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ABSTRACT Ticks are important disease vectors, as they transmit a variety of human
and animal pathogens worldwide. Symbionts that coevolved with ticks confer crucial
benefits to their host in nutrition metabolism, fecundity, and vector competence. Al-
though over 100 tick species have been identified in China, general information on
tick symbiosis is limited. Here, we visualized the tissue distribution of Coxiella sp.
and Rickettsia sp. in lab-reared Haemaphysalis longicornis and Rhipicephalus haema-
physaloides by fluorescent in situ hybridization. We found that Coxiella sp. colonized
exclusively the Malpighian tubules and ovaries of H. longicornis, while Rickettsia sp.
additionally colonized the midgut of R. haemaphysaloides. We also investigated the
population structure of microbiota in Dermacentor silvarum ticks collected from Inner
Mongolia, China, and found that Coxiella, Rickettsia, and Pseudomonas are the three
dominant genera. No significant difference in microbiota composition was found be-
tween male and female D. silvarum ticks. We again analyzed the tissue localization
of Coxiella sp. and Rickettsia sp. and found that they displayed tissue tropisms simi-
lar to those in R. haemaphysaloides, except that Rickettsia sp. colonized the nuclei of
spermatids instead of ovaries in D. silvarum. Altogether, our results suggest that Cox-
iella sp. and Rickettsia sp. are the main symbionts in the three ticks and reside pri-
marily in midgut, Malpighian tubules, and reproductive tissues, but their tissue distri-
bution varies in association with species and sexes.

IMPORTANCE Tick-borne diseases constitute a major public health burden, as they
are increasing in frequency and severity worldwide. The presence of symbionts helps
ticks to metabolize nutrients, promotes fecundity, and influences pathogen infec-
tions. Increasing numbers of tick-borne pathogens have been identified in China;
however, knowledge of native ticks, especially tick symbiosis, is limited. In this study,
we analyze the distribution of Coxiella sp. and Rickettsia sp. in tissues of laboratory-
reared Haemaphysalis longicornis and Rhipicephalus haemaphysaloides and field-
collected Dermacentor silvarum. We found that the localization patterns of Coxiella
sp. in three Chinese tick species were similar to those of other tick species. We also
found a previously undefined intracellular localization of Rickettsia sp. in tick midgut
and spermatids. In addition, we demonstrate that tissue tropisms of symbionts vary
between species and sexes. Our findings provide new insights into the tissue local-
ization of symbionts in native Chinese ticks and pave the way for further under-
standing of their functional capabilities and symbiotic interactions with ticks.
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Ticks are obligate bloodsucking invertebrates transmitting a variety of diseases all
over the world. WHO estimates that 532,125 cases of Lyme disease in the United

States and Western Europe and 10,000 to 12,000 cases of tick-borne encephalitis
occurred globally in 2017 (1). In China alone, 33 tick-borne pathogens have been
identified since 1982. This number, added to that of traditional tick-borne diseases,
indicates that tick-borne diseases have emerged as a public health concern (2, 3).
Human cases of Lyme borreliosis have been confirmed in almost all provinces except
Tibet and Shanghai (2). Patients from 8 provinces have been diagnosed with babesiosis,
with Babesia microti, Babesia divergens, and Babesia venatorum as the major disease-
causing agents (2, 4). Severe fever with thrombocytopenia syndrome virus (SFTSV) is an
emerging pathogen that has infected 2,543 humans, causing 154 deaths in China in
2013 (2). However, tick-borne diseases are still underestimated because of the complex
distribution and the lack of effective diagnostic methods in China.

There are a total of 117 species of ticks in China, divided into 2 families, the
Argasidae and the Ixodidae (5). Thirteen species belong to Argasidae, of which 4 species
are able to transmit pathogens causing human illness (6). A total of 104 species in
Ixodidae have been found in China, of which 32 species are confirmed to be disease-
transmitting vectors (6). Of these 32 species, Haemaphysalis longicornis and Ixodes
persulcatus are considered to be the most competent vectors, as they transmit at least
15 pathogens, including Borrelia burgdorferi, Theileria spp., Coxiella burnetii, Babesia
spp., Anaplasma phagocytophilum, Ehrlichia, Bartonella, spotted-fever group rickettsiae
(SFGR), Huaiyangshan virus, and the recently identified New bunyavirus, among others.
The tick Dermacentor silvarum is another major vector associated with 13 emerging
pathogens, including SFGR, Anaplasmataceae, Borrelia spp., and Babesia spp. (2).

In addition to pathogens, ticks also harbor microbiota that are critical for their
physiology (7, 8). Coxiella, as an obligate symbiont, is present in at least two-thirds of
tick species in the world (8, 9). This symbiont preferentially colonizes the ovaries and
Malpighian tubules, suggesting its role in fecundity, metabolism, and osmoregulation
(10–14). Its genome encodes almost complete pathways for the biosynthesis of major
B vitamins and cofactors that are essential in tick physiology (15). Elimination of Coxiella
by antibiotic treatment reduces the fecundity of Amblyomma americanum and H.
longicornis and prevents Rhipicephalus microplus from developing into its adult form
(16–18). Rickettsia is another obligate tick symbiont found in multiple tick species (8, 13,
14, 19). Its genome contains all the genes for folate de novo biosynthesis, suggesting its
role in nutrition provision to ticks (20). Ticks also harbor other maternally transmitted
symbionts, including Francisella, Arsenophonus, Rickettsiella, Cardinium, Spiroplasma,
Lariskella, Midichloria, and Wolbachia, although their functions need to be further
investigated (8). In addition to symbionts, other microbiota are present across several
hard tick species, with 5 bacterial genera frequently observed. They are Pseudomonas,
Sphingobacterium, Acinetobacter, Enterobacter, and Stenotrophomonas (7). The presence
of these microbiota is essential in determining the infection outcome of different tick
species (21). Increasing the quantities of the endosymbiont Rickettsia in the tick
Dermacentor andersoni results in the reduction of Anaplasma marginale infection, while
decreasing the quantities of Francisella leads to a reduction in infections by the
pathogen Francisella novicida (22). Disturbing the homeostasis of gut microbiota in the
tick Ixodes scapularis by antibiotic treatment reduces colonization by Borrelia burgdor-
feri (23). The presence of rickettsial endosymbionts protects I. scapularis from B.
burgdorferi infection (24). Native ticks in China also harbor a variety of microbiota.
Coxiella and Rickettsia are present in H. longicornis (Hebei), D. silvarum (Hebei), and R.
microplus (13, 14, 25). Arsenophonus has been detected in H. longicornis (Hebei) and D.
silvarum (Hebei) (13). In I. persulcatus, the genera Acinetobacter, Rickettsia, Pseudomonas,
Chryseobacterium, and Sphingobacterium are the most abundant bacteria in unfed ticks
(26). Studies of native Chinese ticks focus mainly on the detection of microbes using
PCR and 16S rRNA sequencing techniques, while further information about their tissue
distribution is limited.

In this study, we have investigated the localization of microbiota in 3 native Chinese
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ticks, H. longicornis, R. haemaphysaloides, and D. silvarum, using fluorescent in situ
hybridization (FISH), and examined the microbial population structure of field-collected
D. silvarum (from Inner Mongolia). We found that midgut, reproductive tissues, and
Malpighian tubules are the three primary tissues in which microbes reside. Field-
collected D. silvarum ticks have a complex microbiota, with Pseudomonas, Coxiella, and
Rickettsia as the dominant genera.

RESULTS
Localization of microbiota in H. longicornis and R. haemaphysaloides. We first

examined the tissue localization of microbiota in two tick species, H. longicornis and R.
haemaphysaloides, originally from Yunnan Province, China, that had been maintained in
the insectary for at least 2 years. To visualize the distribution of microbes in tissues of
H. longicornis, whole bodies as well as dissected organs of female ticks were analyzed
by FISH using a fluorescently labeled universal 16S rRNA probe (Fig. 1A to C). Intense
staining was observed in Malpighian tubules and ovaries of whole-body sections (Fig.
1A to C). To further confirm the spatial distribution in the two organs, tissues, including
midgut, salivary glands, Malpighian tubules, and ovaries were dissected 48 h following
a blood meal and analyzed in the same manner as the whole-body sections. Similarly,
strong fluorescent signals were detected in Malpighian tubules and ovaries (Fig. 1E1
and G1). No detectable signal was observed in midgut or salivary glands (Fig. 1D1 and
F1). No signal was detected in controls with noneubacterial probe or without probe
(Fig. 1D2 to G2 and D3 to G3). There was a high density of symbionts in the cytosol of
Malpighian tubule cells but not in the tubule lumen (Fig. 1E1). Asynchronously devel-
oped oocytes were observed in the ovaries (Fig. 1G1). A large number of egg chambers
at different developmental stages were attached to the ovarian wall. Symbionts were
clustered around the nuclei in young oocytes but were concentrated on one side of the
oocytes once matured (Fig. 1G1). This staining pattern indicates that Malpighian
tubules and ovaries are the two major tissues harboring microbiota in female H.
longicornis.

The tissue distribution of microbiota in female R. haemaphysaloides ticks was also
investigated in the same way as that described above. We again detected intense
fluorescent signals in Malpighian tubules and ovaries, with the same subcellular
localization pattern as in H. longicornis (Fig. 2B1 and D1). In addition, we observed that
midgut was the third organ that harbors microbiota (Fig. 2A1). Here the microbes
clustered within a few midgut cells, leaving the midgut lumen free of bacteria. Again,
no bacteria were detected in salivary glands (Fig. 2C1). Our results indicate that the R.
haemaphysaloides microbiota shows a broader tissue tropism than does that of H.
longicornis.

Localization of Coxiella sp. and Rickettsia sp. symbionts in H. longicornis and R.
haemaphysaloides. Coxiella sp. and Rickettsia sp. (species were not identified here; see
Materials and Methods) are two of the main symbionts present in multiple tick species
in China, including Haemaphysalis tibetensis, H. longicornis, D. silvarum, and R. microplus
(13, 14, 25, 27, 28). To examine the presence and abundance of these species in
lab-reared H. longicornis and R. haemaphysaloides, we quantified their relative abun-
dance by real-time PCR using genus-specific primers (Fig. 3). Coxiella sp. was the
dominant symbiont in both H. longicornis and R. haemaphysaloides. Rickettsia sp. was
barely detected in H. longicornis, but it was present in both male and female R.
haemaphysaloides ticks, although its relative abundance was significantly lower than
that of Coxiella sp. (Fig. 3A and B).

We next examined the tissue distribution of these two symbionts in H. longicornis
and R. haemaphysaloides colonies. As no Rickettsia sp. was detected in H. longicornis,
sections of the same four tissues were hybridized only with a Coxiella-specific 23S rRNA
probe (Fig. 4A1 to A4). We again found the same localization pattern as the one
revealed by the universal 16S rRNA probe. Strong signals were detected exclusively in
Malpighian tubules and ovaries (Fig. 4A2 and A4).
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FIG 1 Localization of microbiota in whole body (A to C) and different tissues (D to G) of female H.
longicornis by FISH analysis with universal 16S rRNA probe (red). Nuclei were stained with DAPI (blue). (A)
Signals detected in whole body sections; the arrow denotes the direction from head to bottom; (B)
close-up view of box 1 showing the ovary filled with microbiota; (C) close-up view of box 2 showing that
the microbiota colonized the Malpighian tubules. Images are representative of at least 5 individual tick
sections. Different tissues, including midgut (D), Malpighian tubules (E), salivary gland (F), and ovaries (G)
were hybridized with universal 16S rRNA probe (EUB) (D1, E1, F1, and G1), noneubacterial probe
(Non-EUB) (D2, E2, F2, and G2), and no probe (D3, E3, F3, and G3). MG, midgut; MT, Malpighian tubules;
SG, salivary glands; RT, ovaries; Y, young oocytes; M, mature oocytes. Tissues from at least 5 individual
ticks were pooled and used for FISH analysis. Images are representative of three independent
experiments.
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As the two symbionts were detected in R. haemaphysaloides, costaining of Coxiella
sp. and Rickettsia sp. was performed in both female and males (Fig. 4B1 to C4). Again,
intense signals of Coxiella sp. were observed in ovaries (Fig. 4B4 and B5) of female ticks
and in Malpighian tubules of both male and female ticks (Fig. 4B2, C2, and C5).
Rickettsia sp. was extensively distributed in midgut, Malpighian tubules, and ovaries
(Fig. 4B1, C1, B2, C2, B4, and B5). The midgut was colonized by Rickettsia sp. exclusively.
This bacterium clustered intracellularly in certain gut cells, leaving major parts of gut
free of bacteria (Fig. 4B1 and C1). Rickettsia sp. in Malpighian tubule and ovary
displayed a subcellular localization pattern similar to that of Coxiella sp., as the two
bacteria reside intracellularly in Malpighian tubule cells, in interstitial cells between
primary oocytes, and in cytoplasm of developing oocytes. As fluorescent signals of
Coxiella sp. were detected only in a few sections of female Malpighian tubules while
Rickettsia sp. was easily observed, we next analyzed the localization of the two
symbionts in Malpighian tubules using whole-mount staining. We found that Coxiella
sp. colonized only the distal region of Malpighian tubules, while Rickettsia sp. was
widely spread all over the tissue (Fig. 4D1 to D3). Colocalization of these two symbionts
is observed in ovaries and Malpighian tubules, indicating that a mutually beneficial

FIG 2 Localization of microbiota in different tissues of female R. haemaphysaloides by FISH analysis with
universal 16S rRNA probe (red). Nuclei were stained with DAPI (blue). Fluorescent signals were examined
in midgut (A), Malpighian tubules (B), salivary glands (C), and ovaries (D). Hybridizations with noneu-
bacterial probe (Non-EUB) and without probe were used as negative controls. Tissues from at least 5
individual ticks were pooled and used for FISH analysis. Images are representative of three independent
experiments.
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relationship possibly exists between these two microbes (Fig. 4B2, B4, and C2). Species-
specific labeling techniques confirm the different tissue tropism patterns of Coxiella sp.
and Rickettsia sp. and the colocalization of these two symbionts in the same tissue.

Population structure of microbiota in D. silvarum. To understand the diversity of
microbiota in field ticks, D. silvarum ticks, an important disease vector in the northern
part of China, were collected from Inner Mongolia in March 2017. The population
structure of microbiota in unfed male and female D. silvarum was analyzed using
high-throughput sequencing of the 16S rRNA gene (V3-V4 region). The phylum Pro-
teobacteria was dominant in this species, with relative abundance ranging from 83.3%
to 97.5% (Fig. 5A). Ten bacterial genera, including Coxiella, Pseudomonas, Rickettsia,
Acinetobacter, Sphingomonas, Empedobacter, Chryseobacterium, Methylobacterium, Sph-
ingobacterium, and Janthinobacterium, were identified in all experimental groups but at
different relative levels of abundance (Fig. 5B). Pseudomonas, Coxiella, and Rickettsia
were the most abundant genera in D. silvarum. The rarefaction curves of operational
taxonomic unit (OTU) numbers performed with male and female ticks confirmed that
sequencing coverage was sufficiently extensive to fully evaluate the microbially diverse
populations (Fig. 5C). Female and male ticks share most taxa. To examined if there was
a difference in population structure of microbiota between male and female D. silvarum
ticks, alpha diversity was calculated. There was no significant difference between male
and female ticks as depicted by the Observed-species, Chao1, Shannon, and Simpson
indices (Table 1). To further confirm the relative abundance of Pseudomonas, Coxiella,
and Rickettsia estimated by 16S rRNA deep sequencing, real-time quantitative PCR
(qPCR) was performed using universal 16S rRNA primers and genus-specific primers. In
agreement with sequencing data, Pseudomonas sp., Coxiella sp., and Rickettsia sp.
abundantly colonized D. silvarum, with relative abundances similar to those determined
by 16S rRNA deep sequencing (Fig. 5D). To further confirm that Pseudomonas sp.
resided within tick organs instead of being merely a cuticle contaminant, different
tissues, including Malpighian tubules, salivary glands, midgut, and reproductive organs
(ovaries/testes) were used to determine the presence and abundance of this bacterium
(Fig. 5E). It was detected in all four tissues, with higher abundance in males than
females. Our data show that Coxiella sp. and Rickettsia sp. are the main symbionts in D.
silvarum and that Pseudomonas sp. is another dominant commensal with broad tissue
distribution. There is no significant difference of microbiota structure between males
and females.

Localization of symbionts in D. silvarum. We next analyzed the tissue distribution
of microbiota in D. silvarum. As in R. haemaphysaloides, where they are widely spread
all over the tissues, high densities of microbes were detected intracellularly in the
midgut, Malpighian tubules, and ovaries (Fig. 6A1 and A4, B1 and B4, and D1).
Interestingly, fluorescent signals were also observed in the nuclei of spermatids (Fig.
6D4 and D7), suggesting the presence of symbionts in male testes.

FIG 3 Relative abundance of Coxiella sp. and Rickettsia sp. in H. longicornis (A) and R. haemaphysaloides
(B) determined by real-time quantitative PCR. Error bars indicate standard errors (n � 15). Significance
was determined by Mann-Whitney test. *, P � 0.05; ***, P � 0.001.
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We next localized Coxiella sp. and Rickettsia sp. in the same four tissues, including
midgut, Malpighian tubules, salivary glands, and ovaries/testes. In females, Coxiella sp.
was detected in Malpighian tubules and ovaries (Fig. 7B1 and D1), while Rickettsia sp.
was detected in midgut and Malpighian tubules (Fig. 7A2 and B2). In males, Malpighian
tubules were the only tissues that were heavily infected with Coxiella sp. (Fig. 7B4).
Rickettsia sp. was distributed in midgut, Malpighian tubules, and testes (Fig. 7A5, B5,
and D5). It was interesting that each spermatid contained multiple Rickettsia sp. cells
and that this bacterium preferentially localized in the nucleus of spermatids (Fig. 7D5).

FIG 4 Localization of Coxiella sp. (green) and Rickettsia sp. (yellow) in H. longicornis (A) and R. haemaphysaloides (B to D) using species specific
probes. Nuclei were stained with DAPI (blue). Merged images of DAPI and Coxiella sp. staining in female H. longicornis (A1 to A4). Merged images
of DAPI, Coxiella sp., and Rickettsia sp. staining in female (B1 to B4) and male (C1 to C4) R. haemaphysaloides. Spliced view of whole-mount in situ
hybridization in female Malpighian tubules of R. haemaphysaloides (D1 to D3). (A1, B1, C1), midgut (MG); (A2, B2, C2), Malpighian tubules (MT);
(A3, B3, C3), salivary glands (SG); (A4), ovaries of H. longicornis (reproductive tissues [RT]); (B4), ovaries of R. haemaphysaloides; (C4), testes of R.
haemaphysaloides; (B5) close-up view of boxed region, showing colocalization of Rickettsia sp. and Coxiella sp. in ovaries; (C5) close-up view of
panel C2, colocalization of Rickettsia sp. and Coxiella sp. in Malpighian tubules. (D2, D3) Close-up view of boxed regions in D1. Green arrows
denote Coxiella sp. and yellow arrows denote Rickettsia sp. Tissues from at least 5 individual ticks were pooled and used for FISH analysis. Each
image shows a single focal plane. Images are representative of three independent experiments. Bars, 100 �m.
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This is in agreement with results obtained by using a universal 16S rRNA probe,
showing that bacteria colonized nuclei of spermatids. To further confirm the presence
of Pseudomonas sp. in D. silvarum, we performed whole-mount in situ hybridization in
midgut, which contained a relatively high abundance of Pseudomonas sp. (Fig. 7E1 to
E3). Strong signals were observed in the midgut. Our results reveal that colocalization
of Coxiella sp. and Rickettsia sp. is observed in Malpighian tubules in a manner similar

FIG 5 Population community of D. silvarum by 16S rRNA pyrosequencing. Phylum level (A) and genus level (B) abundance profiles for individual D. silvarum
males and females prior to a blood meal. Each column represents one tick. (C) Rarefaction curve of the 16S rRNA gene sequences in male and female D. silvarum
ticks based on OTUs determined at 97% similarity. (D) Relative abundance of Coxiella sp., Pseudomonas sp., and Rickettsia sp. in D. silvarum analyzed by qPCR.
(E) Quantification of Pseudomonas sp. in different tick tissues by qPCR. Tissues from five individual tick were pooled for one biological replicate. Five biological
replicates were used for qPCR analysis. Error bars indicate standard errors (n � 5). Statistical significance was determined using the Mann-Whitney test. **,
P � 0.01; ***, P � 0.001.
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to that seen in R. haemaphysaloides. Although female and male D. silvarum ticks share
the same bacterial taxa, their localization in reproductive tissues is different.

In summary, our results from H. longicornis, R. haemaphysaloides, and D. silvarum
suggest that Malpighian tubules and ovaries are two major organs harboring Coxiella
sp. and Rickettsia sp. and that the midgut is colonized with Rickettsia sp. The tissue
localization pattern of the same symbionts in these three tick species varies. Addition-
ally, the two symbionts in the same tick species also display different tissue tropisms
between sexes.

DISCUSSION

Emerging evidence shows that ticks harbor multiple symbionts that are important
for their fecundity and vector competence (7, 8). However, information regarding tissue

TABLE 1 Alpha diversity analysis of bacterial population structure in D. silvarum

Tick sex or
P value

Value (mean � SD)

Observed-species
index

Chao1
index

Shannon
index

Simpson
index

Male ticks 515.4 � 40.7 585.1 � 35.6 2.95 � 0.33 0.71 � 0.02
Female ticks 506.6 � 48.8 563.7 � 55.4 3.42 � 0.66 0.76 � 0.09
P valuea 1.0000 0.6586 0.1061 0.1136
aNo significant difference was found between male and female ticks for any index of diversity.

FIG 6 Localization of microbiota in different tissues of female and male D. silvarum ticks by FISH analysis with universal 16S rRNA probe (red). Nuclei were
stained with DAPI (blue). Fluorescent signals were examined in midgut (A), Malpighian tubules (B), salivary glands (C), ovaries (D1 to D3), and testes (D4 to D7).
Hybridizations with noneubacterial probe (Non-EUB) and without probe were used as negative controls. Red arrows denote residential bacteria. MG, midgut;
MT, Malpighian tubules; SG, salivary glands; RT, reproductive tissue. Tissues from at least 5 individual ticks were pooled and used for FISH analysis. Images are
representative of three independent experiments.
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distribution and population diversity of the microbiota in most native ticks in China is
far from complete. Here we visualized and compared the localization patterns of
symbionts in three Chinese ticks, H. longicornis, R. haemaphysaloides, and D. silvarum,
and analyzed the bacterial population structure in D. silvarum ticks collected from Inner
Mongolia, China.

The presence of microorganisms in ticks was first described by Cowdry in 1925 (29).
Multiple symbionts have been detected in different hard tick organs, with Coxiella,
Rickettsia, Rickettsiella, Francisella, and Wolbachia as the most common ones that can be
maternally transmitted (8, 21). In addition to symbionts, other microbiota belonging to
the phyla Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes have been iden-
tified in various tick species (7). In our study, Coxiella sp. and Rickettsia sp. are the two
major symbionts in H. longicornis, R. haemaphysaloides, and D. silvarum. Malpighian

FIG 7 Costaining of Coxiella sp. (green), Rickettsia sp. (yellow), and Pseudomonas sp. (red) in D. silvarum. Nuclei were stained with DAPI (blue). Sections of midgut
(A1 to A6), Malpighian tubules (B1 to B6), salivary glands (C1 to C6), ovaries (D1 to D3), and testes (D4 to D6) were hybridized with Coxiella sp.-specific 23S rRNA
probe (A1 and A4, B1 and B4, C1 and C4, and D1 and D4) and Rickettsia sp.-specific 16S rRNA probe (A2 and A5, B2 and B5, C2 and C5, and D2 and D5)
simultaneously. (A3 and A6, B3 and B6, C3 and C6, and D3 and D6) Merged images of DAPI, Coxiella sp., and Rickettsia sp. staining. Green arrows denote Coxiella
sp. and yellow arrows denote Rickettsia sp. MG, midgut; MT, Malpighian tubules; SG, salivary glands; RT, reproductive tissue. (E1 to E3) Whole-mount in situ
hybridization of D. silvarum midgut using Pseudomonas sp.-specific 16S rRNA probe. (E2, E3) Close-up view of boxed regions in panel E1. Tissues from at least
5 individual ticks were pooled and used for FISH analysis. Each image shows a single focal plane. Images are representative of three independent experiments.
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tubules and ovaries are the two tissues that were massively colonized with symbionts
in all three tick species. Malpighian tubules are responsible for the excretion of
insoluble nitrogenous waste, the detoxification of metabolic wastes and xenobiotics in
the hemolymph, and osmoregulation (30, 31). They are retained in both hemimetabo-
lous and holometabolous arthropods throughout metamorphosis (32, 33). It is highly
possible that Coxiella sp. and Rickettsia sp., by hiding in relatively stable Malpighian
tubule cells, facilitate their transstadial transmission. Ovaries are the organs that are
frequently colonized with symbionts, as the cytoplasm of the eggs provides ample
space for symbionts to survive (34). The residence of Coxiella sp. or Rickettsia sp. in
ovaries may facilitate its vertical transmission and ensure the fitness of the next
generation. Interestingly, we also observed the intranuclear localization of Rickettsia sp.
in spermatid of D. silvarum, suggesting that this bacterium may be paternally trans-
mitted to the offspring during mating. Symbiont-like microorganisms are associated
with the sperm cells and transmitted from male to female through copulation in
Hyalomma marginatum, Hyalomma dromedarii, and Amblyomma hebraeum (35). In
addition to ticks, Rickettsia sp. also infects sperm cells of multiple arthropods (36). It
colonizes the spherical coenospermia of a kind of large bird spider (Pamphobeteus sp.,
Araneae) (36). As a facultative symbiont of a leafhopper, Nephotettix cincticeps, it also
resides inside the nuclei of sperms without influencing male fecundity (37). Paternal
transmission of beneficial symbionts is also observed in aphids (38). Regiella insecticola
and Hamiltonella defensa are two male-borne symbionts that localize in testes and
accessory glands in aphids. Both of them can be transferred to females during mating
(38). Although it is still unclear how Rickettsia sp. infects the nucleus of a tick spermatid
and what its influence on male fecundity is, the preferential colonization of this
bacterium in D. silvarum spermatid nucleus indicates the distinct strategies that sym-
bionts use to facilitate their vertical transmission. Such paternal transmission results in
coinfections in the offspring that may have broad implications for symbiont-symbiont
and symbiont-host interactions. The midgut is the third organ that is colonized with
Rickettsia sp. in R. haemaphysaloides and D. silvarum. It is still unclear what type of
midgut cells are colonized with this bacterium, and its influence on the hosts is not
known. As the midgut is the principal digestive organ and the first tissue that encoun-
ters invading pathogens, this close association between Rickettsia sp. and midgut might
be important for a tick’s metabolism and vector competence.

The tissue localization pattern of symbionts differs in the three tick species. Coxiella
sp. specifically colonizes Malpighian tubules and ovaries of all three tick species. This
symbiont is widely distributed in multiple hard tick species collected from different
countries, including Brazil, Colombia, Kenya, and China (8, 9, 39). In addition to
colonizing Malpighian tubules and ovaries, it also infects the salivary glands of Ambly-
omma americanum and Amblyomma cajennense (11, 12). However, it is still unclear if
and how the colonization of salivary gland in Coxiella sp. influences ticks. Rickettsia sp.
is present in R. haemaphysaloides and D. silvarum but absent in H. longicornis. Rickettsia
sp. resides preferentially in ovaries of R. haemaphysaloides but is absent in D. silvarum
ovaries. Instead, it localizes in testes. The differential spatial localization patterns of
these symbionts may result from various levels of interactions that these different ticks
have with symbionts and from interactions between different symbionts during their
long coevolution (8).

The population structure of native microbes also differs in the three tick species. H.
longicornis in this study is colonized primarily with Coxiella sp., while the same tick
species collected from Xiaowutai National Natural Reserve Area, in the northeast of
China, harbors both Coxiella sp. and Rickettsia sp. (14). One possible reason is that H.
longicornis in this study is parthenogenetic, with offspring developing from unfertilized
eggs. The unique reproductive strategy that prevents the symbionts from paternally
transmitting to offspring possibly leads to the absence of Rickettsia sp. in this tick strain
(40). Both Coxiella sp. and Rickettsia sp. are detected in R. haemaphysaloides just as in
Rhipicephalus microplus ticks collected in multiple places in China (25). Field-collected
D. silvarum harbors a diverse microbiota, with Pseudomonas, Rickettsia, and Coxiella as
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the three dominant bacterial genera. The diversity and composition of tick microbiota
are influenced by multiple factors, including environmental factors and host factors.
The former factors include geographical location, habitat type, seasonal weather, and
the vertebrates that they feed on. The latter factors include tick species, development
stage, sex, and reproduction strategy (39). It is highly possible that the natural D.
silvarum population is exposed to a more-complex environment and a greater variety
of vertebrates during their development in the field.

Overall, our experiments demonstrate localization patterns of Coxiella sp. in three
native tick species similar to those observed in other studies (8). We also show a specific
intracellular localization pattern of Rickettsia sp. in midguts and spermatids, of which
little is known in most of the tick species. Although emerging evidence shows that
symbionts contribute to many aspects of host development, physiology, fecundity, and
immunity, the molecular mechanisms through which the symbionts exert their bene-
ficial influence are still largely undefined. Our work paves the way for future studies
focusing on the interactions between coexisting symbionts and tripartite interaction
between ticks, native microbes, and pathogens.

MATERIALS AND METHODS
Tick collecting and rearing. Laboratory-reared H. longicornis (parthenogenesis strain) and R. haema-

physaloides ticks originally collected from Yunnan Province in 2015 and 2013, respectively, were
maintained at the laboratory of National Institute of Parasitic Diseases in Shanghai as described
previously (41). Adult D. silvarum ticks were collected from the Jiagedaqi forest, Inner Mongolia, in March
2017 and maintained in the same place as H. longicornis and R. haemaphysaloides. Tick species were
identified by both morphological characterization and cytochrome c oxidase I (COI) genes as previously
described (42). The work has been done according to guidelines for scientific ethical practices of the
National Institute of Parasitic Diseases, Chinese Center for Disease Control and Prevention, based in
Shanghai.

Tick dissection. Ticks were dissected as previously described with some modifications (43). Briefly,
ticks were surface sterilized by 75% ethanol twice, followed by 1� phosphate-buffered saline (PBS) twice.
Forty-eight hours following blood feeding, individual ticks were placed dorsal side up on a drop of glue
in the petri dish. Ticks were dissected in drops of 1� PBS. After removing upper cuticle, different tissues,
including Malpighian tubules, midgut, ovaries/testes, and salivary glands, were collected and pooled for
fixation.

Quantification of microbiota in ticks. Ticks were surface sterilized by 75% ethanol twice, followed
by 1� PBS twice. Total DNA from whole ticks or dissected tissues was extracted by the method of Holmes
and Bonner as described previously (44). Fifteen individual unfed whole adults of each sample group
were used for microbial quantification. Tissues from five individual adults 48 h following blood feeding
were pooled for one biological replicate. Five biological replicates were used for qPCR analysis. Total
bacterial density was quantified by universal 16S rRNA primers (45). The species of Coxiella and Rickettsia
were unable to be identified using the primers in this study, so we refer to the two symbionts as Coxiella
sp. and Rickettsia sp. Bacterial densities of Coxiella sp., Rickettsia sp., and Pseudomonas sp. were quantified
using genus-specific primers (Table 2) (46–48). The copy number of each species and total microbiota
was determined by standard curve. The relative abundance of each symbiont was normalized with total
bacterial density. Quantitative real-time PCR was performed by the Roche LightCycler 96 real-time PCR
detection system with the SYBR green qPCR master mix (Biomake, China) using the following conditions:
95°C for 5 min and 40 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C. Fluorescence readings were
taken at 72°C after each cycle, followed by a melting curve (60°C to 95°C) to confirm the identity of the
PCR product. Significance was determined using the Mann-Whitney test.

Fluorescent in situ hybridization. Samples, including whole tick bodies with their upper cuticles
removed as well as dissected tissues, were fixed in 4% paraformaldehyde for 1 day. Sample preparation

TABLE 2 Primers used in this study

Primer Sequence Gene Organism(s) Reference

RicCS-AF 5=-GAGTGTAGTAGGGGATGATG-3= gltA Rickettsia 46
RicCS-AR 5=-CCACCATGTCAAGGGTTGGT-3=
Cox sp434f 5=-CCTTTTGAGCGTTGACGTTA-3= 16S rRNA Coxiella 47
Cox sp1004r 5=-CCAAAGGCACCAAGTCATTT-3=
Pse435F 5=-ACTTTAAGTTGGGAGGAAGGG-3= 16S rRNA Pseudomonas 48
Pse686R 5=-ACACAGGAAATTCCACCACCC-3=
Eub27F 5=-AGAGTTTGATCCTGGCTCAG-3= 16S rRNA Eubacteria 45
Eub338R 5=-CATGCTGCCTCCCGTAGGAGT-3=
DsacF 5=-TTCCAGCCCTCGTTCCTGGGTAT-3= actin D. silvarum 27
DsacR 5=-AATGATCTTGATCTTCATGGT-3=
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and FISH were performed as described previously (49). Five whole bodies of unfed H. longicornis and
tissues from at least five partially engorged ticks of all three species were used for fluorescent in situ
hybridization. Briefly, after fixation, samples were washed by 1� PBS 4 or 5 times for 2 to 3 h. After
washing, samples were dehydrated in an ethanol series (70%, 95%, and 100%), followed by 100% butanol
for 10 min, twice, and then stored in 100% butanol at 4°C for 1 day. Tissues were embedded in paraffin
and sectioned at a thickness of 5 �m. Slides were hybridized with 10 ng/�l universal 16S rRNA probe
(5=-GCTGCCTCCCGTAGGAGT-3=) labeled with Alexa Fluor 555 (Life Technology) (50). The probe for
Coxiella sp. was Coxiella-specific 23S rRNA (5=-GACTTCCCACATCGTTT-3=) labeled with Alexa Fluor 488
(Life Technology) (10). The Rickettsia sp.-specific 16S rRNA probe, 5=-TCCACGTCACCGTCTTGC-3=, was
labeled with Alexa Fluor 647 (Life Technology) (46). Costaining of Coxiella sp. and Rickettsia sp. was
performed by hybridization with Coxiella-specific 23S rRNA and Rickettsia-specific 16S rRNA probes
simultaneously. Noneubacterial probe (5=-CCGTCAATTCMTTTGAGTTT-3=) labeled with Alexa Fluor 555
(Life Technology) and no probe were used as negative controls (50). Whole tick bodies of H. longicornis
hybridized with 10 ng/�l universal 16S rRNA probe were visualized using a Nikon Eclipse IVi microscope
connected to a Nikon Digital Sight DS-U3 digital camera. Different tissues of all three species were
visualized using a Zeiss LSM710 confocal microscope connected to a Nikon Digital Sight DS-U3 digital
camera. One focal plane was taken of each image.

Whole-mount in situ hybridization was performed on dissected Malpighian tubules from female R.
haemaphysaloides and midgut from male D. silvarum. Tissues were fixed in 4% paraformaldehyde for 1
day at 4°C. Sample preparation and hybridization were performed as described above with some
modifications. Briefly, after fixation, samples were washed by 1� PBS 4 times for 20 min. Tissues were
dehydrated in an ethanol series (70%, 95%, and 100%). Malpighian tubules were subjected to hybrid-
ization with 10 ng/�l Coxiella sp.- and Rickettsia sp.-specific probes simultaneously at 45°C for 6 h. Midgut
was hybridized with 10 ng/�l Pseudomonas sp.-specific 16S rRNA probe, 5=-AATCCGACCTAGGCTCATC-3=,
labeled with Alexa Fluor 555 (Life Technology) (51). Finally, tissues were mounted with 4,6-diamidino-
2-phenylindole (DAPI; Invitrogen). Tissues were visualized using a Zeiss LSM710 confocal microscope
connected to a Nikon Digital Sight DS-U3 digital camera. One focal plane was taken for each image.

Composition of microbiota in D. silvarum. Field-collected D. silvarum ticks were surface sterilized
with 70% ethanol twice and 1� PBS twice. Total DNA of 5 unfed individuals of each sex was extracted
by the method of Holmes and Bonner as described previously (44). The composition of the microbiota
of D. silvarum was analyzed using an Illumina HiSeq2500 platform in Novogene (Novogene, China) by
primers targeting the V3-V4 region of bacterial 16S rRNA. No-template controls were included as
controls. A total of 2,453,452 reads were detected. Raw sequence data were filtered according to the
QIIME (V1.7.0,) quality-controlled process (52, 53). The clean tags were compared with the reference
database (Gold database), and chimeric sequences were detected using the UCHIME algorithm and
removed (54, 55). Operational taxonomic unit (OTU) analyses were performed by Uparse software
(Uparse v7.0.1001) (56). Sequences with �97% similarity were assigned to the same OTUs. A total of 1,691
OTUs were obtained. For each representative sequence, the GreenGene Database 3 was used based on
the RDP classifier (v2.2) algorithm to annotate taxonomic information (57, 58). Alpha diversity was
applied in analyzing the complexity of species diversity for one sample through Observed-species,
Chao1, Shannon, and Simpson indices. All these indices in our samples were calculated with QIIME
(version 1.7.0) and displayed with R software (version 2.15.3). The Mann-Whitney test was used to assess
significant differences.

Availability of data. The raw 16S rRNA gene sequences have been uploaded to the National
Center for Biotechnology Information’s Sequence Read Archive (accession numbers SAMN07607842
to SAMN07607860).
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