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Abstract: The transovarial transmission of tick-borne bacterial pathogens is an important mechanism
for their maintenance in natural populations and transmission, causing disease in humans and
animals. The mechanism for this transmission and the possible role of tick hormones facilitating
this process have never been studied. Injections of physiological levels of the tick hormone, 20-
hydroxyecdysone (20E), into part-fed (virgin) adult females of the American dog tick, Dermacentor
variabilis, attached to the host caused a reduction in density of Rickettsia montanensis in the carcass
and an increase in the ovaries compared to buffer-injected controls. This injection initiates yolk
protein synthesis and uptake by the eggs but has no effect on blood feeding. Francisella sp. and
R. montanensis were the predominant bacteria based on the proportionality in the carcass and ovary.
The total bacteria load increased in the carcass and ovaries, and bacteria in the genus Pseudomonas
increased in the carcass after the 20E injection. The mechanism of how the Rickettsia species respond
to changes in tick hormonal regulation needs further investigation. Multiple possible mechanisms
for the proliferation of R. montanensis in the ovaries are proposed.

Keywords: Dermacentor variabilis; ecdysteroid; Rickettsia sp.; Francisella sp.; qPCR; microbiota

1. Introduction

Ticks are obligatory hematophagous arthropods known for their ability to act as reser-
voirs and vectors for infectious microbial agents that cause human illnesses, including
Lyme disease, Rocky Mountain spotted fever (RMSF), spotted fever group (SFG) rick-
ettsiosis, human granulocytic anaplasmosis, Babesiosis, and human monocytic ehrlichiosis;
these diseases cause significant morbidity in the United States [1,2]. The most important
pathogens are the spirochete, Borrelia burgdorferi sensu stricto, and the bacterium, Rickettsia
rickettsii, responsible for Lyme disease and RMSF, respectively [3,4]. In the continental US,
RMSF is the most severe of the SFG rickettsioses and is often fatal [5–7]. The principal
arthropod vectors are ixodid ticks, namely, the Rocky Mountain wood tick, Dermacentor
andersoni, in the western US, the American dog tick, D. variabilis, in the eastern half and
west coast of the US, and the brown dog tick, Rhipicephalus sanguineus, in focal areas of
Arizona, US [8].

Pathogens like rickettsiae are passed from one generation to the next by the female
to her eggs [9]. This vertical, transovarial transmission is critical in maintaining infected

Microorganisms 2021, 9, 1242. https://doi.org/10.3390/microorganisms9061242 https://www.mdpi.com/journal/microorganisms

https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0002-0700-4472
https://orcid.org/0000-0002-6386-0994
https://doi.org/10.3390/microorganisms9061242
https://doi.org/10.3390/microorganisms9061242
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/microorganisms9061242
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms9061242?type=check_update&version=1


Microorganisms 2021, 9, 1242 2 of 14

populations of the American dog tick and the spread of pathogenic SFG Rickettsia and
RMSF to people [10]. Our knowledge of the mechanism for transovarial infection involving
microorganisms in insects is minimal and is even less in ticks. In insects, the vertical
transmission of the rice stripe virus (RSV) in the small brown planthopper, Laodelphax
striatellus, occurs when RSV hitchhikes by binding to the female yolk protein and enters
developing oocytes through endocytosis [11]. Presumably, there must be viral surface
proteins that promote yolk protein binding.

Vitellogenins (Vg) in insects and ticks are hemolymph precursors of the yolk protein
in the egg, vitellin (Vn), a phosphoglycolipoprotein utilized in oviparous animals to pro-
vide nutrition for the developing embryo. Multiple vitellogenin genes are found in many
animals, including frogs [12], chickens, nematodes [13], and arthropods, e.g., the fruit fly,
Drosophila melanogaster [14], yellow fever mosquito, Aedes aegypti [15] and ticks [16–18].
In replete (i.e., fully engorged), mated adult female D. variabilis, Vg is synthesized in the
fat body and midgut, is secreted into the hemolymph, captured from the hemolymph
by Vg receptors (VgRs) on the oocytes and endocytosed into developing oocytes across
clathrin-coated pits on the oocyte’s outer surface [16,18–21]. The VgR message has been
identified in a variety of tick species, including D. variabilis [17], Haemaphysalis longicor-
nis [22], Amblyomma hebraeum [23], Rhipicephalus microplus and R. appendiculatus [24]. The
amino acid sequence of the D. variabilis Vn and VgR has a high similarity to the same from
R. microplus, Ixodes scapularis, and A. hebraeum and even to other animals outside of the
Acari. We found that silencing VgR in the American dog tick by RNAi (RNA interference)
prevented Vn deposition [17] as was also the case for R. microplus [24].

In ticks, rickettsiae pass from infected to uninfected cells through actin-based bridges
or mechano-transduction [25,26]; however, the mechanism of movement to the tick egg
has never been studied. Silencing VgR in the tick, H. longicornis, blocked the transmission
of the protozoan, Babesia gibsoni, from the midgut into oocytes [22] and egg development.
B. gibsoni causes canine babesiosis, a disease in dogs where the symptoms range from mild
fever and lethargy to multi-organ failure and death [27]. Hussein et al. [28] also found that
silencing VgR in R. microplus blocked the transmission of B. bovis while at the same time
prevented egg development. No research is available on the tick bacteria microbiome in
the ovary during female reproduction.

The hormonal regulation of vitellogenesis in ticks is controlled by neuropeptides from
the synganglion (the brain and central nerve chord) that initiate the synthesis and release
into the hemolymph of ecdysteroid hormones by the epidermis [16,18,21,29]. These ecdys-
teroids then initiate the synthesis and secretion of Vg from the fat body and midgut into
the hemolymph [30,31]. There are a number of other synganglion neuropeptide hormones
described in ticks during reproduction including those in insects that regulate molting.
Adult ticks do not molt. The mevalonate pathway is also found in the synganglion, leading
to part of the juvenile hormone (JH) synthesis pathway. No JH has been found in ticks
like that in insects. In insects, the JH regulates egg development, but this is not the case
in ticks. We found that the injection of 20-hydroxyecdysone at physiological levels into
part-fed female, virgin D. variabilis adults still attached to a rabbit, initiated vitellogen-
esis, the synthesis of VgR, and the development of vitellogenic eggs and normal ovary
growth [29]. These injections did not initiate feeding to repletion or drop off from the
host. Egg development followed by detachment from the host and oviposition is normally
initiated when the part-fed female mates and then feeds to repletion.

The role of the endocrine system in the regulation of animal microbiomes in general
has received minimal attention, and there is no research in ticks. The role of the endocrine
system in transovarial transmission of bacteria in ticks has also not been studied. The aim
of this study is to determine whether ecdysteroids that regulate oocyte development also
regulate the overall bacterial microbiota, especially Rickettsia sp., Francisella sp. and possibly
other bacteria in the body versus the ovary of part-fed, virgin female adult D. variabilis
ticks, in the absence of mating and the influence of blood feeding.
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2. Materials and Methods
2.1. Ticks and In Vivo Injection of Ecdysteroids

Unfed (virgin) female adults of the American dog tick were purchased from the Depart-
ment of Entomology at Oklahoma State University, Stillwater, OK, USA, maintained and
blood fed as described previously [32], and used directly for experimentation. Adult ticks
were confined within plastic capsules attached to New Zealand white rabbits, Oryctolagus
cuniculus, for feeding to the part-fed stage. The steroid hormone, 20-hydroxyecdysone
(hereafter referred to as 20E; Sigma Chemical Co., St. Louis, MO, USA) was diluted into
0.15 M pH 7.0 phosphate-buffered saline (0.13 M NaCl) (=control buffer) and injected
into the bodies of partially fed (virgin) female adults following the method described by
Thompson et al. [29]. Technical 20E and 20E diluted into buffer were stored at −20 ◦C in the
dark until needed. Each female received a dose of 1000 ng of 20E on day 4 after attachment
to the host. Controls were injected with control buffer only. All injections were performed
while female D. variabilis ticks were attached to the host; the attached ticks were collected
2 d post injection from the host for microbiota and Rickettsia analysis. All use of animals in
this study was carried out under protocols approved by the ODU Institutional Animal Care
and Use Committee (Animal Welfare Assurance Number: A3172-01), specifically protocol
#10-032 for rabbits.

2.2. Tissue Dissection and DNA Extraction

Ticks were washed once in 0.5% bleach and 5 times with sterile phosphate-buffered
saline (PBS) (10 mM NaH2PO4, 1.8 mM KH2PO4, 140 mM NaCl, and 2.7 mM KCl, pH 7.4).
The ovary was dissected from each tick body leaving the carcass (the body without the
ovary), and total genomic DNA was extracted separately from each carcass and its cor-
responding ovary for each sample. Extractions were conducted immediately after the
dissections. Eight ticks were injected with 20E and eight with control buffer. Total genomic
DNA was isolated from the above samples using the phenol-chloroform methods described
by Ponnusamy et al. [33]. DNA quality and quantity were assessed using the NanoDrop
1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Total genomic
DNA from the ovary and the corresponding carcass for each sample was normalized to a
concentration of 50 ng/µL and stored at −20 ◦C.

2.3. Microbiota Composition

To determine the total species composition of the bacterial communities in the 20E
injected females versus control samples, we used a 16S rRNA gene sequencing approach.
DNA was pooled from 4 ticks (chosen at random) and duplicated for ovaries versus the
carcass for the 20E versus the control buffer injections for Illumina sequencing. The samples
were subjected to 16S rRNA gene amplification of the V3–V4 hypervariable region of the
bacteria genomes [34] for sequencing according to the Illumina 16S Metagenomic Sequenc-
ing Library Preparation Guide (part number 15044223, revision B). Libraries constructed
were quantified with Quant-iT PicoGreen (Molecular Probes, Inc., Eugene, OR, USA),
normalized, and then pooled prior to sequencing. Library sequencing was performed at
the Microbiome Core Facility, School of Medicine, University of North Carolina, Chapel
Hill, NC, USA.

2.4. Bioinformatics Data Processing

The initial processing for sequencing was completed using Quantitative Insights
Into Microbial Ecology (QIIME, version 1.9.0) [34], an open source software pipeline
(http://www.qiime.org/ (accessed on 9 April 2019)). Paired-end reads (V3–V4 regions)
were merged using fastq-join with the default QIIME parameters. Demultiplexing was
executed using default QIIME settings, which eliminate the reads with an average Phred
quality score less than 20. De novo chimera detection and deletion were executed with USE-
ARCH 6.1 (http:/www.drive5.com/userach/ (accessed on 4 May 2019)) [35]. Sequences
were trimmed, denoised and each unique bacterial sequence (97% sequence identity) des-
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ignated as an OTU (operational taxonomy unit) [34]. Sequences were matched against
the Greengenes version 13.8 database (http://greengenes.secondgenome.com; accessed
on 14 August 2019) using UCLUST [36]. Sequences were aligned against the Greengenes
reference database using Python Nearest Alignment Space Termination (PyNAST) [37]
filtered to remove gaps.

2.5. Quantitative PCR (qPCR) for Total Bacteria

We also conducted qPCR to quantify the total bacteria load in our samples following
the method of Lazarevic et al. [38]. In brief, the qPCR used the 357F/518R primer pair that
targets the V3 region of the 16S rRNA gene and the host housekeeping gene, glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as the reference gene [39]. The amplification was
conducted in five technical replicates for each tick sample, each in a 10 µL reaction mixture
containing 2 µL (100 ng) of genomic DNA, 5 µL 2X SYBR Green qPCR Master Mix (BioRad,
Hercules, CA, USA ) and 0.5 µM primer. Reactions were performed in a CFX384 real-time
PCR machine (Bio-Rad, Hercules, CA, USA), with an initial denaturation at 95 ◦C for 3 min,
followed by 35 cycles at 94 ◦C for 10 s, 55 ◦C for 30 s and 68 ◦C for 30 s. To calculate burden,
the efficiency-corrected Cq values for the total bacteria were divided by that for the host
GAPDH [39].

2.6. Quantification of Rickettsia by qPCR

To measure relative abundance of Rickettsia spp., qPCR was performed using RCK/23-
5N1F and RCK/23-5N1R primers for the 23S-5S ITS gene [40] and the GAPDH reference
gene [39]. A total of 2 µL of the isolated DNA (100 ng) from each tick sample was added
to the qPCR mix as described, followed by thermal cycling and detection. Reactions were
performed in a CFX384 real time PCR machine (Bio-Rad), with an initial denaturation at
95 ◦C for 3 min, followed by 40 cycles at 94 ◦C for 10 s, 55 ◦C for 15 s and 72 ◦C for 15 s. Five
technical replicates were used for each sample. Nuclease-free sterile water instead of the
template was used as a blank control. The melting curve temperature analysis ranged from
65 ◦C to 95 ◦C at 0.5 ◦C increments to verify each amplified product’s melting temperature.
qPCR assays were conducted using the SYBR Green quantitative PCR contact Bio-Rad
CFX384 real time PCR system. To calculate burden, the efficiency-corrected Cq values for
the genus Rickettsia-specific 23S-5S were divided by that for the host housekeeping gene
(GAPDH). The target gene specificity of qPCR amplicons was confirmed by melting curve
analysis and further confirmed using agarose gel-based electrophoresis.

2.7. Sequencing and Phylogenetic Analyses of Rickettsia

To verify the species of Rickettsia from our 23S-5S IGS amplicon from D. variabilis, we
sequenced the samples using the RCK/23-5N1F primer [40]. A total of 3 samples were
Sanger sequenced at Eton Bioscience, Inc. (Research Triangle Park, NC, USA). The obtained
DNA sequences were compared for similarity to the Rickettsia sequences deposited in
NCBI database using BLAST. Phylogenies were created to assess the 23S-5S gene sequence
variability of the bacteria within their clades. The 23S-5S sequences from ticks were aligned
with sequences deposited in GenBank using Clustal X, version 2.0 [41], and a phylogenetic
analysis was conducted using the neighbor-joining method [42]. The evolutionary distance
was calculated using the Kimura’s two-parameter model [43], and bootstrap analysis with
1000 iterations was carried out with the MEGA X software package [44].

2.8. Data Analysis

All qPCR assays were performed in five technical replicates for each sample. Precau-
tions were taken to ensure that each technical data set fell within a 0.5 threshold cycle (Cq).
No-template controls were used to assess run reliability and cross-contamination. There
was no detectable amplification product from no-template controls in any of the qPCR
assays. The amplification proficiency of the whole qPCR assays was 100%. All data are
expressed as mean values ± SEM. The normalized fold difference levels were determined

http://greengenes.secondgenome.com
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using Bio-Rad software (Bio-Rad CFX MANAGER v.3.1). The fold increase was considered
statistically significant if a p-value of <0.05 was obtained when compared with the buffer
control. For comparisons between the carcass and ovary, fold increase was considered
statistically significant if a p-value of <0.05 was obtained between ovary and carcass.

3. Results
3.1. Overall Distribution of Bacteria within Different Organs

To determine the bacterial species composition in different samples, we examined the
bacterial 16S rRNA V3 to V4 gene. Among the samples examined, 327,321 sequences were
generated after quality filtering. The number of reads varied among samples (minimum of
27,495 and maximum of 63,601). Notably, the bulk of Illumina sequences were from two
genera in the family Rickettsiaceae (45.48%) and Francisellaceae (39.50%) comprising
84.98% of all the OTUs (Figure 1, Table 1). The abundance of family Pseudomonadaceae
was 6.04%. The remainder of unassigned bacteria and “others” (relative abundance <1%)
was 8.5%.
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Figure 1. Relative abundance of major bacteria at the family level in part-fed (virgin) Dermacentor
variabilis ovaries versus carcass for 20E versus control buffer injected ticks. Bars represent the
proportions of each taxa. “Other taxa” = all other taxa with relative abundance <1% over the total
number of reads. Abbreviations: TO, ovaries from ticks injected with 20-hydroxyecydsone (20E); CO,
ovaries from ticks injected with control buffer; TC, carcass from ticks injected with 20E; CC, carcass
from ticks injected with control buffer.

Table 1. Summary of sequencing read data.

20E Ovaries Control Ovaries 20E Carcass Control Carcass Taxonomy
Reads % Reads % Reads % Reads %

22,507.5 43.82 12,803.5 41.24 10,135 32.51 38,957 64.38 Rickettsia
26,622.5 51.53 15,504.5 49.25 8686 27.95 17,403.5 29.30 Francisella

208.5 0.41 1.5 0.004 7425.5 23.76 5 0.008 Pseudomonas
665 1.28 1355 4.41 661.5 2.08 939.5 1.58 Unassigned #
1525 2.95 1577.5 5.09 4246.5 13.71 2861 4.74 Others *

# Unassigned bacteria. * “Other taxa” refers to all the taxa with relative abundance < 1% over the total number of reads.
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At the treatment level, we found genus Rickettsia with relative mean abundances of
43.82% (22,507 reads) in the 20E-treated ovaries and 41.24% (12,803 reads) in the correspond-
ing control. In the carcass, we found the genus Rickettsia with relative mean abundances
that were 32.51% (10,135 reads) in the 20E-treated ticks and 64.38% (38,957 reads) in the
control. A similar trend was also found with the genus Francisella. Genus Pseudomonas was
mostly found in the 20E-treated carcass (23.76%) compared to the control (0.008%; Table 1).

3.2. Bacterial Quantification

The mean threshold for qPCR cycle numbers (Cq) for ovaries injected with 20E versus
the control buffer were 18.84 and 21.25, respectively. The mean Cq for carcass injected
with 20E was 17.90 and for the control, 19.04. We observed a significant treatment effect
(p = 0.0001); total bacteria were higher (4.6-fold) in the ovary and 2.9-fold higher in the
carcass in 20E-injected females than in PBS-injected control ticks (Figure 2).
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Figure 2. Total bacterial load (qPCR using the 16S gene target) in part-fed (virgin) Dermacentor variabilis
ovaries versus carcass for 20-hydroxyecdysone (20E) versus control buffer (C) injected ticks. Mean fold
change ± SEM, * p < 0.05.

3.3. Rickettsia Quantification

The mean threshold quantification cycle numbers (Cq) for ovaries injected with 20E
versus the control buffer were 20.29 and 22.49, respectively. Cq values for carcass for 20E
versus the control was 21.87 and 20.56, respectively. The density of Rickettsia spp. was
higher (6.8-fold) in the ovary and 3.5-fold lower in the carcass after 20E injection compared
to the buffer control (Figure 3). When we compare the ovary versus carcass for the 20E
injected ticks, Rickettsia spp. density was 4.7-fold higher in the ovary than the carcass and
the reverse occurred in the buffer injected ticks where the ovary was 0.42-fold lower than
the carcass (Figure 4).
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Figure 4. Rickettsia spp. load (qPCR using the 23S-5S gene target) in part-fed (virgin) Dermacentor
variabilis ovaries versus carcass for 20-hydroxyecdysone (20E) versus buffer (C) injected ticks. Mean
fold change ± SEM.

3.4. Sequencing of 23S-5S Gene and Phylogenic Analyses of Rickettsia

A phylogenetic tree was constructed based on the Rickettsia 23S-5S intergenic spacer
(IGS) region sequences, including comparisons to closely related species of Rickettsia spp.
(Figure 5). All three of the Rickettsia sequences from the ticks used in this study were 100%



Microorganisms 2021, 9, 1242 8 of 14

identical and were clustered into a phylogeny closely related to Rickettsia montanensis. All
three sequences had 99.4% identity to the Rickettsia montanensis AmacFT253-6 (KJ796429)
endosymbiont of D. variabilis.
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4. Discussion

Female reproduction in D. variabilis begins when unfed, adult males and females
acquire the same animal host at the same time. Both attach and blood feed, the females to
the part-fed condition and the males to completion. Once the female reaches the part-fed
condition, she releases a male sex attractant, and the blood fed male detaches, finds the
female and inserts its mouthparts into the female genital pore. This stimulates the male to
produce and transfer a spermatophore to the female genital track [10,16,17,29]; reviewed
by Roe et al. [18]. The spermatophore transfer includes a gonadotropin that initiates female
feeding to repletion (the “big sip”) and egg development. After the “big sip”, the female
detaches from the host, falls to the ground, eventually develops and deposits her full
complement of eggs, and dies.

The male gonadotropin transferred to part-fed D. variabilis females also stimulates the
synganglion to produce and release into the hemolymph a peptidic ecdysteroidaltropic
hormone (EDTH). EDTH initiates the epidermal synthesis and release of 20E into the
hemolymph, and 20E initiates yolk (Vg) deposition in the eggs. When we injected 20E
directly into the hemolymph of part-fed, virgin female adults (attached to a rabbit), this
stimulated Vg synthesis and its release into the hemolymph and uptake into eggs (Figure 6)
similar to mating. The oocytes become brown (shown in Figure 6) because Vg and Vn are
heme-glycolipoproteins; heme is naturally brown in color. Vn containing heme provides
the nutrients needed for embryo development [16,19,30]. Ticks cannot synthesize heme and
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acquire the heme from the host blood. Thompson et al. [29] and Mitchell et al. [17] found
that the 20E injection initiated vitellogenesis, the appearance of VgR, and the production
of brown eggs and normal ovary weights. However, this treatment did not initiate blood
feeding to repletion, drop-off from the host or oviposition; these developmental processes
require the transfer of a spermatophore.
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There is some evidence in the scientific literature that hormones can affect bacteria
growth in animals. For example, estradiol and progesterone stimulated the growth of
Lactobacillus spp., Streptococcus spp., and Escherichia in aspirated follicular fluid collected
during in vitro fertilization in humans [45]. In insects, Wolbachia were important for stimu-
lating juvenile hormone- and 20E-responsive fat body and ovarian follicular cells [46]. The
influence of tick hormones on the tick microbiome has not been studied.

There is evidence in insects that bacteria and viruses can move from the female into her
eggs. Maternal transmission of Wolbachia bacteria was suggested when they were found in
insect germline precursors known as “pole cells” [47–49]. Herren et al. [50] found the maternal
transmission of Spiroplasma in the fruit fly, Drosophila melanogaster, when the bacteria were
endocytosed along with Vg from the intercellular space surrounding ovarian follicle cells
into oocytes. In honey bees, Apis mellifera, there was evidence suggesting Vg was used for
the transport of E. coli cell-wall fragments into eggs [51]. In the small brown planthopper
insect, Laodelphax striatellus, Wolbachia passed through the nutritive cord with the help of the
host Vg transportation system; the bacteria then entered into the tropharium at the anterior
of the ovary [52]. There is also evidence that insect-associated viruses can “hitch-a-ride” on
Vg to enter eggs [53]. The vertical transmission of the rice stripe virus (RSV) in the small
brown planthopper occurred when RSV hitchhiked by binding to Vg, entering the oocytes
through VgR-mediated endocytosis [11]. Specific RSV surface peptides might have facilitated
this process [54]. Tufail and Takeda [55,56] suggested that the maternal transmission of
endoparasitic microbes in insects was associated with yolk production.

In ticks, transovarial transmission of tick-borne pathogens is an important mechanism
for their maintenance in natural populations [9]. Rickettsiae bacteria in ticks are passed
from one generation to the next from the female to her eggs [5]. This vertical transmission
is critical for maintaining infected tick populations in D. variabilis and the horizontal
transmission of pathogenic SFG Rickettsia [10]. Although the exact mechanism for this
transfer to eggs has not been studied, it is known in general that rickettsiae pass from one
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host cell to an adjacent cell by actin-mediated bridging [25]. There has been some work with
the movement of protozoa into tick eggs. Silencing VgR in the tick, H. longicornis, blocked
the transmission of the protozoan, Babesia gibsoni, from the midgut into oocytes [22] and at
the same time prevented Vn deposition. Hussein et al. [28] also found that silencing VgR
in R. microplus blocked the transmission of B. bovis and egg development. Based on these
tick studies and those in insects, it is reasonable to hypothesize that bacterial pathogens
might move from the mother tick to her eggs using the Vg−VgR transfer system. Since
the Vg−VgR pathway is under endocrine control, tick hormones might be involved in this
movement either directly or indirectly.

Using 16S rRNA gene amplification of the V3–V4 hypervariable region of the bacteria
genome and Illumina sequencing, we examined the bacteria composition of part-fed
(virgin) D. variabilis adults attached to a rabbit host before and after injection with 20E
(compared to buffer injected controls). The injections were made into part-fed (virgin)
female ticks attached to the rabbit host since this treatment stimulated egg development
(Figure 6) but not blood feeding, and the exclusive effect of the hormone treatment on the
microbiome could be determined. In duplicate samples, we found Rickettsia montanensis in
both the ovaries and carcass (Figures 1 and 5; Table 1). The presence of this non-pathogenic
R. montanensis was considered a reasonable proxy for the study of a possible role of tick
hormones on pathogenic Rickettsia spp. proliferation and transovarial movement.

To examine further the tick’s hormonal influence on its microbiome, we used qPCR to
quantify R. montanensis density in the carcass versus ovary before and after injection of 20E.
The 20E decreased R. montanensis density 3.5-fold in the carcass and increased its density
in the ovaries 6.8-fold (Figures 3 and 6). Furthermore, when we compared R. montanensis
density for the ovary versus carcass for the buffer injected ticks, the density was higher
in the carcass (2.4-fold) but after 20E injection, the reverse occurred, R. montanensis was
4.7-fold higher in the ovary than carcass (Figure 4). Clearly, the bacteria levels are increasing
in the ovary and decreasing, in comparison, in the carcass. One possible mechanism for
this increase is the use of the Vg/VgR pathway for R. montanensis migration to the ovary
(Figure 6, Pathway 2). The 20E injection initiates this pathway and egg development but
not blood feeding, and there is evidence in insects that bacteria and viruses and in ticks,
protozoa move into eggs only when the Vg transfer pathway is active (reviewed earlier).
On the other hand, traditional thinking is that Rickettsia spp. move only by cell-to-cell
contact, not outside of cells. Other possible explanations for proliferation in the ovary in
our studies are the following (illustrated in Figure 6): (i) Rickettsia migrated from the carcass
to the ovaries independent of the Vg/VgR transport system by cell-to-cell interactions
(Pathway 1); (ii) Vg itself when deposited as Vn in the eggs provided a nutritive source
for R. montanensis replication and/or was a signal for bacteria proliferation in the ovary
(Pathway 3); (iii) 20E in the hemolymph directly signaled bacteria replication in the ovary
(Pathway 4); or (iv) any combinations of paths 1–4. Surprisingly, there have been no studies
to determine if Rickettsia spp. are found free-living in hemolymph plasma, which would
be necessary if the Vg/VgR pathway is being used for their transport into the ovary. Vg
is extracellular in the hemolymph plasma and endocytosed directly from the plasma into
eggs. The presence of R. montanensis in hemocytes also has not been investigated.

The 20E injections increased the overall bacteria density in both the carcass and
ovaries. The microbiota analysis found Pseudomonadaceae in the carcass after the 20E
injection which were not found in the control or in the ovaries. There also was a greater
proportionality of the genus Pseudomonas and other bacteria in the carcass, compared to the
control; this appearance might explain at least in part the increased total bacteria density
in the carcass. More research will be needed to understand the functional significance of
this 20E-induced change in the carcass Pseudomonas. This genus was found in blacklegged
ticks in the eastern USA [57,58]. In I. scapularis, Rickettsia and other bacteria were lower in
number in Anaplasma phagocytophilum-infected ticks, whereas Pseudomonas increased in A.
phagocytophilum-infected ticks, compared to the uninfected [59]. The role of Pseudomonas in
the microbiome of ticks remains to be explained.
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Illumina sequencing found that Francisella bacteria, along with R. montanensis, were
the predominant bacteria in carcass and ovaries both before and after the 20E treatment.
Recent surveys showed that D. variabilis was infected with this intracellular Francisella [60].
Francisella is vertically-inherited in D. variabilis through transovarial transmission [61].
The development of vertical transmission requires a bottleneck effect where barely a
few bacteria are moved into developing eggs [62]. Francisella in ticks are a source of
B-vitamins [61,63] which might promote tick fitness.

5. Conclusions

In summary, we provide the first evidence that the tick microbiome is responsive to the
tick hormone, 20-hydroxyecdysone, that also regulates vitellogenesis and the development
of fully developed eggs in part-fed (virgin) female D. variabilis. Several bacteria species
were responsive to 20E which was different between the carcass and ovaries. There was
a reduction in density for R. montanensis in the carcass and an increase in the ovaries
associated with the 20E treatment and in the absence of blood feeding. Francisella and
R. montanensis were the predominant bacteria based on proportionality in the carcass
and ovary in the 20E treatments and controls. The mechanism of how Rickettsia sp. are
responsive to a tick hormone needs further investigation. Multiple possible mechanisms
for the proliferation of R. montanensis in the ovaries were proposed in our model.
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