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Bluetongue virus (BTV) is an arbovirus transmitted to domestic and wild ruminants by

certain species of Culicoides midges. The disease resulting from infection with BTV is

economically important and can influence international trade and movement of livestock,

the economics of livestock production, and animal welfare. Recent changes in the

epidemiology of Culicoides-transmitted viruses, notably the emergence of exotic BTV

genotypes in Europe, have demonstrated the devastating economic consequences of

BTV epizootics and the complex nature of transmission across host-vector landscapes.

Incursions of novel BTV serotypes into historically enzootic countries or regions, including

the southeastern United States (US), Israel, Australia, and South America, have also

occurred, suggesting diverse pathways for the transmission of these viruses. The

abundance of BTV strains and multiple reassortant viruses circulating in Europe and

the US in recent years demonstrates considerable genetic diversity of BTV strains and

implies a history of reassortment events within the respective regions. While a great

deal of emphasis is rightly placed on understanding the epidemiology and emergence

of BTV beyond its natural ecosystem, the ecological contexts in which BTV maintains

an enzootic cycle may also be of great significance. This review focuses on describing

our current knowledge of ecological factors driving BTV transmission in North America.

Information presented in this review can help inform future studies that may elucidate

factors that are relevant to longstanding and emerging challenges associated with

prevention of this disease.
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INTRODUCTION

Arthropod-borne viruses (arboviruses) constitute a significant group of emerging pathogens,
many of which are increasing in global distribution as a result of climate change, urbanization,
and changing of travel or trade (1–3). Bluetongue virus (BTV) is the etiologic agent
of bluetongue (BT), an economically important arboviral disease of wild and domestic
ruminants that is transmitted by various species of Culicoides midges (4–7). The expansion
of Culicoides-transmitted arboviral diseases (BT, epizootic hemorrhagic disease [EHDV],
Schmallenberg) on essentially every continent confirms that these diseases constitute a growing
threat to ruminant communities (8–13). They also have substantial economic consequences.
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During an outbreak of EHDV in Israel in 2006, losses caused by
reduced milk production and increased mortality were estimated
at ∼$2.5 million US dollars (USD), whereas the annual losses to
the US livestock industry due to enzootic BTV infection were
estimated at $144 million USD ∼15 years ago (14, 15). In 2006,
an unprecedented, multi-year epizootic of highly virulent BTV-
8 began in Western Europe, outside of the assumed range of the
disease. Country-specific costs associated with lost production,
trade restrictions, control, and vaccination are estimated to be as
high as 207e million (16), and the cost per country to vaccinate
animals alone is estimated in the tens of millions of Euros (17).
Still, otherCulicoides-borne threats loom that could be evenmore
economically devastating, such as African horse sickness, which
as the potential to severely impact the $122 billion USD US horse
industry (18).

Novel BTV serotypes have also recently been identified
in historically enzootic countries or regions including the
southeastern United States (US), South America, Israel, and
Australia, reflecting diverse means for spread of these viruses
between regions (13, 19–22). Despite the link of climate change
to recent incursions of BTV in Europe and expansion of
geographic range in North America, there is limited information
on how factors related to the ecology of BTV’s vertebrate and
invertebrate hosts might impact the evolution, distribution, and
transmission dynamics of BTV (1, 23, 24). This is potentially
important because a changing climate interacts with habitat
and landscape variability to jointly determine opportunities for
host-vector contact and the competence of vectors engaged in
contact (25, 26). While transmission patterns of midge-borne
viruses have been linked to heterogeneity in climate and land use
worldwide, the role of host density and diversity in regulating the
spread or viral evolution of these multi-host pathogens has been
underappreciated (27–29). Identification and characterization of
these ecological drivers could play a role in analyses to estimate
the risk of BTV transmission and to inform appropriate strategies
for control and prevention. In this article, we briefly summarize
the current understanding of ecological factors driving BTV
transmission within North America.

BLUETONGUE VIRUS

BTV is within the genus Orbivirus, family Reoviridae (30).
The BTV genome consists of 10 segments of double-stranded
RNA (dsRNA), and each gene segment encodes at least one
protein (31, 32). The BTV virion includes seven proteins (VP
1–7), and at least five additional non-structural proteins (NS
1,2,3/3A,4) that are produced in virus-infected cells (32, 33).
The structural protein VP7 expresses group antigens common
to all BTV strains and serotypes, whereas segregation of BTV
into serotypes is largely determined by VP2 outer capsid protein
(34–37). At least 29 serotypes are recognized worldwide, but the
virus strains of the same serotype may have markedly different
virulence even to highly susceptible ruminants (38–42). Genetic
diversity is generated among field strains of the virus by both
genome segment reassortment and mutation (43). Intrasegment
recombination also can occur between virus strains, either within

the vertebrate (ruminant) or invertebrate host (Culicoidesmidge)
(43, 44). North American BTV isolates have been previously
characterized by genotype based on segment 10 sequences
(820bp region of the NS3 protein) (45). Although these analyses
have provided key information into the relationships of BTV
strains that circulate within the US and adjacent (such as the
Caribbean Basin and Central America) and distant (such as
Europe, Africa, Asia, and Australia) regions, there is a lack of
comprehensive sequence data for all genomic segments. As a
result, estimates of gene flow among field strains of BTV tend
to be highly speculative. Similarly, the genetic determinants of
viral phenotype that may impact spread and persistence, such
as virulence, remain poorly characterized. Genome sequencing
of field and laboratory strains of BTV has shown a high
degree of segment reassortment resulting in the variety of
currently circulating viral strains in the field, as compared
to historic isolates, which could lead to amplification of viral
transmission (46–49).

Emergence of a virulent virus (by reassortment or mutation)
could stem from enzootic viruses that currently circulate in
the US, or the translocation of a novel virus from an adjacent
(Caribbean Basin, Latin South America) or distant (Asia, Europe,
and Africa) region. In North America, BTV-2 was recently
(2010) isolated in California, representing trans-continental
dissemination of this virus serotype first described in the US
in Florida in 1982 and that had previously been considered
restricted to the southeastern US (21). The strain of BTV-2
isolated in California is a reassortant of BTV-2 and BTV-6,
the latter a previously exotic serotype to North America (50).
Similarly, strains of BTV-3 that have recently expanded their
range beyond the southeastern US are able to readily reassort
with BTV strains historically enzootic in the US (51). Recent
studies based on BTV field isolates have shown reassortment is
common and may drive phenotypic change resulting in a fitness
advantage for the virus (46, 48, 49, 52).

Additionally, there is the issue of live attenuated vaccines
being able to reassort with enzootic viruses contributing
to the genetic backbone and potentially introducing novel
biological properties of circulating viruses (53). Studies in both
North America and Europe suggest that live-attenuated BTV
vaccine viruses (or individual genome segments thereof) used
to vaccinate livestock can be acquired and transmitted in
the field by vector midges, thereby contributing to the gene
pool of circulating viruses (54–57). Midge movement between
vaccinated livestock populations and susceptible wild ruminant
populations could drive viral evolution and reduce the efficacy of
vaccination. Most of the major BTV vector species, including C.
sonorensis, the primary US vector, feed opportunistically on large
mammals (58), and are potential bridge vectors between livestock
and wildlife populations.

Since the recent European BT epizootic, considerable focus
has been placed on quantitatively defining aspects of Culicoides
vector ecology and the genetic diversity of BTV strains (27, 59–
61). Studies on the small-scale movement of Culicoides between
farms and adjacent wildlife habitats, as well as on the frequency
of contact between livestock and wildlife (e.g., deer and sheep
sharing pasture) are needed to better understand BTV ecology.
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With the advent of next-generation sequencing and other
technologies, quantifying within-host pathogen evolution is
happening increasingly (62, 63). Acquisition of such information
is pivotal for the future prediction of emergence and impact of
Culicoides-disseminated viruses in divergent ecosystem contexts
with transmission models.

DISTRIBUTION

The global distribution of BTV infection corresponds with that
of competent Culicoides vectors and suitable environmental
ecosystems and the range historically has been between 40–
50◦N and 35–40◦S (5, 39). The global distribution of BTV
has altered recently, perhaps as a consequence of the impact
of climate change on Culicoides midges that serve as the
biological vectors of the virus (1, 6, 23). In particular, since 1998
multiple BTV serotypes spread throughout the Mediterranean
Basin and, in 2006, additional virus serotypes invaded and
spread throughout extensive portions of northern Europe to
precipitate an economically devastating epizootic (64–66). This
epizootic was ultimately controlled in 2010 with an extensive
vaccination campaign and use of inactivated vaccines; however,
the re-emergence of BTV-8 in France in 2015 has caused
speculation with regards to source or mechanism of viral
introduction (67). Additionally, novel serotypes of BTV have
recently invaded historically-enzootic countries (Israel, South
America, and Australia) and non-enzootic countries (China,
Republic of South Korea) (1, 11–13, 19, 22, 68). The expansion
of novel BTV serotypes into these regions demonstrates the
wide distribution of competent Culicoides species and, with the
impact of climate change, it can be anticipated that new BTV
strains and serotypes will continue to be introduced on a regular
basis (40, 69).

Coincident with this invasion of novel serotypes in Europe
and elsewhere, 11 previously exotic serotypes (serotypes
1,3,5,6,9,12,14,18,19,22,24) have been isolated in the southeastern
US since 1999 (39). Four serotypes (serotypes 10,11,13,17) have
long been enzootic throughout much of the US (40, 70, 71).
While BTV serotype 2 has been considered enzootic in the
US since its identification in 1982, infection was thought to be
confined to the southeastern US (Florida and adjacent states)
until the isolation of this virus in California in 2010 (21, 72). Most
recently, BTV serotype 3 has spread throughout much of the
US exhibiting extensive reassortment with genes of traditionally
enzootic serotypes (BTV-10, 11, 13, 17) (51). Historically,
national surveys conducted by United States Department of
Agriculture (USDA)/Animal and Plant Health Inspection Service
(APHIS) have utilized a threshold of <2% seroprevalence to
differentiate between BTV-free and BTV-enzootic areas (73).
The latest survey conducted from 1991 to 2004 concluded
that BTV was enzootic in all states excluding Alaska, Hawaii,
Michigan, Minnesota, New York, and Wisconsin (74). There is
regional variation in the prevalence of BTV infection of livestock
throughout the US (75–78). Additional serologic surveys of wild
ruminant species have confirmed that several species (white-
tailed deer, black-tailed deer, mule deer, elk, pronghorn, and
bighorn sheep) are infected in enzootic areas (79). Although the
strains of BTV that currently circulate in the US typically cause

mild disease, epizootics of severe BT occur regularly amongst
sheep and wildlife (white-tailed deer in particular).

Within North America, Culicoides midges were initially
confirmed to be vectors of BTV by experimental infection of
sheep using Culicoides midges collected during an outbreak of
BT in Texas (80). At least two distinct and apparently stable
BTV ecosystems have been identified in the Americas: one that
includes Central and South America, the Caribbean Basin, and
portions of the southeastern US, and a second area consisting of
the remaining section of North America (72, 81, 82). Culicoides
sonorensis is the predominant, if not exclusive, vector of BTV
serotypes 10, 11, 13, and 17 across most of the US, south
and west of the so-called “Sonorensis Line” which extends
from approximately Washington State to Maryland (81). In the
southeast US, C. sonorensis is rarely collected in areas with
active BTV transmission (83), and so is not considered to be
the primary vector in this area and the Caribbean. Although not
conclusively proven to transmit BTV, several wildlife-associated
species, including C. stellifer and C. insignis, are implicated in
transmission in the southeast, as they are known to feed on
livestock and wild ruminants and frequently test positive for
BTV and/or EHDV (58, 83, 84). Many other Culicoides species
known to feed on large ruminants are present within the US, but
their contribution to the transmission of BTV remains uncertain
(85). The absence of BTV in the northeast US appears to be due
to a lack of a competent vector species. Culicoides variipennis,
a sister species to C. sonorensis, is present in the northeast in
livestock habitats, but either its vector competence or vectorial
capacity are low enough that it apparently cannot support BTV
transmission (81). Historical serological studies of ruminants
in northern North America over many years have confirmed
that climatic conditions prevent substantial virus transmission to
ruminants (86).

C. sonorensis has also been recorded in parts of Canada, and
BTV has periodically and transiently incurred in the Okanagan
Valley, British Columbia, though these outbreaks appeared to
be seasonal introductions without evidence of overwintering
(87, 88). More recently, C. sonorensiswas identified in Ontario on
multiple farms during consecutive years (2013–14), suggesting
established, overwintering populations (79). The discovery of C.
sonorensis in Ontario was quickly followed in 2015 by the first
recorded case of BTV in Canada outside of the Okanagan Valley,
in an animal near where midges were collected (88). Although
Canada was previously thought to be unable to support persistent
C. sonorensis populations, the discovery of both virus and vector
in Ontario suggests that a changing climate may be allowing a
northward expansion of the disease.

TRANSMISSION

Inter-seasonality and Maintenance of Virus

in Seasonally Enzootic Regions
The primary route of BTV transmission to its vertebrate
(ruminant) host is through the bites of virus-infected
hematophagous Culicoides midges which serve as biological
vectors of the virus (5, 39, 58, 65). Although BTV is transmitted
between ruminants in tropical regions throughout the year,
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infection is distinctly seasonal in temperate areas where the
vast majority of infections occur during the late summer and
autumn months (3, 76, 89–91). The virus largely disappears
from resident ruminants in much of the Northern Hemisphere
between early winter until mid-summer (mid-November until
at least late July) (39). The precise mechanism of this highly
seasonal nature of annual BTV infection remains poorly defined,
including the relative contributions of animals and insects to the
process of “over-wintering” (92). Even in subtropical regions
of the US, C. sonorensis population density is seasonal, with
peaks in mid to late summer and low abundance during the
winter (93, 94). In these areas, Culicoides populations may
persist trans-seasonally as long-lived adults with potentially
some continued reproduction. Recent studies in California
have confirmed the presence in mid-winter of BTV-infected
parous female Culicoides midges without concurrent infection
of adjacent sentinel cattle, suggesting that vectors infected in
the prior seasonal period of transmission might sustain BTV
throughout the over-wintering period in seasonally enzootic
areas (93). Adult midges could survive for long periods during
the winter months in farm buildings, or other habitats such
as tree holes and vegetation, sporadically re-surfacing to feed
on hosts or nectars from plant sources (93, 95). In temperate
enzootic zones, like Colorado, freezing winter temperatures
preclude adult activity, and it is thought that in these areas,
C. sonorensis populations persist as overwintering larvae (81).
However, laboratory experiments have shown that eggs are the
most cold-tolerant life stage (96), and are also highly desiccation
tolerant (97), suggesting that they may be the true overwintering
stage. Although eggs may be how the vector persists, they are
unlikely to be how the virus persists. Despite a single report of
BTV RNA being detected in field-collected C. sonorensis larvae
in the north-central US, subsequent studies have been unable
to recover either RNA or live virus from Culicoides larvae, and
transovarial transmission of virus has not been described in
Culicoides spp. (98, 99).

Although the bite of infected Culicoides remains the primary
source of BTV infection, transmission of BTV can occur
independent of the vector. Some of the novel, small ruminant
BTV strains (BTV-25, BTV-26, BTV-27) may be transmitted
by contact (horizontally) without the involvement of Culicoides
midges (100–102). Oral BTV infection of both ruminant livestock
and wild and zoo carnivores has been described, including
infection of calves by infectious colostrum (103–106). Vertical
transmission of BTV in animals has been described, in particular
with live-attenuated BTV and European BTV-8 vaccine strains
(107–109). Lastly, the movement of BTV-infected animals may
be responsible for translocation of BTV; however, these events
are only relevant if the local vector population is competent and
capable of transmitting the virus.

ECOLOGICAL DRIVERS OF BTV

TRANSMISSION

The dynamics of BTV transmission in multi-host ruminant
systems are complex (110, 111), particularly with the additional

complication of one or more vector species with heterogeneous
host feeding preferences and contact rates (112, 113). Vertebrate
host communities are variable in space and dynamic in time,
making it particularly difficult to generalize about the impacts of
host community structure on pathogen transmission. There may
also be potential to confuse effects of host density and diversity
on transmission given inherent challenges associated with
experiments that have been performed to address effects of host
diversity on pathogen transmission (110, 111). This ecological
context is especially rich with arboviruses, which are subject to
selective pressures in multiple host species and experience an
environmentally sensitive stage in ectothermic vectors.

Vertebrate Host
Culicoides feeding can cause physiologic and immunologic
responses in mouse models resulting in the recruitment of
leukocytic cells to bite sites (114). Recruitment of susceptible
cell populations to the position of deposited virus occurs within
hours of feeding and may explain a single infected midge’s ability
to transmit BTV to naive sheep with an efficiency of 80–100%
(114, 115). BTV preferentially infects endothelial cells that line
the walls of blood vessels, mononuclear phagocytic cells, and
dendritic cells (114). After replication, BTV is released into
the bloodstream where it interacts with blood cells (platelets,
erythrocytes). Due to the intimate association of BTV with
ruminant erythrocytes, viremia can be prolonged and is critical
for transmission of the virus to susceptible Culicoides vectors via
contaminated blood meals (116–118).

Virus-mediated damage to endothelial cells leads to vascular
thrombosis, infarction of the tissue, necrosis, and hemorrhage
(117, 119). The lesions of bluetongue are characterized
by coronitis and laminitis, mucosal erosions, myonecrosis,
subcutaneous and fascial edema, gastrointestinal ulceration,
pulmonary edema, pericardial effusion, hemorrhage, ecchymoses
and petechiae, and coagulopathy, among other features (38, 116).
All ruminants are susceptible to BTV infection, but the most
severely affected are sheep of European breeds (38). Bluetongue
may also occur in other domestic and wild ruminant species (e.g.,
bighorn sheep, white-tailed deer, pronghorn, etc.), but severe
clinical BT was rarely described in cattle prior to the 2008 BTV-
8 epizootic in Europe (120, 121). Within enzootic regions such
as the US, disease tends to be subclinical although sporadic
epizootics have occurred. The most significant epizootic reported
within the last two decades occurred throughout southern
Montana and Wyoming during November of 2007 (122). Over
three-hundred domestic sheep died as the result of BTV-17
infection that also affected wildlife populations of pronghorn
antelope, white-tailed deer, and mule deer (122).

The ability for BTV to result in an epizootic requires the
virus to overcome significant barriers. Aside from a susceptible
host’s physical presence, BTV needs to evade the ruminant host’s
adaptive and innate immune responses. Infected animals respond
with interferon production to BTV infection, and both humoral
and cell-mediated immune responses (123). The VP2 outer
capsid protein induces serotype-specific neutralizing antibodies
and provides protection against reinfection with homologous
virus serotypes with minimal cross reactivity between serotypes
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(124–126). Such antibodies are detected about 2 weeks after
natural infection and can last for up to 4–6 years (106, 127).
Once an animal has developed immunologic memory to BTV
serotypes circulating within a region, herd immunity can provide
a limitation for viral infection and should be considered during
epidemiologic investigations and surveillance strategies.

BTV’s intimate association with erythrocytes facilitates both
sustained ruminant infection and infection of Culicoides vectors
that feed on viremic ruminants (128). With regards to disease
ecology, this unique feature inevitably determines its potential for
enzootic stability and geographic spread. The duration of viremia
is highly variable among different ruminant species. Although
the duration of viremia in cattle ranges from 7 to 63 days
based on virus isolation, the maximum duration in other wild
ruminants has varied by species: 17 days in blesbok (Damaliscus
dorcas); 41 days in bison (Bison bison); 22–28 days in white-
tailed deer (Odocoileus virginianus);10 days in North American
elk (Cervus elaphus), and 35 days in mountain ganzelle (Gazella
gazella) (118, 129–131). The variability in duration of viremia
reported in these species can depend on the virus serotype, blood
fraction examined, and virus detection system used. Ultimately,
the duration of viremia in BTV-infected ruminants that is
infectious to vector insects is a prerequisite to understanding
disease transmission and ecology.

Invertebrate Host
After BTV-infected ruminant blood is ingested by a competent
female Culicoides midge, it passes with the blood meal into
the lumen of the hind portion of the midgut. From there, the
virus must pass several epithelial tissue infection and escape
barriers to infect, disseminate within, and be transmitted by
the insect. In the midgut, viral infection and multiplication
occurs in the mesenteronal cells, followed by release of progeny
virus into the hemocoel (dissemination). Recent studies have
identified a functional response to RNAi in KC cells derived from
C. sonorensis which are successful in inhibiting BTV infection
(132). While other studies have demonstrated that putative RNAi
pathway members exist in C. sonorensis, it is unclear how these
interactions limit viral replication within the invertebrate host
(133). Successful release of BTV into the hemocoel allows for
transit and subsequent multiplication in multiple tissues and
organs. In a disseminated infection, BTV infects nearly every
tissue in the insect’s body, with the exception of the reproductive
tissues, and this likely explains the lack of observed vertical
transmission in Culicoides (99). Infection of the salivary glands,
and escape into the salivary gland lumen, is required before the
vector can transmit BTV to a susceptible vertebrate host during
blood feeding. The time required to achieve this cycle is called the
extrinsic incubation period (EIP), and lasts, on average, between
1 and 2 weeks, but the range can vary substantially depending on
environmental conditions (primarily temperature) (99).

ENVIRONMENTAL INFLUENCES

As with all vector-borne diseases, the natural transmission cycle
of BTV is dependent on relationships between the pathogen
(BTV), vector (Culicoides spp.), and host (ruminant). Many

of these interactions can be influenced by environmental and
anthropogenic factors (134). A mathematical quantity known
as vectorial capacity has been established to better estimate the
relative capability of a vector population to transmit a pathogen
to a population of susceptible hosts (135–137). This quantity is
defined as:

C =

ma2Vpn

−lnp
,

where C = vectorial capacity, m = vector-host ratio, a = bites
per vector per day, V = vector competence (suitability of the
vector population for pathogen infection and transmission), p
= the daily probability of survival of the vector, and n =

the extrinsic incubation of the pathogen (136). An important
limitation of this formulation is that, in reality, its components
are altered by fluctuating environmental factors. Due to the
complexity of the factors that influence vectorial capacity, few
studies have attempted to calculate it based on field data for any
pathogen. Gerry et al. (136) estimated the vectorial capacity of C.
sonorensis on a southern California dairy farm by experimentally
measuring all components of the equation in the field. Their
model was predictive of sentinel calf seroconversions in 2 of 3
years. Different components of the vectorial capacity equation
may be more or less influential in the outcome in different
vector-pathogen systems. For BTV, host biting rate may have
the greatest effect on vectorial capacity and is heavily influenced
by temperature (136).

While a variety of factors (humidity, food quality, and adult
body size) can influence seasonal activity of C. sonorensis,
temperature remains one of the most predictable variables
in determining fluctuations of the total population (87, 136,
138). Within temperate regions such as North America, the
greatest abundance of adult C. sonorensis populations occurs
with temperatures ranging from 28 to 30◦C (77, 94, 139, 140).
Temperature affects the daily survival probability, p, the biting
rate, a, and the ratio of vectors to hosts, m, through shorter
generation times. A four-degree increase in temperature (13–
17◦C) was associated with a 5 day decrease in egg development
time. Fecundity in females held at 13◦C was also significantly
lower than in females held at temperatures of 17◦C or higher
(141). The increase in reproductive output associated with higher
temperatures is somewhat offset by a decrease in daily survival
at temperatures above 20◦C (142, 143). However, it is important
to note that the environmental air temperature measured in the
field may not be equivalent to the actual temperature experienced
by midges. Culicoides are crepuscular insects and likely rest in
shaded or otherwise protected locations during the heat of the
day, and the temperature in these microhabitats may be much
lower than the overall air temperature. The number of adults
generated per season is also dependent on the development and
survival of immature midges, which are sensitive and directly
related to temperature (144).

Vector Survivorship and Larval

Development
As with adult midges, warmer temperatures reduce the time of
development for the four larval instar stages allowing pupae to
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emerge at a faster rate. Increasing the temperature from 20 to
30◦C reduced C. variipenniis larval development time from first
instar to pupation by 9.0 days for a New York population (141)
and 17.8 days for a Virginia population (145), but the speed of
emergence during warmer conditions compromises the size and
fecundity of newly emergent female Culicoides (141, 145). Small
body size is also associated with a higher susceptibility to viral
infection in mosquitoes (146).

Recent studies have identified that habitat suitability for C.
sonorensis is associated with a number of biotic factors including
temperature, land use, distribution of hosts, and Normalized
Vegetation Index (23, 27, 29, 147). However, the relationship
of these variables to C. sonorensis populations remains poorly
defined in North America. Additional environmental factors that
support larval populations of C. sonorensis include standing or
slow-moving, sunlight-exposed aquatic environments, especially
those contaminated with manure (148, 149). C. sonorensis
larval habitats commonly have higher salinity concentrations
than those of C. variipennis (148). Dramatic fluctuations in
precipitation can indirectly affect the development of immature
C. sonorensis by providing alterations in breeding habitat, but
temperature remains the most influential factor affecting their
development rates (150, 151). While C. sonorensis is typically
associated with man-made livestock habitats, the putative BTV
vectors in the southeast US (e.g., C. stellifer and C. insignis) are
often found in sylvatic environments. Studies on the ecology of
other BTV vectors in North America are far less numerous than
those on C. sonorensis, but recent work indicates that standing
water and stream margins support the development of species
such as C. hematopotus, C. stellifer, and C. venustus (152).

Vector Competence to BTV
Vector competence of adult midges is genetically determined
but environmentally influenced. Susceptibility to BTV infection
is specific and may vary between Culicoides species, serotype of
BTV ingested, or even geographical populations of Culicoides
of the same species (153). The infection and dissemination
process can be complicated by genetic (midgut infection and
escape barriers) or temperature influences (148, 154). For
example, optimal BTV transmission by C. sonorensis occurs
at high temperatures 27–30◦C, whereas the virus is unable
to develop at temperatures below 14–15◦C. As temperatures
increase, virogenesis increases in a competent vector (153,
155). Due to increased virogenesis at higher temperatures,
the extrinsic incubation period varies dramatically based on
ambient temperature fluctuations. Studies have identified that
the duration to reach peak virus titre is 4–8 days when C.
sonorensis are held at 27–30◦C, whereas it can take 16–22
days for titer to peak when held at 21◦C (91, 153). Therefore,
transmission of BTV is optimized during periods of warmer
weather, at least above a threshold level of ∼9–15◦C, when the
extrinsic incubation period has shortened sufficiently to permit
transmission within the lifespan of C. sonorensis (91, 138, 153).

Temperature may have additional effects on Culicoides
competence for BTV beyond increasing the speed of viral
replication. C. nubeculosis is considered refractory to BTV
infection under normal conditions; however, when larvae

are held at high temperatures during their development, a
proportion (∼10%) of those individuals can become infected
with African horse sickness virus as adults (156). It has been
suggested that high temperatures may damage the midgut
epithelium such that viruses are able to bypass the midgut
infection barrier and pass directly from the gut lumen into
the hemocoel, thereby allowing non-vector species to transmit
arboviruses, and that climate change may increase the frequency
of these events (157).

ANTHROPOGENIC INFLUENCES

Beyond temperature, the ecology of BTV transmission is highly
unpredictable, as many other factors can serve as drivers of
transmission. Studies have quantified the effect of measurable
parameters such as temperature, wind speed, or precipitation
on BTV transmission in invertebrate and vertebrate hosts,
but most of these studies are limited to work with a single
vector species, or used Culicoides reared in laboratory conditions
(64, 147, 158–160). While important, these studies cannot
account for the ecological interactions occurring in the field
due to anthropogenic confounders, like land use and animal
husbandry practices. These anthropogenic influences are difficult
to measure, both locally and globally, and it is challenging to
assess the tangible effect humans have had or will have on the
transmission cycle of BTV. On the largest scale, there is a great
deal of uncertainty as to how climate volatility will be either
associated or driven by anthropogenic influences altering the
dispersion of arboviral diseases (147, 161).

Many authors have suggested that pathogen-vector-host
relationships may be affected by landscape alterations that
contribute to changes in the conditions of vector breeding.
Although C. sonorensis is stereotypically considered to develop
primarily in livestock wastewater ponds, thesemidges would have
evolved to develop in more transient water sources associated
with wild ruminant species. In the plains states, C. sonorensis
larvae can be found in active bison wallows, which share features
with artificial wastewater ponds that make them appropriate for
development: gentle slopes, free from vegetation, and enriched
with animal manure (162). These wallows are temporary puddles,
and the transient nature of this resource would naturally limit
midge population sizes. Wastewater ponds, on the other hand,
are largely permanent water sources, providing excellent year-
round development sites for C. sonorensis, and encouraging high
levels of vector-host contact (140). On individual California dairy
farms, these local management/land use practices are necessary
to operate a successful and profitable business. However, these
practices also increase the processes that result in the intersection
of multiple natural and anthropogenic landscapes. Ecotones were
originally identified as specialized wildlife habitat characterized
by readily identifiable edges or transitions zones between
major types of vegetation (134, 163). Recent definitions have
described ecotones as a dynamic process where constituents of
ecological systems influence biodiversity and ecosystem function
(164). This expands the definition of ecotones as areas where
biophysical factors, biological activity, and ecological evolution
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are associated and may be intensified (164). Recent studies have
suggested that the occurrence of BT and associated Culicoides
populations could be related to either landscape features (forest,
open pasture, and areas without vegetation) or host distribution.
However, little information is provided as to a clear mechanism
by which landscape indices could influence BTV circulation (23,
147, 165, 166).

By concentrating large populations of vectors near large
populations of suitable hosts, BTV transmission is likely
intensified in livestock systems compared to normal sylvatic
cycles. This intensification provides suitable opportunities for
BTV to infect multiple vertebrate and invertebrate host species,
and genetically reassort genome segments which may lead to
increased virulence. It can be concluded then that human
activity has resulted in alterations of the spatial hierarchy of
BTV infection leading to “ecotones within ecotones” from
local habitat (enzootic California dairies) to the global biome
(Northern Europe epizootic). Two principal points remain to
be thoroughly characterized with regards to the influence of
anthropogenic factors on BTV transmission: local management
and landscape scale alterations (i.e., forest edge habitat,
wastewater lagoons), and larger scale climate alterations from
anthropogenic influences [i.e., climate change secondary to
greenhouse gas emission; (167–170)].

EPIDEMIOLOGIC SURVEILLANCE

STRATEGIES INFORMING PREDICTIVE

MODELS

Better characterization of the environmental and anthropogenic
drivers of emergence of BTV infections is clearly a prerequisite
to predicting future occurrence and distribution of the disease,
and to its control (10, 142, 171, 172). Surveillance in the
veterinary community is described as surveying the occurrence of
a disease and its status in the animal population. Entomological
surveillance for vector-borne diseases involves collecting insects
from the environment using mainly passive traps, and testing the
species most likely to be infected with the pathogen of interest
in pools of multiple individuals. Most often this is done to
obtain basic information about a disease (incidence, prevalence,
transmission, enzootic presence, and epizootic spread) required
to inform statistical analyses and ultimately guide policy makers
to make informed decisions for mitigation strategies or policy
change. Therefore, it is critical to understand the questions
driving the purpose of surveillance before designing strategies
to achieve those goals (159, 173, 174). Many countries focus
their surveillance efforts on diseases notifiable to the World
Organization for Animal Health (the OIE); however, the
collection of surveillance data, regardless of criteria for reporting,
can be an invaluable first step and critical when developing
accurate models to predict risk and assess mitigation strategies
for the future (174, 175).

Vertebrate Host
Surveillance systems utilized to monitor BTV among ruminant
hosts in North America have largely relied on disease reporting

or periodic cross sectional testing of sera from slaughter cattle
or the monitoring of hunter-killed white-tailed deer (74, 75,
122). While additional surveillance has been conducted within
individual states of the US, there are limited nationwide strategies
to account for both the temporal and spatial variation of
BTV infection among ruminants and vectors within a given
season (77, 78, 160, 176, 177). Sentinel animal surveillance,
as recommended by the OIE code, provides a useful tool in
monitoring arthropod populations and viral infection rates of
sentinel ruminant hosts in order to detect arboviral activity. The
advantage to this targeted surveillance vs. other forms of random
surveillance is the ability to act as an early warning system.
Many countries experiencing both enzootic (e.g., Australia) and
epizootic (e.g., Switzerland) cycles of infection utilize sentinel
animal surveillance as a successful monitoring tool to advise
their models for decision support and mitigation strategies [e.g.,
info-gap theory, scenario tree modeling; (173, 174, 178)].

Invertebrate Host
As with vertebrae host surveillance, one of the most critical
points in invertebrate surveillance is assessing the goals of
the program. There are many ways to categorize an insect
population but optimal trapping systems have been developed to
characterize species of insects present in a particular geographic
location in order to: (1). examine host associations of animal-
biting insects; (2). assess the seasonal activity or geographic
distribution of insect species, (3). or measure parameters
of pathogen transmission including host feeding preference,
pathogen infection prevalence, or host biting rate (bites per
host per time) (93, 154, 179–182). Animal-baited trapping
provides the most useful tool when researchers are seeking to
understand arboviral transmission in a natural ecosystem (136,
181, 183, 184). Host biting rate is of particular interest in the
transmission cycle, as one would expect that an increase in
biting rate would result in increased pathogen transmission to
susceptible hosts (136, 185). Accurate measurement of biting
rate can be difficult for hematophagous insects even when using
animal-baited aspiration methods, but these methods provide
the most accurate information in the field setting. Some rather
important limitations include enclosures or aspirations that may
trap biting insects in addition to those simply attracted to
the vicinity of the host but not feeding (186–188). Assessing
engorgement rate and parity of these species can provide
additional information with regards to feeding status, but other
complications include competition of the human collector who
stands in close proximity to the target host.

Besides the biological considerations, use of bait animals
is labor- and cost-intensive, and there are inherent risks of
injury to the handlers or animals themselves. Therefore, other
trapping devices are most often used in field surveillance. These
traps [e.g., New Jersey light trap, CDC miniature light trap,
encephalitis vector/vector surveillance (EVS) trap] are either
baited with artificial semiochemicals (e.g., CO2) or light of an
appropriate wavelength (e.g., UV), and capture a diverse subset
of the Culicoides population. However, these trap designs may
reduce the overall capture of insects at individual locations
compared to animal-baited aspiration, as observed in southern
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California, where C. sonorensis abundance was 3.7 times greater
when captured from “bait” cattle than from suction traps baited
with CO2 (136). Furthermore, subsequent studies demonstrated
that BTV field infection rates in C. sonorensis were lower in
insects collected by suction traps baited with both CO2 and
UV light vs. traps baited with CO2 alone, suggesting that light
actually repelled infected midges (184, 189). Further evaluation
of viral dissemination within C. sonorensis demonstrated strong
signal for viral deposition within the cornea and rhabdom
(189). These structures within the compound eye are responsible
for collecting and focusing light to form images; therefore, it
was hypothesized that viral damage reduced Culicoides visual
acuity, with subsequent changes in behavioral phenotypes (189).
Pathogen manipulation of C. sonorensis behavior toward visual
cues is supported by transcriptome analyses showing significant
downregulation of genes known to be involved in sensory
processes, particularly vision, after infection with EHDV, as well
as downregulation of genes associated with memory and startle
responses (190). It is unknown whether this effect is adaptive to
BTV transmission, or whether it is a side effect of disseminated
viral infection (189, 190). Therefore, the use of traps baited with
UV light may provide a poor estimate of biting rate and lead to
a misunderstanding of pathogen transmission, factors of critical
importance when modeling risk of BTV transmission.

FUTURE RESEARCH NEEDS

Host-vector-virus transmission systems are dynamic and
complex, with a variety of ecological drivers. Knowledge
of the mechanisms driving the emergence or incursion of
BTV from its natural maintenance cycle is still very limited.
Studies have reported that maintenance and distribution
of BTV is attributed to biotic factors, whereas patterns of
vector behavior and abundance are likely related to abiotic
factors (165). Understanding and defining these interactions
is critical to predicting the occurrence of BTV infection
of livestock through comprehensive determination of the
impact of these drivers on vector abundance, competence,

and vectorial capacity (87, 138, 191). Individual species of
Culicoides midges require distinct and specific conditions for
breeding, which could explain in part the increased rate of
BTV transmission within certain geographic areas (180, 192).
However, few studies to date have attempted to specifically
address how biotic and abiotic drivers of infection are related to
abundance of vectors and virus transmission among ruminants in
North America.

Many questions about bluetongue remain, in part because
of a lack of data and in part because of the overwhelming
complexity of the studies that are necessary to capture important
features of the ecology and evolution. Although data collection
and accessibility are developing, more precise data are necessary
to uncover some of the most pressing mysteries of this particular
arbovirus. Identifying mechanisms for defining interactions
among ecological drivers, host diversity, and the emerging risk
of vector-borne diseases within ruminant communities could
offer new insights into understanding the ecology of this virus.

The domestic animal-wildlife-human interface is becoming an
increasingly greater concern as a result of habitat fragmentation
and land-use change. The ultimate goal is to provide tangible
outcomes for predicting risk andmitigating vector-borne disease,
particularly in the face of climate variability. These questions
establish context for developing innovative ecological studies
linking processes across multiple scales and have the potential
to inform cost-effective, science-driven approaches to the
development of mitigation strategies.

AUTHOR CONTRIBUTIONS

CMay, EM, JK, MS, JL, CMat, MC, KR, and TP made equal
contributions to this review article.

FUNDING

This work was funded by USDA-NIFA AFRI grant # 2019-67015-
28982 as part of the joint USDA-NSF-NIH-BBSRC-BSF Ecology
and Evolution of Infectious Diseases program.

REFERENCES

1. Purse BV, Mellor PS, Rogers DJ, Samuel AR, Mertens PC, Baylis M.

Climate change and the recent emergence of bluetongue in Europe. Nat Rev

Microbiol. (2005) 3:171–81. doi: 10.1038/nrmicro1090

2. Tabachnick WJ. Climate change and the arboviruses: lessons from the

evolution of the dengue and yellow fever viruses. Annu Rev Virol. (2016)

3:125–45. doi: 10.1146/annurev-virology-110615-035630

3. Gould EA, Higgs S. Impact of climate change and other factors on

emerging arbovirus diseases. Trans R Soc Trop Med Hyg. (2009) 103:109–

21. doi: 10.1016/j.trstmh.2008.07.025

4. Mellor PS, Boorman J, Baylis M. Culicoides biting midges:

their role as arbovirus vectors. Annu Rev Entomol. (2000)

45:307–40. doi: 10.1146/annurev.ento.45.1.307

5. Gibbs EP, Greiner EC. The epidemiology of bluetongue. Comp Immunol

Microbiol Infect Dis. (1994) 17:207–20. doi: 10.1016/0147-9571(94)90044-2

6. Purse BV, Brown HE, Harrup L, Mertens PC, Rogers DJ. Invasion

of bluetongue and other orbivirus infections into Europe: the role

of biological and climatic processes. Rev Sci Tech. (2008) 27:427–

42. doi: 10.20506/rst.27.2.1801

7. Gibbs EPJ, Tabachnick WJ, Holt TJ, Stallknecht DE. U.S. concerns

over bluetongue. Science. (2008) 320:872. doi: 10.1126/science.320.58

78.872a

8. Carpenter S, Groschup MH, Garros C, Felippe-Bauer ML, Purse BV.

Culicoides biting midges, arboviruses and public health in Europe. Antivir

Res. (2013) 100:102–13. doi: 10.1016/j.antiviral.2013.07.020

9. Hateley G. Emergence and spread of Schmallenberg virus. Vet Rec. (2013)

173:139–40. doi: 10.1136/vr.f4923

10. Maclachlan NJ, Mayo CE. Potential strategies for control of

bluetongue, a globally emerging, culicoides-transmitted viral

disease of ruminant livestock and wildlife. Antivir Res. (2013)

99:79–90. doi: 10.1016/j.antiviral.2013.04.021

11. Qin S, Yang H, Zhang Y, Li Z, Lin J, Gao L, et al. Full genome sequence of the

first bluetongue virus serotype 21 (BTV-21) isolated from China: evidence

for genetic reassortment between BTV-21 and bluetongue virus serotype 16

(BTV-16). Arch Virol. (2018) 163:1379–82. doi: 10.1007/s00705-018-3718-9

Frontiers in Veterinary Science | www.frontiersin.org 8 April 2020 | Volume 7 | Article 186

https://doi.org/10.1038/nrmicro1090
https://doi.org/10.1146/annurev-virology-110615-035630
https://doi.org/10.1016/j.trstmh.2008.07.025
https://doi.org/10.1146/annurev.ento.45.1.307
https://doi.org/10.1016/0147-9571(94)90044-2
https://doi.org/10.20506/rst.27.2.1801
https://doi.org/10.1126/science.320.5878.872a
https://doi.org/10.1016/j.antiviral.2013.07.020
https://doi.org/10.1136/vr.f4923
https://doi.org/10.1016/j.antiviral.2013.04.021
https://doi.org/10.1007/s00705-018-3718-9
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Mayo et al. Ecological Dynamics of Bluetongue Virus

12. White JR, Williams DT, Wang J, Chen H, Melville LF, Davis SS, et al.

Identification and genomic characterization of the first isolate of bluetongue

virus serotype 5 detected in Australia. Vet Med Sci. (2019) 5:129–

45. doi: 10.1002/vms3.156

13. Firth C, Blasdell KR, Amos-Ritchie R, Sendow I, Agnihotri K, Boyle DB, et al.

Genomic analysis of bluetongue virus episystems in Australia and Indonesia.

Vet Res. (2017) 48:82. doi: 10.1186/s13567-017-0488-4

14. Kedmi M, Van Straten M, Ezra E, Galon N, Klement E. Assessment of the

productivity effects associated with epizootic hemorrhagic disease in dairy

herds. J Dairy Sci. (2010) 93:2486–95. doi: 10.3168/jds.2009-2850

15. Hoar BR, Carpenter TE, Singer RS, Gardner IA. Regional risk of exporting

cattle seropositive for bluetongue virus from the United States. Am J Vet Res.

(2003) 64:520–9. doi: 10.2460/ajvr.2003.64.520

16. Velthuis AGJ, Saatkamp HW, Mourits MCM, de Koeijer AA,

Elbers ARW. Financial consequences of the Dutch bluetongue

serotype 8 epidemics of 2006 and 2007. Prev Vet Med. (2010)

93:294–304. doi: 10.1016/j.prevetmed.2009.11.007

17. Tago D, Hammitt JK, Thomas A, Raboisson D. Cost assessment

of the movement restriction policy in France during the

2006 bluetongue virus episode (BTV-8). Prev Vet Med. (2014)

117:577–89. doi: 10.1016/j.prevetmed.2014.10.010

18. AHCF. Economic Impact Study of the US Horse Industry, Washington, DC:

American Horse Council Foundation (2017).

19. Cameron AR. The impact of current and proposed changes to general

guidelines on bluetongue surveillance of the Office International des

Epizooties. Vet Ital. (2004) 40:693–6.

20. Brenner J, Oura C, Asis I, Maan S, Elad D, Maan N, et al. Multiple serotypes

of bluetongue virus in sheep and cattle, Israel. Emerg Infect Dis. (2010)

16:2003–4. doi: 10.3201/eid1612.100239

21. Maclachlan NJ, Wilson WC, Crossley BM, Mayo CE, Jasperson DC,

Breitmeyer RE, et al. Novel serotype of bluetongue virus, western North

America. Emerg Infect Dis. (2013) 19:665–6. doi: 10.3201/eid1904.120347

22. Verdezoto J, Breard E, Viarouge C, Quenault H, Lucas P, Sailleau C, et al.

Novel serotype of bluetongue virus in South America and first report of

epizootic haemorrhagic disease virus in Ecuador. Transbound Emerg Dis.

(2018) 65:244–7. doi: 10.1111/tbed.12625

23. Guis H, Caminade C, Calvete C, Morse AP, Tran A, Baylis M. Modelling

the effects of past and future climate on the risk of bluetongue emergence in

Europe. J R Soc Interface. (2012) 9:339–50. doi: 10.1098/rsif.2011.0255

24. Purse BV, Nedelchev N, Georgiev G, Veleva E, Boorman J,

Denison E, et al. Spatial and temporal distribution of bluetongue

and its culicoides vectors in Bulgaria. Med Vet Entomol. (2006)

20:335–44. doi: 10.1111/j.1365-2915.2006.00636.x

25. Landis WG, Durda JL, Brooks ML, Chapman PM, Menzie CA, Stahl RG

Jr, et al. Ecological risk assessment in the context of global climate change.

Environ Toxicol Chem. (2013) 32:79–92. doi: 10.1002/etc.2047

26. Kraemer MUG, Reiner RC Jr, Brady OJ, Messina JP, Gilbert M, Pigott DM,

et al. Past and future spread of the arbovirus vectors Aedes aegypti and Aedes

albopictus. Nat Microbiol. (2019) 4:854–63. doi: 10.1038/s41564-019-0376-y

27. Rigot T, Drubbel MV, Delécolle J-C, Gilbert M. Farms, pastures and

woodlands: the fine-scale distribution of Palearctic Culicoides spp. biting

midges along an agro-ecological gradient. Med Vet Entomol. (2013) 27:29–

38. doi: 10.1111/j.1365-2915.2012.01032.x

28. Nicolas G, Tisseuil C, Conte A, Allepuz A, Pioz M, Lancelot R, et al.

Environmental heterogeneity and variations in the velocity of bluetongue

virus spread in six European epidemics. Prev Vet Med. (2018) 149:1–

9. doi: 10.1016/j.prevetmed.2017.11.005

29. Chanda MM, Carpenter S, Prasad G, Sedda L, Henrys PA, Gajendragad

MR, et al. Livestock host composition rather than land use or climate

explains spatial patterns in bluetongue disease in South India. Sci Rep. (2019)

9:4229. doi: 10.1038/s41598-019-40450-8

30. Maan S, Maan NS, Nomikou K, Batten C, Antony F, Belaganahalli MN,

et al. Novel bluetongue virus serotype from Kuwait. Emerg Infect Dis. (2011)

17:886–9. doi: 10.3201/eid1705.101742

31. Mertens PP, Brown F, Sangar DV. Assignment of the genome segments of

bluetongue virus type 1 to the proteins which they encode. Virology. (1984)

135:207–17. doi: 10.1016/0042-6822(84)90131-4

32. Patel A, Roy P. The molecular biology of Bluetongue virus replication. Virus

Res. (2014) 182:5–20. doi: 10.1016/j.virusres.2013.12.017

33. Ratinier M, Caporale M, Golder M, Franzoni G, Allan K, Nunes

SF, et al. Identification and characterization of a novel non-

structural protein of bluetongue virus. PLoS Pathog. (2011)

7:e1002477. doi: 10.1371/journal.ppat.1002477

34. DeMaula CD, Bonneau KR, James MacLachlan N. Changes in

the outer capsid proteins of bluetongue virus serotype ten that

abrogate neutralization by monoclonal antibodies. Virus Res. (2000)

67:59–66. doi: 10.1016/S0168-1702(00)00130-1

35. Huismans H, Erasmus BJ. Identification of the serotype-specific and group-

specific antigens of bluetongue virus. Onderstepoort J Vet Res. (1981) 48:51–

8.

36. Huismans H, van der Walt NT, Cloete M, Erasmus BJ. Isolation of a capsid

protein of bluetongue virus that induces a protective immune response in

sheep. Virology. (1987) 157:172–9. doi: 10.1016/0042-6822(87)90326-6

37. Maan NS, Maan S, Belaganahalli MN, Ostlund EN, Johnson DJ, Nomikou

K, et al. Identification and differentiation of the twenty six bluetongue virus

serotypes by RT-PCR amplification of the serotype-specific genome segment

2. PLoS ONE. (2012) 7:e32601. doi: 10.1371/journal.pone.0032601

38. Verwoerd DW, Erasmus BJ. Bluetongue. In: Coetzer JAW, Tustin RC,

editors. Diseases of Livestock. 2nd ed. Cape Town, South Africa: Oxford

University Press (2004). p. 1201–20.

39. Maclachlan NJ. Bluetongue: history, global epidemiology, and pathogenesis.

Prev Vet Med. (2011) 102:107–111. doi: 10.1016/j.prevetmed.2011.04.005

40. Maclachlan NJ. Global implications of the recent emergence of bluetongue

virus in Europe. Vet Clin North Am Food Anim Pract. (2010) 26:163–

71. doi: 10.1016/j.cvfa.2009.10.012

41. Savini G, Puggioni G, Meloni G, Marcacci M, Di Domenico M, Rocchigiani

AM, et al. Novel putative Bluetongue virus in healthy goats from Sardinia,

Italy. Infect Genet Evol. (2017) 51:108–17. doi: 10.1016/j.meegid.2017.03.021

42. Schulz C, Bréard E, Sailleau C, Jenckel M, Viarouge C, Vitour D,

et al. Bluetongue virus serotype 27: detection and characterization of

two novel variants in Corsica, France. J Gen Virol. (2016) 97:2073–

83. doi: 10.1099/jgv.0.000557

43. Bonneau KR, Mullens BA, MacLachlan NJ. Occurrence of genetic

drift and founder effect during quasispecies evolution of the

VP2 and NS3/NS3A genes of bluetongue virus upon passage

between sheep, cattle, and Culicoides sonorensis. J Virol. (2001)

75:8298–305. doi: 10.1128/JVI.75.17.8298-8305.2001

44. He C-Q, Ding N-Z, He M, Li S-N, Wang X-M, He H-B, et al. Intragenic

recombination as a mechanism of genetic diversity in bluetongue virus. J

Virol. (2010) 84:11487–95. doi: 10.1128/JVI.00889-10

45. Balasuriya UBR, Nadler SA, Wilson WC, Pritchard LI, Smythe AB, Savini

G, et al. The NS3 proteins of global strains of bluetongue virus evolve into

regional topotypes through negative (purifying) selection. Vet Microbiol.

(2008) 126:91–100. doi: 10.1016/j.vetmic.2007.07.006

46. Nomikou K, Hughes J, Wash R, Kellam P, Breard E, Zientara S,

et al. Widespread reassortment shapes the evolution and epidemiology

of Bluetongue virus following European invasion. PLoS Pathog. (2015)

11:e1005056. doi: 10.1371/journal.ppat.1005056

47. Caporale M, Di Gialleonorado L, Janowicz A, Wilkie G, Shaw A, Savini G,

et al. Virus and host factors affecting the clinical outcome of Bluetongue virus

infection. J Virol. (2014) 88:10399–411. doi: 10.1128/JVI.01641-14

48. Shaw AE, Ratinier M, Nunes SF, Nomikou K, Caporale M, Golder M,

et al. Reassortment between two serologically unrelated bluetongue virus

strains is flexible and can involve any genome segment. J Virol. (2013)

87:543–57. doi: 10.1128/JVI.02266-12

49. Jacquot M, Rao PP, Yadav S, Nomikou K, Maan S, Jyothi YK,

et al. Contrasting selective patterns across the segmented genome of

bluetongue virus in a global reassortment hotspot. Virus Evol. (2019)

5:vez027. doi: 10.1093/ve/vez027

50. Gaudreault NN, Mayo CE, Jasperson DC, Crossley BM, Breitmeyer RE,

Johnson DJ, et al. Whole genome sequencing and phylogenetic analysis

of Bluetongue virus serotype 2 strains isolated in the Americas including

a novel strain from the western United States. J Vet Diagn Invest. (2014)

26:553–7. doi: 10.1177/1040638714536902

Frontiers in Veterinary Science | www.frontiersin.org 9 April 2020 | Volume 7 | Article 186

https://doi.org/10.1002/vms3.156
https://doi.org/10.1186/s13567-017-0488-4
https://doi.org/10.3168/jds.2009-2850
https://doi.org/10.2460/ajvr.2003.64.520
https://doi.org/10.1016/j.prevetmed.2009.11.007
https://doi.org/10.1016/j.prevetmed.2014.10.010
https://doi.org/10.3201/eid1612.100239
https://doi.org/10.3201/eid1904.120347
https://doi.org/10.1111/tbed.12625
https://doi.org/10.1098/rsif.2011.0255
https://doi.org/10.1111/j.1365-2915.2006.00636.x
https://doi.org/10.1002/etc.2047
https://doi.org/10.1038/s41564-019-0376-y
https://doi.org/10.1111/j.1365-2915.2012.01032.x
https://doi.org/10.1016/j.prevetmed.2017.11.005
https://doi.org/10.1038/s41598-019-40450-8
https://doi.org/10.3201/eid1705.101742
https://doi.org/10.1016/0042-6822(84)90131-4
https://doi.org/10.1016/j.virusres.2013.12.017
https://doi.org/10.1371/journal.ppat.1002477
https://doi.org/10.1016/S0168-1702(00)00130-1
https://doi.org/10.1016/0042-6822(87)90326-6
https://doi.org/10.1371/journal.pone.0032601
https://doi.org/10.1016/j.prevetmed.2011.04.005
https://doi.org/10.1016/j.cvfa.2009.10.012
https://doi.org/10.1016/j.meegid.2017.03.021
https://doi.org/10.1099/jgv.0.000557
https://doi.org/10.1128/JVI.75.17.8298-8305.2001
https://doi.org/10.1128/JVI.00889-10
https://doi.org/10.1016/j.vetmic.2007.07.006
https://doi.org/10.1371/journal.ppat.1005056
https://doi.org/10.1128/JVI.01641-14
https://doi.org/10.1128/JVI.02266-12
https://doi.org/10.1093/ve/vez027
https://doi.org/10.1177/1040638714536902
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Mayo et al. Ecological Dynamics of Bluetongue Virus

51. Schirtzinger EE, Jasperson DC, Ostlund EN, Johnson DJ,WilsonWC. Recent

US bluetongue virus serotype 3 isolates found outside of Florida indicate

evidence of reassortment with co-circulating endemic serotypes. J Gen Virol.

(2018) 99:157–68. doi: 10.1099/jgv.0.000965

52. McDonald SM, Patton JT. Assortment and packaging of

the segmented rotavirus genome. Trends Microbiol. (2011)

19:136–44. doi: 10.1016/j.tim.2010.12.002

53. McVey DS, MacLachlan NJ. Vaccines for prevention of Bluetongue and

epizootic hemorrhagic disease in livestock: a North American perspective.

Vector Borne Zoonotic Dis. (2015) 15:385–96. doi: 10.1089/vbz.2014.1698

54. Osburn BI, de Mattos CA, de Mattos CC, MacLachlan NJ. Bluetongue

disease and the molecular epidemiology of viruses from the Western

United States. Comp Immunol Microbiol Infect Dis. (1996) 19:181–

90. doi: 10.1016/0147-9571(96)00003-3

55. Ferrari G, De Liberato C, Scavia G, Lorenzetti R, Zini M, Farina F,

et al. Active circulation of bluetongue vaccine virus serotype-2 among

unvaccinated cattle in central Italy. Prev Vet Med. (2005) 68:103–

13. doi: 10.1016/j.prevetmed.2004.11.011

56. Batten CA, Bachanek-Bankowska K, Bin-Tarif A, Kgosana L, Swain AJ,

Corteyn M, et al. Bluetongue virus: European Community inter-laboratory

comparison tests to evaluate ELISA and RT-PCR detection methods. Vet

Microbiol. (2008) 129:80–8. doi: 10.1016/j.vetmic.2007.11.005

57. Van den Bergh C, Coetzee P, Venter EH. Reassortment of bluetongue

virus vaccine serotypes in cattle. J S Afr Vet Assoc. (2018) 89:e1–

e7. doi: 10.4102/jsava.v89i0.1649

58. Purse BV, Carpenter S, Venter GJ, Bellis G, Mullens BA. Bionomics

of temperate and tropical Culicoides midges: knowledge gaps and

consequences for transmission of Culicoides-borne viruses. Annu

Rev Entomol. (2015) 60:373–92. doi: 10.1146/annurev-ento-0108

14-020614

59. Eagles D, Walker PJ, Zalucki MP, Durr PA. Modelling spatio-temporal

patterns of long-distance Culicoides dispersal into northern Australia. Prev

Vet Med. (2013) 110:312–22. doi: 10.1016/j.prevetmed.2013.02.022

60. González M, López S, Mullens BA, Baldet T, Goldarazena A. A survey of

Culicoides developmental sites on a farm in northern Spain, with a brief

review of immature habitats of European species. Vet Parasitol. (2013)

191:81–93. doi: 10.1016/j.vetpar.2012.08.025

61. Harrup LE, Purse BV, Golding N, Mellor PS, Carpenter S.

Larval development and emergence sites of farm-associated

Culicoides in the United Kingdom. Med Vet Entomol. (2013)

27:441–9. doi: 10.1111/mve.12006

62. Beerenwinkel N, Zagordi O. Ultra-deep sequencing for the

analysis of viral populations. Curr Opin Virol. (2011) 1:413–

8. doi: 10.1016/j.coviro.2011.07.008

63. Manske M, Miotto O, Campino S, Auburn S, Almagro-Garcia J, Maslen

G, et al. Analysis of Plasmodium falciparum diversity in natural infections

by deep sequencing. Nature. (2012) 487:375–9. doi: 10.1038/nature

11174

64. Gloster J, Burgin L, Witham C, Athanassiadou M, Mellor PS. Bluetongue in

the United Kingdom and northern Europe in 2007 and key issues for 2008.

Vet Rec. (2008) 162:298–302. doi: 10.1136/vr.162.10.298

65. Saegerman C, Berkvens D, Mellor PS. Bluetongue epidemiology

in the European Union. Emerg Infect Dis. (2008) 14:539–

44. doi: 10.3201/eid1404.071441

66. Mellor PS, Carpenter S, Harrup L, Baylis M, Mertens PPC. Bluetongue in

Europe and the Mediterranean Basin: history of occurrence prior to 2006.

Prev Vet Med. (2008) 87:4–20. doi: 10.1016/j.prevetmed.2008.06.002

67. Pascall DJ, Nomikou K, Bréard E, Zientara S, da Silva Filipe A,

Hoffmann B, et al. Evolutionary stasis of an RNA virus indicates

arbovirus re-emergence triggered by accidental release. bioRxiv [preprint].

(2019). doi: 10.1101/2019.12.11.872705

68. Seo H-J, Park J-Y, Cho YS, Cho I-S, Yeh J-Y. First report of Bluetongue

virus isolation in the Republic of Korea and analysis of the complete

coding sequence of the segment 2 gene. Virus Genes. (2015) 50:156–

9. doi: 10.1007/s11262-014-1140-2

69. Coetzee P, Stokstad M, Venter EH, Myrmel M, Van Vuuren M. Bluetongue:

a historical and epidemiological perspective with the emphasis on South

Africa. Virol J. (2012) 9:198. doi: 10.1186/1743-422X-9-198

70. MacLachlan NJ, Osburn BI. Impact of bluetongue virus infection

on the international movement and trade of ruminants. J Am

Vet Med Assoc. (2006) 228:1346–9. doi: 10.2460/javma.228.

9.1346

71. Barber TL. Temporal appearance, geographic distribution, and species of

origin of bluetongue virus serotypes in the United States. Am J Vet Res.

(1979) 40:1654–6.

72. Gibbs EP, Greiner EC, TaylorWP, Barber TL, House JA, Pearson JE. Isolation

of bluetongue virus serotype 2 from cattle in Florida: serotype of bluetongue

virus hitherto unrecognized in the Western Hemisphere. Am J Vet Res.

(1983) 44:2226–8.

73. Dargatz D, Akin K, Green A, Herrero M, Holland S, Kane A, et al.

Bluetongue surveillance methods in the United States of America. Vet Ital.

(2004) 40:182–3.

74. Ostlund EN, Moser KM, Johnson DJ, Pearson JE, Schmitt BJ. Distribution

of bluetongue in the United States of America, 1991–2002. Vet Ital.

(2004) 40:83–8.

75. Metcalf HE, Pearson JE, Klingsporn AL. Bluetongue in cattle: a serologic

survey of slaughter cattle in the United States. Am J Vet Res. (1981) 42:1057–

61.

76. Osburn BI, McGowan B, Heron B, Loomis E, Bushnell R, Stott J, et al.

Epizootiologic study of bluetongue: virologic and serologic results. Am J Vet

Res. (1981) 42:884–7.

77. Stott JL, Osburn BI, Bushnell R, Loomis EC, Squire KR. Epizootiological

study of bluetongue virus infection in California livestock: an overview. Prog

Clin Biol Res. (1985) 178:571–82.

78. Uhaa IJ, Riemann HP, Thurmond MC, Franti CE. A seroepidemiological

study on bluetongue virus in dairy cattle in the central valley of

California. Vet Res Commun. (1990) 14:99–112. doi: 10.1007/BF003

67058

79. Stallknecht DE, Lisa Kellogg M, Blue JL, Pearson JE. Antibodies

to Bluetongue and epizootic hemorrhagic disease viruses in a

barrier island white-tailed deer population. J Wildl Dis. (1991)

27:668–74. doi: 10.7589/0090-3558-27.4.668

80. Price DA, Hardy WT. Isolation of the bluetongue virus from Texas sheep-

Culicoides shown to be a vector. J Am Vet Med Assoc. (1954) 124:255–8.

81. Tabachnick WJ. Culicoides variipennis and bluetongue-virus

epidemiology in the United States. Annu Rev Entomol. (1996)

41:23–43. doi: 10.1146/annurev.en.41.010196.000323

82. Tabachnick WJ. Culicoides and the global epidemiology of bluetongue virus

infection. Vet Ital. (2004) 40:144–50.

83. Smith KE, Stallknecht DE. Culicoides (Diptera:Ceratopogonidae) collected

during epizootics of hemorrhagic disease among captive white-tailed deer. J

Med Entomol. (1996) 33:507–10. doi: 10.1093/jmedent/33.3.507

84. McGregor BL, Sloyer KE, Sayler KA, Goodfriend O, Krauer JMC, Acevedo

C, et al. Field data implicating Culicoides stellifer and Culicoides venustus

(Diptera: Ceratopogonidae) as vectors of epizootic hemorrhagic disease

virus. Parasit Vectors. (2019) 12:258. doi: 10.1186/s13071-019-3514-8

85. Mullens BA, Owen JP, Heft DE, Sobeck RV. Culicoides and other biting flies

on the Palos Verdes Peninsula of Southern California, and their possible

relationship to equine dermatitis. J Am Mosq Control Assoc. (2005) 21:90–5.

doi: 10.2987/8756-971X(2005)21[90:CAOBFO]2.0.CO;2

86. Vangeneugden T, Laenen A, Geys H, Renard D, Molenberghs G.

Applying linear mixed models to estimate reliability in clinical trial

data with repeated measurements. Control Clin Trials. (2004) 25:13–

30. doi: 10.1016/j.cct.2003.08.009

87. Lysyk TJ. Seasonal abundance, parity, and survival of adult

Culicoides sonorensis (Diptera: Ceratopogonidae) in southern Alberta,

Canada. J Med Entomol. (2007) 44:959–69. doi: 10.1603/0022-

2585(2007)44[959:SAPASO]2.0.CO;2

88. Jewiss-Gaines A, Barelli L, Hunter FF. First records of Culicoides

sonorensis (Diptera: Ceratopogonidae), a known vector of

Bluetongue virus, in Southern Ontario. J Med Entomol. (2017)

54:757–62. doi: 10.1093/jme/tjw215

89. Spreull J. Malarial catarrhal fever (Bluetongue) of sheep in South Africa. J

Comp Pathol Ther. (1905) 18:321–37. doi: 10.1016/S0368-1742(05)80073-6

90. Nevill EM. Cattle and Culicoides biting midges as possible overwintering

hosts of bluetongue virus. Onderstepoort J Vet Res. (1971) 38:65–71.

Frontiers in Veterinary Science | www.frontiersin.org 10 April 2020 | Volume 7 | Article 186

https://doi.org/10.1099/jgv.0.000965
https://doi.org/10.1016/j.tim.2010.12.002
https://doi.org/10.1089/vbz.2014.1698
https://doi.org/10.1016/0147-9571(96)00003-3
https://doi.org/10.1016/j.prevetmed.2004.11.011
https://doi.org/10.1016/j.vetmic.2007.11.005
https://doi.org/10.4102/jsava.v89i0.1649
https://doi.org/10.1146/annurev-ento-010814-020614
https://doi.org/10.1016/j.prevetmed.2013.02.022
https://doi.org/10.1016/j.vetpar.2012.08.025
https://doi.org/10.1111/mve.12006
https://doi.org/10.1016/j.coviro.2011.07.008
https://doi.org/10.1038/nature11174
https://doi.org/10.1136/vr.162.10.298
https://doi.org/10.3201/eid1404.071441
https://doi.org/10.1016/j.prevetmed.2008.06.002
https://doi.org/10.1101/2019.12.11.872705
https://doi.org/10.1007/s11262-014-1140-2
https://doi.org/10.1186/1743-422X-9-198
https://doi.org/10.2460/javma.228.9.1346
https://doi.org/10.1007/BF00367058
https://doi.org/10.7589/0090-3558-27.4.668
https://doi.org/10.1146/annurev.en.41.010196.000323
https://doi.org/10.1093/jmedent/33.3.507
https://doi.org/10.1186/s13071-019-3514-8
https://doi.org/10.2987/8756-971X(2005)21[90:CAOBFO]2.0.CO;2
https://doi.org/10.1016/j.cct.2003.08.009
https://doi.org/10.1603/0022-2585(2007)44[959:SAPASO]2.0.CO;2
https://doi.org/10.1093/jme/tjw215
https://doi.org/10.1016/S0368-1742(05)80073-6
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Mayo et al. Ecological Dynamics of Bluetongue Virus

91. Wittmann EJ, Mello PS, Baylis M. Effect of temperature on the transmission

of orbiviruses by the biting midge, Culicoides sonorensis. Med Vet Entomol.

(2002) 16:147–56. doi: 10.1046/j.1365-2915.2002.00357.x

92. Mayo C, Mullens B, Gibbs EP, MacLachlan NJ. Overwintering

of Bluetongue virus in temperate zones. Vet Ital. (2016)

52:243–6. doi: 10.12834/VetIt.521.2473.3

93. Mayo CE, Mullens BA, Reisen WK, Osborne CJ, Gibbs EPJ, Gardner IA,

et al. Seasonal and interseasonal dynamics of Bluetongue virus infection

of dairy cattle and Culicoides sonorensis midges in Northern California -

implications for virus overwintering in temperate zones. PLoS ONE. (2014)

9:e106975. doi: 10.1371/journal.pone.0106975

94. Gerry AC, Mullens BA. Seasonal abundance and survivorship of Culicoides

sonorensis (Diptera: Ceratopogonidae) at a Southern California dairy, with

reference to potential Bluetongue virus transmission and persistence. J Med

Entomol. (2000) 37:675–88. doi: 10.1603/0022-2585-37.5.675

95. Kettle DS, Linley JR. The biting habits of some Jamaican

Culicoides. II. C. furens (Poey). B Entomol Res. (1969) 59:1–

20. doi: 10.1017/S0007485300002984

96. McDermott EG, Mayo CE, Mullens BA. Low temperature tolerance of

Culicoides sonorensis (Diptera: Ceratopogonidae) eggs, larvae, and pupae

from temperate and subtropical climates. J Med Entomol. (2016) 54:264–

74. doi: 10.1093/jme/tjw190

97. McDermott EG,Mullens BA. Desiccation tolerance in the eggs of the primary

North American Bluetongue virus vector, Culicoides sonorensis (Diptera:

Ceratopogonidae), and implications for vector persistence. J Med Entomol.

(2014) 51:1151–8. doi: 10.1603/ME14049

98. White DM. Studies on overwintering of bluetongue viruses in insects. J Gen

Virol. (2005) 86:453–62. doi: 10.1099/vir.0.80290-0

99. Osborne CJ, Mayo CE, Mullens BA, McDermott EG, Gerry AC, Reisen WK,

et al. Lack of evidence for laboratory and natural vertical transmission of

Bluetongue virus in Culicoides sonorensis (Diptera: Ceratopogonidae). J Med

Entomol. (2015) 52:274–7. doi: 10.1093/jme/tju063

100. Chaignat V, Worwa G, Scherrer N, Hilbe M, Ehrensperger F, Batten C,

et al. Toggenburg Orbivirus, a new bluetongue virus: initial detection, first

observations in field and experimental infection of goats and sheep. Vet

Microbiol. (2009) 138:11–9. doi: 10.1016/j.vetmic.2009.02.003

101. Batten CA, Henstock MR, Steedman HM, Waddington S, Edwards L,

Oura CAL. Bluetongue virus serotype 26: infection kinetics, pathogenesis

and possible contact transmission in goats. Vet Microbiol. (2013) 162:62–

7. doi: 10.1016/j.vetmic.2012.08.014

102. Bréard E, Schulz C, Sailleau C, Bernelin-Cottet C, Viarouge C, Vitour D, et al.

Bluetongue virus serotype 27: experimental infection of goats, sheep and

cattle with three BTV-27 variants reveal atypical characteristics and likely

direct contact transmission BTV-27 between goats. Transbound Emerg Dis.

(2018) 65:e251–e63. doi: 10.1111/tbed.12780

103. Alexander KA, Holekamp K, James MacLachlan N, Frank LG,

Sawyer M, Osburn BI, et al. Evidence of natural bluetongue virus

infection among African carnivores. Am J Top Med Hyg. (1994)

51:568–76. doi: 10.4269/ajtmh.1994.51.568

104. Backx A, Heutink R, van Rooij E, van Rijn P. Transplacental

and oral transmission of wild-type bluetongue virus serotype

8 in cattle after experimental infection. Vet Microbiol. (2009)

138:235–43. doi: 10.1016/j.vetmic.2009.04.003

105. Jauniaux TP, De Clercq KE, Cassart DE, Kennedy S, Vandenbussche FE,

Vandemeulebroucke EL, et al. Bluetongue in Eurasian lynx. Emerg Infect Dis.

(2008) 14:1496. doi: 10.3201/eid1409.080434

106. Mayo CE, Crossley BM, Hietala SK, Gardner IA, Breitmeyer RE, James

MacLachlan N. Colostral transmission of Bluetongue virus nucleic acid

among newborn dairy calves in California. Transbound Emerg Dis. (2010)

57:277–81. doi: 10.1111/j.1865-1682.2010.01149.x

107. Saegerman C, Bolkaerts B, Baricalla C, Raes M, Wiggers L, de Leeuw I,

et al. The impact of naturally-occurring, trans-placental bluetongue virus

serotype-8 infection on reproductive performance in sheep. Vet J. (2011)

187:72–80. doi: 10.1016/j.tvjl.2009.11.012

108. Vögtlin A, Hofmann MA, Nenniger C, Renzullo S, Steinrigl A, Loitsch A,

et al. Long-term infection of goats with bluetongue virus serotype 25. Vet

Microbiol. (2013) 166:165–73. doi: 10.1016/j.vetmic.2013.06.001

109. van der Sluijs MTW, de Smit AJ, Moormann RJM. Vector independent

transmission of the vector-borne bluetongue virus.Crit RevMicrobiol. (2016)

42:57–64. doi: 10.3109/1040841X.2013.879850

110. Holt RD, Lawton JH. Apparent competition and enemy-free

space in insect host-parasitoid communities. Am Nat. (1993)

142:623–45. doi: 10.1086/285561

111. Girard JM, Wagner DM, Vogler AJ, Keys C, Allender CJ, Drickamer LC,

et al. Differential plague-transmission dynamics determine Yersinia pestis

population genetic structure on local, regional, and global scales. Proc Natl

Acad Sci U S A. (2004) 101:8408–13. doi: 10.1073/pnas.0401561101

112. Hamer GL, Chaves LF, Anderson TK, Kitron UD, Brawn JD, Ruiz MO,

et al. Fine-scale variation in vector host use and force of infection drive

localized patterns of west Nile virus transmission. PLoS ONE. (2011)

6:e23767. doi: 10.1371/journal.pone.0023767

113. Marm Kilpatrick A, Daszak P, Jones MJ, Marra PP, Kramer LD. Host

heterogeneity dominates West Nile virus transmission. Proc R Soc B Biol Sci.

(2006) 273:2327–33. doi: 10.1098/rspb.2006.3575

114. Lehiy CJ, Reister-Hendricks LM, Ruder MG, McVey DS, Drolet

BS. Physiological and immunological responses to Culicoides

sonorensis blood-feeding: a murine model. Parasit Vectors. (2018)

11:358. doi: 10.1186/s13071-018-2935-0

115. Baylis M, O’Connell L, Mellor PS. Rates of bluetongue virus transmission

between Culicoides sonorensis and sheep. Med Vet Entomol. (2008) 22:228–

37. doi: 10.1111/j.1365-2915.2008.00732.x

116. Maclachlan NJ, Drew CP, Darpel KE, Worwa G. The pathology

and pathogenesis of bluetongue. J Comp Pathol. (2009)

141:1–6. doi: 10.1016/j.jcpa.2009.04.003

117. Barratt-Boyes SM, MacLachlan NJ. Pathogenesis of bluetongue virus

infection of cattle. J Am Vet Med Assoc. (1995) 206:1322–9.

118. Bonneau KR, DeMaula CD, Mullens BA, MacLachlan NJ.

Duration of viraemia infectious to Culicoides sonorensis in

bluetongue virus-infected cattle and sheep. Vet Microbiol. (2002)

88:115–25. doi: 10.1016/S0378-1135(02)00106-2

119. DeMaula CD, Leutenegger CM, Bonneau KR, MacLachlan NJ.

The role of endothelial cell-derived inflammatory and vasoactive

mediators in the pathogenesis of bluetongue. Virology. (2002)

296:330–7. doi: 10.1006/viro.2002.1476

120. De Clercq K, De Leeuw I, Verheyden B, Vandemeulebroucke

E, Vanbinst T, Herr C, et al. Transplacental infection and

apparently immunotolerance induced by a wild-type bluetongue

virus serotype 8 natural infection. Transbound Emerg Dis. (2008)

55:352–9. doi: 10.1111/j.1865-1682.2008.01044.x

121. Elbers ARW, Backx A, Meroc E, Gerbier G, Staubach C, Hendrickx G,

et al. Field observations during the bluetongue serotype 8 epidemic in

2006: I. Detection of first outbreaks and clinical signs in sheep and cattle

in Belgium, France and the Netherlands. Prev Vet Med. (2008) 87:21–

30. doi: 10.1016/j.prevetmed.2008.06.004

122. Miller MM, Brown J, Cornish T, Johnson G, Mecham JO, Reeves WK,

et al. Investigation of a bluetongue disease epizootic caused by bluetongue

virus serotype 17 in sheep in Wyoming. J Am Vet Med Assoc. (2010)

237:955–9. doi: 10.2460/javma.237.8.955

123. Maclachlan NJ, James Maclachlan N, Henderson C, Schwartz-Cornil I,

Zientara S. The immune response of ruminant livestock to bluetongue

virus: from type I interferon to antibody. Virus Res. (2014) 182:71–

7. doi: 10.1016/j.virusres.2013.09.040

124. Cowley JA, Gorman BM. Effects of proteolytic enzymes on the infectivity,

haemagglutinating activity and protein composition of bluetongue virus

type 20. Vet Microbiol. (1990) 22:137–52. doi: 10.1016/0378-1135(90)9

0101-Z

125. Dungu B, Gerdes T, Smit T. The use of vaccination in the control of

bluetongue in southern Africa. Vet Ital. (2004) 40:616–22.

126. Rossitto PV, MacLachlan NJ. Neutralizing epitopes of the serotypes of

bluetongue virus present in the United States. J Gen Virol. (1992) 73:1947–

52. doi: 10.1099/0022-1317-73-8-1947

127. Eschbaumer M, Eschweiler J, Hoffmann B. Long-term persistence of

neutralising antibodies against bluetongue virus serotype 8 in naturally

infected cattle. Vaccine. (2012) 30:7142–3. doi: 10.1016/j.vaccine.2012.08.030

Frontiers in Veterinary Science | www.frontiersin.org 11 April 2020 | Volume 7 | Article 186

https://doi.org/10.1046/j.1365-2915.2002.00357.x
https://doi.org/10.12834/VetIt.521.2473.3
https://doi.org/10.1371/journal.pone.0106975
https://doi.org/10.1603/0022-2585-37.5.675
https://doi.org/10.1017/S0007485300002984
https://doi.org/10.1093/jme/tjw190
https://doi.org/10.1603/ME14049
https://doi.org/10.1099/vir.0.80290-0
https://doi.org/10.1093/jme/tju063
https://doi.org/10.1016/j.vetmic.2009.02.003
https://doi.org/10.1016/j.vetmic.2012.08.014
https://doi.org/10.1111/tbed.12780
https://doi.org/10.4269/ajtmh.1994.51.568
https://doi.org/10.1016/j.vetmic.2009.04.003
https://doi.org/10.3201/eid1409.080434
https://doi.org/10.1111/j.1865-1682.2010.01149.x
https://doi.org/10.1016/j.tvjl.2009.11.012
https://doi.org/10.1016/j.vetmic.2013.06.001
https://doi.org/10.3109/1040841X.2013.879850
https://doi.org/10.1086/285561
https://doi.org/10.1073/pnas.0401561101
https://doi.org/10.1371/journal.pone.0023767
https://doi.org/10.1098/rspb.2006.3575
https://doi.org/10.1186/s13071-018-2935-0
https://doi.org/10.1111/j.1365-2915.2008.00732.x
https://doi.org/10.1016/j.jcpa.2009.04.003
https://doi.org/10.1016/S0378-1135(02)00106-2
https://doi.org/10.1006/viro.2002.1476
https://doi.org/10.1111/j.1865-1682.2008.01044.x
https://doi.org/10.1016/j.prevetmed.2008.06.004
https://doi.org/10.2460/javma.237.8.955
https://doi.org/10.1016/j.virusres.2013.09.040
https://doi.org/10.1016/0378-1135(90)90101-Z
https://doi.org/10.1099/0022-1317-73-8-1947
https://doi.org/10.1016/j.vaccine.2012.08.030
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Mayo et al. Ecological Dynamics of Bluetongue Virus

128. MacLachlan NJ. The pathogenesis and immunology of bluetongue virus

infection of ruminants. Comp Immunol Microbiol Infect Dis. (1994) 17:197–

206. doi: 10.1016/0147-9571(94)90043-4

129. Hourrigan JL, Klingsporn AL. Certification of ruminants, semen, and

ova for freedom from bluetongue virus. Aust Vet J. (1975) 51:211–

2. doi: 10.1111/j.1751-0813.1975.tb00058.x

130. Richards RG, MacLachlan NJ, Heidner HW, Fuller FJ. Comparison

of virologic and serologic responses of lambs and calves infected

with bluetongue virus serotype 10. Vet Microbiol. (1988) 18:233–

42. doi: 10.1016/0378-1135(88)90090-9

131. Tessaro SV, Clavijo A. Duration of bluetongue viremia in

experimentally infected American bison. J Wildl Dis. (2001)

37:722–9. doi: 10.7589/0090-3558-37.4.722

132. Schnettler E, Ratinier M,WatsonM, Shaw AE, McFarlane M, Varela M, et al.

RNA interference targets arbovirus replication in Culicoides cells. J Virol.

(2013) 87:2441–54. doi: 10.1128/JVI.02848-12

133. Mills MK, Michel K, Pfannenstiel RS, Ruder MG, Veronesi E, Nayduch

D. Culicoides-virus interactions: infection barriers and possible factors

underlying vector competence. Curr Opin Insect Sci. (2017) 22:7–

15. doi: 10.1016/j.cois.2017.05.003

134. Chaney RW. Early tertiary ecotones in western north America. Proc Natl

Acad Sci U S A. (1949) 35:356–9. doi: 10.1073/pnas.35.7.356

135. Durand B, Zanella G, Biteau-Coroller F, Locatelli C, Baurier F, Simon C, et al.

Anatomy of bluetongue virus serotype 8 epizootic wave, France, 2007-2008.

Emerg Infect Dis. (2010) 16:1861–8. doi: 10.3201/eid1612.100412

136. Gerry AC, Mullens BA, James Maclachlan N, Mecham JO. Seasonal

transmission of bluetongue virus by Culicoides sonorensis (Diptera:

Ceratopogonidae) at a Southern California dairy and evaluation of vectorial

capacity as a predictor of bluetongue virus transmission. J Med Entomol.

(2001) 38:197–209. doi: 10.1603/0022-2585-38.2.197

137. Reisen WK, Boreham PFL. Estimates of malaria vectorial capacity for

anopheles culicifacies and anopheles stephensi in rural Punjab Province,

Pakistan1. J Med Entomol. (1982) 19:98–103. doi: 10.1093/jmedent/19.1.98

138. Mullens BA, Gerry AC, Lysyk TJ, Schmidtmann ET. Environmental effects

on vector competence and virogenesis of bluetongue virus in Culicoides:

interpreting laboratory data in a field context. Vet Ital. (2004) 40:160–6.

139. Foster NM, Jones RH, Mccrory BR. Preliminary investigations on insect

transmission of bluetongue virus in sheep.Am J Vet Res. (1963) 24:1195–200.

140. Mullens BA. A Quantitative Survey of Culicoides variipennis (Diptera:

Ceratopogonidae) in dairy waste water ponds in Southern California. J Med

Entomol. (1989) 26:559–65. doi: 10.1093/jmedent/26.6.559

141. Mullens BA, Holbrook FR. Temperature effects on the gonotrophic cycle of

Culicoides variipennis (Diptera: Ceratopogonidae). J AmMosq Control Assoc.

(1991) 7:588–91.

142. Lysyk TJ, Danyk T. Effect of temperature on life history parameters of adult

Culicoides sonorensis (Diptera: Ceratopogonidae) in relation to geographic

origin and vectorial capacity for bluetongue virus. J Med Entomol. (2007)

44:741–51. doi: 10.1603/0022-2585(2007)44[741:EOTOLH]2.0.CO;2

143. Wellby MP, Baylis M, Rawlings P, Mellor PS. Effect of temperature on

survival and rate of virogenesis of African horse sickness virus in Culicoides

variipennis sonorensis (Diptera: Ceratopogonidae) and its significance in

relation to the epidemiology of the disease. B Entomol Res. (1996) 86:715–

20. doi: 10.1017/S0007485300039237

144. Mullens BA, Rutz DA. Age structure and survivorship of Culicoides

Variipennis (Diptera: Ceratopogonidae) in central New York State, USA. J

Med Entomol. (1984) 21:194–203. doi: 10.1093/jmedent/21.2.194

145. Vaughan JA, Turner EC Jr. Development of immature Culicoides

variipennis (Diptera: Ceratopogonidae) from Saltville, Virginia,

at constant laboratory temperatures. J Med Entomol. (1987)

24:390–5. doi: 10.1093/jmedent/24.3.390

146. Alto BW, Reiskind MH, Lounibos LP. Size alters susceptibility of vectors

to dengue virus infection and dissemination. Am J Trop Med Hyg. (2008)

79:688–95. doi: 10.4269/ajtmh.2008.79.688

147. Conte A, Goffredo M, Ippoliti C, Meiswinkel R. Influence of biotic

and abiotic factors on the distribution and abundance of Culicoides

imicola and the obsoletus complex in Italy. Vet Parasitol. (2007) 150:333–

44. doi: 10.1016/j.vetpar.2007.09.021

148. Schmidtmann ET, Bobian RJ, Belden RP. Soil chemistries define

aquatic habitats with immature populations of the Culicoides

variipennis complex (Diptera: Ceratopogonidae). J Med Entomol. (2000)

37:58–64. doi: 10.1603/0022-2585-37.1.58

149. Mullens BA, Lip K-S. Larval population dynamics of Culicoides variipennis

(Diptera: Ceratopogonidae) in Southern California. J Med Entomol. (1987)

24:566–74. doi: 10.1093/jmedent/24.5.566

150. Amar A, Arroyo B, Meek E, Redpath S, Riley H. Influence of habitat on

breeding performance of HenHarriers Circus cyaneus in Orkney. Ibis. (2007)

150:400–4. doi: 10.1111/j.1474-919X.2007.00765.x

151. Mullen GR, Durden LA. Medical Veterinary Entomology. 2nd ed. London,

UK: Academic Press (2009).

152. Erram D, Blosser EM, Burkett-Cadena N. Habitat associations

of Culicoides species (Diptera: Ceratopogonidae) abundant on a

commercial cervid farm in Florida, USA. Parasit Vectors. (2019)

12:367. doi: 10.1186/s13071-019-3626-1

153. Mullens BA, Tabachnick WJ, Holbrook FR, Thompson LH. Effects

of temperature on virogenesis of bluetongue virus serotype 11

in Culicoides variipennis sonorensis. Med Vet Entomol. (1995)

9:71–6. doi: 10.1111/j.1365-2915.1995.tb00119.x

154. Loomis EC, Bushnell RB, Osburn BI. Epidemiologic study of bluetongue

virus on the Tejon Ranch, California: vector, host, virus relationships. Prog

Clin Biol Res. (1985) 178:583–8.

155. Paweska JT, Venter GJ, Mellor PS. Vector competence of South African

Culicoides species for bluetongue virus serotype 1 (BTV-1) with special

reference to the effect of temperature on the rate of virus replication

in C. imicola and C. bolitinos. Med Vet Entomol. (2002) 16:10–

21. doi: 10.1046/j.1365-2915.2002.00334.x

156. Mellor PS, Rawlings P, Baylis M, Wellby MP. Effect of temperature on

African horse sickness virus infection in Culicoides. Arch Virol Suppl. (1998)

155–63. doi: 10.1007/978-3-7091-6823-3_15

157. Wittmann EJ, Baylis M. Climate change: effects on culicoides–

transmitted viruses and implications for the UK. Vet J. (2000)

160:107–17. doi: 10.1053/tvjl.2000.0470

158. Rokicki J. Ecology of ectoparasite vectors.Wiad Parazytol. (1999) 45:551.

159. Giovannini A, Paladini C, Calistri P, Conte A, Colangeli P, Santucci U, et al.

Surveillance system of bluetongue in Italy. Vet Ital. (2004) 40:369–84.

160. Green AL, Dargatz DA, Schmidtmann ET, Herrero MV, Seitzinger AH,

Ostlund EN, et al. Risk factors associated with herd-level exposure of cattle

in Nebraska, North Dakota, and South Dakota to bluetongue virus. Am J Vet

Res. (2005) 66:853–60. doi: 10.2460/ajvr.2005.66.853

161. Foley DH, Klein TA, Kim HC, Sames WJ, Wilkerson RC,

Rueda LM. Geographic distribution and ecology of potential

malaria vectors in the Republic of Korea. J Med Entomol. (2009)

46:680–92. doi: 10.1603/033.046.0336

162. Pfannenstiel RS, RuderMG. Colonization of bison (Bison bison) wallows in a

tallgrass prairie by Culicoides spp (Diptera: Ceratopogonidae). J Vector Ecol.

(2015) 40:187–90. doi: 10.1111/jvec.12150

163. Tuya F, Vanderklift MA,Wernberg T, ThomsenMS. Gradients in the number

of species at reef-seagrass ecotones explained by gradients in abundance.

PLoS ONE. (2011) 6:e20190. doi: 10.1371/journal.pone.0020190

164. Despommier D, Ellis BR, Wilcox BA. The role of ecotones

in emerging infectious diseases. Ecohealth. (2006) 3:281–

89. doi: 10.1007/s10393-006-0063-3

165. Acevedo P, Ruiz-Fons F, Estrada R, Márquez AL, Miranda MA,

Gortázar C, et al. A broad assessment of factors determining

Culicoides imicola abundance: modelling the present and forecasting

its future in climate change scenarios. PLoS ONE. (2010)

5:e14236. doi: 10.1371/journal.pone.0014236

166. Napp S, Allepuz A, García-Bocanegra I, Alba A, Vilar MJ, Casal J.

Quantitative assessment of the probability of bluetongue virus transmission

by bovine semen and effectiveness of preventive measures. Theriogenology.

(2011) 75:920–32. doi: 10.1016/j.theriogenology.2010.10.035

167. Eisen L, Coleman M, Lozano-Fuentes S, McEachen N, Orlans

M, Coleman M. Multi-disease data management system

platform for vector-borne diseases. PLoS Neglect Trop D. (2011)

5:e1016. doi: 10.1371/journal.pntd.0001016

Frontiers in Veterinary Science | www.frontiersin.org 12 April 2020 | Volume 7 | Article 186

https://doi.org/10.1016/0147-9571(94)90043-4
https://doi.org/10.1111/j.1751-0813.1975.tb00058.x
https://doi.org/10.1016/0378-1135(88)90090-9
https://doi.org/10.7589/0090-3558-37.4.722
https://doi.org/10.1128/JVI.02848-12
https://doi.org/10.1016/j.cois.2017.05.003
https://doi.org/10.1073/pnas.35.7.356
https://doi.org/10.3201/eid1612.100412
https://doi.org/10.1603/0022-2585-38.2.197
https://doi.org/10.1093/jmedent/19.1.98
https://doi.org/10.1093/jmedent/26.6.559
https://doi.org/10.1603/0022-2585(2007)44[741:EOTOLH]2.0.CO;2
https://doi.org/10.1017/S0007485300039237
https://doi.org/10.1093/jmedent/21.2.194
https://doi.org/10.1093/jmedent/24.3.390
https://doi.org/10.4269/ajtmh.2008.79.688
https://doi.org/10.1016/j.vetpar.2007.09.021
https://doi.org/10.1603/0022-2585-37.1.58
https://doi.org/10.1093/jmedent/24.5.566
https://doi.org/10.1111/j.1474-919X.2007.00765.x
https://doi.org/10.1186/s13071-019-3626-1
https://doi.org/10.1111/j.1365-2915.1995.tb00119.x
https://doi.org/10.1046/j.1365-2915.2002.00334.x
https://doi.org/10.1007/978-3-7091-6823-3_15
https://doi.org/10.1053/tvjl.2000.0470
https://doi.org/10.2460/ajvr.2005.66.853
https://doi.org/10.1603/033.046.0336
https://doi.org/10.1111/jvec.12150
https://doi.org/10.1371/journal.pone.0020190
https://doi.org/10.1007/s10393-006-0063-3
https://doi.org/10.1371/journal.pone.0014236
https://doi.org/10.1016/j.theriogenology.2010.10.035
https://doi.org/10.1371/journal.pntd.0001016
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Mayo et al. Ecological Dynamics of Bluetongue Virus

168. Lothrop HD, Lothrop B, Reisen WK. Nocturnal microhabitat distribution of

adult Culex tarsalis (Diptera: Culicidae) impacts control effectiveness. J Med

Entomol. (2002) 39:574–82. doi: 10.1603/0022-2585-39.4.574

169. Massad E, Coutinho FAB, Burattini MN, Amaku M. Estimation of

R0 from the initial phase of an outbreak of a vector-borne infection.

Trop Med Int Health. (2009) 15:120–6. doi: 10.1111/j.1365-3156.2009.

02413.x

170. Massad E, Coutinho FAB, Lopez LF, da Silva DR. Modeling the impact of

global warming on vector-borne infections. Phys Life Rev. (2011) 8:169–

99. doi: 10.1016/j.plrev.2011.01.001

171. Mayo C, Shelley C, MacLachlan NJ, Gardner I, Hartley D, Barker

C. A deterministic model to quantify risk and guide mitigation

strategies to reduce bluetongue virus transmission in California dairy

cattle. PLoS ONE. (2016) 11:e0165806. doi: 10.1371/journal.pone.016

5806

172. Baylis M, Caminade C, Turner J, Jones AE. The role of climate change in

a developing threat: the case of bluetongue in Europe. Rev Sci Tech. (2017)

36:467–78. doi: 10.20506/rst.36.2.2667

173. Kirkland PD. Bluetongue viruses, vectors and surveillance in Australia - the

current situation and unique features. Vet Ital. (2004) 40:47–50.

174. Monteiro DMS, Souza Monteiro DM, Roman Carrasco L, Joe Moffitt

L, Cook AJC. Robust surveillance of animal diseases: an application

to the detection of bluetongue disease. Prev Vet Med. (2012) 105:17–

24. doi: 10.1016/j.prevetmed.2012.01.011

175. Welfare EP on AHA, EFSA Panel on Animal Health and Welfare. Scientific

opinion on bluetongue monitoring and surveillance. EFSA J. (2011)

9:2192. doi: 10.2903/j.efsa.2011.2192

176. Boyer TC, Ward MP, Wallace RL, Singer RS. Regional seroprevalence of

bluetongue virus in cattle in Illinois and western Indiana. Am J Vet Res.

(2007) 68:1212–9. doi: 10.2460/ajvr.68.11.1212

177. Reuter JD, Nelson SL. Hematologic parameters and viral status for zika,

chikungunya, bluetongue, and epizootic hemorrhagic disease in white-tailed

deer (Odocoileus virginianus) on St. John, US Virgin Islands. J Wildl Dis.

(2018) 54:843–7. doi: 10.7589/2017-12-315

178. Racloz V, Straver R, Kuhn M, Thur B, Vanzetti T, Stärk KDC, et al.

Establishment of an early warning system against Bluetongue virus

in Switzerland. Schweizer Archiv für Tierheilkunde. (2006) 148:593–

8. doi: 10.1024/0036-7281.148.11.593

179. Carpenter S. Culicoides and the spread of bluetongue: finding the needle in

the haystack. Vet Rec. (2011) 168:238–9. doi: 10.1136/vr.d1385

180. Meiswinkel R, Goffredo M, Leijs P, Conte A. The Culicoides “snapshot”: a

novel approach used to assess vector densities widely and rapidly during the

2006 outbreak of bluetongue (BT) in the Netherlands. Prev Vet Med. (2008)

87:98–118. doi: 10.1016/j.prevetmed.2008.06.013

181. Gerry AC, Sarto i Monteys V, Moreno Vidal JO, Francino O, Mullens

BA. Biting rates of Culicoides midges (Diptera: Ceratopogonidae) on

sheep in northeastern Spain in relation to midge capture using UV

light and carbon dioxide-baited traps. J Med Entomol. (2009) 46:615–

24. doi: 10.1603/033.046.0329

182. McDermott EG, Mayo CE, Gerry AC, Mullens BA. Trap placement and

attractant choice affect capture and create sex and parity biases in collections

of the biting midge, Culicoides sonorensis.Med Vet Entomol. (2016) 30:293–

300. doi: 10.1111/mve.12177

183. Viennet E, Garros C, Lancelot R, Allène X, Gardès L, Rakotoarivony

I, et al. Assessment of vector/host contact: comparison of animal-baited

traps and UV-light/suction trap for collecting Culicoides biting midges

(Diptera: Ceratopogonidae), vectors of Orbiviruses. Parasit Vectors. (2011)

4:119. doi: 10.1186/1756-3305-4-119

184. Mayo CE, Mullens BA, Gerry AC, Barker CM, Mertens PC, Maan S,

et al. The combination of abundance and infection rates of Culicoides

sonorensis estimates risk of subsequent bluetongue virus infection of

sentinel cattle on California dairy farms. Vet Parasitol. (2012) 187:295–

301. doi: 10.1016/j.vetpar.2012.01.004

185. McGregor BL, Stenn T, Sayler KA, Blosser EM, Blackburn JK, Wisely

SM, et al. Host use patterns of Culicoides spp. biting midges at a big

game preserve in Florida USA, and implications for the transmission

of orbiviruses. Med Vet Entomol. (2019) 33:110–20. doi: 10.1111/

mve.12331

186. Dyce AL, Marshall BD. An early record of Culicoides species (Diptera:

Ceratopogonidae) developing in the dung of game animals in southern

Africa. Onderstepoort J Vet Res. (1989) 56:85–6.

187. Akey DH, Luedke AJ, Jones RH. Salivary gland homogenates from the vector

Culicoides variipennismay aid in detection of bluetongue virus in chronically

infected cattle. Prog Clin Biol Res. (1985) 178:135–45.

188. Akey DH, Potter HW. Pigmentation associated with oogenesis in the

biting fly Culicoides variipennis (Diptera: Ceratopogonidae): determination

of parity. J Med Entomol. (1979) 16:67–70. doi: 10.1093/jmedent/16.1.67

189. McDermott EG, Mayo CE, Gerry AC, Laudier D, MacLachlan NJ, Mullens

BA. Bluetongue virus infection creates light averse Culicoides vectors

and serious errors in transmission risk estimates. Parasit Vectors. (2015)

8:460. doi: 10.1186/s13071-015-1062-4

190. Nayduch D, Shankar V, Mills MK, Robl T, Drolet BS, Ruder MG, et al.

Transcriptome response of female Culicoides sonorensis biting midges

(Diptera: Ceratopogonidae) to early infection with epizootic hemorrhagic

disease virus (EHDV-2). Viruses. (2019) 11:473. doi: 10.3390/v110

50473

191. Wilson AJ, Mellor PS. Bluetongue in Europe: past, present and future. Philos

Trans R Soc Lond B Biol Sci. (2009) 364:2669–81. doi: 10.1098/rstb.2009.0091

192. Sebastiani F, Meiswinkel R, Gomulski LM, Guglielmino CR, Mellor

PS, Malacrida AR, et al. Molecular differentiation of the Old World

Culicoides imicola species complex (Diptera, Ceratopogonidae),

inferred using random amplified polymorphic DNA markers.

Mol Ecol. (2001) 10:1773–86. doi: 10.1046/j.0962-1083.2001.0

1319.x

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Mayo, McDermott, Kopanke, Stenglein, Lee, Mathiason,

Carpenter, Reed and Perkins. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 13 April 2020 | Volume 7 | Article 186

https://doi.org/10.1603/0022-2585-39.4.574
https://doi.org/10.1111/j.1365-3156.2009.02413.x
https://doi.org/10.1016/j.plrev.2011.01.001
https://doi.org/10.1371/journal.pone.0165806
https://doi.org/10.20506/rst.36.2.2667
https://doi.org/10.1016/j.prevetmed.2012.01.011
https://doi.org/10.2903/j.efsa.2011.2192
https://doi.org/10.2460/ajvr.68.11.1212
https://doi.org/10.7589/2017-12-315
https://doi.org/10.1024/0036-7281.148.11.593
https://doi.org/10.1136/vr.d1385
https://doi.org/10.1016/j.prevetmed.2008.06.013
https://doi.org/10.1603/033.046.0329
https://doi.org/10.1111/mve.12177
https://doi.org/10.1186/1756-3305-4-119
https://doi.org/10.1016/j.vetpar.2012.01.004
https://doi.org/10.1111/mve.12331
https://doi.org/10.1093/jmedent/16.1.67
https://doi.org/10.1186/s13071-015-1062-4
https://doi.org/10.3390/v11050473
https://doi.org/10.1098/rstb.2009.0091
https://doi.org/10.1046/j.0962-1083.2001.01319.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Ecological Dynamics Impacting Bluetongue Virus Transmission in North America
	Introduction
	Bluetongue Virus
	Distribution
	Transmission
	Inter-seasonality and Maintenance of Virus in Seasonally Enzootic Regions

	Ecological Drivers of BTV Transmission
	Vertebrate Host
	Invertebrate Host

	Environmental Influences
	Vector Survivorship and Larval Development
	Vector Competence to BTV

	Anthropogenic Influences
	Epidemiologic Surveillance Strategies Informing Predictive Models
	Vertebrate Host
	Invertebrate Host

	Future Research Needs
	Author Contributions
	Funding
	References


