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Abstract

Planthoppers in the family Cixiidae (Hemiptera: Auchenorrhyncha: Fulgoromorpha) harbor a diverse set of obligate bacterial
endosymbionts that provision essential amino acids and vitamins that are missing from their plant-sap diet. “Candidatus
Sulcia muelleri” and “Ca. Vidania fulgoroidea” have been associated with cixiid planthoppers since their origin within the
Auchenorrhyncha, whereas “Ca. Purcelliella pentastirinorum” is a more recent endosymbiotic acquisition. Hawaiian cixiid
planthoppers occupy diverse habitats including lava tube caves and shrubby surface landscapes, which offer different nutritional
resources and environmental constraints. Genomic studies have focused on understanding the nutritional provisioning roles of
cixiid endosymbionts more broadly, yet it is still unclear how selection pressures on endosymbiont genes might differ between
cixiid host species inhabiting such diverse landscapes, or how variation in selection might impact symbiont evolution. In this
study, we sequenced the genomes of Sulcia, Vidania, and Purcelliella isolated from both surface and cave-adapted planthopper
hosts from the genus Oliarus. We found that nutritional biosynthesis genes were conserved in Sulcia and Vidania genomes in
inter- and intra-host species comparisons. In contrast, Purcelliella genomes retain different essential nutritional biosynthesis
genes between surface- and cave-adapted planthopper species. Finally, we see the variation in selection pressures on symbiont
genes both within and between host species, suggesting that strong coevolution between host and endosymbiont is associated
with different patterns of molecular evolution on a fine scale that may be associated with the host diet.
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Significance

Cixiid planthoppers harbor three obligate endosymbionts (“Candidatus Sulcia muelleri,” “Ca. Vidania fulgoroidea,” and
" Ca. Purcelliella pentastirinorum”) that contribute to essential nutrition provisioning. Current knowledge of cixiid endosym-
bionts is lacking information on how selection pressures on symbiont functional genes might vary between their planthopper
host species and thus impact the functional roles of symbionts. In this study, we find that selection pressures on symbiont
genes do vary between two Hawaiian cixiid planthopper host species adapted to surface versus cave environments as well as
within an individual cave-adapted host species. We also see that functional gene retention varies among the four Purcelliella
genomes sampled as well as between and within the two planthopper host species. These findings indicate that coevolution
between cixiid host and their Purcelliella endosymbiont is associated with variation in selection on symbiont genes. This has
resulted in variation in Purcelliella functional roles between the two cixiid host species studied.
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Introduction

Many species within the Hemiptera insect order rely on ob-
ligate endosymbiotic bacteria to provision essential nutri-
ents missing from their plant-sap diets (Buchner 1965).
Obligate endosymbionts are vertically transmitted through
the matriline (Moran et al. 1993, 2009; Wernegreen 2002).
Due to the vertical transmission process, symbionts experi-
ence small effective population sizes and significant popu-
lation bottlenecks (Funk et al. 2001), intensifying the
effects of genetic drift and accumulation of deleterious
mutations (Moran 1996; Rispe and Moran 2000), in add-
ition to widespread gene loss (McCutcheon and Moran
2010; Bennett and Moran 2013; Moran and Bennett
2014; Chong et al. 2019). Despite rapid genome degrad-
ation, selection acts to retain genes related to essential
functions and maintenance of the symbiosis, including nu-
tritional biosynthesis for the host (McCutcheon and Moran
2007,2012; Chong et al. 2019). Presumably, differences in
the host environment and nutritional resources will cause
variation in selection pressures on endosymbionts. As a re-
sult, symbiont genomes will experience differential gene
loss and genomic divergence across symbiont strains.
However, we do not fully understand how genomic vari-
ation arises and persists among closely related symbiont
strains, particularly for those with tiny genomes.

Symbiont genome degradation typically happens in two
phases (Moran and Mira 2001; Kinjo et al. 2021). In the be-
ginning stages of the transition from a free-living bacterium
to a host-restricted endosymbiont, bacterial genomes rap-
idly lose genes that are nonessential to the symbiotic part-
nership, as there is no selection pressure to maintain them.
Nonessential genes that are often lost from symbiont gen-
omes include genes necessary for adenosine triphosphate
(ATP) synthesis, DNA replication and initiation, and cell
wall components, among others (Toft and Andersson
2010; Clayton et al. 2012; McCutcheon and Moran
2012; Chong et al. 2019). In the later stages, symbionts
continue to lose nonessential genes at a much slower
pace, often conserving key biological functions and genom-
ic synteny for long periods of evolutionary time (Latorre and
Manzano-Marin 2017; McCutcheon et al. 2019). However,
essential genes are still often lost from these tiny genomes
even among closely related host species likely resulting
from strong genetic drift (Chong et al. 2019; Vasquez
and Bennett 2022). Gene functions that are lost can be
compensated for by several processes such as horizontal
gene transfer of host-encoded homologs (Hansen and
Moran 2014; Sloan et al. 2014), the acquisition of new
co-endosymbionts (McCutcheon et al. 2009; Sheffer et al.
2020; Dial et al. 2021), or senior symbiont replacement
by junior endosymbionts (Clayton et al. 2012; Toenshoff
et al. 2012; Koga and Moran 2014; Sudakaran et al.
2017; Chong and Moran 2018; Mao and Bennett 2020).

In the planthopper family Cixiidae (Hemiptera:
Fulgoromorpha), hosts harbor three obligate endosym-
bionts, “Candidatus Sulcia muelleri,” ”Ca. Vidania fulgoroi-
dea,” and “Ca. Purcelliella pentastirinorum” (hereafter
referred to as Sulcia, Vidania, and Purcelliella) that live in
specialized host organs known as bacteriomes to provision
the ten essential amino acids (EAAs), one non-EAA, and es-
sential vitamins not readily available through planthoppers’
plant-sap diet (Munson et al. 1991; Moran et al. 2005;
Bressan et al. 2009; Bressan and Mulligan 2013; Bennett
and Mao 2018; Michalik et al. 2021). Sulcia was most likely
acquired by a common ancestor of the suborder
Auchenorrhyncha and has been coevolving with this group
for >280 million years (Myr) (Moran et al. 2005; Bennett
and Moran 2013). Vidania is predicted to have been an ob-
ligate partner in the Cixiidae planthoppers since at least
their origin of the Fulgoroidea and possibly the
Auchenorrhyncha (Koga et al. 2013; Bennett and Mao
2018). In contrast, Purcelliella exhibits genomic characteris-
tics of a more recently acquired endosymbiont, including a
comparatively larger genome size and higher GC nucleo-
tide content (Bennett and Mao 2018; Michalik et al.
2021). While Sulcia, Vidania, and Purcelliella have all under-
gone differing degrees of genome reduction in the cixiid
planthoppers, each endosymbiont still retains genes neces-
sary for the biosynthesis of essential nutrients for the host
(Bennett and Mao 2018; Michalik et al. 2021). Here, we
seek to understand how variation in selection pressures
on symbiont genomes might correlate with variation in
functional gene retention within symbiont strains that are
associated with multiple host species inhabiting dramatical-
ly different ecological niches.

To address this question, we isolated and comparatively
analyzed multiple Sulcia, Vidania, and Purcelliella genomes
from two planthopper host species (Cixiidae: Oliarus poly-
phemus and Oliarus filicicola) collected from distinct habi-
tats on Hawai‘i Island, Hawai‘i, USA. Hawaiian cixiids
inhabit a range of unique environmental niches throughout
the archipelago (Asche 1997; Hoch and Howarth 1999;
Hoch 2006). For example, Oliarus polyphemus is a fully tro-
globitic (cave-adapted) planthopper species that resides
within a network of lava tube caves across Hawai‘i Island
(Howarth 1986; Hoch and Howarth 1993, 1999; Wessel
et al. 2013). It is hypothesized that O. polyphemus transi-
tioned from an epigean lifestyle to an obligately subterra-
nean one in order to exploit plant-sap (phloem) from the
roots of native Hawaiian ‘Ohi‘a lehua trees (Myrtaceae
family) that penetrate the cave ceilings (Howarth et al.
2007). Presumably, their association with nutritional endo-
symbionts played an essential role in the ability of O. poly-
phemus to colonize a novel habitat with limited nutritional
resources. ‘Ohi‘a tree roots are the predominant source of
plant-sap underground, leaving O. polyphemus restricted
to a single source of nutrition. Conversely, Oliarus filicicola
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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 Ka‘u district of Hawai‘i Island, and Oliarus
filicicola samples were collected from tree ferns found in
the Puna district of Hawai‘i 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 Hawai‘i 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 Hawai‘i Island. Therefore, while there is
no formal estimate, both species have likely speciated
from Hawai‘i Island surface ancestors, which would con-
strain the time of divergence between the two species to
the age of Hawai‘i 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(Tor 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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Cicadidae

Membracidae

Flatidae

Magiciada septendecula

Entylia carinata

Geisha distinctissima

1
Fulgoridae

Delphacidae

Lycorma delicatula

Sogatella fucifera
70

Laodelphax striatellus

100

83

mm Cixiidae

Changeondelphax velitchkovskyi

’:—
L—

65 Nilaparvata muiri

100

Nilaparvata lugens

Nilaparvata bakeri

folania perkinski

Oliarus filicicola -2

4‘ 100

100

Oliarus filicicola -1

Oliarus polyphemus -2

Oliarus polyphemus -1

Fic. 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.

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 x 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 (10-20x) throughout the host assembly
and relatively low percent identities to many of the se-
guence 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

4 Genome Biol. Evol. 15(3)  https://doi.org/10.1093/gbe/evad031

Advance Access publication 2 March 2023


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad031#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad031#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad031#supplementary-data
https://doi.org/10.1093/gbe/evad031

Genomic Comparisons of Cave-Adapted and Epigean Hawaiian Planthoppers

GBE

° ]
=} 5] ™
g B E i
2 - a -]
g o) a
[N
2 o A A =[]
£ 84 a 2]
=
] =]
HEE % e s
g ¥ ° .@ A
Q
(L | Ay
ER I
&1 :
% 1 # Fresiiving
=]
2 - g o ] 4 Parasite/Facultative Endosymbiont
1 © Obligate Endosymbiont
\ © Mitochondira
_____ T T T 5 T T T
0 1 2 3 4 5 6 7
Genome Size (Mbp)
(o]
® =]
&
®
a1 =]
g < .
£ " e .
7] (=]
1< Ay
Q &1
Q
Q
0 = [ ] :
5] o 4 Parasite/Facultative Endosymbiont
% < @ Obligate Endosymbiont
g4 Q © Mitochondira
b3 ° @ Ca. Sulcia
= ® Ca. Vidania
- o ® Ca. Purcelliella

a0 01 02 03 04 05 08 07

Genome Size (Mbp)

Fic. 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

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., bamk, hipA, IolABCDE,
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—Ileucine, 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

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-2 156,525 249 154 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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we predict might render it nonfunctional and will be even-
tually lost from the genome. Purcelliella genomes from the
four Oliarus retain all of the genes necessary to complete
riboflavin biosynthesis except ybjl, which is consistent
with riboflavin pathway gene retention in endosymbionts
of other sap-feeding hosts (Manzano-Marin et al. 2016;
Renozetal. 2022). The highly conserved riboflavin pathway
suggests that neither OPOL nor OFIL species are able to ob-
tain riboflavin from their respective diet sources and thus
depend on Purcelliella to provision it for them.

For pyridoxine biosynthesis, both Purcellie/la-OPOL gen-
omes have complete pathways with the exception of pdxH.
Both Purcelliella-OFIL genomes are missing pdxB, serC,
pdxJ, pdxH, and dxs from the pyridoxine pathway. The
two genes remaining in the pathway, epd (216 bp, 21%
of predicted length) and pdxA (286 bp, 29% of predicted
length), are truncated in both genomes, again potentially
indicating that these genes are nonfunctional and in the
process of being lost from its genome; however, transcrip-
tome and proteome data from endosymbiont genomes
would be required to confirm gene expression and func-
tionality in truncated genes. Neither Sulcia-OFIL nor
Vidania-OFIL retain these genes, so the source of metabo-
lites for the host may be derived from the host’s plant-sap
diet. Selection has maintained a majority of the pyridoxine
biosynthesis pathway in Purcelliella-OPOL, suggesting that
cave-adapted planthoppers may not receive pyridoxine
from ‘Ohi‘a tree roots, thus intensifying selection on these
endosymbiont genes to be maintained. None of the
B-vitamin pathways are complemented by any of the
Sulcia or Vidania genomes, so it is unclear if or how
Purcelliella-OFIL can provision these vitamins for their
host, or even if the host requires them. In some cases, hosts
may obtain B vitamins from their diets and, therefore, these
genes may be lost (McCutcheon et al. 2009; Douglas
2017).

Purcelliella is not found throughout the rest of the
Fulgoroidea and is probably a recent acquisition by an an-
cestor of the cixiid planthoppers (Bennett and Mao 2018).
It is, however, thought to be widely shared among the spe-
cies in the family (Buchner 1965; Urban and Cryan 2012).
For this reason, we expected functional genes to be con-
served across cixiid host lineages, especially for closely re-
lated species such as O. polyphemus and O. filicicola.
Instead, we find that Purcelliella-OFIL have lost genes in
both the biotin and pyridoxine pathways that are main-
tained in Purcelliella-OPOL genomes, suggesting that sig-
nificant genomic differences in nutritional biosynthesis
capabilities of endosymbionts can occur relatively rapidly.
Many functional symbiont genes, regardless of being main-
tained for millions of years, are subject to being purged
from their genomes by drift and accumulated deleterious
mutations. Selection to avoid dependence on genes that
have lost their functions as a result of these processes might

result in the host acquiring a new pathway to obtaining the
nutrient, such as a new endosymbiotic partner or through
its environment (Douglas 2017). Epigean planthoppers
feed on a wider variety of host plants than do cave-adapted
planthoppers. We predict that this breadth of nutritional re-
sources may provide O. filicicola with B vitamins, allowing
selection for maintaining these genes to become relaxed.
Although the evolutionary history of Oliarus has yet to be
resolved, both O. filicicola and O. polyphemus are endemic
to Hawai‘i Island, with the latter likely to have diverged
from a surface ancestor within the last 0.5 Myr. In the
case of Purcelliella, our results show evidence of strong co-
evolution resulting in symbiont functional variation be-
tween closely related host species on a relatively short
evolutionary time scale.

Selection Analyses Reveal Inter- and Intra-host Variation

To estimate rates of molecular evolution and selection dy-
namics between symbiont genes, we performed pairwise
selection analyses between orthologous coding sequences
within and across O. polyphemus and O. filicicola host spe-
cies. Overall, our results show that Sulcia, Vidania, and
Purcelliella all exhibit variation in patterns of molecular evo-
lution within and between host species, with individual
genes undergoing both positive and purifying selection.
We performed a Fisher's exact test in each genomic com-
parison to test if any Clusters of Orthologous Genes
(COG) category was significantly associated with an in-
crease in positive or purifying selection. Results show that
no particular COG category is more likely to be under either
form of selection (P >> 0.05).

Sulcia genomes have the lowest substitution rates of
the three planthopper endosymbionts, indicating highly
conserved rates of molecular evolution between and
within host species. Within a host species, Sulcia exhibits
extremely low rates of molecular evolution. Between the
surface hosts, it exhibits no substitutions with the excep-
tion of two genes: translation initiation factor IF-3 (infC;
dN=0.0042, dS=0.0) and peptide deformylase (def;
dN=0.0024, dS=0.0; fig. 4F). Both of these genes
have slightly elevated dN values and, therefore, are un-
der weak positive selection (dN > dS). Sulcia genome
comparisons between cave-adapted hosts show six
genes that are under positive selection with increased
rates of dN, five ribosomal protein genes (rpsACFLN)
and an ATP-dependent transporter gene (sufC) (fig.
4F). Between different host species, most Sulcia genes
have similarly low, yet nonzero rates of molecular evolu-
tion. Only one gene, a ribosomal protein (rpsF), is under
strong purifying selection (fig. 4A).

Many studies have shown genomic stability in terms of
gene retention and rates of molecular evolution in Sulcia as-
sociated with other Auchenorrhyncha hosts (McCutcheon

8 Genome Biol. Evol. 15(3)  https:/doi.org/10.1093/gbe/evad031

Advance Access publication 2 March 2023


https://doi.org/10.1093/gbe/evad031

Genomic Comparisons of Cave-Adapted and Epigean Hawaiian Planthoppers

GBE

=

05

OFIL-1 OPOL-1 . g: \S,E":':Ia OFIL-1 OPOL-2
* Ca. Purcelliella
x4 ._._pdm L A pdxa  ® 2
w o . o epd )

E 'z
84 ‘ rpsF rpsF s
s m"ts.‘_. = .'- . .8 P !.:'; E .-’ . . R W e B e : : : . s

i ,:u.._r ¢ %"l ‘:'..‘_.. \_. i .‘,’ SRR AL ."-.. . 2
s S o = & ) . s = o '.. . eee . 2
21C OFIL-1 OPOL-1 OFIL-2 OPOL-2 ?
: o ' .
o | .qu ‘

% 4 pdxA b
s s a e N
- muls. ; * ) x 3
° " 2 8 ~ade " hJ . ﬁ o. e, .-n e o N. . o 1~ .

o | %%‘ ;4.1.1 4 o % ! se °» HFF '-wu?m "0' :8 "‘o .::' o
ds d@s
- |E OPOL-10POL-2 | | G Susia OFIL-1 OFIL-2 k
*rpme o priA * Ca. Purcelliella
z ¢ r8 Z

0.005
I

0.000

]
infC

X

T
0.005

def

ribD
. L] . L]

0.000

T T
0.00 0.05 0.10 0.15
ds

T T T
020 0.000 0.005 0010 0.015 0.020

ds

Fic. 4.—(A)~(D) Pairwise intraspecific comparisons of symbiont orthologs showing rates of synonymous (dS) and nonsynonymous (aN) substitutions be-
tween host species. Points represent individual orthologous genes from each symbiont comparison. The dashed line represents the point at which dN =dS, or
o= 1. Genes below the line are considered to be under purifying selection (dS > dN), and genes above the line are considered to be under positive selection

(dN > dS). (E) and (F) Pairwise interspecific comparisons of symbiont orthologs.

and Moran 2007, 2010; McCutcheon et al. 2009; Bennett
and Moran 2013), which has been hypothesized to be
linked to its expanded nutritional provisioning role of 7-8
EAAs. Here, we find that, despite Sulcia’s more limited
functional role in cixiid planthoppers, it still retains de-
pressed rates of molecular evolution between host species.
This retained pattern suggests that some feature in Sulcia’s
DNA replication or repair mechanisms that lead to suppres-
sion of substitutions evolved early and has been retained in
most, if not all, of its descendant lineages (Waneka et al.
2021). This pattern also indicates that genomic stability in
Sulcia may not be directly linked to nutritional provisioning
roles as previously predicted.

In contrast, Vidania genomes show higher genome-wide
substitution rates than Sulcia between surface and
cave-adapted hosts. In comparisons between surface hosts,
Vidania exhibit relatively low rates of molecular evolution,
with only a few genes experiencing substitution rates
greater than zero (fig. 4F). In comparisons between
cave-adapted hosts, a majority of the Vidania genes are un-
der weak purifying selection (dS > dN) and a small number
of genes are under weak positive selection (dN > dS) with
an extremely low rate of nonsynonymous substitutions
(dN < 0.0075) (fig. 4E). Vidania has the largest functional
role of all of the cixiid endosymbionts, retaining partially
complete biosynthesis pathways for 7 out of 10 EAAs.
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Since its genome is tiny, a large proportion of its genome is
dedicated to nutritional provisioning for the hosts. Thus, we
see that between host species, increased substitution rates
and increased purifying selection in Vidania indicate in-
creased molecular evolution in Vidania, with most genes
being selected to be maintained in the genome. It is pos-
sible that genetic divergence between O. polyphemus hosts
could be associated with the observed increase in rates of
molecular evolution between Vidania from cave-adapted
planthoppers.

Similar to Vidania, in comparisons between surface and
cave host species, most genes in Purcelliella’s genome are
under purifying selection. However, a few genes are under
positive selection. In all pairwise comparisons between sur-
face and cave hosts, pyridoxine biosynthesis genes (epd and
pdxA) have increased dN and dS (fig. 4A-D). These genes
are retained by both Purcelliella isolated from cave hosts
but are truncated and nonfunctional in both Purcelliella
isolated from surface hosts. The pyridoxine pathway in
Purcelliella-OFIL-1 and Purcelliella-OFIL-2 is extremely de-
graded. Potentially, surface planthoppers obtain pyridoxine
from their environment and increased substitution rates on
the retained genes will eventually lead to the pathway being
lost all together in Purcelliella-OFIL. Additionally, in both in-
terspecies comparisons involving Purcelliella-OPOL-1, the
DNA mismatch repair protein, muts, is under positive selec-
tion (fig. 4A and Q). Bacterial strains that have lost mutS
have been shown to have a 50-fold higher mutation rate
than bacteria that retain mutS (Nilsson et al. 2005). If posi-
tive selection between OPOL- and OFIL-Purcelliella leads
to an eventual loss of mutS, the mutation rate may
accelerate in Purcelliella, leading to increased gene loss
and causing the endosymbiont to enter the terminal stages
of endosymbiosis.

Within host species comparisons, Purcelliella exhibits
contrasting patterns of molecular evolution. Genes com-
pared between Purcelliella from surface hosts have no sub-
stitutions between them with the exception of ribD, an
essential gene in the riboflavin biosynthesis pathway that
is under weak purifying selection (fig. 4F). The surface hosts
studied—O. filicicola from the Puna district—are likely to
have larger effective population sizes and be more genetic-
ally homogeneous because they are not limited by the phys-
ical boundaries such as lava tube caves that isolate
cave-host populations. In symbionts of surface species, lar-
ger effective population sizes may have reduced the num-
ber of substitutions among them because symbiont
genomes of lower fitness will not have been preserved by
genetic drift in small isolated populations.

Within cave hosts, however, Purcelliella, genes have in-
creased rates of substitutions, with many genes under puri-
fying selection and several genes under positive selection
(fig. 4E). This contradicts the expectation that symbionts
isolated from the same host species should retain low rates

of molecular evolution between them. Previous work has
shown that there is genetic and phenotypic differentiation
between O. polyphemus populations across the island
(Hoch and Howarth 1993; Wessel et al. 2013). Oliarus poly-
phemus planthoppers live within fragmented lava tube
cave systems, congregating in areas where ‘Ohi‘a roots
project into the cave, creating a suitable habitat for
planthoppers to live and feed. Root patches are not con-
tinuous throughout the caves, and as a result, planthopper
aggregations may become isolated from one another based
on the fragmentation of their essential diet source in add-
ition to the natural fragmentation of subterranean lava
tubes. Oliarus polyphemus samples were collected from dif-
ferent caves within the same lava flow system giving rise to
our hypothesis that host-level reproductive isolation and
genetic variation could be associated with differences in
rates of molecular evolution between Purcelliella as well
as Vidania isolated from cave-adapted planthoppers.

Conclusion

Cixiid planthoppers harbor three obligate endosymbionts,
each with distinct functional roles. On Hawai‘i Island,
planthoppers inhabit diverse ecological niches on a geologic-
ally young island that is approximately 500,000 years old
(Price and Clague 2002). Several planthopper species are
cave-adapted having split from their surface ancestors at
an unknown point within this time frame. This feature allows
us to compare symbiont genomes in hosts that have evolved
over a relatively short evolutionary time scale. Comparing
symbiont strains across surface and cave-adapted planthop-
per hosts further enabled us to test for functional gene losses
and rates of molecular evolution between symbionts asso-
ciated with hosts that have variation in their access to nutri-
tional resources. The obligate nature of nutritional
endosymbionts leads to ultimate codependency and co-
evolution between the host and bacteria (Thao et al. 2002;
Bennett and Moran 2015). As host species-specific symbiont
associations coevolve, symbiont strains may become more
genetically divergent between different host species
(Bennett and Moran 2015; Chong and Moran 2016), as is re-
flected in symbiont functional roles and rates of molecular
evolution within and between Oliarus species.

We predicted that variation in nutritional resource avail-
ability between surface and cave-adapted hosts would
result in an increase selection pressures on the endosym-
bionts of O. polyphemus to retain nutritional biosynthesis
pathways in the face of a niche shift to a resource-limited
environment. Between cave-adapted O. polyphemus and
epigean O. filicicola, we found that Sulcia and Vidania gen-
omes are highly conserved, which is a common feature
among co-obligate endosymbiotic partners of Sulcia within
other members of the Auchenorrhyncha (Wu et al. 2006;
McCutcheon and Moran 2010; Bennett and Moran
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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 Hawai‘i 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 Ka‘u district of Hawai‘i 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 Hawai‘i Island, Hawai‘i, 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® Ultrall DNA Library Prep Kit
with average insert sizes of approximately 500 bp and
were sequenced using lllumina 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 lolania 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+1+ 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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Symbiont Genome Assembly and Annotation

Raw sequencing reads were filtered for quality and adapter
removal using FASTQC v0.11.9 (https://www.bioinforma
tics.babraham.ac.uk/projects/fastqc/). Reads from OFIL-1,
OFIL-2, and OPOL-2 samples were trimmed using
Trimmomatic v0.39 (Bolger et al. 2014). Reads from
OPOL-1 sample were trimmed using Trim Galore! V0.6.4
(phred - 33, paired-end setting, no singletons) (https:/
github.com/FelixKrueger/TrimGalore). Genomic sequences
were assembled using SPAdes v. 3.14.1 (kmer-127) (Nurk
et al. 2013). In the case of OFIL-2, raw sequence files
were split into two files and assembled in SPAdes
v.3.14.0 (kmer-100). Endosymbiont genomes typically
have an AT mutational bias that results in lower GC content
than the rest of the host genome (Wernegreen 2015;
Chong et al. 2019). This allowed us to identify bacterial
genomes by their GC percentage in addition to
NCBI-tBLASTx searches of the host assemblies against the
reference genomes for Ca. Sulcia (CP028359), Ca.
Purcelliella (CP028374), and Ca. Vidania (CP028360). We
identified contigs in the assemblies matching all three
endosymbionts from each of the four host specimens
(table 1). Using open-reading frames, symbiont genomes
were confirmed against the BLASTP database to ensure se-
guence validity and then further assembled in Geneious
Prime 2020.1.4 (https:/www.geneious.com). To identify
any contigs present that were associated with other micro-
bial species, we performed a general 16S rRNA gene search
with tBLASTx against the 16S ribosomal RNA sequences
(Bacteria and Archaea) database.

For each endosymbiont, assembled contigs were circu-
larized into complete genomes using the de novo assemble
feature in Geneious Prime 2020.1.4. To verify genome and
assembly quality, we aligned reads to the published refer-
ence genomes with Bowtie2 to determine consistent cover-
age, including circularization of linear scaffolds ends
(Langmead and Salzberg 2012). Circular bacterial genomes
were annotated with RAST v.2.0 (Aziz et al. 2008; Overbeek
et al. 2014; Brettin et al. 2015). Circularized genomes were
aligned using Mauve (Darling et al. 2004) to estimate gen-
omic synteny. To calculate the coding density for each sym-
biont genome, we divided the number of combined base
pairs for all coding sequences (CDS) in the genome by the
total number of base pairs in the genome. Symbiont genes
necessary for bacterial cellular function and nutritional bio-
synthesis were identified using RAST v.2.0 annotations. We
searched for nutritional biosynthesis genes for amino acids
and vitamins aside from the ten EAAs, one non-EAA, and
four B vitamins but none were identified. Genes that were
truncated from their predicted full length were aligned to
full-length versions of those genes using MUSCLE in
Geneious Prime 2020.1.4 (Edgar 2004). Genes were as-
sumed to be nonfunctional if the alignment revealed that

they were broken into multiple small pieces (<20 bp) in add-
ition to being truncated. Sequence data for endosymbiont
genomes are available on the NCBI GenBank database
under the accession numbers CP110504-CP110507
(Ca. Sulcia), CP110500-CP110503 (Ca. Vidania), and
CP110496-CP110499 (Ca. Purcelliella).

Rates of Molecular Evolution

To estimate rates of molecular evolution, we performed pair-
wise comparisons of substitution rates among symbiont genes
of the same lineage, across each of the four host specimens,
two O. polyphemus and two O. filicicola. One-to-one ortholo-
gous protein-coding sequences from each symbiont genome
were identified for each pairwise comparison. Orthologous
symbiont genes of the same lineage were aligned with
MUSCLE (Edgar 2004) in Geneious Prime 2020.1.4 with the
bacterial genetic code. A range of CDS were aligned for
each symbiont comparison: 128-133 CDS for Sulcia, 131-
140 CDS for Vidania, and 363-398 CDS for Purcelliella.

To determine how the selection is shaping symbiont gen-
omic variation between and within host species, we quanti-
fied rates of synonymous (dS) and nonsynonymous (dN)
substitutions across symbiont genomes. Pairwise gene
comparisons of substitution rates were analyzed with
the codeML package from PAML v13.14 (Yang 2007),
(run mode —2 for pairwise comparisons). Using codeML,
we performed maximum likelihood estimation (MO
one-ratio model) to quantify dS and dN between ortholo-
gous CDS and estimate the overall selection pressure (o =
dN/dS) for each CDS comparison. Positive selection on an
individual gene is indicated by o > 1 whereby the rate of
nonsynonymous substitutions is greater than the rate of
synonymous substitutions (dN > dS). Negative purifying
selection is indicated by o << 1 (dN << dS).
Synonymous and nonsynonymous substitution rates of
each symbiont gene in all comparisons were visualized using
the package ggplot2 (Wickham 2016) in Rstudio v1.2.5001
(http:/www.rstudio.com). Lastly, to determine if any particu-
lar functional category was more likely to be under positive
or purifying selection than by random chance, we performed
Fisher's exact test on each Clusters of Orthologous Genes
(COQ) category for each genome comparison.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online (http:/www.gbe.oxfordjournals.org/).
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