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ABSTRACT 

Several tick-borne agents of zoonotic ehrlichiosis or anaplasmosis are endemic to 

Missouri. Dogs are susceptible to the same infections and tick vectors, but their roles as 

models, sentinels or reservoirs are undefined. The goal of this thesis was to identify 

factors that may contribute to natural infections among pet dogs. The first objective was 

to adapt a universal real-time PCR assay to rapidly screen blood samples for tick-borne 

Anaplasmataceae. This assay became an initial step of an algorithm to identify specific 

anaplasmal pathogens. The second objective was to survey canine blood sampled from 

client-owned dogs throughout Missouri. The approach to this objective was to assay 

samples from six districts across the state, which were submitted to a diagnostic 

laboratory over one year. Results indicated that three zoonotic pathogens are prevalent 

among undiagnosed dogs in Missouri. Ehrlichia ewingii was often detected in clinically 

normal dogs. Ehrlichia chaffeensis was only detected in samples co-infected with 

E. ewingii. An apparently novel strain of Anaplasma phagocytophilum was also 

prevalent, and was associated with blood or liver abnormalities. Many of these infections 

were detected in samples collected after the peak tick season, suggesting that tick 

prevention or persistently infected host physiology may affect incidence of infection. 

Other risk factors were associated with age, sex, size and breed group. The unexpected 

incidence and prevalence of these agents among undiagnosed pet dogs justifies further in 

depth study of these infections among canine and human populations in Missouri. 
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1  

CHAPTER 1  

 

INTRODUCTION 

 

1.1 Tick-borne diseases 

Tick-borne zoonoses have been named among some of the most compelling 

emerging infectious diseases in recent decades. Emerging infectious diseases include 

those caused by novel recently described pathogens, introduction of infectious organisms 

into new geographical areas, and any means of re-emergence of controlled diseases 

(CDC). Advances in technical methods have enhanced recognition of several crucial 

pathogens over recent decades. Most of the tick-borne agents require ticks and wildlife 

reservoirs to maintain infection cycles, and these interactions can result in infectious 

diseases among accidental or atypical hosts such as domestic animals and people (76) 

(60). Virtually all known tick-borne diseases of people are zoonotic, which means that 

the tick vector acquired the etiologic agent from a non-human vertebrate host (CDC). 

The vertebrate immune system, tick vector and etiologic agent all contribute to 

the existence of a disease. To obtain a blood meal, ticks must manufacture and release 

saliva into the feeding lesion, which maintains water and ion balance in the tick and the 

tick saliva contains a pharmacopeia of various molecules that serve analgesic, vasoactive, 

anticoagulant or immunomodulatory functions in the dermal environment of the 

vertebrate host. This circumstance also allows salivary transmission of the pathogenic 
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agents to occur. Furthermore, ticks secrete some molecules that can inhibit cutaneous 

immune responses that would otherwise invoke withdrawal of tick attachment. This 

mechanism aids to prolong feeding period and simultaneously enhance pathogenic agent 

transmission, because it produces the optimal circumstance for pathogen transmission 

between tick and vertebrate hosts at the feeding lesion where both the tick and the 

pathogen are susceptible to the vertebrate host immune effectors (22, 35).  

Maintenance of pathogenic agents in nature is a complex relationship among 

vertebrate hosts, arthropod vectors and microorganisms. As the importance of tick-borne 

zoonoses has grown, more research studies revealed a range of wildlife reservoirs that 

play prominent roles for maintaining infections in ecological systems (23, 26, 33). The 

spread of these infections to domestic animals and people appears to be ‘accidental’ (i.e., 

not useful for maintenance of the infectious agents in nature). Reservoir hosts must be 

susceptible to infection and then allow the agent to become transmissible to other hosts 

(15, 17). Moreover, the infection must be able to persist in the vertebrate reservoir 

between arthropod vector seasons. Although direct contact with reservoirs or arthropod 

vectors can result in infection of accidental hosts, it is thought that in most cases the 

reservoir hosts are less likely to manifest clinical disease than aberrant hosts. However, 

there are several notable exceptions to this paradigm in nature, which include canine 

monocytic ehrlichiosis that is caused by Ehrlichia canis, bovine babesiosis caused by 

Babesia bigemina and B. bovis, and human malaria that is caused by several Plasmodium 

species that only use human reservoirs. An alternative paradigm is that vector-borne 

parasites often use convergent adaptations that facilitate initial dissemination throughout 

host tissues, which is often associated with more severe disease in older naïve vertebrate 
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hosts, followed by persistent infections and premunition that result in reduced detriment 

to the vertebrate host subsequent exposure to the same or similar pathogens. Such 

protection from clinical disease in the presence of persistent infections (i.e., premunition), 

allows vector-borne agents to continue to infect future generations of hematophagous 

arthropods as they parasitize the vertebrate host (64, 65). 

1.2 Ticks associated with dogs in Missouri 

Ticks are blood-feeding ectoparasites that play a dominant role as arthropod 

vectors of infectious disease agents. Most tick species known to vector pathogens to 

dogs, cats or people are classified in the acarine family Ixodidae, which are also known 

as the hard ticks. This family included the prostriate genus Ixodes, and the metastriate 

genera Amblyomma, Rhipicephalus and Dermacentor. The hard ticks maintain 

attachment to their hosts for several days to weeks by their long mouthparts and cement 

from salivary secretions (76). Ixodid ticks have four life stages, three of which require a 

blood meal, that include eggs, larvae, nymphs and adults. After eggs hatch in the 

environment, the larval stages begin feeding on a wide variety of small to large 

vertebrates, the preference for which is dependent on the tick species (76). For three-host 

ticks, replete larvae leave the hosts, go through a molting period and become nymphs. 

The questing nymphs feed to engorgement on a second host and drop to the ground and 

go through another molting stage then finally become dioecious adults. By questing, ticks 

use their chemoreceptor stimulated by carbon dioxide as well as other chemicals from 

their target hosts before attachments. The adults restart questing, the metastriate males 

and females mate on their hosts while some prostriate adults can mate prior to finding 

their final hosts. During feeding, the female tick size can be continuously increased while 
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they engorge. Males are quite stable in size during feeding and can feed frequently 

primarily because their hardened structure of scutum. Engorged adult females spend days 

or weeks on the ground for oviposition. Metastriate male ticks can feed repeatedly and 

persist throughout the tick season (35, 76, 84). 

Diverse organisms are adapted to symbiotic life cycles with ticks, which include 

viruses, bacteria (including the Rickettsiales), protozoans and nematodes. Many tick 

symbionts, including some of the tick-borne pathogens of vertebrates, are congenitally 

transferred between tick generations through tick eggs (transovarian passage). Other 

pathogens, such as bacteria that are not capable of transovarian passage, can be acquired 

by one of the tick feeding stages and then transmitted by a subsequent feeding stage 

(transstadial passage) to another vertebrate host. Acquisition and transmission of a 

pathogen by the same tick developmental stage (intrastadial transmission) is another 

means by which pathogens spread among vertebrate hosts. Collectively, these scenarios 

allow divergent pathogens adapted to ticks to be transmitted among a wide range of 

vertebrate hosts (50, 76, 84, 99).  

It is thought that only about 10% of the over 800 known tick species are 

medically important to people or animals (CDC). Among these medically significant tick 

species, there are five species indigenous to Missouri that commonly parasitize dogs, four 

of which readily attack people when given the opportunity (40-42). Behavioral ecologies, 

including host preference, differ considerably among these different tick species and their 

development stages. The biology of these major ixodid ectoparasites of dogs in Missouri 

are briefly described below.  
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1.2.1 The black-legged tick, Ixodes scapularis 

The Ixodes spp. are classified in the ixodid subfamily Prostriata. All three feeding 

stages can be identified as prostriate (Ixodes spp.) by the presence of an anterior anal 

groove. Unlike metastriates, Ixodes spp. males do not require a blood meal for 

spermatogenesis, therefore mating does not always take place on the vertebrate hosts. 

Some members of this genus are nidicolous, or nest dwellers, that primarily parasitize 

birds. Some of the non-nidicolous ticks of North America and Eurasia are associated with 

transmission of diverse zoonotic pathogens such as Borrelia burgdorferi, Anaplasma 

phagocytophilum and Babesia microti. Ixodes scapularis, the black-legged tick, is an 

ectoparasite of white-tailed deer, cattle, dogs and people in the eastern, midwestern and 

south-central United States of America. Larvae and nymphs prefer small vertebrate hosts, 

including Peromyscus leucopus, the white-footed mouse that is an established reservoir 

of the aforementioned zoonotic pathogens. Adult and, occasionally, nymphal I. 

scapularis prefer large vertebrate hosts. It is the nymphal stage that is considered the 

primary pathogen vector to people, while both nymphs and adults will feed on dogs. 

These ticks can harbor multiple pathogens, so co-infections should be considered (66).  

1.2.2 The lone star tick, Amblyomma americanum 

The lone star tick (Amblyomma americanum) plays an important role on the 

transmission of E. chaffeensis and E. ewingii among wildlife, domestic animals, and 

people. All three feeding stages are considered aggressive and less host-specific than 

most tick species, and infestations of wildlife can be so heavy that they cause injury or 

even death in deer and wild turkeys. In the USA, the tick generally inhabits woodland 

and hardwood forest in south-central, southeastern, mid-Atlantic regions, and northward 
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along the eastern seaboard all the way to Maine (35, 66). Adult and immature ticks 

preferably infest medium- and large- sized mammals and ground-dwelling birds. Host 

species are varied among areas. As well as the seasonal activity of ticks that shows 

variability based on different regions. The ticks can be active all year round in southern 

part of the USA, but in other regions overwintered nymphs are active in May or June and 

the subsequent generation of nymphs are active in August (34). Adult male and female 

A. americanum reportedly can be infected with more than one Ehrlichia species in the 

same tick, and the infection level seems to be higher than their immature stages (62).  

Amblyomma americanum is a predominant tick species in Missouri. Tick samples 

collected from 1993 through 1996 in southeastern Missouri demonstrated that all three 

feeding stages of the lone star tick have different questing activities in different periods of 

a year (40). Adult, nymphal, and larval lone star ticks were active from May through 

September, April through September, and July through October, respectively. The study 

also revealed that white-tailed deer were important hosts that adult, nymphal and larval 

stages of the ticks feed on. Other host species of the ticks consisted of raccoon, opossum, 

wild turkey and rabbit. All three stages also infest dogs and people. Experimental studies 

have shown that these ticks can transmit E. chaffeensis both transstadially and 

intrastadially (50), and that E. ewingii can be transmitted transstadially (5). The incidence 

of pathogenic agents, such as E. chaffeensis, detected in sampled lone star ticks appears 

to be spatially and sporadically found in nature (62). 

Amblyomma-associated emergence of zoonoses is linked to several factors, 

including the dynamics of both the tick and white-tailed deer populations, changes in 

human habitats and changes in human occupational and recreational activities (13). 
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Another possible factor for numerical increase of lone star ticks demonstrated from 

Missouri Ozarks is that prescribed burning for oak-hickory forest management is 

associated with more abundant larval A. americanum after approximately 2 years since 

the burn (1). The chief explanation for this is probably an increase of foraging behavior 

of white-tailed deer in the area and the fully fed female ticks drop off as ovipositors.   

1.2.3 The Gulf Coast tick, Amblyomma maculatum 

The Gulf Coast tick is considered to be a vector of Rickettsia parkeri and 

Hepatozoon americanum, the etiologic agents of human tidewater spotted fever and 

American canine hepatozoonosis, respectively (38, 87). This tick can experimentally 

transmit other bacteria, such as Leptospira pomona, which causes leptospirosis in 

livestock, and E. ruminantium, the etiologic agent of heartwater in ruminants. In the 

USA, A. maculatum is commonly found along the coast of the Gulf of Mexico from 

Cameroon Parish, Louisiana, to the Rio Grande River in Texas as well as some inland 

and northern states (91). Movement of cattle and white-tailed deer are proposed reasons 

for the inland sporadic distribution of the tick (87). The presence of the tick on some 

ruminants, especially cattle, is reported to be associated with deformities of ear pinna 

called “gotch ear” (27). Near the eastern seaboard, A. maculatum are primarily common 

to coastal upland and tall-grass prairies, whereas, for inland distribution, the tick is found 

mainly in grasslands. The larval and nymphal stages of this tick parasitize birds and 

rodents, and the adults tend to attack larger mammals, including human beings (38, 87). 

1.2.4 The American dog tick, Dermacentor variabilis 

Dermacentor variabilis is recognized as an important vector species in North 

America, where they are considered important vectors of the agents of Rocky Mountain 
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spotted fever and bovine anaplasmosis. American dog ticks can also transmit Francisella 

tularensis, the etiologic agent of tularemia, and D. variabilis were reportedly infected 

with E. chaffeensis (73, 79). In a study from Tennessee, D. variabilis adults were 

predominantly found on raccoons, and it suggested that the ticks are possibly widespread 

throughout the state (14). A study in northeast Missouri indicated that the majority of the 

adult ticks are found in fields while the larval stage is more likely to be collected in the 

forest (70). The adult stage is thought to be less restricted to host species than the 

immature stages (12). Seasonal activity of D. variabilis might vary from place to place, 

but the adults are primarily active when the conditions are optimized for questing 

behavior, which usually occurs during the summer (12). 

1.2.5 The brown dog tick, Rhipicephalus sanguineus 

Rhipicephalus sanguineus ticks are important vectors of Babesia (canis) vogeli 

and Ehrlichia canis, which cause important canine diseases worldwide. These ticks can 

also maintain some pathogenic agents, such as Rickettsia conorii and B. vogeli, in nature 

because these agents can be transovarially and transstadially transmitted. Although these 

ticks prefer canine hosts, they are associated with transmission of spotted fever agents, 

R. conorii and R. rickettsii, to people (16). As with other Ixodidae, R. sanguineus undergo 

four stages in their life cycle. However, R. sanguineus are unique in that their off-host 

stages can survive microhabitats with lower relative humidity, thus these ticks can infest 

buildings, which facilitates their survival in temperate climates (16). While in tropical 

zones the ticks may be active for entire year, they are more active during late spring and 

early fall in temperate zones (16). 
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1.3 Order Rickettsiales, family Anaplasmataceae 

Alpha-proteobacteria classified in the order Rickettsiales are obligate intracellular 

prokaryotic parasites that utilize an invertebrate host at some points in their life cycles. 

Rickettsial organisms that reside within parasitophorous vacuoles surrounded by a host-

derived membrane are classified within the family Anaplasmataceae. Several species 

within this family have been identified as causative agents of important tick-borne 

diseases of veterinary and human medical importance. Since the reclassification of 

families Rickettsiaceae and Anaplasmataceae based upon 16S rRNA gene, groESL 

operon sequences and antigenic analyses, the genera included in latter family are 

Ehrlichia, Anaplasma, Wolbachia, and Neorickettsia (24). Members of the genera 

Anaplasma and Ehrlichia are biologically transmitted by ixodid ticks. 

To date, at least four species are known to cause human diseases, including E. 

chaffeensis, E. ewingii, A. phagocytophilum and Neorickettsia sennetsu. The canine 

pathogen, E. canis, was implicated as possible agent of human disease in Venezuela (68), 

but further experimental studies to confirm the identity of that pathogen are lacking. 

Another ehrlichial agent, closely related to E. muris, was recently implicated as an agent 

of infectious disease among dogs and people in the upper Midwestern USA (71). 

 Sennetsu fever was the first zoonosis determined to be caused by a member of 

the family Anaplasmataceae; this disease is caused by N. sennetsu infections and it is 

endemic to Japan and Malaysia. However, E. chaffeensis infections in people, first 

detected in USA, have been recognized and are a major concern for public health impact. 

Human monocytic ehrlichiosis case reports have since been rising continuously in 

different regions worldwide, including North America, Europe, Africa, Mexico and 
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Australia. Ehrlichiosis and anaplasmosis are tick-borne rickettsial diseases. Up to now, at 

least three species have been identified to cause clinical maladies in people, which 

include (1) E. chaffeensis the agent of human monocytic ehrlichiosis (HME), (2) A. 

phagocytophilum, the cause of human granulocytic anaplasmosis and (3) E. ewingii, the 

agent of human granulocytic ehrlichiosis. Diseases caused by these pathogens are 

comparable to canine monocytic ehrlichiosis. These agents, their transmission and the 

associated clinical diseases are briefly described below (24). 

1.3.1 Ehrlichia canis 

Ehrlichia canis, the primary etiologic agent of canine monocytic ehrlichiosis 

(CME), was first described in dogs from Algiers in 1939 (37). It is now known that CME 

is widely distributed throughout the world, particularly in subtropical and tropical areas, 

hence the disease is also called tropical canine pancytopenia. 

Ehrlichia canis is found within a parasitophorous vacuole, called a morula, within 

canine agranulocytes (37). Morulae are found within peripheral monocytes and 

occasionally lymphocytes, or macrophages in soft organ tissues. This species is closely 

related to other monocytotropic Ehrlichia spp., including E. chaffeensis and E. muris. 

1.3.1.1 Transmission of E. canis 

Rhipicephalus sanguineus, the brown dog tick, is the primary vector of E. canis, 

but D. variabilis was also shown capable of transmitting the pathogen under experimental 

conditions (39). The main vector, R. sanguineus, is a cosmopolitan tick that is active 

during warm weather, so high incidence of this disease is also expected in this time of 

year. Ticks can transstadially and intrastadially transmit E. canis, but transovarial 

transmission has not been demonstrated (84). Intrastadial transmission was also 
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demonstrated (9), the importance of which was corroborated by demonstration of 

interhost transfer by adult R. sanguineus (46). Transfusion with E. canis infected carrier 

blood is another route of transmission.  

1.3.1.2 Canine monocytic ehrlichiosis 

E. canis has been considered as veterinary pathogen and a prototypical agent of its 

closely related species; E. chaffeensis and E. ewingii (61, 78). Species of the mammalian 

family Canidae are considered to be natural reservoirs for E. canis, which causes a febrile 

systematic illness of the canine hosts. In term of pathology, E. canis, as well as E. 

chaffeensis, are intracellular bacteria that predominantly infect mononuclear phagocytic 

cells, especially monocytes. After the bacteria invade to the blood and lymphatic systems, 

they are mostly localized in reticuloendothelial tissues, and then get through 

multiplication in monocytic cells that eventually disseminated throughout the body via 

blood stream. Canine monocytic ehrlichiosis is characterized by 3 stages, including acute, 

subclinical, and chronic phases. In the acute phase, dogs usually show fever, anorexia, 

and depression, then followed by the subclinical phase with no clinical manifestation that 

could be prolong for months, or even years. The final stage is chronic phase that 

associated with some serious clinical signs such as hemorrhage, epitasis, and edema. 

Moreover, in this terminate phase, the clinical illness could be complicated by secondary 

infections that often result in worsen prognosis (78).  

Morulae were demonstrated in leukocytes of both domestic and wild cats with 

seropositivity against E. canis, but the precise identity of the agent of the clinical disease 

in cats still needs to be clarified (29, 77).  Moreover, early experimental studies indicated 

that E. canis is not infective to domestic cats (61, 78).  
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1.3.1.3 Human infection with E. canis 

A group from Venezuela reported an Ehrlichia species isolated from a 

veterinarian, which had a 16S rRNA gene sequence that is closely related to E. canis and 

E. ovina. The result suggested that dogs serve as a reservoir of human E. canis in South 

America, and that the infection was transmitted by R. sanguineus (94). More recently, 

clinical and subclinical cases of human infection with this Venezuelan human Ehrlichia 

(VHE) agent have been reported, suggesting that list of differential diagnosis for febrile 

illness patients should include ehrlichiosis (67, 69). However, experimental studies are 

needed to confirm that the VHE agent is transmissible among dogs by R. sanguineus, and 

multiple loci sequence analysis is needed to confirm the identity of this agent as E. canis 

or a closely related Ehrlichia species analogous to E. chaffeensis or E. muris. 

1.3.2 Ehrlichia chaffeensis 

Ehrlichia chaffeensis is the etiologic agent of human monocytic ehrlichiosis 

(HME), which was first demonstrated in a patient with tick exposure in Arkansas, and 

this illness was initially presumed to be caused by E. canis because morulae were 

observed in mononuclear leukocytes (52). This assumption was promptly challenged 

(30), and the unique identity of the etiologic agent was eventually confirmed by 

epidemiologic, molecular host susceptibility to the agent to become known as E. 

chaffeensis (2). HME cases are mostly distributed in the southeastern and south-central 

USA and currently reportable in 44 states.  

Ehrlichia chaffeensis is another monocytotropic pathogen, but, like most zoonotic 

tick-borne pathogens, this agent has a broad host range. Although many studies revealed 

numerous mammal species infected with E. chaffeensis, white-tailed deer (Odocoileus 
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virginianus) and the lone star ticks (Amblyomma americanum) are thought to be the 

primary reservoir and primary vector, respectively (99). According to several studies, the 

zoonotic pathogen utilizes various species as naturally infected vertebrate hosts, however 

the ring-tailed lemurs (Lemur catta), ruffed lemurs (Varecia variegate) and dairy cattle 

were reported to manifest severe clinical diseases (20, 97, 101). Some potential reservoirs 

have been studied by experimental isolation and transmission, domestic dogs (Canis 

familiaris) domestic goats (Capra hircus), dairy calves, immunodeficient mice, and red 

fox (Vulpes Vulpes) have susceptibilities to the infection with the white-tailed deer isolate 

and the agent can be reisolated from infected bloods but show mild or subclinical disease. 

However, due to their proximities to communities and capabilities for heavy tick 

infestation for some of these species, their potential for E. chaffeensis reservoir should be 

aware (20, 21, 62, 66, 98).  

1.3.2.1 Transmission of E. chaffeensis 

There is epidemiologic and experimental evidence that A. americanum is the 

primary vector of E. chaffeensis (25). However, even with limited roles for pathogen 

transmission, other tick species for instance I. pacificus, I. ricinus, Haemaphysalis yeni, 

A. testudinarium, A. maculatum, R. sanguineus and D. variabilis were also reported to be 

infected by E. chaffeensis (37). Moreover, raccoons (Procyon lotor), Virginia opossum 

(Didelphis virgianianus) and white footed mice were identified with antibodies reactive 

to the agent (61).  

1.3.2.2 Canine infection with E. chaffeensis 

E. chaffeensis was reported to cause clinical disease in naturally infected but not 

in experimentally infected dogs (19, 94, 102). One study demonstrated transstadial and 
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intrastadial transmission by A. americanum, but without obvious clinical manifestations 

(94). Furthermore, several molecular and serological surveys of the agent in dogs 

suggested their capability of being a potential reservoir of E. chaffeensis due to their 

susceptibility to natural infection (18, 19, 59, 61). Notably, human isolates of 

E. chaffeensis were used to test susceptibility of dogs to infection, and the isolation of 

E. chaffeensis from naturally infected dogs has not been achieved, thus our understanding 

of the susceptibility of dogs to CME chaffeensis is incomplete.  

1.3.2.3 Human monocytic ehrlichiosis (HME) 

HME incidence has increased dramatically (37). In terms of epidemiology, 35% 

of HME cases reported in the USA are from the three states of Oklahoma, Missouri and 

Arkansas (CDC). HME appears more likely to occur in males with a predisposing factor 

of older age (37). The continuous increase in HME cases is influenced by variety of 

factors, including growth of the white-tailed deer population, increased outdoor activities 

that bring more people into contact with ticks, and the increased population of 

immunosuppressed people (62).  

HME is a febrile illness with a broad range of clinical, even asymptomatic, 

presentations. The acute phase of HME includes fever, headache, malaise, myalgia, 

arthralgia, stomach upset as nausea, diarrhea, and vomiting. Hematological abnormalities 

that normally observed are leukocytopenia, thrombocytopenia, and raised hepatic enzyme 

values; alanine aminotransferase and aspartate aminotransferase. HME patients 

infrequently manifest a maculopapular rash and neurologic signs such as ataxia, 

confusion, seizure and coma. In general, HME is arguably the most potentially severe and 

occasionally life threatening of the anaplasmal zoonoses, especially among 
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immunosuppressed patients. Additionally, HME could be complicated by opportunistic 

bacteria, which can yield more serious problems in some cases (53). The complications 

most commonly reported are multisystemic, including cough, pharyngitis, 

lymphadenopathy, diarrhea, vomiting, abdominal pain and mental stress. Half of fatal 

cases are associated with vital organ failure and/or severe secondary infection (62).  

1.3.3 Anaplasma phagocytophilum 

The first name given to this agent was Cytoecetes phagocytophila, then Ehrlichia 

phagocytophila, the etiologic agent of tick-borne fever that can be fatal in sheep, cattle 

and goats. The same species was first described as the “human granulocytic ehrlichiosis 

agent” (HGE agent) in the USA, and a strain of A. phagocytophilum (previously E. equi) 

was recognized to infect horses in California. After the reclassification of the 

Anaplasmataceae in 2001, the agent was assigned to the genus Anaplasma and the 

different species were collectively reclassified to A. phagocytophilum (24). 

Anaplasma phagocytophilum mainly targets circulating neutrophils, but morulae 

are also reportedly observed in eosinophils and monocytes during bacteremia, which are 

normally first observed 4-7 days after tick bite. Serum antibody against the agent might 

persist for months or even years, and some experimental infection studies showed some 

level of homologous resistance to the same strain follows that recovery period (7). 

1.3.3.1 Transmission of A. phagocytophilum 

The causative agent is transmitted by I. scapularis (black-legged tick) and I. 

pacificus (western black-legged tick) in the USA, by I. ricinus in Europe, and by I. 

persulcatus in Asia. Many species of small mammals and free-living rodents are 

recognized to be reservoirs, including white-footed mice (P. leucopus) and dusky-footed 
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wood rats (Neotoma fuscipes), with a tendency of human beings serving as dead-end 

hosts. Other possible reservoirs include white-tailed deer, raccoons, dogs, grey squirrels, 

gray foxes, red foxes, the American robin and other birds that are infested by immature 

stages of I. scapularis (26, 33).   

1.3.3.2 Canine granulocytic anaplasmosis (CGA) 

A wide spectrum of clinical manifestations of dogs infected with A. 

phagocytophilum is usually observed. Generally, infected dogs present some signs 

associated with febrile illnesses such as lethargy, fever, depression and anorexia, and 

other signs can include vomiting, diarrhea, reluctance to move because of a neutrophilic 

polyarthritis, and bleeding disorders such as epitasis. Pathologic changes associated with 

CGA might not be distinguishable from canine ehrlichiosis, and thrombocytopenia is the 

most common abnormality reported in A. phagocytophilum infected dogs. In addition, 

lymphopenia, mild anemia, increased megakaryocytes in bone marrow, as well as 

splenomegaly and lymphadenopathy might be also presented (45).    

1.3.3.3 Human granulocytic anaplasmosis (HGA) 

HGA clinical cases were first reported in Michigan and Wisconsin (22). Although 

once known as human granulocytic ehrlichiosis, the disease is now referred to as human 

granulocytic anaplasmosis. The highest incidence rates in the USA were described in 

Connecticut, Wisconsin and New York (37). Most HGA patients are slightly inclined to 

be male and older age people. HGA is a seasonal disease due to high number of clinical 

cases in summer and spring when outdoor activities are preferable (22). 

The majority of HGA cases occur in the western, upper Midwest and northeastern 

USA, in association with I. pacificus and I. scapularis habitats in the western and eastern 
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USA, respectively. In terms of clinical manifestations, HGA cases are usually presented 

with cachexia and headache. Some HGA cases have mild or self-limiting sickness with 

no antibiotics required. The fatality rate is reported in the range of 0.2% and 1.0%. HGA 

severity can vary, with about 50 % of cases need hospitalization, and serious 

complications can result in bad prognoses for immunocompromised patients. Laboratory 

effects that are frequently found are leukopenia, thrombocytopenia, pancytopenia and 

raised transminase enzyme levels (22, 54). 

1.3.4 Ehrlichia ewingii 

Originally described as “the granulocytic form of E, canis” (29), this agent of a 

milder form of canine ehrlichiosis was demonstrated to use a different tick vector, and 

thus was renamed E. ewingii in 1992 (3). This same pathogen was reported to cause 

human disease (54). The agent is formerly described to cause illness in dogs called canine 

granulocytic ehrlichiosis because the morulae associated with E. ewingii infection are 

found in granulocytes, preferably neutrophils (36).  

1.3.4.1 Transmission of E. ewingii 

Transmissibility of E. ewingii by A. americanum, but not R. sanguineus, among 

dogs was first reported by Anziani et al. (5). More recent survey studies that primarily 

relied on molecular assays confirmed that the known vector for E. ewingii is Amblyomma 

americanum (66). However, E. ewingii DNA was reportedly amplified from D. variabilis 

and R. sanguineus (79). Another study that performed experimental transmission among 

white-tailed deer fawns from Kentucky, Georgia and South Carolina, reported that the 

fawns were PCR-positive and xenodiagnosis-positive, suggesting a potential role of 

white-tailed deer are also as a reservoir for this agent (48).  
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1.3.4.2 Canine granulocytic ehrlichiosis (CGE) 

Clinical manifestations of infected dogs reported in a study with confirmed PCR-

positive results included fever, lameness, neutrophilic polyarthritis, and neurologic 

disorders such as ataxia, and hematological abnormalities such as thrombocytopenia, 

leukopenia, high alkaline phosphatase, high alanine aminotransferase, hypokalemia, 

hyperglobulinemia, hyperphosphatemia and hypocalcemia (36, 59, 100). Goats were also 

shown susceptibility to experimental inoculation by infected A. americanum with clinical 

sickness (49). More recently, experimental inoculation in dogs with naturally infected 

blood samples resulted in pyrexia, thrombocytopenia, and leukopenia upon primary 

inoculation. Yet for the dogs re-inoculated with E. ewingii, the signs are subclinical. Both 

dogs infected by blood inoculation and tick infestation were shown to have intermittent 

fever. For serological assays using E. canis and E. chaffeensis as surrogate antigens, the 

infected dogs shown seroconverted 1-3 weeks after inoculation and the antibody levels 

persisted for at least for 10 months (100). 

1.3.4.3 Human granulocytic ehrlichiosis (HGE) ewingii  

HGE ewingii was discovered in a retrospective study from a patient with tick bite 

history in Missouri (22). Morulae were found in neutrophils and clinical signs consisted 

of fever, headache, malaise and myalgia, nausea, vomiting, and, similar to CGE cases, 

hematological findings were thrombocytopenia, anemia, leukopenia and elevated levels 

of aspartate aminotransferase and alanine aminotransferase. Interestingly, most of the 

patients with clinical HGE ewingii were immunosuppressed, suggesting that E. ewingii 

infections might not result in clinical illness in immunocompetent people (54, 62). 

However, HGE ewingii was more recently described in an immunocompetent patient 
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(54). The distribution of E. ewingii infections is quite difficult to determine, mainly 

because of lack of species specific serologic assay, but most of the cases are reported in 

Tennessee, Missouri, and Oklahoma (37). However, the infection is probably in 

agreement with the lone star tick that is more scattered than previously shown.  

1.4 Research problem and rationale 

Human ehrlichiosis and anaplasmosis are reportable diseases in the USA, and the  

number cases have increased over the past decade. From 2000-2007, the incidence of 

HME was 0.8-3.0 cases/million people/year, case fatality rate was 1.9%, and 

hospitalization rate was 49%. Meanwhile, for HGA incident rate was range from 1.4-3.0 

cases/million persons/year, case fatality rate was 0.6%, and hospitalization rate was 36%. 

One of the reasons of this increment is likely to be the higher number of active 

surveillance studies and more effective diagnostic tools than before (15, 25).  

The majority of tick-borne diseases found in the USA are enzootic to Missouri. 

Therefore this state provides an opportunity to study incidence and prevalence of the 

anaplasmal species infections among different physiographic regions across the state and 

different time periods throughout a year. Several groups have reported that domestic dogs 

are susceptible to most of the tick-borne zoonotic agents and that ticks that feed on 

people will readily parasitize dogs. While the incidence of human ehrlichiosis and 

anaplasmosis increased over the past decade, the number of studies involved with the 

surveillance of the emerging tick-borne zoonoses in domestic dogs and companion 

animals are relatively limited.  

The goal of this study was to determine the potential role of the canine population 

in the epidemiology and monitoring of tick-borne anaplasmal zoonoses. The rationale for 
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this goal is that determining the prevalence of different anaplasmal agents among 

domestic dogs will provide information needed to understand factors associated with 

exposure of canine populations and their human companions to these agents, and these 

results are also expected to help elucidate the role of dogs as models, sentinels and 

potential sources of these tick-borne pathogens. The first objective toward achieving this 

goal was to adapt a universal PCR assay for rapid screening of blood collected from 

naturally infected dogs. This assay was then used for the second objective, which was to 

determine the molecular prevalence of tick-borne Anaplasmataceae among dogs in 

Missouri. To achieve this objective, canine blood samples were obtained from the 

Clinical Pathology section of the University of Missouri Veterinary Medical Diagnostic 

Laboratory from June 1, 2010 through May 30, 2011, and randomized according area and 

trimester. PCR assay results of samples categorized according to region, month, host sex, 

host size, host breed group and host clinical history were used to identify potential risk 

factors for infection with tick-borne Anaplasmataceae.  
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2 CHAPTER 2  

 

Adaptation of a universal real-time PCR assay  

for detection and quantification of tick-borne 

Anaplasmataceae in blood and ticks 

 

2.1 Abstract 

Ticks transmit the majority of vector-borne diseases among humans and domestic 

animals in the United States. Several tick-borne zoonoses that emerged in recent decades 

are caused by obligate intracellular prokaryotic parasites classified in the rickettsial 

family Anaplasmataceae. Simultaneous detection of different tick-borne 

Anaplasmataceae will allow more rapid, affordable and less laborious approaches to 

study of these biologically diverse pathogens among their vertebrate and invertebrate 

hosts. The majority of adequate diagnostic tests available are trade-offs between 

sensitivity versus specificity. Although usually capable of detecting active infections in 

both mammalian and tick tissues, the most sensitive PCR-based diagnostic tests available 

to date are often highly specific, thus requiring an array of primers and/or probes to test 

for a broad range of different anaplasmal species. The primary objective of this study was 

to develop a rapid, analytically sensitive test capable of detection of infections with tick-

borne Anaplasmataceae. Secondary objectives for this test included differentiation of 
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these agents to the genus and species levels and quantification of infection levels in 

mammalian and tick tissues. To achieve these objectives, we used two-fold degenerate 

oligonucleotide primer sequences based on a previously reported 16S rRNA gene-based 

PCR assay. Comparison of sequences representative of nine species of the rickettsial 

family Anaplasmataceae, complimentary to both primers and amplicons, indicated that 

this PCR assay would be universal for all of the tick-transmitted species examined and 

that sequence analysis would allow identification to the species level. These primers were 

used for detection of divergent tick-borne anaplasmal pathogens by a real-time PCR 

assay with SYBR green chemistry. Analytical sensitivity of the optimized assay was 

equivalent to species-specific real-time PCR assays. Distinct inflection points were 

observed in melting curves representative of the genera Ehrlichia and Anaplasma. The 

assay was used to detect E. canis and A. marginale in both blood and ticks, and was 

adapted for quantification of infection levels in ticks. This analytically sensitive, 

universal and quantitative real-time PCR assay is expected to be a valuable tool for 

different experimental models based on these pathogens and for screening clinical and 

field samples for natural infections. 

2.2 Introduction 

Several tick-borne pathogens classified in the rickettsial family Anaplasmataceae 

have emerged as agents of infection and disease among human and domestic hosts (60). 

Anaplasmataceae are obligate intracellular prokaryotic parasites that reside within 

parasitophorous vacuoles of vertebrate host cells. Tick-borne species within this family 

include members of the genera Ehrlichia and Anaplasma, which usually have species-

specific tropisms for tick vectors and myeloid derived vertebrate cells (24, 84). Detection 
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of active infections with these organisms can be difficult, especially after primary 

infections when the associated diseases can transition from acute to subclinical phases, 

the latter of which is usually associated with even lower levels of infection and cyclic 

rickettsemias (84).  

PCR-based assays have made significant contributions to detection, identification 

and quantification of tick-borne Anaplasmataceae. The analytical sensitivity required to 

detect these fastidious organisms has often necessitated reliance on conventional PCR 

assays based on species-specific sequences such as outer membrane protein genes (82, 

95), or nested PCR assays of highly conserved sequences such as 16S rRNA (31) and the 

16S rRNA gene (16S rDNA) (24, 73). However, conventional PCR assays are subject to 

time, labor and technical challenges, especially when quantification of infection levels is 

desired. Nested PCR assays in particular are generally not feasible for quantitative PCR 

(qPCR). More recent adaptations to real-time PCR formats have allowed more rapid 

testing and quantitative analysis of samples (72, 93). Such assays usually utilize highly 

specific primers or universal primers with specific fluorescent or fluorogenic 

oligonucleotide probes. However, the most effective real-time PCR assays for tick-borne 

Anaplasmataceae are usually species-specific or limited to the number of fluorescent or 

fluorogenic probes available. A universal real-time PCR assay for tick-borne 

Anaplasmataceae would allow for rapid screening of naturally exposed hosts for 

exposure and for experimental investigations of different species without the need to 

design, optimize and validate multiple PCR assays. 

The purpose of this study was to evaluate the utility of a 16S rDNA-based real-

time PCR assay for detection, identification and quantification of divergent tick-borne 
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Anaplasmataceae in experimentally and naturally infected mammalian and tick hosts.  

Extensive review of literature for universal real-time PCR assays with highest analytical 

sensitivities resulted in identification of a single-step real-time PCR assay based on 

SYBR green chemistry that was used to detect E. chaffeensis in experimentally infected 

mice (43) and to detect Ehrlichia and Anaplasma spp. in naturally infected ticks (28). 

Multiple sequence alignment of predicted amplicons suggested the potential of this assay 

for universal detection and for differentiation of tick-borne anaplasmal species via 

amplicon sequence analysis, with minimally degenerate oligonucleotide primers derived 

from the previously reported assays. These primers were adapted for real-time PCR 

through optimization with E. canis and E. chaffeensis templates, and the analytical 

sensitivity of this universal assay was found to be comparable or superior to species-

specific outer membrane protein gene-based real-time assays for these monocytotropic 

Ehrlichia. Utility of the assay for detection of natural infections in mammals was 

confirmed by detection of Anaplasma marginale among bovine blood samples from an 

enzootic area. SYBR green chemistry was sufficient to distinguish Ehrlichia and 

Anaplasma infections at the genus level, based on observation of different Tm values. A 

plasmid was constructed to produce amplicons that were readily distinguishable from 

known Anaplasmataceae, and used to evaluate the utility of this assay for quantitative 

PCR (qPCR) of A. marginale in experimentally infected Dermacentor andersoni.  

2.3 Materials and Methods 

2.3.1 Predicted 16S rDNA amplicon sequences 

16S rRNA gene (16S rDNA) sequences were obtained from the Genbank 

database for multiple sequence alignment of expected amplicons flanked by the 
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previously reported primer sequences (43). Genbank accession numbers of these 

sequences included those for Ehrlichia ewingii (M73227.1), E. canis (CP000107.1; 

NC_007354.1), E. chaffeensis (CP000236.1; AF416764.1; M73222.1; U86665), E. muris 

(NR025962.1), Anaplasma marginale (CP001079; CP000030.1; M60313.1; 

NZ_ABOP01000022.1; NZ_ABOP01000022), A. platys (M82801.1), and A. bovis 

(HM131218.1; HM131217.1; GU937023.1). The sequences flanked by these primers 

were aligned with CLUSTAL W and annotated with DNAPARS, Biology workbench. This 

multiple sequence alignment was used to choose the twofold degenerate primers 

TBA16SrDNAF (AACACATGCAAGTCGAACGG/A) and TBA16SrDNAR (CCCCC-

GCAGGGATTATACA; CCCCCTCGGGGATTATACA) primers for further adaptation 

to this work. 

2.3.2 Optimization of the 16S rDNA-based PCR assay 

PCR templates were prepared from canine blood with the High Pure Viral Nucleic 

Acid Isolation kit (Roche, Indianapolis, IN) as previously described elsewhere (55, 56). 

Blood collected from an experimentally infected carrier was the source of buffy coats 

infected with E. canis (Ebony isolate) as previously reported (55). Normal canine buffy 

coat templates (563 ng) were spiked with E. chaffeensis (St. Vincent isolate) DNA 

isolated from infected DH82 cell cultures that are described elsewhere (95).  

Primer concentrations ranging from 0.1 through 1.2 µM, in 0.1 µM increments, 

were used to optimize the 16S rDNA-based real-time PCR assay with 1X Express SYBR 

GreenER Supermix with Premixed ROX (Life Technologies, Grand Island, NY) with 

both E. canis and E. chaffeensis templates. These reactions were conducted in Thermo-

Fast 96 non-skirted plates (Thermo Fisher Scientific, Epsom KT, United Kingdom) that 
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were sealed with MicroAmp Optical Adhesive Film (Applied Biosystems, Foster City, 

CA) before they were placed into an ABI 7300 real-time thermocycler. Different DNA 

template volumes, from 1 µl through 5 µl, were also tested for 25 µl reaction volumes. 

PCR conditions were as previously reported (43), which included Taq polymerase 

activation at 95°C for 2 minutes followed by 50 cycles of 15 sec at 95 °C and 1 min at 60 

°C, followed by a dissociation stage to measure PCR product melting temperatures (Tm).  

Real-time PCR products (20 µl) were subjected to 1.5% agarose gel 

electrophoresis with ethidium bromide (0.5 µg/ml) in 1X TBE (89 mM Tris, 89 mM 

boric acid, 2 mM EDTA) at 120 V.  Excised amplicons were extracted with the Wizard 

gel and PCR clean up system (Promega, Madison, WI) prior to submission to the UMC 

DNA Core Facility for sequencing with an ABI 3730 DNA Analyzer.  

Species-specific outer membrane protein gene-based real-time PCR assays for 

monocytotropic Ehrlichia were used to evaluate the analytical sensitivity of the 16S 

rDNA-based PCR. Threshold cycle number (Ct) values detected by the optimized assays 

were compared with 10-fold dilution series of 1 ng through 1 fg of E. chaffeensis DNA 

spiked into 563 ng of normal canine buffy coat preparations, and 1 x 10-1 to 10-5 dilutions 

of E. canis (Ebony) carrier buffy coat DNA. The E. canis-specific p30-based real-time 

PCR with SYBR green chemistry was performed as previously reported (85). Briefly, 0.5 

µM each of primers ECA30–384S (ATAAACACGCTGACTTTACTGTTCC) and 

ECA30–583A (GTGATGAGATAGAGCGCAGTACC) were mixed with Express SYBR 

GreenER Supermix with Premixed ROX (Life Technologies), activated at 95C  2 min, 

which was followed by 50 cycles of 94C  30 sec, 64C  30 sec and 72C  30 sec, 

followed by a dissociation stage to measure amplicon Tm. The E. chaffeensis-specific 
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KCA assay was performed as previously reported (85). Briefly, 1.8 µM each of primers 

144762F (ACGCCTGCAACACCTACAAC) and 144994R (CCACCTACAGCACCTA- 

AAGCA) were mixed with Express SYBR GreenER Supermix with Premixed ROX (Life 

Technologies), activated at 95C  2 min, which was followed by 50 cycles of at 95C 

for 15 sec, annealing at 65C for 30 sec and extension at 72C for 1 min, followed by the 

dissociation stage to measure amplicon Tm.  

2.3.3 Detection of natural infections among mammalian hosts 

Bovine blood samples that were submitted to the MU VMDL for unrelated tests 

were used for this experiment. Templates were prepared from the bovine blood with the 

High Pure Viral Nucleic Acid Isolation kit (Roche, Indianapolis, IN) as previously 

described elsewhere (55, 56), and stored at -20 C until assayed with the optimized real-

time 16S rDNA-based PCR with SYBR green chemistry.  

2.3.4 Quantification of A. marginale in ticks 

The first step toward this objective was to construct a plasmid to serve as a 

quantitative template control. Primers TBA16SrDNAF/ECA30-384S (AACACATGCA-

AGTCGAACGGATAAACACGCTGACTTTACTGTTCC) and TBA16SrDNAR/ECA-

30-583A (CCCCCGCAGGGATTATACAGTGATGAGATAGAGCGCAGTACC) were 

used to amplify a plasmid control developed for an E. canis-specific p30-based qPCR 

with primers (85). The PCR contained 1X PCR buffer (Life Technologies), 2% DMSO, 2 

mM MgCl2, 200 µM of each dNTP, 0.3 µM each of the forward and reverse primers, 

0.03U/mL of Platinum Taq polymerase (Life Technologies) and 1 x 108 copies of the 

plasmid template in a reaction final volume of 25 µl. The PCR conditions were 2 minutes 

activation at 93°C followed by 71 cycles of 30 sec at 94°C, 30 sec at 55°C, and 30 sec at 
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72°C, then final extension for 7 minutes at 72°C using ABI 2720 Thermal cycler. The 

amplified products were visualized after electrophoresis on 0.75% agarose with 1X TBE 

and ethidium bromide (0.5 mg/ml), and the approximately 430 bp target band was 

excised and purified with a Wizard gel and PCR clean up system (Promega, Madison, 

WI). These amplicons were inserted into the StrataClone PCR Cloning Vector pSC-A-

amp-kan (Agilent Technologies, LaJolla, CA) and used to transform competent E. coli 

(StrataClone SoloPack competent cells) according to the manufacturer’s instructions. 

Recombinant colonies were selected on LB agar plates with ampicillin (100 mg/ml) and 

portions of seven distinct colonies were suspended in approx. 1 ml ddH2O, overlayed 

with approx 0.12 ml of PCR grade mineral oil (Applied Biosystems), incubated at 95 °C 

for 30 minutes followed by 1 minute on ice, and screened by PCR in the presence of the 

16S rDNA-based universal primers. Amplicons of the expected size (427 bp) were 

excised and submitted for sequencing, and one of the colonies that generated the expected 

amplicon sequence was used to isolate the plasmid construct. The colony corresponding 

to this sequence was inoculated into 2 ml of LB-broth with ampicilin (100 µg/ml) and 

incubated at 37 °C overnight with shaking (200 rpm) before isolation of the construct 

with a Plasmid Midi Kit (Qiagen, Valencia, CA) by according to manufacturer 

instructions for high copy plasmids. The plasmid DNA yield was measured three times 

with a Nanodrop uv spectrophotometer (Thermoscientific, Waltham, MA), and the 

plasmid copy number was calculated from the average DNA concentration (ng/µl) with 

the equation shown below (96). 

 	 μ
. 	 	
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After determination of the plasmid copy numbers, a 10-fold serial dilution was 

made ranging from 1 x 108 through 100 copies /µl, which were then used to generate 

standard curves to transform Ct to copy numbers with the 16S rDNA universal real-time 

PCR assay.  

Dermacentor andersoni ticks were used to test the utility of the assay for qPCR. 

Nymphs and adult male ticks were simultaneously fed on an A. marginale-infected calf 

during the ascending parasitemia associated with acute anaplasmosis. D. andersoni 

nymphs were fed to repletion and adult males were fed for 10 days before these ticks 

were held at room temperature and 95 to 100% rh, with a 12:12 hr light:dark photoperiod 

for 5 weeks (males) or until after they molted into adults (nymphs). Adult ticks were 

bisected with flame-sterilized razor blades along the median plane before templates were 

isolated from 1/2 of each tick with the High Pure Viral Nucleic Acid Isolation kit (Roche, 

Indianapolis, IN) as previously described elsewhere (55, 56). 

2.4 Results and Discussion 

2.4.1 Predicted 16S rDNA amplicon sequences  

A 16S rDNA-based real-time PCR assay was previously reported for detection of 

Ehrlichia chaffeensis in experimentally infected mice (43) and Anaplasmataceae in 

naturally infected ticks (28). Multiple sequence alignment of amplicons predicted for nine 

representative tick-borne anaplasmal species indicated that one and two nucleotide 

additions in forward and reverse primers, respectively, were sufficient to amplify the 

approximately 150 bp sequence from all tick-borne Anaplasmataceae examined (Figure 

2.1). Sufficient polymorphism was observed among the predicted amplicon sequences to 

differentiate the different species. Multiple alignment of the approximately 150 bp 
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amplicons expected for nine species from the rickettsial family Anaplasmataceae 

indicated 6 to 23 nucleotide differences among these closely related pathogens (Table 

2.1). This 16S rDNA-based real-time PCR for tick-borne Anaplasmataceae species was 

adapted with the fourfold degenerate oligonucleotide primers predicted to amplify nine 

different species of tick-borne anaplasmal pathogens. 

2.4.2 Optimization of the 16S rDNA-based PCR assay 

Optimization of primer concentrations was needed to ensure the greatest 

analytical sensitivity possible for this PCR assay. E. canis (Ebony isolate) carrier blood 

(798 ng per reaction) and normal canine buffy coat DNA (563 ng per reaction) spiked 

with E. chaffeensis (Arkansas, St. Vincent and 91HE17 strains) DNA (100 pg per 

reaction) were used as templates for this optimization. Primer concentrations of 0.6 µM 

of each primer consistently yielded the lowest average Ct and brightest amplicon bands 

all four templates (Figure 2.2).  

1.0 to 5.0 µl volumes of the same templates were also compared in triplicate for 

25.0 µl PCR assays. None of the 4.0 and 5.0 µl (16-20% vol/vol) template volumes were 

amplified. A modest increase in analytical sensitivity was observed between 1.0 and 2.0 

µl volumes of E. canis template, but statistical differences were not observed for any 

other template or volume (Figure 2.3). 

Analytical sensitivities of the 16S rDNA based real-time PCR assay of E. 

chaffeensis (strain St. Vincent) and E. canis carrier blood DNA were determined for 

comparison to species-specific real-time PCR assays based on outer membrane protein 

genes (85). Dilution series of each template were tested in three trials for comparison of 

average Ct results. Comparisons of the two correspondent assays at each template 
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dilution indicated that the universal 16S rDNA-based test resulted in significantly lower 

Ct values for detection of several dilutions of E. chaffeensis and the 1 x 10-1 dilution of 

E. canis, according to the Student’s T test (Table 2.2).  Inflection points in PCR product 

dissociation curves indicated Tm values of 77.25 °C and 78.75 °C for E. chaffeensis and 

E. canis amplicons, respectively. Results of this experiment indicated that this 16S 

rDNA-based assay demonstrated analytical sensitivity equivalent to or better than 

previously developed species-specific real-time PCR assays for detection of E. canis and 

E. chaffeensis. 

2.4.3 Detection of natural infections among mammalian hosts 

The universal 16S rDNA-based PCR assay for tick-borne-Anaplasmataceae 

produced satisfactory results with canine host cells that had been experimentally infected 

with monocytotropic Ehrlichia species. We next decided to determine the utility of the 

assay for detection of different Anaplasmataceae species that infect different host cell 

lineages, many of which are found in different mammalian hosts, and to determine if 

these organisms can be detected among naturally infected hosts that could be exposed to 

numerous bacteria under normal conditions.  

We expected to detect A. marginale among naturally infected carrier cattle 

indigenous to Missouri, where bovine anaplasmosis is endemic. Therefore template 

samples prepared from cattle were assayed to determine the utility of this assay for 

qualitative detection of tick-borne Anaplasmataceae among naturally infected cattle. To 

determine the utility of this assay for (1) detection of intraerythrocytic Anaplasma spp., 

(2) screening of blood from another mammalian host and (3) surveys of naturally infected 

mammalian hosts. Templates were prepared from 34 bovine blood samples that had been 
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submitted to the MU clinical pathology laboratory. The real-time PCR assay amplified 

product from 3 of these samples, and PCR products with Tm’s ranging from 80.7 to 81.3 

°C were subjected to agarose gel electrophoresis (Figure 2.4). Three PCR products with a 

Tm of approximately 81 °C also contained amplicons of approximately 150 bp, which 

were excised, processed and submitted for sequencing. All three amplicon sequences 

were identical through the polymorphic region of the 16S rDNA target. BLAST search 

with this consensus sequence indicated that these three cattle were carriers of A. 

marginale (Table 2.3). These results suggested that this assay could be used to detect 

tick-borne Anaplasmataceae among naturally infected mammalian hosts. Furthermore, 

amplicons generated from A. marginale were differentiated from those of E. canis, E. 

chaffeensis and E. ewingii, suggesting the feasibility of this universal real-time PCR 

assay for distinguishing infections at the genus level with SYBR green. 

2.4.4 Quantification of A. marginale in ticks 

Development of an appropriate control for calculation of relative copy numbers 

was the first step toward adaptation of the 16S rDNA-based universal assay for qPCR. 

Primers specific to a plasmid construct, flanked by the 16S rDNA primer sequences at 

their 5’ ends, were designed to generate a 427 bp amplicon with unique characteristics for 

differentiation between control and target amplicons by Tm, molecular size and sequence 

(Figure 2.5). This amplicon was inserted into a cloning vector and transformed into 

competent E. coli. The same amplicon was generated from all of seven colonies tested, 

and the plasmid construct was isolated.  

Dermacentor andersoni ticks experimentally infected with A. marginale were 

used to test the utility of the 16S rDNA-based qPCR for comparison of infection levels. 
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Nymphs and adult male D. andersoni were simultaneously fed on an A. marginale-

infected calf to repletion (nymphs) or for 10 days (males) before storage in a humidity 

chamber for 5 weeks while the engorged nymphs molted into adults. Adult ticks were 

bisected along the median plane and 1/2 of each tick was prepared for assay with the 

universal 16S rDNA-based real-time PCR assay. Each specimen was assayed in a single 

reaction in three independent trials for calculation of A. marginale copies per tick with a 

linear equation derived from the plasmid standard curve. 

A 10-fold dilution series of the plasmid template was used for standard curve 

generation of amplicons with an average Tm of 88.0 + 0.1 (Figure 2.6). The amplification 

curve in one out of three trials revealed the highest limit of detection at 1 copy, but a peak 

was not detected in the corresponding dissociation curve analysis and amplification was 

only observed in all three trials at to 10 copies. The Ct’s associated with different 

dilutions of the plasmid resulted in the linear equation of log10 copies = -0.2342 x Ct + 

11.487, with R2> 0.99. Thus, the results of this experiment demonstrated the utility of 

using the construct for standard curves to calculate infection levels and adaptation of this 

16S rDNA-based assay to qPCR. Dissociation curves of amplicons generated with the 

16S rDNA-specific primers resulted in Tm’s of approximately 77.5, 81.0 and 88.5 °C 

with E. ewingii (from a naturally infected dog), A. marginale and plasmid construct 

controls, respectively (Figure 2.6). These results confirmed that amplicons generated 

from the plasmid construct were readily distinguishable from those of both Ehrlichia and 

Anaplasma species. 

Infection levels of the different tick groups with A. marginale are illustrated in 

Figure 2.7. PCR products with Tm’s of 80.7 to 81.6 °C were observed in a minimum of 
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two trials for all 30 of the ticks fed on the experimentally infected calf. None of the 

uninfected control ticks produced amplicons with a Tm in this range. The Ct values 

observed for male adult ticks infected as nymphs ranged from 21.48 to 25.13 per assay, 

resulting in calculated infection levels of 10.7 to 12.3 Log10 copies per tick, which 

averaged 11.528  0.572 (mean  standard deviation) Log10 copies per tick. The Ct 

values observed for female adult ticks infected as nymphs ranged from 23.77 to 29.66 for 

each assay, resulting in calculated infection levels of 8.6 to 11.3 Log10 copies per tick that 

averaged 9.855  0.832 Log10 copies per tick. The Ct values observed for intrastadially 

infected male ticks ranged from 22.19 to 32.41, resulting in calculated infection levels of 

7.4 to 12.0 Log10 copies per tick, which averaged 10.5  1.6 Log10 copies per tick. 

Notably, the greatest variation in copies per tick was observed among intrastadially 

infected male ticks. Although the mean A. marginale infection levels were higher among 

male ticks, only the mean copy number for males infected as nymphs was significantly 

different from the mean copy number for females infected as nymphs (P = 0.007) 

according to a one-way ANOVA and post-hoc analysis with the Holm-Sidak method. 

In conclusion, a 16S rDNA-based real time PCR assay for tick-borne 

Anaplasmataceae was adapted for multiple purposes with SYBR green chemistry. In our 

hands, this assay appeared to have analytical sensitivity comparable to species-specific 

real-time PCR assays based on outer membrane protein genes of E. chaffeensis and E. 

canis. This assay was also found capable of differentiating species within the genera 

Ehrlichia and Anaplasma based on amplicon Tm. Screening of bovine blood samples 

affirmed the utility of the assay for identification of naturally infected mammalian hosts. 

Finally, a plasmid construct was used to adapt the real-time assay for qPCR of 
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experimentally infected ticks. Therefore this flexible universal assay for tick-borne 

Anaplasmataceae is expected to be useful for routine lab procedures that require 

analytical sensitivity for qualitative detection of these pathogens in experimentally or 

naturally infected hosts, as well as to provide quantitative data for comparison of relative 

anaplasmal infection levels in samples both derived from acarine or mammalian hosts. 
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Figure 2.1. Multiple sequence alignment of predicted amplicons flanked by primers 
used for this study. 

16S rRNA gene sequences of different species of tick-borne Anaplasmataceae (A) and 
Rickettsiaceae (B) were obtained from the NCBI database, and segments flanked by the 
primers described for this study were aligned with CLUSTAL W and annotated with 
DNAPARS (Biology workbench). Arrows indicates sequences corresponding to the 
primers. Nucleotides that are not identical to the consensus of the sequences are indicated 
for each species, while identical nucleotides are indicated by a dot (·) and gaps are 
indicated by a dash (-). Accession numbers for each sequence are indicated in the 
materials and methods section (89). 
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Table 2.1. Nucleotide differences between predicted 16S rDNA amplicons.*	

Anaplasmataceae species (1) (2) (3) (4) (5) (6) (7) (8) 

E. ewingii (1)  0        

E. canis (2)  11 0       

E. chaffeensis (3)  9 11 0      

E. ruminantium (4)  11 11 12 0     

A. bovis (5)  22 20 21 20 0    

 A. platys (6)  20 18 17 19 6 0   

 A. phagocytophilum (7)  15 13 14 17 8 8 0  

 A. marginale (8)  23 21 20 23 14 14 14 0 

E. muris (9)  15 18 15 14 16 15 16 20 

 

* The number of base differences per sequence from between sequences are shown. The 

analysis involved 9 nucleotide sequences. All positions containing gaps and missing data 

were eliminated. There were a total of 144 positions in the final dataset. Evolutionary 

analyses were conducted in MEGA5 (86). 
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Figure 2.2. Effect of primer concentration on amplification of four different strains 
of two monocytotropic Ehrlichia spp. 

Different primer concentrations (0.1 to 1.2 µM) were tested in 0.1 µM increments with 
templates prepared from canine host cells infected with four different strains of 
monocytotropic Ehrlichia. Each permutation of template and primer concentration was 
tested in three trials with real-time PCR followed by agarose gel electrophoresis of the 
products. The Ebony isolate of E. canis (panel A) was amplified from the buffy coat 
fraction of blood collected from a persistently infected carrier (dog A72). Template DNA 
isolated from cultivated Arkansas, St. Vincent and 91HE17 isolates of E. chaffeensis 
were spiked into specific-pathogen-free canine buffy coat template preparations (panels 
B–D). For each panel, columns and error bars respectively represent means and standard 
deviations observed for real–time PCR threshold cycles (Ct) after three independent 
assays. Amplicon bands observed after agarose gel electrophoresis of one of these trials 
are also shown for each panel. 
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Figure 2.3. Effect of template volume on analytical sensitivity of the universal real-
time PCR assay. 

Different volumes (1–5 µl) of four monocytotropic Ehrlichia template preparations were 
tested in 25 µl total reaction volumes. The different template preparations are described 
in the legend of Figure 2.2. Data shown represent mean and standard deviation values of 
triplicate assays for each volume with E. canis (Ebony isolate) and E. chaffeensis 
(91HE17, Arkansas and St. Vincent isolates). One-way ANOVA and Tukey posthoc 
analysis indicated a difference only among template volumes of Ebony isolate, where 
columns with different letters are significantly different (P < 0.05). Products were not 
detected in assays with 4-5 µl of template. 
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Table 2.2. Comparative analytical sensitivities of the universal 16S rDNA-based and 

species-specific real-time PCR assays. 

E. canis (Ebony isolate)  E. chaffeensis (St. Vincent isolate) 

Carrier 

DNA 

(Dilution) 

PCR Assay (Ct) 
DNA 

(pg) a 

PCR Assay (Ct) 

16S rDNA p30 16S rDNA KCA 

10-1 29.86 + 0.19 30.78 + 0.5 1000 22.21 + 0.13* 28.04 + 0.11 

10-2 32.36 + 1.03 33.75 + 0.42 100 26.3 + 0.39* 32.89 + 0.36 

10-3 36.02 + 1 b 35.87 + 0.57 10 30.69 + 0.27* 36.77 + 0.71 

10-4 36.95 c —d 1 33.69 + 0.43* 43.37 + 1.11 

10-5 — — 0.1 — — 

a  Each dilution was spiked into normal canine buffy coat template (563 ng) 

b Mean ± Standard Deviation 

Amplified in one of three replicates 

c Amplified in one of three replicates 

dAll replicates were negative 

* P < 0.05 compared to the species-specific assay of the same template and dilution 

(according to two-tailed Student’s t-test) 
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Figure 2.4. Detection of A. marginale in naturally infected cattle. 

Arbitrary bovine blood DNA samples provided by the MU VMDL were assayed with the 
16S rDNA-based real-time PCR with SYBR green chemistry, and PCR products were 
subjected to agarose gel electrophoresis (panel A). The identification number, Tm 
observed and Ct for each template are indicated in the corresponding column above each 
lane of the agarose gel. Molecular size standard (M) and no template control (N) are also 
indicated on the gel image. Amplicon bands of the size expected for tick-borne 
Anaplasmataceae (indicated by arrows) were excised from the agarose gel for sequencing 
with the reverse primer, and the identical sequences of the three amplicon's chosen for 
sequence analysis are shown (panel B). BLAST results for in the consensus sequences are 
reported in Table 2.3 
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Table 2.3. Sequences with 100% coverage and identity to amplicons from cattle. 

Accession Description E value 

JN187092.1 Uncultured Anaplasma sp. clone XJ3 16S ribosomal RNA 

gene, partial sequence 

5e-36 

HM538192.1 Anaplasma marginale clone 1 from China 16S ribosomal 

RNA gene, partial sequence 

5e-36 

HM439433.1 Anaplasma marginale isolate ZJ02/2009 16S ribosomal 

RNA gene, partial sequence 

5e-36 

GU201518.1 

 

Uncultured Anaplasma sp. clone O29 16S ribosomal RNA 

gene, partial sequence 

5e-36 

FJ155998.1 

 

Anaplasma marginale 16S ribosomal RNA gene, partial 

sequence 

5e-36 

CP001079.1 Anaplasma marginale str. Florida, complete genome 5e-36 

EU436153.1 Anaplasma phagocytophilum genotype API 16S ribosomal 

RNA gene, partial sequence 

5e-36 

FJ389579.1 Uncultured Anaplasma sp. clone szc-1 16S ribosomal RNA 

gene, partial sequence 

5e-36 

FJ226454.1 Anaplasma marginale strain Ishigaki-2007 16S ribosomal 

RNA gene, partial sequence 

5e-36 

DQ000616.1 Anaplasma marginale strain IG42 16S ribosomal RNA 

gene, partial sequence 

5e-36 
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Accession Description E value 

DQ000615.1 Anaplasma marginale strain GP4 16S ribosomal RNA 

gene, partial sequence 

5e-36 

AY048816.1 Anaplasma marginale 16S ribosomal RNA gene, partial 

sequence 

5e-36 

DQ341370.1 Anaplasma marginale from Macheng buffalo 16S ri-

bosomal RNA gene, partial sequence 

5e-36 

DQ341369.1 Anaplasma marginale from Hongan buffalo 16S ribosomal 

RNA gene, partial sequence 

5e-36 

AJ633048.1 Anaplasma marginale partial 16S rRNA gene, isolate 

Lushi 

5e-36 

AF414878.1 Anaplasma marginale isolate 2:3 from Zimbabwe 16S 

ribosomal RNA gene, partial sequence 

5e-36 

AF414877.1 Anaplasma marginale from Uruguay 16S ribosomal RNA 

gene, partial sequence 

5e-36 

AF414876.1 Anaplasma marginale isolate tailed from Israel 16S 

ribosomal RNA gene, partial sequence 

5e-36 

AF414875.1 Anaplasma marginale isolate non-tailed from Israel 16S 

ribosomal RNA gene, partial sequence 

5e-36 

AF414874.1 Anaplasma marginale strain F12 from Australia 16S 

ribosomal RNA gene, partial sequence 

5e-36 
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Accession Description E value 

AF414873.1 Anaplasma marginale strain Veld from South Africa 16S 

ribosomal RNA gene, partial sequence 

5e-36 

AF414872.1 Anaplasma marginale isolate Eland from South Africa 16S 

ribosomal RNA gene, partial sequence 

5e-36 

AF414871.1 Anaplasma marginale from South Africa from black 

wildebeest 16S ribosomal RNA gene, partial sequence 

5e-36 

AF311303.1 Anaplasma marginale 16S ribosomal RNA, partial 

sequence 

5e-36 

AF309868.1 Anaplasma marginale strain South Idaho 16S ribosomal 

RNA gene, partial sequence 

5e-36 

AF309867.1 Anaplasma marginale strain Florida 16S ribosomal RNA 

gene, partial sequence 

5e-36 

AF309866.1 Anaplasma marginale strain Virginia 16S ribosomal RNA 

gene, partial sequence 

5e-36 

AF309865.1 Anaplasma ovis strain Idaho 16S ribosomal RNA gene, 

partial sequence 

5e-36 

AY851660.1 Uncultured Anaplasma sp. clone A3 16S ribosomal RNA 

gene, partial sequence 

5e-36 

AY851659.1 Uncultured Anaplasma sp. clone A2 16S ribosomal RNA 

gene, partial sequence 

5e-36 

CP000030.1 Anaplasma marginale str. St. Maries, complete genome 5e-36 
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Accession Description E value 

M60313.1 Anaplasma marginale 16S ribosomal RNA 5e-36 

AY851662.1 Uncultured Anaplasma sp. clone A5 16S ribosomal RNA 

gene, partial sequence 

2e-35 

AY851658.1 Uncultured Anaplasma sp. clone A1 16S ribosomal RNA 

gene, partial sequence 

2e-35 
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Figure 2.5. Plasmid construct for the 16S rDNA-based quantitative PCR control. 

Panel A is a schematic diagram of how plasmid-specific primers were designed with 
sequences of forward and reverse 16S rDNA-based primers for tick-borne 
Anaplasmataceae flanking their respective 5’ ends. These primers were used to amplify a 
plasmid sequence with a Tm, molecular size and sequence that are readily distinguishable 
from those of the tick-borne Anaplasmataceae 16S rDNA amplicon targeted by the assay. 
This plasmid-derived Amplicon was then cloned into a cloning vector. Colonies of 
transformed E. coli were grown on selective media and PCR products of the expected 
size (427 bp) were amplified from seven different colonies individually screened with the 
16 rDNA-specific primers (panel B). Colony 1 was grown overnight in selective broth 
media and subjected to plasmid purification prior to agarose gel electrophoresis of 0.3 to 
1.83 µg of DNA to confirm presence of the purified plasmid (panel C). For panels B and 
C,  a 100 bp ladder served as the molecular weight marker (MWS) and no template 
controls (NTC) or ddH2O served as negative controls for PCR and the plasmid 
preparation, respectively. Arrowheads are indicative of the expected molecular size of the 
DNA molecules targeted for each experiment. The sequence of the plasmid-derived 
amplicon generated with the 16S rDNA-based primers is shown in panel D. 

D 
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Figure 2.6. Standard curve generation with plasmid controls and 16S rDNA-based 
primers. 

Plasmid concentration was estimated with UV absorption and converted to copy number. 
The plasmid control was diluted to 1 x 108 copies/µl, and subjected to a 10-fold dilution 
series. Each dilution (1 µl) was amplified and monitored by real-time PCR with SYBR 
green chemistry. Dissociation curves observed for products amplified from E. ewingii in 
naturally infected canine blood, A. marginale in experimentally infected ticks, and the 
plasmid controls are illustrated in panel A. Dissociation curves of reactions representing 
the 10-fold plasmid dilution series are shown in panel B, demonstrating an average Tm = 
88.0 ± 0.1 °C (mean ± standard deviation). Amplification curves illustrating the threshold 
cycles (Ct) of each reaction with plasmid template are shown in panel C. The standard 
curve demonstrating Ct’s associated with amplification of each plasmid dilution and the 
linear equation derived from the standard curve are shown in panel D. Construction and 
isolation of the plasmid control is illustrated in Figure 2.5. 
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Figure 2.7. Quantification of Anaplasma marginale in experimentally infected ticks. 

Nymphal and adult male Dermacentor andersoni were simultaneously placed on a calf 
that was experimentally infected with A. marginale, and these ticks were allowed to feed 
to repletion (nymphs) or for 10 days (males) before storage in a humidity chamber for 5 
weeks while the replete nymphs molted to adults. Adult ticks were bisected along the 
median plane and 1/2 of each tick was prepared for assay with the universal 16S rDNA-
based real-time PCR assay. Each specimen was assayed in a single reaction in three 
independent trials for calculation of A. marginale copies per tick with a linear equation 
derived from the plasmid standard curve. Average values (mean ± standard deviation) are 
shown for individual ticks that were transstadially exposed to A. marginale as nymphs 
before molting into adult males (panel A) or females (panel B), as well as male ticks that 
were intrastadially exposed to A. marginale as adults (panel C). Average values for 
biologic replicates of each group are represented in panel D. 
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3 CHAPTER 3 

 

Molecular survey of tick-borne anaplasmal pathogens among 

client-owned dogs in Missouri 

 

3.1 Abstract 

Tick-borne pathogens of the rickettsial family Anaplasmataceae include etiologic 

agents of important diseases of domestic animals and major emerging vector-borne 

zoonoses such as human granulocytic anaplasmosis and human monocytic ehrlichiosis 

(HME) that is the most frequently and severe disease in human ehrlichiosis group. As 

annually reported to Centers of disease control and prevention (CDC), incidence of HME 

has consistently rising particularly in Missouri in which the primary vector (A. 

americanum) and host (white-tailed deer) of E. chaffeensis, the causative agent, reside. 

Dogs have been reported to be naturally infected with E. chaffeensis and also be 

parasitized by A. americanum as the ticks are catholic feeders but the epidemiologic role 

of dogs in the biology of tick-borne anaplasmal zoonoses is poorly understood. The 

objective of this study is to determine the prevalence of anaplasmal pathogens among 

client-owned dogs across Missouri. An approach to this objective is to conduct a random 

survey of unidentified canine blood samples submitted to the University of Missouri 

Veterinary Medical Diagnostic Laboratory Clinical Pathology Section over the course of 

one year (June 1, 2010 through May 30, 2011). A 16S rDNA-based PCR assay using 

SYBR GreenER for tick-borne Anaplasmataceae was previously adapted for this 
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surveillance. The results revealed 13.55% Anaplasmataceae species positive by this PCR 

assay for 421 total numbers tested throughout a year of 2010-2011. E. ewingii was found 

to be the highest prevalent with a peak in November 2010, followed by A. 

phagocytophilum with a peak in December 2010. Only three cases of E. canis were 

observed. Interestingly, by further investigation using secondary species-specific real-

time PCR assay, nine cases of E. chaffeensis was detected to be co-infected with E. 

ewingii, as well as a co-infection of three anaplasmal species found in one sample. 

3.2 Introduction 

Several species classified in the rickettsial family Anaplasmataceae have been 

studied as known causes of human ehrlichiosis and anaplasmosis over recent decades. 

Incidences of these diseases have increased unceasingly during this time (15). Increased 

awareness of public health impacts of tick-borne zoonoses, changes in diagnostic 

methods and reportable status of these diagnoses were likely contributors to this trend, 

hence more active and effective surveillance systems have been established especially in 

the states where human ehrlichiosis and anaplasmosis are endemic (62). Tick vectors, 

pathogen strains, vertebrate reservoirs and their habitats are also key factors that 

contribute to emergence of these human diseases.  

Human monocytic ehrlichiosis (HME) and human granulocytic ehrlichiosis 

(HGE) are caused by Ehrlichia chaffeensis and E. ewingii, respectively, both of which are 

primarily vectored by A. americanum, and most human ehrlichiosis diagnoses were 

reported from southern parts of USA that these ticks inhabit (22). Similarly, human 

granulocytic anaplasmosis (HGA) cases often occur in the upper Midwest, northeastern 

and western USA where Ixodes scapularis and I. pacificus ticks are prevalent. The 
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incidence of human ehrlichiosis in Missouri has increased considerably in recent years 

(62). The majority of these cases are presumably caused by E. chaffeensis, but many of 

the current diagnostic tests for these infections are not specific at the species level.  

The prevalence of numerous tick-borne diseases in Missouri provides an 

opportunity to study incidence and prevalence of anaplasmal species infections among 

different categories of infected vertebrate and invertebrate hosts. Tick vectors and 

vertebrate reservoirs of anaplasmal agents are indigenous to Missouri (1, 6, 10, 22, 40-42, 

44, 51, 70, 73, 79). In addition, several groups reported natural and experimental 

infections of domestic dogs with zoonotic tick-borne Anaplasmataceae (3, 5, 18, 19, 31, 

36, 44, 45, 47, 59, 60, 94, 100, 102). However, while the incidence of human ehrlichiosis 

and anaplasmosis increased over the past decade, surveys of the associated infections 

among domestic dogs are relatively limited. The objective of this investigation was to 

evaluate the potential role of canine companion animals as sentinels of different 

anaplasmal agents, and thus the associated tick vectors of zoonotic pathogens, which is in 

turn expected to provide information needed to understand factors associated with 

exposure of canine populations and their human companions to these agents. To achieve 

this objective, a fourfold degenerate 16S rRNA-gene (rDNA)-based real-time PCR assay 

was adapted for universal detection of tick-borne Anaplasmataceae among well-cared-for 

pet dogs throughout Missouri. Canine blood samples were obtained from the Clinical 

Pathology section of the University of Missouri Veterinary Medical Diagnostic 

Laboratory over the course of one year, and randomized according one of six state 

districts and according to trimester. None of the samples used for this survey were from 

dogs currently diagnosed with ehrlichiosis or anaplasmosis. PCR-positive samples were 
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confirmed by gel electrophoresis and amplicon sequence analysis. In case of cryptic co-

infections, samples that were positive for granulocytotropic Anaplasmataceae were also 

tested with specific assays for monocytotropic Ehrlichia species. These samples were 

categorized according to region, month, sex, size, breed group and clinical history, to 

identify potential risk factors associated with detection of these undiagnosed infections 

with tick-borne Anaplasmataceae.  

3.3 Materials and Methods 

3.3.1 Samples tested 

A total of 1,070 canine blood samples were processed from June 01, 2010 through 

May 30, 2011. Total sample numbers available for the survey ranged from 28 (region 6) 

to 549 (region 3) over the course of the entire year. Randomization was performed for 

samples from regions 3 and 4, which were further grouped into four-month trimesters to 

reduce clustering according to season. According to the humane society of the United 

States, 39% of USA households have an average of 1.7 dogs per household. There was an 

estimated 2.4 million households in Missouri as of 2006, which suggests that there are 

approximately 1.6 million dogs in Missouri. Prior survey results for E. chaffeensis among 

dogs in Missouri and other states was reported in 8 of 74, 3 of 12, 4 of 65 and 1 of 88 

dogs in Virginia, North Carolina, Oklahoma and Missouri, respectively (8, 18, 19, 44, 

59), resulting in estimated prevalence of 1-25% with a median of approximately 8.5%. 

Using this median value to estimate the prevalence (p) of E. chaffeensis among dogs in 

Missouri, a 95% confidence level (t) and 5% margin of error (m), the minimal sample 

size (n) of 130 was calculated based on the equation n = t2 x p(1-p)/m2. Samples were 

further sorted according to statistical district and trimester to minimize geographic and 
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seasonal clustering, respectively. Assuming a design effect of 3, due to sampling 

according to trimester, we decided to test ≥390 samples throughout one year. Templates 

isolated from canine samples were randomized for any district/trimester category 

represented by ≥44 samples. For randomization of the majority of the region/trimester 

categories, the factor of the category sample number divided by 22 was used to space the 

chronologically listed templates to assay for that category. Exceptions were made for 

trimesters 2 and 3 of region 3, where the sample selection intervals were decreased, thus 

increasing the numbers of samples tested. These exceptions were made in order to (1) 

increase the total samples for the trimester, (2) increase the distribution of representative 

samples from eight to nine counties in region 3 and (3) reduce the percentage of samples 

representative of the county where the MU VMDL is located. Thus, Every ninth, fifth 

and sixth template was tested for region 3 trimesters 1, 2 and 3, respectively; while every 

fourth, third and third template was tested for region 4 trimesters 1, 2 and 3, respectively. 

3.3.2 Detection of tick-borne Anaplasmataceae in canine blood samples 

Blood samples were collected daily from the Clinical Pathology section of the 

MU VMDL from June 1, 2010 through May 30, 2011. Blood samples were collected 

with EDTA, and plasma was removed prior to collection for this study. Each sample was 

centrifuged at 1,200 ×g (4 °C) for 30 minutes, and buffy coats (~200 µl) were collected 

for template isolation by the High Pure Viral Nucleic Acid kit (Roche, Indianapolis, IN) 

with polyA as previously described elsewhere (55, 56).  

The sorted and randomized canine samples were tested with a 16S rDNA real-

time PCR assay that was designed to be universal for tick-borne Anaplasmataceae (see 

Chapter 2). This PCR assay utilized two sets of forward (AACACATGCAAGTCGAAC- 
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GG; AACACATGCAAGTCGAACGA) and reverse (CCCCCGCAGGGATTATACA; 

CCCCCTCGGGGATTATACA) primers. Each template (1 l) was assayed in 25 l PCR 

volumes of 1X Express SYBR GreenER Supermix with Premixed ROX (Life 

Technologies, Grand Island, NY) and 0.6 µM of each of the four primers in Thermo-

Fast 96 non-skirted plates (Thermo Fisher Scientific, Epsom KT, United Kingdom) and 

the plates were sealed with MicroAmp Optical Adhesive Film (Applied Biosystems, 

Foster City, CA). Real-time PCR conditions, in an ABI 7300 real-time thermocycler, 

included Taq polymerase activation at 95°C for 2 minutes followed by 50 cycles of 15 

sec at 95 °C and 1 min at 60 °C, followed by a dissociation stage to measure PCR product 

melting temperature (Tm) (43). Real-time PCR products (20 µl) were subjected to 1.5% 

agarose gel electrophoresis with ethidium bromide (0.5 µg/ml) in 1X TBE (89 mM Tris, 

89 mM boric acid, 2 mM EDTA) at 120 V.  DNA bands cut from agarose gels were 

extracted with the Wizard gel and PCR clean up system (Promega, Madison, WI) prior to 

submission to the UMC DNA Core Facility for sequencing with the same primers in an 

Applied Biosystems 3730 DNA Analyzer. Each PCR assay trial included no-template 

controls (NTC’s) and positive controls that included E. canis (Ebony isolate) template 

isolated from an experimentally infected carrier (55) and E. chaffeensis (St. Vincent 

isolate) DNA isolated from infected DH82 cell cultures (95) as previously reported 

elsewhere. Each template was assayed in a minimum of two separate trials, with a third 

trial when needed to resolve discrepant results. PCR products with Tm’s in the range of 

76 to 78 or 80 to 82 °C, which represented the genera Ehrlichia or Anaplasma, 

respectively, in a minimum of two trials were subjected to gel electrophoresis and 

subsequent sequence analysis of 150 bp amplicons to confirm the real-time PCR results 
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and to identify the species detected.  

3.3.3 Categories associated with detection of Anaplasmataceae 

Information provided for these samples included host location (postal zip code), 

sex, breed, weight, age and some clinical information pertinent to the reason for the 

sample submission. Histories of previous tick exposure were not provided. Spreadsheets 

were used to categorize the 421 samples surveyed according to available information. 

Odds ratios (OR) and two-tailed Fisher’s exact probabilities (P) were used to evaluate the 

association between detection of E. ewingii, A. phagocytophilum, E. canis or tick-borne 

Anaplasmataceae, and each category, with a level of significance of 5% (P = 0.05). 

3.3.4 Dogs co-infected with different tick-borne Anaplasmataceae. 

Secondary species-specific PCR assays were used to test for cryptic co-infections 

with monocytotropic Ehrlichia spp. that were previously reported among naturally 

infected dogs. An E. canis-specific p30-based conventional PCR assay and an 

E. chaffeensis-specific hypothetical outer membrane protein gene-based Taqman PCR 

assay (i.e., KCA) were used (55, 85).  

For the p30-based assay, 0.5 µM each of primers ECA30–384S 

(ATAAACACGCTGACTTTACTGTTCC) and ECA30–583A (GTGATGAGATAGAG-

CGCAGTACC) were assayed with 1X SYBR Greener Supermix Premixed ROX 

(Invitrogen, NY). These reactions are incubated at 95C  2 min followed by 50 cycles of 

95C  30 sec, 64C  30 sec and 72C  30 sec, followed by a dissociation curve 

measured from 95C  15 sec to 60C  30 sec to 95C  15 sec. 

The E. chaffeensis-specific KCA assay was performed with 1.8 µM each of 

primers 144762F (ACGCCTGCAACACCTACAAC) and 144994R (CCACCTACAGC-
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ACCTAAAGCA) were tested with 0.25 µM of Taqman probe KCA-99 (FAM-

TCTGTAACACCTATAGCATCTGCAACGC-BHQ), in 25 µl reactions containing 1% 

DMSO, 2.0 mM MgCl2, 0.2 mM dNTP mix, 1X PCR buffer and 1 unit/µl Platinum Taq 

polymerase (Invitrogen, NY). These reactions are incubated at 95C  2 min followed by 

60 cycles at 95C  15 sec and 61C  1 min.  

3.3.5 Confirmation of A. phagocytophilum infections 

Two approaches were used in attempt to confirm the identity of the putative 

A. phagocytophilum strain detected throughout this investigation. First, all 26 

A. phagocytophilum-positive samples were assayed with a msp1β-based conventional 

PCR assay that amplifies a 409 bp amplicon target of the MSP1β gene of different strains 

of A. marginale (80, 81, 83).   

Optimized PCR conditions included heat inactivation at 94°C for 2 minutes 

followed by 35 cycles of 30 seconds at 94°C, 30 seconds at 60°C, and 1 minute at 72°C, 

then final extension for 7 minutes at 72°C. Blood from a calf experimentally infected 

with A. marginale Virginia strain served as the positive control. 

Second, amplification of the entire 16S rRNA gene was also attempted, with the 

PCR in the final volume of 25 µl contains 2.5 µl of DNA template, 2 mM of dNTP’s, 2 

mM of MgCl2 , 2 units of Platinum Taq polymerase (Invitrogen, NY), 1X PCR buffer, 

and 0.2 µM of each primer (fD1: CCGAATTCGTCGACAACAGAGTTTGATCCTGG-

CTCAG, or TBA16SrDNAF for forward primer and rD1: CCCGGGATCCAAGCTTA-

AGGAGGTGATCCAGCC or TBA16SrDNAR for reverse primer. The cycling profiles 

were denaturation at 95°C for 2 min, followed by 30 cycles of denaturation (1 min at 

94°C), annealing (1 min at 55°C), extension (2 min at 72°C), and final extension at 72°C 
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for 3 min (88). PCR products were subjected to 1% agarose gel electrophoresis in TBE 

containing ethidium bromide (0.5 g/ml).  

3.4 Results 

3.4.1 Samples tested 

Postal zip codes from which the samples were sent were used to sort samples 

according six statistical areas described for the state of Missouri by the MU Economic & 

Policy Analysis Center. All samples were also sorted into chronological order for 

randomization. A total of 421 samples were used for this survey (Table 3.1). Geographic 

distribution of the samples surveyed among the six regions and 114 Missouri counties 

(and St. Louis) are illustrated in Figure 3.1.  

An average of 35 ± 5.25 (mean ± standard deviation) samples were tested for each 

month (Figure 3.2.A), while 70 ± 26 samples were available for each statistical district 

(Figure 3.2.B). The majority of the samples tested were from dogs that resided in the 

glacial till region (48.5%), 39.5% of the samples were from the Ozark highlands, 9.5% of 

the samples were from the Osage plains, and 2.5% of the samples tested were from the 

Mississippi Lowlands of southeastern Missouri (Figure 3.2.C). 

The majority of dogs surveyed were female (55%); sexually intact male and 

female dogs comprised 9.6% and 6.9% of the samples, respectively. The age of the dogs 

tested ranged from puppies (≤1 year) to 17 years, with an average of 7.4 ± 3.6 years of 

age (Figure 3.2.D). The mass of the dogs tested ranged from <1.0 to 78.5 kg, with an 

average of available values at 23.4 ± 16.2 kg (Figure 3.2.E). When breed was reported, 

the majority of the dogs represented were in the sporting breed group (21.1%), followed 

by the Toy (17.2%), Working (13.0%), Herding (10.7%), Hound (7.9%), Terrier (7.6%) 
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and non-sporting (4.8%) breed groups (Figure 3.2.F). The miscellaneous breed group was 

used to classify 17.7% of samples, which included cross-bred or dogs that did not belong 

to any of the aforementioned breed groups. 

3.4.2 Detection of tick-borne Anaplasmataceae in canine blood samples 

Four species of tick-borne Anaplasmataceae were detected among 55 (13.1%) of 

the 421 samples surveyed that were PCR-positive in a minimum of two assay trials.  30 

PCR products had Tm values of approximately 77 ºC, indicating amplification of 

Ehrlichia spp. DNA, while 25 PCR products had Tm values of approximately 81 ºC, 

indicating the presence of Anaplasma spp. Each real-time PCR-positive sample was 

subjected to agarose gel electrophoresis, and amplicons of the appropriate size (~150 bp) 

were excised and sequenced. These sequences were used for non-redundant genome 

database searches by the BLAST algorithm with default parameters, and sequences were 

grouped according to the highest scoring BLAST results for alignment of amplicons 

derived from 55 PCR-positive samples (Figure 3.3). Sequence analyses of amplicons 

derived from these canine blood samples indicated that 27 (6.41%) were PCR-positive 

for E. ewingii, 25 (5.95%) were PCR-positive for A. phagocytophilum and 5 (1.2%) were 

PCR-positive for E. canis (Table 3.2). One confirmed case with two distinct inflection 

points in melting curve analysis was noted and the sequencing result was confirmed as 

co-infection of E. ewingii and A. phagocytophilum, SNP base calling showing 

polymorphism of the two species was discovered (Figure 3.4). 

A total of five species of the rickettsial family Anaplasmataceae have been 

amplified under these conditions (Table 3.3).  In practical terms, these infections were 

identified to the genus level (i.e., as Ehrlichia or Anaplasma spp.) based on amplicon Tm. 



 

59 

However amplicon sequence analysis was required for species distinction.  

3.4.3 Categories associated with detection of Anaplasmataceae 

Information provided for these samples included postal zip code of host location, 

sex, breed, weight, age and some clinical information pertinent to the reason for the 

sample submission. Histories of previous tick exposure were not provided. Table 3.4 

provides a summary of results classified according to host categories.  

Distribution. Geographically, canine blood samples from statistical district 2 had 

the highest prevalence of E. ewingii (OR = 1.81; P = 0.22) and A. phagocytophilum (OR 

= 2.00; P =0.19). E. canis was detected in districts 4 (OR = 9.00; P = 0.09) and 5 (OR = 

1.68; P = 0.55). Although district 2 had the highest prevalence of total Anaplasmataceae 

detected (OR =1.86; P = 0.11), a statistically significant association was not observed 

between prevalence of any of the infections with any districts.  These results were 

corroborated by the lack of a significantly higher prevalence of these infections among 

dogs from the Glacial Till, Ozark Highland, Osage Plain or Southeastern Lowland 

regions of Missouri. 

Tick-borne Anaplasmataceae sequences were detected in blood from dogs of all 

six Missouri districts used to categorize samples in the current study, from June 1, 2010 

through May 30, 2011.  The geographic distribution of dogs from which each anaplasmal 

sequence was detected is illustrated in Figure 3.5. The rates of E. ewingii sequences 

amplified from blood of dogs in different districts were 5.9, 10.2, 8.3, 3.8, 6.2 and 3.6% 

for districts 1, 2, 3, 4, 5 and 6, respectively (Figure 3.6A).  Although E. ewingii sequences 

were amplified from samples of all six districts, only one of 28 samples tested positive 

from district 6.  Notably, the smallest number of samples available was from this district, 
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resulting in a detection rate of 1/28 or 3.6%. This was the only PCR-positive sample from 

district 6. The rates of A. phagocytophilum sequences amplified from blood of dogs in 

different districts were 5.9, 10.2, 4.8, 7.7 and 5.2% for districts 1, 2, 3, 4 and 5, 

respectively. E. canis sequences were amplified from blood of three dogs, resulting in 2.6 

and 1.0% detection rates for districts 4 and 5, respectively. These results collectively 

indicated a mean ± standard deviation of 6.3 ± 2.6, 5.6 ± 3.4 and 0.6 ± 1.0% prevalence 

per district for E. ewingii, A. phagocytophilum and E. canis, respectively, across the state. 

Similarly, E. ewingii sequences were amplified from samples of all four major 

physiographic regions across Missouri, but only one of 10 samples tested positive from 

the Southeastern Lowlands (Figure 3.5). The rates of E. ewingii sequences amplified 

from blood of dogs in these regions were 7.0, 6.2, 5.1 and 10.0% for the Glacial Till, 

Ozark Highlands, Osage Plains and Southeastern Lowlands, respectively (Figure 3.6B). 

The rates of A. phagocytophilum sequences amplified from blood of dogs were also 7.0, 

6.2 and 5.1% for the Glacial Till, Ozark Highlands and Osage Plains, respectively. E. 

canis sequences were amplified from blood of three dogs, resulting in 1.0 and 0.6% 

detection rates from the Glacial Till and Ozark Highlands, respectively. These results 

collectively indicated a mean ± standard deviation of 7.1 ± 2.1, 4.6 ± 3.2 and 0.4 ± 0.5% 

prevalence per region for E. ewingii, A. phagocytophilum and E. canis, respectively, 

across the state.  

Incidence. Although October was the only month when none of the blood tested 

was PCR positive for any of the tick-borne Anaplasmataceae (OR = 0.00, P = 0.01), 

interestingly, the highest frequency of E. ewingii sequences (13.3%) was amplified from 

November blood samples (OR= 2.60; P = 0.06). Two of the three E. canis sequences 
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were amplified from November samples (OR = 17.4, P = 0.03), and the third E. canis-

positive sample was detected in April. Furthermore, the highest frequency of 

A. phagocytophilum-positive samples (31.6%) was observed for December (OR = 12.2, P 

< 0.01). Several A. phagocytophilum- and E. ewingii-positive samples were also observed 

for November and December, respectively, resulting in the highest levels of detection of 

total tick-borne Anaplasmataceae in samples collected during the months of November 

(OR = 2.74, P = 0.01) and December (OR = 6.24, P < 0.01). Monthly frequencies of 

detection of these sequences are further illustrated in Figure 3.6C. 

Breed Groups. The sporting breed group had the lowest probability of testing 

positive for E. ewingii (OR = 0.13, P = 0.02). Interestingly, although not statistically 

significant, this group also had the lowest probability of testing positive for all the tick-

borne Anaplasmataceae collectively (OR = 0.49, P = 0.11) and the highest probability of 

testing positive for E. canis (OR = 7.64, P = 0.11). Samples from dogs within the Terrier 

breed group were most likely to test positive for tick-borne Anaplasmataceae (OR = 2.46; 

P = 0.05), which was not individually statistically significant for E ewingii (OR = 2.31, P 

= 0.14) or A. phagocytophilum (OR = 2.42, P = 0.12).  

Host gender. Sexually intact male dogs had the highest probability of testing 

positive for E. ewingii (OR = 3.00, P = 0.03), A. phagocytophilum (OR = 2.42, P = 0.09) 

and for tick-borne Anaplasmataceae as a whole (OR = 2.81, P = 0.01).  

Host age. Dogs in the 3-5 year old age group had the highest probability of 

infection with E. ewingii (OR = 3.34, P = 0.02), while the odds of detecting A. 

phagocytophilum was greatest among puppies < 1 year old (OR = 2.41, P = 0.12) and 

older dogs that were 11-12 years old (OR = 2.41, P = 0.08). 
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Host size. A statistically significant association between infection and host size 

was not observed. Samples from dogs weighing 7-10 kg had the highest probabilities of 

detection of E. ewingii (OR = 2.02, P = 0.27) and A. phagocytophilum (OR = 2.60, E = 

0.12), while samples from smaller dogs in the 1-7 kg category were least likely to test 

positive for E. ewingii (OR = 0.00, P = 0.09). All E. canis-positive dogs were >20 kg. 

Case history. Interestingly, detection of E. ewingii was most likely among 

clinically normal dogs (OR = 12.00, P < 0.01), followed by a statistically less significant 

association among dogs with respiratory problems (OR = 3.61, P = 0.08). Detection of A. 

phagocytophilum was most likely among dogs with peripheral blood issues such as 

anemia (OR = 4.53, P = 0.05) or with issues involving the liver (OR = 15.4, P <0.01).  

3.4.4 Co-infection with different tick-borne Anaplasmataceae 

Failure to detect co-infections that can be present at lower levels is one of the 

concerns with this universal assay, because amplicons are detected with nonspecific 

binding of SYBR green and the melting curve inflection points do not distinguish 

monocytotropic and granulocytotropic Ehrlichia species. Higher numbers of granulocytic 

host cells can result in higher levels of granulocytotropic Anaplasmataceae and template, 

which in turn would make detection of monocytotropic Anaplasmataceae more difficult 

via amplicon sequence analysis. Thus, samples that tested PCR positive for E. ewingii or 

A. phagocytophilum, with the universal 16S rDNA-based assay, were further tested for 

the monocytotropic pathogens, E. chaffeensis and E. canis, with species-specific PCR 

assays based on outer membrane protein gene sequences (55, 85). Interestingly, 9 of the 

26 E. ewingii-positive canine samples also tested PCR-positive for E. chaffeensis. These 

samples were collected from dogs in districts 3 (n=4), 1 (n=3), 2 (n=2) and 4 (n=1) 
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during the months of November (n=4), December (n=3), January (n=2) and March (n=1). 

These dogs included neutered (n=4) and intact (n=1) males and spayed (n=2) and intact 

(n=2) females as well as a single host where gender was not reported. Weights reported 

for these dogs ranged from 7.8 to 53 kg, ages ranged from 1 to 12 years, and their breed 

groups included hound (n=2), working (n=2), Terrier (n=2), herding (n=1) and mixed 

breeds (n=1). Case histories included dogs that were clinically normal (n=2), or signs 

associated with neoplasm (n=1) or kidney (n=1), joint (n=1), nervous (n=1), alimentary 

(n=1) or miscellaneous (n=2) systems. One sample, collected during November in district 

2 from a 10 year old intact female with a neoplasm, tested PCR-positive for E. ewingii, E. 

chaffeensis and E. canis. Only one of the A. phagocytophilum-positive samples also 

tested positive for E. ewingii or E. canis. None of the samples tested positive for both A. 

phagocytophilum and E. chaffeensis. 

3.4.5 Confirmation of A. phagocytophilum infections 

All of the putatively A. phagocytophilum-positive samples produced amplicons 

that were identical to the API variant of 16S rDNA from this pathogen, which were also 

identical to the predicted amplicon sequence for the bovine host-specific pathogen, 

Anaplasma marginale. Thus, these samples were also assayed with an A. marginale-

specific PCR based on the msp1 outer membrane protein gene sequence. After two trials 

with the msp1β-based PCR assay, none of the samples tested PCR positive for 

A. marginale (Figure 3.7A). 

For further identification of the A. phagocytophilum strain present in PCR-

positive samples, universal primers (fD1 and rD1) for the full-length 16S rRNA gene of 

most proteobacteria were used in attempt to amplify larger fragments for sequence 
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analysis (88). Thus, six of the 26 A. phagocytophilum-positive samples with the lowest Ct 

values were assayed with universal primers fD1, rD1, TBA16SF and TBA16SR were 

used in three different combinations: fD1+rD1, fD1+TBA16SR, and TBA16SF+rD1 

primer sets (Figure 3.7B). None of the samples tested yielded promising target amplicon 

sizes similar to the positive controls that comprise of E. chaffeensis (Arkansas strain) cell 

culture DNA, E. canis carrier blood DNA, and A. marginale blood DNA (Virginia strain) 

derived from experimentally infected calf (Figure 3.7B). Although approximately 1 kb 

size bands were found on gel electrophoresis with TBA16S+rD1 primers, the sequencing 

results of those amplicons were revealed as host DNA. 

3.5 Discussion 

The current study resulted in a number of interesting observations, beginning with 

a high prevalence of tick-borne Anaplasmataceae among undiagnosed, well-cared-for pet 

dogs. Template representative of one or more of four species of tick-borne 

Anaplasmataceae was amplified from among approximately 13.3% of the 421 samples 

surveyed from across the state of Missouri. Notably, three of the four species detected are 

zoonotic agents that are transmitted by ticks that also parasitize human hosts, suggesting 

that human companions of these dogs were potentially exposed to these agents. The 

highest prevalence detected statewide was for E. ewingii  (6.2%), but, surprisingly, this 

value was closely followed by a similarly high prevalence of an agent that was most 

closely related to another granulocytotropic anaplasmal species, A. phagocytophilum 

(5.9%). The prevalence of E. chaffeensis among these dogs was 2.4%, and this pathogen 

was only detected as a co-infection among nine of the 26 E. ewingii-positive samples. E. 

canis is also enzootic to Missouri, and this agent was detected alone in three samples and 
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as a co-infection with E. ewingii or A. phagocytophilum in two additional samples.  

Analysis of categorized results indicated several factors associated with detection 

of these infections in canine blood samples. For example, there were statistically 

significant greater odds of detecting the granulocytotropic agents in samples from intact 

males, young adult dogs, or members of the Terrier breed group. Further work is 

warranted to determine if these risks could be due to ineffective tick prevention, host 

activity or susceptibility to infection. With the exception of E. canis, the sporting breed 

group was the least likely to test PCR positive for tick-borne Anaplasmataceae; 

transmission of E. canis could be more likely among this group due to adaptation of the 

primary vector, R. sanguineus, to infestation of buildings such as kennels, while vectors 

of the remaining agents are adapted to external microhabitats with higher relative 

humidity. Although we expected to detect a higher prevalence of tick-borne 

Anaplasmataceae among dogs in southern Missouri, geographic location was not a risk 

factor in the present study. Notably, detection of E. ewingii was most likely among 

clinically normal dogs, suggesting that the majority of infected dogs are subclinical 

carriers of this pathogen. Respiratory issues were also present among E. ewingii-positive 

samples, but this factor was not statistically significant. Conversely, A. phagocytophilum 

was detected in samples associated with blood or liver abnormalities.   

Detection of the highest incidence of PCR-positive samples in November and 

December was another unexpected result. Although it is tempting to speculate that this 

season of high incidence might be associated with outdoor activities in the prior autumn 

months during hunting season, importantly, the lowest odds of detecting these pathogens 

was in association with the sporting breed group. Moreover, it is plausible that this breed 
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group is likely to be subjected to tick prevention throughout the autumn hunting season. 

Similarly, it is also plausible that tick prevention can become lax among owners of other 

breed groups at the end of the perceived ‘tick season’ when the adult tick populations 

collectively reach their annual nadir. Thus, further work is warranted to determine if tick 

prevention is associated with detection of these agents and if various tick stages parasitize 

such dogs during autumn months. Recrudescence of persistent, latent infections during 

autumn months due to physiologic state of the canine host is another posited cause of this 

observation that warrants further investigation.  

Several findings of the current investigation support previous reports. Seasonal 

patterns of different tick vectors were reported for Missouri (40-42). All three feeding 

stages of questing A. americanum are highly active in May and then the activity 

reportedly decreased through September. Predominance of E. ewingii among the client-

owned dog population of Missouri was also reported from a previous study (44). 

Although the present study represents the first report of co-infection of Missouri dogs 

with E. chaffeensis and E. ewingii, these results were not unexpected because both agents 

are primarily vectored by the same tick species, A. americanum (73, 79). The odds ratios 

in this study also suggested that a significant number of E. ewingii-positive dogs were 

clinically normal, which corroborates the previous study where the same infection rate 

was reported among Ehrlichiosis-suspect and clinically normal dogs (44). Although a low 

prevalence of A. phagocytophilum was previously reported (44), the relatively high 

prevalence of A. phagocytophilum observed in the present study was unexpected. 

Notably, the groESL-based assay used for the previous work was specific for A. 

phagocytophilum(44), while the 16S rDNA-based assay used for the present study was 
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theoretically universal for tick-borne Anaplasmataceae.  Thus, it is plausible that different 

pathogen strains were detected in these two studies.  

Detection of antibodies to E. ewingii and A. platys among reactive dog samples 

collected in Arkansas and Oklahoma was previously, but the same study did not report A. 

phagocytophilum reactive sera among the dogs tested (47). Notably, this study used 

serologic tests based on outer membrane proteins peptides representative of specific 

Ehrlichia and Anaplasma spp., while, as previously mentioned, the PCR assay reported 

for the present study was designed to detect a broad range of anaplasmal pathogens.  

According to period of questing activity of I. scapularis, typically the infected 

nymphs are active in spring until mid to late summer of the states in northern part of the 

USA including New Jersey and Wisconsin (58, 75). For the warmer climate in Missouri, 

the seasonal pattern might be shifted to start as early as late winter. However, the 

possibility that other tick species might harbor this variant of A. phagocytophilum cannot 

be ruled out. For example, A. phagocytophilum strains characterized to date are 

represented by at least 11 different sequence variants of the highly conserved 16S rRNA 

gene(74), and results of the present study suggested that the variant detected was most 

similar to the API strain, which was not previously reported in North America (92). Thus, 

it is conceivable that the A. phagocytophilum strain detected in this study is novel to 

North America, and, moreover, that a novel vector for this pathogen species may also be 

utilized. Further investigation in order to identify the strain of A. phagocytophilum is 

warranted. 

Although E. canis was not as prevalent as the other tick-borne Anaplasmataceae 

detected in the present study, this species was detected at a greater rate than previously 
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reported for Missouri (44). The molecular prevalence of this pathogen was lower than 

seroprevalence observed in previous work (11, 44). However, the aforementioned 

seroprevalence was determined by an immunofluorescent antibody test with an infected 

cell line as antigen (44, 59), thus cross-reactivity of host antibodies to different tick-borne 

Anaplasmataceae was likely. Nonetheless, E. canis is enzootic to Missouri, albeit at a 

lower level than the zoonotic Anaplasmataceae detected among dogs in the current study. 

The discrepancy in prevalence among these agents is likely due to the high prevalence of 

A. americanum ticks in this region (10), while E. canis is transmitted by R. sanguineus 

and possibly D. variabilis ticks (39). Moreover, to the best of our knowledge, white-

tailed deer are not competent reservoirs of E. canis nor natural amplification hosts of 

rhipicephaline vectors of the pathogen. Conversely, white-tailed deer are established as 

amplification hosts of A. americanum and as reservoirs of E. ewingii and E. chaffeensis 

(63). Thus, the potential transmission cycles of A. americanum-borne pathogens among 

wildlife, companion animals and people are complex, and considerable work is needed to 

determine the relative importance of these different scenarios. 

To the best of our knowledge this report represents the most extensive yearlong, 

spatially distributed random molecular survey for tick-borne anaplasmal agents among 

dogs in Missouri. Relatively consistent numbers of samples were representative of each 

month, district and gender tested. Although proportions of the genders were 

approximately equal, but the majority of the dogs were spayed or neutered, which 

confirms that these were well-cared-for dogs. A broad range of host ages and sizes were 

sampled, which appeared to be representative of their distribution among the canine 

population. However, different breed groups were not equally represented, the majority 
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of which were sporting dogs, followed by mixed, toy, working, herding, hound, terrier 

and non-sporting breed groups. Although well-cared-for pet dogs were sampled due to 

their potential as sentinels of human exposure to these pathogens and their tick vectors, a 

survey of shelter dogs would represent a more complete picture of canine exposure 

without the benefit of tick prevention and potential as sentinels that more directly 

interface with wildlife reservoirs.  

We believe that there are several implications of our findings in nature or in 

practice with regard to tick-borne Anaplasmataceae. The role of dogs as subclinical 

carriers of zoonotic agents transmitted by A. americanum should not be ignored. All three 

stages of this tick species will feed on dogs (5), and intrastadial transmission of E. 

chaffeensis among dogs by A. americanum males was demonstrated experimentally (94). 

The proclivity of this tick species for both human and canine hosts also suggests that 

dogs are potential sentinels for human exposure to these agents; this concept was recently 

validated for canine and human exposure to Borrelia burgdorferi (57), the etiologic agent 

of Lyme disease that is transmitted by I. scapularis and I. pacificus in the USA. The 

current also study suggests that undiagnosed persistent infections are common among pet 

dogs, and that these infections can be associated with a variety of clinical histories, 

ranging from normal, healthy dogs to abnormalities associated with multiple organ 

systems. Collectively, these findings suggest that pet dogs should be monitored 

periodically for these infections, and that previously exposed dogs should be maintained 

on tick preventive regimens to minimize the likelihood that they will provide an 

infectious blood meal to potential tick vectors.  

Several additional studies are justified by the results of this investigation. For 
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example, it is unclear whether the prevalence of these zoonotic agents is similar among 

human and canine populations. Current diagnostic tests for human pathogens often do not 

distinguish anaplasmal species, presumably because the same treatment regimens are 

applied for all of these infectious diseases. However, while these diseases are similar, the 

biology of these different infections can vary considerably with respect to vector, 

vertebrate reservoir and transmission scenarios. Further investigations are also needed to 

determine the prevalence and incidence of these pathogens among shelter dogs in 

Missouri, to determine the efficacies of different tick preventive regimens for control of 

these pathogens, to evaluate the utility of dogs as sentinels for human exposure to these 

agents and to other agents transmitted by related vector species, and to experimentally 

characterize and compare pathogen species and strains isolated from human, canine and 

wildlife hosts.   

In summary, a fourfold degenerate 16S rDNA-based PCR assay was used to 

survey 421 canine blood samples distributed throughout Missouri over the course of one 

year. Four species of tick-borne Anaplasmataceae were detected among 13.3% of the 

dogs surveyed, the majority of which were detected with zoonotic members of this 

rickettsial family.  The highest prevalence detected was for E. ewingii, followed by an 

unexpectedly high prevalence of an agent that was most closely related to another 

granulocytotropic anaplasmal species, A. phagocytophilum, and a relatively low 

prevalence of E. canis. Follow-up assays revealed E. chaffeensis co-infections among E. 

ewingii-positive samples, and two additional E. canis co-infections. Analysis of 

categorized results indicated that detection of these infections was most likely among 

sexually intact male dogs, dogs at 3-5 years of age and the terrier breed group, while E. 
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ewingii was least likely to be detected among samples from the sporting breed group. 

Significant clinical factors associated with detection of these infections ranged from 

normal for E. ewingii to blood or liver abnormalities in association with A. 

phagocytophilum. The results of this investigation collectively warrant further 

investigation of the roles of dogs as models, sentinels and reservoirs of these zoonotic 

anaplasmal agents. 
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Table 3.1. Canine samples surveyed. 

District a 

No. Surveyed (No. Available, Randomization Factor) b 

Trimester c 

Total 
01-JUN-10 

through 

30-SEP-10 

01-OCT-10 

through 

31-JAN-11 

01-FEB-11 

through 

30-MAY-11 

1 28 22 35 85 

2 22 14 13 49 

3 23 (212, 9) 33 (164, 5) 28 (173, 6) 84 

4 26 (106, 4) 28 (84, 3) 24 (72, 3) 78 

5 28 32 37 97 

6 9 6 13 28 

Total 136 135 150 421 

 

a Categorized into one of six geographic districts representing the state of Missouri. 

b Randomization factors (n ÷ 22) were rounded down to whole numbers to randomly 

space samples from chronological lists of district/trimester categories where n ≥ 44. 

Exceptions for Trimesters 2 and 3 of District 3 are explained in the Materials and 

Methods. 

c Samples collected over a one-year period were sorted by four-month time periods. 
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Figure 3.1. Distribution of canine samples surveyed. 

This drawing illustrates the six Missouri regions used to categorize canine blood samples. 
Sample numbers tested are indicated in spaces representing each of the 79 counties 
comprising these regions. 
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Figure 3.2. Characteristics of samples surveyed. 

Characteristics of 421 canine blood samples surveyed in Anaplasmataceae surveillance 
starting from June, 01, 2010 through May, 30, 2011 were demonstrated in different 
aspects. Samples tested were categorized into the months of arrival in panel A. Similarly, 
numbers of samples subjected to the survey were divided into 6 different statistical areas 
and 4 physiographic regions of Missouri in panel B and C, respectively. All the surveyed 
samples were also further grouped according to year of age and body weight (kilograms), 
the number of dog samples are shown in panel D and E for age and body mass, 
respectively. For the statistical analysis, breed group of the dogs was also taken into 
consideration, samples were divided into 8 breed groups regarding to the American 
Kennel Club and the number of each group was illustrated in panel F. (see also, 
Appendix) 
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Figure 3.3. Sequence analysis of PCR products amplified from naturally infected 
canine blood. 

Samples that generated PCR product with a Tm ranging between 77.0 to 82.0 °C were 
subjected to agarose gel electrophoresis, and amplicons of the expected size were 
sequenced for BLAST homology searches. Amplicon sequences were categorized 
according to identity and aligned with defined sequences representative of each species 
identified. Sequences were aligned with CLUSTAL W and annotated with DNAPARS 
(Biology workbench). Reference sequence species or sample identification numbers are 
indicated at the left of each sequence. Panel A: sequences identified as E. ewingii are 
aligned with the corresponding amplicon predicted for 16S rDNA of E. ewingii (Panola 
mountain strain, accession number DQ365880.1). Panel B: sequences identified as A. 
phagocytophilum are aligned with the corresponding amplicon predicted for 16S rDNA 
of the A. phagocytophilum reference (API strain; accession number EU436153.1). Panel 
C: sequences identified as E. canis are aligned with the corresponding amplicon predicted 
for 16S rDNA of the E. canis reference (Jake strain; accession number CP000107.1) (32, 
89).  
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Table 3.2. Tick-borne Anaplasmataceae detected among client-owned dogs in 
Missouri from June 1, 2010 to May 30, 2011. 

 

* Included one co-infected sample 

 

 

 

 

 

Anaplasmataceae spp. 

No. PCR Positive (%) 

Time Period 

Total 

(n = 421) 

01/JUN/10 

through 

30/SEP/10 

(n = 136) 

01/OCT/10 

through 

31/JAN/11 

(n = 134) 

01/FEB/11 

through 

30/MAY/11 

(n = 151) 

E. ewingii 4 (2.9%) 13 (9.7%) 10* (6.6%) 27 (6.4%) 

A. phagocytophilum 3 (2.2%) 16 (11.9%) 7* (4.6%) 25 (5.95%) 

E. canis 0 4* (3%) 1 (0.7%) 5* (1.2%) 

E. chaffeensis 0 9*(6.7%) 1*(0.7%) 10* (2.38%) 

Total 7 (5.1%) 31 (23.1%) 17 (11.3%) 55 (13%) 
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Figure 3.4. Detection of co-infection by the 16S rDNA-based PCR with SYBR green 
chemistry. 

An example of a bi-nodal dissociation curve with inflection points of 77 and 81°C, 
suggesting the presence of both Anaplasma and Ehrlichia species, is shown in panel A. 
Chromatograms illustrating sequences of polymorphic regions of this amplicon are 
shown in panels B and C, to illustrate detection of nucleotide polymorphisms with this 
approach. The top and bottom strings of each sequence match the corresponding 
reference sequences of E. ewingii (Panola Mountain strain, DQ365880.1) and A. 
phagocytophilum (genotype API; EU436153.1), respectively (90). 
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Table 3.3. Tm values of PCR products amplified from anaplasmal agents with the 
universal 16S rDNA-based real-time PCR assay. 

 

a Mean ± Standard Deviation 

 

 

 

 

 

 

 

 

Amplicon identity Tm (°C) a Source 

E. canis 78.8 + 0.2 This Study 

E. chaffeensis 77.25 + 0.25 Chapter 2 

E.  ewingii 77.65 + 0.55 This Study 

A. phagocytophilum (API-like) 81.2 + 0.4 This Study 

A. marginale 81.1  + 0.4 Chapter 2 
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Figure 3.5. Geographic distribution of PCR-positive canine blood samples. 

Resident counties are indicated for each dog that tested PCR positive for E. ewingii 
(green diamonds), A. phagocytophilum (orange circles) or E. canis (yellow squares).  
Thick lines divide the six major regions used for spatial categorization and randomization 
of the samples. Major physiographic regions indicated by background colors include the 
Dissected Till Plains (blue), Ozark Plateaus (green), Osage Plains (red) and Southeastern 
Lowlands (yellow). E. chaffeensis and E. canis positive samples that were tested positive 
by species-specific PCR assay are not included in this map. 

 

 

 

 

 



 

80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Frequency of Anaplasmataceae sequence amplification from canine 
blood samples across Missouri. 

Percent PCR-positive canine blood samples of totals detected among the six major 
regions used to categorize blood samples prior to assay (panel A) and among four major 
physiographic regions in Missouri (panel B). Missouri counties corresponding to each 
region were illustrated in Figures 3.1 and 3.5. PCR-positive samples are also shown as a 
percentage of total samples tested for each month from June 01, 2010 through May 30, 
2011 (panel C). For all three panels, closed columns ( ) represent all tick-borne 
Anaplasmataceae detected, cross-hatched columns ( ) represent E. ewingii-positive 
samples, gray columns ( ) represent A. phagocytophilum-positive samples and open 
columns ( ) represent E. canis-positive samples. 

B

A

C
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Table 3.4. Categorization of parameters associated with tick-borne Anaplasmataceae in canine blood. 
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Figure 3.7.  Attempted identification template source in Anaplasma-positive canine 
blood samples. 

No-template controls (NTC), 100 bp ladder molecular weight standards (MWS) and 
canine sample identification numbers are indicated at the top of each line. An A. 
marginale-specific msp1-based PCR assay was used to test for possible carryover 
contamination from template prepared with the bovine pathogen (panel A). The 409 bp 
target amplicon is indicated by arrowhead and the positive control that was template 
isolated from blood drawn of a calf that was experimentally infected with the Virginia 
strain of A. marginale. Universal primers were used in attempt to amplify larger gene 
fragments specific to the 16S rRNA gene for sequence analysis (panel B).The line 
drawing illustrates relative positions (not to scale) of primers fD1 and rD1, which are 
universal to most proteobacteria, and TBA16SF and TBA16SR that were used to assay 
canine blood samples in the current study. Different combinations of these primers were 
used to test template isolated from mammalian cells infected with E. chaffeensis, E. canis 
or A. marginale. Templates prepared from six canine blood samples with relatively low 
Ct values were also chosen for testing with combinations of the universal and tick-borne 
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Anaplasmataceae-specific primers. Although all three permutations of these primers 
worked with these positive controls, target amplicons of appropriate sizes were not 
observed among the canine samples with any of the primer sets. An approximately 1 kbp 
size band was observed for canine samples assayed with TBA16S + rD1, but sequence 
analysis suggested that the origin of this product was mammalian DNA amplified with 
the degenerate rD1 primer. 
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4  

5 Chapter 4 

 

6 Summary and Conclusions 

 

A 16S rDNA-based real time PCR with SYBR green chemistry was adapted in for 

detection and quantification of tick-borne Anaplasmataceae. This PCR assay with 

fourfold degenerate oligonucleotide primers is theoretically capable of detecting at least 

nine anaplasmal species, which was confirmed by experimental detection of five different 

anaplasmal species including E. chaffeensis, E. ewingii, E. canis, A. phagocytophilum and 

A. marginale. The analytical sensitivity of this assay was equivalent to or better than 

previously developed species-specific real-time PCR assays for E. canis and E. 

chaffeensis. Amplicon melting curve inflection points corresponding to Tm values of 

approximately 77 and 81 °C differentiated between Ehrlichia spp. DNA and Anaplasma 

spp. DNA, respectively.  Amplicon sequence analysis was required for identification at 

the species level. Thus, a conservative algorithm was adapted for identification of tick-

borne Anaplasmataceae to the species level, which involved initial screening with the real 

time PCR assays, agarose gel electrophoresis of PCR products with a Tm values of 

approximately 77 or 81 °C, suggestive of amplification Ehrlichia or Anaplasma spp. 

template, and excision of 150 bp amplicons for sequence analysis. Considering the assay 

as one-step rapid screen, followed by a 24 to 48 hour turn around for identification of 
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anaplasmal species, this 16S rDNA-based real time PCR could be an efficient tool for 

clinical diagnostic lab and survey program for tick-borne Anaplasmataceae incidence 

monitoring. Moreover, the 16S rDNA-based qPCR can also provide quantitative data 

with relatively high analytical sensitivity in samples obtained from experimentally or 

naturally infected acarine and mammalian hosts.  

A molecular survey was conducted to determine the prevalence of different tick-

borne Anaplasmataceae among client-owned dogs across Missouri throughout the year of 

June 01, 2010 through May 30, 2011. The results of this survey revealed that the dog 

population was predominantly infected with E. ewingii in statewide distribution. 

Surprisingly, the prevalence of A. phagocytophilum was found to be as high among these 

dogs as was E. ewingii. This latter result was surprising because, although indigenous to 

Missouri, the primary vector of A. phagocytophilum, I. scapularis, is not as common as 

the vector of E. ewingii, A. americanum. Another interesting facet of these results was 

that the A. phagocytophilum 16S rDNA sequences amplified from these samples were all 

consistent with the API variant, which has only previously been reported in cats, a 

hedgehog and sheep in Sicily (92). These observations collectively suggest that I. 

scapularis may not be the vector of the pathogen in question, but that one of the other 

Ixodes spp. indigenous to Missouri may be involved. Conversely, based on the similar 

distribution, prevalence and incidence to those of E. ewingii, it is conceivable that this A. 

phagocytophilum strain is a novel pathogen that is adapted to transmission by 

A. americanum. 

The lowest prevalence among the anaplasmal agents detected was for E. canis. 

Only three blood samples were PCR-positive for E. canis alone, while another two 
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samples were co-infected with E. canis and E. ewingii or A. phagocytophilum.  

None of the samples in the survey were PCR-positive for E. chaffeensis alone, but 

nine of the 26 E. ewingii-positive samples were also E. chaffeensis positive. Thus, not 

surprisingly, detection of these A. americanum-borne pathogens increased the likelihood 

of detecting the other.  

Another interesting aspect of these results was the seasonal distribution of 

anaplasmal agents in November through January, which does not appear to be explained 

by peak activities of nymph and adult ticks described previously in southeastern of 

Missouri. One possibility of the higher incidence during these months could be relaxation 

of tick control product use on pet dogs, due to the perception that the ‘tick season’ ends in 

the fall. Furthermore, the elevated infection rate of Anaplasmataceae during November 

and December might be resulted from increased outdoor activities due to deer hunting 

season of the state.  

The overall prevalence of E. chaffeensis among client-owned dogs in Missouri 

was approximately 2.1%, which was less than predicted based on the prevalence of the 

infection among dogs in neighboring states. This may suggest that E. chaffeensis 

infection in the population are inclined to be accidental and may not highly influence 

HME epidemiology. Conversely, E. chaffeensis is notoriously difficult to detect in the 

peripheral blood of HME patients and experimentally infected dogs or cattle, and 

xenodiagnoses is often necessary to detect E. chaffeensis and other monocytotropic 

Ehrlichia spp. during the post-acute persistent phases of these infections (4).  

Importantly, E. ewingii and A. phagocytophilum prevalence from this study are 

higher than expected. Numerous potential risk factors were evaluated for association with 
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infections with these two species. Among these factors, significant associations were 

found for the months of November and December, for sexually intact male dogs, and for 

dogs between 3 to 5 years of age. Higher infection rates with A. phagocytophilum were 

detected among dogs with a clinical history associated with blood or liver abnormalities. 

Interestingly, dogs that were clinically normal had the most significant association with 

E. ewingii infections, suggesting that dogs may be clinically silent, persistently infected 

carriers of this zoonotic agent. Both species found in present study should be further 

examined and compared with zoonotic strains of these species, in order to determine the 

possibilities of domestic dogs as potential reservoirs of these agents of human 

granulocytic ehrlichiosis and anaplasmosis. 
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