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Arthropod-borne viruses (arboviruses) are maintained in a cycle of alternating

transmission between vertebrate hosts and arthropod vectors. Arboviruses pos-

sess RNA genomes capable of rapid diversification and adaptation, and the

between-host trade-offs inherent to host alternation impose well-documented

constraints on arbovirus evolution. Here, we investigate the less well-studied

within-host trade-offs that shape arbovirus replication dynamics and trans-

mission. Arboviruses generally establish lifelong infection in vectors but

transient infection of variable magnitude (i.e. peak virus concentration) and

duration in vertebrate hosts. In the majority of experimental infections of

vertebrate hosts, both the magnitude and duration of arbovirus replication

depended upon the dose of virus administered, with increasing dose resulting

in greater magnitude but shorter duration of viraemia. This pattern suggests

that the vertebrate immune response imposes a trade-off between the height

and breadth of the virus replication curve. To investigate the impact of this

trade-off on transmission, we used a simple modelling approach to contrast

the effect of ‘tortoise’ (low magnitude, long duration viraemia) and ‘hare’

(high magnitude, short duration viraemia) arbovirus replication strategies on

transmission. This model revealed that, counter to previous theory, arboviruses

that adopt a tortoise strategy have higher rates of persistence in both host and

vector populations.
1. The double life of arboviruses
The term arthropod-borne virus (arbovirus) groups taxonomically disparate

viruses that share a key aspect of their life history: a horizontal transmission

cycle that alternates between vertebrate hosts and haematophagous arthropod

vectors (box 1). This cycle of alternation imposes unique constraints on arbo-

virus evolution, as these viruses are forced to simultaneously adapt to hosts

from different phyla. The trade-off hypothesis proposes that host alternation

shapes the evolution of arboviruses, preventing adaptation of optimal replica-

tion in either vertebrate host or arthropod vector and retarding rates of

genetic change. This hypothesis has been the subject of a number of excellent

reviews [19,20,23] and will not be addressed further here. Instead, in keeping

with the theme of the issue, we will focus on the less-studied trade-offs that

shape the dynamics of arbovirus replication within vertebrate hosts, and how

such dynamics influence transmission to vectors.

We have chosen to concentrate on vertebrate hosts because, unlike the lifelong

infections established in arthropods, arbovirus infections in vertebrates are usually

acute, and the virus is cleared after a period of days (figure 2). Arbovirus infections

in vertebrates are initially controlled by the innate immune response; most also

stimulate an adaptive immune response that prevents homologous re-infection

[20,26–29]. Some arboviruses can produce chronic infections that recrudesce at

intervals, enabling survival over seasons, such as winters, that are inimical to

vector activity [30–32], but these are the exception to the rule of transient infection.

The limited time window for arbovirus replication in vertebrate hosts must impose

strong selection for arbovirus replication dynamics that maximize forward
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Box 1. There and back again: the arbovirus life cycle.

Vertebrate host and vector use by individual arboviruses varies considerably. In aggregate, arboviruses are transmitted in

nature by three orders of haematophagous insects (Diptera, Anoplura and Hemiptera) and two families of ticks (Argasidae
and Ixodidae) to all four classes of terrestrial or semi-terrestrial vertebrates on all seven continents. The range of vertebrate

host and vector species used also varies widely among individual arboviruses. Some are narrowly specialized in both ver-

tebrate and vector use; for example, dengue virus in its human-endemic cycle uses one species of primate host and a small

number of Aedes mosquito vectors. Others are rather promiscuous; in the USA alone West Nile virus is known to infect

65 species of mosquitoes in 10 different genera (http://www.cdc.gov/westnile/vectorControl/) and hundreds of species

of birds [1,2]. Additionally, West Nile virus infects many mammalian species, some of which may support forward

transmission but many of which represent dead-end hosts [1].

Horizontal, viraemic transmission. As illustrated in figure 1, a competent vector may become infected with an arbovirus

when it imbibes viraemic blood from an infected vertebrate host. Vector competence, the ability of an arthropod to

become infected with a pathogen and transmit it to a susceptible vertebrate host, depends upon many factors, including:

(i) the genotype by genotype (G � G) interaction between vector and virus [3–5]; (ii) the dose of virus ingested (discussed

in detail below); (iii) basal immune activation, which is a product of, among other factors, the arthropod’s genotype and the

composition of its microbiome [6]; and (iv) environmental conditions such as temperature, temperature fluctuation and

humidity [3]. Prior or concurrent infections with other viruses may also modulate vector competence [7,8]. When taken

up by a competent vector species, an arbovirus infects and disseminates across the midgut to circulate, via the haemolymph,

to the salivary glands, where it replicates to sufficient concentrations to enable transmission to a susceptible vertebrate host.

The period of time required to complete this process is termed the extrinsic incubation period (EIP). Once infection is estab-

lished it generally persists for the life of the vector, although virus titre in tissues other than the salivary gland may wane [9].

At the conclusion of the EIP, an infectious vector deposits viraemic saliva during bloodfeeding. Most of this saliva is actually

released into the skin during probing, and components of the saliva substantially modify the immunological milieu at the probing

site, often to the benefit of the virus [10]. Vertebrate host susceptibility depends upon numerous factors, including (i) the G � G

interaction between host and virus genotype [11,12], (ii) physiological condition, (iii) immune status, e.g. [13–15], and (iv) dose of

virus delivered. In a susceptible vertebrate host, arboviruses are transported from the bite site, usually by cells of the immune

system, to lymph nodes and thence to other tissues that support replication and seed virus into the bloodstream, generating

viraemia. The time lag between the infectious bite and viraemia is termed the intrinsic incubation period.

horizontal, viraemic transmission

co-feeding transmission transovarial transmission

Figure 1. Figure produced by Sean Vidal Edgerton Science Illustration (http://www.theillustration.co/).
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Alternative routes of transmission. In addition to horizontal, viraemic transmission described above, which is sometimes

termed systemic transmission, arboviruses are also transmitted, to greater or lesser degree, by other routes as well. In ver-

tebrates, these routes include vertical transplacental transmission and horizontal transmission via aerosols, direct contact,

sexual contact, or consumption of vectors or other infected prey. In arthropods, they include vertical transovarial transmission
(figure 1, lower right panel) and horizontal venereal transmission [9,16]. Additionally, co-feeding transmission (figure 1, lower

left panel) occurs when virus is passed from an infected vector to an uninfected vector feeding simultaneously and in close

physical proximity on the vertebrate host [9,17].

Co-feeding transmission is particularly important for maintenance of tick-borne viruses, as ticks tend to feed in aggre-

gated groups and to occur in temperate regions where their activity is highly seasonal. Nonaka et al. [18] used a discrete

time multiple matrix model to demonstrate that co-feeding was sufficient to maintain Powassan virus, a North American

tick-transmitted virus, in the absence of horizontal, viraemic or vertical, transovarial transmission, whereas the virus did

not persist in the absence of co-feeding. When it occurred in combination with co-feeding, vertical transmission substantially

enhanced virus prevalence, while viraemic transmission had little effect. Although not addressed further in this review, co-

feeding is particularly intriguing when considering the impact of within-host dynamics on transmission and evolution,

because transmission success during co-feeding depends upon replication in the skin at the bite site rather than dissemination

to other tissues in the vertebrate host, and may therefore select for lower systemic replication and lower virulence.

Within-host evolution. Arboviruses occur in nine genera of RNA viruses [9,19,20], whereas there is only a single known

DNA arbovirus—African swine fever virus. Because RNA-dependent RNA polymerases lack proofreading, RNA virus gen-

omes experience approximately one mutation per 10 000 nucleotides at each replication, a mutation rate that is orders of

magnitude greater than those of comparable DNA genomes ([19–21], but see [22] for a more nuanced comparison of

mutation rates). In a recent review, Coffey et al. [20, p. 11] pointed out that arboviruses achieve tremendous genetic diversity

within their arthropod vectors, yet to date ‘no studies have examined how variant composition and diversity relate to

transmitted doses’. As we describe in this review, transmitted dose is a key determinant of arbovirus within-host replication

dynamics in the vertebrate host. Linking diversity to transmitted dose would greatly advance efforts to integrate within-host

evolutionary and ecological dynamics.
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transmission. Three major parameters of within-host viral

dynamics determine the likelihood of such transmission: (i) the

lag between an infectious vector bite and the presence of detect-

able virus in host blood, also known as the intrinsic incubation

period, (ii) the magnitude of virus replication, which we here

define as peak titre achieved by the virus in the blood and

(iii) the duration of virus replication, which we here define as

the number of days in which virus is detectable in host blood.

Viruses may fine-tune their replication dynamics and

thereby shape interactions with the immune system and viru-

lence to their advantage. Mutations in the virus genome can

modulate the rapidity of replication within the vertebrate

host itself or within the invertebrate vector, which will in

turn determine the dose of virus delivered to the vertebrate

host. While we do not have space here to review the mechan-

isms by which viruses up- and downregulate replication, we

note that several studies have now shown that some RNA

viruses possess sequences within untranslated regions of

their genomes that retard viral replication and in so doing

increase viral fitness [33–35].

Experimental infections of vertebrates with arboviruses,

reviewed in the section below, have generally shown that

both the magnitude and duration of arbovirus replication

depend upon the dose of virus administered, with increasing

dose of a given strain of virus resulting in greater magnitude

but shorter duration of viraemia. Based on these data, we pro-
pose that there is a trade-off between the magnitude and duration
of arbovirus replication in the vertebrate host. Such a trade-off

is widely accepted in evolutionary biology and is one of the

foundations of theory on the evolution of virulence. How-

ever, as noted by Bull & Lauring [36, p. 1] ‘a large body of

theoretical work on the evolution of virulence has yet to

gain traction in the virology community’. Moreover, work

on the evolution of virulence has largely focused on the
trade-off between magnitude of replication and mortality,

which limits duration of infection [36]. Arthropod vectors

suffer slight but significant decreases in fitness due to arbo-

virus infections, and the strength of these effects depend

upon the primary mode of transmission (horizontal versus

vertical, box 1) [37]. Arboviruses have a much wider range

of fitness effects in their vertebrate hosts [38]. Some arbo-

viruses, such as West Nile virus, are highly lethal even in

reservoir hosts [39], while others, such as dengue virus and

yellow fever virus, have little or no detectable effect on ver-

tebrate host fitness in their ancestral non-human primate

hosts [40,41]. As mortality and even morbidity are unlikely

to be a universal selective force on arbovirus dynamics, in

this review we focus instead on the impact of immune

responses on such dynamics.

Given a trade-off between magnitude and duration of repli-

cation, what pattern of arbovirus dynamics in vertebrate hosts

maximizes forward transmission? To try to answer this ques-

tion, we searched for empirical studies on the effect of dose

of virus ingested on infection of arthropods. Results of such

studies are also presented below, but we found that, to date,

they fail to provide the data needed to adequately characterize

the impact of within-host dynamics on transmission. In par-

ticular, transmission to mosquitoes has occurred when no

virus was detected in host blood using standard in vitro and

in culture methods, indicating the inadequacy of such assays.

We therefore present a simple modelling approach to contrast

the effect of ‘tortoise’ (low magnitude, long duration viraemia)

versus ‘hare’ (high magnitude, short duration viraemia) arbo-

virus replication strategies on transmission from vertebrate

hosts to arthropod vectors. Our hope is that this work will

serve to motivate other investigators to coordinate and conduct

the empirical and modelling studies needed to fully plumb the

nature and consequences of this intrinsic trade-off.
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Figure 2. Variation in viral replication curves across viruses and hosts. Figure shows viral replication (log10 PFU by day) of different strains of dengue 1, 2 and 3 in
rhesus macaques ((a), (c) and (e), respectively; data from Althouse et al. [24]), and of two strains of Japanese encephalitis virus (Indian and Vietnamese) in three
species of bird ((b,d,f ), data from Nemeth et al. [25]). Lines are mean log10 PFU and shaded regions are mean +1 s.d. Clear differences in the lag to viraemia,
magnitude of viraemia and duration of viraemia are evident. (Online version in colour.)
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2. Trade-offs in within-host replication dynamics
of arboviruses

(a) Replication dynamics within the vertebrate host
We have recently completed a systematic review and individ-

ual pooled analysis of the replication kinetics of dengue virus

following experimental infections of non-human primates, as

reported in 51 published and three unpublished studies [42].

Dengue virus comprises four genetically distinct serotypes

(dengue virus types 1–4), and the within-host dynamics of

these serotypes were tested in 11 different species of non-

human primates. With the majority of the data, it was possible

to analyse lag to detectable viraemia (intrinsic incubation

period) and duration of viraemia, but not the magnitude of

viraemia. Both lag to and duration of viraemia were signifi-

cantly different among serotypes (some examples are shown

in figure 2) but not among primate species. Importantly, dose

of virus inoculated was a major determinant of duration of vir-

aemia, which decreased with increasing dose. By contrast, in
dose de-escalation studies of dengue virus in non-human pri-

mates, peak viraemia generally increased with increasing

dose (data reviewed in [41]). A 2013 study of dengue virus

replication in baboons [43] that was not included in these

aforementioned reviews, also found that non-human primates

receiving lower doses of dengue virus challenge experienced

longer durations of viraemia.

These findings suggest an inherent trade-off between dur-

ation and magnitude of viraemia. Moreover, we favour the

interpretation, initially suggested by some of the authors of

these studies, that this trade-off is mediated by the immune

response to infection, and that a higher infecting dose enables

more rapid virus replication but a concomitantly rapid and

strong immune response [44,45]. An alternative explanation

for this trade-off is resource limitation—i.e. that the high

magnitude of replication following a high dose of infection

exhausts key resources. However, it is well known that anti-

body raised during a previous infection by a different

serotype can enhance dengue virus replication by 10-fold or
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more in humans and in non-human primates [46,47], indicat-

ing that dengue replication during primary infection is

probably not limited by resource availability.

Evidence for a trade-off between magnitude and duration

of virus replication in studies of dengue virus infection of the

human host is equivocal. Both Vaughn et al. [48] and Tricou

et al. [49] found that secondary dengue virus infection in

humans (i.e. infection with a given serotype occurring after

clearance of infection of a different serotype) was associated

with higher levels of virus replication and also more rapid

viral clearance, whereas Murgue et al. [50] reported the oppo-

site. However, human studies must be interpreted with

caution, as they often fail to capture peak virus titre and

rarely encompass the entire duration of viraemia.

Data from experimental infections with several other arbo-

viruses also support a trade-off between magnitude and

duration of replication. When rufous night herons were

injected with varying doses of the mosquito-borne viruses

Murray Valley encephalitis virus (MVEV), Kunjin virus and

Japanese encephalitis virus (JEV), there was an evident trend

of increasing infection duration and decreasing peak titre

with declining virus dose in the inoculum, although this pat-

tern was not specifically analysed in the paper [51]. Similarly,

Baylis et al. [52] fed varying numbers of midges (one, five

or 20) infected with bluetongue virus on sheep and found

that sheep that were fed upon by larger numbers of midges

(and therefore inoculated with a larger virus dose) developed

viraemia more rapidly, developed a higher magnitude of

viraemia and also marshalled a stronger antibody response.

By contrast, studies in which cliff swallows [53] and robins

[54] were experimentally infected with West Nile virus did not

find a correlation between virus dose and either duration or

peak titre. Additionally, Weingartl et al. [55] found that the cul-

tured cells in which an arbovirus stock are produced affect

replication dynamics in vivo: sheep inoculated with a lower

dose of Rift Valley fever virus (RVFV) raised in mammalian

cells produced a longer duration of viraemia but not a higher

peak titre than sheep infected with a higher dose, whereas

sheep inoculated with a lower dose of RVFV raised in mosquito

cells produced a shorter duration of viraemia and a similar

peak titre to sheep inoculated with a higher dose of the virus.

While we do not claim to have identified all studies in which

the impact of arbovirus dose on infection dynamics has been

measured, we believe that the studies presented offer an

unbiased view of general trends in the literature.

An important caveat to the interpretation of these studies is

that some of them were conducted using natural hosts of the

target virus, such as studies of MVEV, Kunjin virus and JEV

infection of herons and dengue virus infection of African

green monkeys. However others, such as studies of dengue

virus infection of rhesus macaques, were not [41]. Arbovirus

replication dynamics, fitness effects and immune response

can be substantially different in natural compared with novel

vertebrate hosts [56,57]. For example, mosquito-borne JEV cir-

culates in Asia in a number of avian host species, among them

the Japanese tree sparrow. When Japanese tree sparrows were

experimentally infected with a high dose of JEV, viraemia was

brief, with no birds producing detectable virus after day 3 post-

infection [58]. By contrast, when Nemeth et al. [25] infected a

variety of North American bird species with JEV, these novel

vertebrate hosts produced a wide range in magnitude and dur-

ation of viraemia (figure 2), with some species sustaining high

virus titres beyond 7 days post-infection. In another example,
tick-borne encephalitis virus can be highly virulent (up

to 50% mortality) in laboratory mice [59] but rarely causes

symptoms in the bank vole, a reservoir host of this virus [60].

Finally, yellow fever, which evolved in circulation between

non-human primates and sylvatic mosquito vectors in Africa,

is well known to be avirulent in its African reservoir hosts

but highly virulent in many New World monkeys (reviewed

in [41]). Mandl et al. [61] experimentally infected both sooty

mangabeys, an African reservoir host of this virus, and

rhesus macaques, a novel host, with an attenuated strain of

yellow fever virus. They found that the virus replicated to a

lower titre and for a shorter duration in sooty mangabeys. They

also found that yellow fever virus neutralizing antibody levels

were lower overall and waned to undetectable levels more

quickly in sooty mangabeys than rhesus macaques. While

studies in novel vertebrate host-virus combinations can reveal

important aspects of immune control, they are best considered

in combination with data from natural host-virus associations.

(b) Replication dynamics within the arthropod vector
As described below, numerous studies have demonstrated that

increasing the arbovirus dose in a bloodmeal results in higher

levels of vector infection. Moreover, once arbovirus infec-

tion is established in a vector, it generally persists for life,

although Slovak et al. [62] have recently shown that infection

prevalence of tick-borne encephalitis virus in Ixodes ricinus
ticks declined substantially as these vectors moulted from

larvae to nymphs and nymphs to adults. However, as noted

by Christofferson & Mores [63], relatively few studies have

investigated the dynamics of viral replication within the

vector, i.e. the change in the magnitude of virus replication,

particularly in the saliva, over the duration of the extrinsic

incubation period (EIP, box 1) and beyond. Salazar et al. [64]

monitored the progress of dengue virus infection in Aedes
aegypti mosquitoes that had ingested a high titre (approx. 7

log10 plaque-forming units (PFU)/ml). They found that virus

titre in the mosquito as a whole increased from 2.2 to

5.5 log10 PFU between days 2 and 14 post-infection, after

which time the titre levelled off. However, there was consider-

able variation in individual tissues: virus titre peaked in the

midgut by day 10 post-infection and then dropped, whereas

titre in the salivary glands increased steadily over the course

of infection. The impact of dose on virus replication has been

investigated in Culex tarsalis mosquitoes fed an artificial blood-

meal containing either a high (6 log10 PFU/ml) or low (4 log10

PFU/ml) virus dose. Mosquitoes that ingested the high dose

showed a shorter EIP [65,66] and were more likely to transmit

virus [66] than mosquitoes that fed on a low titre of the virus.

These latter findings indicate that the magnitude of arbovirus

titre in the vertebrate host may affect not only the likelihood

of infecting vectors, but also the subsequent dynamics of

virus replication within those vectors, particularly the EIP, an

effect that has not been addressed in any mathematical

models of transmission of which we are aware.
3. Effect of within-host arbovirus replication
dynamics on transmission: empirical studies

In order to understand how the variation in arbovirus repli-

cation dynamics described above impacts transmission, it is

first necessary to characterize the effect of virus titre, in
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vertebrate and vector, on transmission to the next host. Below

we summarize what is known about infectious dose for arbo-

viruses and why, to date, this knowledge is inadequate to

infer the impact of within-host dynamics on transmission.
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(a) Vertebrate host to vector transmission
In their review of arbovirus transmission, Kuno & Chang have

noted that ‘Theoretically, the higher the concentration of virus

in blood and the longer the duration of viremia, the greater is

the probability of a vector acquiring virus from infected ver-

tebrates’ [9, p. 618]. This is clearly true, but, from the

perspective of within-host dynamics, it is crucial to know

how much transmission is gained with an increase in virus

concentration, and to define the minimum concentration

that enables meaningful transmission. The ability of an arbo-

virus to infect a particular vector species is usually measured

by feeding groups of vectors on artificial bloodmeals spiked

with a range of known concentrations of the virus and

measuring infection at the conclusion of a standard EIP.

These studies have demonstrated that transmission of arbo-

viruses is dose-dependent and that transmission only occurs

at a rather high dose threshold [3,9,67]. For example, Ponsiri

et al. found the 10% oral infectious dose (OID10) of dengue

virus for Ae. aegypti to range from approximately 1.5 to

approximately 5.0 log10 PFU ml21 bloodmeal. Tsetsarkin

et al. showed that infection of Ae. aegypti with chikungunya

virus declined from approximately 90% to less than 15%

as virus titre dropped from 7.0 to 4.0 log10 tissue culture infec-

tious dose 50 ml21 bloodmeal. Of course, mosquitoes imbibe

only a small fraction of the bloodmeal, but measuring in virus

units per millilitre allows comparison to studies of within-host

replication (such as the examples in figure 2).

Together, data from artificial bloodmeals suggest that

arboviruses would have to reach quite high titres in ver-

tebrate hosts before significant transmission could occur.

However, this inference may be misleading as the threshold

for transmission of a given arbovirus is substantially lower

when a vector feeds on a living vertebrate host rather than

an artificial meal [68–70]. The interaction effect of bloodmeal

type (live vertebrate host versus artificial bloodmeal) and

virus titre on virus transmissibility has not been completely

characterized for any arbovirus, suggesting that our current

understanding of transmission at low virus titres is inadequate.

Two studies of dengue virus emphasize this point. First, Scott

et al. [71] fed Ae. aegypti mosquitoes, the major dengue vector,

on rhesus macaques that had been experimentally infected

with wild-type dengue virus. Although they did not report

the percentage of mosquitoes infected for each day, they did

note that ‘The days on which virus could be detected in mos-

quitoes were usually but not always the same as those on

which viremia was detected’ (p. 182). Second Watts et al. [72]

fed Ae. aegypti on a rhesus macaque that had been infected

with dengue virus. Even though no virus was detectable in

the monkey’s blood at the time of feeding, up to 80% of mos-

quitoes developed a disseminated dengue virus infection.

While methods of virus detection varied among studies, none-

theless it is clear that mosquitoes became infected from

monkeys at a much lower viraemia than would be predicted

based on studies employing artificial bloodmeals.

Virologists are becoming increasingly aware of the impor-

tance of quantifying arbovirus transmission from live

vertebrate hosts across the window of infection [67,70,73].
In a landmark study, Nguyen et al. [74] obtained data on

the transmissibility of dengue virus to Ae. aegypti from febrile

dengue patients across a 4-day span following presentation at

a clinic. Aedes aegypti were fed upon 208 febrile dengue

patients on two randomly assigned days post-enrolment,

with all feedings scheduled within 4 days post-enrolment.

Blood was also drawn from each patient at the time of feed-

ing to determine virus titre. Transmission increased in a

sigmoidal fashion; both virus titre and increasing antibody

titres were independently associated with decreasing infec-

tiousness for vectors. Additionally, high virus titres early in

infection were associated with increased duration of infec-

tiousness, seemingly contradicting the trade-off posed

above. However, because these data were obtained from

natural infections, it is possible that duration of infectiousness

was actually inversely associated with magnitude of infec-

tion, but patients with high titres had come in to the clinic

at a disproportionately early point in infection.

(b) Vector to vertebrate host transmission
The most common approach used to determine the infectious

dose of an arbovirus for its vertebrate host or to characterize

within-host dynamics is to inject vertebrate hosts with a seri-

ally diluted virus and monitor infection (e.g. [54,75]). Indeed,

this is how most of the studies discussed in the section above

were conducted. For many arboviruses, the infectious dose

50 for a vertebrate host is less than 10 PFU. However, as

with vectors infected via artificial bloodmeals, host infections

delivered by needle may not adequately recapitulate natural

infections. There is a growing body of evidence that, owing

to potentiation by vector saliva, an arbovirus delivered by

vector bite is substantially more infectious, embarks on differ-

ent replication dynamics and elicits a different immune

response than the same virus delivered at the same dose by

needle [76–81]. Although expensive and logistically difficult,

it is possible to experimentally infect vertebrate hosts via

vector bite. However when vectors are used to deliver

virus, the dose of virus delivered cannot be controlled or

measured. Measuring the amount of virus delivered by a

vector requires that the body segment on which those vectors

feed (a tail or a toe, for example) be amputated for viral assay

(e.g. [82]). As a proxy measure, many investigators have

quantified virus from fluid into which the vector has been

induced to salivate. However, there is now clear evidence

that mosquitoes deposit orders of magnitude more virus

when probing on a live vertebrate host than when salivating

into a capillary tube or a hanging drop of blood [82]. Thus,

the virus dose required to infect a vertebrate host is not

known for most arboviruses.
4. The tortoise or the hare: which pattern of
arbovirus replication in the vertebrate host
maximizes transmission to the vector?

Several investigators have recently attempted to explain

among-strain variation in within-host arbovirus replication

kinetics using models that link virus titre to immune response

[83,84]. However, models of the effect of within-host replica-

tion on transmission to vectors have largely ignored the

graded effect of titre on virus acquisition by vectors, and

instead have assumed a threshold for transmission, wherein



rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

370:20140299

7
the vertebrate host is or is not infectious to the vector [70].

Several influential mathematical models of arbovirus trans-

mission dynamics, (e.g. [24,85,86]) do not explicitly consider

within-host viral titre, but they implicitly assume that total

transmission is correlated with the peak titre, i.e. the mag-

nitude of replication. More recently, Christofferson et al. [87]

took a more nuanced approach with a stochastic, compartmen-

tal model of dengue virus introduction into a new population

in which the infectivity of humans for mosquitoes varied with

day post-infection. This model leveraged the data on human to

mosquito transmission of dengue virus generated by Nguyen

et al. [74]. However, this model did not address differences in

replication among strains of dengue virus, though the authors

noted that studies of such variation are needed.

In 2006, Lord et al. [70] contrasted the results of three

models in which arbovirus transmission to vectors was deter-

mined by (i) a simple threshold, (ii) a probabilistic model in

which virus titre in the blood determined the probability of

acquisition of virus in the vector bloodmeal, and (iii) a prob-

abilistic model in which high virus titre resulted in death of

the vertebrate host, thus limiting duration of viraemia. The

third model, which reflects high-virulence arboviruses such

as West Nile virus, indicated that transmission was maxi-

mized when viruses replicated to just below the threshold

for mortality. Lord et al. [70] discussed the possibility that

the immune response might also impose a trade-off on the

magnitude and duration of viraemia in vertebrate hosts, but

concluded that there was inadequate understanding of these

processes to draw conclusions. Ten years later, there are still

extensive lacunae in our knowledge of the mechanisms of

within-host trade-offs in replication, but we feel that there is

adequate evidence of the existence of such trade-offs to begin

to investigate their impact on transmission.

Experimental data do show variation in viral replication

curves between arbovirus strains and vertebrate host species.

Figure 2 shows the replication profile of three different strains

each from dengue virus serotypes 1 through 3 in rhesus maca-

ques (data from [42]), and the replication profile of two strains

of JEV in three species of bird (data provided by Dr Nicole

Nemeth; originally presented in a different form in [25]).

Clear differences in lag to onset of viraemia, peak virus titre

and duration of viraemia are evident. There are two points to

be gleaned from these data: (i) in a single host species, different

virus strains show dramatic differences in the magnitude and

duration of viraemia, and (ii) strains of a given virus can

undergo quite different dynamics in different vertebrate host

species. Both of these factors may directly affect the efficiency

of arbovirus transmission from vertebrate host to vector. We

therefore use a mathematical model of arbovirus transmission

to explore the effects of different within-host dynamics on

transmission dynamics within a population of vertebrate

hosts and vectors.

To do so, we extend a stochastic susceptible-infected-

recovered (SIR) arbovirus transmission model previously pre-

sented in Althouse et al. [24]. Briefly, vectors and hosts are

born susceptible to arbovirus infection and are infected at a

rate proportional to the number of bites given or received

per day and the probability of infection. These transmission

probabilities vary seasonally to represent the fluctuation in

per bite transmission probability due to seasonally varying

processes. After infection, vertebrate hosts recover at a fixed

rate and vectors are infected for the remainder of their life.

We assume no disease-induced mortality.
For simplicity, we restrict the model to a single vertebrate

host and a single vector species. We also note that the model

is disease-agnostic, and, with appropriate choice or fit of bio-

logical parameters, could be equally applied to any arbovirus,

with the caveat that our model does not capture transmission

via co-feeding or vertical passage and therefore may be less

relevant for tick-borne viruses. Using this framework, we can

explore what effects differences in viral replication dynamics

in the vertebrate host have on transmission. First, we explore

differences in duration of infectiousness in the vertebrate host

using the method of stages [88] to expand the infected compart-

ment into multiple infectious compartments. In a standard SIR

model, the infectious period is exponentially distributed with

mean equal to the mean duration of infectiousness (1/g). In

essence, the method of stages sums n independent exponen-

tially distributed waiting times (time spent in each infectious

class), resulting in a gamma distributed duration of infectious-

ness with mean equal to the mean duration of infectiousness

(1/g) and variance 1/(ng2). Figure 3a,b shows the distributions

of infectious periods used here. We explore four cases, chosen

arbitrarily, but inspired by actual patterns in arbovirus replica-

tion kinetics (e.g. figure 2): mean duration 4 days with variance

either 4 days (dark solid curve) or 1.6 days (dark dashed curve;

similar to dengue virus in non-human primates [42]) and

mean duration 25 days with variance either 25 days (light

solid curve) or 12.5 days (light dashed curve; similar to

bluetongue virus in cattle [89]). Note that we explore

additional durations of viraemia in the electronic supplemen-

tary material. We account for correlation between duration

of infectiousness and viral titre by allowing each of the n
infectious compartments to contribute independently to trans-

mission. If all compartments contribute equally, there is

no correlation (figure 3a), if only the first or final few com-

partments contribute to transmission, there is correlation

(figure 3b). This approximates the inverse relationship between

magnitude of viraemia and transmissibility (i.e. tortoise versus

hare strategies). Again, owing to the generality of the model,

these distributions were chosen to illustrate the effects of corre-

lated titres on transmission. All qualitative results reported

here are insensitive to different values of the transmissibility

of the arbovirus, though further sensitivity analyses should

be conducted if the model is applied to a real-worldc system.

We leave this to the interested reader.

There are a number of key results from this model. First,

numbers of vertebrate host infections are larger for both

longer durations of infection and more peaked durations

of infection (figure 3c,d ). The association between longer

duration and greater incidence of vertebrate infection is a

necessary finding for the case of steady titres—the longer

the titre persists the more infections occur. However, in the

case of correlated titres, this result is counter to previous

theory indicating that rapid onset, extended periods of virae-

mia, as exemplified by the solid dark curve in figure 3, are

beneficial to transmission. Second, with respect to incidence

in vertebrate hosts, correlated infectious periods and virus

titre do not appear different from uncorrelated, steady titre

(figure 3c,d). This would indicate that the impact on

between-host transmission of a sustained level of viraemia

within vertebrate hosts and a viraemia that changes over

the course of infection are equivalent. Third, despite no

difference in incidence in vertebrate hosts between correlated

and steady titre, there are differences in prevalence in the

vector, with correlated titres showing lower prevalence than



0 5 10 15 20 25 30
0

0.10

0.20

0.30
steady titre

re
la

tiv
e 

in
fe

ct
iv

ity

days infectious days infectious
0 5 10 15 20 25 30

correlated titre

0

50

100

150

200

250

300 steady titre

ho
st

 in
ci

de
nc

e 
(p

er
 1

00
00

0)

correlated titre

20 25 30 35 40
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
steady titre

pr
op

or
tio

n 
in

fe
ct

ed
 v

ec
to

rs

20 25 30 35 40

correlated titre

years years

(a) (b)

(c) (d)

(e) ( f )

Figure 3. Results of the stochastic arbovirus transmission model. (a) The infectivity curves used in model runs for a steady viraemia titre over the course of infection
(constant transmission probability across infection), and (b) the curves for viral titre correlated with peaks in the infectious duration (higher viraemia leading to
higher transmission). Lines indicate a mean duration 4 days with variance either 4 days (dark solid curve) or 1.6 days (dark dashed curve), and mean duration 25
days with variance either 25 days (light solid curve) or 12.5 days (light dashed curve). (c,d ) Virus incidence in vertebrate hosts for the steady and correlated titre
scenarios, respectively, and (e,f ) the proportion of infected vectors in each scenario. Colours and line type correspond to distributions in (a,b). Lines are means of 50
stochastic simulations and shaded regions are mean +1 s.d. Model parameters: transmissibility ( probability of infection per infectious bite) ¼ 0.3, amplitude of
seasonality ¼ 0.1; 0.5 bites per vertebrate host per day, vector birthrate ¼ 1/7 d21, vertebrate host birthrate ¼ 1/60 yr21, initial number of vectors ¼ 15 000,
initial number of vertebrate hosts ¼ 10 000.

rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

370:20140299

8

steady titres (figure 3e,f). This is especially true for earlier onset

viraemias (dark lines). These last two results taken together

suggest that arboviruses might benefit from a tortoise approach

to within-host replication, as a constant viraemia over the

entire course of infection maximizes viral persistence and

thus transmission to both the vertebrate host and the vector.
5. Within-host dynamics and the epidemiology,
emergence and evolution of arboviruses

The assumptions that (i) arboviruses are transmitted from

vertebrate hosts to vectors only when viraemia exceeds a rela-

tively high transmission ‘threshold’ [70] and (ii) arbovirus
transmission is correlated to peak virus titre shape current

thinking about adaptation of these viruses and are implicit

in many mathematical models of arbovirus epidemiology

[24,85,86]. These assumptions are also fundamental to the

design of safe, live-attenuated arbovirus vaccines, in that it is

generally agreed that constraining peak vaccine virus replica-

tion to levels below this putative transmission threshold acts

as a safeguard against transmission (e.g. [90–92]). Finally,

studies seeking to identify reservoir and amplification hosts

for arboviruses, both in their existing ranges and in regions

where they could be introduced in the future, generally test

whether potential hosts support viraemias that exceed the

putative transmission threshold (e.g. [70,93–95]). Here, how-

ever, we present empirical evidence that such thresholds,
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which are derived primarily from studies in which vectors feed

on artificial bloodmeals, are likely to be inflated and therefore

misleading. In particular, we have pointed out several studies

in which arbovirus transmission to vectors from vertebrate

hosts was detected even when virus in vertebrate host blood

samples drawn at the same time was not.

Our model for the effect of within-host arbovirus

dynamics on transmission to vectors relaxes the simplifying

assumption of a threshold viraemia for transmission in

favour of the more realistic view that transmission from ver-

tebrate host to vector is proportional to virus titre in the

vertebrate host, and that meaningful transmission may

occur, at least in some arboviruses, at low virus titre (see

the electronic supplementary material for model details and

sensitivity analyses). The viral replication curves that under-

pin this model are shaped by evidence from the empirical

literature for an immune-driven trade-off between the mag-

nitude and duration of viraemia. This model reveals that

arboviruses may maximize transmission by keeping a ‘low pro-

file’ in the vertebrate host and thereby maintaining viraemia for

a longer period of time than would be possible if viraemia

spiked to high levels but was more rapidly cleared. This

result may help to explain the otherwise paradoxical finding

that many arboviruses produce an extremely low magnitude

of viraemia in their reservoir hosts (e.g. [56–58,61]). Such virae-

mias often seem to be of brief duration as well, but this

conclusion is subject to the caveat, discussed above, regard-

ing the inadequacy of current techniques to directly detect

infectious virus. Additionally, a growing body of evidence

suggests that at least some arboviruses may establish persistent

infection in their reservoir hosts [96–99]. This may only be poss-

ible if initial infections are restrained in the magnitude of
replication and therefore elicit a muted immune response.

Future experiments are needed in which vector infection,

rather than genome detection or culture, is used as the gold

standard assay for presence of transmissible virus.

The magnitude and duration of viral replication will also

shape the quasi-species diversity of arboviral infections: smal-

ler population sizes would allow more limited sampling of

potential genome variants and longer duration of replication

would offer greater scope for within-host selection. To date,

there is little data on the impact of arboviral variation on trans-

mission from vertebrate host to vector or vector to vertebrate

host [20]. With the advent of technological advances in ultra-

deep sequencing, it should be increasingly tractable to couple

studies of within-host evolutionary dynamics of arboviruses

to their within-host replication kinetics and between-host

transmission. Such studies will greatly advance our current

understanding of the epidemiology, emergence and evolution

of these viruses and are likely to have important implications

for the control of these emerging pathogens.
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