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Abstract

Borrelia crocidurae infection of female Ornithodoros erraticus reduced the fecundity and fertility
of the infected female tick, decreasing its egg production and viability. Microscopic
examination of the semithin sections of the infected female ovary revealed five developmental stages
of the oocyte as in the uninfected female. However, in the infected females, Borrelia spirochetes were
apparently transported to the ovary via its surrounding hemolymph (HL) to invade oocytes during all
their stages of development. The borrelial spirochetes were localized adhering to and directly
penetrating oocytes of the early stages 1 and 1 having no chorion and protruding into HL. Also, B.
spirochetes penetrated the ovary epithelial wall to be localized inside the pedicels then moved to enter
the ovary lumen and attached oocytes including those not fully chorionated such as the vitellogenic
oocyte stage 1. Borrelia spirochetes seemed to pass through the unchorionated points of oocytes
contact with pedicels to spread throughout the developing oocytes. Borrelia spirochetes were detected
adhering to and inside the closely packed large yolk granules in the mature oocyte stage V. The
noticeable disappearance of chorion in some infected ovulating oocyte stage V subjected them to
penetration and further invasion by B. spirochetes which have entered the ovary lumen.
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Introduction

The small race of Ornithodoros (Paviovskyella)
erraticus Lucas is widely distributed in Egypt [1],
harbors and transmits Borrelia crocidurae, the
etiologic agent of the North Africa relapsing fever
[2]. Borrelia theileri the etiologic agent of bovine
borreliosis has been demonstrated in the blood of
cattle and live stock Europe, North America, and
Asia [3,4] . The tick becomes infected by feeding
on spirochetemic animals and transmits the
spirochetes to man and animals via saliva and
coxal fluid during tick bites [5]. Shortly after
feeding the spirochetes migrate from the digestive
tract of the tick to invade the hemolymph [6] to be
transported to almost all internal organs including
ovary where they may Dbe transmitted
transovatially (Tov) via the infected eggs to the
offspring [7]. Physiological, biological and
ecological studies on the vector argasid tick, O.
erraticus infected with the spirochete, B.

crocidurae, have shown evident interrelationships
and interactions between the tick vector and the
pathogen [2,6-10,11-15)].The parameters defining
vector competence of ticks for pathogens such as
acquisition, maintenance and transmission to the
vertebrate host have been studied by several
authors [16-19].

The interaction may influence the tick
reproduction by direct invasion of the tick ovary
as in the Tov transmission of B. crocidurrae from
the infected female O. erraticus to its progeny [7].
However, indirect effects of the spirochetal
infection on reproduction of the female tick might
result from an interference with some other
physiological processes in such a way that
deprives the tick from enough or essential proteins
[14,15,20] which are required for oocyte
maturation and completion of egg development
[21,22].
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The reproductive potential and the Tov
transmission of the spirochetal infection from one
generation to another are two of several factors
affecting the tick vector potential in spreading
disease [5, 23]. The study of structural and
physiological peculiarities of the tick reproduction
and interaction between a pathogen and vector tick
is necessary to understand the bases underlying its
success as a vector of disease which may help in
the tick and disease control.

The present study investigates the effect of B.
Crocidurae infection on some biological
parameters of reproduction of female O. erraticus.
Also, it histologically investigates effects of the
borrelial infection on oocytes development and
localizes B. Crocidurae spirochetes in the tick
ovary and oocytes during development, maturation
and ovulation, in order to elucidate the spirochete
dynamics and interactions in the tick ovary during
reproduction and Tov transmission of the
pathogen.

Material and Methods

Tick collection and rearing:

The argasid tick Ornithodoros (Pavlovskyella)
erraticus Lucas, was collected from burrows of the
Nile grass rat Arvicanthis niloticus in fields or in
canal dykes in Monofeya governorate, Egypt. The
collected ticks were kept in laboratory at 28+1°C,
75% R. H. and 16 hr. light, fed on the hamster
Mesocricetus auratus and reared as described by
[24].

Tick colonies:

Samples of the collected tick were examined
for spirochetal infection with Borrelia crocidurae
using Fontana stain [15,25] and direct
immunoflouresenct technique [26)]. Uninfected F1
adults of field collected ticks showed no
spirochetes in hemolymph (HL) were used to start
the uninfected stock for the laboratory colonies.
Ticks found to be naturally infected with Borrelia
crocidurae were fed on hamsters. By 4-7 days
later the hamsters developed spirochetemia [15]
were used as a source for infection by feeding the
uninfected ticks on them. Uninfected and infected
ticks colonies and hamsters were carefully
separated away from each other. The infection
rates in the females and unfed larvae were
regularly inspected to make sure of the existing
high levels of infection and transovarial
transmission (Tov) in the infected colony [15].

Effect of B. Crocidurae infection on reproduction
of female O. erraticus:

In order to assess the effect of B. Crocidurae
on the fecundity and fertility of female O.
erraticus, 15 virgin females of each uninfected and
infected ticks were fed and placed with freshly
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engorged uninfected males as pairs in separate
rearing tubes and observed daily for oviposition.
Eggs were collected and counted daily until the
female ceased oviposition. The preoviposition,
oviposition and incubation periods, mean egg
production/ oviposition/ female, daily egg output
/female and viability of the eggs were recorded for
uninfected and infected female ticks.

Histological studies:

Ornithodoros erraticus females uninfected and
infected with B. Crocidurae were dissected and
the ovaries were removed on the 4th and 9th day
after feeding (daf), where oocyte maturation and
oviposition have started, respectively [15]. Ovaries
were fixed for 24 hrs in 3% cold fresh
glutaraldhyde (40 ml 25% glutaraldhyde, 100 ml
40% formaldhyde, 2.7 g sodium hydroxide and
11.6 sodium dihydrogen phosphate all in 1000 ml
distilled water). The ovaries were washed three
times for 20 minutes each, in phosphate buffer (pH
7.2), post fixed in cold 1% osmic acid for 2 hrs
and washed again in three changes of fresh buffer
for another 20 minutes in each. Then ovaries were
dehydrated in ascending series of ethanol (50%,
70%, 80%, 90% each for 15 min and two changes
of 100% for 30 min each) infiltrated by pure
acetone for 30 min, transferred through acetone-
epoxy resin at room temperature overnight, and
then embedded in epoxy resin in plastic molds.
Polymerization processed at 60°C for 24 hrs.
Semithin sections (lpm) from blocks were
prepared using a glass knife on an ultra-cut
microtome, stained with methylene blue and
examined microscopically.

Statistical analysis:

The obtained biological data were manipulated
statistically with statistic stat soft program version
10 using one-way ANOVA and student test for
comparison.

Results

Biological effects of B. Crocidurae infection on
reproduction of female O. erraticus:

The preoviposition, oviposition periods, the
mean daily egg output, mean egg number/
oviposition/ female (fecundity) and the egg
incubation period and percent hatching (fertility)
were used as biological parameters to assess the
effect of B. Crocidurae infection on the egg
production and viability in the infected female O.
erraticus (Table 1).

Preoviposition and oviposition period:

The infection of the female O. erraticus with
B. Crocidurae caused a insignificant (p>0.05)
increase of the preoviposition period (9.87+0.40
days) and decrease (p>0.05) of the oviposition
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period (7.60+0.46 days) as compared with the
uninfected female

Fecundity and daily egg output:

During the oviposition period, eggs were laid
in separate 2-6 batches in both uninfected (4-60
egg/batch) and infected (4-48 eggs/batch) female.
Borrelia crocidurae infection of female O.
erraticus caused a highly significant decrease (p<
0.001) of fecundity (81.00+5.34  eggs/
oviposition/female) and a significant decrease
(p<0.05) of the mean daily egg output (10.92+0.65
eggs) as compared with uninfected female.

Egg viability and incubation period:

The infection of the female O. erraticus with
B. Crocidurae caused a significant increase
(p<0.05) of the egg incubation period to reach a
mean of 10.33+0.16 days and a decrease of the
percent egg hatching of the total number of eggs
laid per oviposition of the infected female
(86.01+2.19%) as compared with the uninfected
female.

Histological studies on oocyte development and
localization of B. Crocidurae in the ovary of
infected O. erraticus:

-Oocyte development in uninfected and B.
Crocidurae —infected female:

The ovary in both uninfected and B.
crocidurae-infected female O. erraticus is a single
tubular U-shaped structure which is composed of a
lumen delimitated by a wall of small epithelial
cells with large round nuclei. In some regions, the
epithelial ~ wall  thickens by  multicellular
protrusions of pedicel cells which attach oocytes
of different sizes and developmental stages to the
ovary and protrude into hemocoel (Fig. 1).

Histological examination of the ovaries of
both uninfected and B. Crocidurae —infected
females showed five different developmental
stages of the oocyte which were -classified
according to the size, presence of the germinal
vesicle, cytoplasm appearance, presence of yolk
granules and chorion following [38]:

Stage 1, are small, round or elliptical shaped oocytes
which have homogeneous cytoplasm with no
granulation and a central germinal vesicle (nucleus)
with a prominent large nucleolus (Fig. 2&4).

Stage 11, are oval or elongated oocytes, larger than
oocyte 1 (nearly twice as large), have large germinal
vesicle with a nucleolus. The cytoplasm shows fine
granulation and small vacuoles (Fig. 2&4).

Stage 111, is round and much larger than stage 1
&u. Evident yolk granules are distributed
throughout the cytoplasm with the smaller toward
the centre and the larger yolk granules toward the
periphery. It has a large nucleolated germinal

vesicle which has been shifted to the periphery of
cytoplasm. The chorion is well identified except at
the pedicel-oocyte interference (Fig.2&3).

Stage 1V, is a large oocyte with evident chorion.
The cytoplasm is filled with dense small and large
yolk granules masking the germinal vesicle (Fig.
2, 3&4).

Stage V, is the largest oocyte with cytoplasm is
filled with closely packed large yolk granules. The
oocytes V are surrounded by stretched but still
evident chorion (Fig. 3&4). Disappearance of
chorion was observed in some B. infected
ovulating oocyte V (Fig. 4&5).

On day 4 after feeding (daf) of uninfected and
B. Crocidurae — infected females most oocytes
were of stage 1-m11 but sometimes stage 1V oocytes
were also observed. However, oocytes of stage V
were only observed on the 9th daf beside oocytes
of other stages (Fig. 3&4).

Localization of B. Crocidurae in the ovary of the
infected female O. erraticus:

Borrelia crocidurae spirochetes were detected
in the hemolymph (HL) and inside the ovary of the
infected female O. erraticus during oocytes
development and ovulation (Fig.4). Some of
spirochetes were found adhering to and
penetrating oocytes of early stages (1&1mr) having
no chorion and protruding into HL. Also,
spirochetes penetrated the ovary wall and were
localized in pedicels holding and representing
points of contacts with the attached oocytes of
early stages 1&11 and oocytes covered with chorion
except at their points of contact with pedicels such
as oocyte stage m (Fig. 4). Apparently, at these
points, spirochetes passed into the oocyte where
no chorion was detected in oocyte of stage 1. In
this stage, B. spirochetes were localized near the
attached apices and around the peripherally shifted
nucleus of this oocyte stage to spread in the
developing oocytes. Borrelia spirochetes were
localized throughout the mature oocyte of stage V
adhering to and inside the closely packed large
yolk granules within the oocyte (Fig.5). Moreover,
some spirochetes in pedicels crossed the ovary
wall to enter the ovary lumen (Fig. 4). The chorion
was lacking around some of the infected fully
mature stage V oocytes which were released into
the ovary lumen at ovulation on the 9th daf. The
disappearance of chorion subjected these oocytes
and hence their enclosed large yolk granules to
penetration and further invasion by B. Crocidurae
spirochete which have entered into the ovary
lumen (Fig.4).

Discussion

Ornithdoros erraticus female ticks with high
infection rates and well defined transovarial
transmission of Borrelia crocidurae [15] were
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used to study effects of borrelial infection on some
biological parameters of reproduction in this tick
species. Also, dynamics of the spirochete in the
ovary and effects on the oocyte development in the
ovary of the infected female tick were
investigated.

Effects of B. Crocidurae infection on reproduction
and oocyte development in female O. erraticus:

Borrelia crocidurae infection of the female O.
erraticus reduced the fecundity and fertility of the
infected females by decreasing their egg
production and viability. This result conforms to
findings in the B. crocidurae—infected female O.
erraticus where the total protein, weight of the
ovary and number of mature oocytes were
decreased as compared with the uninfected
controls during most of the pre- and oviposition
periods [13]. Also, various effects of pathogens on
reproduction of their arthropod vectors have been
reported in ticks and insects. The engorged Ixodes
dammini female failed to oviposit or laid small
batches of eggs when had a massive infection with
B. burgdorferi in the ovary [27]. However, no
difference in fecundity and fertility have been
found between uninfected and B. coriaceae—
infected females of O. coriaceus [28] or the
uninfected and B. burgdorferi—infected 1. pacificus
[29]. Laboratory studies showed different effects
of the tick infection with the protozoan Babesia
bovis [30] and Babesia bigemina [31] on some
biological parameters of reproduction of their
vectors of the ixodid ticks, Boophilus microplus
and Boophilus annulatus, respectively. However, a
natural babesial infection with a Babesia sp.
showed no detrimental consequences to the
reproduction of the infected female Boophilus
microplus [32]. In insects, ovaries of the malaria
vectors, Anopheles stephensi and An. gambiae
infected with Plasmodium yoelii nigeriensis and P.
falciparum, respectively, exhibited a significant
reduction in fecundity of both mosquitoes [33,34].
In the infected An. stephensi, the reduction was
associated with ovary follicular apoptosis and
follicular resorption [35,36 )].

Histological studies showed no apparent
difference in the ovary structure and oocyte
development in both uninfected and B. crocidurae—
infected female O. erraticus. Similar to other
studied ticks the ovary of O. erraticus is U-shaped
structure which consists of an elongated lumen
delimitated by an epithelial wall [37-42]. Oocytes
with different sizes and developmental stages (1-1v
according to [38,43] are attached to ovary wall by
clusters of protruding cells called pedicels
(funicles by Balashov). The oocyte development
is classified into three phases, previtellogenic,
vitellogenic and ovulation. The previtellogenic
phase refered to the early stages have no evident
yolk granules and included stage 1 and 11 oocytes
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of Balashov classification [21]. These two oocyte
stages (1 and 1) were observed together with the
vitellogenic oocyte stages m and sometimes 1v
during the early (4th daf) and late time (9th daf)
intervals tested in the present study which
reflected the asynchronous nature of the oocyte
development in ticks [21]. The vitellogenic phase
of oocyte development begins with an evident
appearance of yolk granules (Balashov stage 1)
and ends with ovulation (Balashov stage v). In the
present study, oocytes of stage 111 were attached to
pedicels, ensheathed by chorion (egg shell) except
at their points of attachment and evidently
contained small central and large peripheral yolk
granules and shifted germinal vesicle. The fully
mature stage v oocytes detached to be released
into ovary lumen. The ovulated stage v oocytes
appeared on the 9th daf and were fully chorionated
and packed with large yolk granules. In ticks, yolk
granules have been found to be synthesized
endogenously by the oocyte or exogenously in
other tissues as fat body and gut cells [44,45].
Yolk precursors of exogenous origin are
transported via hemolymph to be taken up into
oocytes by endocytosis [45]. Some authors
suggested that pedicel cells may serve as a source
of exogenous yolk precursors [39-41] in addition
to the pedicel role as a mechanical support for
oocytes.

Dynamics of B. Crocidurae in the ovary of infected
female O. erraticus:

The microscopic examination of the HL and
semithin sections of the ovary of B. Crocidurae
infected O. erraticus localized B. spirochetes
outside and inside the ovary wall, oocytes and
yolk granules. Apparently, B. spirochetes were
transported into the ovary via its surrounding HL,
by direct penetration of the ovary wall and oocytes
of early stages 1 and 1. Borrelia spirochetes were
observed adhering to and penetrating oocyte 1 and
11 having no chorion and protruding into HL. It is
expected that B. spirochetes invaded these early
stages lacking chorion by direct entry through the
basement lamina (lamina propria) demarcating the
oocytes from HL [38, 21]. This suggestion may
conform to the presence of numerous B.
burgdorferi spirochetes in the space between the
lamina propria and the oocyte plasma membrane
in the infected female Ixodes dammini [27]. Also,
in ticks, the basement lamina was found to be
permeable to large molecules such as hemoglobin,
yolk proteins and some microorganisms in the HL
of ticks [21]. However, the fully formed chorion
with continuous chitin plaques [43] seemed to
represent a serious barrier to pathogen invasion of
developing oocytes [21] where different pathogens
as B. duttoni [46)], Coxiella burneti [38] Ricketsia
rickettsi [47] and Babesia major [48] could only
invade younger but not older oocytes having
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complete egg shells in the corresponding tick

vectors (0. moubata, Hyalomma asiaticum,
Dermacentor andersoni and  Haemaphysalis
punctate, respectively). Many of  the
microorganisms which are transmitted

transovarially have evolved mechanisms for the
penetration of the basement lamina but probably
not the egg-shells of older oocytes [21].

In the present study, B. Crocidurae
spirochetes penetrated the epithelial wall of the
ovary of the infected female O. erraticus were
mainly localized in the pedicels where they moved
to enter into the ovary lumen and attached oocytes
including those chorionated stages except at their
points of attachment as stage 111 oocytes. Similarly,
in previously studied ticks [21,38,42] it was found
that chorion (egg-shell) synthesis by vitellogenic
oocytes began during stage 11 and was completed
during stage v oocyte. The chorion material was
discharged extracellulary forming discontinuous
patches of chorion plaques separated from
adjacent microvilli of the oocytes by narrow
spaces of plasma membrane which allowed the
passage and uptake of large yolk protein
precursors along with deposition of chorion
material. Apparently, B. Crocidurae spirochetes in
the infected O. erraticus have passed through the
pedicel points of contact with oocyte 11 having no
chorion or with discontinuous plaques of chorion.
The invading B. Crocidurae spirochetes were
localized at the apecies of the attached oocyte of
stage m to spread throughout the developing
oocyte. In the mature ovulating oocyte stage V B.
Crocidurae spirochetes were localized adhering to
and inside the closely packed large yolk granules
in the oocyte. The adhesion and penetration of the
spirochete at the yolk granules might be associated
with a probable consumption of yolk or its
chemical components. In developing oocytes this
deprives the infected females from enough and
essential protein for oocyte maturation [15,49] and
embryonic development [50)]; hence caused the
observed decrease in the egg production and
viability in the infected female O. erraticus.
Infection of female O. erraticus with B.
Crocidurae reduced the number of mature oocytes,
egg vitellins and vitellogenic protein fractions and
their percent amount in HL and ovary of the
infected female as compared with the uninfected
female noticeably during vitellogensis [15].

In the present study, chorion was lacking
around some infected ovulating mature oocyte
stage V which enabled their penetration and
further invasion by B. spirochetes entering the
ovary lumen. Similarly, [27] found that the
massive spirochetal presence of B. burgdorferi
around the oocytes in the ovary of Ixodes dammini
destroyed the microvilli, prevented egg maturation
and interfered with the transport of chitin required
for the chorion formation which has resulted in
failure of the infected female to oviposit. Also,
[51] localized a tick vitellogenin (Vg) receptor on
the oocyte plasma membrane in Haemaphysalis
longicornis which was essential for Vg uptake and
oocyte  maturation and the transovarial
transmission of Babesia parasites.

In the present study, the entry of B. Crocidurae
inside the developing oocytes directly or through
their supporting pedicels has led to its transovarial
transmission specifically [11] from the female O.
erraticus to its larval progeny [7,15].

Conclusion

We could conclude that Borrelia crocidurae
infection of female Ornithodoros erraticus
reduced the fecundity and fertility of the infected
female tick, decreasing its egg production and
viability. And the entry of B. Crocidurae inside
the developing oocytes directly or through their
supporting pedicels has led to its transovarial
transmission specifically from the female O.
erraticus to its larval progeny.
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TABLE 1. Effect of B. Crocidurae infection on preoviposition period, oviposition period, daily eggoutput,
fecundity, fertility, and eggs incubation period of O. erraticus females.

Preoviposition Oviposition Eggs
. . Daily egg Total no. of incubation = % hatched
. period (day) Period S .
Infection output eggs/oviposition/female period eggs
mean+SE (day)
state mean+SE mean+SE (day) mean+SE
(range) mean+SE
(range) (range) mean+SE (range)
(range)
(range)
Uninfected 9.47+.22% 8.00 +.72° 15.56+2.66* 103.8+6.21° 9.80+.28* 90:;21011,_13
(8-10) (2-12) (7.2-49.5) (65-140) (8-11) 97 '22)
b
Infected 9.87+.40° 7.60+.46"  10.92+.65 81.00+5.34° 10.33+.16" 86&2?321'}9
(8-13) (4-10) (4.75-14.14) (38-105) (9-11) 97 ’09)

*Means bearing different letters (within columns) are significantly different.

Fig.1. Semi-thin section through ovary of mated fed female O. erraticus on 4d.a.f showing structure of the ovary.

L, lumen; pe, pedicel; oo, oocyte Bar =200 pm .

Fig. 2. Semi-thin section through ovary of uninfected mated fed female O. erraticus 4d.a.f .
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N 50 pm P

Fig. 3. Semi-thin section through ovary of uninfected mated fed female O. erraticus 9d.a.f showing stage 111 - V
oocyte. gv, germ vesicle; Nu, nucleolus; yg , yolk granules; ch, chorion; oocyte. Bar = 50 pm.

Fig. 4. Semi-thin section through Ovary of infected mated fed females O. erraticus 9 d.a.f showing the oocyte
developmental stages I — V, and localization of Borrelia (B) and lack of chorion on a mature ovulating
oocyte V (double arrows). L, lumen; pe, pedicel; 0o, oocyte B, Borrelia (arrows) Bar=50 pm.

Fig.5. Semi-thin section through ovary of infected mated fed females O. erraticus 9 d.a.f showing infected
ovulated oocyte stage V. yg, yolk granules; B, Borrelia (arrows); OOV, ovulated c oocyte stage V.
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