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even the ancient Sulcia symbiont was finally lost and taken 
over by the fungal symbiont. Meanwhile, the possibility 
of multiple independent fungal acquisitions from closely 
related entomoparasitic Ophiocordyceps fungi cannot be 
excluded. Our finding uncovers an evolutionary process 
from a prokaryotic essential symbiosis to a eukaryotic one.

Keywords Ledrinae · Leafhopper · Symbiont · 
Ophiocordyceps · Sulcia

Introduction

Diverse insects and other organisms are associated with 
symbiotic microbes, which entail a variety of ecological 
and evolutionary consequences (Bourtzis and Miller 2003; 
Buchner 1965; Moran et al. 2008; Oliver et al. 2010; Wer-
ren et al. 2008). In particular, plant-sucking insects of the 
order Hemiptera are highly dependent on their microbial 
partners and possess well-developed symbiotic systems 
in their specialized tissues, cells or gut regions. Since 
plant sap is usually deficient in proteins, vitamins and 
other nutrients, the insects require symbiont-provisioned 
essential amino acids, B vitamins and other nutrients for 
their growth and survival (Baumann 2005; Douglas 1998; 
Kikuchi 2009; Moran et al. 2008; Salem et al. 2015).

Leafhoppers (Hemiptera: Auchenorrhyncha: Cicadomor-
pha: Cicadellidae) consist of over 20,000 described species 
in the world (Forero 2008), whose growth and survival are 
dependent on symbiotic microorganisms (Douglas 1988; 
Noda et al. 2012). In general, leafhoppers possess a pair 
of symbiotic organs, called bacteriomes, in the abdomen, 
which harbor two types of obligate bacterial symbionts: 
a very ancient and highly conserved flavobacterial Sulcia 
symbiont originating from the common ancestor of the 
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co-symbiont (or a younger Baumannia co-symbiont). How-
ever, when we inspected three eared leafhoppers of the sub-
family Ledrinae, namely Ledra auditura Walker, Ledrop-
sis discolor (Uhler) and Tituria angulata (Matsumura), L. 
discolor harbored only Sulcia symbiont while L. auditura 
and T. angulata possessed no bacterial symbionts. Instead, 
all the species possessed specialized cells full of yeast-like 
fungal symbionts within fat bodies. Molecular phyloge-
netic analysis revealed that the fungal symbionts are placed 
within the entomoparasitic fungal genus Ophiocordyceps 
(Ascomycota: Hypocreales: Ophiocordycipitaceae). These 
results suggest the possibility that (1) the fungal symbiont 
was acquired in the evolutionary course of the Ledrinae, 
(2) the original fungus was likely an entomoparasite of the 
genus Ophiocordyceps, (3) the fungal symbiont replaced 
the Nasuia-allied symbiont in an ancestral lineage, and (4) 
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Auchenorrhyncha (Moran et al. 2005) and another ancient 
betaproteobacterial Nasuia-allied co-symbiont presumably 
dating back to the common ancestor of the Cicadomorpha 
(Bennett and Moran 2013; Koga et al. 2013; Noda et al. 
2012). On the other hand, some leafhopper lineages exhibit 
different symbiotic microbial associates. For example, 
in the bacteriomes of leafhopper species of the tribe Pro-
coniini, so-called sharpshooters, their bacteriomes harbor 
Sulcia and a gammaproteobacterial Baumannia symbiont 
(Moran et al. 2003; Takiya et al. 2006), suggesting replace-
ment of the co-symbiont from Nasuia-allied to Baumannia 
in the lineage of sharpshooters (Bennett and Moran 2013, 
2015). Genomics of Sulcia, Nasuia and Baumannia sug-
gested their cooperative provisioning of essential amino 
acids and other nutrients deficient in the plant sap diet of 
the host leafhoppers (Bennett and Moran 2013; Bennett 
et al. 2014, 2016; McCutcheon and Moran 2007; Wu et al. 
2006). On the other hand, Sulcia and a gammaproteobac-
terial Arsenophonus symbiont were present in Macrost-
eles laevis (Ribaut) (Kobialka et al. 2016), whereas Sulcia 
and a gammaproteobacterial Sodalis symbiont were found 
in Cicadella viridis (Linnaeus) (Michalik et al. 2014), 

probably representing independent symbiont-replacing 
events. In some leafhoppers such as Scaphoideus titanus 
Ball, strikingly, neither Sulcia, Nasuia nor Baumannia was 
found, but a yeast-like fungal symbiont and a facultative 
symbiont Cardinium were detected (Sacchi et al. 2008). 
These observations highlight repeated acquisitions, losses, 
replacements and diversification of symbiotic microorgan-
isms in the evolutionary history of the leafhoppers (Bennett 
and Moran 2013; Bennett et al. 2016).

The subfamily Ledrinae is a small group of leafhoppers 
consisting of some 38 genera and 300 species in the world 
(Jones and Deitz 2009). Most members of the Ledrinae have 
conspicuous ear-like projections on their head and/or tho-
rax, after which they are referred to as eared leafhoppers. 
Notably, an early histological study reported that a Euro-
pean ledrine species, Ledra aurita (Linnaeus), possesses no 
bacterial symbiont but a yeast-like fungal symbiont (Buch-
ner 1925), although no further study has been conducted.

Entomoparasitic fungi of the genus Cordyceps, com-
monly known as Touchu-Kasou in Japanese, Dong Chong 
Xia Cao in Chinese, and Plant Worms or Vegetable Wasps in 
English, embrace over 400 described species in the world, 
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Fig. 1  Eared leafhoppers and their fungal symbionts. Adult insects of a Ledropsis discolor, b Ledra auditura and c Tituria amgulata. Phase con-
trast micrographs of fungal symbionts isolated from d L. discolor, e L. auditura and f T. angulata
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and some species are famous for their potent use in Chinese 
medicine (Kobayashi 1982; Mains 1958; Shimizu 1994). A 
recent systematic revision based on molecular phylogenetic 
data divided the conventional Cordyceps into several genera 
including Cordyceps, Elaphocordyceps and Ophiocordyceps 
(Sung et al. 2007). Previous studies showed that some yeast-
like symbionts of aphids and planthoppers are phylogeneti-
cally allied to Cordyceps/Ophiocordyceps fungi (Fukatsu 
and Ishikawa 1996; Noda et al. 1995; Suh et al. 2001).

In this study, we investigated the endosymbiotic microor-
ganisms of three eared leafhopper species, Ledropsis discolor 
(Uhler) (Fig. 1a), Ledra auditura Walker (Fig. 1b) and Titu-
ria angulata (Matsumura) (Fig. 1c). Our results uncovered an 
evolutionary transition from the ancestral bacterial co-sym-
biosis through a bacterium-fungus dual symbiosis to a fun-
gus-only symbiosis in the evolutionary course of the ledrine 
leafhoppers, where the fungal symbionts were derived from 
entomoparasitic fungi of the genus Ophiocordyceps.

Materials and methods

Insects

Samples of the eared leafhoppers used in this study are 
listed in Table 1. The insects were collected by either light 

trapping or tree sweeping and preserved in acetone (Fukatsu 
1999). Most of the samples were adult insects, whose abdo-
men was detached and cut into halves in the midline, and a 
half was subjected to DNA analysis while another half was 
used for histological analysis. In addition, we obtained a L. 
discolor nymph and a T. angulata nymph, which were used 
for detailed histological analysis (see Table 1).

DNA sequencing

Each dissected abdominal sample was placed in a 1.5-ml 
plastic tube, homogenized with a plastic pestle and sub-
jected to DNA extraction using the QIAamp DNA mini 
kit (QIAGEN). For L. discolor samples, freeze-thawing 
and mixing with fine glass beads were also attempted 
to facilitate disruption of the fungal cell walls. A 1.5-kb 
region of the fungal 18S rRNA gene was amplified by 
PCR with primers NS1 (5′-GTA GTC ATA TGC TTG 
TCT C-3′) (White et al. 1990) and FS2 (5′- TAG GNA 
TTC CTC GTT GAA GA-3′) (Nikoh and Fukatsu 2000) 
under a temperature profile of 94 °C for 4 min followed 
by 35 cycles of 94 °C for 30 s, 54 °C for 30 s and 72 °C 
for 90 s, and a final extension at 72 °C for 5 min. A 1.5-
kb region of the 16S rRNA gene of flavobacteria, includ-
ing Sulcia symbionts of diverse hemipteran insects, was 
amplified by PCR with primers 10CFBFF (5′-AGA GTT 

Table 1  Samples of eared leafhoppers of the subfamily Ledrinae examined in this study with nucleotide sequence accession numbers

MM Minoru Moriyama, MT Masahiko Tanahashi, TF Takema Fukatsu, TH Takahiro Hosokawa, TN Takanori Nishino
a Used for histological examination only

Insect species Collection locality Collection date; 
collector

Sample ID for  
DNA sequences

Nucleotide sequence accession number

Fungal 18S rRNA 
gene

Bacterial 16S  
rRNA gene

Insect 28S rRNA 
gene

Ledra auditura
Walker

Oguni, Yamagata, 
Japan

Jul 2011; MT ogn1-ogn6 LC108751-
LC108756

– LC108774-
LC108779

Oguni, Yamagata, 
Japan

Jul 2014; TF ogn7-ogn8 LC108757-
LC108758

– LC108780-
LC108781

Ledropsis discolor
(Uhler)

Tsukuba, Ibaraki, 
Japana

Nov 2014; MM – − − −

Daigo, Ibaraki, 
Japan

May 2015; TN dig1 LC108759 LC108768 LC108782

Mt. Tsukuba,  
Ibaraki, Japan

May 2015; TF tkb1 LC108760 LC108769 LC108783

Mt. Takao, Tokyo, 
Japan

Jun 2015; TN tko1-tko4 LC108761-
LC108764

LC108770-
LC108773

LC108784-
LC108787

Tituria angulata
(Matsumura)

Okinawa Isl., 
Okinawa, Japan

May 2011; TF okn1 LC108765 – LC108788

Ishigaki Isl., 
Okinawa, Japana

Jun 2012; TH – – – –

Fushan, Yilan, 
Taiwan

Jul 2015; TF fsn1 LC108766 – LC108789

Urao, Hsinchu, 
Taiwan

Jul 2015; TF uro1 LC108767 – LC108790
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TGA TCA TGG CTC AGG ATG-3′) and CFB1515R (5′-
GTA CGG CTA CCT TGT TAC GAC TTA G-3′) (Moran 
et al. 2005) under a temperature profile of 94 °C for 4 min 
followed by 35 cycles of 94 °C for 30 s, 56 °C for 30 s and 
72 °C for 90 s, and a final extension at 72 °C for 5 min. A 
1.5-kb region of the general bacterial 16S rRNA gene was 
amplified by PCR with primers 10F (5′-AGT TTG ATC 
ATG GCT CAG ATT G-3′) and 1507R (5′-TAC CTT GTT 
ACG ACT TCA CCC CAG-3′) (Sandström et al. 2001) 
under a temperature profile of 94 °C for 4 min followed 
by 35 cycles of 94 °C for 30 s, 56 °C for 30 s and 72 °C 
for 90 s, and a final extension at 72 °C for 5 min. A 0.6-
kb region of the insect 28S rRNA gene was amplified by 
PCR with primers Lalt (5′-CCT CGG ACC TTG AAA 
ATC C-3′) and Galt (5′-TGT CTC CTT ACA GTG CCA 
GA-3′) (Dietrich et al. 2001) under a temperature profile 
of 94 °C for 4 min followed by 35 cycles of 94 °C for 
30 s, 54 °C for 30 s and 72 °C for 60 s, and a final exten-
sion at 72 °C for 5 min. After checking successful ampli-
fication by 1 % agarose gel electrophoresis, each PCR 
product was purified using exonuclease I (New England 
Biolabs) and shrimp alkaline phosphatase (Takara Bio) at 
37 °C for 15 min followed by 80 °C for 15 min. The puri-
fied PCR products were directly subjected to a sequenc-
ing reaction using the BigDye Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems) and analyzed by an 
ABI PRISM 373 DNA Sequencer (Applied Biosystems). 
The following internal primers were used for sequenc-
ing: NS2 (5′-GGC TGC TGG CAC CAG ACT TGC-3′), 
NS3 (5′-GCA AGT CTG GTG CCA GCA GCC-3′), NS5 
(5′-AAC TTA AAG GAA TTG ACG GAA G-3′) and NS7 
(5′-GAG GCA ATA ACA GGT CTG TGA TGC-3′) for 
the fungal 18S rRNA gene (White et al. 1990) and 16SA2 
(5′-GTG CCA GCA GCC GCG GTA ATA C-3′) and 
16SA3 (5′-TGC ATG GYT GTC GTC AGC TCG-3′) for 
the bacterial 16S rRNA gene (Fukatsu and Nikoh 1998). 
From DNA samples of L. discolor, the fungal 18S rRNA 
gene fragment was not amplified by PCR despite the 
presence of the fungal symbiont, presumably because of 
inserted group I introns, which are frequently found in the 
ribosomal RNA genes of Ophiocordyceps fungi (Nikoh 
and Fukatsu 2001). Hence, the DNA samples, which also 
contained much ribosomal RNA in the absence of ribo-
nuclease treatment, were reverse-transcribed with ran-
dom nucleotide hexamers and SuperScript III Reverse 
transcriptase (Thermo Fisher Scientific), and the result-
ant complementary DNA samples were subjected to PCR 
amplification of fungal 18S rRNA gene.

Molecular phylogenetic analysis

The nucleotide sequences were multiple-aligned together 
with related nucleotide sequences retrieved from the DNA 

databases using the program ClustalW (Thompson et al. 
1994). The raw alignments were edited manually to remove 
ambiguously aligned sites and gap-containing sites. Maxi-
mum-likelihood phylogenies were constructed using the pro-
gram MEGA 6 (Tamura et al. 2013) under the Tamura-Nei 
substitution model and the Nearest-Neighbor-Interchange 
heuristic model with 1000 bootstrap replicates. Bayesian 
phylogenies were built by the program MrBayes (Huelsen-
beck and Ronquist 2001). The best substitution models were 
selected using the program Kakusan 4 (Tanabe 2011) as K80 
Gamma for the fungal 18S rRNA gene, GTR Gamma for the 
bacterial 16S rRNA gene and K80 Gamma for the insect 28S 
rRNA gene, respectively. Two replicate Bayesian analyses 
were performed, where four Markov chains were used in 
each replicate and the chain was sampled for every 100 inter-
actions. The analyses were allowed to run for 1,000,000 gen-
erations, from which the first 100,000 generations of each 
replicate were excluded as burn in.

Histology

For observation of the fungal symbiont cells, abdominal fat 
bodies were dissected from the acetone-preserved insects, 
crushed and suspended in a phosphate-buffered saline, 
mounted on a glass slide with a coverslip, and observed 
under a phase-contrast microscope. For localizing the fun-
gal symbiont cells in the host tissues, the acetone-preserved 
insects were dissected in 70 % ethanol, and the dissected 
abdomens were fixed in ethanol-formalin (3:1). The fixed 
abdomens were cleared through an ethanol-xylene series, 
embedded in paraffin, processed into tissue sections 
(10 μm thick) and mounted on glass slides. The tissue sec-
tions were dewaxed and hydrated through a xylene-etha-
nol–water series, stained with periodic acid-Schiff (PAS) 
reagent, counter-stained with hematoxylin and observed 
under a light microscope.

In situ hybridization

Localization of bacterial symbionts in L. discolor was visu-
alized by whole-mount in situ hybridization as previously 
described (Koga et al. 2009) using the following oligonu-
cleotide probes targeting bacterial 16S rRNA: Sul664R 
(5′-Alexa647-CCM CAC ATT CCA GYT ACT CC-3′), 

Fig. 2  Phylogenetic placement of the fungal symbionts associated 
with the eared leafhoppers L. discolor, L. auditura and T. angulata 
on the basis of fungal 18S rRNA gene sequences. A maximum-likeli-
hood phylogeny inferred from 1389 aligned nucleotide sites is shown. 
Bootstrap probabilities of maximum-likelihood analysis and posterior 
probabilities of Bayesian analysis are indicated at the nodes, where 
asterisks imply that the nodes were not supported by the Bayesian 
model. A scale bar shows the branch length in terms of the number of 
substitutions per nucleotide site

▸



Appl Entomol Zool 

1 3

Symbiont of Tituria angulata
(fsn1, Fushan, Taiwan) [LC108766]

Symbiont of Tituria angulata 
(okn1, Okinawa, Japan) [LC108765]
Symbiont of Tituria angulata 
(uro1, Urao, Taiwan) [LC108767]

Symbiont of Ledra auditura 
(ogn1, 4, 7 Oguni, Japan) [LC108751, 54, 57]

Symbiont of Ledropsis discolor
(dig1, Daigo, Japan) [LC108759]

Ophiocordyceps robertsii [KC561978] 
(parasite of lepidopteran caterpillars)

Symbiont of aphid 
Tuberaphis (= Hamiltonaphis) styraci [D55719]

Ophiocordyceps clavata [JN941727] 
(parasite of ants)

Ophiocordyceps sinensis [JX968028 ] 
(parasite of lepidopteran caterpillers)

Ophiocordyceps konnoana [AB031192] 
(parasite of coleopteran grubs)

Symbiont of planthopper
Nilaparvata lugens [JF773148]

Symbiont of planthopper
Sogatella furcifera [JF773150]

Ophiocordyceps caloceroides [AY245654] 
(parasite of spiders)

Ophiocordyceps gracilioides [AY245652] 
(parasite of beetle larvae)

Ophiocordyceps formicarum [AB222679] 
(parasite of ants)

Ophiocordyceps myrmecophila [DQ838792] 
(parasite of ants)

Ophiocordyceps nurans [JN941712] 
(parasite of stinkbugs)

Collectotrichum dematium [AJ301954] 

Collectotrichum acutatum [AJ301906] 

Symbiont of Ledropsis discolor
(tkb1, tko1, tko3, tko4) [LC108760, 61 ,63, 64]
Symbiont of Ledropsis discolor
(tko2) [LC108762]

Symbiont of Ledra auditura 
(ogn2, 3, 6, Oguni, Japan) [LC108752, 53, 56]
Symbiont of Ledra auditura 
(ogn5, Oguni, Japan) [LC108755]
Symbiont of Ledra auditura 
(ogn8, Oguni, Japan) [LC108758]
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which specifically detects Sulcia symbionts (Koga et al. 
2013); BET940R (5′-Alexa488-TTA ATC CAC ATC ATC 
CAC CG-3′), which targets Nasuia-allied symbionts and 
other betaproteobacteria (Demanèche et al. 2008); EUB338 
(5′-Alexa555-GCT GCC TCC CGT AGG AGT-3′), which 
universally recognizes eubacteria (Amann et al. 1990).

Nucleotide sequence accession numbers

The nucleotide sequences of the fungal 18S rRNA gene, 
bacterial 16S rRNA gene and insect 28S rRNA gene have 
been deposited in the DDBJ, EMBL and GenBank databases 
under accession numbers LC108751 to LC108790 (Table 1).

Results

Yeast‑like fungal symbionts in the abdomen of eared 
leafhoppers

When the abdominal tissues of L. discolor, L. auditura and 
T. angulata were dissected, suspended and observed under 
a light microscope, numerous yeast-like particles were 
found in all the species and samples: slender particles in 
L. discolor (Fig. 1d); smaller round particles in L. auditura 
(Fig. 1e); larger round particles in T. angulata (Fig. 1f).

Fungal symbionts of eared leafhoppers are 
placed within the entomoparasitic fungal genus 
Ophiocordyceps

From all L. auditura and T. angulata samples, a 1.5-kb 
region of the fungal 18S rRNA gene was amplified by 
PCR. For all L. discolor samples, the PCR product was 
not obtained when the DNA samples were used as tem-
plates, but the 1.5-kb product was successfully amplified 
when reverse-transcribed complementary DNA samples 
were used as templates, presumably because the fun-
gal 18S rRNA gene in the L. discolor samples contains 
group I introns (Nikoh and Fukatsu 2001). The 18S rRNA 
gene sequences were almost identical between individuals 
of the same species: from 99.9 % (1336/1338) to 100 % 
(1340/1340) between L. discolor samples and populations 
(n = 6); from 99.7 % (1338/1342) to 100 % (1340/1340) 
between L. auditura samples (n = 8); from 98.0 % 
(1312/1339) to 99.8 % (1336/1339) between Japanese and 
Taiwanese T. angulata populations (n = 3). Note that a 
T. angulata sample, uro1, contained a 25-bp gap, which 
is responsible for the exceptionally low sequence iden-
tity of 98.0 %. Molecular phylogenetic analysis revealed 
that the fungal symbionts of L. discolor, L. auditura and 
T. angulata formed a clade within the Ascomycota, where 
the clade of the ledrine fungal symbionts was placed 

within the entomoparasitic fungal genus Ophiocordyceps 
(Fig. 2).

L. discolor harbors the Sulcia symbiont, whereas L. 
auditura and T. angulata possess no bacterial symbiont

When the bacterial 16S rRNA gene was amplified by PCR 
with primers 10CFBFF and CFB1015R, which specifically 
target flavobacteria including Sulcia symbionts of diverse 
hemipteran insects (Moran et al. 2005), a PCR product of 
the expected size (1.5 kb) was obtained from all L. discolor 
samples, but not from L. auditura and T. angulata samples. 
The 16S rRNA gene sequences were identical between dif-
ferent samples and populations of L. discolor. Molecular 
phylogenetic analysis revealed that the Sulcia symbiont of 
L. discolor was phylogenetically allied to Sulcia symbionts 
of leafhoppers and treehoppers of the superfamily Mem-
bracoidea (Fig. 3). Whole-mount in situ hybridization with 
a Sulcia-specific probe Sul664R (Koga et al. 2013) identi-
fied localization of the Sulcia symbiont to a pair of bacte-
riomes in the abdomen (Fig. 4a), as observed in other leaf-
hoppers (Bennett and Moran 2013; Ishii et al. 2013; Noda 
et al. 2012). On the other hand, when bacterial 16S rRNA 
gene was amplified by PCR with primers 10F and 1507R, 
which target diverse eubacteria in general but fail to detect 
Sulcia (Koga et al. 2013; Sandström et al. 2001), no PCR 
amplification was observed in any L. discolor, L. auditura 
and T. angulata samples. Whole-mount in situ hybridiza-
tion with a general eubacteria probe EUB338 (Amann 
et al. 1990) detected a pair of abdominal bacteriomes in 
L. discolor, but no positive signals were observed in L. 
auditura and T. angulata (data not shown). Whole-mount 
in situ hybridization with a probe BET940R, which target 
Nasuia-allied symbionts of leafhoppers and other hemipter-
ans (Demanèche et al. 2008; Koga et al. 2013), detected no 
symbiont signals in L. discolor (Fig. 4b), L. auditula and 
T. angulata (data not shown). Taken together, these results 
indicate that L. discolor harbors the Sulcia symbiont in the 
abdominal bacteriomes, while L. auditura and T. angu-
lata possess no bacteriome-associated bacterial symbiont. 
It should be noted, however, that the possibility cannot be 
excluded that some minor bacterial associates may be pre-
sent in some of the eared leafhoppers. 

Localization of fungal symbiont and Sulcia symbiont 
in eared leafhoppers

Tissue sections of the eared leafhoppers were subjected to PAS 
staining, which histochemically visualizes polysaccharides 
in red. Since fungal cell walls usually contain large amounts 
of glucans, the fungal symbiont cells are highlighted in tis-
sues and cells of the host insects by PAS staining (Noda 1977; 
Sasaki et al. 1996). In L. discolor, throughout the fat bodies 
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Sulcia of treehopper Philya ferruginosa [DQ066642] 

Sulcia of treehopper Publilia modesta [DQ066641] 

Sulcia of leafhopper Hamana dictatoria [DQ066638] 

Sulcia of treehopper Platycotis vittata [DQ066643] 

Sulcia of treehopper Spissistilus festinus [DQ066641] 

Sulcia of leafhopper Jikradia olitoria [DQ066640] 

Sulcia of leafhopper Evacanthus interruptus [KP278014] 

Sulcia of leafhopper Cicadella viridis [AY676915] 

Sulcia of leafhopper Homoscarta irregularis [AY676902] 

Sulcia of leafhopper Proconosama alalia [AY676906] 

Sulcia of leafhopper Hylaius oregonensis [AY676905] 

Sulcia of leafhopper Pagaronia tredecimpunctata [AY676911] 

Sulcia of leafhopper Acinopterus sp. [DQ066639] 

Sulcia of leafhopper Ecultanus sp. [DQ066644] 

Sulcia of leafhopper Macrosteles laevis [KR337981] 

Sulcia of spittlebug Aphrophora quadrinotata [DQ066629] 

Sulcia of spittlebug Clastoptera proteus [DQ066629] 

Sulcia of cicada Diceroprocta apache [DQ066626] 

Sulcia of cicada Magicicada septendecim [DQ066625] 

Sulcia of planthopper Aphypia longipennis [JQ982613] 

Sulcia of planthopper Hyalesthes scotti [FN428790] 

Sulcia of planthopper Oliarus filicicola [FN428792] 

Blattabacterium of cockroach Blattela germanica [NR102837] 

Blattabacterium of cockroach Periplanata americana [NR102837] 

Ornithobacterium rhinotracheale [KP128016]

Salibacter lundus [AM712887]

Sulcia of Ledropsis discolor (dig1, tkb1, tko1-4) [LC108768-73] 
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distributed in the peripheral regions of the abdominal body 
cavity, some areas were represented by host cells that were 
densely populated by the fungal symbionts (“fhc” in Fig. 5a, 
b), whereas the Sulcia-harboring bacteriomes were located at 
a relatively central region of the abdominal body cavity (“bac” 
in Fig. 5a). In L. auditura, host cells populated by the fungal 
symbionts were scattered throughout the fat bodies located at 
the peripheral body cavity (“fhc” in Fig. 5c, d). In T. angulata, 
similarly, some host cells within the fat bodies were densely 
populated by the fungal symbionts (“fhc” in Fig. 5e). In addi-
tion, we observed that, in the nymphal specimen of T. angu-
lata, host cells populated by the fungal symbionts formed 
clusters in relatively central regions of the abdominal body 
cavity close to the fat bodies (“fhc*” in Fig. 5e, f), although 
their cytological identity was obscure.

Phylogenetic relationship of eared leafhoppers

Figure 6 shows the phylogenetic relationship of the eared 
leafhoppers of the subfamily Ledrinae to other groups of 

leafhoppers and treehoppers on the basis of partial 28S 
rRNA gene sequences. The whole grouping of leafhoppers 
and treehoppers, namely the superfamily Membracoidea, 
was well supported. The eared leafhoppers formed a clade, 
which was allied to the leafhopper subfamily Cicadellinae. 
However, it should be noted that, considering the small 
sequence data and the low statistical supports for the group-
ings, the relationship between these insect groups is tenta-
tive, and further studies with more sequence data should be 
performed to obtain conclusive results (Cryan 2005; Cryan 
and Urban 2011).

Discussion

In this study, we examined the eared leafhoppers of the 
subfamily Ledrinae representing three genera, three spe-
cies and nine local populations and consistently identified 
fungal symbionts from them (Figs. 1d–f, 2, 5), verifying an 
early histological report on the presence of a yeast-like fun-
gal symbiont in a European ledrine species L. aurita (Buch-
ner 1925). Molecular phylogenetic analysis revealed that 
the fungal symbionts form a clade within the ascomycetous 
genus Ophiocordyceps consisting of entomoparasitic fungi 
(Fig. 2). These results suggest the possibility that the fungal 
symbiont was acquired by the common ancestor of the sub-
family Ledrinae and derived from an entomoparasite of the 
genus Ophiocordyceps.

The fungal genus Ophiocordyceps was recently divided 
from the genus Cordyceps (Sung et al. 2007). Convention-
ally, the entomoparasitic fungi of the genus Cordyceps, 
consisting of over 400 described species in the world and 
some 300 species in Japan, have been classified to the fam-
ily Clavicipitaceae, the order Clavicipitales, the class Sord-
ariomycetes and the phylum Ascomycota (Kobayashi 1982; 
Mains 1958; Shimizu 1994). On the basis of extensive 
molecular phylogenetic data, a recent revision of this fungal 
group re-organized the Hypocreales (formerly the Clavicip-
itales), whose members are mostly parasitic to arthropods, 
plants or fungi, into three major families, the Cordycipi-
taceae, Clavicipitaceae and Ophiocordycipitaceae (Sung 
et al. 2007). The family Ophiocordycipitaceae consists of 
two major genera: Elaphocordyceps, whose members are 
parasitic either to hart’s truffles of the genus Elaphomyces 
or to cicada nymphs (Nikoh and Fukatsu 2000), and Ophio-
cordyceps, whose members are parasitic to diverse insects 
representing the orders Coleoptera (chafer grubs, click bee-
tle larvae, ground beetles, etc.), Lepidoptera (moth larvae 
and pupae), Hymenoptera (ants and wasps) and Hemiptera 
(cicada nymphs, scale insects, spittlebugs, stinkbugs, etc.) 
(Sung et al. 2007). It seems plausible, although specula-
tive, that a leafhopper-parasitizing Ophiocordyceps species 
stopped killing the host, persisted through host generations 

A

B

1 mm

1 mm

Fig. 4  Whole-mount in situ hybridization of bacterial symbionts in 
L. discolor. a With a Sulcia-specific probe Sul664R, hybridization 
signals in red are localized in a pair of bacteriomes in the abdomen. 
Note that each bacteriome is narrowed in the middle, consisting of 
anterior and posterior lobes (arrows). b With a betaproteobacterial 
probe BET940R, no hybridization signals were detected in the bacte-
riomes. Weak green signals are due to autofluorescence of insect tis-
sues
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via vertical transmission, exerted positive effects on the 
host fitness, became a mutualistic partner and took over the 
bacteriome-associated symbionts in the Ledrinae.

In this context, it is notable that such symbiont replace-
ments from bacteria to fungi must have occurred repeat-
edly in the Hemiptera. For example, while the majority of 
over 4000 aphid species in the world are associated with 

the obligate bacterial symbiont Buchnera (Baumann 2005; 
Douglas 1998; Moran et al. 2008), a small number of 
aphids of the genera Tuberaphis, Cerataphis and Glyphi-
naphis in the tribe Cerataphidini lack Buchnera and har-
bor yeast-like fungal symbionts (Fukatsu and Ishikawa 
1992, 1996; Fukatsu et al. 1994; Hongoh and Ishikawa 
2000). Although some planthoppers of the superfamily 
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Fig. 5  Tissue sections of the eared leafhoppers L. discolor, L. 
auditura and T. angulata subjected to PAS staining. a An abdomi-
nal sagittal section of an L. discolor nymph in which a stretch of 
bacteriome and fungus-harboring cells in the fat body are seen. b 
An enlarged image of the fungus-harboring cells of the L. discolor 
nymph, whose cytoplasm is full of the fungal symbionts. c An 
abdominal cross section of a L. auditura adult. d An enlarged image 
of the fat body in the L. auditura adult, in which a number of fungus-
harboring cells are observed. e An abdominal cross section of a T. 

angulata nymph, in which clusters of fungus-harboring cells are seen. 
f An enlarged image of the fungus-harboring cells in the abdominal 
body cavity of the T. angulata nymph, whose cytoplasm is filled with 
the fungal symbionts. bac bacteriome, fb fat body, fhc fungus-har-
boring cells the in fat body, fhc* fungus-harboring cells in the cen-
tral body cavity adjacent to the fat body, tes testicule. Asterisks in (c) 
indicate tissue/cell-free spaces in the body cavity, which are found in 
adult insects of the eared leafhoppers
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Fulgoroidea are associated with Sulcia, Vidania and other 
bacterial symbionts (Bressan and Mulligan 2013; Bressan 
et al. 2009; Gonella et al. 2008, 2011; Urban and Cryan 
2012), other planthopper species are devoid of the bacterial 
symbionts and associated with yeast-like fungal symbionts 
(Michalik et al. 2009; Noda 1977; Noda et al. 1995; Sasaki 
et al. 1996; Suh et al. 2001; Szklarzewicz et al. 2007). Even 
in the leafhopper family Cicadellidae, some species such as 

Scaphoideus titanus Ball possess neither Sulcia nor Nas-
uia, but harbor a yeast-like fungal symbiont (Sacchi et al. 
2008). In the eared leafhoppers of the subfamily Ledrinae, 
we found that L. discolor is associated with both Sulcia and 
a fungal symbiont (Figs. 2, 3, 5), which provides an insight 
into the evolutionary process of the symbiont replacement. 
Here we hypothesize that, in the common ancestor of the 
Ledrinae, the newcomer fungal symbiont first replaced the 
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Fig. 6  Phylogenetic placement of the eared leafhoppers L. discolor, 
L. auditura and T. angulata among leafhoppers and treehoppers of 
the superfamily Membracoidea. A maximum-likelihood phylogeny 
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sequences is shown. Statistical supports and a scale bar are shown as 
in Fig. 2
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bacteriome-associated Nasuia-allied co-symbiont while 
retaining the ancient Sulcia symbiont, and subsequently 
also took over Sulcia, thereby completing the replacement 
from the prokaryotic symbiosis to the eukaryotic one. Sim-
ilar stepwise processes of symbiont replacements might 
have also occurred in planthoppers (from Sulcia and Vida-
nia to the fungal symbiont) and other hemipteran groups 
(Buchner 1965; Müller 1962).

The molecular phylogeny clearly showed that the fun-
gal symbionts of the eared leafhoppers are not allied to 
the fungal symbionts of aphids and planthoppers (Fig. 2). 
This phylogenetic pattern favors the idea of multiple evo-
lutionary origins of the fungal symbionts from the genus 
Ophiocordyceps within the Hemiptera, and highlights the 
evolutionary connection between parasitism and mutualism 
in the insect-microbe symbiotic associations. It should be 
noted that the fungal symbiont of aphids is phylogenetically 
very close to the fungal symbiont of leafhoppers, although 
their evolutionary origins must be independent (Hongoh 
and Ishikawa 2000) (see Fig. 2), suggesting the possibility 
that particular groups of Ophiocordyceps fungi specialized 
for hemipteran insects might recurrently serve as evolution-
ary sources of the fungal symbionts in the Hemiptera. In 
this context, the possibility of multiple independent fungal 
acquisitions from closely related entomoparasitic Ophio-
cordyceps fungi in the Ledrinae should also be kept in 
mind.

Biological functions of the fungal symbiont in the eared 
leafhoppers are currently unknown. Genomics of Sulcia 
and co-symbionts have suggested that these bacterial sym-
bionts cooperatively provide essential amino acids and 
other nutrients for leafhoppers and other hemipteran insect 
hosts (Bennett and Moran 2015; McCutcheon and Moran 
2007, 2012; McCutcheon et al. 2009; McCutcheon and 
Moran 2010; Wu et al. 2006). Hence, the fungal symbiont 
must play similar nutritional roles in place of the bacte-
rial symbionts. Considering the much larger genome size 
and consequent broader metabolic capability of the fungal 
symbiont in comparison with the tiny-genome bacterial 
symbionts (McCutcheon 2010; Moran and Bennett 2014; 
Vogel and Moran 2013; Xue et al. 2015), it is conceiv-
able, although speculative, that the fungal symbiont may 
play additional biological roles in the hemipteran hosts. 
Genomics of the fungal symbionts (Vogel and Moran 2013; 
Xue et al. 2015) and physiological studies on normal and 
fungus-deprived insect hosts (Noda and Saito 1979; Sasaki 
et al. 1996) are needed for deeper understanding of func-
tional aspects of the insect-fungus symbiotic association.

The subfamily Ledrinae is a relatively small leafhop-
per group consisting of some 38 genera and 300 species 
(Jones and Deitz 2009). In this study, we inspected only 
three ledrine species representing three genera. Our pre-
liminary phylogenetic analysis confirmed the monophyly 

of the ledrine leafhoppers but did not resolve their phylo-
genetic relationship (Fig. 6). Hence, we cannot discuss 
the detailed evolutionary processes as to when and how 
the Ophiocordyceps fungus invaded the symbiotic system, 
replaced the Nasuia-allied co-symbiont, and finally took 
over the ancient Sulcia symbiont. To address these evolu-
tionary issues, broader taxon sampling of the ledrine leaf-
hoppers and more DNA sequence data are needed. Consid-
ering the phylogenetic and structural integrity between the 
ledrine leafhoppers and their fungal symbionts (Figs. 2, 
5), the fungal symbiont must have been stably maintained 
through host generations by vertical transmission via ovarial 
passage as observed in planthoppers and other hemipterans 
(Buchner 1925, 1965; Cheng and Hou 2001; Michalik et al. 
2009; Noda 1977; Szklarzewicz et al. 2007; Yukuhiro et al. 
2014). To observe the symbiont transmission process in the 
ledrine leafhoppers, we should inspect the insect samples 
with mature ovaries containing developing oocytes, which 
were unfortunately not obtained in this study.
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