent vertically 1: 500 x (100 000 persons and 100 000 mosquitoes)

simulation outcomes, 2: serotype emergence vs. serotype transmission, 3: serotype transmission distribution, 4:

serotype consolidation distribution.

https://doi.org/10.1371/journal.pone.0248765.g004
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Our model provides valuable insight into the potential causes of the low rate of novel sero-

type emergence in DENV. The model provided an average probability of novel serotype trans-

mission of 2.15x10-7 per mosquito per 1 000 years (Fig 3). These data indicate that in a pool of

approximately 21 500 million mosquitos, a novel serotype transmission event could occur on a

timescale of about one year. Given approximately 390 million human dengue virus infections

worldwide each year, the observed low rate of novel serotype emergence becomes even more

intriguing [59]. These observations are especially interesting since, as discussed above, there

should exist strong positive selection for novel serotypes, yet very few are known. Critically,

these data suggest that while novel serotype evolution and transmission is commonplace, the

process of consolidation whereby chains of mosquito-human-mosquito infection occur is

probabilistically very infrequent and forms the major constraint on novel serotype emergence.

While our model generally indicates a 1000-year timeframe is required for a non zero prob-

ability of novel serotype emergence, application of the above data to known rates of human

dengue virus infection predicts novel DENV serotype emergence, on average, every 55.1 years

(assuming 390 million of Dengue cases per year). This discrepancy is due to a basic assumption

of the model that a single round of mosquito > human > mosquito transmission constitutes

consolidation. For a novel serotype to emerge it must become sufficiently widespread that it is

detected, so true “consolidation” requires many thousands of rounds of host alternation. Over-

all, the consideration of this data with respect to the approximately 390 million known yearly

human DENV infections is a crude application of the derived probabilities at best.

On the whole, consideration of our findings in the context of the known number of human

infections suggests the general validity of the model, while also exposing the need to uncover

yet other factors affecting novel serotype consolidation. Additional considerations affecting

novel serotype emergence include the effect of predation on, and reduced fecundity and fertil-

ity of infected mosquitos; as well as the effect of viral infectivity. One explanation for the still

rather high novel serotype emergence rate obtained when applying the probabilities from the

model to known human infection rates is the hypothesis that novel serotype emergence and

consolidation are more common than experimentally observed. It is not unlikely that many

novel serotypes consolidate briefly but lack the infectivity to be maintained over longer time-

scales. Given that very few persons affected by DENV have serology tests available to them,

let alone being subject to viral isolation, serotyping, and genomic sequences it is not unex-

pected that many minor and transient consolidated serotypes could go undetected. The time

of new serotype emergence obtained from this model is in line with the phylogenetic analysis

of dengue serotype divergence [60].

Indeed, emergence of a fifth DENV serotype has been reported in India, with another novel

serotype emergence reported in Malaysia, however, these serotypes failed to persist in the

human or mosquito populations [61, 62]. In any case, it will be interesting to observe whether

more novel and transient serotypes are detected as serotyping and sequencing abilities become

more widely available, especially since these techniques have previously been, and continue to

be, less accessible in DENV-affected countries and regions. The phenomenon of vertical (mos-

quito-mosquito) transmission had no obvious effect on the probability of novel serotype con-

solidation when included in our model (Fig 4). The model generally predicts novel serotype

consolidation on a time horizon of 1 000 years, a result that is in line with phylogenetic studies

of DENV. Large-scale virus sequencing of either dengue infected humans or vectors per-

formed during an outbreak could potentially provide evidence that the consolidation step rep-

resent the major step in novel serotype emergence, giving us an insight of the sequences

eliminated when passing from one host to the other.

The major finding of the current work is that consolidation is the major probabilistic road-

block to novel serotype emergence in DENV. Moreover, our findings suggest a rethinking of
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the role of the peri-urban and sylvatic environments as sites of viral evolution and novel viral

emergence which are relevant not just to DENV but to many other extant and emerging viral

diseases, such as West Nile Virus, Yellow Fever Virus, and Zika Virus [63]. Most importantly,

the modeling presented here provides a useful basis for framing our assumptions regarding

the transmission, evolution, and emergence of novel DENV variants, and can assist in manage-

ment and control of this and other viral diseases of serious concern to public health.
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References

1. Tapia-Conyer R, Méndez-Galván JF, Gallardo-Rincón H. The growing burden of dengue in Latin Amer-

ica. J Clin Virol. 2009. https://doi.org/10.1016/S1386-6532(09)70286-0 PMID: 19800563

2. Hamdy RF. Efficacy of a tetravalent dengue vaccine in children in Latin America. Journal of the Pediatric

Infectious Diseases Society. 2015. https://doi.org/10.1093/jpids/piv056

3. Weiskopf D, Angelo MA, Sidney J, Peters B, Shresta S, Sette A. Immunodominance Changes as a

Function of the Infecting Dengue Virus Serotype and Primary versus Secondary Infection. J Virol. 2014.

https://doi.org/10.1128/JVI.01108-14 PMID: 25056881

4. Bzhalava D, Guan P, Franceschi S, Dillner J, Clifford G. A systematic review of the prevalence of muco-

sal and cutaneous human papillomavirus types. Virology. 2013. https://doi.org/10.1016/j.virol.2013.07.

015 PMID: 23928291

5. Chua SK, Selvanesan S, Sivalingam B, Chem YK, Norizah I, Zuridah H, et al. Isolation of monoclonal

antibodies—Escape variant of dengue virus serotype I. Singapore Med J. 2006.

6. Watterson D, Kobe B, Young PR. Residues in domain III of the dengue virus envelope glycoprotein

involved in cell-surface glycosaminoglycan binding. J Gen Virol. 2012. https://doi.org/10.1099/vir.0.

037317-0 PMID: 21957126

7. Lai C-Y, Tsai W-Y, Lin S-R, Kao C-L, Hu H-P, King C-C, et al. Antibodies to Envelope Glycoprotein of

Dengue Virus during the Natural Course of Infection Are Predominantly Cross-Reactive and Recognize

Epitopes Containing Highly Conserved Residues at the Fusion Loop of Domain II. J Virol. 2008. https://

doi.org/10.1128/JVI.00316-08 PMID: 18448542

8. Modis Y, Ogata S, Clements D, Harrison SC. Variable Surface Epitopes in the Crystal Structure of Den-

gue Virus Type 3 Envelope Glycoprotein. J Virol. 2005. https://doi.org/10.1128/JVI.79.2.1223-1231.

2005 PMID: 15613349

9. Modis Y, Ogata S, Clements D, Harrison SC. A ligand-binding pocket in the dengue virus envelope gly-

coprotein. Proc Natl Acad Sci U S A. 2003. https://doi.org/10.1073/pnas.0832193100 PMID: 12759475

10. Wahala WMPB, Donaldson EF, De Alwis R, Accavitti-Loper MA, Baric RS, De Silva AM. Natural strain

variation and antibody neutralization of dengue serotype 3 viruses. PLoS Pathog. 2010. https://doi.org/

10.1371/journal.ppat.1000821 PMID: 20333252

PLOS ONE DENV serotypes emergence limited by the transmission consolidation step

PLOS ONE | https://doi.org/10.1371/journal.pone.0248765 April 5, 2021 14 / 17

https://doi.org/10.1016/S1386-6532%2809%2970286-0
http://www.ncbi.nlm.nih.gov/pubmed/19800563
https://doi.org/10.1093/jpids/piv056
https://doi.org/10.1128/JVI.01108-14
http://www.ncbi.nlm.nih.gov/pubmed/25056881
https://doi.org/10.1016/j.virol.2013.07.015
https://doi.org/10.1016/j.virol.2013.07.015
http://www.ncbi.nlm.nih.gov/pubmed/23928291
https://doi.org/10.1099/vir.0.037317-0
https://doi.org/10.1099/vir.0.037317-0
http://www.ncbi.nlm.nih.gov/pubmed/21957126
https://doi.org/10.1128/JVI.00316-08
https://doi.org/10.1128/JVI.00316-08
http://www.ncbi.nlm.nih.gov/pubmed/18448542
https://doi.org/10.1128/JVI.79.2.1223-1231.2005
https://doi.org/10.1128/JVI.79.2.1223-1231.2005
http://www.ncbi.nlm.nih.gov/pubmed/15613349
https://doi.org/10.1073/pnas.0832193100
http://www.ncbi.nlm.nih.gov/pubmed/12759475
https://doi.org/10.1371/journal.ppat.1000821
https://doi.org/10.1371/journal.ppat.1000821
http://www.ncbi.nlm.nih.gov/pubmed/20333252
https://doi.org/10.1371/journal.pone.0248765


11. Holmes EC, Twiddy SS. The origin, emergence and evolutionary genetics of dengue virus. Infection,

Genetics and Evolution. 2003. https://doi.org/10.1016/s1567-1348(03)00004-2 PMID: 12797969

12. Rudnick A. Ecology of dengue virus. Asian J Infect Dis. 1978.

13. Rodhain F. The role of monkeys in the biology of dengue and yellow fever. Comparative Immunology,

Microbiology and Infectious Diseases. 1991. https://doi.org/10.1016/0147-9571(91)90036-d PMID:

1905605

14. Wolfe ND, Kilbourn AM, Karesh WB, Rahman HA, Bosi EJ, Cropp BC, et al. Sylvatic transmission of

arboviruses among Bornean orangutans. Am J Trop Med Hyg. 2001. https://doi.org/10.4269/ajtmh.

2001.64.310 PMID: 11463123

15. Gaye A, Wang E, Vasilakis N, Guzman H, Diallo D, Talla C, et al. Potential for sylvatic and urban Aedes

mosquitoes from Senegal to transmit the new emerging dengue serotypes 1, 3 and 4 in West Africa.

PLoS Negl Trop Dis. 2019. https://doi.org/10.1371/journal.pntd.0007043 PMID: 30759080

16. Rudnick A. DEngue virus ecology in Malasyas. Inst Med Res Malays bull. 1986; 51–152.

17. Gaye A, Faye O, Diagne CT, Faye O, Diallo D, Weaver SC, et al. Oral susceptibility of Aedes aegypti

(Diptera: Culicidae) from Senegal for dengue serotypes 1 and 3 viruses. Trop Med Int Heal. 2014.

https://doi.org/10.1111/tmi.12373 PMID: 25134541

18. Figueiredo LTM. Human urban arboviruses can infect wild animals and jump to sylvatic maintenance

cycles in South America. Frontiers in Cellular and Infection Microbiology. 2019. https://doi.org/10.3389/

fcimb.2019.00259 PMID: 31380302

19. Devi S, Fong MY, Wong KT, Jessie K, Lam SK. Localization of Dengue Virus in Naturally Infected

Human Tissues, by Immunohistochemistry and In Situ Hybridization. J Infect Dis. 2004. https://doi.org/

10.1086/383043 PMID: 15073678

20. Halstead SB. Dengue Virus–Mosquito Interactions. Annu Rev Entomol. 2007. https://doi.org/10.1146/

annurev.ento.53.103106.093326 PMID: 17803458

21. Liu Y, Zhang F, Liu J, Xiao X, Zhang S, Qin C, et al. Transmission-Blocking Antibodies against Mosquito

C-Type Lectins for Dengue Prevention. PLoS Pathog. 2014. https://doi.org/10.1371/journal.ppat.

1003931 PMID: 24550728

22. Chu MC, O’Rourke EJ, Trent DW. Genetic relatedness among structural protein genes of dengue 1

virus strains. J Gen Virol. 1989. https://doi.org/10.1099/0022-1317-70-7-1701 PMID: 2738579

23. Guzmán MG, Kourı́ G, Halstead SB. Do escape mutants explain rapid increases in dengue case-fatality

rates within epidemics? Lancet. 2000. https://doi.org/10.1016/S0140-6736(00)02303-5 PMID:

10866460

24. Soo KM, Khalid B, Ching SM, Chee HY. Meta-analysis of dengue severity during infection by different

dengue virus serotypes in primary and secondary infections. PLoS One. 2016. https://doi.org/10.1371/

journal.pone.0154760 PMID: 27213782

25. Sanchez-Vargas I, Travanty EA, Keene KM, Franz AWE, Beaty BJ, Blair CD, et al. RNA interference,

arthropod-borne viruses, and mosquitoes. Virus Research. 2004. https://doi.org/10.1016/j.virusres.

2004.01.017 PMID: 15068882

26. Sánchez-Vargas I, Scott JC, Olson KE, Blair CD, Poole-Smith BK, Franz AWE, et al. Dengue virus type

2 infections of Aedes aegypti are modulated by the mosquito’s RNA interference pathway. PLoS

Pathog. 2009. https://doi.org/10.1371/journal.ppat.1000299 PMID: 19214215

27. Brackney DE, Foy BD, Olson KE. The effects of midgut serine proteases on dengue virus type 2 infec-

tivity of Aedes aegypti. Am J Trop Med Hyg. 2008. doi:79/2/267 [pii] PMID: 18689635

28. Thenmozhi V, Hiriyan JG, Tewari SC, Samuel PP, Paramasivan R, Rajendran R, et al. Natural vertical

transmission of dengue virus in Aedes albopictus (Diptera: Culicidae) in Kerala, a Southern Indian

State. Jpn J Infect Dis. 2007. https://doi.org/10.1023/A:1013741325877 PMID: 17881861

29. Joshi V, Mourya DT, Sharma RC. Persistence of dengue-3 virus through transovarial transmission pas-

sage in successive generations of Aedes aegypti mosquitoes. Am J Trop Med Hyg. 2002. https://doi.

org/10.4269/ajtmh.2002.67.158 PMID: 12389940

30. Burke DS, De Jong KA, Grefenstette JJ, Ramsey CL, Wu AS. Putting more genetics into genetic algo-

rithms. Evol Comput. 1998. https://doi.org/10.1162/evco.1998.6.4.387 PMID: 10030470

31. Li D, Lott WB, Lowry K, Jones A, Thu HM, Aaskov J. Defective interfering viral particles in acute dengue

infections. PLoS One. 2011. https://doi.org/10.1371/journal.pone.0019447 PMID: 21559384

32. Weidmann M, Sall AA, Manuguerra JC, Koivogui L, Adjami A, Traoré FF, et al. Quantitative analysis of
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