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Simple Summary: Spiroplasma, which comprises a group of the smallest known bacteria, is commonly found in insects and plants. Some species of Spiroplasma have shown pathogenicity against
mosquitoes and are expected to be useful vector control tools. In this study, we isolated S. cantharicola
from the mosquito Aedes japonicus collected in Hokkaido, northern Japan. Field surveillance implied
a relatively low prevalence of the bacteria in the local mosquitoes. Phylogenetic analysis showed
that our isolate is closer to a strain of S. cantharicola isolated from mosquitoes in previous studies.
Our isolate grew well in the R2 broth medium and grew into a visible colony on R2 broth agar.
Co-culturing with mosquito-derived C6/36 cells resulted in slightly more bacterial growth than
culturing without cells, showing the strong cytopathogenic effect of the cells. To our knowledge, this
is the third report on the isolation of S. cantharicola from mosquitoes.
Abstract: Species of the genus Spiroplasma are common within arthropods and plants worldwide.
Mosquito-associated Spiroplasma spp. have been reported to show pathogenicity toward mosquitoes,
which serve as vectors of several infectious diseases that have detrimental effects on public health.
Although Spiroplasma spp. are expected to have potential use as biological vector-control tools,
characteristics such as their distribution, host species, and cytopathogenic effects (CPEs) are not well
understood. In this study, we isolated a Spiroplasma sp. from a female Aedes japonicus collected in
Hokkaido, northern Japan. Phylogenetic analysis based on the 16S rRNA gene sequence indicated our
isolate was closely related to S. cantharicola. We screened 103 mosquito pools consisting of 3 genera
and 9 species, but only detected S. cantharicola in the first isolation. In an in vitro assay, our isolate
grew well at 28 ◦ C, but no propagation was observed at 37 ◦ C. Furthermore, the isolate showed
strong CPE on a mosquito-derived cultured cell line (C6/36), and its propagation slightly increased
when co-cultured with C6/36 cells. To our knowledge, this is the third report of the isolation of
S. cantharicola from mosquitoes and the first case in Asia. Our findings provide epidemiological data
on S. cantharicola distribution in the region.
Keywords: Aedes japonicus; C6/36 cells; cytopathogenic effect; Japan; mosquito; Spiroplasma cantharicola
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Spiroplasmas are some of the small and helical bacteria; they are self-replicating and are
without a cell wall and flagellum [1]. They are categorized into the class Mollicutes (mostly
comprising Spiroplasma, Mycoplasma, and Acholeplasma genera), and currently, almost
40 Spiroplasma species among 34 serological groups have been reported [1]. Spiroplasmas
have mostly been found in arthropods, including mosquitoes and ticks, although plants
and mammals are occasionally the hosts [2]. Generally, Spiroplasmas propagate in the
midgut of arthropods, and in most cases, the bacteria are nonpathogenic to them. The
pathogenicity of Spiroplasma seems to be related to the ability of their invasion beyond the
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epithelial cells of the midgut, i.e., some pathogenic species have been shown to expand
their habitat to hemolymph, ovaries, fat bodies, hypodermis, or salivary glands [2].
Mosquitoes are one of the most important arthropods worldwide due to their vector competence for several pathogens, such as Dengue virus, Chikungunya virus, Rift
Valley fever virus, and malaria parasites [3]. According to the American Mosquito Control Association, over one million people worldwide die annually from mosquito-borne
diseases [4]. Furthermore, in most cases, effective vaccines and antiviral drugs are still
under development, and antimalarial drug resistance is bringing further challenges [5,6].
Vector control efforts are also encountering difficulties due to the appearance of insecticideresistant mosquitoes [7]. However, several mosquito symbionts, such as Wolbachia and Spiroplasma, are expected to be suitable for application as vector control tools [8–12]. Mosquitoassociated Spiroplasmas are promising control tool candidates because of their pathogenicity
to mosquitoes. The current list of mosquito-associated Spiroplasmas that have been characterized to species level is as follows: S. culicola, S. taiwanense, S. sabaudiense, S. diminutum,
S. cantharicola [13], and S. insolitum [14]. A previously reported infectious in vivo experiment using four species of Spiroplasma, S. culicola, and S. taiwanense showed pathogenicity
to Aedes aegypti mosquitoes, but all of them were nonpathogenic toward suckling mice and
rats [15]. Additionally, the vertical transmission of S. insolitum in Anopheles gambiae was
also proven recently [14], raising the possibility of the application of this Spiroplasma in
the field such as an actual application of Wolbachia for reducing the Dengue incidence in a
population [8,9,16].
In this study, we isolated a kind of arthropod-related Spiroplasma, S. cantharicola, from
a female adult Ae. japonicus collected in Hokkaido, northern Japan. To our knowledge, this
is the third report of S. cantharicola isolation from a mosquito [17,18]. Additionally, this
report provides basic information on phylogenetics, as well as the growth kinetics when
co-cultured with a mosquito-derived cell line.
2. Materials and Methods
2.1. Mosquito Sampling
From July 2016 to October 2020, adult mosquitoes were collected around Rakuno
Gakuen University in Ebetsu City, Hokkaido Prefecture, Japan, using the human landing
catch method and inst nets. The mosquitoes were initially collected for the isolation of
arboviruses and were stored at −80 ◦ C until further experiments.
In another experiment aimed at screening for S. cantharicola, 93 pools of previously
and newly collected mosquitoes were used. From July to September 2016, adult Ae. togoi
and Ae. japonicus were collected from around Otaru Aquarium in Otaru City, Hokkaido
Prefecture. From June to October 2020, adult Ae. japonicus, Ae. hokkaidensis, Culex pipiens
group, Cx. orientalis, and An. sineroides were collected from around Rakuno Gakuen University. From August to September 2020, adult Ae. japonicus and Ae. galloisi were collected
in Nopporo Forest Park, Ebetsu City. All collection methods were the same as described
above. As a control, 10 pools of insects from laboratory colonies of Ae. albopictus (Hatsudai
linage) and Ae. aegypti (LIV-INB linage) were used for the study. The two species were
kindly provided by Dr. Yuki Eshita of Hokkaido University Research Center for Zoonosis
Control (Table S3).
Prior to the experiments, the mosquito species were identified based on their morphological characteristics according to Tanaka K. et al. [19]. On encountering difficulty with
morphological identification, DNA barcoding based on the COI gene was used to support
the species identification [20,21].
2.2. Isolation of Filtrable Microorganisms from Field-Collected Mosquitoes
Ae. albopictus-derived cultured cells (C6/36) were maintained at 28 ◦ C under 5% CO2
in minimal essential medium (MEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS), and an antibiotic cocktail of penicillin,
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streptomycin, and amphotericin B that was initially prepared for the purpose of isolating
arboviruses [22].
For the isolation of arboviruses, mixtures of 1 mL of 2% FBS-MEM, field-collected
mosquitoes, and a stainless bead were prepared in microtubes. The mosquitoes were
homogenized with Micro Smash MS-100R (Tomy Digital Biology Co., Ltd., Tokyo, Japan)
under the conditions of 4000 rpm for 20 s with cooling at 4 ◦ C. The homogenates were
centrifuged at 13,000 rpm for 1 min at 4 ◦ C, and the supernatants were filtered with a
0.22-µm sterile syringe filter (Asone, Osaka, Japan) and syringe (Terumo, Tokyo, Japan).
The supernatants were inoculated onto a C6/36 cell monolayer and incubated at 28 ◦ C
under 5% CO2 for 1 h. Afterward, the supernatant was removed, and 2% FBS-MEM was
added to fill the well of the plate, followed by incubation in the same conditions. At 7 days
post-infection (PI) the culture fluid was collected and inoculated onto a new C6/36 cell
monolayer, and a blind passage was conducted a total of five times in duplicate. During
the experiment, the cytopathogenic effects (CPEs) of the cells were observed daily, and the
culture fluid of the CPE-positive samples was stored at −80 ◦ C until further experiments.
2.3. DNA Extraction
DNA extraction from mosquito homogenate and culture fluid was conducted using the
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) and/or NucleoSpin TriPrep (MachereyNagel, Düren, Germany) in accordance with the manufacturer’s protocols. Regarding
the QIAamp DNA Mini Kit, the volume of elution buffer in the final extraction step was
modified to between 50 µL and 200 µL, depending on the number of mosquitoes in the
pool. The extracted DNA was stored at −30 ◦ C until further experiments.
2.4. Polymerase Chain Reaction and Electrophoresis
To amplify the Spiroplasma-derived DNA, PCR was conducted using Takara Ex Taq
(Takara Bio Inc., Shiga, Japan). The reaction mixture was modified to a total of 25 µL
containing 0.125 µL of Takara Ex Taq (5 units/µL), 2.5 µL of 10 × Ex Taq Buffer, 2 µL of
dNTP Mixture (2.5 mM), 0.5 µM each of forward and reverse primers, 5 µL of template
DNA (concentration was not evaluated), and 12.875 µL of sterile distilled water. Two kinds
of PCR were conducted for different purposes. The first primer set—BF1 and BR1, targeting
universal bacterial 16S rRNA—was designed after referring to two previous studies, with
some modification (Figure 1 and Table S1) [23,24]. The thermal cycling conditions were an
initial denaturation at 94 ◦ C for 2 min, followed by 30 cycles of denaturation at 98 ◦ C for
10 s, annealing at 44.5 ◦ C for 30 s, extension at 72 ◦ C for 90 s, and a final extension at 72 ◦ C
for 10 min. The second primer set—MF1 and MR1, targeting a universal Mycoplasma spacer
region between 16S rRNA and 23S rRNA—was designed after referring to the TaKaRa PCR
Mycoplasma Detection Set (Takara Bio Inc., Shiga, Japan), with some modifications (Figure 1
and Table S1) [25]. The thermal cycling conditions were an initial denaturation at 94 ◦ C for
2 min, followed by 40 cycles of denaturation at 94 ◦ C for 30 s, annealing at 55 ◦ C for 30 s,
extension at 72 ◦ C for 60 s, and a final extension at 72 ◦ C for 10 min. The specificity of the
primer set MF1 and MR1 was confirmed using positive control DNA extracted from our
isolate before it was used for screening.
The amplicons were loaded onto 1.5% agarose gel containing 0.01% of ethidium
bromide and electrophoresed at 7.4 V/cm for 30–40 min in 1x TBE buffer (50 mM Tris-HCl,
48.5 mM boric acid, 2 mM EDTA, pH 8.0).
2.5. Sequencing and Genetic Analysis
The amplicons were purified using the Fast Gene PCR Extraction Kit (Nippon Genetics Co., Ltd., Kanagawa, Japan), and the nucleotide sequences were determined by the
FASMAC sequence service (Fasmac Co., Ltd., Kanagawa, Japan) using the above PCR
primer sets and two additional sequencing primers, BF2 and BR2, specific to sequences
located between the BF1 and BR1 annealing sites (Figure 1 and Table S1) [26,27]. We
searched for sequences with similarity using the basic local alignment search tool (BLAST)
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(https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 15 June 2021)). Contig sequences
were generated by the sequence analysis software GeneStudio Professional v2.2.0.0. To
conduct phylogenetic analysis, reference sequence data were collected from GenBank
(Table S2), and multiple alignments were constructed by ClustalW v2.1. Phylogenetic trees
based on the neighbor-joining method were created with 1000 bootstrap replicates, and the
tree was visualized with the tree figure drawing tool FigTree v1.4.4. In genetic analysis
aim4 of
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ing to compare sequence similarities among our isolate and reference sequences, the pairwise alignment tool EMBOSS Needle (https://www.ebi.ac.uk/Tools/psa/emboss_needle/
(accessed on 8 June 2021)) was used to obtain the global alignment.

Figure 1. Map showing the location of primers on the 16S rRNA and 23S rRNA gene of Spiroplasma. Locations of the primers
Figure 1. Map showing the location of primers on the 16S rRNA and 23S rRNA gene of Spiroplasma.
used in this study are shown by black arrows (Table S1). Nucleotide positions are based on Spiroplasma sp. (GenBank
Locations
of the primers used in this study are shown by black arrows (Table S1). Nucleotide posiaccession
no. AJ245996.1).

tions are based on Spiroplasma sp. (GenBank accession no. AJ245996.1).
2.6. Culturing of S. cantharicola
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To evaluate the significant differences of bacteria titers, statistical analyses were performed by Microsoft Excel 2016 software. F-test was used to confirm whether the variance
among the samples derived from different replicates was equal. According to the F-test
results, an unpaired two-tailed Student’s t-test with the condition of equal variances
was
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conducted to compare the bacteria titers. P value below 0.05 was considered statistically
significant.
variances was conducted to compare the bacteria titers. P value below 0.05 was considered
statistically significant.

3. Results

3.1. Isolation and Identification of Filtrable Microorganism from a Field-Collected Mosquito
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3.2. Prevalence of S. cantharicola in the Field-Collected Mosquitoes and Laboratory Colonies
To clarify the field prevalence of S. cantharicola in northern Japan, an epidemiological
survey based on PCR was conducted using MF1 and MR1 primer sets. Prior to the assay,
the specificity of the PCR was confirmed using our isolate and cell culture fluid derived
from uninfected C6/36 cells. A total of 93 pools consisting of 614 field-collected mosquitoes
(3 genera, 9 species) were evaluated by PCR, but no pools were positive (Table S3). Similarly,
S. cantharicola DNA was not detected from the two laboratory colonies of Ae. albopictus
and Ae. aegypti (Table S3).
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Table 1. Species similarities based on 16S rRNA sequences from the Spiroplasma sp. isolated in this study and other representative bacteria.
Isolate
in This Study
(LC646116.1)

S. cantharicola
Strain AR1357
(DQ861916.1)

Spiroplasma sp.
Ar-1357
(AY189316.1)

S. cantharicola
Strain CC-1
(NR_125516.1)

S. diminutum
Strain CUAS-1
(NR_025702.1)

S. monobiae
Strain MQ-1
(NR_104854.1)

S. cantharicola
strain AR1357
(DQ861916.1)

99.8%
(1281/1283)

Spiroplasma sp.
Ar-1357
(AY189316.1)

99.8%
(1281/1283)

99.8%
(1502/1505)

S. cantharicola
strain CC-1
(NR_125516.1)

99.7%
(1279/1283)

99.9%
(1503/1505)

99.7%
(1500/1504)

S. diminutum
strain CUAS-1
(NR_025702.1)

99.2%
(1273/1283)

98.9%
(1351/1366)

99.4%
(1507/1516)

99.3%
(1493/1504)

S. monobiae
strain MQ-1
(NR_104854.1)

99.1%
(1272/1283)

99.3%
(1456/1467)

99.3%
(1457/1467)

99.2%
(1455/1467)

98.9%
(1451/1467)

S. floricola
strain 23-6
(NR_025703.1)

98.8%
(1268/1283)

98.9%
(1351/1366)

99.0%
(1364/1378)

98.9%
(1351/1366)

99.0%
(1364/1378)

99.4%
(1355/1363)

S. diabroticae
strain DU-1
(NR_104751.1)

98.8%
(1267/1283)

98.9%
(1487/1504)

99.0%
(1493/1508)

98.9%
(1487/1504)

99.2%
(1496/1508)

99.3%
(1457/1467)

S. floricola
Strain 23-6
(NR_025703.1)

99.7%
(1366/1370)

larly, S. cantharicola DNA was not detected from the two laboratory colonies of Ae. albopictus and Ae. aegypti (Table S3).
3.3. Growth Kinetics of S. cantharicola
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curve analysis in the R2 broth medium at two temperatures, 28 ◦ C and 37 ◦ C, to replicate
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propagated efficiently at 28 ◦ C, those grown at 37 ◦ C could not be detected; that is, no
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(Figure
6A).
The
color
difference
of
the
R2
broth
medium
was
also
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(Figure 7). However, contrary to our expectation, the t-test analysis of the bacteria titers did
not show any significant differences. Moreover, C6/36 cells began to show CPE identical
to those in Figure 2 after 5 days PI.
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it has been declared as an invasive species in these countries [30,31]. Similar to other mosquito-borne viruses, such as the Zika virus and West Nile virus, it is possible that Spiroplasma was introduced into new areas that have not kept isolation records.
In the growth curve assay, our isolate grew exponentially at 28 °C in R2 broth me-
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used for arthropod- and mammalian-derived cell culture, respectively. In previously
reported in vivo infection experiments, mice and rats were challenged with four mosquitoassociated Spiroplasmas (S. culicola, S. taiwanense, S. subaudiense, and S. diminutum) [15];
the bacteria did not cause any symptoms or death, and although S. culicicola persisted in
the brain for up to 14 days PI, three Spiroplasma sp. could not be re-isolated [15]. In fact,
the optimum growth temperature of S. culicola in vitro was 37 ◦ C, but that of the other
three bacteria was between 30 ◦ C and 32 ◦ C, showing the correlation between the in vivo
and in vitro assays [32]. Collectively, the evidence suggests that our isolate would neither
propagate in mammals nor persist in mammalian tissue, even when directly inoculated.
The effect of C6/36 cells on our isolate was not fully unveiled, but our data showed
the possibility that they may have had a positive effect on the bacteria’s growth. According
to the growth curve analysis using the supernatant from the culture with or without
C6/36 cells, the bacteria titer without C6/36 cells was higher than that of the culture
with the cells before the CPE of the C6/36 cells appeared (5 days PI), but afterward, the
trend was reversed, and the higher titers of those cultured with C6/36 cells persisted
for 7 days PI (Figure 7). To date, the infectivity of S. cantharicola to C6/36 cells—the
internalization of the bacteria into the cells—is still unclear. Duret S. et al. reported
transmission electron microscopy-captured images of the internalization of S. citri, a species
that infects both arthropods and plants, into leafhopper (Neoaliturus haematoceps)-derived
Ciha-1 cells [33]. The internalization occurs through receptor-mediated endocytosis [34,35].
In another study, Humphery-Smith et al. found that S. sabaudiense induced the lysis
of C6/36 cells after several passages with the cells, suggesting that the CPE was a celltype-specific phenomenon, not the results of simple contamination, as seen with other
bacteria [36]. Similar data on the modulation of pathogenicity have been reported by
Steiner et al. using S. citri [37]. One possible scenario to explain the enhanced growth
of our isolate when it was co-cultured with C6/36 cells is that the bacteria used cellular
factors as nutrients after internalization into the cells. As shown in Figure 6A and a
previous study [18], S. cantharicola does not require any cellular components for its growth,
but if intracellular factors are available as nutrients, replication may be increased. In
our preliminary experiments, our isolate did not show CPE on Vero cells, but it was
considered to be the result of the bacteria’s inability to grow at 37 ◦ C (data not shown).
Multidimensional analysis based on culture with several types of arthropod cell lines is
needed to evaluate the effect of cellular components on the bacteria.
Recently, several challenges of the use of mosquito symbionts, such as Wolbachia and
Spiroplasma, as vector control tools have been attempted [8–10,12,38]. These bacteria have
been used to kill the arthropod, reduce its reproductive ability, and diminish the vector
competence [12]. As outlined above, some species of Spiroplasma have pathogenicity to
mosquitoes [11,15], but their effect on the vector competence of arboviruses is completely
unknown. A promising aspect of using vector control pathogens is the possibility of vertical
transmission. Chepkemoi et al. reported that S. insolitum was maintained in An. gambiae
was vertically transmitted over at least two generations [14]. To date, basic information,
such as the effect on vector competence and vertical transmission of S. cantharicola, is sparse,
while similar information for other mosquito-associated Spiroplasmas such as S. culicicola,
S. taiwanense, S. diminutum, and S. sabaudiense is only partly available [11]. In addition to
evaluations in arthropods, the influence of the pathogens on plants and mammals must be
evaluated, as positive sera against Spiroplasma sp. have been reported in cows [2,17].
In conclusion, this study provides basic information on the distribution of mosquitoassociated S. cantharicola in northern Japan and the basic bacteria characteristics in vitro.
Our data contribute to the understanding of this bacteria and will aid its application in
further studies.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/insects12121056/s1: Table S1: Primers used in this study, Table S2: Detailed information on
bacteria in the phylogenetic tree, Table S3: Detailed information of samples.
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