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ABSTRACT Although transovarial transmission of bacteriome-associated symbionts
in hemipteran insects is extremely important for maintaining intimate host-symbiont
associations, our knowledge of cellular mechanisms underlying the transmission pro-
cess is quite limited. We investigated bacterial communities of salivary glands, bacte-
riomes, and digestive and reproductive organs and clarified the transovarial trans-
mission of bacteriome-associated symbionts of the mountain-habitat specialist Pycna
repanda using integrated methods. The bacterial communities among different
gut tissues and those of bacteriomes of males and females both show similarity,
whereas differences are exhibited among bacterial communities in testes and ova-
ries. The primary symbionts “Candidatus Sulcia muelleri” (hereafter “Ca. Sulcia”) and
“Candidatus Hodgkinia cicadicola” (hereafter “Ca. Hodgkinia”) were not only re-
stricted to but also dominant in the bacteriomes and ovaries. “Ca. Hodgkinia” cells
in the bacteriomes of both sexes exhibited different colors by histological and elec-
tron microscopy. Also considering the results of a restriction fragment length poly-
morphism (RFLP)-based cloning approach, we hypothesize that “Ca. Hodgkinia” may
have split into cytologically different cellular lineages within this cicada species. Re-
garding the dominant secondary symbionts, Rickettsia was detected in the salivary
glands, digestive organs, and testes, whereas Arsenophonus was detected in the bac-
teriomes and ovaries. Our results show that Arsenophonus can coexist with “Ca. Sul-
cia” and “Ca. Hodgkinia” within bacteriomes and can be transovarially transmitted
with these obligate symbionts together from mother to offspring in cicadas, but it is
not harbored in the cytoplasm of “Ca. Sulcia.” The change in the shape of “Ca. Sul-
cia” and “Ca. Hodgkinia” during the transovarial transmission process is hypothe-
sized to be related to the limited space and novel microenvironment.

IMPORTANCE Cicadas establish an intimate symbiosis with microorganisms to ob-
tain essential nutrients that are extremely deficient in host plant sap. Previous stud-
ies on bacterial communities of cicadas mainly focused on a few widely distributed
species, but knowledge about mountain-habitat species is quite poor. We initially re-
vealed the physical distribution of the primary symbionts “Ca. Sulcia” and “Ca. Hodg-
kinia” and the dominant secondary symbionts Rickettsia and Arsenophonus in the
mountain-habitat specialist Pycna repanda and then clarified the transovarial trans-
mission process of bacteriome-associated symbionts in this species. Our observations
suggest that “Ca. Hodgkinia” may have split into cytologically distinct lineages
within this cicada species, and related cicadas might have developed complex
mechanisms for the vertical transmission of the bacteriome-associated symbionts.
We also revealed that Arsenophonus can be transovarially transmitted in auchenor-
rhynchan insects when it is not harbored in the cytoplasm of other endosymbionts.
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Our results highlight transovarial transmission mechanisms of bacteriome-associated
symbionts in sap-feeding insects.

KEYWORDS symbiosis, sap-feeding insects, bacteriocytes, transovarial transmission,
cellular mechanism

lant-sucking insects of the order Hemiptera, including aphids, planthoppers, leaf-

hoppers, treehoppers, cicadas, spittlebugs, and whiteflies, etc., exclusively feed on
plant xylem or phloem sap (1, 2). Plant sap is relatively abundant in carbohydrates but
nutritionally deficient in nitrogenous nutrients (1, 3, 4). Most sap-feeding insects are
dependent on symbionts for the provisioning of vitamins and essential amino acids
that are extremely unbalanced or limited in the diet (1, 5-7).

Mutually beneficial interactions between symbionts and host insects are especially
ubiquitous in nature, which have been extensively studied among a great diversity of
phytophagous hemipteran insects, particularly those of the suborder Auchenorrhyn-
cha, including planthoppers, leafhoppers, treehoppers, spittlebugs, and cicadas (1, 6).
The symbionts can be classified into two categories: primary symbionts (obligate) and
secondary symbionts (facultative). The primary symbionts are strictly maternally inher-
ited, residing in highly specialized and host-derived organs termed bacteriomes, which
comprise numerous bacteriocytes (1, 5, 6, 8-10). Primary symbionts supply the host
insects with essential nutrients that are necessary for the survival and reproduction of
the hosts (6, 7, 11). In contrast, secondary symbionts are not required for the survival
and development of the host insects but may be involved in manipulating reproduc-
tion or providing the hosts with benefits under certain environmental conditions
(12-15). Secondary symbionts are reported to reside in the bacteriomes (16, 17),
reproductive organs (18-20), Malpighian tubules (21), and salivary glands (19, 22).
These localization patterns vary considerably within the body among different insects
(12, 23).

The common ancestor of the auchenorrhynchan insects developed an intimate
symbiosis with “Candidatus Sulcia muelleri” (hereafter “Ca. Sulcia”) dating back to
approximately 260 million years ago (2). During the diversification of auchenorrhyn-
chan insects, many lineages acquired an additional symbiotic microorganism belonging
to the phylum Proteobacteria, e.g., “Candidatus Hodgkinia cicadicola” (hereafter “Ca.
Hodgkinia”), in some cicada species (2, 24). Complicated interdependence, especially
the metabolic complementarity of symbiont genomes, has been described for
host-symbiont associations over the past few years. The “Ca. Sulcia” genome can
synthesize 8 of the 10 essential amino acids, whereas the “Ca. Hodgkinia” genome is
complementarily retained for the biosynthesis of the remaining 2 essential amino acids,
cobalamin, and vitamins to maintain the survival and development of host cicadas
relying on nutritionally unbalanced plant sap (24, 25). Although such mutually bene-
ficial associations between hosts and symbionts can certainly maintain continuity and
stability, host-symbiont associations may experience collapse and instability over evo-
lutionary time (26). Recent studies have shown that the bacteriome-associated symbi-
ont “Ca. Sulcia,” whose genome is highly conserved, seems to be present in all
auchenorrhynchan insects, including cicadas (2), while the genome of the coresident
symbiont “Ca. Hodgkinia” can split into two or more cytologically distinct but meta-
bolically interdependent cellular lineages in some related cicadas (e.g., species of the
genus Tettigades) (27, 28) or is even absent from some cicada species (29). This is a
surprising finding, as the “Ca. Hodgkinia” genome carries biosynthetic pathway genes
for the biosynthesis of essential nutrients that are nutritionally important for the host
cicadas (24, 25, 29). More recent investigations revealed that “Ca. Hodgkinia” has been
replaced in some cicada species by a yeast-like fungal symbiont, which may be
functionally similar to “Ca. Hodgkinia,” thereby compensating for the absence of “Ca.
Hodgkinia” (29).

Transovarial transmission is extremely important for maintaining host-symbiont
associations, but our knowledge about the cellular mechanism of such a process is
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FIG 1 Schematic representation showing the transovarial transmission process for the bacterial symbi-
onts of representative auchenorrhynchan insects. In mature females, “Ca. Sulcia” and the coinfected
symbiont leave the bacteriome (B) for the hemolymph (He), invade the posterior pole of the oocytes (0),
migrate through the follicular epithelium (FE) into the perivitelline space (PS), and finally form a
characteristic symbiont ball (SB) at the posterior pole of the oocytes. BS, bacteriome sheath.

quite poor. Recently, a few microscopic studies of the vertical transmission of
bacteriome-associated symbionts in auchenorrhynchan insects were conducted. For
example, it has been described that both “Ca. Sulcia” and betaproteobacteria were
harbored in the bacteriomes of the leafhopper Evacanthus interruptus, gathered around
the posterior pole of the oocytes after leaving the bacteriocytes, passed through the
cytoplasm of follicular cells, entered the perivitelline space, and finally formed a
“symbiont ball” at the posterior end of the oocytes (20). It was confirmed using confocal
imaging that “Ca. Sulcia” together with the coinfected symbiont “Ca. Hodgkinia” or the
yeast-like fungal symbiont also formed a symbiont ball at the posterior pole of the
developing oocytes during transovarial transmission in related cicada species (29). We
provide a schematic diagram (Fig. 1) to summarize the transovarial transmission
process of the bacteriome-associated endosymbionts in auchenorrhynchan insects.
Secondary symbionts, transmitted vertically or horizontally, can also be of vital impor-
tance in host fitness and reproductive manipulation (14). Recently, it was revealed that
the symbiotic microorganism Arsenophonus in the leafhopper Macrosteles laevis can be
transovarially transmitted with “Ca. Sulcia” and “Candidatus Nasuia deltocephalinicola”
between host generations, whereas Arsenophonus is harbored in the cytoplasm of “Ca.
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Sulcia” in the transmission process (30). However, our understanding of the transmis-
sion patterns of secondary symbionts in auchenorrhynchan insects is very limited. This
is particularly the case for the lineage of Cicadoidea.

Previous studies of host-symbiont associations in Auchenorrhyncha mainly focused
on the presence/absence and the replacement of bacteriome-associated symbionts
(i.e., “Ca. Sulcia” and “Ca. Hodgkinia”) and their genomes (27, 29, 31) as well as changes
in related symbiont complexity (32, 33). The nutritional function and metabolic versa-
tility of bacterial symbionts were also featured in some auchenorrhynchan insects (5,
24, 25). However, knowledge about the bacterial communities and distribution of
obligate and facultative symbionts residing in cicadas is quite limited, although bac-
terial communities of the alimentary canal and some other organs of a few cicada
species have been investigated (34-37). To date, nothing is known about the trans-
mission patterns of secondary symbionts in cicadas. The mountain-habitat specialist
cicada Pycna repanda is mainly distributed in natural forests at elevations of over 1,500
m and primarily feeds on xylem sap of the Chinese red birch Betula albosinensis Burk.
The natural habitat of Py. repanda is quite distinct from that of the majority of other
cicadas. Here, we investigated the bacterial communities and physical distribution of
dominant symbionts in the bacteriomes, reproductive organs, salivary glands, and
digestive organs of Py. repanda using integrated culture-independent methods. We
further clarified the morphology and transovarial transmission of the bacteriome-
associated symbionts in this cicada species using histological and ultrastructural
microscopy combined with confocal imaging. The study hypothesis was that a com-
bination of these methods would provide accurate characterization and clarify the
transovarial transmission process of bacteriome-associated endosymbionts within an
auchenorrhynchan species.

RESULTS

lllumina amplicon analyses. In total, 2,975,564 effective tags were obtained from
36 samples after the removal of low-quality sequences. Subsequently, the high-quality
sequences were clustered into operational taxonomic units (OTUs) using Uparse soft-
ware at a 97% similarity threshold (38). A total of 9,562 OTUs were obtained from the
samples, and the numbers of OTUs were different among different tissues (for details,
see Table S1 in the supplemental material). A total of 110 bacterial OTUs were shared
among the salivary glands, filter chamber, conical segment, midgut, and hindgut of Py.
repanda males (Fig. S1A). Thirty-three bacterial OTUs were shared among the repro-
ductive organs and the bacteriomes of both sexes (Fig. S1B).

Bacterial compositions of bacteriomes, salivary glands, and reproductive and
digestive organs based on Illlumina amplicon analyses. We categorized the assigned
phyla or genera with low abundances as “others” and the unassigned tags as “unclas-
sified.” The others were present at an abundance of <2% across all samples. As a result,
the identified sequences mainly belonged to 10 assigned bacterial phyla or genera. The
compositions of bacterial communities varied considerably across different samples.

At the genus level, “Ca. Sulcia” was dominant in the ovaries (11.91 to 25.70%) and
bacteriomes (males, 64.14 to 90.80%; females, 56.80 to 89.07%). However, Rickettsia
exhibited extremely high abundances in the salivary glands (72.81 to 89.88%), filter
chamber (78.51 to 91.56%), conical segment (79.0 to 95.80%), midgut (79.39 to 97.96%),
hindgut (59.93 to 85.71%), and testes (50.64 to 79.17%). Arsenophonus accounted for
relatively high proportions in the ovaries (36.31 to 45.79%) and bacteriomes (6.81 to
36.76%) of females, but it exhibited a relatively low abundance in the bacteriomes (0.59
to 3.00%) of males (Fig. 2). A phylum-level analysis revealed similar overall differences
and shifts between the major groups, the Proteobacteria and the Bacteroidetes (for
details, see Fig. S2 in the supplemental material).

Similarity of bacterial communities among different tissues. Principal-component
analysis (PCA) was conducted to reveal the similarity of bacterial communities among
different tissues. The PCA yielded two main axes, which accounted for 96.0% of the
total variation in bacterial communities. In the PCA plot, the salivary glands and gut
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FIG 2 Bacterial compositions of the salivary glands, bacteriomes, and reproductive and digestive organs
of Pycna repanda at the genus level. Abbreviations: SGM, salivary glands of males; FCM, filter chamber
of males; CSM, conical segment of males; MM, midgut of males; HM, hindgut of males; TM, testes of
males; BM, bacteriomes of males; OF, ovaries of females; BF, bacteriomes of females.

tissues clustered closely together, while the bacteriomes and reproductive organs were
extremely dispersed across all samples (Fig. S3). Different gut tissues exhibited high
similarity in the bacterial communities based on permutation multivariate analysis
of variance (PERMANOVA) (P> 0.05). In addition, the bacteriomes of both sexes
also exhibited no statistical differences in the bacterial communities according to
PERMANOVA results (P> 0.05). However, there were significant differences in the
bacterial communities between testes and ovaries (0.01 < P < 0.05).

Bacterial composition of bacteriomes analyzed by RFLP analysis. The 16S rRNA
gene sequences obtained by restriction fragment length polymorphism (RFLP) analysis
were used as queries in BLAST searches of the NCBI GenBank nucleotide database. The
bacteria harbored in the bacteriomes of males exhibit the highest similarity to “Ca.
Sulcia” (99% similarity) and “Ca. Hodgkinia” (~94% similarity) (Tables S2 and S3). “Ca.
Sulcia” harbored in Py. repanda shows 99% similarity to that of platypleurine relatives,
e.g., Platypleura kaempferi, Pl. yaeyamana, and PI. kuroiwae (Table S3). However, “Ca.
Hodgkinia” harbored in Py. repanda shows only <<94% similarity to that of platypleurine
relatives (Table S3). We further identified unassigned OTUs in the bacteriomes and
ovaries obtained via high-throughput sequencing. The results reveal that the majority
of unassigned OTUs exhibit a similarity level of 97 to 99% to “Ca. Hodgkinia” sequences
obtained by RFLP analysis, indicating that they belong to “Ca. Hodgkinia” (data not
shown).

Reconstruction of phylogenetic relationships of “Ca. Sulcia” and “Ca. Hodg-
kinia” in cicadas using 16S rRNA gene sequences. The phylogenetic trees of “Ca.
Sulcia” and “Ca. Hodgkinia” obtained from Py. repanda and other representative cicadas
were reconstructed based on 16S rRNA gene sequences using Bayesian inference (Bl)
and maximum likelihood (ML). The Bayesian topology is completely congruent with
the maximum likelihood topology in the trees for both “Ca. Sulcia” and “Ca. Hodgkinia”
(data not shown). The phylogenetic analysis of “Ca. Sulcia” clearly demonstrates that all
the “Ca. Sulcia” symbionts form a well-defined monophyletic group, with strong
support in both the Bl and ML trees (Fig. S4). In contrast, “Ca. Hodgkinia” of Py. repanda
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FIG 3 Localization of primary symbionts and differences in numbers of dark and light “Ca. Hodgkinia” cells in the
bacteriomes of Pycna repanda males and females by ultrastructural microscopy. (A) Fragment of the bacteriocytes
of males containing “Ca. Sulcia” (S) and “Ca. Hodgkinia” (H). (B) Central part of the bacteriocytes of males containing
“Ca. Hodgkinia” cells of different colors. (C) Fragment of the bacteriocytes of females containing “Ca. Sulcia” and
“Ca. Hodgkinia.” (D) Central part of the bacteriocytes of females containing “Ca. Hodgkinia” cells of different colors.
(E) Numbers of dark and light “Ca. Hodgkinia” cells counted in the bacteriomes of both sexes. We randomly
selected multiple sections for statistical analysis, aiming to test the differences in numbers for dark and light “Ca.
Hodgkinia” cells in the bacteriomes. Asterisks indicate a statistically significant difference (P < 0.01 by a Mann-
Whitney test). BM, bacteriomes of males; BF, bacteriomes of females; N, nucleus.

displays relatively low similarity (<94%) to those of other representative cicadas, but all
the “Ca. Hodgkinia” symbionts form a well-defined monophyletic group, with strong
support in both the Bl and ML trees (Fig. S5).

Physical distribution of dominant symbionts in different tissues determined
using diagnostic PCR. Diagnostic PCR amplification was performed to monitor the
physical distribution of dominant symbionts, including “Ca. Sulcia,” “Ca. Hodgkinia,”
Rickettsia, and Arsenophonus. Arsenophonus together with “Ca. Sulcia” and “Ca. Hodg-
kinia” were detected in the ovaries and bacteriomes, whereas Rickettsia was detected
in the salivary glands, digestive organs, and testes (Table S4). The amplified 16S rRNA
gene sequences of Rickettsia and Arsenophonus are listed in Table S2.

Ultrastructure and localization of symbionts in the bacteriomes. Qualitatively,
the bacteriome units (viz., sphere-like clusters composed of numerous bacteriocytes) of
males were smaller than those of females (Fig. S6A and B). Histological microscopy
revealed that two morphologically distinct obligate symbionts were harbored in the
bacteriocytes (Fig. S6C and D). Based on ultrastructural observations, electron-dense
bacteria were localized in the peripheral bacteriocytes, whereas the electron-
translucent symbiont occupied the central bacteriocytes (Fig. S6C and D). Interestingly,
the electron-translucent symbiont exhibited dark and light cells via both histological
and electron microscopy in the bacteriomes of both sexes (Fig. 3A to D and Fig. S6E and
F). The numbers of dark and light cells in the bacteriomes were significantly different
for both males and females (Fig. 3E), and the ratio of dark cells to light cells was
estimated to be nearly 1:5.609 in both sexes (Table S5).

Fluorescence microscopy showed that “Ca. Hodgkinia” and “Ca. Sulcia” were cyto-
logically distinct and isolated from each other in the bacteriome units (Fig. S6G to I).
Fluorescence in situ hybridization (FISH) analysis, histological studies, and ultrastruc-
tural observations clarified that “Ca. Sulcia” was harbored in the peripheral bacterio-
cytes, whereas “Ca. Hodgkinia” occupied the central bacteriocytes. The third type of
symbiont was revealed from the peripheral bacteriocytes, which has been identified as
the secondary symbiont Arsenophonus according to 16S rRNA community surveys (Fig.
2), diagnostic PCR (Tables S2 and S4), and FISH analysis (Fig. 4A).
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FIG 4 Transovarial transmission of bacteriome-associated symbionts. (A to E) FISH analysis combined with histological and ultrastruc-
tural observations showing Arsenophonus (A), “Ca. Sulcia” (S), and “Ca. Hodgkinia” (H) released from the bacteriocytes into the
hemolymph (He). In mature females, Arsenophonus and “Ca. Sulcia” were directly released from the peripheral bacteriocytes (PB) into
the hemolymph, but “Ca. Hodgkinia” emigrated from central bacteriocytes (CB) through the multinuclear compartment (MC) (encircled
with black/white dotted lines) into the hemolymph. (F to H) Arsenophonus (encircled with a black closed line in panel G), “Ca. Sulcia,”
and “Ca. Hodgkinia” toward the posterior pole of the ovarioles, migrating through the cytoplasm of the follicular epithelium (FE) into
the perivitelline space (PS) (encircled with a black dotted line in panel G). (I) “Ca. Sulcia” and “Ca. Hodgkinia” remained spherical in
the cytoplasm of the follicular epithelium. (J) “Ca. Sulcia” and “Ca. Hodgkinia” seem irregular in the perivitelline space. (K to M)
Intermixed Arsenophonus, “Ca. Sulcia,” and “Ca. Hodgkinia” cells forming a characteristic symbiont ball (SB) in the posterior pole of the
oocytes (0). Magenta, green, cyan, and red represent the bacteriocyte nucleus (BN), “Ca. Sulcia,” Arsenophonus, and “Ca. Hodgkinia,”
respectively. Black and white arrows represent the emigration of the symbionts. The black arrowhead represents the oolemma. BS,
bacteriome sheath; RS, reserve substances.
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Transovarial transmission of bacteriome-associated symbionts Arsenophonus,
“Ca. Sulcia,” and “Ca. Hodgkinia” in Py. repanda. The paired ovaries of Py. repanda
consist of numerous telotrophic ovarioles (Fig. S7A). Each ovariole contains several
linearly arranged oocytes, which are surrounded by a single layer of follicular epithelial
cells (Fig. S7B). Based on detailed FISH analysis and histological and ultrastructural
observations, we revealed the transovarial transmission process of the bacteriome-
associated symbionts in Py. repanda (Table S6). In mature females, Arsenophonus and
“Ca. Sulcia” were directly released from the peripheral bacteriocytes into the hemo-
lymph, but “Ca. Hodgkinia” emigrated from central bacteriocytes through the multi-
nuclear compartment into the hemolymph (Fig. 4A to E). Notably, only the darker “Ca.
Hodgkinia” cells could be observed to emigrate from central bacteriocytes through the
multinuclear compartment into the hemolymph (Fig. S8 and Table S7). “Ca. Sulcia” and
“Ca. Hodgkinia” could be observed to change their shape from irregular to roughly
spherical when leaving the bacteriocytes (Table S8). Arsenophonus, “Ca. Sulcia,” and “Ca.
Hodgkinia” were then transported to the posterior pole of the oocytes, migrating
through the cytoplasm of the single-layered follicular epithelium into the perivitelline
space (Fig. 4F to J). Qualitatively, the volume of the follicular epithelium seems to
increase as the number of symbionts entering the cytoplasm of the follicular epithelium
increases (Fig. S9). Before entering the perivitelline space from the follicular epithelium,
“Ca. Sulcia” and “Ca. Hodgkinia” rechanged their shape from roughly spherical to
irregular. In contrast, Arsenophonus did not exhibit any obvious change in shape during
transovarial transmission (Table S8). Finally, the intermixed symbionts formed a char-
acteristic symbiont ball at the posterior pole of the oocytes (Fig. 4K to M). Statistical
analysis revealed that the ratio of the numbers of “Ca. Sulcia”/“Ca. Hodgkinia”"/Arseno-
phonus cells within symbiont balls was estimated to be nearly 1:9:3.7 (Table S9). The
transmission process distinctly shows that Arsenophonus can be transovarially trans-
mitted together with “Ca. Sulcia” and “Ca. Hodgkinia” from mother to offspring in Py.
repanda.

DISCUSSION

In the present study, we investigated the bacterial communities of salivary glands,
bacteriomes, and digestive and reproductive organs of Py. repanda using integrated
approaches. The primary symbionts “Ca. Sulcia” and “Ca. Hodgkinia” were not only
restricted to but also dominant in the ovaries and bacteriomes. The secondary symbi-
ont Arsenophonus was predominant in the bacteriomes and ovaries, whereas Rickettsia
was prominent in the salivary glands, digestive organs, and testes. Arsenophonus
together with “Ca. Sulcia” and “Ca. Hodgkinia” was released from the bacteriocytes,
entered the cytoplasm of the follicular epithelium, migrated into the perivitelline space,
and finally formed a characteristic symbiont ball at the posterior pole of the oocytes.
This study confirms that Arsenophonus can coexist with “Ca. Sulcia” and “Ca. Hodgkinia”
in the bacteriomes and can be transovarially transmitted together with these two
obligate symbionts from mother to offspring in Py. repanda, but it is not harbored in the
cytoplasm of “Ca. Sulcia.” We clarified the transovarial transmission of bacteriome-
associated symbionts in this mountain-habitat specialist. These results are helpful for a
better understanding of the bacterial communities of different tissues and transovarial
transmission mechanisms of bacteriome-associated symbionts in sap-sucking insects.

Comparison of high-throughput 16S rRNA amplicon sequencing and RFLP-
based cloning approaches. We used both high-throughput 16S rRNA amplicon
sequencing and RFLP-based cloning approaches to investigate the bacterial commu-
nities of Py. repanda, and the results highlight a clear difference between the two
methods. In comparison with the RFLP-based cloning approach, more microbial species
were detected using high-throughput 16S rRNA amplicon sequencing, which greatly
extends our knowledge of the composition and diversity of microbial communities. The
failure to detect the secondary symbiont Arsenophonus using RFLP-based cloning is
possibly due to either the relatively low abundance or absence of Arsenophonus in the
bacteriomes of males or the insensitivity of this method for microbial identification.
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However, the majority of the unassigned OTUs could not be assigned to “Ca. Hodg-
kinia” using 16S rRNA amplicon sequencing through a BLAST search of the NCBI
database because the similarities between these unassigned OTUs and “Ca. Hodgkinia”
sequences are <97%. Amplicon sequencing in this study may have impacted the
resolution of OTU identification and taxonomic assignment because it analyzed only
the V3-V4 hypervariable regions of the 16S rRNA gene. Although the RFLP-based
cloning approach may reveal relatively limited microbial species, it provided nearly
complete 16S rRNA gene sequences; thus, the accuracy of OTU identification and
taxonomic assignment could be greatly improved. This method may facilitate further
studies of microorganisms using other methods, such as gene-specific PCR, fluores-
cence microscopy, and phylogenetic analysis.

Transovarial transmission of primary symbionts “Ca. Sulcia” and “Ca. Hodg-
kinia” in Py. repanda. Our results revealed that the primary symbionts “Ca. Sulcia” and
“Ca. Hodgkinia” were not only restricted to but also dominant in the bacteriomes of
both sexes and the ovaries of Py. repanda. They were not detected in any other sampled
tissues, including the testes. It has been estimated that a shared ancestor of the
majority of auchenorrhynchan insects established symbiosis with “Ca. Sulcia” dating
back to ~260 million years ago (2). The “Ca. Sulcia” symbiont provides the phytopha-
gous host insects with 8 of the 10 essential amino acids, including lysine, arginine,
phenylalanine, tryptophan, leucine, threonine, isoleucine, and valine (24). In contrast to
our study, previous studies indicated that “Ca. Sulcia” is not confined to the bacteri-
omes and reproductive organs but can also be found in some other tissues in
auchenorrhynchan insects, e.g., the gut of the planthopper Hyalesthes obsoletus (39)
and the “filter chamber plus conical segment” and testes of the cicadas PI. kaempferi
and Meimuna mongolica (36). “Ca. Sulcia” was found in the bacteriomes and ovaries but
was not detected in the salivary glands, digestive organs, and testes of Py. repanda. The
presence or absence of “Ca. Sulcia” in related organs/tissues may be related to the
microenvironment, developmental stages, as well as competition between symbionts
within the host cicadas.

In comparison with the ubiquitous presence of “Ca. Sulcia” in Cicadidae and allies,
the coresident symbiont “Ca. Hodgkinia” is present in only some cicada species.
Notably, “Ca. Hodgkinia” can evolve into complexes of cytologically distinct lineages
with more reduced but complementary genomes in some cicadas (e.g., species of the
genus Tettigades) (27, 28) or has been replaced by a yeast-like fungal symbiont that may
be functionally similar to “Ca. Hodgkinia” in some other cicada species (29). Our present
study and a previous study (29) showed that “Ca. Hodgkinia” is present in all the
sampled platypleurine cicadas to date, including Py. repanda, PI. kaempferi, Pl. kuroiwae,
and PI. yaeyamana. We hypothesize that “Ca. Hodgkinia” is present in all members of
the Platypleurini.

Distinct “Ca. Hodgkinia” variants have been revealed to coexist with but not overlap
the “Ca. Hodgkinia”-occupied syncytium in the bacteriomes of cicadas of the genus
Tettigades (27, 28). A previous study revealed that the ratio of the numbers of trans-
mitted “Ca. Hodgkinia”/“Ca. Sulcia” cells was nearly 1:1 in cicadas having a single “Ca.
Hodgkinia” lineage, whereas it was 11.2:1 in the species harboring the most complex
“Ca. Hodgkinia” lineages (33). In our present study, the ratio of the numbers of
transmitted “Ca. Hodgkinia”/“Ca. Sulcia” cells was estimated to be nearly 9:1 in Py.
repanda (see Table S9 in the supplemental material). We are not aware of a prior
description of “Ca. Hodgkinia” in the bacteriomes of Py. repanda exhibiting dark and
light cells (Fig. 3). Furthermore, RFLP profiles were observed for “Ca. Hodgkinia” cells in
the bacteriomes of Py. repanda, and 16S rRNA gene sequences of “Ca. Hodgkinia” were
dissimilar (Table S3). In addition, only the darker “Ca. Hodgkinia” cells could be
observed after emigrating from the central bacteriocytes through the multinuclear
compartments in our study (Fig. S8 and Table S7). Therefore, we suggest that “Ca.
Hodgkinia” may have split into cytologically distinct lineages within this cicada species
and that related cicadas might have developed quite complex mechanisms for the
vertical transmission of the bacteriome-associated symbionts. Further investigations are
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required to confirm whether “Ca. Hodgkinia” variants are a particularly common
evolutionary phenomenon within cicadas, and the results may provide a better under-
standing of vertical transmission mechanisms of bacteriome-associated symbionts in
hemipteran insects.

Although previous studies have revealed that “Ca. Sulcia” and its coresident sym-
bionts have a route of vertical transmission between cicada generations (29), our
knowledge of the detailed transmission routes of these symbionts is very limited.
Histological, ultrastructural, and fluorescence microscopy analyses in our study revealed
that “Ca. Sulcia” is present in the peripheral bacteriocytes and that “Ca. Hodgkinia” is
harbored in the central bacteriocytes of Py. repanda. The localization of “Ca. Sulcia” and
“Ca. Hodgkinia” within the bacteriocytes of Py. repanda is generally similar to previous
observations of a few other cicada species (27-29). In comparison with the majority of
auchenorrhynchan insects, cicadas develop a similar mechanism of transovarial trans-
mission for the primary symbionts from one generation to the next. We clarified that
Arsenophonus together with these two primary symbionts were released from the
bacteriocytes into the hemolymph of cicadas, gathered around the posterior pole of
the oocytes, emigrated through the cytoplasm of the follicular epithelium into the
perivitelline space, and finally formed a characteristic symbiont ball in each egg (Fig. 5).
Interestingly, “Ca. Sulcia” and “Ca. Hodgkinia” changed their shape from irregular to
roughly spherical when leaving the bacteriocytes for the hemolymph, and both of them
rechanged their shape from roughly spherical to irregular before entering the perivi-
telline space from the follicular epithelium of the posterior pole of the oocytes (Fig. 5
and Table S8). The reason for this remains unknown. Some hypotheses are that the
transformation of “Ca. Sulcia” and “Ca. Hodgkinia” may be related to the extremely
limited space and/or the novel microenvironments in the ovaries and bacteriomes. We
presumed that the spherical shape of symbionts could significantly reduce energy
consumption during the transovarial transmission process, which may be beneficial for
them to successfully adapt to certain novel microenvironments. In contrast, primary
symbionts with irregular shapes in the bacteriomes, perivitelline space, and oocyte
space may increase their extracellular surface, which probably enhances nutrient
absorption and transport, energetic metabolism, and biosynthetic pathways. However,
an alternative explanation for this phenomenon could be that transformation is an
inherent characteristic of “Ca. Sulcia” and “Ca. Hodgkinia,” which merits further inves-
tigation.

The prominent secondary symbionts Rickettsia and Arsenophonus are associ-
ated with cicadas. The facultative symbionts Rickettsia and Arsenophonus are also
prominent in Py. repanda, among which Rickettsia was detected in the salivary glands,
digestive organs, and testes. Rickettsia was reported to reside in the salivary glands and
some digestive and reproductive organs in hemipteran insects, e.g., most organs in the
body cavity except the bacteriomes in the whitefly Bemisia tabaci (19); the salivary
glands, Malpighian tubules, midgut, and testes of the cicada Pl. kaempferi; and the
midgut of the cicada M. mongolica (36). Rickettsia was hypothesized to take part in
making the gelling saliva needed for stylet penetration in host plant leaves as well as
facilitating food digestion (19) and was reported to be horizontally transmitted through
host plant sap (40). This symbiont might help Py. repanda digest food, detoxify plant
chemicals, and/or manipulate reproduction. However, future studies are needed to
clarify the potential functions and transmission mechanism of this secondary symbiont
in Cicadidae.

Previous studies have revealed that Arsenophonus may be horizontally and vertically
transmitted (41, 42). It was revealed that Arsenophonus is harbored in the cytoplasm of
“Ca. Sulcia” in the leafhopper Macrosteles laevis, thereby ensuring its transovarial
transmission between host generations (30). Arsenophonus was restricted to the bac-
teriocytes at all developmental stages of B. tabaci, which may be involved in conferring
functional benefits to the host rather than manipulating reproduction (16). However, it
has been demonstrated that Arsenophonus nasoniae killed males of the wasp Nasonia
vitripennis by inhibiting maternal centrosome formation (43). Additionally, Arsenopho-
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FIG 5 Schematic representation showing the transovarial transmission process for the bacteriome-
associated symbionts of Pycna repanda. In mature females, Arsenophonus together with “Ca. Hodgkinia”
and “Ca. Sulcia” leave the bacteriome (B) for the hemolymph (He), gather toward the posterior pole of
the oocytes (0), migrate through the single-layered follicular epithelium (FE) into the perivitelline space
(PS), and finally form a characteristic symbiont ball (SB) at the posterior pole of the oocytes. BS,
bacteriome sheath; CB, central bacteriocyte; PB, peripheral bacteriocyte.

nus together with Hamiltonella contributed to the fitness of Aphis gossypii by enhancing
its performance but not through parasitoid resistance (44). It has been shown that
Arsenophonus infection increased A. gossypii requirements for the amino acid phenyl-
alanine but decreased requirements for leucine (45). Our results revealed that Arseno-
phonus can coexist with “Ca. Sulcia” and “Ca. Hodgkinia” in bacteriocytes and can be
transovarially transmitted together with these two obligate symbionts from mother to
offspring in Py. repanda, but it is not harbored in the cytoplasm of “Ca. Sulcia” (Fig. 5).
Therefore, we hypothesize that Arsenophonus may rely on bacteriomes for essential
nutrients and protect itself from host immunity and that it can benefit from coexisting
with the primary symbionts inside the bacteriomes to ensure its transovarial transmis-
sion from mother to offspring. We describe here that Arsenophonus is not harbored in
the cytoplasm of other endosymbionts, but it can be transovarially transmitted from
mother to offspring in cicadas. Arsenophonus is probably not essential for host survival,
but it might be involved in conferring functional benefits to the host. The exact
function of this symbiont and whether it is commonly harbored in cicadas need to be
investigated in the future. It is also unclear whether it can be horizontally transmitted
in cicadas, which merits further investigation.
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MATERIALS AND METHODS

Sample collection and dissection. During the adult emergence period, adults of Py. repanda were
captured in the Tongtian River National Forest Park (34°11’N, 106°35'E; Fengxian County, Shaanxi
Province, China) from late July to the middle of August each year from 2017 to 2019. Live specimens were
immediately transferred to the laboratory for subsequent dissection.

Before dissection, cicadas were anesthetized at —20°C for 5 min, externally sterilized with 75%
ethanol, and then rinsed with sterile water five times. Dissection was performed under a stereoscopic
zoom microscope (Motic SMZ168; Xiamen, China) under sterile conditions with sterile forceps to obtain
intact salivary glands, digestive organs (i.e., filter chamber, conical segment, midgut, and hindgut),
bacteriomes, and reproductive organs. To prevent cross-contamination, all tools were strictly flame
sterilized when reused. The dissected samples were fixed for ultrastructural and fluorescence microscopy
or transferred to 1.5-ml centrifuge tubes and then stored in a —80°C freezer for subsequent DNA
extraction. Additionally, the dissected bacteriomes of both sexes were photographed under the stereo-
scopic zoom microscope.

High-throughput sequencing analysis of bacterial communities. For high-throughput sequenc-
ing, each tissue sample contained four biological replicates. The bacteriomes and reproductive organs of
both sexes and the digestive organs (i.e., filter chamber, conical segment, midgut, and hindgut) as well
as the salivary glands of Py. repanda males were used for DNA extraction. Genomic DNA of each sample
was extracted using a DNeasy blood and tissue kit (Tiangen Inc.) according to the manufacturer’s
instructions. PCR amplification was performed using template-specific primers with barcodes 341F
(5'-CCTACGGGNGGCWGCAG-3') and 805R (5'-GACTACHVGGGTATCTAATCC-3'), targeting the V3-V4 hy-
pervariable regions of the 16S rRNA gene sequences (46, 47). The amplified region is considered suitable
for analyzing the bacterial community (48). PCR cycle conditions were previously described (47). The PCR
products were examined by 1% agarose gel electrophoresis and then purified with a universal DNA
purification kit (Tiangen Inc.) according to the manufacturer’s standard protocol. After determining the
concentration and quality by using QuantiFluor (Promega, USA), the purified PCR products were sent for
sequencing on the HiSeq 2500 PE250 platform (Gene Denovo Biotechnology Co., Ltd., Guangzhou,
China).

QIIME software was used to remove low-quality reads in raw lllumina fastq data sets (49). Paired reads
were merged into raw tags by using Flash (version 1.2.11; http://ccb.jhu.edu/software/FLASH/), and the
raw tags were filtered in QIIME (version 1.9.1; http://giime.org/) to obtain high-quality tags for further
analysis. Chimeras were checked and removed using the mothur package (version 1.39.1; https://www
.mothur.org/) (50). The cleaned tags were aligned into operational taxonomic units (OTUs) with Uparse
at a 97% similarity level (49). The Ribosome Database Project (RDP) classifier was used to assign clustered
bacterial OTUs against the SILVA database for taxonomic classifications. We performed a nonparametric
test (Kruskal-Wallis test) to test the differences of Proteobacteria and Bacteroidetes among different
tissues. To reveal the similarities of bacterial communities, we performed principal-component analysis
(PCA) using R software. In addition, permutational multivariate analysis of variance (PERMANOVA) was
conducted to determine the differences in bacterial communities among different tissues.

Bacterial composition of bacteriomes in males analyzed by RFLP-based cloning. For RFLP-based
cloning to analyze the bacterial composition of the bacteriomes in males, samples contained three
biological replicates. PCR amplification of the 16S rRNA gene was performed using the universal primers
27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') (51). The PCR mixture
contained 12.5 ul Premix Tag DNA polymerase, 8.5 ul double-distilled water (ddH,0), 2 ul template DNA,
and 1 ul each of the forward and reverse primers (10 uM each). The following PCR cycle conditions were
used. There was an initial denaturation step at 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 55°C
for 45 s, and 72°C for 2 min and a final elongation step at 72°C for 5 min. The PCR products were checked
by 1% agarose gel electrophoresis, purified with a universal DNA purification kit (Tiangen Inc.), cloned
into the pMD 19-T vector (TaKaRa Inc.), and subsequently transformed into Escherichia coli DH5«
competent cells (TaKaRa Inc.).

For each biological replicate, ~200 positive clones were selected randomly from a white-blue
selection system containing ampicillin and X-gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) and
then grown overnight in 900 ul liquid lysogeny broth (LB) medium at 37°C. Extracted plasmid DNA was
used as the template for subsequent PCR amplification with M13 vector primers to check positive clones.
Positive clones were determined as previously described (52). If the PCR product was the expected size
of nearly 1.5kb, it was digested with the restriction endonucleases Hhal and Xspl at 37°C for 4 h
according to the manufacturer’s protocol (TaKaRa Inc.). The restriction fragments were separated by 1%
agarose gel electrophoresis and analyzed under UV light. Three representative clones for each RFLP
profile were randomly selected for sequencing. In total, 15 representative clones were subjected to
sequencing at Sangon Biotech Co., Ltd. (Shanghai, China).

Reconstruction of phylogenetic relationships of “Ca. Sulcia” and “Ca. Hodgkinia” in cicadas
using 16S rRNA gene sequences. Chromas Pro software (Technelysium Pty., Ltd., Australia) was used to
check the sequence chromatograms. Multiple alignments of the 16S rRNA gene sequences of the “Ca.
Sulcia” and “Ca. Hodgkinia” symbionts were performed using the program Clustal X (53, 54), and the
reliability of the aligned sequences was determined using the program GUIDANCE?2 (55). Subsequently,
we removed the gappy columns at the beginning and end of the aligned sequences with BioEdit
software (56). The phylogenetic trees were constructed using Bayesian inference (BI) with the program
MrBayes version 3.1.2 (57) and using maximum likelihood (ML) with the program RAXML version 8.1.5
(58).
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TABLE 1 Primers used for amplification of dominant symbionts in this study

Target Primer name Primer sequence (5'-3') Reference
“Ca. Hodgkinia” Hod-F TCTTACGACTTCACCTCGGTC This study
Hod-R CACATGCAAGTCAAGCGAAC

“Ca. Sulcia” 10_CFB_FF AGAGTTTGATCATGGCTCAGGATG 2
1515_R GTACGGCTACCTTGTTACGACTTAG

Arsenophonus Ars-F CAATGGGCGAAAGCCTGATG This study
Ars-R ACCCCAGTCATGAACCACAAA

Rickettsia Rick-F GTGGGAATCTGCCCATCAGT This study
Rick-R GCAGTGTGTACAAGRCCCGA

Diagnostic PCR analyses of dominant symbionts in different tissues. Diagnostic PCR amplifica-
tion was performed for 30 males and 25 females of Py. repanda to confirm the physical distribution of
dominant symbionts (i.e., “Ca. Sulcia,” “Ca. Hodgkinia,” Rickettsia, and Arsenophonus) in different tissues
(i.e., salivary glands, filter chamber, conical segment, midgut, hindgut, Malpighian tubules, testes, ovaries,
and bacteriomes). Target-specific primers were designed using Primer-BLAST, which can place primers
according to single-nucleotide polymorphism (SNP) locations and exon/intron boundaries (59). Although
the Primer-BLAST program can check the specificity of the generated PCR primers, the amplified PCR
products were also sent for sequencing to further test specific PCR amplification. PCR primers used for
the amplification of 16S rRNA gene sequences of dominant symbionts are summarized in Table 1. PCR
amplification was carried out under the following cycling conditions: an initial denaturation step at 94°C
for 5 min, followed by 30 cycles of 94°C for 30 s, 58°C for 45 s, and 72°C for 2 min and a final extension
step at 72°C for 5 min. The PCR products were determined by 1% agarose gel electrophoresis and then
purified with a universal DNA purification kit (Tiangen Inc.). Representative PCR products were sent for
sequencing at Sangon Biotech Co., Ltd. (Shanghai, China).

Histological and ultrastructural microscopy. The bacteriomes (18 males and 18 females) of both
sexes and ovaries (18 females) were dissected rapidly in 0.1 M phosphate-buffered saline (PBS) (pH 7.2)
and fixed in 2.5% glutaraldehyde in 0.1 M PBS (pH 7.2) at 4°C overnight. After rinsing with PBS five times,
the samples were postfixed with 1% osmium tetroxide (OsO,) in 0.1 M PBS for 1.5 h at 4°C. After washing
with PBS six times, the samples were dehydrated in a graded ethanol series (30%, 50%, 70%, 80%, and
90% for 10 min twice; 95% for 15 min twice; and 100% for 30 min twice). Next, the samples were
infiltrated with a graded mixture of ethanol and White London resin (LR) (Sigma-Aldrich, USA), subse-
quently infiltrated with LR for 24 h twice, and eventually embedded in pure LR, polymerized at 60°C for
48 h.

Semithin sections (1 um) were cut with a glass knife, stained with 1% methylene blue, and
photographed under a DM6 B light microscope (Leica, Germany). Ultrathin sections (70 nm) for this study
were cut with a diamond knife on the ultramicrotome, doubly stained with uranyl acetate and lead
citrate, and finally examined under a Tecnai G2 Spirit Bio Twin microscope (FEI, Czech Republic).

Fluorescence in situ hybridization. The bacteriomes and ovaries of female adults (25 individuals)
were fixed in 4% paraformaldehyde, dehydrated in a graded ethanol series, cleared four times in xylene
for 2 h, and finally embedded in melted paraffin. Paraffin blocks were sectioned to 4 wm. Thin sections
were used for histological or fluorescence microscopy. Sections for histological microscopy were stained
with hematoxylin-eosin and photographed under a DM6 B light microscope (Leica, Germany).

Fluorescence in situ hybridization (FISH) was conducted in this study to further reveal the distribution
and vertical transmission of Arsenophonus, “Ca. Hodgkinia,” and “Ca. Sulcia” in the ovaries and bacteri-
omes of Py. repanda. The FISH assay was performed as previously described (27, 28). The probe
sequences were Cy5-CCAATGTGGCTGACCGT or Cy5-TTGCGACTTTCTGTCTCCCA for “Ca. Hodgkinia” (28,
29), Cy3-CCAATGTGGGGGWACGC or Cy3-CCACACATTCCAGTTACTCC for “Ca. Sulcia” (27, 28), and Alexa
Fluor 488-TCATGACCACAACCTCCAAA for Arsenophonus (16). Briefly, analysis of each slide was carried out
using a final volume of 25 ul of hybridization buffer, which contained 0.25% bovine serum albumin (BSA),
2.5X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 12.5% dextran sulfate, and fluorescently
labeled probes at 200 nM. Hybridization was performed overnight at 37°C in a humidified chamber. Also,
a negative control was done to check the specificity of hybridization using only one symbiont-targeted
probe and no probe staining. Slides were eventually observed and imaged under an FV1000 IX confocal
microscope (Olympus, Japan).

Accession number(s). The lllumina data obtained in this study have been deposited in the GenBank
database under accession no. SRP189619.
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