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ABSTRACT

MOLECULAR DETECTION OF TICK-BORNE PATHOGENS
ASSOCIATED WITH IXODID TICK SPECIES INFESTING
MIGRATORY SONGBIRDS AND RUMINANTS

by Nabanita Mukherjee
August 2013
Ticks are hematophagous arthropods and capable of inoculating various
infectious agents to their vertebrate hosts. Ticks attached to birds and ruminants
are capable of carrying tick-transmitted microorganisms. In our study, the
prevalence of tick-borne pathogens was examined in ticks infesting migratory
songbirds and Pakistani ruminants. During spring migration seasons, ticks were
removed from northward-migrating songbirds in Louisiana and identified as
Amblyomma Jongirostre, Amblyomma nodosum, Amb/yomma ca/caratum,
Amblyomma maculatum, and Haemaphysalis species, all are considered as

Neotropical ticks. Ticks removed from ruminants were identified as Hya/omma
anatolicum, Hyalomma dromedarii, Rhipicephalus microplus, and Rhipicephalus
sanguineus. A total of 112 and 72 bacterial genera identified in ticks and

migratory songbirds respectively by using 454-based pyrosequencing.
Taxonomic classification of ticks from ruminants reveals that the most
predominant phylum was proteobacter in both Hyalomma spp. and firmicutes in
Rhipicephalus microplus. The overall microbial diversity found highest in
Rhipicephalus microplus (one-host tick), Hyalomma dromedarii (two-host tick),

and Hyalomma anatolicum (three-host ticks). The prevalence of SFGR were
ii

determined by amplifying ompA (outer membrane protein A) gene. The
nucleotide sequence of amplicons were homologous with several SFGR
including Rickettsia amblyommii, was confirmed by ompB probe based qPCR
assay. Rickettsia amblyommii was found predominant in Amb/yomma longirostre
and Haemaphysalis species among the Neotropical tick species as well as most
prevalent in ticks with the lowest microbial diversity and least prevalent in highest
microbial diversity in the ticks from ruminants. Our results indicate a rich tick and
microbial diversity of epidemiological roles infesting the migratory songbirds and
ruminants in Pakistan.
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CHAPTER I
INTRODUCTION
Ticks
Ticks are blood-feeding or hematophagous arthropods that play an
important role as vectors of various disease causing agents to both warmblooded (including human) and cold-blooded animal hosts. Ticks are the second
most responsible arthropod vectors of human diseases after mosquitoes (Lawrie
et al. 2004). Ticks bite can cause toxic reactions, allergic responses, and even
fatal paralysis (Jongejan and Uilenberg 2004). The wound , that a tick produces,
can create sites for secondary infections. Tick-borne diseases such as
anaplasmosis, babesiosis, theileriosis, heartwater, and many other veterinary
diseases have a global economic impact of many billions of dollars (Jongejan
and Uilenberg 2004). We present here an overview of the most significant tickborne pathogens associated with ixodid tick species. Also discussed are certain
epidemiological conditions that have contributed to the emergence or resurgence
of these new tick-borne infectious diseases.
Taxonomic Classification of Ticks
Ticks are the members of the class Arachnida of the phylum Arthropoda.
There are three families of ticks: 1) lxodidae (formerly known as hard ticks), 2)
Argasidae (commonly known as soft ticks), and 3) Nuttalliellidae (a monospecific
family, which shares some characteristics of both hard and soft ticks) (Horak et al.
2002, Mans et al. 2008). The family lxodidae is subdivided into two groups,
Prostriata, and Metastriata, based on morphological differences. Prostriata
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(example, lxodes spp.) possess an anal groove that is located anterior and
encloses the anus. Metastriata (example, Amblyomma spp., Hya/omma spp.)
possess an anal groove extends posterior position to the anus (Mullen and
Durden 2009).
There are 683 recognized hard tick species belong to 12 genera and
representing approximately 80% of all characterized tick species (Horak et al.
2002). Prostriata consist of a single genus lxodes with 245 species, whereas
Metastriata comprised of 442 species including genera like Haemaphysalis,
Amblyomma, Dermacentor, Hyalomma, and Rhipicephalus (Horak et al. 2002).
There are four genera (namely Argas, Carias, Omithodoros, and Otobius) and
183 species belonging to the Argasidae (Horak et al. 2002). Nuttalliella namaqua
is the single tick species belongs to the family Nuttalliellidae (Horak et al. 2002).
lxodidae (Hard Ticks)
lxodidae ticks are widely distributed throughout the world. They are known
vectors of varoius bacterial pathogens including Rickettsia rickettsii, Rickettsia
conori, Coxiella bumetii, Francisella tularensis, and many arboviruses (Gage et al.
1992, Parola et al. 2005, Sonenshine 1993). Adult hard ticks are scutate and oval
in shape. The mouthpart or capitulum is visible dorsally, thus helping distinguish
adult hard ticks from soft ticks. All hard ticks have a dorsal plate called scutum,
which is absent in soft ticks. In both sexes of Dermacentor, Amblyomma, and in
some Rhipicepha/us species the scutum has been found to have enameled
coloured areas, which is why the ticks are described as being an ornate species
(Parola and Raoult 2001 ). The scutum provides a method of visual identification
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of the hard ticks, and a method of differentiating between the sexes as well
(Mullen and Durden 2009).
Argasidae (Soft Ticks)
Adult soft ticks are nonscutate and oval in shape even though the shape
varies according to the species. The capitulum is not visible from dorsal side as it
is situated in ventral side. Male and female soft ticks are almost similar in
appearances, although blood-engorged females are considerably larger than
males because they blood feed in greater amounts. However, both sexes of soft
ticks feed on vertebrate host blood and consequently are disease vectors
(Goddard 1996, Mullen and Durden 2009). The most medically important soft
ticks belong to the genus Ornithodoros. They are widely distributed including
Africa, Europe, Asia, North, Central, and South America (Assous et al. 2006).
Ornithodoros moubata complex are the vectors of tick-borne Relapsing fever
caused by Borrelia duttoni (Assous et al. 2006, Barbourt and Hayes 1986).
Morphological Characteristics of lxodid Ticks
External Anatomy
lxodid ticks have two external regions, namely gnathosoma (commonly
known as capitulum) and idiosoma. The capitulum consists of basis capituli,
segmented palps, chelicerae, and hypostome. Chelicerae and hypostome are
used to cut and penetrate host tissue, respectively during attachment (Mullen
and Durden 2009, Sonenshine 1993). lxodid ticks species are classified into two
types based on their mouthparts morphology: 1) Longirostrata (long mouthpart),
2) Brevirostrata (short mouthpart). Longirostrata ticks include lxodes spp.,

4
Amblyomma spp., and Brevirostrata ticks include Rhipicephalus spp. The body

parts (excluding the capitulum) are known as idiosoma. ldiosoma is divided into
two parts: 1) podosoma, which consist of legs and genital pore; and 2)
opisthosoma, that contains spiracles and anal aperture (Mullen and Durden 2009,
Stafford Ill 2007). Larvae are noticeably distinguished by the presence of three
pairs of legs, whereas nymphs and adults have four pairs of legs. Each leg has
six parts, such as, coxa, trochanter, femur, genu, tibia, and tarsus. A pair of
claws and a pad-like pulvillus is present on each tarsus of most hard ticks to help
grasp and attach tightly to the host (Goddard 1996, Stafford Ill 2007). An odordetecting sensory apparatus (commonly known as Haller's organ), is located on
the dorsal side of the tarsus of leg I in all stages (Goddard 1996, Mullen and
Durden 2009, Parola and Raoult 2001).
Internal Anatomy

The internal organs of ticks are immersed in the hemolymph, which is a
circulating fluid , and rich in salts, amino acids, and soluble proteins. Hemolymph
contains several types of hemocytes; the most important type is the phagocyte. A
simple heart is located in the mid-dorsal side, which plays an important role to
filter and circulate the hemolymph (Mullen and Durden 2009).
The midgut resembles a large sac; the shape of the midgut depends on
the state of engorgement (Parola and Raoult 2001). The paired, grape-like
salivary glands are situated anterolaterally and are connected via the salivary
ducts to the mouthparts. The saliva contains a variety of pharmacologically active
compounds that help the ticks during blood-feeding and possibly increases the
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pathogen transmission. Tick has no separate brain or ventral nerve chord .
Synganglion regulates all the functions of tick's central nervous system (Mullen
and Durden 2009).
Male reproductive organ consists of testes, the tubular vasa deferentia,
the seminal vesicle, and the ejaculatory duct, which is connected to the genital
pore (Mullen and Durden 2009, Stafford Ill 2007). Female reproductive organs
consist of the ovary, oviduct, uterus, vagina, and the seminal receptacle. The
ovary of the unfed tick is comparatively smaller than that of a tick during bloodfeeding or after mating, when the ovary has expanded in size (Goddard 1996,
Mullen and Durden 2009).
The excretory organ of the tick is the Malpighian tubule. Ticks excrete their
nitrogeneous waste products in the form of guanine (Goddard 1996). Most of the
female hard ticks (except, lxodes spp.) release sex pheromone (namely 2, 6dichlorophenol) (Goddard 1996, Mullen and Durden 2009). Female ixodid ticks
possess Gene's organ, which secretes waxy waterproofing substances. This
coats the eggs during oviposition and thus protects them from desiccation,
immersion in water, and other adverse environmental conditions (Mullen and
Durden 2009).
Tick Habitat and Behavior
Ticks are obligatory blood-suckers, requiring vertebrate blood for food and
development. Many species of lxodid ticks are more or less host-specific even
though ticks are considered as "universal" blood feeders. Larvae and nymphs of
many ticks prefer small animals such as rodents , cats, dogs, and ground-dwelling

6
birds, whereas adults prefer to feed on cattle, horse, and a variety of large
mammals. Humans are parasitized by all life-stages of ixodid ticks (Goddard
1996). Ticks prefer to live in hot and humid environment. Although ticks can
tolerate considerable variations in temperature and humidity, most species are
not present in both very dry and very wet areas. The exception to this is certain
Hyalomma species that occur in arid areas and deserts. Most tick species live in

forests, savannahs, grassy meadows, crevices. Almost all soft ticks and some
hard ticks (especially lxodes spp.) are nidicolous. Nonnidicolous ticks are active
in host-seeking during certain periods of the year when climatic conditions favor
their development and reproduction (Mullen and Durden 2009, Stafford Ill 2007).
Feeding Habits of Ticks
Ticks require mandatory blood-meal through out their life stages. That is
why they always search for hosts and their host-seeking behavior is called
"questing". Ticks recognize their suitable host by responding to stimuli such as
carbon dioxide, host odors, radiant heat, shadows, vibrations, and movements.
Ticks use their chelicerae to puncture the host skin and their hypostome to
anchor themselves during blood-feeding (Mullen and Durden 2009, Stafford Ill
2007). Most of the hard ticks feed gradually prior to mating. Nymph and adult soft
ticks attach short periods of time, secrete excess water through their coxal pores
and feed rapidly compared to hard ticks (Sonenshine 1993). lxodid ticks secrete
cement-like substance, which provides strong attachment during blood feeding. A
variety of pharmacologically active compounds (example, immunosuppressive
agents, enzymes, vasodilators, blood platelet aggregation inhibitors,
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anticoagulants, antimicrobial agents) helps ticks during blood-feeding and
possibly increases pathogen transmission (Stafford Ill 2007).
Life Cycle of Ticks
There is significant differences between the life cycles of hard ticks and
soft ticks, eventhough both have hemimetabolous life cycle. Adult hard ticks
remain attached to their hosts for long periods compared to adult soft ticks
(Jongejan and Uilenberg 2004). lxodid ticks are classified as one-, two-, and
three-host tick species depending on the number of host animals they blood-feed
during their life cycle.
One-host ticks
One-host ticks (example, Rhipicephalus microplus) molt twice on the
same host animal, from larva to nymph and from nymph to adult. Rhipicephalus
microplus is easily recognized by its hexagonal shape. The immature
Rhipicephalus spp. are found in mammals and birds whereas, the adults prefer
cattle, cow, buffalo, and horse. R. microplus are responsible for transmitting
various pathogens including Babesia, Thei/eria, spotted fever group rickettsia
(SFGR), in their larval, nymphal, and adult stages (Gubbels et al. 1999).
Two-host ticks
Two-host ticks (example, Hyalomma dromedaril) molt once on the host,
from the larvae to the nymphs; the fully engorged nymphs drop off, and molt
outside the host, and the adults find a second host animal and complete their life
cycle. Hyalomma dromedarii (formerly known as Camel tick), is widely distributed
in Africa, Middle East, Asia. Nymphs and larvae can parasitize camels, rodents,
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and birds, while adults prefer camels (Apanaskevich et al. 2008). H. dromedarii
can transmit various pathogens including Babesia, Theileria in all of their
developmental life stages (Mazyad et al. 2002).
Three-host ticks
Three-host ticks (example, Amblyomma maculatum, Hyalomma
anatolicum) require mandatorily three individual hosts to complete their life cycle.
They do not molt on the host; the engorged larva drops off, and molts into a
nymph, which then feed on a second host, the nymph engorges and drops off
again to molt and the resultant adult attaches to a third host animal (Figure 1)
(Jongejan and Uilenberg 2004). Amblyomma maculatum (also known as Gulf
Coast tick), is found in coastal areas of the southern United States (mainly Gulf
Coast region) (Sumner et al. 2007). Larvae and nymphs primarily feed on small
rodents, mammals and ground-dwelling birds, while adults prefer the ears of
large mammals. Extensive tissue destruction has been associated with the
attachment of the A. maculatum in animals and especially, in case of Gotch ear.
Gotch ear is a condition, where ears become swollen, curled, deformed, and
dropped (Edwards 2011 ). This is why A. maculatum is considered as an
economic pest of cattle. A. maculatum has been associated with the transmission
of several pathogens to human and animals. For example, it is known as the
principal vector of Hepatozoon americanum (the causative agent of American
canine hepatozoonosis) in the USA (Ewing and Panciera 2003). A. maculatum is
the experimental vector for Ehrilichia ruminantium (the causative agent of
Heartwater disease) in ruminants (Mahan 1995). In addition, the Gulf Coast tick,
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Amblyomma maculatum has also been associated with the transmission of
several SFGR including Rickettsia parkari, and Rickettsia amblyommii, which
may be pathogenic or potentially pathogenic for human and responsible for
milder form of rickettsioses (Jiang et al. 2010, Sumner et al. 2007, Trout et al.
2010) .
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Figure 1. Life Cycle of Amblyomma maculatum (a three-host ticks) . Fully
engorged adult female lays eggs; these eggs then hatch into six-legged larvae.
The unfed larvae then feed on host blood (preferably small mammals, rodents ,
and birds) and engorged larvae drop off and molt into nymphs. Unfed eightlegged nymphs attach with vertebrate host (preferably birds) and fully feed ,
engorge nymph drop off after blood meal. Engorged nymphs molt into sexually
distinguishable male and female adults. Unfed adults mate and feed on host
(preferably large mammals) , and engorged female drop off and lay eggs.
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Tick Borne Diseases
Ticks are important to public health because they can transmit a variety of
pathogens to humans and animals (Balashov 1972). The disease causing agents
can pass on by transovarial transmission or transtadial tranmsision within ticks
(Burgdorfer and Varma 1967, Burgdorfer and Brinton 1975, Parola and Raoult
2001 ). Ticks can transmit the pathogens by several routes, such as, salivary
secretion (Borrelia burgdorferi sensu stricto, B. afzelii, Ehrlichia ruminantium, and
SFGR), coxal fluid (Ornithodoros moubata complex), and feces (Coxiel/a burnetil)
(Lane 1994, Nuttall and Labuda 1994). Ticks can serve as a vector for various
pathogens including bacterial, viral, and protozoan pathogens to human and
animals.
Tick-borne bacterial pathogens
Tick-borne bacterial pathogens are important to public health. Lyme
borreliosis is the most commonly reported tick-borne disease in North America
and Europe (Gray 2002). Lyme borreliosis is caused by spirochaetes, Borrelia
burgdorferi sensu Jato complex (consist of more than 10 different species,
transmitted mainly by the lxodes spp.) (Burgdorfer et al. 1982). The most
frequently reported tick-borne rickettsial illness in the USA is Rocky Mountain
spotted fever (RMSF), which is a life threating but treatable disease. The
causative agent of RMSF is Rickettsia rickettsii which is transmitted mainly by
Dermacentor spp. (Gage et al. 1992, Jongejan and Uilenberg 2004, Ricketts
1906). A detail of tick-borne bacterial pathogens associated with diseases is
enlisted in Table 1.

11
Table 1

List of tick-borne bacterial pathogens and their competent arthropod vectors

Tick-borne bacterial/
Tick-borne Disease

Vector (Geographic
distribution)

Host

Reference

Ehrlichia chaffeensisl
Human ehrlichiosis

Amblyomma americanum
(USA, Central and South
America .)

Bird, rodent,
deer, human

Anderson
et al. 1991.

Rickettsia africael
African tick-bite fever

Amblyomma variegatum
(USA, Central and South
America, Africa)

Bird, cow,
human

Kelly et al.
2010.

Ehrlichia
ruminantiuml
Cowdriosis

Amblyomma variegatum
(USA, Central and South
America, Africa)

Bird , cow,
human

Mahan
1995.

Rickettsia rickettsiil
Rocky Mountain
spotted fever

Dermacentor andersoni
(Western U.S, south
western Canada)

Mice, dog
human

Gage et al.
1992.

Francisella tularensis
/Tularemia

Dermacentor variabilis
(USA, Canada, Mexico)

Mice, dog,
human

Sun et al.
2000

Coxiella bumetiil
Q fever

lxodes holocyclus
(Europre, Asia, Africa,
North America)

Dog, cattle,
human

Jasinskas
et al.
2007.

Borrelia burgdorferil
Lyme disease

lxodes pacificus
(Canadian Pacific coast,
California, Mexico)

Bird, reptile,
cattle,
human

Clover and
Lane 1995.

Borrelia afzeliil Lyme
disease

lxodes ricinus (Western
Europe, North Africa,
Asia)

Bird, reptile,
cattle,
human

Hasle et al.
2011.

Borrelia burgdorferi/
Lyme disease

lxodes scapularis
(Canada, Eastern USA)

Battaly et
al. 1987.

Borrelia spp./ Tickborne Relapsing
fever

Omithodoros moubata
complex (Africa, Asia ,
Canada, Mexico, Central
and South America)

Bird, reptile,
mice, cattle,
human
Bird , rodent,
human

Assous et
al. 2006.
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Tick-borne rickettsioses. Tick-borne rickettsioses are caused by obligatory
intracellular pathogen belonging to the genus Rickettsia within the family
Rickettsiaceae in the order Rickettsiales (Raoult and Roux 1997). Rickettsiae
belong to the phylum Proteobacteria, and class a-Proteobacteria (Raoult and
Roux 1997). Based on antigenic properties, Rickettsia has been divided into two
groups. (1) spotted fever group and (2) typhus group. Spotted fever group
rickettsia (SFGR) are transmitted mainly by ticks (Hayes et al. 1980), where as
typhus group are transmitted by mites, fleas, and lice (Nachega et al. 2007).
Rocky Mountain spotted fever (RMSF) is caused by Rickettsia rickettsii.
RMSF is widely distributed in the United States and is mainly transmitted by
Dermacentor spp. (Gage et al. 1992, Jongejan and Uilenberg 2004, Ricketts
1906). The first clinical description of RMSF is reported by Maxey in 1899
(Maxey 1899). In 1906, Ricketts reported the role of Dermacentor occidentalis in
the transmission of the Rickettsia rickettsii (Ricketts 1906). During the late 1930s
Rickettsia were described as a group based on gram negativity, and staining with
Giemsa stains. Gimenez et al. described the bacteria of the order "Rickettsiales"
as rod shaped, gram-negative, which retained basic fuchsin stain (Gimenez
1964).
Rickettsia amblyommii was first identified in the USA from Amblyomma
americanum in 1974 (Burgdorfer et al. 1981). Dermacentor variabilis has also
been cited as a vector for R. amblyommii (Apperson et al. 2008). Trout et al.
identified the presence of Candidatus R. amblyommii and R. parkeri in A.
macu/atum in Arkansas (Trout et al. 2010). Labruna et al. (2004) isolated
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Rickettsia amblyommii from A. cajennense and analyzed the infection of R.
amblyommii in Vero cells by transmission electrom microscopy (Labruna et al.
2004). Mixson et al reported that there are nine U.S states where the prevalence
of R. amblyommii in A. americanum range averaged 41.2% (Mixson et al. 2006).

R. amblyommii has been identified as a potential pathogen for human in 2008
(Apperson et al. 2008). In the same year, Stromdahl et al. studied the
seroconversion to SFGR following bites of R. amblyommii infected A.
americanum is infectious in human, even though the infection is in a milder form
of rickettsioses (Burgdorfer et al. 1981, Stromdahl et al. 2008). Billeter et al.
reported that R. amblyommii has also been associated with skin rash (Billeter et
al. 2007). R. amblyommii can be transmitted by blood transfusion like R. rickettsii
and that may be a public health concern especially for immunocompromised
recipients (Arguin et al. 1999). R. amblyommii can also be transmitted by
transovarial transmission within its vector (Stromdahl et al. 2008). R. amblyommii
infected Amblyomma americanum (larvae, nymphs, adults) has been observed to
co-infect with other A. americanum-borne pathogens for instance, Borrelia
lonestari, Ehrlichia chaffeensis, and E. ewingii, and co-infections may have
compound effect and complicate the diagonosis (Stromdahl et al. 2008).
There are several spotted fever group rickettsial species have been
associated with diseases. As for example, the causative agent of Mediterreanean
spotted fever, R. conorii, is vectored primarily by the brown dog tick (Brumpt
1932, Parola et al. 2001 , Sarih et al. 2008, Socolovschi et al. 2012). Many other
SFGR were identified during the 20th century in North American ticks, including
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R. parkeri in 1939 (Parker 1939), R. montanensis in 1963 (Raoult and Roux

1997), and R. rhipicephali in 1978 (Raoult and Roux 1997, Raoult 2004). R.
parkeri was considered as a nonpathogenic rickettsial species for long time. In
2004, Paddock et al. first reported the case of human infection associated with R.
parkeri rickettsiosis, a milder form of spotted fever rickettsioses (Paddock et al.
2004).
Rickettsia japonica was identified as emerging tick-borne spotted fever
rickettsioses in Japan (Uchida et al. 1989, Uchida et al. 1992). African tick-bite
fever, a spotted fever rickettsiosis is caused by Rickettsia africae, transmitted by
Amblyomma spp., prevalently found in many countries in sub-Saharan Africa, as
well as in the Caribbean region (Jensenius et al. 2003, Kelly et al. 2010). The
clinical symptoms of African tick-bite fever is usually mild, the infection may
easily be overlooked with malaria (Jensenius et al. 2003, Kelly et al. 2010).
Rickettsia massiliae was first identified in 1995 and the pathogenicity of this
rickettsial species has been reported after 10 years (Vitale et al. 2006). Rickettsia
helvetica was identified in 1979 in lxodes ricinus (Burgdorfer et al. 1979) and now
it has been consedered as possible pathogens for human and animals (Beati et
al. 1993, Fournier et al. 2000, Raoult 2004).
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Table 2
Representative tick-borne pathogenic SFG Rickettsia

Rickettsial species/
Diseases

R. africae/ African tick
bite fever
R. amblyommiil Milder
form of spotted fever
rickettsiosis

Disease vector
(Geographic distribution)

Amblyomma hebraeum,
A. vaeriegatum (South
Africa)
Amb/yomma
americanum (South
America, and USA)

Mode of
Rickettsia
spp. spread
within ticks
TO/TS

Reference

Yes/Yes

Kelly et al.
1991 .

Yes/Yes

Jiang et al.
2010.

R. australisl
Queensland tick
typhus

lxodes ho/ocyclus
(Queenslan, Tasmania)

Yes/Yes

Graves et
al. 1993.

R. conorii indical
Indian tick typhus

Rhipicephalus
sanguineus (India)

ND/ND

Parola et
al. 2001.

R. conorii israelensisl
Israeli spotted fever

Rhipicephalus
sanguineus (Israel)

Yes/Yes

Raoult and
Roux 1997

R. honei/ Flinders
Island spotted fever

Amblyomma cajennense
(Tasmania)

ND/ND

Graves et
al. 1993.

R. parkeri/Mild form of
spotted fever
rickettsiosis

Amblyomma macu/atum
(USA)

ND/ND

Parker et
al. 1939.

R. rickettsii/ Rocky
Mountain spotted fever

Dermacentor andersoni,
D. variabilis (USA)

Yes/Yes

Treadwell
et al. 2000.

R. sibirical Siberian
tick typhus

Dermacentor nuttalli,
D.marginatus (Russia,
China,
Pakistan)

Yes/Yes

Robertson
and
Wisseman
1973.

TO indicates Transovarial transmission, TS indicates Transstadial transmission, ND indicates Not determined.

16

Table 3
Representative tick-borne non-pathogenic SFG Rickettsia

Rickettsial
species

Diseases vector

Occurance

References

R. asiatica

lxodes ovatus

Central
Japan

R. be/Iii

Demacentor spp.,
Haemaphysalis spp.

Brazil,
USA

Fournier et al.
2000, Blair et al.
2004.
Labruna et al.
2004.

Candidates R.
andeanae

Amblyomma maculatum

Peru

Blair et al. 2004.

R. monacensis

lxodes ricinus

Europe

Christova et al.
2003.

R. montanensis

Dermacentor variablis,
Dermacentor andersoni

USA

Ammerman et al.
2004.

R. rhipicephali

Rhipicephalus
sanguineus,
Dermacentor
occidentalis

USA,
Europe,
Africa

Duh et al. 2003.

Tick-borne viral pathogens
Ticks are equally competent for transmitting viral pathogens to its
vertebrate host during blood meal. Some lxodes spp. are responsible for
transmission of viral infections, such as tick-borne encephalitis (Charrel et al.
2004, Lindquist et al. 2008). Hyalomma spp. transmits the deadly viral infections,
Crimean-Congo haemorrhagic fever throughout Africa, Asia and Europe
(Hoogstraal 1979). Some Haemaphysa/is spp. are responsible to spread the
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flavivirus, the causative agent of Kyasanur forest disease (Estrada-pen and
Jongejan 1999). A detail of tick-borne viral pathogens asoociated with diseases
is enlisted in Table 4.
Table 4
Representative tick-borne viral pathogens associated with disease

Disease/
(Causative agent)

Disease
vector/(Host)

Occurrence

Reference

Crimean-Congo
hemorrhagic fever/
( Crimean-Congo
hemorrhagic fever
virus)

Hya/omma
marginatuml
(Human)

Worldwide
distribution

Hoogstraal 1979,
Yesilbag et al.
2012.

Kyasanur Forest
disease/
(Flavivirus)

Haemaphysalis
spinigeral (Rodent,
bird, cattle, human)

Southern Asia
(India)

Bhat et al. 1973,
Sreenivasan et al.
1986.

Tick-borne
encephalitis/
(Flavivirus)

lxodes ricinus,
lxodes persu/catus,
Dermacentor spp ./
(Rodent, bird, deer,
human)

Europe, Asia,
Russia,
Japan, North
Africa

Charrel et al.
2004, Lindquist et
al. 2008.

Colorado tick fever/
(Coltivirus)

Dermacentor
andersonil (Rodent,
carnivores, human)

Western U .S,
south western
Canada

Bowen et al.
1981.

Tick-borne protozoan pathogens
Ticks play an important role in transmission of protozoan to the vertebrate
host while blood feeding . The most important protozoan diseases transmitted by
ticks, are babesioses and theilerioses. The causative agents of babesiosis are
Babesia microti in the United States and by B. divergens in Europe (Claire et al.
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2009). The protozoan parasites replicate in the red blood cell of vertebrate host
and are called piroplasm as they appear as pear-shaped in infected host cell.
Babesia and Theileria are apicomplexan hemoprotozoan parasites transmitted by
mainly hard ticks (Gubbels et al. 1999). The only exception is the soft ticks,
Omithodoros erraticus can transmit babesial pathogens (Gunders 1977). Human
Babesiosis is caused by several species of protozoan belonging to the genus
Babesia (Saito-Ito et al. 2000). Human babesiosis can also be transmitted by
blood transfusions and that may be a public health concern especially for
immunodeficient recipients (Saito-Ito et al. 2000). In North America, human
babesiosis is caused by Babesia microti and vectored by lxodes scapularis
(Dammin et al. 1981, Spielman 1976). B. bovis, B. bigemina are the responsible
pathogen for babesiosis in cattle especially in the tropical and subtropical
regions. Babesia (sensu stricto) can be transmitted both transstadially and
transovarially whereas, Theileria spp. can only be transmitted by transstadial
method. Cattle babesiosis was eradicated from USA between 1906 to 1943, by
eliminating its vector, Rhipicephalus microp/us and R. annulatus. These two tick
species were still in Mexico at that time and reintroduced into the USA by
livestock transportation through U.S Mexico border (Miller et al. 2005).
Theileria are mainly infectious for domestic and wild animals. Theileria
parva is vectored by Rhipicepha/us appendiculatus and causes East Coast Fever
in cattle, and buffalo in East and Southern Africa (Bishop et al. 1992). T. parva
can also transmit Corridor disease in cattle (Uilenberg 1999). The causative
agent of tropical theileriosis, T. annulata, is vectored by Hyalomma spp.
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(especially H. anatolicum) (Gubbels et al. 1999). T. equi causes theilerial disease
in horses and Cytauxzoon felis in cats (Homer et al. 2000). T. lestoquardi,
causative agent of theilerial disease in sheep, is especially economically
important as the disease causes fatalities (Gubbels et al. 1999, Mullen and
Durden 2009). A detail of tick-borne protozoan pathogens asoociated with
diseases is enlisted in Table 5.
Table 5
Representative tick-borne protozoan pathogens associated with disease

Disease/
(Causative agent)

Tick Species

Bovine babesiosis/
(Babesia
bigemina,
B. bovis)

Reference

Host

Occurrence

Rhipicephalus
annulatus,
Rhipicepha/us
microplus

Cattle,
buffalo

Mexico, Africa,
Asia, USA
(Reintroduced
in the USA)

Gubbels et
al. 1999.

Human
babesiosis/
(Babesia microti,
B. divergens)

lxodes
scapularis,
lxodes ricinus

Human

USA, Canada,
central Asia,
Europe

Spielman et
al.1979,
Gorenflot et
al. 1998.

Theileriosis/
(Theileria
annulata, T. parva,
T. /estoquardi,
T. eqw)

Rhipicephalus
Cattle,
appendiculatus, sheep,
Hya/omma
horses
anatolicum

Africa, Asia,
Europe

Gubbels et
al. 1999.

Microbial community in Ticks

Ticks may acquire various pathogens either from host blood, or from other
infected ticks while co-feeding (Piesman and Happ 2001 ). Ticks can be coinfected with various microbes and thus are able to exhibit microbial diversity
(Mixson et al. 2006, Schouls et al. 1999). For instance, Amblyomma americanum
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may be co-infected with Borrelia lonestari, Ehrlichia spp., and Rickettsia
amblyommii (Castellaw et al. 2010, Heise et al. 2010).
Microbial diversity in Ticks. Prior studies suggest that the interactions
among microbes within ticks could affect the virulence, density, and pathogen
transmission to host (Lively et al. 2005, Macaluso et al. 2002). The exact role of
most microbial associations within ticks is still unknown. Various pathogenic and
nonpathogenic microbes can co-exist in ticks (Mixson et al. 2006). Nonpathogenic microbes or endosymbionts (microbes with no specific pathogenecity,
and maintained in vectors a long time) may play an important role in tick's life
developmental stages (Noda et al. 1997). Some symbionts have been reported
to play an important role in tick's nutrition, defense, microbial interactions, and
stress tolerance (Sun et al. 2000). Obligate symbionts are required for the
survival of ticks, and maintained in ticks by vertical transmission (Noda et al.
1997). Vertically-transmitted parasites or endosymbionts were also reported to
enhance the vector's fitness (Lipsitch et al. 1996). Some vertically-transmitted
endosymbionts (example, Coxiella, Francisella, Rickettsia) (Noda et al. 1997,
Sun et al. 2000) may be responsible for mild disease in humans (Apperson et al.
2008, Sanchez et al. 1992), and thus can interfere with the transmission of other
tick-borne microbes (Lively et al. 2005, Macaluso et al. 2002). Niebylski et al.
reported that vertically-transmitted endosymbionts are associated with the
elimination of pathogen transmission (Niebylski et al. 1997). This characteristic of
vertically-transmitted symbionts is of the endosymbionts evolutionary interest
(Lively et al. 2005). For instance, experimental study showed that the ticks, which
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are co-infected with Rickettsia peacockii (non-pathogenic) and Rickettsia
rickettsii (causative agent of RMSF) cannot transmit R. rickettsii transovarially, as

R. peacockii are able to block the transovarial transmission of R. rickettsii
(Niebylski et al.1997). Moreover, R. montana and R. rhipicephali can also block
the transmission of R. rickettsii transovarially (Burgdorfer and Brinton 1975).
Hence, the microbial communities can coordinate within its vector or interfere
with each other. The study of bacterial communities in ticks has revealed new
microbial associations including previously unknown tick-borne microorganism
(Andreotti et al. 2011 ). Pyrosequencing helps to measure the bacterial diversity
in ticks and revealed the presence of many new bacterial species which were not
previously detected in ticks.
Pyrosequencing, a metagenomic approach. Metagenomic is the study of
genetic analysis in a given microbial community. This is a culture independent
method, thus avoids the culture based identification methods and provides more
information than the culture based techniques. 16S rRNA gene sequences (a
universal gene) are used to identify bacterial diversity. This technique can
explore the phylogenetic study and the analysis can be performed in genomic
DNA extracted from the environmental samples. The advantage of this technique
is that it can produce large data set of nucleic acid in low cost and less time.
Overall, 454 pyrosequencing is helpful to measure the bacterial diversity in
various environmental samples (such as soils, air, and water), insects, and
arthropods and more over in human body.
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Tick-paralysis

Tick-paralysis is not caused by any microorganism. Tick's saliva secreted
proteins are thought to be responsible for Tick-paralysis. Females of some ixodid
ticks, especially certain species of Dermacentor, lxodes, and Amblyomma spp.
are responsible for causing tick paralysis. Dermacentor andersoni can induce a
severe paralysis of cattle (Schofield and Saunders 1992). lxodes rubicundus can
cause paralysis of sheep in southern Africa (Fourie and Kok 1996), and lxodes
holocyc/us in Australia (Jackson et al. 2007). The gulf coast tick, Amblyomma
maculatum can cause paralysis in human (Espinoza et al. 2011 ).

Role of Host to Transmit Ticks and Tick-borne Pathogens
Tick's host may play an important role to transmit ticks and tick-borne
pathogens. Most of the ixodid ticks are more or less host-specific. The immature
ticks prefer small mammals, ruminants, birds, while the adults prefer large
mammals including human, ruminant, and other livestock. Bird migration and
livestock transportation has been observed to play an important role to transmit
tick and tick-associated pathogens.
Avian migration and tick-borne infections

Birds are important to public health because they can carry zoonotic
pathogens, either as a reservoir host or by distributing infected insect and
arthropod vectors (Hoogstraal et al. 1961). Birds may serve as hosts for
immature ticks and represent a potential reservoir for tick-borne pathogens in
human and other animal (Hubalek 2004). Birds are responsible for the
transmission of various pathogens including viruses, chlamydiae, enterobacteria,

23
and Lyme borreliosis spirochetes in human and animals (Anderson et al. 1986,
Hoogstraal et al. 1961, 1963; Olsen et al. 1995, 1998; Palmgren et al. 1997).
Several species of Haemaphysalis, Amblyomma, Argas, Ornithodoros, and
lxodes are known to parasitize birds (Movila et al. 2011, Ogrzewalska et al.
2008).
Migratory birds can serve as long-distance carriers for several ectoparasites and medical/veterinary important pathogens (Anderson et al. 1986,
Hoogstraal et al. 1961, 1963; Olsen et al. 1995, 1998; Palmgren et al. 1997).
Millions of migratory songbirds travel long distances between temperate breeding
areas in the continental USA and tropical wintering areas in the Caribbean,
Mexico, Central and South America (Rappole et al. 1995), and each migrating
birds may carry potential pathogens for humans and animals (Rappole et al.
1995). The spring migration of birds coincides with the primary questing season
for lxodes scapularis and lxodes dentatus (Battaly et al. 1987). It has been
reported that the Lyme borreliosis spirochete can be transmitted by avian tick,
lxodes auritulus across Canada through the migratory birds (Morshed et al.
2005). Migratory birds may serve as a reservoir of Lyme borreliosis in Europe
(Comstedt et al. 2006). Moreover, Bjoersdorff et al. (2001) reported the
transmission of Ehrlichia spp. infected ticks through migrating birds in Sweden
(Bjoersdorff et al. 2001).
Anaplasma spp. , Coxiella burnetii, SFGR and Tick-borne encephalitis
virus have been found in ticks from different species of migratory birds collected
in Europe (Alekseev et al. 2001, Elfving et al. 2010, loannou et al. 2009, Santos-
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Silva et al. 2006). The potential role of migratory birds in the transmission of
veterinary important pathogens (example, Anaplasma phagocytophilum and
Babesia spp.) has also been reported (Hildebrandt et al. 2010, Movila et al.
2011 ). Migratory birds have been considered as the suitable host for the
Ornithophilic mosquitoes (as for example, Cu/ex pipiens) and thus it can help to
spread the vectors of the West Nile virus (Owen et al. 2006, Rappole et al. 2000,
2003). In light, of the emergence or reemergence of infectious diseases, it is
currently of greater interest to address the implications of birds as potential
vectors of pathogens. Though various studies have examined the pathogenic
microorganisms found in bird, there remains a scarcity of the research regarding
the avian enteropathogenic bacteria. However, the literature concerning SFGR
infection of ticks found on migrating songbirds is scant, and the potential role of
songbirds as reservoirs for exotic SFGR has thus not been studied.
Role of Ruminants to transmit tick-borne pathogens
Ruminants may play an important role to transmit exotic ticks and tickassociated pathogens. Both hard and soft ticks were reported to be transmitted
by several livestock (Kakarsulemankhel 2010, Manan et al. 2007, Perveen 2011).
For instance, Rhipicephalus microplus and R. annulatus were eliminated from
United States by 1943. These two tick species were still in Mexico at that time
and reintroduced simultaneously into the U.S through Mexican livestock (Miller
2005).

25
CHAPTER II
HYPOTHESES AND SPECIFIC AIMS
Hypotheses
Hypothesis 1. We hypothesized that migratory birds may serve as a
vehicle for exotic ticks and tick-borne pathogens including SFGR into the USA.
Hypothesis 2. We hypothesized that microbial diversity and communities
in ticks are regulated by vertebrate hosts.
Specific Aims
Aim 1. Assess the bacterial diversity in ticks from migratory songbirds,
migratory songbirds blood samples, and ticks from ruminants using 454pyrosequencing approach.
Aim 2. Determine the presence of SFGR in all ticks, and migratory
songbirds' blood samples by nested PCR assay.
Aim 3. Quantify the Rickettsia amblyommii infection in SFGR infected ticks
(identified ticks in Aim #2) by qPCR assay.

26
CHAPTER Ill
EXPERIMENTAL DESIGNS
Study Site
Migratory bird study site. This study was conducted during the spring 2009
and 2010 migration seasons (15 March -15 May) at Johnson Bayou, Louisiana
(29° 45'N, 93° 37'W).
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Figure 2 . Study site - Johnson Bayou, Louisiana (29° 45'N, 93° 37'W).
Ruminants study site. Ticks were collected from the ruminants of Sindh
(24.87°N, 67.05°E) , and Punjab (31.33°N, 74.21 °E) provinces of Pakistan by
Iqbal research group in Pakistan.
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Figure 3. Study site - Sindh, and Punjab provices of Pakistan.
Sample Collection
Collection of Migratory songbird's blood and ticks for pathogen detection.
Birds were captured using nylon mist-nets by Moore research group, the
Department of Biological Sciences, University of Southern Mississippi. Each bird
was weighed to the nearest 0.1 gram, and a U.S. Fish and Wildlife Service
aluminum band was attached. Moore research group performed all studies with
animals in accordance with a protocol approved by the Institutional Animal Care
and Use Committee at the University of Southern Mississippi. Blood samples
were taken from the migratory songbirds to investigate the prevalence of tickborne pathogens. The attached ticks were carefully removed from birds using
fine-tipped forceps and placed in 70% ethanol.
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Collection of Ticks from Pakistani livestock. Iqbal research group collected
ticks from ruminants in accordance with their approved protocol in Pakistan.
Ticks were carefully removed from ruminants with fine tweezers and stored them
in 70% ethanol. A total 60 adult female ticks were selected for this study.
Identification of Ticks
Both the collected ticks from migratory birds and Pakistani ruminants were
identified to genus level with their developmental stages using the morphological
keys (Clifford et al. 1961, Cooley 1946, Keirans and Durden 1998). The
identification of the migratory bird ticks to species level was performed by
Lorenza Beati at Institute of Arthropodology and Parasitology, Georgia Southern
University, USA. Species level identification of the ticks from Pakistani livestock
was performed by Dmitry Apanskevich at Institute of Arthropodology and
Parasitology, Georgia Southern University, USA.
Assessment of Bacterial Community in all Ticks and Migratory Songbirds
The genomic DNA were extracted from ticks from migratory songbirds,
migratory songbird's blood samples and the Pakistani ticks respectively following
the protocol using DNeasy Blood and Tissue kit (Qiagen, CA). The genomic DNA
were pooled according to the tick species, and their developmental stages, and
sent them to MRDNA Lab (Shallowwater, TX) for 454-pyrosequencing. To get an
insight into the microbiome of migratory songbird , the bird DNA were sent to
MRDNA Lab (Shallowwater, TX) for 454-pyrosequencing analysis. Bacterial tagencoded titanium amplicon pyrosequencing (bTETAP) was performed as
described (Dowd et al. 2008a, 2008b). MRDNA pipeline was used for the

29
analysis of the all the raw sequences (Capone et al. 2011, Dowd et al. 2008a,
2008b, 2011 ; Edgar 2010, Eren et al. 2011, Swanson et al. 2011).
Detection of SFGR
SFG rickettsial infection was detected in ticks from migratory songbird,
migratory songbird's blood samples, and Pakistani tick DNA template (-25 ng/ µL)
by using the outer membrane protein A (ompA) gene-specific primers (Table 6) in
a nested PCR assay (Blair et al. 2004). In the primary reaction 2.5 µL of DNA
template was added to 12.5 µL of 2X Master Mix (Promega, Madison, WI), 8 µL
of nuclease-free water, and 1 µL of each primer (1 OµM) . In the nested reaction,
the same mixture was used except the nested primers (190-FN1 , 190-RN1) and
2.5 µL of amplicon from the primary reaction. The PCR reactions were performed
in a MyCycler Thermal Cycler (Bio-Rad Laboratories, USA) as follows: 1 cycle at
95°C for 3 min, 35 cycles of 95°C for 20 s, 46°C for 30 s, and 63°C for 60 s, and
1 cycle at 72°C for 7 min. For each reaction, two negative controls (H20, and
PCR reaction minus gene specific primers) and one positive control (50 ng of
Rickettsia endosymbiont of A. macu/atum GenBank Accession no. JX134638)

were included. The amplicons were analyzed with a 2% agarose gel containing
ethidium bromide and observed using a UV transilluminator. After electrophoresis,
PCR products of 540 bp were cut from the gel and DNA was extracted using a
QIAquick DNA gel extraction kit (Qiagen, CA). The purified DNA samples were
sent for sequencing to Eurofins MWG Operon (Huntsville, AL). The partial
sequences obtained were submitted to BLAST analysis (Altschul et al. 1990) to
determine nucleotide homology to other SFGR species.
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Confirmation and Quantification of Rickettsia amblyommii
A previously described outer membrane protein B (ompB) based primers
and probe (Table 6) was used for the quantification of R. amblyommii in SFGR
infected samples (Jiang et al. 2010). The copies of ompB gene were determined
by using a standard curve method (Jiang et al. 2010). Rickettsia amblyommii
infected genomic DNA sample was used to amplify R. amblyommii ompB gene
using ompB gene specific primers (Table 6). The primers successfully amplified a
142 bp fragment. In this qPCR assays, 2µ1 (50ng/ µI) of DNA template, 0.5 µM
of each primer, 0.4 µM probe, 3mM magnesium chloride, and 12.5 µI 2X Master
Mix (Promega, Madison, WI) were added . The ompB positive control for
Rickettsia amblyommii used in this study was from the Viral and Rickettsial
Diseases, Department Naval Medical Research Center and the GenBank
accession no. is FJ455415. The qPCR reactions were performed in a Thermal
cycler (CFX96 Real time detection system) as follows: 95°C for 2 min followed
by 45 two-step cycles of 94 °C for 5 s and 60°C for 30 s. Melt curve analysis was
performed (65°C to 95°C, increment 0.5°C, 5s) to confirm that only one product
formed. The threshold level for nonspecific fluorescence was selected to be 100
fluorescence units. Fluorescence above this level (100 fluorescence units)
indicates a positive reaction, and the number of cycles required to reach this
level of fluorescence is defined as the cycle threshold (CT) value. The number of
copies/µI was calculated from standard curve.
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Table 6

Primers and probe information used in this study

Primer

Gene
(Size
in bp)

RR190-70
RR190-701

OmpA 5'ATGGCGAATATTTCTCCAAAA3'
5'GTTCCGTTAATGGCAGCATCT3'
(590)

190-FN1
190-RN1

(540)

5'AAGCAATACAACAAGGTC3'
5'TGACAGTTATTATACCTC3'

Ra477F
Ra618R

OmpB
(142)

5'GGTGCTGCGGCTTCTACATTAG3'
5'CTGAAACTTGAATAAATCCATTAG
TAACAT3'
FAMGCGATCTCCTCTTACACTTGGACA
GAATGCTTATCGCG-BHQ-1

Ra532 probe

Sequences (5'-3')

Reference

Blair et al.
2004

Jiang et al.
2010
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CHAPTER IV
RESULTS
Avian Migration Results
A total of 91 immature ticks were successfully removed from 35 individual
birds. Ticks were identified to species level and their developmental stages. All
ticks were identified as larvae (70%) or nymphs (30%) respectively. Ticks
attached to the birds at the eyes (24%), bill (18%), nape (16%), crown (12%),
cloaca (10%), throat (8%), and mantle (6%) were removed. The remaining ticks
(6%) were found distributed throughout the body (Figure 4) .

Figure 4. Representative captured songbird species infested with immature ticks
on various body parts during northward-bound migration at Johnson Bayou, LA
(2009-2010). A) tick on head of Acadian flycatcher (Empidonax virescens) B)
ticks attached on upper eye-lid of worm-eating warbler (Helmitheros vermivorus)
C) ticks attached on left eye of worm-eating warbler (H. vermivorus) D) tick
embedded in feathers of indigo bunting (Passerina cyanea) E) cloaca of wood
thrush (Hylocichla mustelina) F) ticks attached on cloaca of wood thrush (H.
mustelina) G) partially fed tick attached on the right eye of indigo bunting (P.
cyanea).
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Tick Identification. Ticks removed from migratory songbirds were identified
to species level (Figure 5) using 12SrDNA gene specific primers (Beati and
Keirans 2001, Labruna et al. 2009). The identified ticks were Amblyomma
nodosum (n=17), Amblyomma calcaratum (n=11 ), Amblyomma longirostre
(n=21 ), Amblyomma maculatum (n=2), and Haemaphysalis spp. (n=40) (Figure
5). The majority of the identified ticks were determined to be Neotropical in origin
and not native to North America.
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Figure 5. Identified tick species collected from migratory songbirds.
Microbial diversity in ticks and migratory songbirds. The investigation of
bacterial community associated with Neotropical tick species, along with their
respective migratory songbirds blood samples were performed with the help of
454- pyrpsequencing method. This study explored the bacterial diversity
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associated with distinct immature life stages of four different neotropical tick
species, such as Amblyomma /ongirostre, A. nodosum, A. maculatum and

Haemaphysalis spp. along with their respective migratory songbirds such as
Worm-eating warbler, Wood Thrush, Hooded Warbler, and Indigo Bunting using
culture independent 454-pyrosequencing method .
Taxonomical composition resulted that the Proteobacter phyla is found
predominantly, followed by Firmicutes, Actinobacteria, Bacteroidetes phyla with a
total of 112 identified genera and 142 species in larvae and nymphs of all
neotropical tick species. The bacteria belongs to the genus Raoultella,

Lactococcus, Wolbachia, Propionibacteria, Ewingel/a are maintained in both
larvae and nymphs of all four Neotropical tick species. Although Raoultella
(Montasser 2005) was reported previously as tick-borne microorganism, but it is
new in Neotropical Amblyomma or Haemaphysalis species. The pathogenic
bacteria such as Raoultella, Ewingella, Staphylococcus, Rickettsia, Clostridium,

Elizabethkingia, and Klebsiella, were detected in larvae and nymphs of all four
neotropical tick species. Raoultella omithinolytic, a histamine-producing
bacterium and associated with fish poisoning (Kanki et al. 2002), and the biliary
tract infections in cancer patients (Hadano et al. 2012), is predominantly found in
both larvae and nymphs of all four Neotropical tick species (Figure 10). The
bacterial genus Lactococcus is the second most prevalent bacterial genus
maintained in both larvae and nymphs of all four Neotropical tick species.

Lactococcus /actis, a plant or dairy associated bacteria (Rademaker et al. 2007),
is predominant in both larvae, nymph of all four neotropical tick species, but it is
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absent in the respective migratory birds blood (Figure 10). The pathogenic
bacteria, Ewingella americana, which is associated with osteomyelitis and septic
arthritis in human (Hassan et al. 2012), were well mentained in both larvae and
nymphs of all four tick species (Figure 10). Elizabethkingia meningoseptica, the
causative agent of meningitis in premature and newborn infants (Chiu et al.
2000), has been observed in both larvae and nymphs of all four tick species
except in A. /ongirostre (nymph), and A. nodosum (larvae) (Figure 10). The
opportunistic bacteria Propionibacterium acne (human normal flora, and also
associated with acne vulgaris), and Propionibacterium granulosum (low
pathogenic to humans, although associated with endocarditis, endophthalmitis,
osteomyelitis and central nerve system infection) (Lo et al. 2009) were present in
either of the larvae, and nymph in each of the four tick species (Figure 10).
With respect to more than 1% of total identified bacterial diversity in genus
level to larval stages of all four tick species, A. /ongirostre has been observed as
most diverse (Figure 6), followed by A. nodosum (Figure 8), Haemaphysalis spp.
(Figure 9), and A. maculatum (Figure 7). The bacterial diversity is higher in A.
longirostre (larvae) than in A. longirstre (nymphs). The bacterial genus Raoultella

is predominant in both A. /ongirostre larvae, and nymph (observed 39% in larvae,
and 57% in nymph), while few other genus (Lactococcus, Wolbachia, Francisella,
Massilia, Methylobacterium) were found in A. /ongirostre (Figure 6). Raoultel/a
has also been observed predominantly in both larvae and nymph of A. nodosum,

A. maculatum and Heamaphysa/is spp. The abundance of Rickettsia has been
observed in A. nodosum larvae (i.e in 6.5%) (Figure 8), whereas, it was less
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abundant in the other tick species and their developmental stages of our study.

A. nodosum (larvae) harboured Rickettsia conorii (4.5%), R. sibrica (1 %), R.
rickettsii (==1 %), and R. australis (<1 %). These four SFGR species were also
present in other three tick species in their different developmental stages, but in
very low abundance (i.e <1 %).
The microbial diversity of migratory songbirds revealed that Proteobacter
was the predominant phyla in Hooded Warbler and Indigo Bunting, while
Actinobacteria was found most prevalent phyla in Worm-eating Warbler and
Wood Thrush. A total of 72 bacterial genera and 102 bacterial species were
identified in these four migratory songbirds. Worm-eating Warbler showed the
highest bacterial diversity when compared to the other three migratory songbirds.
The most dominant bacterial genus detected in Worm-eating Warbler, is

Microbacterium (79%), followed by Rhodococcus (5.6%), Cellulomonas (4.1 %),
Stenotrophomonas (2.2%), Sanguibacter (2.1 %). The opportunistic human
pathogen belonging to the genus of Cellulomonas denverensis, found trees
(Rivas et al. 2004) and the atmosphere (Lee et al. 2008), has been observed in
Worm-eating Warbler. Pseudomonas is the most predominant bacterial genus
(observed 91.2%), followed by Microbacterium (7.4%), and Bacillus (1 %) found in
Hooded Warbler. The plant associated bacteria Pantoea agglomerans and

Rhodococcus fascians were found predominantly in plant or seed eater Indigo
Bunting. The plant pathogen, Rhodococcus fascians has also been observed in
the omnivore Wood Thrush. Rickettsia has been observed in very low abundance
(>1 %) in all four migratory songbirds.
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Figure 6. Relative abundance of bacterial diversity in immature A. longirostre
along with the migratory songbird as detected by 454- pyrosequencing. (L)
indicates- larval developmental stage, and (N) indicates nymphal developmental
stages. The host of this tick species was Worm-eating Warbler. The bacterial
genera abundance below 1% were grouped as "Others".
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Figure' 7. Relative abundance of bacterial diversity in immature A maculatum
along with the migratory songbird as detected by 454- pyrosequencing. (L)
indicates- larval developmental stage, and (N) indicates nymphal developmental
stages. The host of this tick species was Worm-eating Warbler. The bacterial
genera abundance below 1% were grouped as "Others".
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Figure 8. Relative abundance of bacterial diversity in immature A. nodosum
along with the migratory songbirds as detected by 454- pyrosequencing. (L)
indicates- larval developmental stage, and (N) indicates nymphal developmental
stages. A. nodosum (L) was collected from Wood Thrush and the host of A.
nodosum (N) was Hooded Warbler. The bacterial genera abundance below 1%
were grouped as "Others".
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Figure 9. Relative abundance of bacterial diversity in immature Haemaphysalis
spp. with the migratory songbirds as detected by 454- pyrosequencing. (L)
indicates- larval developmental stage, and (N) indicates nymphal developmental
stages. Haemaphysalis spp. (L) were collected from Worm-eating Warbler and
the host of Haemaphysa/is spp. (N) was Indigo Bunting. The bacterial genera
abundance below 1% were grouped as "Others".

41
ielat ive

,ow min

-- ----

,_:::J'z
- .._..
_J z
:::J'z
.._.. .._..-...
.._.. -_J I -z <C
.._..___. u u > E E ...... ::;'1- ::;'>
cccucu>(l)(l)...J
>
OOEEW
cooooo
>CU<Uzc>c
<(<(<( <C> I I_<(> <CI

Annotation

Arthrobacter pascens
Cellulomonas denverensis
Ewingella americana
Francisella endosymbiont
Lactococcus lactis
Massilia timonae
Microbacterium arborescens
Microbacterium hydrocarbonoxydans
Microbacterium oxydans
Microbacterium phyllosphaerae
Microbacterium schleiferi
Paenibacillus alvei
Paenibacillus turicensis
Pantoea agglomerans
Phyllobacterium myrsinacearum
Propionibacterium acnes
Pseudomonas synxantha
Pseudomonas thivervalensis
Raoultella ornithinolytica
Rhodococcus fascians
Rickettsia conorii
Rickettsia sibirica
Sanguibacter inulinus
Sphingomonas caulobacter
Wolbachia endosymbiont
Figure 10. Heat map depicting bacterial diversity in species level and their
relative abundance in immature life stages of ticks and the migratory birds. This
heat map is generated by using GENE E software. Bacterial species abundance
less than 1% were presented in this heat map. (L) denotes as larvae, and (N)
denotes as nymphs. WEWA, WOTH, HOWA, INBU inidates Worm-eating warbler,
Wood Thrush, Hooded Warbler, Indigo Bunting migratory birds respectively. Tick
samples are along the X-axis and bacterial species are in the Y-axis
alphabetically.
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SFGR detection. The prevalence of SFGR infection was detected in tick
and songbird blood DNA samples using ompA gene-specific primers in a nested
PCR (Fig. 11 ). All individual positive DNA samples were sequenced and
nucleotide similarities were assessed by using NCBI BLAST search
(http://blast.ncbi.nlm.nih.gov/). A total of 71 ticks, and 20 birds DNA were positive
for SFGR. Sequence analysis of these amplicons revealed the presence of a
diverse SFGR species including Rickettsia amblyommii (30%), Rickettsia
endosymbionts of Haemaphysalis spp. (14%), Rickettsia endosymbionts of
Amblyomma nodosum (13%), Rickettsia endosymbionts of Amblyomma
calcaratum (10%), Rickettsia endosymbionts of Amblyomma /ongirostre (9%),
Rickettsia endosymbionts of Amblyomma maculatum (1 %), and Rickettsia spp.
ARANHA (1 %) (Table 7). Sequence analysis for the bird-blood samples (n=20)
identified a 100% similarity with the Rickettsia endosymbiont associated with
Amblyomma maculatum (GenBank accession# JQ695855-JQ695859,
JQ658435-JQ658449).
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Figure 11. PCR identification of spotted fever group rickettsia.
A: PCR amplification of SFG rickettsia in exotic ticks collected from migratory
birds. Lane 1) low DNA mass ladder, 2,4,6) empty lanes, 3) negative control
(water), 5) Rickettsia ompA positive control, 7-19) tick DNA amplified using ompA
gene-specific primers in a nested PCR assay. B: PCR amplification of SFG
rickettsia in migratory songbird blood samples. Lane 1) low DNA mass ladder,
2,4) empty wells, 3) negative control (water), 5) Rickettsia ompA positive control,
6-19) bird blood DNA amplified using ompA gene-specific primers in a nested
PCR assay.
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Table 7
Percentage of SFGR positive found in larvae and nymphs

SFG Rickettsia

% Nucleotide
Identity

Larvae*

Nymphs

Totalr

R. amblyommii (%)

98%-100%

25 (39%)

2 (7%)

27 (30%)

RE Haemaphysalis spp.

**NA

6 (9%)

7 (26%)

13 (14%)

RE A. nodosum

**NA

8 (13%)

4 (15%)

12 (13%)

RE A. ca/caratum

**NA

6 (9%)

3 (11 %)

9 (10%)

RE A. longirostre

**NA

8 (13%)

0 (0%)

8 (9%)

RE A. maculatum

99%

0 (0%)

1 (4%)

1 (1 %)

Rickettsia spp. ARAN HA

98%

1 (1 %)

0 (0%)

1 (1 %)

54 (84%)

17 (63%)

71 (78%)

SFGR PCR positive(%)
# of ticks treated

64

±

27

91

* indicates % SFGR positive among all larvae
• indicates % SFGR positive among all nymp hs
r indicates % of positive in each case among the total ticks
**NA- Fist Identified in this study

Quanitification of R. amblyommii by qPCR. The prevalence of R.
amblyommii was further confirmed by probe based ompB gene quantification as
described (Jiang et al. 2010). To determine the limitation of the qPCR assay,
standard concentrations of the target sequence containing plasmid DNA from 10°
to 108 copies/µI were plotted against Cr values. Of the 27 sample (identified by
ompA), 24 were found to be positive for R. amblyommii. R. amblyommii infection
ranged from 3 to 21719 copies/µI in ticks collected from migratory songbirds. R.
amblyommii has been observed to be carried most by Haemaphysa/is spp., and
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second most the A Jongirostre (Table 8), where as the other Neotropical tick
species, such as A calcaratum, A. maculatum, A. nodosum, there was no R.
amblyommii present.

Table 8
Quantification of R. amblyommii in ticks from migratory songbirds

Identified tick species

A. longirostre 45A L
A. longirostre 47A L
A. longirostre 55A L
A. /ongirostre 56A L
A. longirostre 57A L
A. longirostre 59A L
Haemaphysalis spp. 61A L
Haemaphysalis spp. 63A L
Haemaphysalis spp. 64A L
Haemaphysa/is spp. 65A L
Haemaphysa/is spp. 66A L
A. longirostre 69A L
Haemaphysalis spp. 70A L
Haemaphysalis spp. 74A L
Haemaphysalis spp. 75A L
Haemaphysalis spp. 76A L
Haemaphysalis spp. 77A L
Haemaphysalis spp. 78A L
Haemaphysalis spp. 79A L
Haemaphysalis spp. 80A L
Haemaphysalis spp. 81A L
Haemaphysalis spp. 158 N
A. longirostre 178 N
Haemaphysalis spp. 268 L
L

indictes larvae, and

N

indicates nymphs.

ompA Accession no.

JQ690612
JQ690613
JQ690619
JQ690620
JQ690621
JQ690623
JQ690625
JQ690626
JQ690627
JQ690628
JQ690629
JQ690632
JQ690633
JQ690637
JQ690638
JQ690639
JQ690640
JQ690641
JQ690642
JQ690643
JQ690644
JQ690575
JQ690578
JQ690594

Copy no. /µI

185
7528
10000
6288
318
11095
21719
2164
8068
5551
10717
4386
4900
3741
8352
5827
5786
4208
3081
7123
6074
4
3
3872
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Ticks from Pakistani Ruminants Results
Ticks were carefully removed from different ruminants with fine tweezers
and stored them in 70% ethanol. A total 60 adult female ticks were selected for
the study.

Figure 12. Representative figures of field collection of ticks from Pakistan. 1), & 2)
ticks attached on cow, 3) ticks attached on eye of cow, 4), & 5) ticks attached on
cow-calf, 6) ticks attached on ear of dog.
Identification of ticks from Pakistani livestock. Ticks were identified as
Hyalomma anatolicum (n=36), Hyalomma dromedarii (n=10), Rhipicepha/us
micro/pus (n=12), and Rhipicephalus sanguineus (n=2) (Figure 13). These tick
species have also been previously reported in different livestock as well in
Pakistan (Kakarsulemankhel 2010, Manan et al. 2007, Perveen 2011 ).
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Figure 13. Identified tick species collected from Pakistani ruminants.
Bacterial diversity in ticks from Pakistani livestock. The investigation of
bacterial communities associated with one-host (Rhipicephalus microplus) , twohost (Hyalomma dromedarit), and three-host (Hyalomma anatolicum) were
performed by 454-based pyrpsequencing. A total of 29, 64, 34 bacterial genera
were identified in H. anatolicum, H. dromedarii and R. microplus respectively.
With respect to more than 1% of total identified bacterial diversity in genus level,
the one-host tick, R. microplus has been observerd as most diverse, followed by
two-host tick, H. dromedarii, and three-host tick, H. anatolicum. The genus
Fransicella (Francisella endosymbionts), which is previously reported as tickborne microoraganism (Niebylski et al. 1997, Sun et al. 2000) , is predominant in
Hyalomma (both H. anatolicum and H. dromedarit) , but completely absent in R.
microplus. Additionally, Fransicella is the predominant bacterial genus (observed
more than 80%) in H. anato/icum, while few other genus ( Corynebacterium,
Allococcus and Nesterekonia) were found in H. anatolicum (Figure 14A).
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Similarly, Francisella (Francisella endosymbionts) had been observed= 60% in

H. dromedarii, while the rest of the bacterial community of H. dromedarii
comprised of Staphylococcus, Brevibacterium, Corynebacterium, Streptococcus,
Balneimonas, Methylobacterium, Ramlibacter, Schlegel/a, Agrococcus,
Nocardioides, Cupriavidus genera (Figure 14B). The tick-borne pathogenic
spirochete Borrelia coriaceae, which has been associated with bovine abortion,
were found in R. microplus (Figure 15).
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Figure 14. The bacterial diversity residing in ticks from Pakistani ruminants . A)
Hyalomma anatolicum (three-host tick), B) H. dromedarii (two-host tick), and C)
Rhipicephalus microplus (one-host tick). Value less than 1% were grouped as
"Others".
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Figure 15. Heat map depicting bacterial diversity in one-host (R. microplus), twohost (H. dromedarit), and three-host (H. anatolicum) ticks collected from
Pakistani ruminants . This heat map is generated by using GENE E software.
Bacterial species abundance > 1% were presented in this heat map. Tick
samples are along the X-axis and bacterial species are in the Y-axis
alphabetically.
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Detection of SFGR. The prevalence of SFGR was identified by amplifying

rickettsial outer membrane protein gene (ompA) A gene . The PCR amplicon
sequencing and homology search at Blast program at NCBI revealed Rickettsia
amblyommii and R. endosymbionts of Hyalomma anatolicum, R. endosymbionts

of H. dromedarii, and R. endosymbionts of Rhipicephalus microplus. The
presence of SFGR was determined in 30 ticks (50% of the total 60 ticks) . Of
these 30 ticks, the infection level of Candidatus Rickettsia amblyommii was 35%
(21 /60), and the remaining 15% (9/60) with Rickettsia endosymbiont of tick
species (H. anatolicum, H. dromedarii, R. microplus) .

bp
2000
1200
800

1 2

3 4

5

6

7 8 9 1011 12 131415 1617 18 19

540 bp

400
200
100
Figure 16. Identification of tick-borne SFGR in ticks from Pakistani ruminants .
PCR amplification of outer membrane protein gene A (ompA) specific to SFGR
(amplicon size 540 bp) Lane 1) low DNA mass ladder, 2,4,6) empty lanes, 3)
negative control (water) , 5) Rickettsia ompA positive control, 7-19) tick DNA
amplified using ompA gene-specific primers in a nested PCR assay.
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Table 9
Abundance of SFGR found in ticks from Pakistani ruminants
% Nucleotide Identity

Total No. of SFGR

99%-100%

21

RE H. anatolicum

**NA

1

RE H. dromedarii

**NA

3

RE R. microplus

**NA

5

SFGR species
Rickettsia amblyommii

SFGR PCR positive

30

# of ticks treated

60

RE indicates Rickettsia endosymbionts from respective tick species,
SFGR indicates spotted fever group rickettsia,
**NA- Fist Identified in this study
- indicates SFGR negative by OmpA nested PCR assay.

Quantification of Rickettsia amblyommii. The prevalence of R. amblyommii
has been further confirmed by probe based qPCR assay (Jiang et al. 2010). All
the 21 samples showing ompA sequence homology with Candidatus Rickettsia
amblyommii were quantified by Ramb ompB qPCR method . The overall R.
amblyommii has been found in the range of 41 to 11406 copies/µ! (Table 10). It
has been found that R. amblyommii is most abundant in H. anatolicum (threehost ticks), followed by H. dromedarii (two-host ticks), and R. microp/us (one-host
tick) (Table 10).
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Table 10
Quantification of R. amblyommii in ticks from Pakistani ruminants

Identified tick species

Host

OmpA Accession no.
(R. amblyommit)

OmpB
Copy no. /µI

Hya/omma anatolicum

Buffalo

JX441091
JX441092
JX441095
JX441115

10497
4238
7221
41

Hyalomma anatolicum

Cattle

JX441098
JX441099

11095

11406

Rhipicephalus microplus

Cattle

JX441089
JX441093

74
45

Hya/omma anatolicum

Sheep

JX441105
JX441106

4767
68
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JX441107
JX441108

72

Hya/omma anatolicum

Goat

JX441109
JX441110

10497
2609

Hyalomma dromoderii

Goat

JX441114
JX441111
JX441112

43
4833
7373

Hya/omma anatolicum

Cattle

JX441101
JX441102

5667
3793

Hyalomma anatolicum

Cattle

JX441103

5108

Hyalomma dromoderii

Camel

JX441113
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CHAPTERV
DISCUSSION
Avian Migration
Although several studies have shown that migratory birds can carry exotic
tick species to the United States (Alekseev et al. 2001 , Bjoersdorff et al. 2001 ).
Our study identified the presence of exotic ticks from migratory songbirds such
as Amblyomma longirostre, Amblyomma ca/caratum, Amblyomma nodosum,
Amblyomma maculatum, and Haemaphysa/is spp., which are known to occur in

sympatry in southern and Central America. Since all of the ticks removed were
partially engorged and the bird hosts was usually examined shortly after their 1824 h flight crossing the Gulf. It seems highly likely that the ticks were acquired
while foraging in tropical locations shortly before departure. Therefore, we can
state that the ticks collected on our birds were exotic and may originate from the
wintering areas of Nearctic-Neotropical songbird migrants.
The diversity of the detected rickettsial strains in the ticks strengthens our
hypothesis that exotic rickettsial organisms can enter into the USA Interestingly,
no questing ticks were found associated with the drag cloth (Falco and Fish 1988)
at the Johnson Bayou study site during March-April 2009 and 2010. As the exotic
tick species identified in this study has never been collected on anything other
than migratory birds, it is very likely that these Neotropical tick species have not
managed to establish themselves in the North America. The reason for the
inability to establish in North America may be due to the absence of particular
host or environment/climate limitations (Guglielmone et al. 2003, Labruna et al.
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2007). This is why, A. /ongirostre, A. nodosum, and A. ca/caratum do not occur in
the United States. Very few South American tick species have been observed to
establish in North America, for example, Amblyomma maculatum (Goddard and
Norment 1983), Amblyomma cajennense (Beck et al. 2011 , Oliveira et al. 2000).
Tick collection on vegetation should be continued to verify whether or not these
ticks manage to establish themselves in the United States.

A. Jongirostre is widely distributed in the Neotropical region (Guglielmone
et al. 2003, Labruna et al. 2004, Orgzewalska et al. 2008). In this study, the A.
longirostre larvae (n=7) and nymph (n=1) were found infected with Rickettsia
amblyommii. Different strains R. amblyommii have been reported infecting at

least five Amblyomma species from the USA to Argentina, including A.
Jongirostre (Labruna et al. 2004, 2007). Adults of A. longirostre prefer rodents,

whereas immature stages feed mainly passerine birds (Labruna et al. 2007,
Nava et al. 2010).
The microbial community in ticks suggested that some of the bacterial
genera (Raoultella, Lactococcus, Wolbachia, Propionibacteria, and Ewingella)
have been well maintained in both larvae and nymph developmental stages of
ticks. They may have roles in tick life stages, which is could be the reason they
are well maintained in different tick development stages. Future study is needed
to confirm that. Some environmental bacteria such as, Bacillus, C/ostridium spp.
are found to be harbored by these four neotropical ticks and possibly associated
with ticks ecology, since these bacteria can also be found in soil, water and
sewage. Some non-pathogenic bacteria such as Lactococcus, Leuconostoc were
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found associated with these Neotropical tick species in their immature
developmental stages. The previously reported tick-borne endosymbionts, such
as Wolbachia (O'Neill et al. 1992), and Francisella (Niebylski et al. 1997, Sun et
al. 2000), were observed in the larvae and nymph of all four Neotropical tick
species. The microbial community of ticks and migratory songbirds consisted of
pathogenic and non-pathogenic bacteria, but there was no evidence which
showed transmission of pathogens between ticks and migratory songbirds.
Ticks from Pakistan Livestock
Althought Hya/omma anatolicum, Hyalomma dromedarii, Rhipicepha/us
micro/pus, and Rhipicephalus sanguineus have previously been reported as the

prevalent tick species in different places of Pakistan (Kakarsulemankhel 2010,
Manan et al. 2007, Perveen 2011). Our study investigated the presence of
Hyalomma anato/icum, H. dromedarii, R. microp/us from a wide host range. For

instance, we identified H. anato/icum from cattle, buffalo, sheep, and goat. The
camel tick, Hyalomma dromedrii, was obtained from camel and goat, where as
the cattle tick, Rhipecephalus microplus, was obtained from cattle, sheep, and
goat. In this study, the mixed infection of different tick species that was observed
on the livestock may be due the reason associated with the small sized farming
practices.
The identification of H. anatolicum from the different livestock species in
this study was supported similar findings from India and it had been a known
vector of Theileria annulata, Theileria buffeli, T. lestocardi (Ghosh et al. 2006)
which causes Theileriosis, a severe disease problems in livestock which cost
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significant loss in livestock industry. Similiarly, Rhipicephalus microp/us is an
important vector of babesiosis in cattle responsible for transmitting Babesia
bigemina, and B. bovis, while Rhipicephalus sanguineus was known for

transmitting Babesia gibsoni, Babesia canis (Bock et al. 2004). Recently,
Rickettsia africae, a spotted fever disease in human, has been detected in the

camel tick, Hyalomma dromoderii (Kernif et al. 2012).
To the best of our knowledge, this study is the first to report the presence of R.
amblyommii, a potential pathogenic spotted fever group rickettsial species in

Pakistan. Utilizing the qPCR assay we quantified R. amb/yommii in 21 (35%, out
of 60 fema le ticks). The R. amblyommii infection is highest in H. anatolicum
(three-host tick), followed by H. dromedarii (two-host tick), and R. microp/us (onehost tick). On the contrary, the microbial diversity identified by 454pyrosequencing showed highest in R. microplus (one-host tick), followed by H.
dromedarii (two-host tick), and H. anatolicum (three-host tick). Further study is

needed to confirm that if R. amblyommii was playing a role in controlling bacterial
diversity in ticks. H.anatolicum has been frequently reported to parasitize human
and vector Crimean Congo Haemorrhagic fever, especially in Europe and Russia
(Estrada-Pena and Jongejan 1999). This new association of R. amblyommii
further increases the public health importance of H. anatolicum.
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CHAPTER VI
CONCLUSIONS
In this study, the migratory songbirds were equally competent in
transmitting SFGR to larvae upon feeding. This conclusion is based on our
observation that 25 of the songbirds had detectable SFGR and were limited to a
single uncharacterized species, R. endosymbiont of A. maculatum. Moreover,
our 454-pyrosequencing results also support this conclusion. SFGR associated
with Neotropical ticks carried by migratory songbirds remain largely unknown .
The arrival of exotic ticks and pathogens could have detrimental effects on local
wildlife, domestic animals, and even humans. The transport of non-native ticks by
migratory birds increases the likelihood that exotic tick and tick-borne SFGR may
be introduced to areas where they do not currently occur. SFGR associated with
Pakistani ixodid ticks remain largely unknown, but their prevalence found in this
study showed the greater concern in public health. It could have detrimental
effects on domestic animals and even the humans who were associated with
them personally or professionally. The bacterial communities associated with
ticks infesting migrating songbirds as well as ticks from Pakistani ruminants both
require further investigation. Further study in relation to Pakistani ticks is needed
to confirm the interation among the Rickettsia amb/yommii and other bacterial
species in one-, two-, and three-host ticks. The transport of tick infested
livestocks may increase the likelihood of spreading SFGR in Pakistan. Such
scenarios of possible successful establishment of ticks and tick-borne pathogens
may be a risk for the humans, wild and domestic animals.
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