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Abstract

Nutritional symbioses are integral to the survival and diversity of many insects. The
majority of herbivorous insects in the order Hemiptera possess stable, inherited symbionts that
produce essential amino acids and vitamins. However, instability has been observed in cicadas,
with one bacterial symbiont, Hodgkinia cicadicola, being repeatedly replaced by a new fungal
symbiont, Ophiocordyceps. The fungal symbionts are thought to be derived from parasitic
Ophiocordyceps species, but little is known about these parasitic ancestors or how the transition
from parasite to mutualist occurs. We used a combination of targeted amplified genes and
metagenomic sequencing to investigate the evolution of endosymbiotic Ophiocordyceps across
25 species of cicadas in the tribe Cryptotympanini. At least four parallel instances of
Ophiocordyceps domestication were found in the studied group, arising from a single
monophyletic clade of cicada-parasitic Ophiocordyceps with only one having been known
previously. The genome of a symbiotic Ophiocordyceps strain from the cicada Megatibicen
auletes has been sequenced and annotated, paving the way for future comparative analyses
between symbiotic and parasitic Ophiocordyceps.

INTRODUCTION

Multicellular life evolved from a world of microbes via symbiosis. That shared
evolutionary history is responsible for the complex communication and interdependence that
microbes, animals, and plants are now known to form. Next-generation sequencing has unveiled
a world of unculturable microbes that form symbiotic relationships with multicellular hosts,
ranging from commensal to parasitic to mutualistic. Host-dependent microbes face unique
evolutionary pressures and combat host control and immunity, while microbe-dependent
multicellular hosts must either reacquire their symbionts every generation or rely on inherited
microorganisms whose genomes often degrade over time. Despite these presumed challenges,
symbiotic microbes are abundant in nature and have had a marked impact on eukaryote
evolution.

Hemipteran Endosymbiosis

Endosymbiosis is any form of symbiotic relationship in which one organism lives inside
another. Endosymbiosis is an important source of biological diversity, with many organisms
harboring endosymbiotic microbes inside of them. Some of the most prolific are insects, many of
which have internal bacteria living in specialized organs or compartments within the gut.
Endosymbionts are often required when insects have highly specialized diets on
nutritionally-limited substrates Microbes can supplement their hosts’ nutritional needs with their
expanded metabolism. Insects of the order Hemiptera have an especially high prevalence of
endosymbionts. In the mid 20th century, Buchner and his student Müller described the various
symbionts of 405 different plant bugs (Hemiptera: Auchenorrhyncha) using light microscopy and
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noted the diversity of symbiont identities (Müller 1940, 1962; Buchner 1965). Though not all
hemipterans possess endosymbionts, those that are dietary specialists on plant sap require
endosymbionts to produce essential amino acids and vitamins. In these hemipteran insects,
endosymbionts are typically housed in a specialized "bacteriome" organ in the lower abdomen.
Here, provisioned with nutrients by the host (Ankrah et al. 2018), the symbionts grow to a
regulated abundance. Symbionts are inoculated into the eggs and thus passed down vertically
from mother to offspring. These properties of endo-cellularity, vertical transmission and host
control dictate the evolution of endosymbiotic microbes (McCutcheon et al. 2019).

Properties of endosymbionts: genome reduction, and patterns of symbiont replacement and
acquisition

Endosymbiotic, vertically transmitted microbes, which spend their entire life cycle within
a host, follow a convergent trajectory of genome evolution that begins after they are initially
acquired. A free-living bacterium typically has a genome size of 5-10Mb that encodes all
functions needed to survive, extract nutrients from its environment, and compete with other
microorganisms (Ochman and Davalos 2006). Once the bacterium is incorporated into the host,
however, it will never leave and it no longer requires most of its genes. This reduced selection
pressure on the symbiont allows deleterious or non-functional mutations to accumulate (Moran
1996). Bacterial populations within the bacteriome have a small effective population size, and a
population bottleneck occurs each time they are transmitted from mother to offspring (Moran
1996). These factors result in increased genetic drift, which contributes to the fixation of
deleterious mutations. In eukaryotes, small population size tends to lead to genome expansion
via accumulation of mobile elements (Lynch 2006), but in bacteria, which have a stronger
deletion bias, genome size reduction is typically observed (Mira et al. 2001). Quickly after
acquisition, bacterial genomes lose genes until the tiny remaining genome (150-500kb) encodes
only essential cellular activities and functions needed for host survival, e.g., amino acid synthesis
(McCutcheon and Moran 2012). Additional factors contributing to gene loss include the loss of
DNA repair genes and the development of mutator phenotypes, which often occur early after
symbiont acquisition by the host (McCutcheon et al. 2019). As endosymbiont genomes become
smaller, they converge functionally. They almost always display a strong AT bias, though there
are exceptions. Bacteria are thought to have a mutational bias towards AT-rich genomes
(Hershberg and Petrov 2010) which is normally counteracted by selection for GC-rich genomes
and/or by GC-biased gene conversion, which occurs during recombination (Lassalle et al. 2015).
Since endosymbiotic bacteria reproduce asexually and have reduced selection pressure, the
AT-mutation bias prevails. Aggressive gene loss leads to small, streamlined genomes that encode
only functions necessary for replication and host survival. Endosymbionts reach a point of
extreme genomic stability once their genomes are small and mostly protein-coding (Silva et al.

https://paperpile.com/c/6iZV6z/JdNwx+oHWF9+If9s0
https://paperpile.com/c/6iZV6z/Mjtsf
https://paperpile.com/c/6iZV6z/Ypb6H
https://paperpile.com/c/6iZV6z/BXRo2
https://paperpile.com/c/6iZV6z/eQQtc
https://paperpile.com/c/6iZV6z/eQQtc
https://paperpile.com/c/6iZV6z/eQQtc
https://paperpile.com/c/6iZV6z/eQQtc
https://paperpile.com/c/6iZV6z/bo1CT
https://paperpile.com/c/6iZV6z/hC6uz
https://paperpile.com/c/6iZV6z/w7dqJ
https://paperpile.com/c/6iZV6z/Ypb6H
https://paperpile.com/c/6iZV6z/pWmFU
https://paperpile.com/c/6iZV6z/RW6oT
https://paperpile.com/c/6iZV6z/PF8xZ
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2003). Though this form is stable and can last over 100 million years, it does not seem to persist
indefinitely. Deleterious mutations continue to accumulate due to a lack of recombination.

When symbionts lose essential functions like amino acid production, the host must
accommodate by horizontal gene transfer, acquiring an additional symbiont, or replacing the old
symbiont entirely; hosts that are not successful at this addition or replacement during symbiont
degradation will go extinct. Examples of each of these strategies exist in hemipteran insects. For
example, the genomes of Sulcia endosymbionts from a spittlebug, leafhopper, and a cicada show
very high levels of sequence conservation except for the complete and precise loss of the
tryptophan biosynthetic pathway in spittlebug-Sulcia, a function which is encoded in the
spittlebug’s other endosymbiont Zinderia (McCutcheon and Moran 2010). Presumably this gene
loss occurred after the split between cercopids and the others, and it was concurrent with the
acquisition of Zinderia. Further variation exists within the cercopids, where Zinderia has been
replaced by a Sodalis-like bacterium in a single cercopid tribe (Koga et al. 2013). Additionally, a
species of spittlebug with all three symbionts exists, demonstrating the ability of hosts to
augment their symbiont capacity by obtaining new symbionts (Koga et al. 2013). Mealybugs
have a unique symbiotic relationship in which one gammaproteobacterial endosymbiont lives
inside the cytoplasm of another endosymbiont, Tremblaya. In the mealybug Planococcus citri,
the genes required for gammaproteobacterial symbiont Moranella to synthesize peptidoglycan
are distributed between Moranella and horizontally-transferred genes in the host (Bublitz et al.
2019). Like the cercopids, mealybugs have replaced their gammaproteobacterial symbiont
multiple times, so mealybug lineages today have gammaproteobacterial symbionts of different
ages and origins (Husnik and McCutcheon 2016). These instances of symbiont replacement and
horizontal gene transfer represent a successful mechanism for the host to counteract the
degrading genomes of its symbiont.

By observing the identity of symbionts throughout Hemiptera, it is clear that symbionts
have been repeatedly acquired, replaced, or lost, and that the symbionts of any given lineage are
an ever-changing assemblage of 1-3 partners. Acquisition of new symbionts represents an
opportunity for ecological adaptation (Sudakaran et al. 2017), even though it can arise out of the
seemingly maladaptive process of symbiont genome degradation. The mechanism by which a
new symbiont is acquired is uncertain. New symbionts must evade the host immune system and
be properly localized within the correct tissue for transmission to offspring. Insect-vectored
pathogens or insect parasites represent likely sources of new symbionts due to their ability to
invade the host and initiate close intracellular contact over long evolutionary times (McCutcheon
et al. 2019). The period of symbiont acquisition remains relatively unexplored because most
systems in nature are in the long-lasting stable symbiotic phase. However, cicadas are in an
ongoing phase of symbiont transition, and represent a unique opportunity to study this
phenomenon.

https://paperpile.com/c/6iZV6z/PF8xZ
https://paperpile.com/c/6iZV6z/vd2UU
https://paperpile.com/c/6iZV6z/mxqJd
https://paperpile.com/c/6iZV6z/mxqJd
https://paperpile.com/c/6iZV6z/lzrea
https://paperpile.com/c/6iZV6z/lzrea
https://paperpile.com/c/6iZV6z/9B8Fp
https://paperpile.com/c/6iZV6z/IZxCj
https://paperpile.com/c/6iZV6z/Ypb6H
https://paperpile.com/c/6iZV6z/Ypb6H
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The ancestral endosymbionts of Cicadidae; genome fragmentation in Hodgkinia and
transition to Ophiocordyceps

Cicadas ancestrally possess two bacterial endosymbionts, Candidatus Sulcia muelleri
(Bacteroidetes; referred to as Sulcia) and Candidatus Hodgkinia cicadicola
(Alphaproteobacteria; referred to as Hodgkinia) (McCutcheon et al. 2009a). Sulcia produces 8
essential amino acids: leucine, valine, isoleucine, threonine, lysine, arginine, tryptophan, and
phenylalanine, while Hodgkinia produces the two remaining essential amino acids: histidine, and
methionine, as well as vitamin B12 (McCutcheon and Moran 2010). Sulcia was acquired in an
ancestor of all auchennorrhynchan insects and has remained as a symbiotic partner for at least
260 million years (Moran et al. 2005). Sulcia is still present in most auchennorrhyncan lineages
but in all known cases it can only synthesize 8 amino acids or fewer, implying the existence of
another symbiont in the ancestor of Auchennorrhyncha (Bennett and Moran 2013). Hodgkinia is
unique to cicadas, with an age of at least 100 million years (Simon et al. 2019). Hodgkinia has
one of the smallest known bacterial genomes at around 150 kb while the Sulcia genome is
around 250 kb (McCutcheon et al. 2009a, 2009b; McCutcheon and Moran 2012). Interestingly,
Hodgkinia appears to be in the final stage of symbiont evolution, and is displaying unique and
chaotic genome expansion not seen in any other symbionts. The first sequenced Hodgkinia
genome from Diceroprocta semicincta had a single circular genome of 144 kb, but subsequent
sequencing in a different cicada, Tettigades undata, revealed that Hodgkinia had fragmented into
two interdependent Hodgkinia species inhabiting the same bacteriome (Van Leuven et al. 2014).
These two strains lost genes or developed pseudogenes in a complementary pattern so that at
least one copy of each ancestral Hodgkinia gene remained functional between the two. The
overall coding capacity of the Hodgkinia genomes remained the same as the single, complete
Hodgkinia genome, but with almost twice the genome size distributed between two genomes.
Van Leuven et al. hypothesized that this lineage splitting could be a nonadaptive product of
endosymbiont evolution where multiple inactivating mutations arise within a bacteriome, are
masked due to Hodgkinia’s polyploidy, reach abundance due to the cicadas’ long life cycle, and
become fixed due to population bottleneck when passed to offspring. Since then, Hodgkinia
lineage splitting has been found to be much more widespread. Further sequencing of Tettigades
species’ Hodgkinia symbionts revealed that multiple independent lineage splits have occurred
during the past four million years of evolution in this group, resulting in closely related cicada
species with 1-6 Hodgkinia species and varied genomic organization among them (Łukasik et al.
2018). All original coding genes were retained between the Hodgkinia species but the relative
abundance of many genes varies. In Magicicada, the cicadas with the longest life cycle from egg
to adult, tens of Hodgkinia lineages exist in a single cicada with high variance in size, number of
lineages, and gene copy number between Magicicada species (Campbell et al. 2015, 2017). The
genomes can total over 1 mb (Campbell et al. 2015), an almost 10-fold increase in nucleotides

https://paperpile.com/c/6iZV6z/2BPiG
https://paperpile.com/c/6iZV6z/vd2UU
https://paperpile.com/c/6iZV6z/f7zWY
https://paperpile.com/c/6iZV6z/5EHSk
https://paperpile.com/c/6iZV6z/1xSC0
https://paperpile.com/c/6iZV6z/fLodF+2BPiG+w7dqJ
https://paperpile.com/c/6iZV6z/Oa6KH
https://paperpile.com/c/6iZV6z/AW9cb
https://paperpile.com/c/6iZV6z/AW9cb
https://paperpile.com/c/6iZV6z/HdZL1+aTMD0
https://paperpile.com/c/6iZV6z/HdZL1
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from the ancestral Hodgkinia genome, but each individual Hodgkinia genome is still
characterized by genome reduction.

Because of the varied gene dosage and because cicadas must transfer more bacteria to
each offspring to ensure all Hodgkinia copies are present, Hodgkinia lineage splitting is thought
to be maladaptive for the cicada and can lead to a feedback loop worsening genome degradation
(Van Leuven et al. 2014; Campbell et al. 2017; Łukasik et al. 2018). If this trait is maladaptive, it
may explain the recent discovery that some cicadas have acquired a new fungal symbiont,
Ophiocordyceps, and subsequently lost Hodgkinia (Matsuura et al. 2018). Fifteen of twenty-four
sampled Japanese cicadas from multiple cicada lineages lacked Hodgkinia and possessed
Ophiocordyceps symbionts, consistent with at least three independent acquisitions of
Ophiocordyceps. These independent acquisitions are marked by structural diversity in tissue
localization (Matsuura et al. 2018; Wang et al. 2021). The transition in symbionts could be
partially explained by Hodgkinia genome fragmentation, but unpublished work from our lab
(Eric RL Gordon) does not find a clear relationship between increased fragmentation in extant
sister groups and Hodgkinia replacement. Ophiocordyceps has also emerged in hemipteran
insects that never possessed a Hodgkinia-like symbiont. Yeast-like symbionts, often confirmed as
Ophiocordyceps, have been noted in multiple Hemipteran groups - both Sternorrhyncha (aphids
mealybugs, scales and relatives) and Auchenorrhyncha (leafhoppers, planthoppers, cicadas,
spittlebugs and relatives) but not in Heteroptera. They have been reported in leafhoppers of the
subfamilies Ledrinae (Nishino et al. 2016) and Deltocephalinae (Kobiałka et al. 2018), delphacid
planthoppers (Noda 1977; Hongoh and Ishikawa 2000), and cerataphidine aphids (Hongoh and
Ishikawa 2000; Vogel and Moran 2013). Ophiocordyceps-allied fungi have been found in the
cytoplasm of fat body cells in kermesid scales (Podsiadło et al. 2018), in Kerria lacca, a kerriid
scale (Vashishtha et al. 2011), and as a prevalent microbiome member in coccid scales
(Gomez-Polo et al. 2017), representing a putative symbiont in those organisms. Ophiocordyceps
appears uniquely capable of forming mutualistic symbioses compared to other fungal insect
pathogens. The tight internal relationship that Ophiocordyceps parasites form with their host
might facilitate the transition to host-beneficial endosymbionts, especially if a pre-existing
symbiont is undergoing maladaptive genome degradation.

Ophiocordyceps taxonomy, the nature of the parasite

Ophiocordyceps, the newly acquired symbiont, is derived from a naturally occurring
fungal parasite which kills cicada nymphs before they emerge from the ground, sprouting a
fruiting body from their carcass and releasing spores. In cicadas that have Ophiocordyceps as a
symbiont, the fungi never develop hyphae but persist inside the cicada in a yeast-like form
(Matsuura et al. 2018). The genus Ophiocordyceps contains around 140 described species of
entomoparasitic fungi (Ainsworth 2008). Ophiocordycipitaceae fungi were previously included
in the genus Cordyceps within the family Clavicipitaceae. This group has been reclassified into

https://paperpile.com/c/6iZV6z/Oa6KH+aTMD0+AW9cb
https://paperpile.com/c/6iZV6z/dAFyP
https://paperpile.com/c/6iZV6z/dAFyP+rcCpe
https://paperpile.com/c/6iZV6z/T19Ok
https://paperpile.com/c/6iZV6z/QPd2W
https://paperpile.com/c/6iZV6z/F0CTZ+wIWqJ
https://paperpile.com/c/6iZV6z/l3zRJ+wIWqJ
https://paperpile.com/c/6iZV6z/l3zRJ+wIWqJ
https://paperpile.com/c/6iZV6z/ldb7i
https://paperpile.com/c/6iZV6z/Scnf9
https://paperpile.com/c/6iZV6z/KMBvd
https://paperpile.com/c/6iZV6z/dAFyP
https://paperpile.com/c/6iZV6z/Pkbx7
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three families, Ophiocordycipitaceae, Clavicipitaceae, and Cordycipitaceae, with
Ophiocordycipitaceae and Clavicipitaceae as sister groups (Sung et al. 2007). Further naming
confusion comes from the tendency of single fungi to be given two names, one for their
anamorphic (asexual) and one for their teleomorphic (sexual) phase, since these phases can have
very distinct morphologies. Ophiocordyceps can correspond to anamorphic fungi under the
names Hirustella, Hymenostilbe, Paraisaria, or Syngliocladium. Other cicada-infecting fungi,
Beauveria and Isaria, are anamorphs of Cordyceps fungi. Together, these three families comprise
one clade of Hypocreales, an ascomycete fungal order. The insect-parasitic lifestyle has evolved
independently in Ophiocordycipitaceae, Cordycipitaceae, and some Clavicipitaceae (Wang et al.
2016).

The most well-known members of Ophiocordyceps are the “zombie-ant” fungi (species
complex Ophiocordyceps unilateralis), which manipulate the behavior of their hosts to increase
transmission of fungal spores and evade the social defenses of ants. Infected ants leave their
colony, climb up the stems of plants above foraging trails and clasp leaf blades with their jaws.
Then, the fruiting body emerges and disperses its spores onto the foraging ants below. The
zombie-ant Ophicordyceps are species specific to their hosts, likely due to the complex nature of
their host manipulation (de Bekker et al. 2017). However, other Ophiocordyceps species show
limited or no behavioral manipulation, and less host specificity. Since the evolution of an
entomoparasitic lifestyle in the ancestor of Ophiocordycipitaceae, the fungi have gone through
multiple order-level host switches and behavioral manipulation has evolved at least once
(Hughes et al. 2016; Araújo and Hughes 2019). Today, Ophiocordyceps are known to infect at
least nine insect orders, as well as trap-door spiders (Hughes et al. 2016). The most common
hosts of Ophiocordyceps are in the orders Hemiptera, Hymenoptera, Coleoptera, and
Lepidoptera. In addition to switching between hosts, Ophiocordyceps can specialize on either
immature or adult forms of their host. In cicadas, Ophiocordyceps fruiting bodies have only been
found on nymphs. Coleoptera-infecting Ophiocordyceps comprise multiple different clades
which specialize on either adult or larvae (but never both).

Ophiocordyceps have evolved to parasitize cicadas numerous times, but all currently
known cicada symbiont species appear to have arisen from one monophyletic clade of
Ophiocordyceps parasites including O. sobolifera, O. longissima, and O. yakusimensis (Matsuura
et al. 2018). Due to lack of sampling of Ophiocordyceps parasites outside of Japan, it is likely
that there is undiscovered diversity of Ophiocordyceps parasites that has contributed to the
evolution of Ophiocordyceps symbionts. Recent data from our lab and collaborators’ supports
over ten Ophiocordyceps acquisitions in phylogenetically and geographically distinct groups of
cicadas (Haji et al. 2021). Documenting the ongoing Ophiocordyceps acquisition throughout
Cicadidae provides a fruitful opportunity to better understand the process of symbiont
domestication.

https://paperpile.com/c/6iZV6z/DMTIH
https://paperpile.com/c/6iZV6z/E31sC
https://paperpile.com/c/6iZV6z/E31sC
https://paperpile.com/c/6iZV6z/PUZLm
https://paperpile.com/c/6iZV6z/597X7+uiOjS
https://paperpile.com/c/6iZV6z/597X7
https://paperpile.com/c/6iZV6z/Pz9rp
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Dog-Day cicadas as a study system for Ophiocordyceps acquisition; Goals

The common Dog-Day cicadas of North America comprise two genera, Neotibicen and
Megatibicen, within the tribe Cryptotympanini. They are especially well-known for producing
loud mating calls, which are the sound of summer across much of the United States. This group
is of interest for the study of symbiont transition because of its diversity, geographic distribution,
and relationship to other Ophiocordyceps-possessing cicadas. Neotibicen and Megatibicen
together are sister to the large genus Cryptotympana, which is exclusive to Asia (Hill et al.
2015). Neotibicen and Megatibicen are largely native to central and eastern North America
although some extend into Mexico and the western US) (Sanborn and Phillips 2013; Hill et al.
2015). Two Cryptotympana species are confirmed to have Ophiocordyceps (Matsuura et al.
2018) but we have only recently discovered that the Dog-Day cicadas also possess this fungal
symbiont. Other cryptotympanine genera inhabit western North America including Cacama, for
which evidence from this thesis suggests may have an Ophiocordyceps symbiont, and Hadoa,
which does not. Sequencing of Ophiocordyceps symbionts of the Dog-Day cicadas presented
here supports multiple domestications of genetically different Ophiocordyceps in the clade,
including a possible instance of a free-living Ophiocordyceps replacing a symbiotic
Ophiocordyceps. It is clear that this early stage of symbiont acquisition is dynamic rather than a
single acquisition event in evolutionary history. The goal of my work was to decode the order of
symbiont acquisition events within the Dog-Day cicadas and relatives using genomic data,
determine the parasitic ancestors for each acquisition event, and begin to understand the genetic
changes that occur during the very first phase of symbiont domestication. Additionally, I aimed
to understand whether eukaryotic endosymbionts undergo the same patterns of genome evolution
as bacterial symbionts. Some evidence from existing Ophiocordyceps symbionts in Hemiptera
suggests that eukaryotic symbionts do not undergo genome size reduction, but rather gene loss is
balanced by proliferation of mobile elements and introns (Vogel and Moran 2013; Fan et al.
2015). Genomic sequencing of symbionts of Dog-Day cicadas will allow us to address this gap
in knowledge.

METHODS

Sampling

A total of 43 specimens were used for this project, including 9 species of Neotibicen, 8
Megatibicen, 4 Cacama, 2 Hadoa, and 2 Raiateana. Female specimens were prioritized since
Ophiocordyceps DNA could potentially be amplified from the ovaries. Species were chosen with
the intent of broadly sampling target genera, particularly Neotibicen and Megatibicen. The
samples were collected by various collectors between 1997 and 2020 (Table 1) and stored in
ethanol at -80 °C until use, except for the samples of Raiateana kuruduadua, Neotibicen
canicularis, and Megetibicen cultriformis, which were pinned (see Table 1).

https://paperpile.com/c/6iZV6z/Xghpc
https://paperpile.com/c/6iZV6z/Xghpc
https://paperpile.com/c/6iZV6z/WN4g5+Xghpc
https://paperpile.com/c/6iZV6z/WN4g5+Xghpc
https://paperpile.com/c/6iZV6z/dAFyP
https://paperpile.com/c/6iZV6z/dAFyP
https://paperpile.com/c/6iZV6z/l3zRJ+UWXge
https://paperpile.com/c/6iZV6z/l3zRJ+UWXge
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Sample processing

Cicada samples were dissected in phosphate buffered saline. Before each dissection, all
dissection tools (dishes, forceps, pins, scissors) were sterilized in 10% bleach followed by a 95%
ethanol wash, then placed in a UV crosslinker for two minutes. The abdominal tissue was
separated into three sections: guts and fat bodies, bacteriomes, and ovaries (if present). Each was
stored in 95% ethanol until DNA extraction. Before DNA extraction, the samples were
homogenized using sterilized microcentrifuge pestles. Twelve samples (denoted with ‘LN2’ in
Table 1) were frozen with liquid nitrogen immediately before being homogenized in order to
improve lysis of fungal cells. For all samples, DNA extraction was performed using the DNeasy
Blood and Tissue Kit with the following modifications: 1) during step 1a of the quick-start
protocol, incubation was performed for 24 hours, and 2) during steps 8 and 9 (elution), 60 µl of
Buffer AE was used instead of 200 μl. The three pinned specimens were extracted using a
modification of the quick-start protocol. Abdomens were removed and holes were poked in the
abdomen using sterilized forceps. The abdomen was then submerged in a mixture with 9 parts
buffer ATL : 1 part proteinase K. After incubating overnight at 56°C, the lysate was pipetted out
of the mixture and then treated normally through the protocol from step 2. DNA extracts were
quantified using the Qubit dsDNA BR assay.

Target Gene Amplification

The bacterial 16S rRNA gene was amplified via PCR using the 27F 1492R universal
bacterial primer pair to screen for Sulcia in bacteriome tissue. Amplified DNA was sequenced in
both directions with Sanger sequencing via Eurofins Genomics, and the two ends were
assembled using de novo assembly tool within Geneious Prime v2019.1.3. The identity of each
sequence was determined using BLASTN against the NCBI Nucleotide database (Johnson et al.
2008) if close or identical sequences were found. Next, bacteriome samples were screened for
Ophiocordyceps by amplifying and sequencing the RNA polymerase II largest subunit (RPB1)
gene. In samples that were positive for Ophiocordyceps, two additional genes were sequenced:
β-tubulin (β-tub) and elongation factor 1 alpha (EF-1α). The 18S rRNA gene was also amplified
in several samples but found to coamplify the insect homolog resulting in unusable
chromatographs and was discontinued. A list of all primers used is available in Table 2.

Sanger data processing, alignment, and tree building

Sanger chromatograms for RPB1, EF-1α, and β-tub were analyzed in Geneious. First,
beginning and ending regions were trimmed based on chromatogram quality using the ‘Trim
Ends’ tool. Trimmed regions were manually inspected and modified to maximize the number of
usable bases. Next, forward and reverse sequences were aligned, and bases with disagreements
between the two sequences were manually inspected and either fixed or coded as the
corresponding ambiguous base. The full gene sequences were extracted and aligned with each

https://paperpile.com/c/6iZV6z/riei6
https://paperpile.com/c/6iZV6z/riei6
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other for each gene using the MAFFT Multiple Alignment v1.3.7 plugin (Katoh and Standley
2013) in Geneious. Each alignment was inspected individually to exclude the possibility of cross
contamination between two otherwise unrelated samples with close or identical sequences. The
individual gene alignments were read into SequenceMatrix v1.8 (Vaidya et al. 2011), which was
used to create a concatenated alignment in PHYLIP format. A concatenation approach was
chosen due to the low number of genes and since the taxon sampling for each gene was
inconsistent. Phylogenetic trees were built using the concatenated alignments with RAxML
v8.2.12 (Stamatakis 2014) on the CIPRES Science Gateway v3.3 (Miller et al. 2011). RAxML
was run with the GTRCAT model and with each gene partitioned separately. Bootstraps were
obtained with the rapid bootstrapping method (Stamatakis et al. 2008) with 100 iterations. Trees
were visualized using a combination of FigTree v1.4.4 and the ggtree R package v3.0.4 (Yu et al.
2017).

For the Hypocreales tree (Figure 3), additional sequences were collected from 55 species
of related fungi from Genbank, including 29 Ophiocordycipitaceae parasites, 19
Ophiocordycipitaceae symbionts, 5 Cordycipitaceae, and 2 Clavicipitaceae (see Table 3). For
these taxa, data was collected for up to five genes: RPB1, RPB2, EF-1α, 18S, and 28S rRNA.
Species were chosen randomly with the intention of getting a broad sampling of Ophiocordyceps
and some more distant relatives throughout the order Hypocreales, with preference for species
that have data for at least four of our five target genes. Sequences were aligned with our new data
and manually trimmed in Geneious to minimize missing data at the ends of each gene. Tree
building was performed as described in the previous paragraph.

https://paperpile.com/c/6iZV6z/va4gf
https://paperpile.com/c/6iZV6z/va4gf
https://paperpile.com/c/6iZV6z/9zgQR
https://paperpile.com/c/6iZV6z/elNfE
https://paperpile.com/c/6iZV6z/NVwjY
https://paperpile.com/c/6iZV6z/j5V1x
https://paperpile.com/c/6iZV6z/pqC0F
https://paperpile.com/c/6iZV6z/pqC0F
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Table 1 - Sample data for cicadas used in this study
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Table 2 - Primer sets used in this study
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Table 3 - Accession numbers for related fungi included in the expanded phylogeny. Sequences that were obtained in
this study but not yet uploaded to GenBank are marked ‘To be submitted’.

Metagenome sequencing, processing, and assembly

Based on the DNA quantifications and RPB1 band intensity, five liquid-nitrogen-ground
samples were chosen and sequenced to 200 million 150 bp paired-end reads, on an Illumina
HiSeq X by Admera Health after library preparation with an insert size of 350 bp. The chosen
samples were bacteriomes of: Neotibicen latifasciatus, Neotibicen davisi, Neotibicen superbus,
Megatibicen auletes, Cacama californica, and Cacama crepitans. Processing of raw reads began
with the clumpify.sh script from BBMap v37.41 (Bushnell 2014) with the dedupe parameter
enabled, which removes duplicate sequences in the raw reads (likely to be optical or PCR
duplicates). Next, Trimmomatic v0.36 (Bolger et al. 2014) was used to trim low quality bases
and Illumina adaptors using the following parameters:
ILLUMINACLIP:$ADAPTER_PATH:2:30:10 LEADING:3 TRAILING:3
SLIDINGWINDOW:4:20 MINLEN:50. Paired-end reads were merged with bbmerge.sh from
BBMap and the unmerged and unpaired reads were manually added to a single file with the rest
of the merged reads. Assembly was performed with a special configuration of SPAdes 3.13.1
(Bankevich et al. 2012) capable of high kmer assembly with the following parameters:
--only-assembler -k 21,33,55,77,99,127,151,189,229. The majority of contigs in the assemblies
were expected to be of host (cicada) DNA. To filter the fungal contigs from them, each contig
was aligned using BLASTN to the genome of a closely related Ophiocordyceps species cultured

https://paperpile.com/c/6iZV6z/xPxVz
https://paperpile.com/c/6iZV6z/U8jXm
https://paperpile.com/c/6iZV6z/L6Pwv
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from the cicada Meimuna opalifera (Matsuura et al. 2018). Contigs with strong matches (e-value
< 1e-100) were considered to be of fungal origin in our samples. After selecting the fungal
contigs, only the Megatibicen auletes sample had a relatively complete genome, and the rest of
the analysis focused on this one sample. Completeness of the genome was assessed with BUSCO
5.0.0 (Simão et al. 2015) using the Hypocreales lineage set. BUSCO uses gene prediction and
protein alignment software to search for conserved, single-copy orthologs in a genome assembly,
and the proportion of these orthologs that are present is used as a proxy for genome
completeness. Since the BLAST-based method of classifying Ophiocordyceps contigs could
potentially miss novel sequences or parts of the genome that were lost in the reference organism,
an alternative binning approach was also employed using MetaBat2 v2.12.1 (Kang et al. 2019).
MetaBat2 output 24 bins from the M. auletes assembly and of those, bin11 perfectly matched the
fungal contigs retrieved by the BLASTN method. The lack of novel sequences found in the
Ophiocordyceps MetaBat2 bin suggests that any unidentified fungal contigs in our assembly
must be less than 1500 bp (since that is the minimum sequence size that was specified for
MetaBat2) if they exist.

Genome annotation

Annotation of the M. auletes-sourced Ophiocordyceps genome was performed using the
MAKER v2.31.9 pipeline (Cantarel et al. 2008). Repeat masking was performed with
RepeatMasker v4.1.0 (Smit et al. 2015), using RepeatModeler (Smit and Hubley 2015) to
generate a novel repeat database for our organism, which was combined with fungal repeats from
the Dfam database (Storer et al. 2021). A combination of protein and transcriptome data were
used by MAKER to inform gene models. The full dataset included 9 proteomes: Beauveria
bassiana PRJNA225503 (Xiao et al. 2012), Claviceps purpurea PRJEA76493 (Schardl et al.
2013), Cordyceps militaris PRJNA225510 (Zheng et al. 2011), Fusarium graminearum
PRJNA235346 (Gardiner et al. 2014), Metarhizium album PRJNA72731 (Hu et al. 2014),
Ophiocordyceps australis SAMN07142923 (de Bekker et al. 2017), Ophiocordyceps
polyrhachis-furcata PRJNA200756 (Wichadakul et al. 2015), Ophiocordyceps sinensis
PRJNA608258 (Shu et al. 2020), Ophiocordyceps unilateralis PRJNA280567 (de Bekker et al.
2017) and RNAseq data from the closely related Ophiocordyceps symbiont of M. opalifera
SAMN08222404 (Matsuura et al. 2018). Running MAKER with the parameter
correct_est_fusion=1, was crucial to prevent gene fusion caused by the transcriptome data, since
the genome is so small and gene-dense that the UTRs of the transcripts caused the formation of
false mega-proteins in the annotation. The reference proteomes were used as evidence for
generating “hints” for the ab initio gene predictor SNAP v2013-02-16 (Korf 2004). Two
additional gene predictors were used but were not trained on protein evidence: AUGUSTUS
v3.3.3 (Stanke and Waack 2003), using the Fusarium graminearum model, and GeneMark-ES
v4.68 (Ter-Hovhannisyan et al. 2008), which was self-trained on the genome alone using the
--fungus option. Functional annotation was completed using BLASTP against the Swiss-Prot

https://paperpile.com/c/6iZV6z/dAFyP
https://paperpile.com/c/6iZV6z/HxpDd
https://paperpile.com/c/6iZV6z/HVEIK
https://paperpile.com/c/6iZV6z/1T9bx
https://paperpile.com/c/6iZV6z/W8sBX
https://paperpile.com/c/6iZV6z/8UkYo
https://paperpile.com/c/6iZV6z/M5sCe
https://paperpile.com/c/6iZV6z/1vIm5
https://paperpile.com/c/6iZV6z/w0jEv
https://paperpile.com/c/6iZV6z/w0jEv
https://paperpile.com/c/6iZV6z/LROLM
https://paperpile.com/c/6iZV6z/74YEG
https://paperpile.com/c/6iZV6z/YNkZJ
https://paperpile.com/c/6iZV6z/PUZLm
https://paperpile.com/c/6iZV6z/PMRh5
https://paperpile.com/c/6iZV6z/6qhKX
https://paperpile.com/c/6iZV6z/PUZLm
https://paperpile.com/c/6iZV6z/PUZLm
https://paperpile.com/c/6iZV6z/dAFyP
https://paperpile.com/c/6iZV6z/Xy3kO
https://paperpile.com/c/6iZV6z/Rsqo1
https://paperpile.com/c/6iZV6z/WwpXy
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database (UniProt Consortium 2021), and InterProScan (Jones et al. 2014) to assign functional
identifications to predicted proteins.

RESULTS

Phylogenetics of “tibicen group” Ophiocordyceps

Phylogenetic reconstruction of the symbiotic Ophiocordyceps of Cryptotympanini
indicated three independent symbiont clades (Figure 1). Group 1 (green) includes the symbionts
of all sampled Megatibicen cicadas, but only half of the sampled Neotibicen. Group 2 (blue)
includes the remaining Neotibicen symbionts, as well as symbionts of the genus Cryptotympana
(sequenced in Matsuura et al. 2018). The split in Neotibicen symbiont identity corresponds with
a phylogenetic split at the base of Neotibicen. Group 3 (orange) includes only symbionts of
Cacama. Given that Ophiocordyceps symbionts must be vertically inherited once they are
acquired by a cicada, the mismatch between cicada and Ophiocordyceps phylogenies indicates
that multiple acquisitions of Ophiocordyceps must have occurred. Three permutations of
symbiont domestication events could explain the observed phylogenetic mismatch, requiring at
least four independent acquisitions of Ophiocordyceps, but our current data cannot indicate
which is most likely (Figure 2).

In our tree of Hypocreales (Figure 3), most cicada symbionts fall in a single
monophyletic clade, along with three described parasitic species: O. longissima, O.
yakusimensis, and O. sobolifera. We hypothesize that these three species and close relatives that
remain undescribed are potential sources of domesticated symbionts. However, the symbionts of
Kikihia and Caledodopsalta cicadas, which occur in New Zealand and New Caledonia
respectively, fall in a different clade more closely related to the cicada parasite O. araracuarensis
along with other Ophiocordyceps species not known to infect cicadas, though this relationship is
not well supported. Given that O. araracuarensis is only found in the Amazon of Colombia
(Sanjuan et al. 2015) it is likely that a currently undescribed parasite was the progenitor of
symbionts in these cicadas.

Genome sequencing of the Megatibicen auletes symbiont

The final M. auletes genome assembly contained 1,607,034 contigs (2 Gb), of which 838
were determined to be of Ophiocordyceps origin with a total size of 22,237,293 bp. The genome
size is slightly smaller than other Ophiocordyceps fungi, both parasitic and symbiotic, though
GC content is slightly higher (Table 4). In total, 91.5% of BUSCO orthologs were found
complete in our assembly, with another 3% present but fragmented. Repeat sequences constituted
4.39% of the genome, less than any close relatives, and 6,790 proteins were predicted in the
annotated genome, with 6,426 being over 100 amino acids long. The total number of proteins is

https://paperpile.com/c/6iZV6z/6ZAkC
https://paperpile.com/c/6iZV6z/q2WL1
https://paperpile.com/c/6iZV6z/BxD9D
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slightly lower than in other related symbiont genomes, but is subject to change once training of
the gene predictors is complete.

Figure 1 - Cophylogeny of cicadas (left) and Ophiocordyceps (right). The cicada phylogeny is modified
from Hill et al. 2015 to include only those taxa used in this study and does not show bootstrap values, but each
shown clade is well resolved in the original tree, except the blue Neotibicen clade which is present but poorly
supported. They used EF-1α and mitochondrial COI sequences to generate the tree. Colors refer to monophyletic
clades of symbionts that were derived from the sampled cicadas, except for the red group which refers to parasitic
species of Ophiocordyceps. The colors on the hosts indicate that they possess a symbiont in the corresponding
symbiont clade of that color. Grey Ophiocordyceps are symbionts of cicadas that are not in Cryptotympanini. The
cicada Hadoa townsendii is a cryptotympanine cicada and was sampled for this study, but it lacked any
Ophiocordyceps symbiont.
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Figure 2 - Potential Ophiocordyceps domestication scenarios in Cryptotympanini. Colored branches
indicate that Ophiocordyceps from that group are domesticated and inherited by cicadas along that branch, based on
the color scheme defined in Figure 1. Assuming one Ophiocordyceps domestication at each color change on the tree,
these scenarios suggest that Ophiocordyceps has been domesticated either four or five times in Cryptotympanini.

Table 4 - Comparison of genome features between our genome (Megatibicen auletes) and other related
genomes.
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Figure 3 - Expanded RAxML phylogeny of fungi from the families Ophiocordycipitaceae, Cordycipitaceae, and
Clavicipitaceae generated using five genes: RPB1, RPB2, EF-1α, 18S, and 28S rRNA. Species known to infect
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cicadas as parasites are red, while beneficial symbionts are blue. Species sequenced as part of this study are in bold
lettering.  Nodes with less than 50% bootstrap support are not labeled

DISCUSSION

Phylogenetics of “tibicen group” Ophiocordyceps

We report evidence for multiple domestication events within the tribe Cryptotympanini,
some potentially being quite recent (ca. 12 Ma to present; Hill et al. 2015) (Figs 1 & 2). Based on
this result, along with observations of Ophiocordyceps in other phylogenetically independent
groups of cicadas (Matsuura et al. 2018), cicada-Ophiocordyceps represents a case of parallel
evolution which has occurred at least 10 times. In all known instances where Ophiocordyceps
has been domesticated by cicadas, the former bacterial symbiont Hodgkinia has been lost. It is
possible that the recurrent genome fragmentation of Hodgkinia is maladaptive, favoring the loss
of Hodgkinia and domestication of a new symbiont. However, the reason why Ophiocordyceps
of one particular clade is always the new symbiont, rather than some other fungus or microbe, is
not clear. Ophiocordyceps symbionts have appeared in multiple families of Hemipteran insects
and their adaptations to enter hosts and evade immunity likely help with their transition to
mutualistic symbiosis. The specific mechanism that allows transition from parasite to mutualist
is not known (i.e., is it a genomic change on the part of the host or symbiont, or just a change in
gene expression from either? Is it the host exerting control over Ophiocordyceps inside its body
or is it beneficial for Ophiocordyceps to keep its host alive?).

Based on our analysis (Fig. 3), it appears that the vast majority of cicada symbionts are
derived from one monophyletic clade of Ophiocordyceps parasites. It is likely that there are
undiscovered Ophiocordyceps parasites in this clade that are ancestors of the symbionts in
Groups 1 and 2. If the symbionts in Groups 1 and 2 were each acquired from one of the
described parasites present in our tree, it is expected that they would cluster with that parasite, or,
if enough time has passed, diverge from one another. However they would not diverge from their
source parasite in exactly the same way so as to produce clades like Groups 1 and 2 where
symbionts from a non-monophyletic clade of cicadas form a monophyletic group of fungi. This
could be explained if there is an unsampled fungal parasite which is genetically similar to either
Group 1 or Group 2 and which was domesticated multiple times, giving the illusion of a single
clade of symbiotic Ophiocordyceps which actually results from two domestications of
genetically similar parasites. The use of only three conserved genes hinders our ability to
differentiate between single monophyletic clades of cicada symbionts, or clades that include
multiple domestications of the same parasite.

M. auletes genome and annotation

The newly sequenced genome and annotation of the M. auletes symbiont allow
interesting insights into eukaryotic endosymbiont evolution by comparison to the closely related

https://paperpile.com/c/6iZV6z/dAFyP
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symbiont of Meimuna opalifera, thought to be an extremely recently accommodated symbiont
from a pathogenic ancestor. Compared to other Ophiocordyceps parasites and obligate
endosymbionts, the M. auletes symbiont has the smallest genome, lowest repeat count, and
lowest gene count (Table 4). These features could be the result of genome reduction, which is
consistently observed in bacterial endosymbionts of Hemiptera. However, the features expected
of a symbiont undergoing this characteristic genome reduction depend on the age of the
association. The low repeat content is somewhat unexpected for a newly acquired endosymbiont.
In the early stages of bacterial endosymbiont evolution, it is thought that repeat content will be
high, as low population sizes and high genetic drift allow proliferation of mobile elements
(Moran and Plague 2004). Gene loss occurs after the spread of these elements inactivates
non-essential genes which are eventually lost. Further, eukaryotic genomes affected by small
population size tend to undergo genome expansion rather than reduction, due to the buildup of
repeat elements and introns (Lynch 2006). It has been hypothesized that the Ophiocordyceps
symbionts of Hemiptera have maintained their genome sizes through a balance of the processes
which cause genome expansion in eukaryotes with small population sizes and those that cause
genome reduction in obligate endosymbionts (Vogel and Moran 2013; Fan et al. 2015). The
small size, low repeat content, and low gene count of the M. auletes symbiont are not extreme,
and could be consistent with this hypothesis. Without genomic sequences of recent parasitic
ancestors of the symbiont, it is difficult to determine the age of its symbiotic association or the
degree of genome size reduction, gene loss, and transposable element expansion. Based on
phylogenetic analysis of cryptotympanine Ophiocordyceps (Figure 1), the M. auletes symbiont
could be as old as the split between Megatibicen, Neotibicen, and the rest of the cryptotympanine
cicadas. The other sequenced cicada symbiont from Meimuna opalifera was still culturable from
a live cicada, and therefore likely to be a very recently acquired symbiont, while the M. auletes
symbiont was unculturable using the same methods (unpublished result). Further analysis of the
M. auletes symbiont will shed light on the evolutionary properties that have shaped its genome.

Conclusion

Symbiont replacement in cicadas is not a unique event but rather a parallel process
affecting cicadas across the globe. Even in one tribe of cicadas, Cryptotympanini, there is
evidence for at least four symbiont replacement events, and different lineages of symbionts can
be found even within a single genus. There is some mechanism that allows Ophiocordyceps to
continually transition from parasite to mutualist, even in more distant hemipteran insects, but it is
not known if this mechanism is specific to Ophiocordyceps or if it could it happen with any
specialized endoparasite. Many open questions still remain about this system; can cicadas with
Ophiocordyceps symbionts still be affected by Ophiocoryceps parasites? Can different strains of
Ophiocordyceps compete with each other as symbionts inside their host? How long is the
transition from Hodgkinia to Ophiocordyceps and do the two ever coexist? Did other symbiont

https://paperpile.com/c/6iZV6z/GIHex
https://paperpile.com/c/6iZV6z/bo1CT
https://paperpile.com/c/6iZV6z/l3zRJ+UWXge
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replacement events involve parallel evolution like seen in cicadas or is it a result of the unique
evolution of Hodgkinia or the unique life cycle of cicadas?

The completion of the M. auletes symbiont genome assembly will hopefully shed light on
some of these questions, and will also help us understand the dynamics of genome evolution in
eukaryotic endosymbionts. We plan to conduct more thorough analysis of this genome in the
future, including investigations of evolutionary rate, gene loss, repeat content, introns,
pseudogenes, mating type loci, gene duplication and rearrangements, and amino acid pathways.
Though gene loss is relatively small in the symbiont genome sequenced compared to those of
bacterial symbionts, we can examine the function of those genes and whether they have any
impact on the former pathogenicity of the symbiont. We can also test whether other pathogenic
genes are under relaxed purifying selection, accumulating mutations that may make them less
functional than wild-type relatives. Specifically, the loss or extreme divergence of the mating
type locus would allow us to infer that the symbiont has not undergone a sexual phase in many
generations. As more Ophiocordyceps are sequenced at differing ages of symbiont evolution, the
genome produced here will continue to be useful for understanding this unique and fascinating
system.
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