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are epigean (surface-adapted) planthoppers that can feed 
on a variety of host plants including native tree ferns 
(Cibotiaceae family). The amino acid content of phloem 
can vary between host plants and has been shown to im-
pact host health and performance (Sandstrom and 
Pettersson 1994; Karley et al. 2002), which could influ-
ence selection pressures on endosymbiont nutritional 
provisioning genes. In order to persist in nutrient-limited 
cave environments, endosymbionts of troglobitic species 
may need to retain a suite of nutritional provisioning 
genes that would not be required by surface-dwelling 
species. For this reason, we predict to see increased posi-
tive selection pressure on nutritional provisioning genes 
and also higher retention of nutritional biosynthesis 
pathways in cave endosymbiont genomes. We also hy-
pothesize that homogenized gene pools within host spe-
cies and strong host–symbiont coevolution will result in 
similarities in the rates of molecular evolution across 
the symbiont genomes within hosts of the same species. 
However, between species, we expect to see distinct 
rates of gene loss and rates of molecular evolution due 
to ongoing genetic drift, which can be disentangled 
from selection operating on ecologically important traits 
(e.g., nutrition synthesis).

To test our hypotheses, Oliarus polyphemus samples 
were collected from different elevations within the same 
lava flow in the Kaʻu district of Hawaiʻi Island, and Oliarus 
filicicola samples were collected from tree ferns found in 
the Puna district of Hawaiʻi Island. Planthoppers have 
evolved through patterns of migration and diversification 
across the island chain; however, both O. polyphemus 
and O. filicicola are singularly endemic to Hawaiʻi Island. 
As a fully cave-adapted species, O. polyphemus likely di-
verged from a surface ancestor following colonization of 
Hawai‘i Island, since there is a low probability that a fully 
cave-adapted species would have the ability to migrate 
across the surface to other islands. As a single island en-
demic, we also presume that O. filicicola diverged from a 
surface ancestor following the colonization of cixiid 
planthoppers on Hawaiʻi Island. Therefore, while there is 
no formal estimate, both species have likely speciated 
from Hawaiʻi Island surface ancestors, which would con-
strain the time of divergence between the two species to 
the age of Hawaiʻi Island, which is 500,000 years old 
(Price and Clague 2002).

Based on symbiont genome comparisons between and 
within hosts, our results show that the different bacterial 
endosymbiont species exhibit dramatic differences in their 
patterns of gene retention, rates of molecular evolution, 
and levels of selection pressure on genes. While Sulcia 
and Vidania show highly conserved nutritional roles, the 
tertiary symbiont, Purcelliella, varies in its ability to synthe-
size vitamins between surface and cave hosts. These results 
suggest that variation in host resource availability and 

differential selection pressures on endosymbiont functional 
roles have ultimately resulted in variation in symbiont gen-
ome evolution.

Results and Discussion

Host Cytochrome Oxidase 1 (CO1) Barcoding 
and Phylogeny

To determine phylogenetic relationships between 
planthopper host samples, we used a maximum likelihood 
estimation to reconstruct the host phylogeny based on the 
mitochondrial gene cytochrome oxidase 1 (CO1). Oliarus 
filicicola planthopper hosts will hereinafter be refered to 
as  OFIL(1 or 2), and Oliarus polyphemus hosts will be 
refered to as OPOL(1or 2). Endosymbiont genomes iso-
lated from either O. filicicola host will be referred to 
as Sulcia-OFIL-(1 or 2), Vidania-OFIL-(1 or 2), and 
Purcelliella-OFIL-(1 or 2). Endosymbionts isolated from ei-
ther O. polyphemus host will be referred to as Sulcia- 
OPOL-(1 or 2), Vidania-OPOL-(1 or 2), and Purcelliella- 
OPOL-(1 or 2). CO1 gene sequences of both OPOL-1 & 
OPOL-2 and OFIL-1 & OFIL-2 samples were searched 
against the NCBI BLASTn database to confirm species 
identity. The host phylogeny was reconstructed using 
the complete mitochondrial CO1 sequences of four 
Oliarus samples (OPOL-1 & OPOL-2 and OFIL-1 & OFIL-2) 
in addition to the CO1 sequences of other sap-feeding 
hosts within the Auchenorrhyncha (supplementary table 
S1, Supplementary Material online). The resulting phyl-
ogeny has strong bootstrap support for all nodes (fig. 1) 
and confirms that O. polyphemus and O. filicicola are 
closely related species. These results suggest that O. poly-
phemus and O. filicicola are likely to be independently co-
evolving with their symbionts, which we predict will result 
in variation in genome evolution between the respective 
endosymbionts (Bennett and Moran 2015; Chong and 
Moran 2016).

Symbiont Genometrics

The genomes for Sulcia, Vidania, and Purcelliella were all 
highly reduced and had low GC content (<25%) compared 
with free living and facultative bacterial strains (McCutcheon 
et al. 2019; Perreau and Moran 2022) (fig. 2). Sulcia (156 kb 
average length) and Vidania (136 kb average length) retain 
the smallest genomes of the three partners (table 1). 
As the most recently acquired endosymbiont, Purcelliella 
has the largest genome (480 kb average length) and the 
most genes, 445–461 coding sequences (CDS) out of the 
three partners (table 1). The majority tBLASTx searches on 
host assemblies revealed a single contig for each endosymbi-
ont genome. With the exceptions being Sulcia genomes 
from OPOL-1 and OFIL-2 (2 and 4 contigs, respectively) 
and the Purcelliella genome from OFIL-2 (8 contigs). All 
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contigs for each endosymbiont were circularized into com-
plete genomes (table 1).

Based on local tBLASTx searches of host assemblies 
against the 16S Ribosomal RNA BLAST database, we iden-
tified multiple fragments (20 contigs, 6,000–30,000 bp, 
10–20 ×  coverage) within the OPOL-2 assembly matching 
several “Candidatus Wolbachia sp.” genome sequences 
from a variety of hosts, including several species of wasp, 
fruit fly, and psyllid (86–96% identities, 90–100% query 
cover). Wolbachia is one of the most widespread endosym-
bionts commonly found in arthropod and nematode spe-
cies worldwide, and often impacts host reproductive 
functions such as male-killing and parthenogenesis 
(Jeyaprakash and Hoy 2000; Jiggins et al. 2001; Werren 
et al. 2008). Wolbachia infections have been documented 
in native Hawaiian insects such as Drosophila and 
Nesophrosyne (leafhoppers) (Dobson et al. 1999; Bennett 
et al. 2012). The Wolbachia genome in OPOL-2 was highly 
fragmented (6,000–30,000 bp per fragment), with overall 
low coverage (10–20×) throughout the host assembly 
and relatively low percent identities to many of the se-
quence hits, suggesting that although at least one native 
Hawaiian planthopper may harbor Wolbachia, it is not an 
obligate endosymbiont of this individual.

Genomic Comparisons Reveal Variation in Symbiont 
Gene Retention

To quantify individual symbiont nutritional provisioning 
capabilities and functional roles, we annotated complete 
symbiont genomes and recorded genes retained or lost in 
each nutritional biosynthesis pathway. From all host sam-
ples, we found that genomic synteny was retained between 
symbiont genomes of the same strain (supplementary fig. 
S1, Supplementary Material online). Complete genome an-
notations for each endosymbiont revealed that Sulcia and 
Vidania retain combined biosynthesis capabilities to provi-
sion all ten EAAs and have lost all other nutritional provi-
sioning genes (fig. 3). Similarly, Purcelliella has lost genes 
necessary for provisioning amino acids and vitamins other 
than four B vitamins and the non-EAA cysteine (fig. 3). 
Additionally, all Sulcia and Vidania genomes have lost a ma-
jority of the genes necessary for basic bacterial cellular func-
tion, including all of the genes necessary for oxidative 
phosphorylation, peptidoglycan synthesis, phospholipid 
and fatty acid synthesis, and outer membrane protein as-
sembly and transport (fig. 3). Many of the genes necessary 
for DNA replication initiation (e.g., dnaACD, fis, and ifhAB) 
have also been lost from these genomes. A loss of DNA 

FIG. 1.—Host phylogeny based on a maximum likelihood analysis of 13 complete mitochondrial CO1 gene sequences using a translational alignment 
(supplementary table S1, Supplementary Material online). Tree was rooted using Magiciada septendecula as an outgroup. Numbers at nodes represent boot-
strap support values with 1,000 replicates. Inset image of surface species Oliarus filicicola (top) and cave-adapted species Oliarus polyphemus (bottom) adults 
collected from Hawai’i Island. Photo credit: Michael E. Slay.
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replication genes is associated with enhanced genome deg-
radation and may be contributing to functional gene loss in 
Sulcia and Vidania (Sloan and Moran 2012).

Purcelliella genomes exhibit a lesser degree of gene loss 
relative to Sulcia and Vidania genomes. The Purcelliella gen-
omes have lost a number of outer membrane protein as-
sembly and transport genes (e.g., bamE, hlpA, lolABCDE, 
omp, and secBDF). Purcelliella genes that are involved in 
oxidative phosphorylation, peptidoglycan synthesis, and 
phospholipid and fatty acid synthesis have also been lost. 
However, the degree of loss of genes responsible for cellu-
lar functions in Purcelliella genomes is much less extensive 
than the degree of gene loss in Sulcia and Vidania gen-
omes. For example, while Sulcia and Vidania have lost a ma-
jority of the genes necessary for DNA replication and DNA 
replication holoenzyme, Purcelliella retains all genes in 
this category except for dnaD, fis, ifhAB, and holCDE. A 
higher level of gene retention in Purcelliella is expected as 
it is the most recently acquired endosymbiont and it is likely 
in the earlier stages of genome degradation (Urban and 
Cryan 2012).

“Ca. Sulcia muelleri” Retains Minimal Functional 
Capabilities

Most Sulcia genomes in the Auchenorrhynchan families 
other than Cixiidae have expanded nutritional provisioning 
roles (7–8 EAAs), but all Sulcia retain the pathways for the 
branched-chain amino acids—leucine, valine, and isoleu-
cine—regardless of the host or the capabilities of their part-
ner endosymbionts (McCutcheon and Moran 2007, 2010; 
McCutcheon et al. 2009; Bennett and Moran 2013). 
Additionally, Sulcia’s reduced functional role of synthesiz-
ing only the branhced-chain amino acids in planthoppers 
is extremely conserved across all four Oliarus hosts speci-
mens (fig. 3), suggesting that the provisioning of these 

FIG. 2.—(A) Relationship between genome sizes (Mbp) and 
GC content (%) for 72 complete bacterial and mitochondrial 
genomes, including free-living bacteria, parasites, facultative 
endosymbionts, and obligate endosymbionts (listed in 
supplementary table S2, Supplementary Material online) (dashed 
line box represents the subset of fig. 2A i.e. displayed in fig. 2B). 
(B) Subset of figure 2A, comparing genome sizes (Mbp) and GC 
content (%) of the Oliarus filicicola (OFIL-1 and OFIL-2) and 
Oliarus polyphemus (OPOL-1, OPOL-2) endosymbionts, Ca. 
Sulcia, Ca. Vidania, and Ca. Purcelliella from this analysis. 
Oliarus endosymbionts (Sulcia, Vidania, and Purcelliella) are de-
picted in yellow, blue, and red, respectively.

Table 1 
Genome sizes and features for three endosymbionts, Candidatus Sulcia muelleri, Candidatus Vidania fulgoroidea, and Candidatus Purcelliella 
pentastirinorum, isolated from two species of cixiid host, epigean Oliarus filicicola (OFIL), and cave-adapted Oliarus polyphemus (OPOL)

Symbiont Host ID Genome Size (bp) GC (%) CDS tRNAs rRNAs Coding Density Coverage # Contigs

Ca. Sulcia OFIL-1 155,965 24.9 155 29 3 90.1 30X 1
OFIL-2 156,628 24.9 155 29 3 89.3 30X 4
OPOL-1 157,002 25.0 155 29 3 90.3 13X 2
OPOL-2 156,525 24.9 154 29 3 90.2 113X 1

Ca. Vidania OFIL-1 136,076 18.2 150 30 2 90.5 17X 1
OFIL-2 136,065 18.1 149 30 2 91.0 60X 1
OPOL-1 135,790 18.2 150 29 2 89.3 60X 1
OPOL-2 136,060 18.3 148 29 2 90.2 346X 1

Ca. Purcelliella OFIL-1 479,076 21.2 445 32 3 86.6 25X 1
OFIL-2 479,868 21.2 448 32 3 86.7 21X 8
OPOL-1 483,618 21.8 461 31 3 87.3 17X 1
OPOL-2 483,447 21.8 445 31 3 87.6 156X 1
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EAAs might be the minimal essential functional role of 
Sulcia in sap-feeding Auchenorrhyncha. While the biosyn-
thesis pathways for leucine and valine are complete in all 
Sulcia genomes, the first step in the isoleucine pathway, 
threonine dehydratase (ilvA) is absent in all four Oliarus 
Sulcia genomes sampled. Most endosymbionts of sap- 
feeding insects have also lost ilvA, which converts threonine 
to alpha-ketobutyrate and ammonia, suggesting that it 
could be complemented by a host-encoded homolog 
(Hansen and Moran 2014; Sloan et al. 2014). We per-
formed a tBLASTx search on host assemblies for an ilvA 
homolog and did not find evidence that ilvA is retained 
by any of the host genomes, nor in Vidania or Purcelliella 
isolated from any of the hosts. This result suggests that 
this precursor metabolite must either be compensated by 
existing planthoppers’ metabolism or from some other ex-
ogenous source like the insect’s food.

“Ca. Vidania fulgoroidea” Retains Expanded Functional 
Capabilities

All Vidania genomes retain a majority of the genes necessary 
to synthesize the remaining seven EAAs (fig. 3). Complete 
biosynthesis pathways for threonine, histidine, and trypto-
phan are retained by each of the four Vidania genomes in 
this study. The preliminary steps of the methionine biosyn-
thesis pathway, homoserine O-succinyltransferase (metA) 
and O-succinylhomoserine lyase (metB), have been lost in 
each Vidania genome. Losses of metA and metB have 
been reported in other symbiont strains, including the obli-
gate primary endosymbiont Buchnera in pea aphids 
(McCutcheon and von Dohlen 2011; Chong et al. 2019). 
The symbiont Buchnera from pea aphids is known to com-
pensate for this loss by utilizing metE, the terminal gene in 
the methionine biosynthesis pathway, to produce homo-
cysteine from exogenous cystathionine provided by the 
host (Russell et al. 2013). The metE gene is indeed retained 
by all Vidania strains sequenced from Oliarus so far, so it is 
possible that the loss of metA and metB in the methionine 
pathway is compensated for by a similar mechanism.

Within the Vidania phenylalanine biosynthesis 
pathway, the preliminary gene phospho-2-dehydro-3- 
deoxyheptonate aldolase (aroG) and the two terminal 
genes, aspartate aminotransferase (aspC) and prephenate 
dehydratase (pheA), have each been lost from all genomes. 
Transcriptome data from the pea aphid-Buchnera symbiosis 
have shown that an insect–genome-encoded aspartate 
aminotransferase gene (EC 2.6.11) is upregulated in host 
bacteriomes and is likely able to complement the incom-
plete phenylalanine biosynthesis pathway in Buchnera 
(Hansen and Moran 2011). Since phenylalanine biosyn-
thesis pathways are often incomplete in symbionts of 
phloem feeders (Hansen and Moran 2014; Sloan et al. 
2014; Mao et al. 2018), it is also likely that planthopper 

host genes complement this incomplete pathway. 
Additionally, the first five genes in the arginine biosynthesis 
pathway, argABCDE, are lost in all of the Vidania genomes. 
Largely incomplete biosynthesis pathways, such as this one, 
can be complemented by other obligate symbiont partners 
(Dial et al. 2021). However, while all Purcelliella genomes 
do indeed retain argE, we did not find evidence that any 
of the Purcelliella or Sulcia genomes complement the re-
mainder of the incomplete arginine pathway. If planthop-
pers receive an adequate source of arginine in their diet, 
relaxed selection on this pathway in Vidania genomes could 
result in gene loss. Despite its functional gene losses, 
Vidania has conserved nutritional biosynthesis pathways 
across Oliarus host species, suggesting that, despite vari-
ation in their ecology and resource limitations, both hosts 
require these essential functions from Vidania to survive.

In most phloem-feeding hosts, co-symbionts (Nasuia, 
Zinderia, and Baumannia) complement Sulcia’s expanded 
provisioning role of 7–8 EAAs by provisioning the remain-
ing 2–3 amino acids (Wu et al. 2006; McCutcheon and 
Moran 2010; Bennett and Moran 2013). In accordance 
with their reduced nutritional provisioning roles, co- 
symbiont genomes are typically smaller and have experi-
enced more genome degradation than Sulcia genomes. In 
Oliarus, despite a more robust functional role than Sulcia, 
Vidania has a smaller genome and lower GC content over-
all, which is consistent with previous results (Bennett and 
Mao 2018). These genomic differences are likely a result 
of relaxed selection on Sulcia related to the acquisition of 
Vidania with a robust set of nutritional provisioning genes 
(Bennett and Mao 2018; Vasquez and Bennett 2022).

“Ca. Purcelliella pentastirinorum” Functional 
Capabilities Differ

All Purcelliella genomes retain at least a portion of the 
genes necessary to synthesize four B vitamins, including 
biotin, folate, riboflavin, pyridoxine, and a semi-essential 
amino acid, cysteine (fig. 3). The cysteine biosynthesis path-
way is complete in all four Purcelliella genomes. Vidania re-
quires cysteine in addition to sulfide in order to complete 
methionine biosynthesis. The close proximity between the 
bacteriomes harboring both Purcelliella and Vidania might 
aid in the provisioning of methionine through direct metab-
olite transfer (Bressan et al. 2009; Bressan and Mulligan 
2013; Bennett and Mao 2018).

The abilities of Purcelliella to synthesize B vitamins are 
more complicated. The folate biosynthesis pathway is miss-
ing all of the necessary genes aside from the final catabolic 
step, folA, in all genomes. Both Purcelliella-OPOL genomes 
retain complete biotin biosynthesis pathways. However, 
Purcelliella-OFIL-1 retains a single gene for biotin biosyn-
thesis, bioB, and Purcelliella-OFIL-2 retains bioB and a trun-
cated bioA gene (213 bp, 16% of predicted length), which 
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2013). In contrast, Purcelliella exhibits remarkable variation 
in its retention and loss of functional genes and biosyn-
thesis pathways between cave and surface hosts. despite 
having a highly reduced genome (∼481 kb). Our results in-
deed indicate that the ecological shift in habitat and restric-
tion on nutritional resources in cave-adapted planthoppers 
may have increased selection pressures on the retention of 
nutritional provisioning genes in the relatively young endo-
symbiont, Purcelliella. Though Purcelliella as a whole shows 
variation in selection pressure on nutritional biosynthesis 
genes between surface and cave hosts, substitutions on 
non-nutritional biosynthesis genes have continued to accu-
mulate between Purcelliella-OPOL1 and Purcelliella-OPOL2. 
This further indicates that selection is actively maintaining 
necessary nutritional biosynthesis genes in Purcelliella of 
cave-adapted Oliarus, whereas nonfunctional genes have 
increased substitution rates and may be subject to being 
lost from the genome through the process of genome 
streamlining. Alternatively, genetic drift due to reduced is-
land and cave insect populations may contribute to the loss 
of symbiont genes between Oliarus host species. To test 
these hypotheses, future studies should expand sampling 
across surface and cave host species and populations to dis-
entangle the effects of adaptation and drift.

We also expected that an increase in divergence between 
endosymbionts associated with epigean versus cave-adapted 
host species due to tight coevolution. While Sulcia exhibits ex-
tremely low substitution rates between the two host species, 
its partner endosymbionts Vidania and Purcelliella have much 
higher substitution rates. This pattern appears to be highly 
conserved among Auchenorrhyncha hosts that harbor Sulcia 
and one or two of its partner endosymbionts (Vasquez and 
Bennett 2022). Additionally, for Purcelliella, we see variation 
in the rates of molecular evolution between cave and surface 
host cixiid species. Looking within cave-adapted O. polyphe-
mus hosts, we recorded increased rates of molecular evolu-
tion for both Vidania (average dN/dS = 0.11) and Purcelliella 
(average dN/dS = 0.09). Taken together, our results show 
that all three endosymbionts exhibit tightly coupled co-
evolution with their hosts, but that they vary among them-
selves at inter- and intra-species biological scales.

Previous works on planthopper hosts on Hawaiʻi Island 
predict that cave-adapted planthoppers, O. polyphemus, 
are likely members of a divergent species complex with in-
dividual lava tube populations that have limited to no gene 
flow (Hoch and Howarth 1993; Wessel et al. 2013). Our 
O. polyphemus host samples were collected from the 
southern Kaʻu district of Hawaiʻi Island; however, samples 
were collected from different lava tube caves that may re-
present reproductively isolated subterranean populations. 
If so, this isolation could explain the variation between 
functional roles and rates of molecular evolution in O. poly-
phemus endosymbionts observed in our study (e.g., vari-
ation in retention of bacterial cellular function genes and 

increased rates of substitutions between Vidania and 
Purcelliella in OPOL-1 and OPOL-2). Coevolution between 
host and endosymbiont coupled with isolated planthopper 
populations could result in differential fitness and selective 
pressures between symbionts isolated from different host 
populations, despite the hosts being of the same species 
(Chong and Moran 2016). To fully address these kinds of 
questions, and the mechanisms driving divergence in cixiid 
hosts and their symbionts, future work should sample 
across host populations and their potential symbiont 
strains. Such work would elucidate how the structure of 
lava tube cave systems drive host–symbiont coevolution in 
contrast to epigean species with potentially larger popula-
tion sizes and expanded nutritional resources.

Materials and Methods

Sample Collection and Sequencing

Four Oliarus specimens were collected from the southern 
Ka’u and Puna districts of Hawaiʻi Island, Hawaiʻi, USA. 
Two Ka’u cave-adapted planthoppers were identified in 
the field as Oliarus polyphemus (OPOL-1 and OPOL-2) 
and two Puna surface planthoppers were identified as 
Oliarus filicicola (OFIL-1 and OFIL-2). Specimens were 
stored in 100% ethanol on site. Whole planthopper speci-
mens were used for DNA extraction using a Qiagen DNeasy 
Blood and Tissue extraction kit. Genomic libraries were 
prepared using NEB Next® UltraII DNA Library Prep Kit 
with average insert sizes of approximately 500 bp and 
were sequenced using Illumina Technology at NovoGene 
Corporation (New Jersey, USA).

Host Phylogeny

We used a maximum likelihood approach to estimate 
phylogenetic relationships of the four Oliarus samples 
based on the full-length mitochondrial CO1 sequences. 
Complete CO1 sequences were extracted from each host 
assembly and aligned with CO1 sequences from a 
Hawaiian cixiid planthopper Iolania perkinsi (Chong et al. 
2022) and other Auchenorrhyncha hosts that were 
obtained from GenBank (supplementary table S2, 
Supplementary Material online). A translational alignment 
was performed on all sequences using MUSCLE (Edgar 
2004) in Geneious Prime 2020.1.4. Using IQ tree v1.6.12 
(Nguyen et al. 2015), we determined that the best fitting 
model of nucleotide substitution was GTR + F + I + G4 
(Trifinopoulos et al. 2016) based on the Akaike 
Information Criteria (AIC) (Akaike 1973). The maximum 
likelihood phylogeny was reconstructed with 10,000 boot-
strap replicates using UFBoot2 (Hoang et al. 2018) and vi-
sualized using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/ 
software/figtree/).
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