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Abstract

Francisella tularensis is disseminated in nature by biting arthropods such as mosquitoes.

The relationship between mosquitoes and F. tularensis in nature is highly ambiguous, due in

part to the fact that mosquitoes have caused significant tularemia outbreaks despite being

classified as a mechanical vector of F. tularensis. One possible explanation for mosquitoes

being a prominent, yet mechanical vector is that these insects feed on flower nectar between

blood meals, allowing for transmission of F. tularensis between mosquitoes. Here, we aimed

to assess whether F. tularensis could survive in flower nectar. Moreover, we examined if

mosquitoes could interact with or ingest and transmit F. tularensis from one source of nectar

to another. F. tularensis exhibited robust survivability in flower nectar with concentrations of

viable bacteria remaining consistent with the rich growth medium. Furthermore, F. tularensis

was able to survive (albeit to a lesser extent) in 30% sucrose (a nectar surrogate) over a

period of time consistent with that of a typical flower bloom. Although we observed diminished

bacterial survival in the nectar surrogate, mosquitoes that fed on this material became colo-

nized with F. tularensis. Finally, colonized mosquitoes were capable of transferring F. tularen-

sis to a sterile nectar surrogate. These data suggest that flower nectar may be capable of

serving as a temporary source of F. tularensis that could contribute to the amplification of out-

breaks. Mosquitoes that feed on an infected mammalian host and subsequently feed on

flower nectar could deposit some F. tularensis bacteria into the nectar in the process. Mosqui-

toes subsequently feeding on this nectar source could potentially become colonized by F.

tularensis. Thus, the possibility exists that flower nectar may allow for vector-vector transmis-

sion of F. tularensis.

Introduction

The bacterium Francisella tularensis is the causative agent of the potentially lethal disease tula-

remia and is commonly spread in nature by biting arthropods [1–4]. Among the known vec-

tors of tularemia, ticks have been the most extensively studied [5–7]. In addition to ticks,
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mosquitoes can be arthropod vectors of F. tularensis, especially in Scandinavian countries [8–

11]. Because mosquitoes can reproduce rapidly, this escalates the possibility of emergent out-

breaks of tularemia. Despite these phenomena, mosquitoes have not been thoroughly evalu-

ated as vectors of F. tularensis and, as such, there may be yet unexplored factors contributing

to the ability of these insects to maintain and spread tularemia in nature.

Mosquitoes are considered to be the primary transmission route of tularemia in Scandina-

vian countries based on epidemiological data and clinical reports [8, 12–15]. There have been

several notable tularemia outbreaks linked to an increase in mosquito prevalence, indicating

that these arthropods are important vectors of F. tularensis [12, 16]. Specifically, Aedes cinereus
mosquitoes have been reported as vectors for tularemia as early as 1941 [17]. Since this time,

more than 10 different mosquito species have been identified to harbor and potentially trans-

mit F. tularensis [18]. Mosquitoes have been tentatively classified as mechanical vectors of tula-

remia and are thought to only transmit this disease transiently [2, 19]. However, F. tularensis
can persist through stages of mosquito development suggesting that mosquitoes are capable of

perpetuating F. tularensis in nature more efficiently than a typical mechanical vector [18, 20,

21]. Nevertheless, the possibility exists that ecological parameters of the mosquito lifestyle may

contribute to large mosquito-borne outbreaks of tularemia.

When acquiring a blood meal from an infected mammal, female mosquitoes could

potentially acquire the infectious microbe. When acting as a mechanical vector, feeding

mosquitoes transmit infectious microbes during subsequent blood meals. Between blood

meals, female mosquitoes occasionally feed on flower nectar (male mosquitoes do not feed

on blood, only nectar and other plant juices) [22]. This intermittent feeding allows for the

possibility that a colonized mosquito could deposit infectious microbes into flower nectar.

Consequently, any mosquito feeding on this newly inoculated nectar could ingest patho-

genic microbes and become a carrier with the potential to infect mammalian hosts. In this

study, we test if nectar could serve as a potential temporary source of F. tularensis. The plau-

sibility of this hypothesis depends on the ability of F. tularensis to survive in flower nectar as

well as the capability of mosquitoes to ingest and transfer the bacterium from the nectar of

one flower to another.

Here, we show that flower nectar supports survival of F. tularensis similarly to a nutrient-

rich growth medium. Colonies of F. tularensis were recovered from mosquitoes that fed on

inoculated nectar, suggesting that F. tularensis bacteria residing in nectar are capable of colo-

nizing mosquitoes. Further, colonized mosquitoes were capable of inoculating sterile nectar

with F. tularensis. We propose that flower nectar could act as a temporary source of F. tularen-
sis and that this may increase the ability of mosquitoes to spread this bacterium in nature.

Materials and methods

Bacterial cultivation

To cultivate Francisella tularensis Live Vaccine Strain (LVS) (a gift from Karen Elkins), tryptic

soy broth with 0.1% cysteine (TSBc) was inoculated with a loop full of bacteria from a Choco-

late II Agar plate (GC II agar with 1% hemoglobin and supplemented with IsoVitaleXtm [BD]).

The broth culture was incubated overnight at 37˚C with agitation to an OD600� 3.

Rearing/Maintenance of mosquitoes

A single preparation of Aedes aegypti eggs (BEI resources; Centers for Disease Control and

Prevention) was placed in 500 ml water in the bottom section of a Mosquito Breeder chamber

(BioQuip). A liver powder slurry was the food source provided for larvae [23]. After reaching

adulthood (approx. 2–3 weeks in untreated distilled water; 1–2 weeks in water that was boiled,
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cooled, then saturated with mosquito feed), mosquitoes were fed 30% sucrose solution for sus-

tenance until beginning of experimentation. Mosquitoes were provided horse blood (defibrin-

ated, Hemostat Laboratories) to promote female fertility when necessary.

One ml of horse blood was added to a 1.5 ml microcentrifuge tube. The opening of the

tube was sealed tightly with paraffin to simulate a mammalian membrane. Blood was incu-

bated and presented in proximity to boiled water to provide heat and water vapor, facilitat-

ing feeding. Newly deposited eggs were recovered on Whatman filter paper and stored at

4˚C until needed.

Extraction of nectar

Mature flowers from yellow squash plants, Cucurbita pepo, were opened and glass capillary

tubes were inserted into the base of the pistil of the flower. The entire nectar volume per flower

was extracted and collected in a centrifuge tube. Nectar was stored at -20˚C.

Determination of survival in nectar

F. tularensis LVS cultivated to stationary phase in TSBc was added to yellow squash nectar,

30% sucrose, TSBc, or distilled water at a concentration of 107–108 CFU/ml. These suspensions

remained stationary and were incubated at 22˚C. Daily, for seven days, bacterial suspensions

were serially diluted and plated on Chocolate II agar to determine CFU. After 72 hours of incu-

bation at 37˚C, 5% CO2, colonies were counted and CFU/ml were calculated.

Determination of mosquito colonization from bacteria residing in nectar

surrogate

Microcentrifuge tubes containing 30% sterile sucrose solution or 30% sucrose solution inocu-

lated with F. tularensis (107–108 CFU/ml as indicated previously) were placed in separate mos-

quito chambers. The tubes were left open and placed on their sides to allow mosquitoes to

access the liquid. Mosquitoes were exposed to and able to feed on solutions for 24 hour time

increments for 6 days. After each time period, the suspensions were replaced with freshly pre-

pared solutions.

As many as six mosquitoes per group were extracted indiscriminately each day. Mosquito

rearing chambers were temporarily placed in a cold room to slow the activity of these insects.

Once mosquitoes stopped moving, insects were aseptically removed, washed with gentamicin

to kill surface bacteria (100 μg/ml), placed individually into sterile phosphate-buffered saline

(PBS) solution, and homogenized with an Omni tissue homogenizer. One ml of mosquito

homogenate (the entire mosquito) was spread plated, in aliquots of 200 μl, on media selective

for F. tularensis (Chocolate II agar containing antibiotics Vancomycin [12.5 μg/ml], Ampicillin

[100 μg/ml], and Polymixin-B [100 μg/ml]) and incubated for 72 hours at 37˚C, 5% CO2.

DNA was extracted from bacteria producing colonies with a similar morphology to F. tularen-
sis. The extracted DNA was subjected to PCR using primers specific for the macrophage growth
locus A (mglA) of Francisella bacteria using the following primer pair: mglAF, 5’-ACTGGAAT
TCGATATAGTCCGCATGATCCTTC; mglAR, 5’-GTCAGCTAGCGGTACTATAACACCTTCAT
ACTCG [24]. Agarose gel electrophoresis was used to compare amplicon bands produced from

bacteria isolated from mosquitoes with bona fide F. tularensis DNA. To confirm that PCR spe-

cifically identified F. tularensis, cell extracts of isolated bacteria were subjected to Western blot-

ting using an anti-IglC monoclonal antibody (BEI resources) as a probe. Western blotting was

conducted in a similar fashion as previously described [25, 26].
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Retrieval of F. tularensis from previously sterile nectar surrogate after

deposition of bacteria by mosquitos

Tubes holding a 30% sucrose solution inoculated with F. tularensis (107–108 CFU/ml) were

placed within insect chambers containing twenty-five adult, A. aegypti mosquitoes. These

tubes remained within the chamber for the entirety of the experiment. Additional containers

(2 cm dishes) holding sterile 30% sucrose were included in these insect chambers as well. This

sterile sucrose was replaced and assayed daily for the presence of F. tularensis. After retrieval,

the sterile sucrose solution was plated on Francisella-selective media to assess if any bacteria

had been transferred from the inoculated mosquitoes. DNA was extracted from colonies that

had been recovered exhibiting a similar morphology to F. tularensis, and this genomic material

was subjected to PCR in a similar fashion to the previously described procedure.

Control experiments were conducted in a similar fashion except these chambers were never

introduced to F. tularensis. F. tularensis LVS was never detected in the sterile sucrose solution

in the absence of mosquitoes or in the control chambers. This experiment was repeated twice

(three total replicates).

Results and discussion

F. tularensis survival in nectar and nectar surrogates

Between blood meals, mosquitoes feed on flower nectar [22]. The possibility exists that mos-

quitoes carrying F. tularensis could inoculate flower nectar during these intermittent feed-

ings. To test this possibility, we first sought to determine whether F. tularensis could survive

in flower nectar. To test this, yellow squash flower nectar was inoculated with F. tularensis
LVS and viability of the bacteria was determined for 7 days, the typical nectar-bearing life-

span of a flower. Nectar is typically produced in low abundance and can be difficult to har-

vest adequate quantities; therefore yellow squash was used here because the flowers of these

plants generate recoverable amounts of nectar (personal communication with Sam Droege,

USGS Native Bee Inventory and Monitoring Lab). Data are represented as CFU/μl as this

volume represents that of a typical nectar meal of an A. aegypti mosquito [27]. After 7 days

of incubation, there were similar concentrations of F. tularensis LVS in nectar and TSBc, a

nutrient-rich growth medium known to support F. tularensis LVS viability and growth;

however, there was a reduced concentration of F. tularensis LVS in water (Fig 1). The mod-

est level of growth in the TSBc can be attributed to the incubation temperature (22˚C) [28].

These data indicate that F. tularensis LVS is capable of surviving in nectar during the lon-

gevity of a typical flower. Moreover, these results are consistent with the hypothesis that

flower nectar is a plausible temporary source of F. tularensis allowing for mosquito to mos-

quito transmission. This experiment was designed to determine whether bacteria are capa-

ble of surviving in nectar over the course of the lifespan of a hypothetical flower (1 week).

However, the concentration of F. tularensis bacteria used here is presumably much higher

than what could be achieved in nature through natural inoculation. Consequently, we

wanted to determine whether the high concentration of bacteria contributed to survival. In

two separate experiments, squash nectar was inoculated with F. tularensis LVS bacteria at a

low concentration of 6.45 (±1.76) CFU/μl. After 7 days of incubation, viable bacteria were

recovered at a concentration of 0.2 CFU/ μl. This suggests that the higher bacterial concen-

tration in Fig 1 may have contributed to the survival of F. tularensis LVS in the nectar. How-

ever, even at a low concentration, F. tularensis bacteria were able to survive for one week in

flower nectar. This result suggests that flower nectar is capable of supporting F. tularensis
survival.

Flower nectar—mosquito to mosquito transmission of Francisella tularensis
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Because collecting enough nectar for multiple laboratory trials was challenging, we aimed

to formulate a nectar surrogate that could be routinely produced in high quantities to use in

future experiments. Although sugar concentrations vary in nectar, we decided to use a 30%

sucrose solution because that concentration is both easily suspended in solution and falls

within the normal range of concentration of sucrose in nectar [23, 29]. F. tularensis LVS bacte-

ria exhibited significantly greater viability in the 30% sucrose solution compared to the water

control (Fig 2). However, the survival in 30% sucrose decreased over time and was significantly

lower than that of F. tularensis LVS in TSBc (Fig 2). These data suggest that flower nectar con-

tains additional components that enhance survival of F. tularensis LVS over time. Nonetheless,

30% sucrose solution was retained as a nectar surrogate because F. tularensis LVS exhibited

adequate viability in this solution over the longevity of a typical flower (7 days).

Colonization of mosquitoes by F. tularensis from a nectar surrogate

We next aimed to determine if feeding mosquitoes could become colonized from bacteria

inhabiting the nectar surrogate (30% sucrose). The sucrose solution was used here because we

were unable to acquire adequate quantities of flower nectar for multiple replicate experiments.

In addition, authentic, unprocessed flower nectar is not readily available from commercial

sources. A. aegypti mosquitoes were utilized here as a laboratory model as others have done

previously [18]. These mosquitoes are the closest relatives to A. cinereus (a mosquito known to
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Fig 1. F. tularensis survives in flower nectar. F. tularensis bacteria were incubated in TSBc, yellow squash nectar, or water. Bacterial

suspensions were incubated at 22˚C, serial diluted and plated to determine CFU at the indicated time points. Graphed values represent mean

CFU ± SE of three combined independent experiments. In some cases, error bars are smaller than the graph symbols. Differences in the

average number of F. tularensis LVS recovered (CFU/mL) over the course of the assay were determined by repeated measures two-way

ANOVA with Tukey’s multiple comparison test as a post hoc analysis comparing the change in bacterial burden between experimental, positive

control, and negative control groups (ANOVA, P < 0.0001; post hoc, Nectar vs. TSBc not significantly different; Nectar vs Water, P < 0.001;

TSBc vs. Water, P < 0.001).

https://doi.org/10.1371/journal.pone.0175157.g001

Flower nectar—mosquito to mosquito transmission of Francisella tularensis

PLOS ONE | https://doi.org/10.1371/journal.pone.0175157 May 9, 2017 5 / 12

https://doi.org/10.1371/journal.pone.0175157.g001
https://doi.org/10.1371/journal.pone.0175157


transmit tularemia) that were available either commercially or from governmental reposito-

ries. Mosquitoes were exposed to nectar surrogate with or without F. tularensis LVS and

allowed to feed on this material. At 24 hour intervals, mosquitoes were individually homoge-

nized, and this material was plated on a medium selective for F. tularensis. As early as three

days after the first exposure, colonies that resembled F. tularensis color and morphology were

recovered from homogenates of mosquitoes that interacted with inoculated nectar surrogate

(Fig 3A). Mosquitoes producing at least 1 CFU of F. tularensis LVS were considered to be colo-

nized in these experiments. Although the total bacterial burden varied among the mosquitoes,

all colonized mosquitoes contained fewer than 102 F. tularensis LVS CFU. To verify that the

recovered bacteria were F. tularensis LVS genomic DNA was subjected to PCR using primers

specific for F. tularensis mglA, and the amplicon that had been produced was compared to one

generated using bona fide F. tularensis DNA via gel electrophoresis. PCR using DNA from the

isolated colonies produced a band with a similar size to that of the authentic F. tularensis,
whereas the reaction lacking a template did not produce an amplicon (Fig 3B). Moreover, in a

separate experiment, cell lysates of bacteria isolated from mosquitoes were subjected to west-

ern blotting in which an antibody specific for F. tularensis IglC was used as a probe (BEI

resources) (Fig 3C). This blot revealed that isolated bacteria produced a protein band that

reacted with this antibody at a similar apparent molecular weight to that produced by F. tular-
ensis LVS, whereas Pseudomonas aeruginosa produced no protein band. Together, these results

indicated that the bacteria recovered from the mosquitoes were F. tularensis LVS. F. tularensis
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Fig 2. F. tularensis exhibits limited survival in a sucrose solution, a nectar surrogate. F. tularensis bacteria were incubated in TSBc, 30% sucrose,

or water. Bacterial suspensions were incubated at ambient temperature, serial diluted and plated to determine CFU at the indicated time points. Graphed

values represent mean CFU ± SE of four combined independent experiments. In some cases, error bars are smaller than the graph symbols. Differences

in the average number of F. tularensis LVS recovered (CFU/mL) over the course of the assay were determined by repeated measures two-way ANOVA

with Tukey’s multiple comparison test as a post hoc analysis comparing the change in bacterial burden between experimental, positive control, and

negative control groups (ANOVA, P < 0.0001; post hoc, 30% Sucrose vs. TSBc, P < 0.001; 30% Sucrose vs. Water; P < 0.001; TSBc vs. Water, P<0.001).

https://doi.org/10.1371/journal.pone.0175157.g002
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LVS bacteria were not recovered from the control group mosquitoes fed un-inoculated nectar

surrogate solution. These data suggest that if mosquitoes ingest/interact with F. tularensis from

flower nectar in nature, these insects could be subsequently colonized.

Transfer of F. tularensis bacteria by mosquitoes from one nectar

surrogate to another

Finally, we aimed to assess if mosquitoes colonized with F. tularensis could transmit these bac-

teria into sterile nectar after feeding. Mosquitoes were allowed to feed on a nectar surrogate

(30% sucrose) inoculated with F. tularensis, or sterile 30% sucrose as a control. In addition, a

sterile 30% sucrose solution (replaced every 24 h) was present and plated on selective media

daily to determine if the F. tularensis could be transmitted by the mosquitoes. Colonies that

resembled F. tularensis color and morphology were recovered from the previously sterile

sucrose (in a representative experiment, 23 colonies were recovered on day 2, 18 colonies on

day 6) suggesting mosquito transfer. No bacteria were recovered from the sucrose solution fed

to mosquitoes in the control group (uninoculated nectar surrogate). After all mosquitoes had

perished, we introduced a similar sterile sucrose solution and sampled this for F. tularensis
CFU for three days. No bacteria resembling F. tularensis were recovered from this material

suggesting that the transfer of bacteria to nectar surrogate was dependent on the presence of

viable mosquitoes (0 F. tularensis LVS CFU were recovered over a three-day time period after

mosquito mortality).

As aforementioned, mosquitoes that fed on (interacted with) inoculated sucrose were capa-

ble of depositing bacteria that produced colonies similar to the morphology of F. tularensis
LVS. To verify that these bacteria were F. tularensis, DNA was extracted from these isolates,

and this genomic material was subjected to PCR using primers specific for F. tularensis mglA.

The amplicon produced was compared to one generated using bona fide F. tularensis DNA via

gel electrophoresis. PCR using DNA from the isolated colonies produced a band with a similar

Fig 3. Mosquitoes become colonized with F. tularensis after interacting with flower nectar surrogate. A. Tubes holding a 30%

sucrose solution inoculated with F. tularensis were placed within insect chambers for 6 days. As many as six mosquitoes per group

were extracted daily, washed with gentamicin to kill surface bacteria, homogenized and plated on media selective for Francisella. Data

shown represent the percentage of mosquitoes colonized with F. tularensis LVS (recovery of at least one CFU) on the days indicated

and are a combination of three independent experiments. B. DNA was extracted from bacteria isolated from mosquito homogenates

plated on media selective for F. tularensis. Only colonies that produced a similar morphology to F. tularensis were selected. The

extracted DNA was subjected to PCR using primers specific for mglA of Francisella sp. Agarose gel electrophoresis was used to

compare amplicons produced from bacteria isolated from mosquitoes to those generated from bona fide F. tularensis DNA. PCR from

only one isolate is shown for simplicity, but all other colonies with similar morphologies produced a similar amplicon band (not shown).

PCR reactions lacking Francisella template DNA did not produce amplicons (negative control). C. Cell extracts from isolates were

separated by SDS-PAGE and electroblotted onto nitrocellulose. Following blocking, Western blots were probed with an anti-IglC

monocolonal antibody. An alkaline-phosphatase anti mouse secondary antibody was used for detection.

https://doi.org/10.1371/journal.pone.0175157.g003
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size to that of the authentic F. tularensis (Fig 4), whereas the reaction lacking a template did

not produce an amplicon. These results suggest that F. tularensis bacteria were deposited into

sterile nectar surrogate by mosquitoes that had fed on previously inoculated sucrose solution.

Although these data are not quantitative, they do indicate that F. tularensis can be transported

to/from the nectar surrogate by mosquitoes. Therefore, it is plausible that mosquitoes could

transfer F. tularensis from one source of nectar to another in nature.

Conclusions

Data presented here suggest that F. tularensis can survive in flower nectar. Additionally,

mosquitoes can uptake F. tularensis from flower nectar and transmit these bacteria to sterile

nectar. These data suggest that flower nectar may be capable of serving as a temporary source

of F. tularensis, which in turn alters the disease transmission paradigm of F. tularensis. Mosqui-

toes may feed on an infected mammalian host and subsequently feed on flower nectar before

moving on to a new host. As a result, F. tularensis could be transferred to the nectar. Mosqui-

toes feeding on this nectar source after bacterial transfer may have the potential to become

colonized by F. tularensis. Thus, flower nectar may allow for vector-vector transmission of

F. tularensis without the need of a mammalian host intermediate. In regions containing high

mosquito-associated tularemia outbreaks, future work should determine whether flower nec-

tar contains viable F. tularensis. Data presented in this manuscript represent work modeled in

a laboratory using a sister-species to the Aedes mosquitoes normally associated with tularemia

outbreaks. Moreover, due to lack of availability of authentic nectar, the transmission studies

were carried out using a sucrose solution that was not equivalent at maintaining F. tularensis
viability. Finally, lack of quantitative data in this study does not allow for us to extrapolate or

Fig 4. Mosquitoes transfer F. tularensis from one nectar surrogate source to another. DNA was

extracted from bacteria isolated from media selective for F. tularensis. Only colonies that produced a similar

morphology to F. tularensis were selected. The extracted DNA was subjected to PCR using primers specific

for mglA of Francisella sp. Agarose gel electrophoresis was used to compare amplicons produced from

bacteria isolated from nectar surrogate to those generated from bona fide F. tularensis DNA. PCR from only

one isolate is shown for simplicity, but all other colonies with similar morphologies produced a similar amplicon

band. PCR reactions lacking template DNA did not produce amplicons.

https://doi.org/10.1371/journal.pone.0175157.g004
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make predictions about disease dissemination in nature. Future studies should focus on better

recreating plant nectar, and the utilization of mosquito species native to Sweden.

F. tularensis has been shown to persist in aquatic environments and in species of protozoa

[30, 31]. Additionally, mosquito larvae exposed to F. tularensis in water maintain the bacte-

rium to adulthood [18, 21]. This phenomenon has been shown to be capable of causing mam-

malian infection [18]. Our results could suggest that it may also be possible for mosquitoes to

transmit F. tularensis from the aquatic reservoir to nectar, further perpetuating the bacterium

in nature. Future investigation is necessary to determine whether aquatic F. tularensis are capa-

ble of being transmitted to nectar by mosquitoes.

Mosquitoes likely contribute to seasonal tularemia outbreaks as previously described in the

literature [13, 32, 33]. Increased numbers of infections could correlate with peak mosquito and

flower activity in specific geographic regions [13, 16]. These outbreaks would therefore be

associated with the flowers present in late summer/ early fall which would include Lappula
deflexa and Dianthus arenarius among others. Future work should investigate whether nectar

from these and other late summer/ early fall Scandinavian flowers support the viability of F.

tularensis. Increasing global temperatures may allow for higher quantities of both mosquitoes

and nectar-bearing flowers to exist seasonally due to more favorable growth conditions [34,

35]. Therefore, mosquito-borne tularemia, which is largely dependent upon weather patterns,

may present an increased abundance in years to come. The mosquito-nectar relationship may

present a potential target for tracking and perhaps preventing tularemia outbreaks, especially

in Scandinavian countries.

There are several additional unexplored factors that may lead to a better understanding of

the disease paradigm of mosquito-borne tularemia. It is still unclear whether mosquitoes

should be categorized as mechanical vectors or biological vectors. To resolve this, investigation

into whether F. tularensis is spread externally on the proboscis of the mosquito or internally in

the salivary glands would be required. If it is determined that mosquitoes harbor the bacterium

internally, it will be important to quantify the amount of time that F. tularensis persists in the

mosquito.

Another point of future investigation would be determining the nutrient content of flower

nectar to understand how F. tularensis, a fastidious organism, is able to survive within this

plant niche. Variation in nectar content may make certain flower species more capable reser-

voirs of F. tularensis. It would also be interesting to investigate if the presence of F. tularensis
within nectar alters mosquitoes’ preference for feeding from the nectar source [36]. Categori-

zation of endemic flower species may put specific countries or regions at a higher risk of mos-

quito-borne tularemia outbreaks. Another interesting topic would include sampling nectar

sources from areas with frequent tularemia outbreaks, such as Sweden, for the presence of F.

tularensis. The experimental approach described in this manuscript may also be applied to

other biting arthropods that exhibit nectar feeding habits similar to mosquitoes, including

sand flies and horse flies [37]. Moreover, these findings could have implications in the disease

paradigms of other mosquito-borne pathogens.

Here, we presented evidence suggesting that colonized mosquitoes can deposit F. tularensis
into sterile nectar-surrogate solution. As early as three days after the feeding on the sterile nectar

surrogate, we were able to detect the transfer of F. tularensis into this sucrose solution. As mos-

quitoes are known to feed en masse on flower nectar, multiple colonized insects could potentially

deposit bacteria within the same flower [38]. As the nectar is continuously produced by the

flower, this could allow for the accumulation of bacteria through multiple feedings. We speculate

that in certain conditions, this number may be high enough to allow for a mosquito to be newly

colonized. Because F. tularensis has an infectious dose of ~1 CFU [39], acquisition of a single

bacterium by a mosquito could potentially lead to downstream infection of a mammal.

Flower nectar—mosquito to mosquito transmission of Francisella tularensis

PLOS ONE | https://doi.org/10.1371/journal.pone.0175157 May 9, 2017 9 / 12

https://doi.org/10.1371/journal.pone.0175157


Acknowledgments

The authors thank Deanna Schmitt and Tricia Gilson for technical contributions and helpful

insight. This work was funded by a grant through the NASA WV Space Grant Consortium

(NNX10AK62H), an Institutional Development Award (IDeA) from the National Institute of

General Medical Sciences of the National Institutes of Health (P20GM103434), and a grant

from the National Institutes of Health, National Institute of Allergy and Infectious Diseases

(5K22AI087703).

Author Contributions

Conceptualization: JH RS.

Formal analysis: AK AC JP AG AR JW RS RB AF JH.

Funding acquisition: JH.

Investigation: AK AC JP AG AR JW RS RB AF JH.

Methodology: AK AC JP AG AR JW RS JH.

Project administration: RS JH.

Resources: JH.

Supervision: RS JH.

Validation: AK RB AF JH RS.

Visualization: AK AC JW JP.

Writing – original draft: AK AC JH.

Writing – review & editing: AK AC JP AG AR JW RS RB AF JH.

References
1. Santic M, Akimana C, Asare R, Kouokam JC, Atay S, Kwaik YA. Intracellular fate of Francisella tularen-

sis within arthropod-derived cells. Environ Microbiol. 2009; 11(6):1473–81. Epub 2009/02/18. https://

doi.org/10.1111/j.1462-2920.2009.01875.x PMID: 19220402

2. Petersen JM, Mead PS, Schriefer ME. Francisella tularensis: an arthropod-borne pathogen. Vet Res.

2009; 40(2):7. Epub 2008/10/28. PubMed Central PMCID: PMC2695023. https://doi.org/10.1051/

vetres:2008045 PMID: 18950590

3. Akimana C, Kwaik YA. Francisella-arthropod vector interaction and its role in patho-adaptation to infect

mammals. Front Microbiol. 2011; 2:34. Epub 2011/06/21. PubMed Central PMCID: PMC3109307.

https://doi.org/10.3389/fmicb.2011.00034 PMID: 21687425

4. Asare R, Akimana C, Jones S, Abu Kwaik Y. Molecular bases of proliferation of Francisella tularensis in

arthropod vectors. Environ Microbiol. 2010; 12(9):2587–612. Epub 2010/05/21. PubMed Central

PMCID: PMC2957557. https://doi.org/10.1111/j.1462-2920.2010.02230.x PMID: 20482589

5. Hubalek Z, Halouzka J. Mosquitoes (Diptera: Culicidae), in contrast to ticks (Acari: Ixodidae), do not

carry Francisella tularensis in a natural focus of tularemia in the Czech Republic. J Med Entomol. 1997;

34(6):660–3. Epub 1998/01/24. PMID: 9439120

6. Hubalek Z, Sixl W, Halouzka J. Francisella tularensis in Dermacentor reticulatus ticks from the Czech

Republic and Austria. Wien Klin Wochenschr. 1998; 110(24):909–10. Epub 1999/02/27. PMID:

10048175

7. Hubalek Z, Treml F, Halouzka J, Juricova Z, Hunady M, Janik V. Frequent isolation of Francisella tular-

ensis from Dermacentor reticulatus ticks in an enzootic focus of tularaemia. Med Vet Entomol. 1996; 10

(3):241–6. Epub 1996/07/01. PMID: 8887334

8. Christenson B. An outbreak of tularemia in the northern part of central Sweden. Scand J Infect Dis.

1984; 16(3):285–90. PMID: 6149615

Flower nectar—mosquito to mosquito transmission of Francisella tularensis

PLOS ONE | https://doi.org/10.1371/journal.pone.0175157 May 9, 2017 10 / 12

https://doi.org/10.1111/j.1462-2920.2009.01875.x
https://doi.org/10.1111/j.1462-2920.2009.01875.x
http://www.ncbi.nlm.nih.gov/pubmed/19220402
https://doi.org/10.1051/vetres:2008045
https://doi.org/10.1051/vetres:2008045
http://www.ncbi.nlm.nih.gov/pubmed/18950590
https://doi.org/10.3389/fmicb.2011.00034
http://www.ncbi.nlm.nih.gov/pubmed/21687425
https://doi.org/10.1111/j.1462-2920.2010.02230.x
http://www.ncbi.nlm.nih.gov/pubmed/20482589
http://www.ncbi.nlm.nih.gov/pubmed/9439120
http://www.ncbi.nlm.nih.gov/pubmed/10048175
http://www.ncbi.nlm.nih.gov/pubmed/8887334
http://www.ncbi.nlm.nih.gov/pubmed/6149615
https://doi.org/10.1371/journal.pone.0175157


9. Desvars A, Furberg M, Hjertqvist M, Vidman L, Sjostedt A, Ryden P, et al. Epidemiology and ecology of

tularemia in Sweden, 1984–2012. Emerg Infect Dis. 2014; 21(1):32–9. Epub 2014/12/23. PubMed Cen-

tral PMCID: PMC4285262.

10. Payne L, Arneborn M, Tegnell A, Giesecke J. Endemic tularemia, Sweden, 2003. Emerg Infect Dis.

2005; 11(9):1440–2. Epub 2005/10/19. PubMed Central PMCID: PMC3310613. https://doi.org/10.

3201/eid1109.041189 PMID: 16229776

11. Tarnvik A, Sandstrom G, Sjostedt A. Epidemiological analysis of tularemia in Sweden 1931–1993.

FEMS Immunol Med Microbiol. 1996; 13(3):201–4. Epub 1996/03/01. PMID: 8861029

12. Eliasson H, Lindback J, Nuorti JP, Arneborn M, Giesecke J, Tegnell A. The 2000 tularemia outbreak: a

case-control study of risk factors in disease-endemic and emergent areas, Sweden. Emerg Infect Dis.

2002; 8(9):956–60. Epub 2002/08/27. PubMed Central PMCID: PMC2732558. https://doi.org/10.3201/

eid0809.020051 PMID: 12194773

13. Svensson K, Back E, Eliasson H, Berglund L, Granberg M, Karlsson L, et al. Landscape epidemiology

of tularemia outbreaks in Sweden. Emerg Infect Dis. 2009; 15(12):1937–47. Epub 2009/12/08. PubMed

Central PMCID: PMC3044527. https://doi.org/10.3201/eid1512.090487 PMID: 19961673

14. Eliasson H, Back E. Tularaemia in an emergent area in Sweden: an analysis of 234 cases in five years.

Scand J Infect Dis. 2007; 39(10):880–9. https://doi.org/10.1080/00365540701402970 PMID: 17886125

15. Hanke CA, Otten JE, Berner R, Serr A, Splettstoesser W, von Schnakenburg C. Ulceroglandular tulare-

mia in a toddler in Germany after a mosquito bite. Eur J Pediatr. 2009; 168(8):937–40. https://doi.org/

10.1007/s00431-008-0862-3 PMID: 19132387

16. Ryden P, Bjork R, Schafer ML, Lundstrom JO, Petersen B, Lindblom A, et al. Outbreaks of tularemia in

a boreal forest region depends on mosquito prevalence. J Infect Dis. 2011; 205(2):297–304. Epub

2011/11/30. PubMed Central PMCID: PMC3244368. https://doi.org/10.1093/infdis/jir732 PMID:

22124130

17. Olin G. The occurrence and mode of transmission of tularemia in Sweden. Acta Pathologica Microbiolo-

gica Scandinavica. 1942; 19(2):220–47.

18. Thelaus J, Andersson A, Broman T, Backman S, Granberg M, Karlsson L, et al. Francisella tularensis

subspecies holarctica occurs in Swedish mosquitoes, persists through the developmental stages of lab-

oratory-infected mosquitoes and is transmissible during blood feeding. Microb Ecol. 2013; 67(1):96–

107. Epub 2013/09/24. PubMed Central PMCID: PMC3907667. https://doi.org/10.1007/s00248-013-

0285-1 PMID: 24057273

19. Triebenbach AN, Vogl SJ, Lotspeich-Cole L, Sikes DS, Happ GM, Hueffer K. Detection of Francisella

tularensis in Alaskan mosquitoes (Diptera: Culicidae) and assessment of a laboratory model for trans-

mission. J Med Entomol. 2010; 47(4):639–48. Epub 2010/08/11. PubMed Central PMCID:

PMC3590900. PMID: 20695280

20. Duzlu O, Yildirim A, Inci A, Gumussoy KS, Ciloglu A, Onder Z. Molecular Investigation of Francisella-

Like Endosymbiont in Ticks and Francisella tularensis in Ixodid Ticks and Mosquitoes in Turkey. Vector

Borne Zoonotic Dis. 2016; 16(1):26–32. Epub 2016/01/08. https://doi.org/10.1089/vbz.2015.1818

PMID: 26741324

21. Lundstrom JO, Andersson AC, Backman S, Schafer ML, Forsman M, Thelaus J. Transstadial transmis-

sion of Francisella tularensis holarctica in mosquitoes, Sweden. Emerg Infect Dis. 2011; 17(5):794–9.

Epub 2011/05/03. PubMed Central PMCID: PMC3321753. https://doi.org/10.3201/eid1705.100426

PMID: 21529386

22. Smith SM, Gadawski RM. Nectar feeding by the early-spring mosquito Aedes provocans. Med Vet

Entomol. 1994; 8(3):201–13. Epub 1994/07/01. PMID: 7949310

23. Clemons A, Haugen M, Flannery E, Tomchaney M, Kast K, Jacowski C, et al. Aedes aegypti: an emerg-

ing model for vector mosquito development. Cold Spring Harb Protoc. 2010; 2010(10):pdb emo141.

Epub 2010/10/05. PubMed Central PMCID: PMC2975269.

24. Baron GS, Nano FE. MglA and MglB are required for the intramacrophage growth of Francisella novi-

cida. Mol Microbiol. 1998; 29(1):247–59. Epub 1998/08/14. PMID: 9701818

25. Castric PA, Sidberry HF, Sadoff JC. Cloning and sequencing of the Pseudomonas aeruginosa 1244

pilin structural gene. Mol Gen Genet. 1989; 216(1):75–80. Epub 1989/03/01. PMID: 2499765

26. Horzempa J, Comer JE, Davis SA, Castric P. Glycosylation substrate specificity of Pseudomonas aeru-

ginosa 1244 pilin. J Biol Chem. 2006; 281(2):1128–36. Epub 2005/11/16. PubMed Central PMCID:

PMC2248725. https://doi.org/10.1074/jbc.M510975200 PMID: 16286455

27. Mostowy WM, Foster WA. Antagonistic effects of energy status on meal size and egg-batch size of

Aedes aegypti (Diptera: Culicidae). J Vector Ecol. 2004; 29(1):84–93. Epub 2004/07/23. PMID:

15266745

Flower nectar—mosquito to mosquito transmission of Francisella tularensis

PLOS ONE | https://doi.org/10.1371/journal.pone.0175157 May 9, 2017 11 / 12

https://doi.org/10.3201/eid1109.041189
https://doi.org/10.3201/eid1109.041189
http://www.ncbi.nlm.nih.gov/pubmed/16229776
http://www.ncbi.nlm.nih.gov/pubmed/8861029
https://doi.org/10.3201/eid0809.020051
https://doi.org/10.3201/eid0809.020051
http://www.ncbi.nlm.nih.gov/pubmed/12194773
https://doi.org/10.3201/eid1512.090487
http://www.ncbi.nlm.nih.gov/pubmed/19961673
https://doi.org/10.1080/00365540701402970
http://www.ncbi.nlm.nih.gov/pubmed/17886125
https://doi.org/10.1007/s00431-008-0862-3
https://doi.org/10.1007/s00431-008-0862-3
http://www.ncbi.nlm.nih.gov/pubmed/19132387
https://doi.org/10.1093/infdis/jir732
http://www.ncbi.nlm.nih.gov/pubmed/22124130
https://doi.org/10.1007/s00248-013-0285-1
https://doi.org/10.1007/s00248-013-0285-1
http://www.ncbi.nlm.nih.gov/pubmed/24057273
http://www.ncbi.nlm.nih.gov/pubmed/20695280
https://doi.org/10.1089/vbz.2015.1818
http://www.ncbi.nlm.nih.gov/pubmed/26741324
https://doi.org/10.3201/eid1705.100426
http://www.ncbi.nlm.nih.gov/pubmed/21529386
http://www.ncbi.nlm.nih.gov/pubmed/7949310
http://www.ncbi.nlm.nih.gov/pubmed/9701818
http://www.ncbi.nlm.nih.gov/pubmed/2499765
https://doi.org/10.1074/jbc.M510975200
http://www.ncbi.nlm.nih.gov/pubmed/16286455
http://www.ncbi.nlm.nih.gov/pubmed/15266745
https://doi.org/10.1371/journal.pone.0175157


28. Horzempa J, Carlson PE Jr., O’Dee DM, Shanks RM, Nau GJ. Global transcriptional response to mam-

malian temperature provides new insight into Francisella tularensis pathogenesis. BMC Microbiol.

2008; 8:172. PubMed Central PMCID: PMCPMC2576331. https://doi.org/10.1186/1471-2180-8-172

PMID: 18842136

29. Chalcoff VR, Aizen MA, Galetto L. Nectar concentration and composition of 26 species from the temper-

ate forest of South America. Ann Bot. 2006; 97(3):413–21. Epub 2005/12/24. PubMed Central PMCID:

PMC2803636. https://doi.org/10.1093/aob/mcj043 PMID: 16373370

30. Kilic S, Birdsell DN, Karagoz A, Celebi B, Bakkaloglu Z, Arikan M, et al. Water as Source of Francisella

tularensis Infection in Humans, Turkey. Emerg Infect Dis. 2015; 21(12):2213–6. Epub 2015/11/20.

PubMed Central PMCID: PMC4672436. https://doi.org/10.3201/eid2112.150634 PMID: 26583383

31. Abd H, Johansson T, Golovliov I, Sandstrom G, Forsman M. Survival and growth of Francisella tularen-

sis in Acanthamoeba castellanii. Appl Environ Microbiol. 2003; 69(1):600–6. Epub 2003/01/07. PubMed

Central PMCID: PMC152416. https://doi.org/10.1128/AEM.69.1.600-606.2003 PMID: 12514047

32. Guerrant RL, Humphries MK Jr., Butler JE, Jackson RS. Tickborne oculoglandular tularemia: case

report and review of seasonal and vectorial associations in 106 cases. Arch Intern Med. 1976; 136

(7):811–3. Epub 1976/07/01. PMID: 938174

33. Yanik K, Sariaydin M, Uzun MO, Coban AY, Secilmis H. [Seasonal and regional distribution of tularemia

cases in Amasya, Turkey]. Mikrobiyol Bul. 2015; 49(1):139–41. Epub 2015/02/24. PMID: 25706741

34. Mohammed A, Chadee DD. Effects of different temperature regimens on the development of Aedes

aegypti (L.) (Diptera: Culicidae) mosquitoes. Acta Trop. 2011; 119(1):38–43. Epub 2011/05/10. https://

doi.org/10.1016/j.actatropica.2011.04.004 PMID: 21549680

35. Andrews FM. The Effect of Temperature on Flowers. Plant Physiol. 1929; 4(2):281–4. Epub 1929/04/

01. PubMed Central PMCID: PMC440057. PMID: 16652610

36. Lindh JM, Terenius O, Eriksson-Gonzales K, Knols BG, Faye I. Re-introducing bacteria in mosquitoes

—a method for determination of mosquito feeding preferences based on coloured sugar solutions. Acta

Trop. 2006; 99(2–3):173–83. Epub 2006/09/27. https://doi.org/10.1016/j.actatropica.2006.07.008

PMID: 16999928

37. Karolyi F, Colville JF, Handschuh S, Metscher BD, Krenn HW. One proboscis, two tasks: adaptations to

blood-feeding and nectar-extracting in long-proboscid horse flies (Tabanidae, Philoliche). Arthropod

Struct Dev. 2014; 43(5):403–13. Epub 2014/07/30. PubMed Central PMCID: PMC4175409. https://doi.

org/10.1016/j.asd.2014.07.003 PMID: 25066540

38. Chadee DD, Sutherland JM, Gilles JR. Diel sugar feeding and reproductive behaviours of Aedes

aegypti mosquitoes in Trinidad: with implications for mass release of sterile mosquitoes. Acta Trop.

2014; 132 Suppl:S86–90.

39. Saslaw S, Carhart S. Studies with tularemia vaccines in volunteers. III. Serologic aspects following

intracutaneous or respiratory challenge in both vaccinated and nonvaccinated volunteers. Am J Med

Sci. 1961; 241:689–99. PMID: 13746662

Flower nectar—mosquito to mosquito transmission of Francisella tularensis

PLOS ONE | https://doi.org/10.1371/journal.pone.0175157 May 9, 2017 12 / 12

https://doi.org/10.1186/1471-2180-8-172
http://www.ncbi.nlm.nih.gov/pubmed/18842136
https://doi.org/10.1093/aob/mcj043
http://www.ncbi.nlm.nih.gov/pubmed/16373370
https://doi.org/10.3201/eid2112.150634
http://www.ncbi.nlm.nih.gov/pubmed/26583383
https://doi.org/10.1128/AEM.69.1.600-606.2003
http://www.ncbi.nlm.nih.gov/pubmed/12514047
http://www.ncbi.nlm.nih.gov/pubmed/938174
http://www.ncbi.nlm.nih.gov/pubmed/25706741
https://doi.org/10.1016/j.actatropica.2011.04.004
https://doi.org/10.1016/j.actatropica.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21549680
http://www.ncbi.nlm.nih.gov/pubmed/16652610
https://doi.org/10.1016/j.actatropica.2006.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16999928
https://doi.org/10.1016/j.asd.2014.07.003
https://doi.org/10.1016/j.asd.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25066540
http://www.ncbi.nlm.nih.gov/pubmed/13746662
https://doi.org/10.1371/journal.pone.0175157

