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Abstract: Bartonella henselae is a slow-growing, Gram-negative bacterium that causes cat scratch
disease in humans. A transstadial transmission of the bacteria from larvae to nymphs of Rhipicephalus
sanguineus sensu lato (s.l.) ticks, suspected to be a potential vector of the bacteria, has been previously
demonstrated. The present study aims to investigate transovarial transmission of B. henselae from
R. sanguineus s.l. adults to their instars. Adult ticks (25 males and 25 females) were fed through
an artificial feeding system on B. henselae-infected goat blood for 14 days, and 300 larvae derived
from the experimentally B. henselae-infected females were fed on noninfected goat blood for 7 days.
Nested PCR and culture were used to detect and isolate B. henselae in ticks and blood samples.
Bartonella henselae DNA was detected in midguts, salivary glands, and carcasses of the semi-engorged
adults and pooled tick feces (during feeding and post-feeding periods). After the oviposition period,
B. henselae DNA was detected in salivary glands of females (33.3%), but not in pooled eggs or larvae
derived from the infected females. However, B. henselae DNA was detected by nested PCR from the
blood sample during larval feeding, while no viable B. henselae was isolated by culture. According to
our findings, following infected blood meal, B. henselae could remain in the tick midguts, move to
other tissues including salivary glands, and then be shed through tick feces with limited persistency.
The presence of bacterial DNA in the blood during larval feeding shows the possibility of transovarial
transmission of B. henselae in R. sanguineus s.l. ticks.

Keywords: transovarial transmission; Bartonella henselae; Rhipicephalus sanguineus sensu lato

1. Introduction

Bartonella henselae is a slow-growing, intraerythrocytic Gram-negative bacterium that
infects humans and companion animals [1]. Cat fleas (Ctenocephalides felis) are known
to be the vector of the bacterium from cat to cat [2–4]. The bacterium can remain in the
gut of cat fleas for up to 9 days and be excreted with flea feces [5]. Bartonella henselae is
usually transmitted to humans by a cat scratch contaminated with flea feces and causes
cat-scratch disease (CSD) [6]. The disease is self-limiting from asymptomatic to fever, skin
inflammation, and lymphadenopathy in most human cases [7]. However, bacillary peliosis
and angiomatosis can occur in immunocompromised patients [8,9].

Viable B. henselae or its DNA has also been isolated or detected in several other blood-
feeding arthropods, such as biting flies, keds, lice, and ticks, which indicates the wide range
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of potential vectors that may transmit B. henselae to humans or companion animals [10–17].
Ticks have been suspected of being a potential vector of Bartonella spp. since 1992, when
Bartonella spp. were isolated from the blood of patients following tick bites [18]. Both
transstadial transmission of B. henselae from larvae to nymphs and from nymphs to adults
and transmission to the blood via saliva of ticks infected at the preceding stage have been
experimentally demonstrated for Ixodes ricinus ticks [19]. Moreover, I. ricinus ticks can
also maintain B. birtlesii from larvae to nymphs and from nymphs to adults, and the ticks
infected with B. birtlesii at the preceding life stages can transmit the bacteria to naïve
mice [20]. These results demonstrated that I. ricinus is a competent vector for both B.
henselae and B. birtlesii [19,20]. More recently, B. henselae, B. grahamii, and B. schoenbuchensis
DNA were found across the developmental stages of experimentally infected I. ricinus,
suggesting more evidence on the potential Bartonella transmission by ticks [21].

Rhipicephalus sanguineus s.l. is a three-host ixodid tick, which mainly parasitizes
dogs [22]. Rhipicephalus sanguineus s.l. needs a new host to feed on for each developmental
stage [22]. This tick has a worldwide geographical distribution and is a vector of several
pathogens causing clinical illnesses in humans and companion animals [23]. Bartonella
henselae DNA has been detected in R. sanguineus s.l. ticks thanks to epidemiological
surveys performed in several parts of the world [17,24,25]. Our previous study revealed
the possibility of transstadial transmission of B. henselae from R. sanguineus s.l. larvae to
nymphs [26]. After feeding with B. henselae-infected blood, B. henselae DNA was detected in
engorged larvae, semi-engorged larvae, and larval feces, suggesting Bartonella acquisition
by ticks. Nymphs molted from the infected larvae also harbored B. henselae DNA and were
able to transfer bacterial DNA into blood through saliva [26].

The present study aimed to validate the B. henselae infection in R. sanguineus s.l. adults
and transmission of the bacteria to their instars using an artificial membrane feeding system.
Validating such a transovarial transmission can provide additional evidence regarding the
fact that R. sanguineus s.l. could be a potential vector for B. henselae.

2. Materials and Methods
2.1. Study Design

The experimental framework is shown in Figure 1. Fifty R. sanguineus s.l. adult ticks
were fed with B. henselae-infected goat blood for 14 days and allowed to complete their
oviposition period. After the period of egg hatching and emergence of larvae, 300 larvae
were starved for 30 days and then fed with noninfected goat blood for 7 days. As a
control group, another 40 adult ticks and 250 larvae were fed with noninfected goat blood,
respectively. Nested PCR was used to detect B. henselae DNA from semi-engorged adults
(at the end of adult feeding), pooled tick feces (collected daily during adult feeding and
post feeding), females and egg samples (post oviposition), unfed larvae (post hatching),
blood samples (collected daily during larval feeding), and engorged larvae (at the end of
larval feeding). Tick feces at the end of adult feeding and blood samples collected daily
during larval feeding were also used for B. henselae isolation by culture.

Figure 1. Experimental framework of R. sanguineus s.l. adult ticks infected by B. henselae-infected blood and bacteria DNA
detection in tick and blood samples.
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2.2. Rhipicephalus sanguineus s.l. Ticks

Rhipicephalus sanguineus s.l. ticks from B. henselae-negative batches were reared at
room temperature, 80–90% relative humidity, and a photoperiod of 16:8 h (L:D) [27]. The
tick colonies were maintained by feeding on an artificial feeding system, and the duration
of feeding was 7 days for larvae, 10 days for nymphs, and 14 days for adults [27,28].

2.3. Bartonella henselae Isolates

Bartonella henselae isolates were obtained from a stray cat in Taitung, Taiwan. The
cat blood was cultured on chocolate agar plates (Taiwan Prepared Media Co., Ltd, Taipei,
Taiwan), and incubated at 35 ◦C, 5% CO2 for 14 days. After being confirmed by nested
PCR, B. henselae colonies were used for tick infection and as a positive control for the PCR
assay. The number of viable bacteria was estimated by colony-forming unit (CFU). For
tick infection, B. henselae colonies were harvested from agar plates by using a sterilized
polypropylene loop (SPL Lifesciences Co., Ltd., Pocheon, Korea), suspended in sterile
1× phosphate-buffered saline (1× PBS), and used immediately for tick infection [19].

2.4. Artificial Membrane Feeding System

An artificial membrane feeding system with mouse skin was adapted from
Bonnet et al. [28] and successfully used in a previous study for R. sanguineus s.l. larval
and nymphal feeding [26]. The feeding system consists of a glass feeder, tick container,
and skin membrane. Mouse skins were dissected, sterilized, and aseptically treated by
previously described processes [26,28]. Goat blood, confirmed Bartonella DNA-negative
by PCR, was used to feed ticks in all experiments. The blood was collected from goats
in Pingtung, Taiwan (ethical permit IACUC number: NPUST-108-066), before being sub-
jected to defibrination and functional complement depletion by heat treatment at 56 ◦C
for 30 min [19]. Before tick feeding, decomplemented blood was supplemented with
fosfomycin (20 µL/mL), amphotericin B (0.25 µg/mL), and heparin (10 kU/mL) [19].

2.5. B. henselae Infection in R. sanguineus s.l. Adult Ticks

A total of 25 male and 25 female adult ticks were placed in the tick container of the
feeding system and fed on B. henselae-infected blood for 14 days with the same laboratory
conditions as previously described [28]. Briefly, 6 mL of decomplemented goat blood was
mixed with 6 µL of B. henselae suspension at the concentration of 109 CFU/mL and added
to the artificial feeder for tick infection. The feeding system was connected with a 37 ◦C
water circulation to mimic host body temperature, attract ticks, and maintain B. henselae
in the blood. Bartonella henselae-infected blood was renewed every 12 h after washing the
mouse skin three times with RPMI 1640 (Corning Inc., Corning, NY, USA) [28]. In addition,
adult ticks were manually detached from mouse skins before the skin replacement, which
was renewed every 5 days until the end of the feeding, and the ticks were then allowed
to reattach to the skins to continue their blood meal. As a control group, 20 males and
20 females were also fed on noninfected goat blood with the same laboratory conditions,
and the blood was renewed once a day.

During the feeding experiment, 19 samples of pooled adult tick feces were collected
from tick containers using a sterilized polypropylene loop and needle (SPL Lifesciences
Co.,Ltd., Gyeonggi-do, Korea): twice on day 1 (12 h and 24 h), once per day from day 2
to day 13, and five times on day 14. The 15 samples collected from day 1 to day 14 were
suspended in 100 µL of sterile 1× PBS for DNA extraction, and the remaining four fecal
samples collected on day 14 were incubated at room temperature (24 ◦C, 60% humidity)
for 1, 3, 7, and 10 days, respectively. At the end of each incubation period, each fecal
sample was suspended in 200 µL of 1× PBS and used as follows: 100 µL was used to detect
B. henselae DNA by nested PCR, and 100 µL was cultured for B. henselae isolation.

After 14 days of feeding, in both experimental and control groups, semi-engorged ticks
were manually detached and kept in 75% ethanol until the PCR detection for B. henselae.
The ticks engorged until repletion were then individually placed in separate containers
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and allowed to lay eggs. After the oviposition period, the female ticks and 15–20 of the
eggs laid by each female were then individually tested for B. henselae DNA presence by
nested PCR.

2.6. Feeding Larval Ticks with Non-Infected Blood

After 1 month of starving, 300 larvae derived from three B. henselae-infected engorged
females (around 100 larvae from each batch) were fed on noninfected goat blood for
7 days with the similar laboratory conditions used for adults. For the control group,
200 larvae from engorged females fed on noninfected blood were also fed in another feeder.
During larval feeding, the blood sample was collected daily from each feeder before blood
renewing, and 200 µL and 100 µL of the collected blood were used to detect B. henselae
DNA by nested PCR and by culture, respectively.

2.7. DNA Extraction from Tick Samples, Tick Feces, Blood Samples, and Bacterial Colonies

Thirteen kinds of samples were used for B. henselae detection, including midguts,
salivary glands, and carcasses from male ticks (at the end of adult feeding), midguts,
salivary glands, ovaries, and carcasses from female ticks (at the end of adult feeding and
post-oviposition), pooled adult feces from tick containers (during adult feeding), pooled
15 laid eggs, pooled 15 unfed larvae, pooled 5 engorged larvae, 100 µL of blood samples,
and bacterial colonies.

Tick samples from both females and males were dissected in cold 1× PBS (4 ◦C).
All dissection materials were cleaned with NucleoClean Decontamination spray (Merck
Millipore, Burlington, MA, USA) before the dissection process. Each tissue and organ was
rinsed with sterile distilled water before placed individually in a microcentrifuge tube [29].
The rest of tick body, i.e., the tick carcass, was placed in another microcentrifuge tube. A
total of 100 µL of sterile 1× PBS was then added to each tube and stored at 4 ◦C until the
DNA extraction process.

Bacterial colonies cultured on chocolate agar plates (see below) were randomly col-
lected by using sterilized polypropylene loop (SPL Lifesciences Co., Ltd., Gyeonggi-do,
Korea), suspended in 100 µL of 1× PBS and stored at 4 ◦C until DNA extraction process.

DNA from ticks, tick feces, blood samples, and bacterial colonies was extracted using
the DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. All DNA samples were eluted into a 50 µL final volume and stored at −20 ◦C
until used for B. henselae detection by nested PCR.

2.8. Nested PCR Assay

The nested PCR was performed in a LabCycler (Sensoquest, Gottingen, Germany). The
primers, forward 5′–CTTCGTTTCTCTTTCTTCA–3′ and reverse 5′–CTTCTCTTCACAAT
TTCAAT–3′, were used for the outer reaction to amplify a 472 bp segment of the 16S–23S
rRNA ITS region of Bartonella spp. [30]. The primers, forward 5′–TTGCTTCTAAAAAGCT
TATCAA–3′ and reverse 5′–CAAAAGAGGGATTACAAAATC–3′, were used for the inner
reaction to amplify a 254 bp segment of B. henselae [31]. PCR mixture was carried out in
a 50 µL reaction volume which contained 5 µL of DNA template, 1 µL of 10 µM of each
primer, 5 µL of 10× Taq buffer (Genomics BioSci & Tech, Taipei, Taiwan), 4 µL of 2.5 mM
of dNTP mixture (Genomics BioSci & Tech, Taipei, Taiwan), and 1 µL of 2.5 U/µL of Taq
DNA polymerase (Genomics BioSci & Tech, Taipei, Taiwan), adjusted to the final volume
with distilled water. DNA from a single colony of B. henselae (positive control) and distilled
water (negative control) were used as controls for the PCR assay. The PCR conditions for
both outer and inner reactions were those described by Sato et al. [31]. The expected PCR
products (254 bp segment) were separated using a 2% agarose gel stained with nucleic
acid stain (HealthView, Genomics BioSci & Tech, Taipei, Taiwan), and the results were
visualized with UVIdoc HD5 (Uvitec, Cambridge, UK).
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2.9. Culturing of B. henselae from Blood during Larval Feeding and Tick Fecal Samples

To isolate viable B. henselae, 100 µL of blood from feeders was placed in 1 mL of Schnei-
der Drosophila medium (Thermo Fisher Scientific Taiwan Co., Ltd., Kaohsiung, Taiwan)
and incubated at 35 ◦C, 5% CO2 for 6 days [19]. Then, 100 µL of the incubated sample was
placed on chocolate agar plates (Taiwan Prepared Media Co., Ltd., Taipei, Taiwan) and
incubated under the same conditions for 1 month. For B. henselae isolation from pooled
adult tick feces, 100 µL of suspended pooled tick feces was directly placed on chocolate
agar plates and incubated at 35 ◦C, 5% CO2 for 1 month.

2.10. Genetic Characterization of B. henselae

The B. henselae PCR-positive products from tick samples, tick feces, blood samples,
and bacterial colonies were purified using a Plus DNA Clean/Extraction Kit (GMbiolab
Co., Ltd., Taichung, Taiwan) and sent for nucleotide sequencing (Genomics BioScience
and Technology Co., Ltd., Taiwan). Sequence data were compared with known sequences
deposited in the GenBank database using the NCBI nucleotide BLAST tool. For genetic
analysis, validated sequences were aligned and analyzed by using MegAlign (DNASTAR,
Inc., Madison, WI, USA).

2.11. Identification of Bacterial Colonies Other Than B. henselae by Mass Spectrometry

The bacterial colonies that were negative for B. henselae detection in PCR were ran-
domly selected and harvested, suspended in absolute ethanol, and sent to the Animal
Health Research Institute, Council of Agriculture, Executive Yuan, Taiwan for classifica-
tion and identification using matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) processing (Bruker Matrix HCCA, portioned). The
raw spectra were analyzed by using the MALDI Biotyper 2.0 software (Bruker Daltonics,
Leipzig, Germany). Two colonies, confirmed to be B. henselae by PCR from a stray cat in
Taitung, Taiwan, were harvested to serve as a positive control. The microorganisms were
identified according to the modified score values proposed by the manufacturer: a score
value ≥ 2 indicated species identification, a score value between 1.7 and 1.9 indicated
genus identification, and a score value < 1.7 indicated unreliable identification.

2.12. Statistical Analysis

Descriptive statistics was used to analyze the percentage of successfully engorged
ticks and B. henselae-positive tick samples after taking blood meals. The tick attachment and
engorgement rates in the control and experimental groups were calculated and compared
using Fisher’s exact test; p < 0.05 was considered statistically significant (GraphPad Prism
8.4.2 software, San Diego, CA, USA).

3. Results
3.1. Rhipicephalus sanguineus s.l. Ticks Engorged by Artificial Membrane Feeding System

Adult ticks started to attach to the mouse skins around 6 h after being placed in the
feeders, and some ticks reattached after changing the mouse skins (Figure 2a). At the
end of adult feeding, females spontaneously detached from the skins were considered
engorged females, and those that were still attached to the mouse skins were considered
semi-engorged females (Figure 2b). Tick feces was firstly found in the tick container around
12 h after the beginning of the experiment (Figure 2c). After 14 days of feeding, 16% (4/25)
were fully engorged, and 56% (14/25) of females were semi-engorged in the experimental
group. For the control group, 25% (5/20) and 50% (10/20) of ticks were fully engorged
and semi-engorged females, respectively (Table 1). There was no statistically significant
difference (p = 1.0000) between the attachment rate in the control group (75%) and the
experimental group (72%).
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Figure 2. Rhipicephalus sanguineus s.l. adults engorged by artificial membrane feeding system and
tick samples collected/dissected during and after feeding. (a) Ticks attached to the mouse skin;
(b) engorged R. sanguineus s.l. female (left) and semi-engorged female (middle) and male (right);
(c) pools of fecal samples collected from tick containers at 12 h (left) and 24 h (right) after the
beginning of the experiment; (d) dissected salivary glands from semi-engorged ticks; (e) dissected
midgut from semi-engorged ticks; (f) dissected ovaries from adult ticks.

Table 1. Number of R. sanguineus s.l. females and larvae engorged on B. henselae-infected (experimen-
tal group) or noninfected (control group) goat blood though artificial membrane feeding system.

Ticks B. henselae-Infected Group Noninfected Group

Females (after 14 days of feeding) n = 25 n = 20
No. of engorged ticks 4 (16.0%) 5 (25.0%)

No. of semi-engorged ticks 14 (56.0%) 10 (50.0%)
No. of unfed, inactive, or dead ticks 7 (28.0%) 5 (25.0%)

Attachment rate 18 (72.0%) 15 (75.0%)

Larvae (after 7 days of feeding) n = 300 n = 250
No. of engorged ticks 51 (17.0%) 39 (15.6%)

No. of semi-engorged ticks 28 (9.3%) 85 (34.0%)
No. of unfed, inactive, or dead ticks 221 (73.6%) 126 (50.4%)

Attachment rate 79 (26.3%) * 124 (49.6%) *
Data were analyzed statistically to compare results between ticks fed on B. henselae-infected blood (experimental
group) and noninfected blood (control group) by Fisher’s exact test (* p < 0.05).

3.2. Bartonella henselae Acquisition by Adult Ticks during Feeding on Infected Blood Meal
3.2.1. Bartonella henselae Detection in R. sanguineus s.l. Adult Samples

After 14 days of blood feeding, DNA samples from dissected salivary glands, midguts,
and ovaries were tested for B. henselae DNA presence by nested PCR (Figure 2d–f). In
the experimental group, PCR results showed that 62.5% (5/8) of midguts and 37.5% (3/8)
of salivary glands of male ticks harbored the B. henselae DNA fragment (Table 2). From
semi-engorged females, 80% (8/10) of midguts, 60% (6/10) of salivary glands, and 30%
(3/10) of carcasses were positive for B. henselae DNA detection, while the male carcasses
and female ovaries were all PCR-negative (Table 2). In the control group, all samples were
negative for B. henselae DNA detection (Table 2). All obtained sequences from midguts
(n = 2) and salivary glands (n = 3) of male ticks, and midguts (n = 2), salivary glands (n = 3),
and carcasses (n = 2) of female ticks showed 100% identity with the B. henselae sequence
(accession number MT095055.1).
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Table 2. Bartonella henselae DNA detection from tick samples dissected at the end of adult feeding
on B. henselae-infected or noninfected goat blood through artificial membrane feeding system and
post oviposition.

Adult Ticks
No. of B. henselae-Positive Samples/No. of Tested Samples (%)

B. henselae-Infected Group Noninfected Group

At the end of feeding
Males (MG) 5/8 (62.5) 0/3 (0)
Males (SG) 3/8 (37.5) 0/3 (0)
Males (CC) 0/8 (0) 0/3 (0)

Females (MG) 8/10 (80) 0/3 (0)
Females (SG) 6/10 (60) 0/3 (0)
Females (OV) 0/10 (0) 0/3 (0)
Females (CC) 3/10 (30) 0/3 (0)

Post oviposition
Females (MG) 0/3 (0) 0/2 (0)
Females (SG) 1/3 (33.3) 0/2 (0)
Females (OV) 0/3 (0) 0/2 (0)
Females (CC) 0/3 (0) 0/2 (0)

MG, midguts; SG, salivary glands; OV, ovaries; CC, carcasses.

3.2.2. Persistence of B. henselae in R. sanguineus s.l. Feces

Among the 19 pooled fecal samples, all samples from the experimental group includ-
ing four which were collected on day 14 and incubated for 1, 3, 7, and 10 days were positive
for B. henselae PCR, except the samples collected at 24 h on day 1, on day 9, and on day
12 (Figure 3a). All fecal samples from the control group were PCR-negative. During an
incubation period, the tick fecal sample was still fresh, sticky, and moist on day 1, while
the feces on day 3, 7, and 10 were all dry. For B. henselae isolation, after 21 days of culture,
bacterial colonies were observed only for pooled fecal samples, which were collected on
day 14 and incubated for 1 day (Figure 3b). Two randomly selected bacterial colonies from
the fecal samples on the agar plate showed amplification of B. henselae DNA after tested
by PCR (Figure 3a). Moreover, viable B. henselae in this fecal sample was estimated to be
2.5 × 109 CFU/mL. All obtained sequences from pooled fecal samples (n = 5) and bacterial
colonies (n = 2) from culture showed 100% identity with the B. henselae isolate (accession
number MT095055.1).

Figure 3. Detection of B. henselae by nested PCR (a) and culture (b) from fecal samples collected on day 14 and incubated for
1 day after R. sanguineus s.l. adult tick feeding on B. henselae-infected blood through artificial membrane feeding system.
M, DNA marker; D1, fecal sample collected on day 14 and incubated for 1 day; D3, fecal sample collected on day 14 and
incubated for 3 days; D7, fecal sample collected on day 14 and incubated for 7 days; D10, fecal sample collected on day 14
and incubated for 10 days; BC1 and BC2, bacterial colonies isolated from feces collected on day 14 and incubated for 1 day;
P, positive control (B. henselae DNA); N, negative control (distilled water).
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3.3. Absence of B. henselae DNA in Pooled Eggs and Unfed Larvae Derived from B.
henselae-Infected Female Ticks

After the oviposition period (ranged 6–11 days), B. henselae DNA was detected in
33.3% (1/3) of salivary glands from females that laid eggs, but not in the midguts, ovaries,
or tick carcasses (Table 2). Pooled egg samples laid by B. henselae-infected engorged females
were all negative for B. henselae DNA detection. In this study, the duration of egg hatching
and emergence of larvae ranged from 18–20 days. Pooled unfed larvae were all negative
for B. henselae PCR. No B. henselae DNA was detected in samples from the control group.

3.4. Bartonella henselae Transmission by Larvae Infected at the Adult Stage

A total of 300 larvae from the experimental group and 250 larvae from the control
group were separately fed with noninfected goat blood for 7 days. Engorged larvae started
to detach from the mouse skin on day 5 of feeding. After 7 days of feeding, 17% (51/300)
larvae were fully engorged, and 9.3% (28/300) were semi-engorged in the experimental
group. For the control group, 15.6% (39/250) and 34% (85/250) of larvae were engorged and
semi-engorged, respectively (Table 1). The attachment rate of larvae in the control group
(49.6%) was significantly higher than that in the experimental group (26.3%) (p = 0.0001).

Blood samples were collected daily from feeders and tested for B. henselae DNA
detection by PCR. Bartonella henselae DNA was detected only in the blood sample from
day 6 of larval feeding from the experimental group (Figure 4a). The obtained sequence
from the blood sample showed 100% identity with the B. henselae isolate (accession number
MT095055.1). In the control group, blood samples were all PCR-negative. After larval
feeding, no B. henselae DNA was detected from 10 pooled samples of engorged larvae from
the experimental group or from the three pooled samples from the control group (results
not shown).

Figure 4. Detection of B. henselae DNA and isolation of B. henselae colonies from daily collected blood samples during
feeding of larvae infected at the preceding adult stage through artificial membrane feeding system. (a) PCR results of blood
sample and bacterial colonies from blood sample of day 6. M, DNA marker; D6, blood sample collected from feeder on
day 6; BC1–4, bacterial colonies harvested from chocolate agar plate; P, positive control (B. henselae DNA); N, negative
control (distilled water). (b) Isolation on chocolate agar of bacteria from blood samples during 7 days of larval feeding.
After 14 days of culture, bacterial colonies of whitish–translucent color were observed only for the blood sample collected
on day 6 in the experimental group. B. henselae isolate is shown as a positive control for comparison.

The daily collected blood samples were also placed in Schneider Drosophila medium
for 6 days, and then cultured on chocolate agar plates. After 10 days of culture, some
colonies of whitish–translucent color were observed on the agar plate from the blood
sample collected on day 6 from the experimental group, while no bacterial colonies were
observed for other samples (Figure 4b). Four randomly selected colonies were all negative
for B. henselae DNA detection by PCR (Figure 4a). By using MALDI-TOF MS, the results
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showed that the bacterial colonies had the best match with Corynebacterium spp., a tick gut
microbiome member, with score values of 1.825, 1.833, 1.947, and 1.992.

4. Discussion

The present study was performed to validate B. henselae infection in R. sanguineus s.l.
adult ticks and the transmission of the bacterium to their instars. The results obtained
showed that B. henselae can be acquired by adult ticks when feeding on infected blood.
We also demonstrated that larvae obtained from these adult females were able to inject
some B. henselae DNA into blood during their feeding in the artificial feeding system. This
evidence shows the possibility of transovarial transmission of B. henselae in R. sanguineus s.l.
ticks. In addition, the isolation of B. henselae from adult tick feces emphasizes the possibility
that tick feces could be a source of B. henselae transmission.

Indeed, we demonstrated that the artificial feeding system developed for I. ricinus [28]
and previously validated to feed both larvae and nymphs of R. sanguineus s.l. [26] could be
successfully applied on R. sanguineus s.l. adult feeding. Mouse skin with a thickness of
around 300 µm was suitable for R. sanguineus s.l. adult feeding because the mouthparts of
R. sanguineus s.l. are around 270 µm in males and 370 µm in females [32,33]. Because of
its strength and thickness (around 1180 µm), rabbit skin was initially used to fed I. ricinus
adults, which has a longer mouthpart (280 µm in males and 500 µm in females) than R.
sanguineus s.l. and can maintain its strength and elasticity during the whole tick-feeding
period of 21 days of I. ricinus [19,28,32]. However, when compared with rabbit skin, the
mouse skin used here is thinner and degrades faster, which led us to renew the skin during
the adult tick feeding process. According to our observation, some of semi-engorged R.
sanguineus s.l. adults forcibly detached from the skin could reattach within 1 day of skin
renewing and continue to feed on blood until the end of feeding.

The feeding process of ticks is slow and complex when compared to other blood-
sucking arthropods [34]. It has been reported that the major tick-borne pathogens, such as
Borrelia spp. and Babesia spp., can increase the tick feeding behavior in order to enhance
pathogen acquisition and transmission [35–41]. In the present study, we observed the
opposite finding regarding B. henselae infection in R. sanguineus s.l. The attachment rate of
larvae in the experimental group was significantly lower than that in the control group.
A similar finding was previously reported for B. henselae infection in I. ricinus ticks [42].
Such results were obtained through artificial feeding of ticks and not on naturally infected
animals. It suggests that, for B. henselae, the presence of pathogens may directly affect the
performance parameters of tick feeding rather than ticks responding indirectly to host cues
of infection [34,42]. The selective adaptation of Bartonella spp. has been proposed among
the wide range of arthropod vectors harboring various Bartonella spp., as some of them
may not efficiently transmit the bacteria to their hosts [43]. A negative impact on the fitness
of ticks suggests that ticks may not be the main vector of B. henselae.

Bartonella henselae can be experimentally transmitted by I. ricinus ticks through tick
saliva [19]. During ixodid ticks feeding on the hosts, members of Kunitz family of serine
protease inhibitors are secreted to disrupt the host angiogenesis and wound healing, as well
as enhance blood uptake and digestion of the ticks, which is essential for tick feeding [44,45].
The I. ricinus serine protease inhibitor (IrSPI) was found to be the most overexpressed
protein in tick salivary glands following B. henselae infection of I. ricinus [46]. It has been
shown that the silencing of IrSPI can reduce tick feeding behavior and decrease B. henselae
load in the tick salivary glands [46]. A further study on these inhibitors in R. sanguineus
s.l. during B. henselae infection would be helpful to understand the interaction between R.
sanguineus s.l. and B. henselae [44].

Bartonella henselae DNA was detected in midguts, salivary glands, and carcasses of
both semi-engorged and engorged adult ticks that fed on B. henselae-infected blood. This
finding emphasizes that B. henselae can be acquired by R. sanguineus s.l. ticks during blood
meals, as hypothesized from previous epidemiological studies [17,24,25]. According to
the positive PCR results of the dissected tick samples, our result demonstrated that the
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bacteria could survive in the tick and may, from the digestive tract, invade different tissues
of the tick including the salivary glands. This suggests that B. henselae is able to resist the
immune system of R. sanguineus s.l. as is the case for other tick-borne pathogens [36,47].
In this regard, in addition to the reported transmission by I. ricinus [19], it is noticeable
that Billeter et al. reported that B. henselae could invade and replicate within Amblyomma
americanum, I. scapularis, and R. sanguineus cell lines [48]. Further studies regarding the
defense mechanisms of ticks during B. henselae infection should be performed for a better
understanding of the interaction between the bacterium and tick and the bacterial viability
in ticks.

In this study, B. henselae DNA was found in salivary glands of semi-engorged and
engorged females at the end of feeding and after oviposition period, respectively. Although
no B. henselae DNA was detected in eggs laid by infected females and newly hatched larvae,
the bacterial DNA was detected in the blood sucked by those larval ticks, which suggests
a potential of transovarial transmission. From the previous study regarding B. henselae
infection in I. ricinus ticks, no B. henselae DNA were detected in salivary glands of nymphs
(infected as larvae) and unfed females (infected as nymphs), but the bacterial DNA became
detectable after those ticks took new blood meals [19]. Both findings suggested that blood
refeeding of ticks could stimulate and multiply B. henselae, which then migrated to salivary
glands and could transmit to the new host [19].

In cat fleas, B. henselae can survive in the gut for up to 9 days, while the bacterium
can persist in flea feces for up to 12 days [49]. The long persistence of B. henselae in flea
feces is necessary for Bartonella transmission among cats and from cats to humans [2–4].
In the present study, B. henselae was successfully isolated from R. sanguineus s.l. tick feces
maintained at room temperature (24 ◦C, 60% humidity) for 1 day after tick feeding but
not for those that remained 3, 7, or 10 days in the same conditions. This finding suggests
that B. henselae can stay alive in tick midguts during the infectious blood meal and be
shed through tick feces with limited persistence. The tick fecal sample was still fresh,
sticky, and moist on day 1 of incubation, while the feces were all dry after that. In a
previous study, Billeter et al. inoculated frozen Bartonella PCR-positive tick feces in dogs
to investigate whether tick feces can be the source of Bartonella transmission [50]. The
results showed that no dogs exhibited bacteremia, and using fresh tick feces instead of
frozen ones was suggested by the authors [50]. According to these findings, it seems
that time and environmental conditions, such as temperature, can affect the viability of B.
henselae in tick feces and influence the bacterial transmission by feces. Although B. henselae
persistence in tick feces is not long (at least 1 day), tick feces could still be a source of
B. henselae transmission; however, this hypothesis still needs to be confirmed by further
in vivo studies.

Although no B. henselae DNA was detected in the ovaries of semi-engorged females,
pooled eggs, and unfed larvae, the presence of B. henselae DNA in blood sample during
larval feeding suggests that B. henselae could remain in eggs and be transovarially transmit-
ted to larvae, but maybe at an undetectable level in tick samples. In order to confirm the
transovarial transmission, further experiments of B. henselae isolation from tick ovaries and
larvae would need to be performed. Several tick-borne pathogens, such as Babesia spp. and
Rickettsia spp., can be transmitted by transovarial transmission [51,52]. Those pathogens
are probably taken into tick ovaries during vitellogenin protein transportation and fusion
to form yolk granules in ovaries, which reach the highest concentration in fully engorged
ticks [51–53].

Bartonella henselae DNA was detected in blood samples during larval feeding; however,
no viable B. henselae could be successfully isolated. An explanation is that R. sanguineus
s.l. larvae may transmit B. henselae to blood at a low concentration beyond the detection
limit, since just a few microliters of tick saliva are injected into the blood during larval
feeding [19]. In fact, even though the volume of blood used here was 10 times higher, it
should be noted that, in the study of Cotté et al., B. henselae colonies were successfully
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isolated from blood samples following the feeding of nymphs and adult I. ricinus ticks that
inject higher volume of saliva during feeding and, therefore, potentially more bacteria [19].

In the present study, a common tick microbiota Corynebacterium colonies was isolated
on agar plates of blood culture from the experimental group. Corynbacterium spp. are pre-
dominant in the tick midgut microbiota of Rhipicephalus (Boophilus) microplus, Haemophysalis
spp., and Hyalomma spp. ticks [54–57]. The identification of Corynebacterium colonies
suggests that ticks can inject microbiota from their digestive tract into the blood and, there-
fore, potentially into the blood of vertebrate hosts during feeding. This has already been
reported for Coxiella-like endosymbionts (Coxiella-LE), the common gut microbiota found
in ixodid ticks, which can be transmitted to animal hosts via tick bites [58,59].

Our findings reinforce the possibility of B. henselae transmission by R. sanguineus s.l.
ticks. The bacterial DNA could remain in the tick midguts and then be shed through
tick feces. Its detection in other tick tissues such as salivary glands provides evidence
of bacterial viability in the tick as it can move and colonize these tissues by crossing
physiological barriers. Most importantly, bacterial DNA detected in the blood during
feeding of progeny of infected females provides a vital clue on B. henselae transovarial
transmission in R. sanguineus s.l. ticks and possible transmission to a host by larvae. Further
studies, such as B. henselae isolation from tick samples, an in vivo study of B. henselae-
infected tick feces, and protein analysis in tick salivary glands during B. henselae infection,
should be performed for a better understanding of the interactions between B. henselae
and ticks, as well as to clarify the vector competence of R. sanguineus s.l. and B. henselae
transmission pathways.
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