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ABSTRACT 

Human Babesiosis caused by the intraerythrocytic protozoan parasite, Babeisa microti and 

transmitted by the black legged tick (Ixodes scapularis) has become an emerging tick-born 

disease especially in northeast USA. Immature ticks feed mostly on white-footed mouse 

(Peromyscus leucopus) and occasionally on humans, although humans are not a competent host. 

Adult ticks feed mainly on white-tailed deer (Odocoileus virginianus). This disease is hard to 

diagnose because of its unclear symptoms and low index of suspicion. This study is in attempt to 

study the ecology of Babesia microti, determine the patterns of nymphal infection prevalence 

and the relationship between Babesiosis and Lyme disease caused by Borrelia burgdorferiwhich 

shares the same vector with B. microti. Five sites in Connecticut were sampled and tested by 

traditional PCR for B.burgdorferi prevalence and quantitative PCR for B.microti prevalence. 

Tick density was sampled by a dragging technique. The prevalence of B. microti appeared to be 

lower compared to B.burgdoferi; however, a large increase in prevalenceof B.microtibetween the 

sampling years was clearly observed. In addition, prevalence of B.microti can be detected before 

human cases were reported in new emerging areas. These results suggest that Babesiosis is 

expanding slowly, and has the potential to spread as far as Lyme disease. Therefore, it is 

important to raise more awareness to the general public and physicians in order to successfully 

control the disease.  

INTRODUCTION 

Life cycle of Babesia microti 

The discovery and naming of the genus Babesia was established at the end of the 19
th

 century.In 

Romania, Babes first discovered micro-organisms in erythrocytes from Redwater fever infected 

cattle(Babes 1888). In 1983, Starcovici found similar parasites infevered cattle in Texas, USA, 

and named them Babesia bovis, Babesia ovis and Babesia bigemina 

respectively(Starcovici1893). This appeared to be the firsttransmission of a protozoan parasite 

transmitted onto an arthropod (Smith and Kilbourne 1893). Babesia microti is a protozoal 

parasite in the family of Babesiidae, order of Piroplasmorida (Levine 1971). B. microti is 

ingested, when a tick takes a blood meal from an infected vertebrate host. Insidethe tick, the 

parasite develops into Strahlenkorper or ray bodies, an arrowhead-shaped organelle that fuses 

into a zygote during the tick's molting time which is usually within 14 to 18 days after feeding. 

The zygote then reproduces asexually within the salivary gland of the tick. Further, the parasite 

expands to fill the hypertrophied host cells to form a sporoblast, a three-dimensional meshwork, 

where sporozoites can develop and bud off.  The development of sporozoites inside the 

sporoblast will only occurs after the tick has started to feed again. Finally, mature sporozoites 

(approximately 2.2 by 0.8 µm) are formed. A single sporoblast can form approximately 5,000 to 

10,000 sporozoites (Mehlhorn and Shein1984). Because most of the sporozoites accumulate 

around the tick's mouth, the length of the attachment time affects the transmission rate between 

ticks and vertebrate hosts greatly. It has been proven that when ticks are allowed to feed to 

repletion, the infection rate reaches 100% (Piesman et al. 1987).  Inside the vertebrate host, the 

sporozoites are transmitted to the host when the tick feeds on them. Transmitted sporozoites 

enter the host'serythrocytes by invagination and begin the process of infection. Inside 
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erythrocytes, sporozoites become trophozoites and reproduce asexually. Eventually, this leads to 

cell lysis and additional erythrocytes infection (Rudzinska et al. 1976). Figure 1 illustrates 

B.microti infected erythrocytes on stained blood smears.  

 

 

 

 

 

 

 

 

 

 

Transmission hosts 

The agent of human Babesiosis, B.microti, is transmitted by the black-legged tick(Ixodes 

scapularis),the invertebrate vector,andwhite-footed mouse(Peromyscus leucopus),the most 

competent vertebrate host (LoGiudice et al. 2003). I.scapularishasfour life stages (egg, larval, 

nymph, and adult). During its life time, approximately two years, female ticks have three blood 

meals while male ticks have two. Larval and nymphal ticks wait on top of leaf litter or low 

vegetation to grab onto passingvertebrate hosts. Adult ticks wait on taller vegetation and quest 

almost exclusively on deer (Randolphet al.1996). Feeding period of larval and nymphal ticks 

peak at early and late summer, and at late spring to midsummer respectively. Adult ticks feed 

during early fall and again in the spring if they did not feed in the fall (Nefedova et al. 2004, 

Wilson and Spielman 1985). Ticks are restricted to locations where the climate is suitable for 

completion of their life cycle, and any climate changes will shift their questing activity which 

would alter transmission rate, disease risks pattern, and human Babesiosis distribution. It is 

demonstrated that host-seeking phenology is strongly affected by temperature and precipitation. 

For example, duration of peak questing activity is positively related to precipitation and 

negatively related to air temperature in April to May(Eisenet al. 2002, Eisen et al. 2003, Eisen et 

al. 2004, Sonenshine 1993). It has also been shown that the peak period was 82% longer in 

cooler, coniferous locations compared to warmer, drier oak woodland areas (Eisen 2002, Eisen et 

al. 2003, Eisen et al. 2004, Sonenshine 1993).  

Figure 1. Presentation of infected B.microti red blood cells (Centers for Disease Control and Prevention [CDC]), 2012) 
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The distribution of B.microti not only depends on local tick feeding areas, but also on host 

reservoirs. There are three categories of infectible hosts. First, species that do not develop 

systemic infections(infection in which the pathogen is distributed throughout the body rather 

then being concentrated in one areaand it is therefore insufficient at transmitting the disease to 

ticks (Randolph et al. 1996). Depends on where the tick bite, it may or may not become infected. 

For example, deer and sheep do not develop systemic infections; however they are still part of 

the parasites transmission cycle. Second, species develop systemic infections but transmit 

disease primarily via non-systemic transmission. This means the host develops the infection 

throughout the whole body; however the tick only bites on a specific part of body. This is the 

case with laboratory mice infected with B.burgdoferi. Third, species can develop such high 

virus-induced infections, the host may die before it can transmit disease (Randolph et al. 1996). 

For instance, 80% of grouse infected with the louping ill (LI) virus die (Reid 1984). Therefore, 

not all vertebrate hosts are competent hosts.For example, while 40.9% (660 cases) of white-

footed mouse were infected with B.microti, only 21.2% (85 cases) of meadow vole (Microtus 

pennsylvanicus) and 3.8% (26 cases) of cottontail rabbit (Sylvilagus floridanus)were infected 

with the same parasite (Spielman et al. 1981).In addition, more ticks vectors were found attached 

to white-footed mouse than any other small mammals (Piesman and Spielman 1980).  White-

footed mice are suggested to be the primary vertebrate host since they are the most abundant 

small mammals found in the preferred habit and show the highest infection rate. Studies have 

also shown that white-footed mouse do not develop a high resistant to ticks (Trager 1939), and 

immature ticks have been found to increase their molting rate and delay their repletion time 

when feeding on mice (Hu et al. 1997). Enhanced molting rate would shorten the time between 

life stages of the tick, thus increase tick population and transmission efficiency. Delayed 

repletion time would allow tick to feed more blood which might increase the success of 

reproducing next generation. Hence, it helps increase transmission rate.  

Babesia in the World 

Since the 19th century, babesiosis has become a well recognized disease in cattle, horses, dogs 

and gradually in humans. First European case of human babesiosis caused by Babesia bigemina 

occurred in Yugoslavia in 1957 (Skrabalo and Deanovic 1957). Since then, 31 more human cases 

have been reported and more than half of the cases are from France and British Isles. However, 

this observation is mostly due to the high awareness of local physicians than actual infection 

prevalence (Gorenflot et al.1998). In the case of B.microti, human cases are identified only based 

on morphological characteristics and antigenic reactivity. This is interesting because B.microti 

has been reported as a rodent parasite in England, Poland, and other parts of Europe. The fewer 

human Babesiosis cases in Europe compared to America can be explained by the fact that the 

tick vector-Ixodes trianguliceps does not bite humans easily (Randolph 1975) or that the 

European strain of the parasite is not as pathogenic to humans as the one found in eastern USA 

(Telford III and Spielman 1997). In 1969, the first human Babesiosis case was reported on 

Nantucket Island, eastern USA.B.microti was identified as the bacterial parasite (Western et 

al.1970), and since then, more than 300 cases were reported (M. Diuk-Wasser, personal 

communication, Dec 10
th

 2011).Human Babesiosis caused by B. microti is harder to detect 

because of its wide range of clinical manifestations which include fever, chills, myalgia, fatigue, 
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hepatosplenomegaly and hemolytic anemia (Pfeiffer et al. 2007). Symptoms such as nausea, 

emesis, night sweats, weight loss and hematuria are also common and thought be to associated 

with high parasitemia (Benach and Habicht 1981). The incubation period of the disease in 

humans can ranges from 1 week to 3 months (Horner et al. 2000) which adds more difficulties to 

clinical diagnosis. When humans are infected, there is a 5% case fatality rate in USA (Telford 

and Maguire 1999) and 42% case fatality rate in Europe (Gorenflot et al. 1998).  

 

At the same time, coinfection with other parasites adds more difficulties in B.microti researches. 

In California, Wisconsin and northeastern USA, Ixodes ticks are conifected with B.burgdorferi, 

Anaplasma phagocytophilum, and B.microti. The highest coinfection prevalence with two 

pathogens ranges from 1.0 % to 28.2% (Table 1).In Europe, coinfection with two pathogens is 

less than 13.4% (Table 1). Coinfection createsa more complex problem because the tick can be 

infected with multiple parasites and the prevalence rate of one parasite can influence the 

prevalence rate of another parasite. The closest disease to human Babesiosis is Lyme disease 

because it shares the same vectors and geographical ranges. Lyme disease is a vector-borne 

illness caused by B.burgdorferi, a spirochetal pathogen and is transmitted by the same vectors as 

human Babesiosis. B.burgdoferi is transmitted to humans through the bite of tickwithin 36-48 

hours of attachment. A classical sign of Lyme disease is a bulls-eye rash and antibiotics usually 

can clear the infection. However if it is not diagnosed, the infection can develops into arthritis, 

muscle pain, heart disease, brain and nerve disorders which are fatal to human health (LoGiudice 

et al. 2003). Studies have shown that Lyme disease has increased 20 fold since 1982 with more 

than 30,000 cases being reported annually. B.microti is expanding more slowly into the 

previously established B.burgdorferi-endemic areas (northeastern USA). B.microti infection has 

been found to strongly correlate with B.burgdorferi infection in the Upper Midwest area of USA 

(Hofmeister et al. 1998). However, the relationship between the two diseases is not clear. 
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Because human Babesiosis doesnot have clear symptoms and is less known by the general public 

compared to Lyme disease, it is important to assess the distribution of the disease and predict 

future trends to educate government officials and general public in order to develop more 

appropriate prevention plans. In this study, I compare nymphal infection prevalence of both 

pathogens in 2007 and 2009 to 2011 and determine what factors influence pathogen infection 

prevalence the most via logistic models. 

We hypothesizedthat the infection prevalence of B.microti is lower compared to B.burgdorferi 

because it has lower transmission efficiency. Field work was carried out in five different sits of 

Connecticut, USA between May and August in 2011. Tick density was obtained by counting the 

number of ticks from dragged transects. In this study, I also included ticks from 2007, 2009 and 

2010. Infection prevalence rate of B.burgdorferi and B.microti was determined by using PCR 

and qPCR assays respectively. We compared these measurements to determine the patterns of 

nymphal infection prevalence and the relationship between Lyme disease and human Babesiosis.  

Aims 

1. Determine patterns of nymphal infection prevalence of B.burgdorferi and B.microti and 

co-infection 

 

2. Determine what factors affect infection prevalence via logistical model 

 

MATERIALS AND METHODS 

Study sites 

Host seeking I. scapularis nymphs were sampled in 2007, 2010 and 2011 in towns representing a 

range of human Babesiosis endemicities. Because of the ongoing expansion of Babesiosis, we 

defined endemicity based on what was the first of two consecutive years when Babesiosis cases 

were reported in the town. Based on this definition, my coworkers and I sampled highly endemic 

locations: Nantucket Island, MA (first cases reported in1969 [Western et al. 1970]); endemic 

locations: Old Lyme and Lyme (first cases reported in 1992 and 1996, respectively [M.Diuk-

Wasser, personal communication, Dec 2
nd

, 2011]) and emerging locations: Mansfield, Hampton, 

Willington and Eastford (first cases reported in 2002, 2007, 2007[only one case], no cases dated, 

respectively [M.Diuk-Wasser, personal communication, Dec 2
nd

, 2011]).For the purpose of this 

study, I will focus more on the emerging locations.  

Sampling of host-seeking ticks 

Host-seeking ticks were sampled twice at each site during the nymphal host-seeking period: late 

May to early July in 2011. We used a standard dragging technique (Daniels et al. 2000) to 

estimate density of infected ticks  among four sites (Hampton, Willington and Mansfield [3 

properties]) in northeastern Connecticut and Nantucket during the summers of 2010 and 2011. At 

each site, we dragged 100-meter transects and inspected at every 20 meters to collect ticks. 

Collected ticks were preserved in 70% ethanol. For the purpose of this study, we also included 

host-seeking ticks from sites in Lyme, Old Lyme and Eastford sampled in 2007. Furthermore, 

host-seeking ticks from Nantucket in year 2009 (S.Telford, personal communication, August 1
st
 

2011) were also included.  
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Sampling of small mammals and feeding ticks 

Small mammals were surveyed at five sites in northeastern Connecticut during the summers of 

2010 and 2011. From late May to late August, we visited a total of five properties located in 

Hampton, Willington and Mansfield (3 properties). Repeated sampling throughout the summer 

months allows for detection of temporal patterns in mammalian density, tick burden, and 

infection prevalence. The Hampton and Willington sites were visited four times; the three 

Mansfield sites were visited three times. Each trapping session consisted of two consecutive 

nights of trapping, using a total of 65 Sherman traps (Tallahassee, RL, USA). In order to 

represent the heterogeneity in mouse density and tick exposure, we divided the 65 traps into 

three transects: 15 traps were placed around the house, 25 in forested areas in or adjacent to the 

property and 25 traps at the forest-lawn edge. Traps were set at dusk and checked at dawn the 

following day. In each trap, we put black oil sunflower seeds for overnight food source and 

cotton balls for thermal regulation.  During the sampling period, a total of 7 trapping sessions 

were done. In addition, we recorded the species, sex, age, reproductive status and weight of each 

captured mammal, removed all attached ticks and stored them in 70% ethanol. The purpose of 

the collected data was to be used for the calculation of basic reproductive number (R0). 

Unfortunately, I realized later that these data were not enough for the calculation. Therefore R0 is 

not calculated.  

DNA extraction and PCR 

All ticks were identified using a dissecting microscope and taxonomic keys.We extracted DNA 

from all I. scapularis nymphs with Qiagen DNeasy blood and tissue kit (Qiagen Inc., Valencia, 

CA, USA) using a modified protocol (S.Usamni-Brown, personal communication Nov 11
th

, 

2011). Ticks were crashed by pestle in eppendorf tube, and ticks DNA were degraded in warm 

(56°C) water bath. Prior to protein degradation, 180 μl of ATL buffer (Qiagen) and 20 μl of a 

proteinase K solution (14 mg/ml; Boehringer Mannheim, Indianapolis, Ind.) were added to the 

eppendorf tube. All other steps were followed according to the manufacturer’s protocol. Final 

volume for each tick DNA was 50 μl, and all DNA were stored at 4°C.We used nested PCR to 

amplify a portion of the B. burgdorferi 16S-23S rRNA intergenic spacer (IGS) region (Liveris et 

al.1999).  B.burgdorferi infection was detected by visualizing bands using gel electrophoresis. 

B.microti screening was done using the real-time Taqman polymerase chain reaction (PCR) 

targeting the 18S rDNA. All PCR protocol included a MasterTaq DNA polymerase kit 

(Eppendorf, Westbury, N.Y, USA). For each PCR product, 2.5 μl of tick DNA, 10.4μl of 

deionized water, 2.5 μl of 10x Taq buffer (with 15 mM Mg
2+

) were added. Furthermore, forward 

primers (Sequence ATA ACG AAG AGT TTG ATC CTG GCand Sequence 

CAGGGAGGTAGTGACAAGAAATAACA) were used for B.burgdorferi and B.microti 

respectively. Real-time PCR’s amplification temperatures were set as 100 °C for 10 minutes, 100 

°C for 45 cycles and 60 °C for 1 minute.  

Statistical analyses 

Logistic regression was used to determine how variables such as year, habitat type, distance to 

disease’ origin and B.burgdorferi infection prevalence affect B. microti infection prevalence in 

all sampling sites. These parameters were chosen based on the available data collected. Statistics 
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were performed using STATA 10 (Stata Statistical Software: Release 10. College Station, TX: 

StataCorp LP, USA).  

RESULTS 

Prevalence of Babesia microti in Connecticut towns and Nantucket 

In Old Lyme, Lyme and Eastford, prevalence of B.microtiwere 28 (15.9%) out of 176 nymphal 

ticks, 13 (20.6%) out of 63 nymphal ticks and 10 (6.0%) out of 167 nymphal ticks respectively. 

From 2010 to 2011, prevalence of B.microti increased from 9.5% (14 out of 147 nymphal ticks) 

to 20% (4 out of 20 nymphal ticks) in Hampton. In Willington, prevalence increased more than 

double. Prevalence rate increased from 2.8% (4 out of 142 nymphal ticks) to 12.7% (22 out of 

173 nymphal ticks). This is the same case for Mansfield 2. Prevalence rate increased from 0.7% 

(1 out of 138 nymphal ticks) to 7.1% (5 out of 70 nymphal ticks) from 2010 to 2011. In 

Mansfield 3, infection prevalence was 15.4% (47 out of 306 nymphal ticks) (Table 2). 

Prevalence of B.microti had significantly increased from 2010 to 2011 in newly invaded areas of 

Connecticut sites.  

 

On Nantucket Island, prevalence of B.microti tripled from 2009 to 2010 and did not change 

much in 2011. Prevalence rate in 2009, 2010 and 2011 was 2.5% (5 out of 198 nymphal ticks), 

9.2% (8 out of 87 nymphal ticks) and 11.1% (22 out of 199 nymphal ticks) respectively (Table 

3).  
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Prevalence of Borrelia burgdoferi in Connecticut towns and Nantucket 

Prevalence of B.burgdorferi in Old Lyme, Lyme and Eastford was 23 (12.6%) out of 182 

nymphal ticks, 65 (20%) out of 65 nymphal ticks and 93 (53.1%) out of 175 nymphal ticks, 

respectively. Hampton, Willington and Mansfield sites' prevalence rate stayed around the same 

between 2010 and 2011. Between 2010 and 2011, B.burgdorferi was detected in 28.6% (42 out 

of 147 nymphal ticks) and 45% (9 out of 20 nymphal ticks) in Hampton. In Willington, 

prevalence rate was 34.5% (49 out of 142 nymphal ticks) and 35.3% (61 out of 173 nymphal 

ticks). In Mansfield 1, 2 and 3, B. burgdorferi prevalence rate increased from 10.8% (12 out of 

111 nymphal ticks) to 9.8% (5 out of 51 nymphal ticks), from 13% (18 out of 138 nymphal ticks) 

to 10% (7 out of 70 nymphal ticks) and 28.1% (86 out of 306 nymphal ticks), respectively (Table 

4).  
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On Nantucket Island, prevalence of B.burgdorferi increased from 13.1% (26 out of 198 nymphal 

ticks) to 20.7% (18 out of 87 nymphal ticks) between 2009 and 2010. In 2011, prevalence of 

B.burgdorferiwas 14.1% (28 out of 199 nymphal ticks) (Table 5).  

 

Co-infection 

Co-infection prevalence varied from 0% to 10%. Highest co-infection prevalence was recorded 

in Hampton 2011, and lowest co-infection prevalence was recorded in Mansfield 2, 2010. For 

Hampton, Willington and two of the Mansfield sites, co-infection prevalence all increased from 

2010 to 2011 (Table 6). 

 

 

Logistic model 

The best model that predicts the prevalence of B.microti is a combination of B.burgdorferi 

infection prevalence, distance to Stonington, year and habitat types. From this model, a tick is 

twice more likely to be infected with B.microti if it’s also infected with B.burgdorferi (Table 7 

and 8), controlling for distance to Stonington, year and habitat. However, between 2010 and 

2011, the best fit model that predicts the prevalence of B.microti is a combination of 3 variables 
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(B.burgdorferi infection prevalence, distance to Stonington and year) (Table 8).   

 

 

 

In addition, tick density is only significant (p-value = 0.025) with B.burgdorferi infection 

prevalence; however, it is not significant (p-value = 0.416) with B.microti infection prevalence 

(Table 9).  

 

Human Babesiosis cases are positively related to distance to disease origin. Old Lyme has 52.3 

Babesiosis compared to all other sites and it is closest to the distance of disease origin. Lyme and 

Hampton have 39.1 and 46 Babesiosis cases per 100,000, respectively and they are 35.8 and 49 

meters away from Stonington, respectively (M. Diuk-Wasser, personal communication, Dec 
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3
rd

2011). Both Eastford and Willington are equally far away from the disease origin, and there 

have no cases been found so far. All Mansfield sites have 4 Babesiosis cases per 100,000 and 

they are approximately the same length to Stonington (Table 10).  

 

 

 

 

 

 

 

DISCUSSION 

Persistence in host 

In established areas (Hampton, Willington, Mansfield 1 & 2) the infection prevalence of 

B.microtiwas almost always lower than infection prevalence of B.burgdorferi (Tables 2-5). 

Mather et al. (1990) found that on average, about 92% of nymphs derived from B.burgdorferi 

infected mice are proven infected, while only 45% of nymphs were infected from B.microti 

infected mice (Mather et al. 1990). They also found that B.burgdoferi could infect ticks more 

efficiently compared to B.microti. One possible explanation of this observation is the intensity of 

infection in mice. In mice, parasitemia of B.microti is relatively low (< 0.1%) (Etkind et al. 1980, 

Spielman et al. 1981); however, in other vertebrate hosts such as hamsters, the parasitemia of 

B.microti can reach up to 50-60% (Benach et al. 1978, Piesman and Spielman 1982). Other 

factors such as more limited reservoir host range for B. microti than for B. burgdorferi, and lack 

of avian reservoirs for B.microti also contribute to the lower infection prevalence of 

B.microti(Mather 1990). In addition, lower survivorship of B. microti piroplasms in 

overwintering nymphs appears to further reduce infection prevalence in nymphs (Piesman et al. 

1987b) which does not occur with B.burgdorferi. Another factor that may affect the transmission 

efficiency ofB.microti is its complex life cycle. In order to transmit the disease 

successfully,B.microti must migrate to the salivary gland of the tick. Compared to B.burgdorferi, 

B.microtifaces many barriers migrating to the salivary gland of the tick. Therefore, ticks may be 

more physically susceptible to B.burgdorferi infection. Overall, our finding is consistent with our 

hypothesis that theinfection prevalence of B.microti is lower than that of B.burgdorferi, and 

previous researches. Although B.microti has a low parasitemia in hosts, the parasitemia persists 

for a long period of time (Zintl et al. 2003). This benefitsB.microti because the long lasting 

parasitemia increase infection period in hosts, and low parasitemia save ticks from deleterious 

effects. A longer infection period in hosts would increase the likelihood of disease transmission, 

thus B.microti has more chances of being passed on. Moreover, by increasing the tick’s fitness, it 

also increases the chances of B.microti being transmitted (Yeruham et al. 2001). Another reason 
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Babesiaspecies are successful at transmitting the disease despite their low transmission 

efficiency is that they have developed strategies to adapt to the immune responseswhich 

decreases the chances of being cleared from their vertebrate hosts (Dao and Eberhard 1996, 

O’Connor and Allred 2000, Schetters et al. 1998). For example, some Babesia specieshave an 

adhesive mechanism, which prevents infected red blood cells (iRBC)to pass through the spleen, 

and therefore saves the parasite from clearance in the blood stream. This mechanism would help 

increase transmission rate when a large amount of parasites are accumulated close to the tick’s 

feeding sites on a vertebrate host (Chauvin et al. 2009).If the tick takes a blood meal from the 

part of body where all the blood stream is infected with B.microti, it is likely that the tick will 

become infected, thus increased the parasite’s transmission rate. 

Increase in infection prevalence 

Infection prevalence of B.microti increased on both mainland sites (Hampton, Willington, 

Mansfield 1 and 2) and island site (Nantucket Island) throughout the sampling years. On the 

mainland, infection prevalence ofB.microti increased from 6% to 10%, and on Nantucket Island, 

infection prevalence increased 2%. On average, there is also a higher infection prevalence of 

B.microti and B.burgdoferi on mainland sites compared to island sites (Tables 2-5). From Table 

4, we observed the infection prevalence of B.microtiwas increasing rapidly between 2010 and 

2011. This increase in infection prevalence can be suggested as the first potentialpeak of the raise 

of B.microti; however, further research is needed to predict the trends of B.microti. These 

findings suggest that the characteristics of B.microti can potentially make up for the differences 

in transmission efficiency compared to B.burgdoferi, and the rapid increase in infection 

prevalence we observed from this study predicts that transmission of B.microti is fast growing 

and it has the potential to spread as far as B.burgdorferi. However, the rate of expansion is in 

question. 

Factors influence infection prevalence 

According to logistic modeling (Table 7), the best model (lowest AIC value) that describes the 

infection prevalence of B.microti in mainland sites has four variables. These are:B.burgdorferi 

infection prevalence, distance to Stonington,CT (origin of the disease), year, and habitats 

(Hampton, Willington, Mansfield 1 and 2 are peridomestic sites, Mansfield 3, Old Lyme, Lyme 

and Eastford are natural sites). In this model, all factors were significant. Odds ratio value 

showed that B.burgdorferi infection prevalence increases B.microti infection prevalence by a 

factor of 1.9. Distance to Stonington, CT, year and habitats increases B.microti infection 

prevalence by a factor of 0.9, 1.1 and 0.6, respectively. Between 2010 and 2011, year increased 

the infection prevalence of B.microti by a factor of 2.9, distance to Stonington,CT and 

B.burgdorferi infection prevalence increased infection prevalence of B.microti by a factor of 0.9 

and 1.9 respectively (Table 8). These results are helpful for building disease prevalence modelsin 

future research. Both models show that the infection prevalence of B.microti is doubled in the 

presence of B.burgdorferiinfection. This suggests that B.burgdorferi can potentially enhance the 

infection prevalence of B.microti. However, it is interesting to note that tick-density (p-value = 

0.025) was only significant in infection prevalence of B.burgdorferi, not in infection prevalence 

of B.microti (p-value = 0.416). This observation indicates that the number of ticks present in a 

particular area correlates with the infection prevalence of B.burgdorferi only. This means that 

infection prevalence of B.microti does not depend on the number of ticks present in an 

area.Previous studies have shown that a threshold of greater than or equal to 20 nymphs per hour 

is needed to maintain the parasites in the habitat (Mather et al. 1996) and therefore transmits 
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disease to humans. Infection prevalence is closely related to vertebrate host community(Gage et 

al. 2008). If the prevalence ofB.microti does not depend on tick-density, it may depend on 

factors such as predator-prey dynamics, habitat suitability, and availability of food resources 

(Gage et al. 2008). However, due to study limitations such as number of consecutive years 

sampled and number of visits per site, and human errors, the results observed in tick-density 

versus infection prevalence of B.microti can potentially be regarded as unreliable.  

Co-infection 

Although the prevalence of co-infection observed in this study is not high (Table 6), 

epidemiology of co-infection cannot be overlooked. Co-feeding transmission can be achieved 

from two ways. First, an uninfected tick can become infected if it is feeding simultaneously with 

an infected tick even if there is a physical distance between them. Second, an uninfected tick 

may acquire infection if it is feeding on the same spot after an infected tick has completed 

feeding and dropped off (Randolph et al. 1996). Ixodes ticks can feed simultaneously because 

their blood meals can lasts from several days to several weeks, and more than 90% of immature 

I.ricinus ticks feed on the same spot-the ear of rodents (Randolph et al. 1996). 4% to 45% of 

patients with Lyme disease were shown evidences of co-infection with either human 

Anaplsmosis and Babsiosis (Swanson et al. 2006). Co-infection is important in clinical diagnosis 

because Lyme disease patients coinfected with B.microti results in more symptoms and more 

persistent illness (Krause et al.1996). Although co-infection causes more illness in humans, it 

does not increase disease severity in mice. For example, Coleman et al. (2005) found that neither 

B.burgdorferi nor B.microti increased severity in co-infected disease susceptible C3H/HeN mice. 

Their study also suggested that B.burgdorferi and B.microti follow different pathways in mice 

(Coleman et al. 2005). Within host, B.burgdorferiis transported within the lymphatic system with 

the help of Langerhans cells, whileB.microtitravels on their own mobility (Randolph et al. 1996).   

Spreading of the pathogen 

Distance to Stonington (Table 10) shows sites that are further away from the origin have less 

infection prevalence and Babesiosis cases. It interesting to see that even though there is no cases 

in Eastford (farthestplace to disease origin), our data shows there is a 6% in infection prevalence 

of B.microti. This finding suggests that in newly emerging areas, B.microti infection in ticks can 

be detected before human cases are reported. We also expect Willington to have more human 

cases since there is a large increase in infection prevalence of B.microti from 2010 to 2011. 

These finding are useful in predicting future spread in tick infection prevalence. In order to 

predict disease spread, we first need to knowR0. R0 is the per generation growth in totally 

susceptible population (Hartemink et al. 2008). R0 is useful because if R0>1, an outbreak is 

possible when a pathogen is introduced. If R0<1, the disease will die out. When there is an 

outbreak, R0 measures how likely this outbreak will actually occur, and the initial exponential 

increase in the pathogen. Moreover, when the outbreak actually occurs, R0 determines how much 

of the population need to be vaccinated in order to prevent the disease to spread further 

(Hartemink et al. 2008). R0 is calculated as the following equation: 

R0 =  
Nf βv − t  βt − t (βt − v)PnF

H(r + h)
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N/H is the host ratio; f is the probability of a tick feeding on an individual of a particular host 

species. v represents vertebrate host, and t represents ticks. Therefore, βv-t is the transmission 

coefficient from vertebrate hosts to ticks, on the contrast βt-v is the transmission coefficient from 

ticks to vertebrate hosts. Likewise, βt-t is the transmission coefficient from ticks to ticks trans-

stadially or transovarially. Transstadial transmission represents transmission from one life stage 

to another for example, from larvae to nymphs. Transovarial transmission represents 

transmission from one female tick to its eggs. Variable P is the vector’s daily survival probability 

and n presents the extrinsic incubation period in days before an uninfected tick become infected. 

F is the vector’s reproduction rate. r is the daily rate of loss of infectivity in the host, and h is the 

host’s daily mortality rate (Randolph 1998). Unfortunately, due to the limited data in this study, 

we do not have value for all parameters to calculate R0. In future researches, R0 would help 

determine whether B.microti infection prevalence will increase or decline overtime. 

Control and Prevention strategies 

The concept of Dilution effect provides information on how the prevalence of pathogens can 

become reduced in nature due to increased biodiversity.Dilution effect suggests that when an 

area is divided into smaller portions, less competent hosts will be found in one of the smaller 

portions (Jill 2006). By increasing biodiversity, it will increase the species richness found in one 

of the divided areas. Hence, ticks may feed on incompetent hosts, and since incompetent hosts 

havea low capacity to infect ticks, they are less likely to become infected. By increasing 

biodiversity in general, it will also add vertebrate hosts that transmit to tick via non-systemic 

(infection limits to a specific part of the body)pathways. For example, when ticks feed on such 

species, ticks may not become infected because the infection in the vertebrate host is limited to a 

specific part of the body and if the tick did not feed on the part where is infected with parasites. 

This tick would not get infected. An example of non-systemic transmission species is deer. 

However, it is not advised to increase deer population because although deer is not a competent 

host, it increases the population of I.scapularis ticks. Deer population has increased largely due 

to conservation efforts and landscape changes in the northeastern USA (Spielman1994). 

Moreover, by increasing biodiversity in a given area, it will also increase the likelihood of 

introducing new parasites and diseases. Thus, tick eradication strategies are complex and should 

be carefully considered before carrying them out in nature.  

Although it is difficult to control the spread of B.microtibiologically, various prevention and 

protection methods can be taken. At present, more people are taking their vacations and outdoor 

activities in the rural areas. On Nantucket, northeast USA, human population increased from 

7000 to 35000 residents (M. Diuk-Wasser, personal communication, Dec 10
th 

2011). Increased 

residential and recreational activities can increase tick density in already tick-infested rural areas 

(Daszak et al. 2000). One simple way to protect ourselves is avoid going to tick-infested areas 

especially during the peaks of feeding ticks, and apply tick repellents when entering such areas. 

Applying acaricides to host nests or habitats will interrupt transmission between ticks and hosts, 

therefore it will decreases the possibility of tick attachment. Another factor that contributes to 

human exposure to B.microti is the number of susceptible individuals. An increased population 

of HIV positive individuals might lead to an increase of human Babesiosis cases. Studies have 

shown that individuals who are positive for HIV or AIDS are found associated with four human 

Babesiosis cases (Benezra et al. 1987, Falagas et al. 1996, Machtinger et al. 1993, Ong et al. 

1990). Individuals who use immunosuppressive drugs for cancer chemotherapy are also 

associated with human Babesiosis (Evenson et al. 1998, Slouvut et al. 1996).At present, there is 
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no vaccine against human Babesiosis (Homer et al. 2000).Treatment for B.microti infected 

patients include a combination of oral clindamycin with oral quinine for the less ill patients 

(Krause et al. 2000). For severely ill patients, a combination of intravenous clindamycin with 

oral quinine is given (Krause 2003).  

Future research 

Due to time and money concerns, a simultaneous transmission experiment of B.burgdorferi and 

B.microti was not done; however the potential results of such experiment is worth noting. The 

method of such experiment would consist of three experimental groups: (1) infect mice with 

B.burgdorferi first (2) infect mice with B.microti first and (3) infect mice with both pathogens. In 

addition, infections with each pathogen only should also be used as control group. 

Xenodiagnostic ticks will be examined in every 7-day interval. Ideal results would indicate 

whether the presence of one pathogen would enhance or suppress the prevalence of the other 

pathogen. For example, if the prevalence of B.microti increased from experimental group one 

compared to B.microti control group. This suggests the presence of B.burgdorferi infection 

enhances the prevalence of B.microti. This holds true for experimental group two. Results from 

experimental group three would indicate whether the result of co-infection is worse compared to 

either pathogen alone. This experiment can also be used to confirm or reject the results for 

example, a tick is twice more likely to be infected with B.microti if it’s also infected with 

B.burgdorferi obtained from logistic model.  

A lot of studies have been done on Babesia persistence and adaptation in vertebrate hosts; 

however, adaptation by Babesia in ticks remains unknown. For example, true gametocytes have 

not been identified in any Babesia species, and Babesia gene expression in tick is still unresolved 

(Chauvin et al. 2009, Mackenstedt et al. 1990). In Borrelia, tick saliva is known as one of the 

host defense responses (Tsao 2009). Tick saliva contains active components which help 

increased the length of feeding time on vertebrate hosts (Steen et al. 2006), and some of these 

components may also interact with anti-bacteria responses (Chauvin et al. 2009), which may 

lower the effects of tick bites. Therefore, it is important to understand the role of tick saliva in 

Babesia adaptation in hosts. In addition, in order to control the spread of B.microti successfully, 

seasonal synchrony in ticks life stages should be improved in prevalence models. A formal 

documentation of all possible variables used in R0 calculation should also be published, so 

researches can develop more practical models to control the spread of Babesiosis. 
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