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Dissertation Abstract

Coevolution of leafhoppers and their microbial symbionts
Yumary M. Vasquez

Doctor of Philosophy in Quantitative and Systems Biology
University of California, Merced, 2023

Graduate Advisor: Dr. Gordon M. Bennett
Committee Chair: Dr. Emily Jane McTavish

Nutritional symbionts are a vital component of many organisms’ survival
strategies, supplying essential nutrients, metabolizing substances that are
otherwise indigestible, and in some cases, conferring resistance to environmental
stressors. Insects have a close and complex association with nutritional
symbionts. This dissertation explores critical aspects of leafhopper symbiosis and
evolution through a three-part investigation into the Hawaiian leafhopper
radiation (Nesophrosyne) and the aster leafhopper (Macrosteles quadrilineatus).
In Chapter 2, | focused on the symbiont genome evolution in two of the smallest
known bacterial genomes, Sulcia and Nasuia, in a Hawaiian leafhopper radiation
(<5 million years). The work found that multiple evolutionary processes are
continually shaping this multi-partner symbiosis in a relatively short time frame. In
Chapter 3, | sequenced the aster leafhopper genome, a polyphagous pest with a
symbiotic association with Sulcia and Nasuia. Using the chromosomal-level
sequencing of this leafhopper, along with three other leafhopper genomes with
different ecologies and symbiotic associations, | explored how pest species
biology and symbiotic associations shape leafhopper genomes. | found that
genes related to insecticide resistance and adaptation to environmental
pressures are conserved in leafhoppers, with some undergoing positive
selection. | also found that despite the difference in symbiotic associations
between all leafhoppers, genes involved in symbiont maintenance and support
are evolutionary conserved. In Chapter 4, | investigated the potential role of DNA
methylation in the differential gene expression in two symbiont tissues of the
aster leafhopper. | leverage fluorescence-based cell sorting methods to isolate
symbiont-containing cells and compare their methylation properties with non-
symbiotic host cell types. | showed that DNA methylation is not the primary driver
of gene regulation in bacteriocytes, but may play a role in some symbiosis-
related genes. Collectively, this dissertation extends our understanding of
leafhopper-symbiont interactions, pest adaptation mechanisms, and the role of
epigenetics in symbiotic partnerships, thus contributing significant insights to the
broader field of insect evolutionary biology and genomics.
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Chapter 1: Introduction

All animals engage in some form of symbiosis. These symbioses range from
those that are obligately beneficial (mutualism) to those that are exploitative and
harmful to host fitness (parasitism). Many organisms engage in beneficial
symbiosis with microbial partners. In mammals and humans, these complex
interactions can be difficult to disentangle due to their high diversity of microbial
relationships. Thus, we turn to smaller organisms, such as insects, to answer
fundamental questions about the intricacies of beneficial symbiosis.

1.1 Coevolution and symbiosis of insects

1.1.1 Ancient nutritional symbiosis in insects

In insects, many species engage in obligate and long-term symbiotic
relationships with bacterial symbionts for essential nutrition and other essential
services (Baumann, 2005; Douglas, 2009). It is estimated that over 20% of all
known insect species depend on microbial symbionts that they harbor
intracellularly (Douglas, 2011). These alliances with symbiotic microbes have
permitted insects to diversify into niches that cannot sustain animal life, including
sugar-rich or blood diets (Douglas, 2009; Feldhaar, 2011). In many cases, these
relationships are ancient, spanning 10-100s of millions of years (Moran and
Bennett, 2014; McCutcheon et al., 2019). This ancient association may lead to
the formation of specialized host cells (bacteriocytes) and specialized host
organs (bacteriomes) where bacteria are sustained in intracellular environments,
receiving crucial resources and support from the insect host (Buchner, 1965;
Baumann, 2005; Fronk and Sachs, 2022). Bacteriocytes allow for the
propagation of bacteria in a stable environment and for the strict transmission
from mother to offspring. Despite the known benefits of microbial symbionts to
insect hosts and subsequent long coevolutionary history, these relationships are
surprisingly dynamic (Bennett and Moran, 2015; Chong et al., 2019; Vasquez
and Bennett, 2022). While stable endosymbiosis must be maintained for host
fitness, symbiotic partners lose genomic functionality over time. Symbionts can
lose over 90% of their free-living ancestral genes, even those deemed vital to
both bacterium and the symbiotic relationship (McCutcheon and Moran, 2012a;
McCutcheon et al., 2019). Occasionally, symbionts are lost or replaced by more
capable partners as they shift to new ecological niches (Koga et al., 2013a; Koga
and Moran, 2014a; Husnik and McCutcheon, 2016; Sudakaran et al., 2017; Mao
and Bennett, 2020). Thus, symbionts pose significant evolutionary challenges to
hosts as they must continually adapt to manage and integrate not only existing
bacterial symbiont species, but also newly acquired ones essential to host health
and fitness (Toenshoff et al., 2012; Koga et al., 2013a; Bennett and Moran, 2015;
Mao and Bennett, 2020).

1.1.2 Genome evolution of endosymbionts




Insects have long histories with beneficial bacteria; however, these associations
likely began from infecting pathogenic bacteria. Previously free-living bacteria
infect host cells and avoid host immune systems by avoiding detection or
destruction. Over time, these bacteria begin to rely on the host for a stable
environment, and begin to lose redundant and unessential genes, a process that
selection would favor. In turn, the host relies on the bacteria for the novel function
that allows for host survival and proliferation. As bacteria begin to survive in an
intracellular environment and are passed through host generations through
vertical transmission, they lose their ability to gain new genes during an
environmental phase. Then, strong genetic drift begins to dominate the evolution
of symbiont genes through small populations and severe bottlenecks. The loss of
genetic variation in bacteria contributes to the accumulation of deleterious
mutations, a process that is aptly named “Muller’'s Ratchet” (Moran, 1996a).
Consequently, these deleterious mutations become fixed in the bacterial
population repeatedly resulting in the loss of function, inactivation, and loss of
genes from every cellular process, including those considered to be essential for
bacterial cell functions (McCutcheon et al., 2019). Due to the loss of vital
bacterial genes such as DNA repair mechanisms, intracellular symbiont genomes
can exhibit accelerated sequence evolution and a mutation-driven bias favoring
A+T nucleotide (Moran, 1996a; Wernegreen, 2002). This “symbiosis rabbit hole”
between host compensatory mechanisms, deleterious mutations and selfish
symbiont mutations has led to the occurrence of some of the smallest known
bacterial symbiont genomes, as well as unique adaptive host compensation to
support these tiny genomes (Bennett and Moran, 2015).

1.1.3 Genomic maintenance and support of endosymbionts

Obligate symbionts, by definition, are required for host fithess and reproduction
(Dunbar et al., 2007; Kikuchi et al., 2012). Nevertheless, random and dynamic
gene losses in symbiont genomes present significant challenges for their hosts
(described above) (Gupta and Nair, 2020). As symbiont genomes degrade, novel
evolutionary compensatory mechanisms must evolve to take their place (Hansen
and Moran, 2011a; Douglas, 2016; Mao et al., 2018a; Ankrah et al., 2020).
These compensatory mechanisms can be from the acquisition of another
symbiotic partner, from adaptations from the symbiont genes themselves to
moonlight as other functions, or for the host to evolve complex compensatory
mechanisms to maintain their bacterial partner(s) (Nikoh et al., 2010; Husnik et
al., 2013; Sloan et al., 2014a; Luan et al., 2015; Mao et al., 2018a). For example,
in several leafhopper species, hosts express thousands of genes in bacteriocytes
to support their symbionts’ individual needs (Mao et al., 2018a; Mao and Bennett,
2020). Hosts employ various strategies to maintain symbiosis, such as
reassignment and duplication of mitochondrial support genes, acquisition of
horizontally transferred genes from other infecting bacteria, or novel duplicates of
host genes (Nakabachi et al., 2005a; Price et al., 2010; Hansen and Moran,
2011a; Price et al., 2011b; Husnik et al., 2013; Duncan et al., 2014; Sloan et al.,



2014a; Luan et al., 2015). Horizontal gene acquisition from other infecting
bacteria to hosts can compensate for missing essential bacterial cellular
functions when eukaryotic gene support is insufficient. These novel
compensatory mechanisms distinctly complement the needs of symbionts, and in
the case of multi-partner symbionts, the needs of both symbionts (Mao et al.,
2018a; Ankrah et al., 2020). Symbiont gene loss is constrained to some extent by
the host’s gene repertoire and its capacity to complement deteriorating genomes,
including the divergence in prokaryotic and eukaryotic cellular machinery that
may not interact well (Sloan et al., 2014b; Wilson and Duncan, 2015). For
example, insect hosts have evolved prokaryotic supports due to the interaction of
eukaryotes with mitochondria (Gray et al., 2001; McCutcheon et al., 2019).
Duplications, on the other hand, may facilitate host cell reconfigurations, but may
have less to do with direct prokaryotic interactions (Price et al., 2011b; Duncan et
al., 2014; Wilson and Duncan, 2015; Mao and Bennett, 2020).

1.1.4 Auchennorrhyncha and the multi-partner endosymbionts

Among insects, the pierce-sucking insect order Hemiptera engages in symbiosis
to feed on a sugar-rich diet found in the phloem and xylem of plants (e.g.,
cicadas, leafhoppers, aphids; Grimaldi et al., 2005). Phloem and xylem of plants
are depauperate in the essential amino acids necessary for animals to make full
proteins (Buchner, 1965; Moran et al., 2008). As a result, Hemipteran insects
have acquired a diverse array of microbial symbionts for the synthesis of missing
nutrition (Douglas, 1989; Moran and Telang, 1998; Bennett and Moran, 2013).
Symbioses within the Hemiptera are ancient, although various lineages (e.g.,
Sternorrhyncha and the Auchenorrhyncha) have acquired and replaced
symbionts at different stages of their diversification (Figure 1; Sudakaran et al.,
2017; Bennett, 2020). Following establishment, host and their symbionts
generally coevolve for 10s-100s of millions of years (Wernegreen, 2002;
Baumann, 2005; McCutcheon et al., 2009a; Moran et al., 2009).

Most species in the plant-sap feeding insect suborder, Auchenorrhyncha
(Hemiptera: Suborder), have established mutualistic symbioses with two or more
bacteria for over 300 million years (Takiya et al., 2006a; Moran et al., 2008).
These partnerships generally provide essential amino acids and other nutrients
that are absent in their hosts’ phloem and xylem diets. Most species in the
suborder harbor “Candidatus Sulcia muelleri” (Bacteroidetes; hereafter known as
Sulcia) and a Betaproteobacteria. Both Sulcia and the Betaproteobacteria have
been associated with Auchenorrhyncha since it emerged in the Permian (Moran
et al., 2005; Bennett and Moran, 2013). The latter likely represents a single origin
but has been given multiple names over the years: “Ca. Vidania fulgoroideae®,
“Ca. Zinderia insecticola®“, and “Ca. Nasuia deltocephalinicola” (hereafter
Nasuia), are associated with the superfamilies, Fulgoroidea (planthoppers),
Membracoidea (leafhoppers and treehoppers) and Cercopoidea (froghoppers),
respectively.



Due to its more limited nutritional contributions, the Betasymbiont has been
replaced several times throughout the suborder. For example, the sharpshooter
leafhopper family appears to have replaced the more ancient symbiont, Nasuia,
with “Candidatus Baumannia cicadellinicola” (hereafter Baumannia) >60 MYA in
a transition between phloem and xylem feeding (Moran et al., 2003). Similar to
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Figure 1: Variations in the bacterial associations across the Hemiptera
order. Image from Bennett and Moran (2015).

Nasuia, Baumannia
convergently evolved to
provide the same two EAAs
as Nasuia and few other
nutritional resources (Wu et
al., 2006). However,
because Baumannia is
relatively young, its genome
encodes more functional
capabilities requiring much
less support from its partner
symbionts (Wu et al., 2006;
Bennett et al., 2014; Mao
and Bennett, 2020). In other
early evolutionary events,
some leafhopper lineages,
such as the Typhlocybinae
subfamily, have lost all
obligate symbionts as a
consequence of shifting to a
more nutrient-rich plant
parenchyma diet (Gunthardt
and Wanner, 1981).
Species in this group no
longer retain Sulcia and

Nasuia, nor the organs that house and support them (Buchner, 1965; Cao and

Dietrich, 2022).

1.1.5 Leafhoppers as a model for symbiosis

Leafhoppers (Hemiptera: Auchennorrhyncha: Cicadellidae) comprise one of the
largest Hemipteran families with over 20,000 described species (Grimaldi et al.,
2005; Brambila and Hodges, 2008). While most leafhoppers are sap-feeding,
their host range and feeding habits can vary widely. Some species are highly
polyphagous and can feed/reproduce on a wide range of plant species, while
others are more specialized and feed/reproduce exclusively on certain plant
families or species (Weintraub and Beanland, 2006; Wilson and Weintraub,
2007). In addition to their symbiotic relationships with bacteria, leafhoppers are
also known for their ability to pierce the phloem and xylem of plants, making
them significant vectors of viral (e.g., plant viruses) and bacterial (e.g.,



phytoplasmas) plant pathogens, causing enormous economic losses in
agricultural and horticultural industries (Banttari and Zeyen, 1979; Nielson, 1979;
Tsai, 1979; Weintraub and Beanland, 2006; Hogenhout et al., 2008a; Chasen et
al., 2015; Greenway, 2022).

In some leafhopper species, Sulcia and Nasuia have among two of the smallest
bacterial genomes known from any biological system. Sulcia (190 KB) has 190
predicted protein-coding genes and a GC content of about 24%, and Nasuia (112
KB) has 137 genes and a GC content of about 17% (Bennett et al., 2016a).
Unlike Sulcia, Nasuia has undergone a major shift and uses an alternative
genetic code in which the UGA stop codon now encodes for Trp (UGG)
(McCutcheon et al., 2009b). Sulcia and Nasuia genomes maintain a core set of
genes, but genetic drift and a lack of DNA repair mechanisms continue to
diminish their already tiny genomes (Mao et al., 2017a; Bennett and Mao, 2018).

1.2 Lineage-specific symbiont gene losses in endemic Hawaiian
leafhoppers

A long-standing question in
symbiosis is how evolutionary < Hawaiian
processes shape ancient N * = Archipelago
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=\
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on the scale of 10s-100s ‘j Nesophrosyn&’
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comparatively little about how ‘ﬁ' %

this process continues to
shape the tiny genomes of
ancient symbionts among
closely related host species
(Wernegreen, 2002; McCutcheon et al., 2009a; Moran et al., 2009; Mao et al.,
2017a; Chong et al., 2019). To close this knowledge gap, | leverage one of the

largest insect radiations across the Hawaiian Archipelago, Nesophrosyne
(Hemiptera: Cicadellidae) (Hembry et al., 2021).

Figure 2: Nesophrosyne radiation across the Hawaiian Islands.

Like other Auchennorhynchan insects, Nesophrosyne has an association with
two leafhoppers, Sulcia and Nasuia. The genus originated about 3.2 million years
ago, rapidly diversifying into over 200 species that specialize across 28 host
plant families in a one-to-one fashion (Zimmerman, 1948; Bennett and O’Grady,
2012, 2013). Nesophrosyne lineages established these host-plant relationships
early in their diversification on the archipelago and then maintained their host-
plant associations as species diversified across newly formed islands in a parallel
and replicated fashion (Figure 2; Bennett and O’Grady, 2013). Thus, the multiple



independent specialization to host plants across multiple islands has shaped the
diversification of insects. Hawaiian leafhoppers present a unique opportunity to
ask fine-scale coevolutionary questions due to their isolated nature, ecological
and temporal diversity, and replicated and rapid adaptive evolution. Moreover,
they are host-plant specific and with limited dispersal capabilities, leading to high
levels of local endemicity. The Nesophrosyne system permits the coevolutionary
study of these complex symbioses to be contextualized in absolute timescales
because we already know the historical biogeography, ecological interactions,
and tempo of speciation in absolute time for all species in the genus.

In Chapter 2, to better understand the evolutionary processes that shape ancient
symbiont genome evolution, | will analyze the genomes of Sulcia and Nasuia
across Nesophrosyne lineages. Due to the natural evolutionary “experiments”
inherent to island systems, the Hawaiian Archipelago presents an exciting
avenue to study the genome evolution of symbionts in absolute time.
Additionally, this island system yields a model for understanding how closely
related species of hosts maintain symbiosis. | sequence Sulcia and Nasuia
across 20 Nesophrosyne species, spanning 8 host plant groups and 5 Hawaiian
Islands. Using comparative methods, | analyze the genomic evolution of this
multi-partner symbiosis in a closely related species that have diversified across
the islands. In this chapter, | leverage the Nesophrosyne leafhopper radiation
and their endosymbionts to understand (i.) whether and how ongoing gene
losses continue to shape ancient symbiont genomes, (ii.) how selection and drift
lead to symbiont genome diversification, (iii.) whether these evolutionary forces
are shared or distinct between multiple symbionts in a shared host. | further test
our questions in absolute time provided by the Nesophrosyne radiation to gain
general insights into the tempo and mode of bacterial symbiont genome
evolution.

1.3 Pest ecology and symbiosis shape leafhopper genomes

The abilities of leafhoppers to feed on a wide range of plants in both agricultural
and natural ecosystems and their dependence on beneficial bacteria likely exerts
significant evolutionary pressures across their genomes (Francis et al., 2005;
Després et al., 2007; Hogenhout et al., 2009; Wang et al., 2018; Zhang et al.,
2022). Yet, we have a limited understanding of how leafhopper genomes evolve
and how these specific evolutionary pressures influence that process. We further
lack effective comparative tools to investigate such questions fully.

Chromosomal-level sequencing of leafhoppers and comparative genomics can
provide insights into genetic adaptations that contribute to the evolutionary
success of leafhoppers and the many pest species that exist within this group. To
date, there are three sequenced leafhopper genomes: green rice leafhopper
(Deltocephalinae: Neophotettix cincticeps; Yan et al., 2021), glassy-winged
sharpshooter (Cicadellinae: Homalodisca vitripennis; Li et al., 2022), and the tea



green leafhopper (Typhlocybinae: Empoasca onukii; Zhao et al., 2022). These
leafhoppers range in their symbiotic associations and host-plant feeding habits.
N. cincticeps associates with the two ancient symbionts, Sulcia and Nasuia, while
H. vitripennis still maintains Sulcia but has replaced Nasuia with Baumannia.
Both species are polyphagous in their feeding habits. On the other hand, E.
onukii is a monophagous pest and no longer retains any symbionts. Despite
these different symbiont modalities and dietary patterns, it is possible they
undergo similar selective pressures that shape their genomes.

In Chapter 3, | present the complete genome of the aster leafhopper (hereafter
known as ALF), Macrosteles quadrilineatus (Hemiptera: Cicadellidae:
Deltocephalinae), that feeds over 300 agriculturally important plants, including
carrots, celery, wheat, barley, flax and lettuce (Wallis, 1962). ALF is the primary
vector of the Aster Yellows phytoplasma, a bacterium of a plant disease that
leads to stunting and deformation of crops (Kunkel, 1926). In an evolutionary
framework, | compared ALF’s genome to those of all other existing pest
leafhopper genomes. These species come from different leafhoppers subfamilies
that have overlapping and distinct symbiotic relationships. Our questions focus
on understanding: (i.) how leafhoppers’ genomes evolve in a global sense, (ii.)
what evolutionary pressures do pest species biology and agricultural ecology
place on leafhopper genomes, and (iii.) how do major transitions in symbioses
shape the evolution of leafhopper genomes. Our results show remarkable
conservation of leafhopper genomes but distinct signatures of pest ecology and
symbioses in the expansion and retention of genes and molecular evolution of
specific genes.

1.4 Cell sorting of bacteriocytes and its implications in DNA methylation

Cell sorting techniques have emerged as powerful tools for isolating and
characterizing of specific cell populations overcoming the challenges of studying
complex tissues and samples. To date, cell sorting in bacteriocytes has been
used to identify the absolute number of symbiont cells within a bacteriocyte, as
well as examine ploidy levels within bacteriocytes (Simonet et al., 2016; Nozaki
and Shigenobu, 2022). Yet, fluorescence-based cell sorting has yet to be applied
to separate bacteriocytes in a multi-partner symbiotic association. This approach
enables the isolation of mostly pure populations of bacteriocytes, facilitating
subsequent analyses of individual symbionts and their interactions within the host
(e.g., DNA methylation patterns within bacteriocyte cells).

DNA methylation is the process of an enzymatic addition of a methyl group to
nucleic acid bases mediated by DNA methyltransferases (DMNTSs). This
methylation can lead to repression of transcription, often playing a crucial role in
regulating gene expression (Suzuki and Bird, 2008; Keller et al., 2016; Zhang et
al., 2018). In certain cases, it can contribute to gene silencing by interfering with
the binding of transcription factors, inhibiting the transcriptional machinery (Eden



and Cedar, 1994). Epigenetic mechanisms in insects are vital for regulating a
wide range of biological processes (Glastad et al., 2014; Bewick et al., 2016).
Hemipteran insects have the capability to use DNA methylation as an important
DNA modification that aids in the regulation of various biological processes
including during nymphal development and adaptation to dietary change in the
mono-symbiotic Aphid-Buchnera system (Bewick et al., 2016; Kim et al., 2018;
Pers and Hansen, 2021). However, almost nothing is known about the role of
epigenetic controls in M. quadrilineatus (ALF) and related insects in the
auchenorrhyncha. Therefore, if methylation plays a role in the expression of
thousands of genes between two distinct symbiotic bacteriocyte types is still
unknown.

In Chapter 4, | leverage fluorescence-based cell sorting to identify and isolate

bacteriocytes, then use it in practice to show
its power in downstream analysis such as
DNA methylation. In this study, we utilize the
observation that bacteriocytes often exhibit
higher ploidy levels to isolate bacteriocytes.
We focus our study on understanding: (i).
what is the best method to dissociate
bacteriocyte tissues, (ii). is it possible to
isolate bacteriocytes for cell sorting based
on ploidy levels, and (iii). how can cell
sorting be used to perform other
downstream analyses. We use DNA
methylation to indicate the power of cell
sorting by comparing methylation patterns of
isolated bacteriocyte populations to non-
symbiotic host cell types. We identified and
correlated differential hyper- and hypo-
methylated genes within and between
bacteriocytes compared to non-symbiotic
host cell types with gene expression
patterns. Finally, we compared methylation
and gene expression patterns of putative
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Chapter 2: Comparative genomics of endosymbionts across endemic
Hawaiian leafhopper (Hemiptera: Cicadellidae: Nesophrosyne) species

2.1 ABSTRACT

Many insects depend on ancient associations with intracellular bacteria for
essential nutrition. The genomes of these bacteria are often highly reduced.
Although drift is a major driver of symbiont evolution, other evolutionary forces
continue to influence them. To understand how ongoing molecular evolution and
gene loss shape symbiont genomes, we sequenced two ancient symbionts,
Sulcia and Nasuia, from 20 Hawaiian Nesophrosyne leafhoppers. We leveraged
the parallel divergence of Nesophrosyne lineages throughout Hawaii as a natural
experimental framework. Sulcia and Nasuia experience ongoing—but
divergent—gene loss, often in a repeatable fashion. While some genes are under
relaxed selection, purifying and positive selection are also important drivers of
genome evolution, particularly in maintaining certain nutritional and cellular
functions. Our results further demonstrate that symbionts experience dramatically
different evolutionary environments, as evidenced by the finding that Sulcia and
Nasuia have one of the slowest and fastest rates of molecular evolution known.

2.2 INTRODUCTION

Bacterial symbionts have enabled many animal groups to take advantage of
unsuitable ecological niches leading to their biological diversification (Takiya et
al., 2006b; Moran, 2007; Sudakaran et al., 2015; Hendry et al., 2016; Sogin et
al., 2020; Myers et al., 2021). In insects, bacterial endosymbionts are a key
source of essential nutrition for many species, and even entire orders, that
specialize on diets limited in essential nutritional resources (Moran, 1996b;
Baumann, 2005; Douglas, 2009). These symbionts are generally restricted to
within specialized insect organs (bacteriomes) and cells (bacteriocytes) that
enable host-bacterial interaction and strict vertical transmission from mother to
offspring (Buchner, 1965; Koga et al., 2012). However, due to their intracellular
lifestyle, bacteria often lose over 90% of their genes (McCutcheon and Moran,
2012b; McCutcheon et al., 2019). As symbioses age, bacteria continue to
experience ongoing gene losses from their most basic—and essential—cellular
processes and metabolisms (e.g., DNA replication and repair). Thus,
endosymbionts require extensive resources from their hosts and other bacterial
partners to function (Nakabachi et al., 2005b; Hansen and Moran, 2011b;
McCutcheon and von Dohlen, 2011; Sloan et al., 2014b; Luan et al., 2015; Mao
et al., 2018b; Weglarz et al., 2018; Kobiatka et al., 2018). While we have a good
picture of how symbiont genomes shrink on the scale of 10s-100s millions of
years, we understand comparatively little about how this process continues to
shape the tiny genomes of ancient symbionts among closely related host species
(Wernegreen, 2002; McCutcheon et al., 2009; Moran et al., 2009; Mao et al.,
2017; Chong et al., 2019).



In many cases, our understanding and inference of the evolutionary processes
that influence the structure and function of symbiont genomes is derived from a
single, or just a few, representative genomes (McCutcheon et al., 2009; Bennett
and Moran, 2013; Koga and Moran, 2014; Bennett and Mao, 2018; Michalik et
al., 2021). These processes include selection to retain essential functions,
selection to adapt to changing host and environmental conditions, and strong
genetic drift due to small population sizes and strong intergenerational
bottlenecks (Moran, 1996; Wernegreen, 2002; Woolfit and Bromham, 2003;
Campbell et al., 2015; Perreau et al., 2021). These processes are ongoing
among related symbiont lineages that are separated into distinct host species
and their populations. The intensity of these forces likely varies depending on the
bacterial symbiotic roles and cellular environments, as well as the biology and
ecology of their different host insect species (Wernegreen, 2002; Sabater-Mufioz
et al., 2017; Chong et al., 2019). As a result, there is likely to be tremendous
variation among the symbiont genomes of closely related host species. For
example, the process of drift is known to cause independent symbiont lineages to
differ widely in their genetic capabilities even between closely related host
species (McCutcheon and Moran, 2010; Patifio-Navarrete et al., 2013; Husnik et
al., 2013; Campbell et al., 2015; Bennett et al., 2016b; Husnik and McCutcheon,
2016; Campbell et al., 2017; Boscaro et al., 2017; tukasik et al., 2018; Chong et
al., 2019; Monnin et al., 2020; Santos-Garcia et al., 2020). It is less clear how
drift and selection work together to shape and maintain the genes and functions
of symbionts as they diversify along with their hosts. Thus, an investigation into
the patterns of gene loss and molecular evolution (e.g., the relative roles of
selection vs. drift in gene evolution) among closely related host sister species
has the potential to illuminate the fine-scale evolutionary processes that underlie
ongoing symbiont genome evolution and diversification.

To better understand the evolutionary processes that shape ancient symbiont
genome evolution, we analyzed the genomes of “Candidatus Sulcia muelleri”
(Bacteroidetes; hereafter referred to as Sulcia) and “Ca. Nasuia
deltocephalinicola” (Betaproteobacteria; hereafter Nasuia) lineages from insect
sister species belonging to the endemic Hawaiian leafhopper genus,
Nesophrosyne (Hemiptera: Auchenorrhyncha: Cicadellidae). Nesophrosyne is
one of the largest insect adaptive radiations in Hawaii (Hembry et al., 2021). It
originated ~3.2 million years ago, rapidly diversifying into over 200 species that
specialize on endemic plant species in a one-to-one fashion (Zimmerman, 1948;
Bennett and O’Grady, 2012, 2013). Nesophrosyne lineages established these
host-plant relationships early in their diversification on the archipelago. These
lineages then maintained their host-plant associations as they diversified across
newly formed islands in a parallel and replicated fashion (Bennett and O’Grady,
2013). Thus, Nesophrosyne can provide a natural evolutionary experiment to test
questions of how evolutionary processes shape symbiont genome evolution
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across diverging insect lineages and to further understand to what extent
evolutionary processes are predictable.

Sulcia and Nasuia, like most other symbionts in the Auchenorrhyncha suborder,
complement each other to provide their hosts with the 10 essential amino acids
(EAAS) that are lacking in their xylem and phloem plant sap diets (Bennett and
Moran, 2013). Genomic evidence suggests that both bacteria are ancient, having
partnered with insects ~300 million years ago (Moran et al., 2005; Bennett and
Mao, 2018). As a result, Sulcia and Nasuia have highly reduced genomes of 190
kilobases (kb) and 112 kb, respectively (Bennett and Moran, 2013). Both
genomes maintain a core set of essential nutritional genes, but are lacking genes
in most other essential functions that include translation and transcription, energy
synthesis, and DNA replication and repair (Bennett and Moran, 2013; Bennett et
al., 2014; Mao et al., 2017).

Here, we leverage the Nesophrosyne leafhopper radiation and their
endosymbionts to understand (i.) whether and how ongoing gene losses continue
to shape ancient symbiont genomes, (ii.) how selection and drift lead to symbiont
genome diversification, (iii.) whether these evolutionary forces are shared or
distinct between multiple symbionts in a shared host. We further test our
questions in absolute time provided by the Nesophrosyne radiation to gain
general insights into the tempo and mode of bacterial symbiont genome
evolution.

2.3 METHODS

2.3.1 Sample collection

We sampled a targeted set of 20 species that span the ecological and
phylogenetic diversity of the genus. Adult female and male leafhoppers were
field-collected and stored in ethanol to be used for downstream analysis. The
selected species are also specific to eight different host-plant species that
encompass the diversity of host-plant families and genera that the genus is
associated with (see Table 2.1).

2.3.2 Genome sequencing

For each target species, ten field-collected individuals were pooled to obtain
enough DNA for genomic sequencing. DNA was extracted with a DNAeasy kit
(Qiagen) and concentration quantified with a Quibit 3.0 fluorometer
(ThermoFisher). Libraries and lllumina MiSeq sequencing were conducted at UC
Berkeley gB3 Functional Genomics Lab for 4 million 2x300 base pair (bp),
paired-end reads.
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2.3.3 Genome assembly and annotation

Raw reads were quality filtered and cleaned of adapters using Trimmomatic
v0.39 and checked with FastQC v0.11.9 (Andrews, 2010; Bolger et al., 2014).
Assembly of symbiont genomes was done using SPAdes v3.14 (program
settings: -k 127, --only-assembler, --meta; Bankevich et al., 2012). Since extracts
contain both host and bacterial DNA, symbiont and mitochondrial genomes were
manually extracted by using features unique to each symbiont (i.e., high relative
coverage and high AT content). Extracted contigs were verified and confirmed
with BLAST searches of open reading frames predicted with GLIMMER v3.02 in
Geneious Pro (Altschul et al., 1990; Drummond et al., 2011). To confirm
consistent assembly coverage and circularization of bacterial genomes, quality
filtered reads were aligned to the completed symbiont genome using Bowtie2
v2.3.5.1 (program settings: --local; Langmead and Salzberg, 2012). Linear
chromosomes were circularized by breaking contigs and attaching ends. High,
consistent coverage across these ends were verified to confirmed closure of the
circular bacterial chromosomes. No plasmids were identified, as is to be
expected for tiny symbiont genomes (Bennett and Moran 2013).

Initial genome annotations were done with RAST v2 (Overbeek et al., 2014).
Annotations were then verified with GLIMMER v3.02 gene predictions that were
checked with BLASTP searches against the nr database (Altschul et al., 1990;
Delcher et al., 2007). Bacterial RNA genes were further identified with RNAmmer
v1.2 and tRNAscan-SE v2.0 (Lagesen et al., 2007; Lowe and Chan, 2016).
Mitochondrial genes were identified with MITOS (Bernt et al., 2013).

2.3.4 Phylogenetic tree construction

To construct a phylogenetic tree in absolute time for downstream analysis, and to
verify relationships with the Nesophrosyne genus, we extracted and aligned
complete mitochondrial genomes of our sampled insect species. We included the
mitochondrial DNA from Orosius sp. as the known outgroup for Nesophrosyne
(Bennett and O’Grady, 2012; Fletcher et al., 2017). We also tested co-
cladogenesis between host and symbiont by extracting and aligning all Nasuia
and Sulcia genes. For the mitochondria and symbiont genomes, each gene was
individually aligned with MAFFT v7.455 using the L-INS-i model (Katoh and
Standley, 2013). Genes that did not occur in all genomes, or that were difficult to
align with confident site homology, were omitted.

The resulting phylogenetic data sets included concatenated protein coding and
ribosomal genes for a total of 184 genes (181,781 sites) from Sulcia, 99 genes
(86,095 sites) from Nasuia, and 15 genes (14,304 sites) from leafhopper
mitochondria. Best-fit models of nucleotide substitutions and partitioning
schemes were determined using PartitionFinder 2 (program settings:
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branchlengths = unlinked, models = all, model_selection = bic; Lanfear et al.,
2017). Bayesian time calibrated phylogenies were then inferred using BEAST
v.1.10.4, using the generated partition scheme and corresponding molecular
substitution models (Drummond and Rambaut, 2007). The tree prior included the
yule process speciation with a random starting tree. Five internal node
calibrations were selected following our previous phylogenetic study of the
Nesophrosyne (Bennett and O’Grady, 2013). Briefly, internal node calibrations
were determined from Nesophrosyne species divergences that match the
sequential geological formation of the Hawaiian Islands (i.e., progression rule).
Calibrations were applied with a normal prior distribution since absolute species
divergence could have occurred earlier or after island formation (see Bennett and
O’Grady, 2012 for additional information; Bennett and O’Grady, 2013). Multiple
BEAST chains were run per genome alignment and sampled every 1000
generations following Bayesian recommendations (two chains with four million
generations; Huelsenbeck et al., 2002). Runs were performed with an
uncorrelated relaxed clock with a lognormal distribution. Convergence and
stationarity of chains were verified with ESS values were >200 using Tracer
v1.7.1 and RWTY v1.0.2 (Rambaut et al., 2018; Warren et al., 2017).

2.3.5 Ancestral genome reconstruction and ancestral state reconstruction

To determine patterns of gene loss (i.e., unique vs convergent gene losses)
among symbionts between host lineages, we reconstructed the ancestral gene
retention across Nesophrosyne’s symbionts. We further included symbiont
genomes from previously sequenced lineages including the aster leafhopper
(Macrosteles quadrilineatus) and the keeled treehopper (Entylia carinata)
(Bennett and Moran, 2013; Mao et al., 2017). Maximum likelihood ancestral state
reconstructions were with phytools v.1.0-1 package (Revell, 2012; RStudio
Team, 2018). We used a custom model that allows for the loss of genes to occur
(no gene gain) to account for the inability of symbionts to recombine with other
environmental or symbiotic bacteria. Posterior density of stochastic character
maps was generated by simulating 100 trees.

2.3.6 Patterns of molecular evolution

To test for genome wide substitution rates across Sulcia and Nasuia genes, as
well as host mitochondria, we used MEGAX v.10.2.4 (Kumar et al., 2018). Model
selection for pairwise evolutionary distances were selected with JModelTest2
v2.1.10 with constricted model selection to those available for MEGAX analyses
(e.g., Jukes-Cantor, Tamura-Nei, etc.; Darriba et al., 2012). To test the rate of
substitutions between islands within the same plant family, two pairwise analyses
were done: (i.) the oldest diverging species (e.g., Kaua'i and Hawai'i species)
and (ii.) the closest diverging species (e.g., Maui and Hawai‘i species). These
ages ranged from the most recent divergence (0.351 MYA in Broussaisia) to the
most ancient divergence (2.4239 MYA in Pipturus; see Fig. 2.4A). Rates of
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substitutions were graphed across absolute time of divergence. To test whether
Sulcia and Nasuia show correlation in their evolutionary rates with Nesophrosyne
genes, we performed a Kruskal-Wallis test and a pairwise comparison with a
Wilcoxon rank sum test and a Benjamini-Hochberg correction for multiple tests
(Wilcoxon, 1945; Benjamini and Hochberg, 1995; McKight and Najab, 2010;
RStudio Team, 2018). Additionally, in our analysis, we consider the rate of
evolution in absolute time by testing across host-plant groups (specifically
Broussaisia, Coprosma, Pipturus and Myoporum) and within host-plant clades
(Fig. 2.4).

2.3.7 Selection among symbiont genomes

In order to test for selection among symbiont genes, we measured rates of
synonymous (dS) and nonsynonymous (dN) substitutions with codeml v4.8 using
the mitochondrial time-calibrated phylogeny (Yang, 2007). The ratio of
nonsynonymous to synonymous substitutions (w = dN/dS) were calculated for
each aligned Sulcia and Nasuia gene. Selection is calculated by measuring the
ratio of nonsynonymous to synonymous substitutions (denoted by o), where o >
1, ® = 0 and ® < 1 indicate positive, neutral and purifying selection, respectively
(Yang and Bielawski, 2000).

We estimated rates of synonymous and nonsynonymous substitutions using
three models. The MO model was used to test for selection (®) across all codon
sites. This generated a single ® value that was evaluated further. Additionally, we
used two nested models, M1a-M2a and M7-M8, to determine strong support for
selection in codon sites (Anisimova et al., 2001). Models M1a and M7 are
constrained and disallow positive selection while the M2a and M8 models are
unconstrained, allowing for positive selection. The M7-M8 models offer a more
stringent test of positive selection (Anisimova et al., 2001). However, by using
multiple nested models, we verify positive selection in genes that are highly
supported in both models (Anisimova et al., 2001). The likelihood scores were
compared within paired models (chi-squared test; p <= 0.05) to indicate
significant positive selection for genes. To confirm the specificity of our results,
we only consider genes that were identified as being under significant positive
selection by both nested models for downstream analysis. Genes were further
separated into Clusters of Orthologous Genes (COG) categories to test for
functional group enrichment within functional categories, using a Fisher’s exact
test with Benjamini-Hochberg Procedure multiple-testing correction (Benjamini
and Hochberg, 1995; Fisher, 1992).

2.4 RESULTS AND DISCUSSION

2.4.1 Host-symbiont taxon sampling and nomenclature for genomic analysis
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To compare the genomes of symbionts associated with Nesophrosyne, we
strategically sub-sampled 20 species that span the ecological and phylogenetic
diversity of the leafhopper genus. Our selected species comprise monophyletic
groups that specialize on eight distinct endemic Hawaiian plants, encompassing
the diversity of host-plant associations known in the Nesophrosyne (Bennett and
O’Grady, 2012; see Figs. 1 and 2). The sister species of each host lineage
diversified across the Hawaiian Archipelago, with distinct species occurring on
each island and even on a volcanic mountain (Bennett and O’Grady, 2013).

Sulcia and Nasuia strains are hereafter identified by the island and host plant
genera associated with the leafhopper host as follows: the initial for the island
location (e.g., Hawai'i Island = HI) and the first two letters of the plant genus
(e.g., Pipturus = PIl). For example, the Sulcia strain associated with the
Nesophrosyne species restricted to Hawai‘i Island and the plant genus Pipturus
is referred to as Sulcia-HIPI (Table 2.1).

2.4.2 Phylogenetic relationships among Nesophrosyne and their symbionts are
congruent

To test our questions in absolute time, we generated a time calibrated phylogeny
from complete Nesophrosyne mitochondrial genomes (15 genes, 14,304 sites)
using absolute time calibration points determined previously by Bennett and
O’Grady (2013). To compare phylogenetic topologies of the host and symbionts,
we also reconstructed phylogenies for Nasuia (99 genes, 86,095 sites) and
Sulcia (184 genes, 181,781 sites) independently using their complete genomes.
The relationships among our sub-sampled host species agree with previous
phylogenetic work and there is strong support for the monophyly of leafhoppers
associated with their host-plant groups (Bennett and O’Grady, 2013, 2012; see
Figure S1). However, two Nesophrosyne species are weakly supported in their
placements and vary between trees derived from the symbiont and mitochondrial
data sets (KIDO and MIPS; see Figures S1-S3). Previous work also observed a
similar mid-depth polytomy, suggesting a rapid early diversification in the
Nesophrosyne that is unable to be split by available genetic and genomic data
(i.e., a hard polytomy; see Bennett and O’Grady 2012), or the possible
introgression of symbiont lineages between hybridizing hosts. Hybridization
events are known to occur among rapidly diversifying, host-plant restricted
auchenorrhynchan lineages in Hawai‘i (Roesch Goodman et al., 2012). However,
we do not currently have suitable sampling of host species and their populations
to thoroughly test this hypothesis in the Nesophrosyne.

2.4.3 Gene content of Nesophrosyne’s symbiont genomes varies despite their
highly reduced size

From the lllumina sequenced Nesophrosyne host species, we recovered 20
Sulcia and 18 Nasuia genomes (see Table S1). All symbiont genomes are
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complete and circularized. Even coverage across all circularized genomes was
verified with read mapping that verified complete, high-quality assemblies (see
Methods). Two Nasuia genomes (Nasuia-HIP| and Nasuia-OIDO) were omitted
because sequencing coverage was too low to assemble reliable contigs and
complete genomes required for our downstream molecular assays.

The average genome size of Sulcia is 190 kilobases (kb; range = 190.3-190.9 kb)
with an average of 190 protein coding genes (range = 188-192 genes). These
genomes further retain a single conserved 16S/23S/5S rRNA operon and 30
tRNAs. In contrast, Nasuia exhibits more variation between host species. Its
average genome size is 112 kb (range = 107.7-116.1 kb) with an average of 132
protein coding genes (range = 125-139 genes), a single 16S/23S/5S rRNA
operon, and 18-21 tRNAs (see Table S1). Nesophrosyne’s Sulcia genomes are
highly conserved, varying by two genes (~1% of its genome). In contrast,
Nasuia’s genome is highly variable among the Nesophrosyne, differing by up to
12 genes (~10% of its genome). In contrast, Nasuia’s genome is highly variable
among the Nesophrosyne, differing by up to 24 genes (>20% of its genome).

Globally, patterns of genome evolution and gene retention among Sulcia and
Nasuia are similar to patterns observed in other Auchenorrhyncha lineages. Both
retain complementary essential amino acid (EAA) pathways in an 8 + 2
arrangement for Sulcia and Nasuia, respectively, as observed in other
leafhoppers and related insects (Chang et al., 2015; Bennett et al., 2016a; Mao
et al., 2017; see also Bennett and Moran, 2013 for a list and pathways in Nasuia
and Sulcia). The highly conserved nature of Sulcia’s genome has been widely
observed across the other major auchenorrhynchan lineages that retain it (e.g.,
sharpshooter leafhoppers, cicadas, spittlebugs; McCutcheon and Moran, 2007,
2010; Koga and Moran, 2014; Campbell et al., 2015; tukasik et al., 2018;
Matsuura et al., 2018). The most dramatic differences observed among Sulcia
genomes occurs between the major infraorders Fulgomorpha (planthoppers) and
Cicadomorpha (leafhoppers and kin). Among the planthoppers, Sulcia genomes
are much smaller than in the cicadomorphan lineages (<149 kb in Fulgomorpha
vs. an avg. of 251 kb in Cicadomorpha [range = 179 kb - 288 kb]; Bennett and
Mao, 2018; Michalik et al., 2021). Among other gene losses, planthopper Sulcia
lineages provide only 3 of the 7-8 EAAs typically retained in strains found in
cicadomorphan hosts (McCutcheon and Moran, 2010a; Michalik et al., 2021).

Nasuia’s genomes, in contrast to Sulcia, exhibit more variation in the genes they
retain. The number of gene losses involve ~10% of Nasuia’s genome (n = 12
genes) among the Nesophrosyne. This variation is significant considering that
Nasuia’'s genome is among the smallest known of any bacterium. The loss of any
single gene that Nasuia lineages still retain likely requires direct adaptation by
the host, or its partner symbionts, to support lost genetic and functional
capabilities (Moran and Bennett, 2014; McCutcheon et al., 2019). The diversity of
co-primary symbionts associated with Sulcia also show similarly higher genomic
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variation. For example, the cicada co-primary symbiont, “Ca. Hodgkinia”
(hereafter Hodgkinia), has the most dramatic genomic variation among a
symbiont yet observed. While some cicada species harbor Hodgkinia with typical
circular chromosomes (avg. size = 142 kb), in other hosts its genome is broken
into mini circles of varying size and complexity (e.g., fragments range from 71-
150 kb in 13-year Magicicadas; Van Leuven et al., 2014; Campbell et al., 2015;
tukasik et al., 2018). Similarly, the lineages of the co-primary symbiont “Ca.
Baumannia”, which replaced Nasuia in sharpshooter leafhoppers >60 million
years ago, vary by the loss of large chunks of its genome spanning >100 kb and
>100 protein coding genes (Wu et al., 2006; Bennett et al., 2014, 2016b).

2.4.4 Ancestral gene losses are onqoing and to some extent evolutionarily
convergent

To determine patterns of gene loss (i.e., unique vs. convergent losses) among
Sulcia and Nasuia genomes, we reconstructed ancestral patterns of gene loss
and retention with maximum likelihood approaches (see Figures S4-S5 and
Methods). We also used Sulcia and Nasuia lineages from two previously
sequenced species from the Membracoidea superfamily, the aster leafhopper
(Macrosteles quadrilineatus) and the keeled treehopper (Entylia carinata), to
determine ancestral patterns of gene loss leading to the Nesophrosyne lineage
(Bennett and Moran, 2013; Mao et al., 2017b). In general, the membracoidean
Sulcia and Nasuia lineages are structurally conserved and perfectly syntenic,
aside from differences in their patterns of individual gene losses (reviewed by
Mao et al., 2017). Below we summarize gene losses in both symbionts. We
caution that gene loss counts presented here are minimums, as we did not
sequence the symbiont genomes from all of Nesophrosyne’s 200+ species.

Sulcia in the common ancestor to Membracoidea likely retained at least 210
protein coding genes and 30 tRNAs (reviewed by Mao et al., 2017). Prior to the
diversification of the Deltocephalinae leafhoppers (Nesophrosyne’s leafhopper
subfamily), Sulcia’s genome was reduced to 192 genes and 30 tRNAs
(Shcherbakov, 2002; Mao et al., 2017). Among the Nesophrosyne, it has further
undergone two instances of gene loss (bamAD,; see Fig. 1). The loss of these
genes impacts a range of key cellular functions in Sulcia, which have significant
implications for how the symbiosis functions and is maintained (Wilson and
Duncan, 2015; Bublitz et al., 2019; Mao and Bennett, 2020). One of these gene
losses appear to be a unique independent event, while the other has been gently
lost multiple times during Nesophrosyne diversification.

One gene removed from Sulcia’s genome was lost multiple times in a convergent
evolutionary event: bamA (Fig. 1). The outer membrane protein assembly factor
gene (bamA) was lost at least two independent times among our sampled
Nesophrosyne species (Fig. 1). It is part of a multi-gene complex essential for
bacterial outer membrane assembly and metabolite exchange (Malinverni et al.,
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2006; Charles et al., 2011). Interestingly, the loss of bamA in Sulcia-KISC co-
occurs with the loss of its interacting partner protein (bamD) and may be linked
(Wu et al., 2005). Thus, some gene losses may instigate the loss of others in a
domino-like fashion, as has been proposed to occur in the Blattabacterium-
cockroach system (Kinjo et al., 2021). It is important to note that in small
symbiotic genomes, there is the possibility of gene functions to be rescued
despite frameshift deletions (Tamas et. al., 2008). However, this requires
experimental confirmation which has not been done in this scope of work.
Nasuia in the common ancestor to Membracoidea retained at least 163 genes
and 29 tRNAs (Mao et al., 2017). Early on in the divergence of the
Deltocephalinae leafhoppers, Nasuia’s genome was further reduced to a mere
~142 genes and just over 112 kb in size (Bennett and Moran, 2013). Across the
Nesophrosyne, Nasuia has undergone at least 12 instances of gene loss (~10%
of its genome). Seven of these genes have been lost once among our sampled
Nesophrosyne host species, including genes involved in ribosome function
(rpsKR and rpomB) and tRNA synthesis (filS in Nasuia-MICQO). The latter gene is
essential for EAA and general protein synthesis (Soma et al., 2003, Van Leuven
et al., 2019). These lost genes could undergo function rescue and should be
experimentally tested (Tamas et. al., 2008).

Half of the gene losses in Nasuia (n = 6) have been convergently lost in at least
two or more insect species (Fig. 2.2). The most extreme case of convergent loss
is that of a gene cassette that includes four complete genes: 30S ribosomal
subunit protein S21 (rpsU), tyrosine-tRNA ligase (tyrS), tRNA-specific 2-
thiouridylase (mnmA), and flavodoxin/ferrodoxin-NADP+ reductase (fpr) (see
ancestral state reconstructions in Fig. 2.3B). Additionally, an essential
component of the DNA replication holoenzyme, dnaN, has been lost at least six
times and is missing from more than half of our Nasuia genomes (Johanson and
McHenry, 1980; Fig. 2.3C).

The ongoing loss of 10% of Nasuia’s genes among these lineages similarly
presents major challenges to its hosts and partner symbionts, particularly
because some of these genes are essential to its cellular functions (e.g., tilS).
Although the number of genes Nasuia is capable of losing stands in stark
contrast to Sulcia, both symbionts require the host or companion symbionts to
adapt stabilizing support mechanisms (Mao et al., 2018). However, Nasuia is
likely a more demanding partner requiring independent host lineages to innovate
novel support strategies. The reason for Nasuia’s more exaggerated rates of
gene losses over Sulcia is likely due to its rapid rates of molecular evolution
discussed in the sections below (Bourguignon et al., 2020).

2.4.5 Sulcia and Nasuia have among the slowest and fastest rates of symbiont
molecular evolution
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To determine the underlying drivers of symbiont genome evolution among
Nesophrosyne, we estimated genome-wide substitution rates in absolute time for
Sulcia and Nasuia. We further compared these against host mitochondrial rates
(Fig. 2.4). The average substitution rates for Sulcia genomes are 3.24 x 10
substitutions/site/year. In contrast, Nasuia genomes exhibit a 34.8-fold higher
rate of molecular evolution (avg. = 1.13 x 107 substitutions/site/year). The
evolutionary rates of both symbiont genomes do not exceed that of the
mitochondria (avg. = 2.15 x 10”7 substitutions/site/year: 1.9-fold from Nasuia and
66-fold from Sulcia). Nesophrosyne mitochondrial rates of evolution are in-line
with observations from other hemipteran insects, which are generally elevated
relative to other insects (Dowton et al., 2009; Song et al., 2012; Cui et al., 2013;
Cameron, 2014; Li et al., 2017).

To compare the rate of molecular evolution in Sulcia and Nasuia to available
symbionts from other insect hosts, we estimated nonsynonymous (dN) and
synonymous (dS) substitutions over their divergence times. We used the general
MO model, which averages substitutions rates across whole genes and
phylogeny. We further converted rates to dN/time (dN/t) and dS/time (dS/t)
(Yang, 2007; Silva and Santos-Garcia, 2015). The rates for Sulcia among the
Nesophrosyne are 9.46 x 10-° dN/t and 4.21 x 10 dS/t (time = 3.2 MYA). In
contrast, Nasuia’s rates are highly elevated, averaging 1.65 x 10~ for dN/t and
3.76 x 10°% for dS/t. The average dN/t in Nasuia is 17.5-fold higher than in Sulcia,
while the differences in average dS/t are even higher (89.3-fold).

Compared to other insect symbionts, for which data is available, Nasuia has
among the highest evolutionary rates yet identified. The well-known symbiont of
aphids, Buchnera, has an average rate of 2.58 x 10-° dN/t and 1.43 x 108 dStt,
which is 64.2 and 262-fold less than Nasuia’s rates, respectively (using 20
Buchnera protein coding genes; Clark et al., 1999). Several of the highest rates
of molecular evolution previously documented for insect symbionts belong to
Baumannia, which replaced Nasuia in sharpshooter leafhoppers >60 million
years ago, and Blochmannia found in carpenter ants (Silva and Santos-Garcia,
2015). Nasuia exceeds these, with 42 and 341-fold higher for dS/t and 20 and
165-fold higher for dN/t than Blochmannia and Baumannia, respectively.

One factor that may influence the rates of evolution in Nasuia and Sulcia, as well
as other symbionts more broadly, is differences in host and symbiont generation
times (e.g., bacteria with shorter, more frequent generations can incur more
mutations and substitutions per some unit of time; Degnan et al., 2005; Silva and
Santos-Garcia, 2015). However, we do not have a clear understanding of
generation times in our insects for several reasons. First, they are difficult to rear
due to their highly restricted habitat ranges and species further exhibit
differences in their rain-fall associated seasonality (Bennett and O’'Grady, 2012;
see also Degnan et al., 2005). In addition, it is not known whether symbiont
replication rates are even coupled with host generations in our system, nor
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among most other insect symbioses. It is, however, worth noting that Sulcia and
Nasuia exhibit dramatically different rates of evolution despite sharing the same
host lineages. Thus, host generation time alone cannot explain observed
differences.

In contrast to Nasuia’s highly elevated rates of molecular evolution, Sulcia has
one of the most depressed rates of any biological system (McCutcheon et al.,
2009; Bennett et al., 2014; see Fig. 2.4). It has been widely observed among the
Auchenorrhyncha (e.g., in cicadas and spittlebugs), that Sulcia has a nearly inert
rate of molecular evolution even across divergences spanning 100s of millions of
years (Takiya et al., 2006b; Koga et al., 2013b; Bennett et al., 2014; Bennett and
Mao, 2018; Waneka et al., 2021; Arab and Lo, 2021; Michalik et al., 2021).
Sulcia’s depressed evolutionary rates is an enigmatic biological phenomenon.
One possible explanation for Sulcia’s reduced rates of molecular evolution may
be its retention of mutation repair systems. In a Macrosteles leafhopper, Sulcia
was found to have an overall low rate of mutagenesis compared to Nasuia,
possibly due to its retention of the DNA mismatch repair protein, mutS (Waneka
et al., 2021). The mutS gene recognizes and initiates the repair of mismatched
bases and small indels, which can lower substitution rates (Dettman et al., 2016;
Long et al., 2018; Waneka et al., 2021). Most Sulcia lineages in the
Auchenorrhyncha still retain mutS. This gene retention pattern may further
explain Sulcia’s universally conserved rates of molecular evolution (McCutcheon
and Moran, 2007; McCutcheon et al., 2009; McCutcheon and Moran, 2010;
Woyke et al., 2010; Bennett and Moran, 2013; Koga and Moran, 2014; Bennett
and Mao, 2018). In contrast, the mutS gene is widely lost from most of Sulcia’s
co-primary symbiont partners, which have characteristically elevated rates of
molecular evolution—with the exception of “Candidatus Zinderia insecticola” in
spittlebugs, which still maintains the gene (Takiya et al., 2006; McCutcheon and
Moran, 2012; Bennett et al., 2014; Campbell et al., 2015; Bennett et al., 2016b;
Arab and Lo, 2021). These higher rates may drive genomic volatility and variation
among partner symbionts, which are more frequently lost or replaced among the
Auchenorrhyncha (Bennett and Moran, 2015; Sudakaran et al., 2017).

2.4.6 Rates of molecular evolution are uncorrelated between each symbiont

To further test whether Sulcia and Nasuia show correlated rates of evolution with
each other and the host mitochondria, suggesting a shared evolutionary
environment (Arab and Lo, 2021), we estimated substitution rates for both
symbionts and mitochondria globally across and within the Nesophrosyne’s
monophyletic host-plant associated clades (Broussaisia, Coprosma, Pipturus,
and Myoporum; see Fig. 2.4a). Correlations between substitutions rates among
host and symbiont genomes could be explained if similar forces of selection are
acting on the genomes, such as shared population bottlenecks and dependence
on shared genes (e.g., host mutation repair genes taking over for those lost in
symbiont genes; McCutcheon and Moran, 2012; Mao et al., 2018; McCutcheon
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et al., 2019) Overall, substitution rates between Nesophrosyne’s Sulcia and
Nasuia, and the mitochondria are not correlated across host-plant affiliated
clades (Fig. 2.4b). Rates between symbionts and mitochondrial genes within
host-plant clades are also uncorrelated (Fig. 2.4b). Our results support a recent
analysis of Sulcia from more widely divergent auchenorrhynchan clades that
found similar decoupling of rates (see Arab and Lo, 2021). However, both of
these findings are in contrast to mono-symbiont systems (Blochmannia-
Carpenter Ants, Blattabacterium-Cockroaches, and Buchnera-Aphids) that tend
to show significant correlation between the rate of evolution in mitochondrial and
symbiont genes (Degnan et al., 2004; Arab et al., 2020; Arab and Lo, 2021).

The disparity in rates of molecular evolution between Sulcia and its partners
strongly suggests that different molecular and cellular processes, and
evolutionary pressures, are likely shaping symbiont genomes (see Fig. 2.4;
Takiya et al., 2006; Bennett et al., 2014; Campbell et al., 2015; Arab and Lo,
2021). While there is evidence that more ancient mitochondrial and plastid
symbiont genomes do tend to show correlated rates of molecular evolution, these
genomes are highly integrated into the general biology of most eukaryotic cellular
and metabolic processes (Smith and Lee, 2010; Sloan et al., 2012; Hua et al.,
2012). In contrast, the biological roles of insect symbionts are arguably less
integrated into system-wide biological functions of their host insects. Nutritional
symbionts are sequestered to distinct organs in the host, retaining relatively
enriched genetic autonomy, distinct population sizes, and distinct cellular
replication and repair capabilities (Buchner, 1965; Mira and Moran, 2002; Koga
et al., 2012; Bennett et al., 2014; Chong and Moran, 2016; Mao and Bennett,
2020; Stever et al., 2021). As a result, they likely do not experience the same
patterns and processes of molecular evolution as their partner symbionts,
mitochondria, or host nuclear genes. Nevertheless, more fine-scale analyses that
include a broadscale sampling of host nuclear and symbiont genes, as well as
focus on protein domains, may further find rate correlations on interacting genes.

2.4.7 Sulcia and Nasuia experience differential selection patterns across their
genomes

To understand how different modes of selection are shaping the evolution and
function of Sulcia’s and Nasuia’s genome, we tested for selection both across
genes and across sites using the ratio of nonsynonymous to synonymous
substitutions (denoted by »; see Methods). To determine whether symbiont
genes are generally under strong purifying selection (o < 0.1), relaxed purifying
selection (0.95 < ® > 0.1), or positive selection (o > 1), we initially used MO
model in codeml (o estimated across the whole gene; Yang et al., 2000; Z. Yang,
2007; Sloan and Moran, 2012; Sabater-Mufioz et al., 2017; Perreau et al., 2021).
In Sulcia, a small subset of genes are undergoing strong purifying selection (avg.
® = 0.0615 [range = 0.0001 — 0.0970, n = 34]), while most genes are undergoing
relaxed purifying selection (avg. ® = 0.331 [range = 0.112— 0.931, n = 133]).
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Additionally, three genes in Sulcia show signatures of positive selection (afpH,
putA, trpC; ® > 1). In Nasuia, most genes are undergoing strong purifying
selection (avg. ® = 0.0449 [range = 0.0162 — 0.0988, n = 73]), while
comparatively few genes are experiencing relaxed purifying selection (avg. o =
0.243 [range = 0.105 — 0.555, n = 12]). This approach did not detect any Nasuia
genes under positive selection.

Although it is useful to obtain an average o value for a gene, it is not a sufficiently
realistic model to detect signatures of positive selection that operate at finer
scales (Anisimova et al., 2001). Specific codons related to intrinsic protein
function may be under positive selection, while the majority of the gene can
experience relaxed purifying selection (Yang et al., 2000; Anisimova et al., 2001).
Thus, to test for positive selection on different codon sites within symbiont genes,
we used two nested models: M1a-M2a and M7-M8 in codeml (Yang, 2007). We
interpret consistent results between the two models (and also the MO model from
above) as strong global support for positive selection operating on sites within a
gene (Anisimova et al., 2001; Padhi et al., 2009; Price et al., 2011a; Alves et al.,
2013). We applied this approach to Sulcia and Nasuia across our sampled
Nesophrosyne.

Sulcia site-based selection analyses recovered the same genes undergoing
positive selection from the MO model, as well as an additional 94 genes (97 in
total, p < 0.05 with BH correction). Genes under positive selection are
functionally enriched for the Clusters of Orthologous Categories (COG)
Translation (J; 31 genes; (fisher exact test, p = 0.0008; Fig. 2.5) and Energy
Production and Conversion (C; 14 genes; p = 0.0486; Fig. 2.5). It is notable that,
although not significant, 27 genes under positive selection are involved in
essential amino acid synthesis (E; p = 0.1030; Fig. 2.5).

Sulcia’s genes under positive selection are primarily involved in essential amino
acid synthesis, buffering degraded protein function, and other cellular processes.
Some examples of proteins with positive sites include protein chaperonins (groEL
and dnaK), EAA metabolite synthesis (e.g., arginine [argBDEG], lysine [asd,
dapBD, and lysAC], valine [ilvBCEN], and phenylalanine and tryptophan
[aroABCEGK and trpABCE]), transcription and translation (rp/A and
rpSDFMNPT), transcription release factors (prfAB), aminoacyl tRNA synthetases
(gInS, leuS, serS, tyrS, and valS), and energy synthesis (gapA and atpBCFGH).
In addition to genes involved in the incomplete TCA cycle of Sulcia (aceF, acoA,
IpdA, korB, and sucA) and the pathway for the conversion of glutamine to
carbamoyl phosphate (carAB). While some of these genes are clearly important
to the host (e.g., amino acid related genes), others are key components of
Sulcia’'s independent cellular stability. For example, Sulcia’s groEL gene, which
assists in the folding of damaged proteins (reviewed in Kupper et al., 2014),
exhibits an overall pattern of strong purifying selection, but some sites within it
are under positive selection. As suggested previously in pea-aphids, the sites
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within groEL under positive selection are involved in gene interaction domains
that likely improve its ability to bind with other rapidly evolving proteins (Fares et
al., 2002; Fares et al., 2004).

In Nasuia, only four genes are predicted to be under positive selection with site-
based models. This result is congruent with results from the MO model that show
most Nasuia genes are under strong purifying selection (Fig. 2.5). None of which
are associated with amino acid synthesis and are too few for COG enrichment
analyses. Given Nasuia’s elevated rates of molecular evolution, selection seems
to be operating to maintain function, even though this symbiont has a higher rate
of gene loss compared with its partner. The ongoing widespread gene losses
from Nasuia’s genome may generally result from its high rates of molecular
evolution. In this scenario, the probability of a random mutation disabling a gene
that can become fixed through genetic drift is much higher (Wernegreen, 2015).
Similar results have also been demonstrated in the genomes of Blattabacterium
from cockroaches and Buchnera from pea-aphids, where the rate of genome
reduction is also associated with an increased mutation rate rather than selection
acting upon genes (Bourguignon et al., 2020; Kinjo et al., 2021).

2.5 CONCLUSION

Our sampling of Nesophrosyne leafhoppers and their symbionts provides a fine-
scale look into the processes that underlie symbiont genome evolution. Gene
losses among the Nesophrosyne’s Sulcia and Nasuia lineages demonstrate that
there is still ongoing volatility, even among symbionts with two of the smallest
known genomes. However, these patterns vary widely between these symbiont
species. Sulcia has one of the slowest evolving genomes known, while Nasuia
has an exceptionally fast evolving one. Sulcia also has far more genes under
positive or relaxed purifying selection (80% of genes tested) than Nasuia’s
genome, which is largely under strong purifying selection (86% of genes tested).
Taken together, our results indicate that the two symbionts experience
independent cellular, metabolic, and evolutionary pressures. These differences
may further lead to a high level of retention of Sulcia among the
Auchenorrhyncha and the relatively high turnover of its partner symbionts.
(reviewed in Koga et al., 2013; Bennett and Moran, 2015; Sudakaran et al., 2017;
Bourguignon et al., 2020).

Regardless of the differences between Sulcia and Nasuia, our results show that
there is repeatability in gene losses that may be more easily accommodated if
mutations render them non-functional. Both exhibit convergent gene loss events,
particularly regarding genes involved in transcription and translation. These
findings suggest a pre-adapted genetic or cellular host environment that permits
these genes to be repeatedly lost (see Figs. 1 and 2). The host, or partner
symbionts, may be capable of filling gaps in these bacterial cellular processes, as
is predicted to occur in a wide range of hemipteran insect systems (Hansen and
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Moran, 2011; Sloan et al., 2014b; Luan et al., 2015; Mao et al., 2018; Van
Leuven et al., 2019; Mao and Bennett, 2020).

Finally, even though ancient symbiont genomes of insects show some level of
conservation among host lineages, a closer look among host sister species
reveals complex patterns of gene loss and modes of selection. The evolutionary
processes acting on even the tiniest symbiont genomes are clearly dynamic and
highly variable. This understanding can be overlooked when comparing lineages
among disparately related taxonomic groups.

2.6 FIGURES

Host Host-Plant Shorthand

Species Island Location |Habitat Type Group Naming
East Hawai'i Rain Forest Broussaisia

N. sp. 295 Island EHBR

N. ogradyi  |East Maui Island EMBR
North Hawai‘i

N. kanawao |lsland NHBR
West O‘ahu

N. makaihe |lsland WOBR

N.sp.23  |Kaua'lIsland Rain Forest Clermontia  |K|CL
Haleakala Mtn, Spanning all Coprosma

N. haleakala |Maui habitats HMCO

N. sp. 302 |Hawai‘i Island HICO

N. sp. 58 Maui Island MICO

N. sp. 29 Kaua'i Island Dry-Mesic Dodonea  |KIDO

N. maratima |O‘ahu Island OIDO

N.sp.281 |Hawaif Island Spanning all Myoporum — |H{imy

habitats

N. sp. 126 |Kaua‘i Island KIMY

N. sp. 242 |Moloka‘i Island MIMY

N.sp. 246 |O‘ahu Island OIMY

N. montium |Hawai‘i Island Rain Forest Pipturus — |H|P|

N. sp. 17 |Kaua‘i Island KIPI

N.sp.48  |Mauilsland MIPI

N. ponapona |O‘ahu Island OIPI

N. sp. 15 Moloka'i Island Dry-Mesic Psychotria  |MmIPS
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Spanning all Scaevola
N. sp. 21 Kaua'i Island habitats KISC

Table 2.1: Shorthand nomenclature used for bacterial symbiont strains.
Names are the first letters of the island location and the first two letters of the
host-plant group. Habitat type of each host-plant group is added as well. (N. =
Nesophrosyne, sp. = species)
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Figure 2.1: Convergent and unique gene loss among Sulcia genomes from
endemic Hawaiian leafhoppers (Nesophrosyne).
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Patterns of gene loss were estimated with maximum likelihood ancestral state
reconstruction on an absolute time calibrated phylogenetic tree in millions of
years, using complete host mitochondrial genes. Convergent gene losses (i.e.,
multiple repeated losses) are indicated by blue boxes. Unique gene losses (i.e.,
losses that occurred once) are indicated by yellow boxes. Shorthand gene
names are provided in each box. Posterior support for each node is shown as
colored circles as follows: black > 95, grey = 90-95 and white < 90. See section
methods for details on tree search parameters. See Table 2.1 for species
shorthand nomenclature. MYA = million years ago.
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Figure 2.2: Convergent and unique gene loss among Nasuia genomes from
endemic Hawaiian leafhoppers (Nesophrosyne).

Patterns of gene loss were estimated with maximum likelihood ancestral state
reconstruction on an absolute time calibrated phylogenetic tree in millions of
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years, using complete host mitochondrial genes. Convergent gene losses (i.e.,
multiple repeated losses) are indicated by blue boxes. Unique gene losses (i.e.,
losses that occurred once) are indicated by yellow boxes. Shorthand gene
names are provided in each box. Posterior probability support for each node is
shown as colored circles as follows: black > 95, grey = 90-95 and white < 90.
See section methods for details on tree search parameters. See Table 2.1 for
species shorthand nomenclature. MYA = million years ago. hypo = hypothetical
protein.
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Figure 2.3: Convergent loss of gene segment in Nasuia.
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A) Nasuia gene losses of rpsU, tyrS, mnmA, fpr and dnaN cassette for three
representative genomes, as well as the genes maintained in Nasuia-HMCO (N-
HMCO) sequence. The genes rpsU, tyrS, mnmA and fpr have been lost in all
genomes except N-HMCO (top). The dnaN gene has been convergently lost in
nine sequences. Ancestral state reconstruction of rpsU, tyrS, mnmA and fpr (B)
suggest that these genes have been lost at least five times. Ancestral state
reconstruction of dnaN (C) suggest that these genes have been lost at least five
times. Colors correspond to the same gene in each genome segment (hypo =
hypothetical protein). See Table 2.1 for species shorthand nomenclature. B & C)
Ancestral state reconstruction of rpsU, tyrS, mnmA and fpr, as well as dnaN from
phytools v.1.0-1 package on genes convergently lost in Nasuia (Revell, 2012).
The loss of rpsU, tyrS, mnmA and fpr may have instigated the loss of dnaN. See
section methods for details on ancestral state reconstruction.

A.
Broussaisia Coprosma Myoporum Pipturus
0.5
®
y=0.011+0.078 x, R>=0.644 || y=0.006+0.092 x, R>=0.255 | | y=0.042+0.053 x, R>=0.160 | | y=0.064+0.065 x, R? = 0.505
y=0.001+0.004 x, R>=0.085 || y=-3.6e-4+0.002x, R*=0.010| | y=0.002+0.001x, R?>=0.001 | | y=2.0e-5+0.003 x, R?=0.119
0.4 H
L ]
1 ]
(]
: :
@
© 0.3 2
C (] '
S H
R
o b o °
9 i 3 $
E § H s
£0.2 o : . .
© s o .
o ’ . $ (]
[ ] ' l
8
: I
[ J
' °
[ ]
l/! !
— —-! — U
05 10 15 20 2505 10 15 20 2505 10 15 20 2505 10 15 20 25

Age of Divergence

Genome Mitochondria -« Nasuia - Sulcia

28



Summary of p-values

Across All

Groups Myoporum| Coprosma|Pipturus |Broussaisia
Mitochondria 2.80E-
- Nasuia <2e-16 4.20E-13 | 6.80E-11 07 2.30E-14
Mitochondria
- Sulcia <2e-16 <2e-16 <2e-16 | <2e-16 <2e-16
Sulcia - Nasuia <2e-16 <2e-16 <2e-16 | <2e-16 <2e-16

Figure 2.4: Summary of uncorrelated rates of evolution between symbiont and
host genes.

A) Linear regression between pairwise distances and age of divergence among
all Nasuia, Sulcia, and mitochondrial genes for Hawaiian leafhoppers
(Nesophrosyne). Colors indicate pairwise distance of protein coding genes in
each genome. Genomes are separated by the host-plant group that the host
species has specialized on. A linear regression line is mapped between pairwise
distance values from the closest related species to the most divergent species in
each host-plant group. The regression equation and the coefficient of
determination (R?) are also reported and colorized by genome. Outliers with a
pairwise distance >0.5 were removed (4 from Nasuia, 3 from Mitochondria). B)
Associated p-values of statistical tests between evolutionary rates of genomes
across all plant groups and within plant groups. Significant p-value between
groups indicates no correlation between means of evolution rate.
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Figure 2.5: Bar chart showing genes undergoing positive selection or

purifying/neutral selection across Sulcia and Nasuia genomes from Hawaiian

leafhoppers (Nesophrosyne).

Genes are binned into their clusters of orthologous groups (COGs) functional

categories (Tatusov et al., 2000). Bars are color coded according to their genome
(i.e., Sulcia or Nasuia) and selection (i.e., Positive or Neutral/Purifying). We used

two nested models, M1a-M2a and M7-M8, to determine overall support for
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selection among genes (See section methods for further explanation; (Anisimova
et al., 2001). The likelihood scores were compared within paired models (chi-
squared test; p < 0.05)
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Chapter 3: Chromosomal-level assembly of the aster leafhopper
agricultural pest (Hemiptera: Cicadellidae: Macrosteles quadrilineatus

leafhopper)

3.1 ABSTRACT

Leafhoppers comprise over 20,000 plant-sap feeding species, many of which are
important agricultural pests. Most species rely on two ancestral bacterial
symbionts, Sulcia and Nasuia, for essential nutrition lacking in their phloem and
xylem plant sap diets. To understand how pest leafhopper genomes evolve and
are shaped by microbial symbioses, we completed a chromosomal-level
assembly of the aster leafhopper's genome (ALF; Macrosteles quadrilineatus).
We compared ALF’s genome to three other pest leafhoppers, Neophotettix
cincticeps, Homalodisca vitripennis, and Empoasca onukii, that have distinct
ecologies and symbiotic relationships. Despite diverging ~155 million years ago,
leafhoppers have high levels of chromosomal synteny and conservation of gene
families. Conserved genes include those involved in plant chemical
detoxification, resistance to various insecticides, and defense against
environmental stress. Positive selection acting upon these genes further points to
ongoing adaptive evolution in response to agricultural environments. In relation to
leafhoppers’ general dependence on symbionts, species that retain the ancestral
symbiont, Sulcia, displayed gene enrichment of metabolic processes in their
genomes. Leafhoppers with both Sulcia and its ancient partner, Nasuia, showed
genomic enrichment in genes related to microbial population regulation and
immune responses. Finally, horizontally transferred genes (HTGs) associated
with symbiont support of Sulcia and Nasuia are only observed in leafhoppers that
maintain symbionts. In contrast, HTGs involved in non-symbiotic functions are
conserved across all species. The high-quality ALF genome provides deep
insights into how host ecology and symbioses shape genome evolution and a
wealth of genetic resources for pest control targets.

3.2 INTRODUCTION

Leafhoppers (Hemiptera: Auchennorrhyncha: Cicadellidae) are one of the largest
Hemipteran families, encompassing >20,000 described species (Grimaldi et al.,
2005; Dietrich, 2005; Brambila and Hodges, 2008). They rely on plants for food
and reproduction, with most species exclusively feeding on phloem or xylem
plant sap. The feeding range of leafhoppers can vary considerably, with some
species exhibiting a high degree of polyphagy, while others specialize exclusively
on only one or a few plant species (Weintraub and Beanland, 2006; Wilson and
Weintraub, 2007). Leafhoppers are also primary vectors for many viral (e.g.,
plant viruses) and bacterial (e.g., phytoplasmas) plant pathogens, causing
enormous economic losses in agricultural and horticultural industries (Banttari
and Zeyen, 1979; Nielson, 1979; Tsai, 1979; Weintraub and Beanland, 2006;
Hogenhout et al., 2008a; Chasen et al., 2015; Greenway, 2022). Remarkably,
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however, leafhoppers depend on non-pathogenic, beneficial bacteria to feed on
plants in the first place (Buchner, 1965). Due to the essential nutritional
deficiencies in their primary diet (xylem and phloem), most leafhopper species
have evolved ancient and complex nutritional relationships with bacteria. The
abilities of leafhoppers to feed on a wide range of plants in both agricultural and
natural ecosystems and their dependence on beneficial bacteria likely exerts
significant evolutionary pressures across their genomes (Francis et al., 2005;
Després et al., 2007; Hogenhout et al., 2009; Wang et al., 2018; Zhang et al.,
2022). Yet, we have a limited understanding of how leafhopper genomes have
evolved and how these specific evolutionary pressures influenced that process.
We further lack effective comparative tools to investigate such questions fully.

Here, we present the complete genome of the aster leafhopper (hereafter known
as ALF), Macrosteles quadrilineatus (Hemiptera: Cicadellidae: Deltocephalinae).
ALF is a widespread pest that feeds on over 300 agriculturally important plants,
including carrots, celery, wheat, barley, flax, and lettuce (Wallis, 1962). It is the
primary vector of the Aster Yellows phytoplasma, a bacterium that causes crop
stunting, deformation, and ultimately loss (Kunkel, 1926). Given ALF’s ability to
feed and reproduce on multiple plant species, and dependence on beneficial
microbial symbionts, ALF is an emerging model system for understanding vector
biology and beneficial symbioses (Hogenhout, Ammar, et al., 2008; Hogenhout,
Oshima, et al., 2008; Bennett & Moran, 2013; Mao et al., 2018).

ALF’s ability to feed on such a diverse array of plants is owed in part to its
dependency on two intracellular bacteria, “Candidatus Sulcia muelleri”
(Bacteroidetes; hereafter Sulcia) and “Candidatus Nasuia deltocephalinicola”
(Betaproteobacteria; hereafter Nasuia). Both bacteria complement each other to
provide ALF with the ten essential amino acids (EAAs) that are depauperate in its
phloem diet and that no animal can make (Moran et al., 2008; McCutcheon &
Moran, 2012; Bennett & Moran, 2013; Douglas, 2017). ALF, and many other
related auchenorrhynchan insects, house symbionts within specialized cells
(bacteriocytes) and organs (bacteriomes) and exclusively transmit bacteria
transovarially (Buchner, 1965; Baumann, 2005; Fronk and Sachs, 2022). As a
result, Sulcia and Nasuia are ancient, having been vertically transmitted within
lineages and across generations for >300 million years (Moran et al., 2005; Bell-
Roberts et al., 2019). These conditions have led to the streamlining and severe
reduction of their genomes to <10% of those of their free-living ancestors (190 kb
and 112 kb in Sulcia and Nasuia, respectively; McCutcheon and Moran, 2012,
McCutcheon et al., 2019). To maintain these highly degraded symbionts, the host
or partner symbionts must compensate for incomplete genomic functions
(Hansen and Moran, 2011a; Douglas, 2016; Mao et al., 2018a; Ankrah et al.,
2020). To accomplish this, ALF has acquired 100s-1000s of support genes that
differentially support Sulcia or Nasuia. These support mechanisms evolved from
the reassignment of mitochondrial support genes, ancient horizontal gene
acquisitions from other infecting bacteria, and widespread gene duplications
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(Mao et al., 2018a). However, how these evolutionary processes have structured
ALF’s genome, as well as other leafhoppers with different symbiotic relationships
(i.e., losses and replacements), remains unclear.

While ALF and related species, such as the treehoppers from the Membracidae
family and leafhoppers from the Deltocephalinae subfamily, generally retain both
ancient symbionts, other leafhopper groups have replaced or lost Sulcia, Nasuia,
or both (Mao et al., 2017a; Sudakaran et al., 2017; Bennett and Mao, 2018; Bell-
Roberts et al., 2019; Michalik et al., 2021). For example, the sharpshooter
leafhopper family appears to have replaced the more ancient symbiont, Nasuia,
with “Candidatus Baumannia cicadellinicola” (hereafter Baumannia) >60 MYA in
a transition between phloem and xylem feeding (Moran et al., 2003). Similar to
Nasuia, Baumannia convergently evolved to provide the same two EAAs as
Nasuia and few other nutritional resources (Wu et al., 2006). However, because
Baumannia is relatively young, its genome encodes more functional capabilities
requiring much less support from its partner symbionts (Wu et al., 2006; Bennett
et al., 2014; Mao and Bennett, 2020). In other early evolutionary events, some
leafhopper lineages, such as the Typhlocybinae subfamily, have lost all obligate
symbionts as a consequence of shifting to a more nutrient-rich plant parenchyma
diet (Gunthardt and Wanner, 1981). Species in this group no longer retains
Sulcia and Nasuia, nor the organs that house and support them (Buchner, 1965;
Cao and Dietrich, 2022). In contrast to sharpshooter leafhoppers, we have a
more limited understanding of how these kinds of dramatic symbiotic transitions
influence the evolution of host genomes.

To better understand how pest ecology and obligate symbioses shape ALF and
other leafhopper genomes more generally, we used PacBio HiFi long-read
sequencing and Omni-C long-range proximity ligation to generate a high-quality
chromosome-level genome assembly of ALF. In an evolutionary framework, we
compared ALF’s genome to those of all other existing pest leafhopper genomes.
These species come from different leafhoppers subfamilies that have overlapping
and distinct symbiotic relationships. Our questions focus on understanding: (i.)
how leafhoppers’ genomes evolve in a global sense, (ii.) what evolutionary
pressures do pest species biology and agricultural ecology place on leafhopper
genomes, and (iii.) how do major transitions in symbioses shape the evolution of
leafhopper genomes. Our results show remarkable conservation of leafhopper
genomes but distinct signatures of pest ecology and symbioses in the expansion
and retention of genes and molecular evolution of specific genes.

3.3 MATERIALS AND METHODS

3.3.1 Insect rearing and material preparation

Lab-reared Macrosteles quadrilineatus (ALF) insect lines for this analysis were
collected in New Haven, Connecticut in 2013. A single mated female and male of
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ALF was used to establish an inbred line to reduce genetic heterozygosity. This
line was maintained on barley grass for four generations at 25 °C with 12L:12D
light/dark. Inbred female and male adults were starved for 6 hours, immediately
flash-frozen in liquid nitrogen, and stored at -80 °C.

3.3.2 Genome sequencing and assembly

A chromosome-level genome assembly was generated with the Omni-C
proximity ligation technique developed by Dovetail Genomics (Santa Cruz, CA,
USA). The assembly process involved scaffolding assembled genome contigs
into chromosomes using a combination of long-read (Pacific Biosciences:
PacBio) and short-read (lllumina HiSeqX) sequences. Briefly, a draft genome
was assembled using 58.2 giga base-pairs (GB) of PacBio HiFi circular
consensus sequencing reads and the de-novo assembler Hifiasm v0.15.4-r347
with default parameters. Scaffolds identified as possible contamination by
blobtools v1.1.1 were removed (Laetsch and Blaxter, 2017). Haplotigs and contig
overlaps were removed using purge_dups v1.2.5 (Guan et al., 2020). The
dovetail Omni-C library was sequenced on an lllumina HiSegX platform for ~30x
coverage. The de novo PacBio assembly and Dovetail OmniC library reads were
used as the inputs for HiRise proximity ligation assembly (Putnam et al., 2016).
To evaluate genome completeness, BUSCO v4.0.5 was used on the
chromosome-level assembly using the eukaryote_odb10 lineage dataset (Sim&o
et al., 2015; Zdobnov et al., 2017).

3.3.3 Genome Annotation

The NCBI Eukaryotic Genome Annotation Pipeline was used for genome
annotation (NCBI 2017). Repeat families were identified and masked using
WindowMasker (Morgulis et al., 2006). For gene predictions using Gnomon,
RNA-seq data from five previously sequenced ALF samples and high-quality
protein coding sequence alignments from six closely related insects were aligned
to the genome with STAR v2.7.10b and ProSplign v3.8.2 (Kiryutin et al., 2007;
Dobin et al., 2013). The final annotation quality of ALF’'s genome was assessed
with BUSCO v4.1.4 (Simao et al., 2015; Zdobnov et al., 2017; Manni et al.,
2021).

3.3.4 Comparative genomics and orthologous gene analysis

Chromosomal conservation and shared gene families across leafhoppers was
inferred using comparative genomic analysis with the green rice leafhopper
(Deltocephalinae: Neophotettix cincticeps; hereafter known as GRLH; Yan et al.,
2021), glassy-winged sharpshooter (Cicadellinae: Homalodisca vitripennis;
hereafter known as GWSS,; Li et al., 2022), and the tea green leafhopper
(Typhlocybinae: Empoasca onukii; hereafter known as TGLH; Zhao et al., 2022)
(Table 1). Prior to all comparative analyses, annotated gene isoforms and
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transcript duplicates were consolidated into the single longest gene using a
custom script. Total orthogroups and single-copy orthologs between all species
were identified using OrthoFinder v2.5.4 (Emms and Kelly, 2019). For further
clustering of orthologous groups and gene enrichment analyses across the four
leafhopper species, we used OrthoVenn2 (settings: e-value = 1e-5, inflation
value = 1.5) (Xu et al., 2019). We identified Gene Ontology (GO) categories
enriched in conserved gene clusters across leafhopper lineages and those
exclusive to ALF. Functional gene enrichment analyses were conducted across
three levels: (i.) shared core genes across all species, (ii.) between different
symbiotic modalities or relationships (leafhoppers with Sulcia, and leafhoppers
with both Sulcia and Nasuia), and (iii.) unique gene clusters to ALF. Among all
levels of functional enrichment analyses, we identified gene clusters that
contribute to pest ecology, as well as symbiosis, in order to understand how
these pressures may be shaping leafhopper genomes. We assessed
chromosomal synteny among the leafhopper species using BLASTP (settings: e-
value = 1e-5) and MCScanX with default parameters (Altschul et al., 1990; Wang
et al., 2012). Finally, SynVisio was used for the visualization of chromosomal
synteny across the genomes (Bandi and Gutwin, 2020).

3.3.5 Gene family expansion and contraction analysis in ALF

To investigate genome-wide family expansions and contractions within the ALF
genome, we analyzed protein-coding sequences from 20 publicly available insect
genomes (Table S1). This dataset comprised 18 species from the Hemipteran
order, as well as two from the Hemipteran sister order, Thysanoptera (Johnson et
al., 2018). Annotated gene isoforms and transcript duplicates were consolidated
into the single longest gene in all 20 species using a custom script. OrthoFinder
v2.5.4 was used to infer gene orthology between species. The resulting single-
copy orthologs were aligned with MAFFT v7.52 (settings: -m L-INS-I model)
(Katoh and Standley, 2013; Emms and Kelly, 2019). Ambiguously aligned
regions were trimmed using BMGE v1.12 (settings: -m BLOSUM90, -h 0.4)
(Criscuolo and Gribaldo, 2010). The concatenated alignments were then used to
construct a maximum likelihood (ML) phylogenetic tree with IQ-TREE v2.2.03
using the best-fit partition model for each gene set (settings: -m MFP+MERGE, -
B 1000) (Minh et al., 2020). The resulting ML tree was used to estimate
divergence times between insect species. MCMCTree (PAML v4.10.6) was used
to place 95% confidence intervals for the six node calibrations as soft bounds
between Thysanoptera and Hemiptera (373.3, 451.2 million years ago (MYA) ),
Sternorrhyncha and Auchennorrhyncha/Heteroptera (353.8, 427.3 MYA),
Psylloidea and Aleyrodidae (322.4, 396.6 MYA), Aphidomorpha and Psylloidea
(303.9, 377.2 Ma), Fulgoromorpha and Cicadomorpha (275.3, 348.6 MYA) and
finally between the Deltocephalinae tribes Macrostelini and Chiasmini (45.0, 95.0
Ma) (Yang, 2007; Johnson et al., 2018; Cao et al., 2022).

36



Gene family evolution (e.g., expansions and contractions) was inferred using
CAFE v5 (setting: --pvalue 0.01) (Han et al., 2013). Gene families that were
identified as significant expansion or contraction events in ALF were functionally
annotated using eggNOG-mapper . To perform enrichment at the KEGG
functional level for significantly expanded families, we used the R package
“clusterProfiler” v4.6.2 (settings: pvalueCutoff = 0.01, pAdjustMethod = "BH",
gvalueCutoff = 0.01, minGSSize = 10) (Yu et al., 2012).

3.3.6 Selection analysis of leafhopper genes

Evolutionary selection operating on leafhopper genes was estimated using the
ratio of nonsynonymous to synonymous substitutions (w = dN/dS) across sites in
genes. This analysis was first conducted on genes from ALF, GWSS, TGLH, and
GRLH to provide a broader perspective on evolutionary patterns in leafhoppers.
A narrower analysis was then performed between only the Deltocephalinae
leafhoppers (ALF and GRLH) to reduce the evolutionary divergence, potential for
substitution saturation, and to determine the influence of both Sulcia and Nasuia
that are retained in ALF and GLRH.

Single-copy orthologs were identified from the gene dataset with isoforms and
transcript variant duplicates removed using OrthoFinder v2.5.4 (Emms and Kelly,
2019). To ensure accurate alignment and avoid out-of-frame indels, we used
PAL2NAL v14 and TranslatorX v1.1 (Suyama et al., 2006; Abascal et al., 2010).
Estimated rates of w among gene sites were conducted using two nested site-
specific models (M1a-M2a and M7-M8) from CODEML in PAML v4.10.6 (Nielsen
and Yang, 1998; Yang et al., 2000; Wong et al., 2004; Yang et al., 2005). These
nested models test for selection at any site in the gene with differences in the
number of site classes (M1a: 2; M2a: 3; M7: 10; M8:11). The M2a and M8
models include an additional class of sites under positive selection. We
performed nested likelihood ratio and chi-squared tests (p < 0.05) based on
likelihood scores from each model. Specifically, we compared null models (M1a
and M7), which do not allow for any sites with w>1, against the alternative
models (M2a and M8), which permit positive selection. Genes identified as
undergoing positive selection were clustered into euKaryotic Orthologous Groups
(KOG) and used to perform enrichment of positive selection at the GO functional
level using the R package “clusterProfiler” v4.6.2 (settings: pvalueCutoff = 0.01,
pAdjustMethod = "BH", qvalueCutoff = 0.01, minGSSize = 10) (Tatusov et al.,
2003; Yu et al., 2012; Huerta-Cepas et al., 2019).

3.3.7 Localization of symbiosis support genes

To identify the prevalence of putative symbiosis-related genes (Table S3) in our
leafhopper genome evolution analyses, we used genes identified in Mao et al.
(2018). Mao et al., 2018 identified 118 genes that are involved in nutrition
synthesis, information processing, population regulation, and metabolite transport

37



in Nasuia and Sulcia bacteriocytes. We mapped these genes to the shared gene
clusters identified between leafhoppers (see Comparative genomics and
orthologue analysis) and to genes under positive selection (see Selection
analysis in leafhopper genes) using NCBI-tBLASTX (setting: e-value = 0.001).

Finally, one major evolutionary modality to support ancient obligate symbionts is
the acquisition of horizontally transferred genes (HTGs) from various bacterial
families. To investigate evolutionary conservation of HTGs from Mao et al. (2018)
across all four leafhopper species, we used an NCBI-tBLASTX search (setting: e-
value = 0.001) of ALF HTG transcripts to each of the leafhopper chromosomal-
level sequences to find homologous genes (Table S2). We identified conserved
genes across the four species as matches with >40% identity and >100-bit score.
We also identified possible HTG remnants as matches with >40% identity and a
bit score between 90-100.

3.4 RESULTS

3.4.1 Assembly and Annotation of ALF’s Genome

PacBio sequencing of ALF resulted in 6,333,492 reads and 58.2 GB of PacBio
HiFi circular consensus sequencing reads at 45x coverage. After scaffolding with
the PacBio assembly and OmniC reads, the final assembly included 1,164
scaffolds (total size = 1.3 GB) with an N50 score of 116.5 MB (Table 2). All 1,164
scaffolds were larger than 1 KB and consisted of nine scaffolds larger than 78.3
MB (total = 1.12 GB). These nine scaffolds are interpreted to be the complete
ALF chromosomes (Li et al., 2022).

The final BUSCO score for the ALF assembly was 96.08% (83.92% single,
12.16% duplicated, 1.57% fragmented, and 2.35% missing). Using the NCBI
RefSeq annotation pipeline, 43.54% of the genome was masked due to repetitive
elements by WindowMasker. A total of 24,178 genes (21,979 protein-coding
genes and 103 pseudogenes) were annotated across all 1,164 scaffolds. Among
the nine chromosome scaffolds, 19,395 protein-coding genes were identified,
~88% of all annotated protein-coding genes.

3.4.2 Comparative genomics and ortholoq analysis

To understand general patterns of leafhopper genome evolution, we investigated
genomic synteny and gene content. At a structural level, leafhopper
chromosomal structures are generally syntenic, with some large exceptions
(Figure 1). For example, there are two notable chromosomal rearrangements
between the Deltocephalinae leafhoppers (ALF and GRLH). First, there is the
large-scale chromosomal rearrangement between two ALF chromosomes (ALF
chr1 and ALF chr2) and two GRLH chromosomes (GRLH chr6 and GRLH chr8).
Second, ALF chr6, ALF chr8, and GRLH chr3 have had a chromosomal
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fusion/fission event between ALF chr6, ALF chr8, and GRLH chr3. There is also
evidence of a chromosomal fusion/fission event between TGLH and GWSS, as
well as chromosomal rearrangements between the two species, among other
shuffling of smaller chromosomal segments.

At a gene level, ALF, GRLH, TGLH, and GWSS have 14,567 orthogroups
comprising 68,553 genes (89.1%). All four leafhoppers share 3,450 single-copy
gene (1:1:1) orthologs. ALF exhibited the highest number of species-specific
genes (2,675) and the lowest number of unassigned genes (1,129) compared to
TGLH (1,848 species-specific genes and 4,024 unassigned genes), GWSS
(2,300 species-specific genes and 1,895 unassigned genes), and GRLH (812
species-specific genes and 1,301 unassigned genes).

Shared gene analysis across the four leafhoppers species was extended to
consider gene clusters and includes gene duplications. Using OrthoVenn, we
found 7,723 gene clusters shared between all four leafhoppers (Figure 2). These
shared gene clusters showed enrichment for 10 Gene Ontology (GO) processes
(peptidoglycan catabolic process, GO:0009253; DNA integration, GO:0015074;
transposition DNA-mediated, GO:0006313; oxidoreductase activity,
G0:0016705; trehalose transport, GO:0015771; RNA-directed DNA polymerase
activity, GO:0003964; translation, GO:0006412; response to bacterium,
G0O:0009617; proteolysis, GO:0006508; and, telomere maintenance,
G0O:0000723) (Figure 3a; Table S4). Interestingly, the oxidoreductase activity
category consisted of cytochrome P450 enzyme duplications (103 genes).
Similarly, the trehalose transport category exhibited multiple duplications across
species of the facilitated trehalose transporter Tret-1.

TGLH (Subfamily: Typhlocybinae) is the only sequenced leafhopper species in
this analysis that does not have known obligate symbiotic associations.
Therefore, we identified the shared gene clusters between the three leafhopper
species with Sulcia: ALF, GWSS, and GRLH. In the three Sulcia-associated
leafhopper species, we found 986 unique gene clusters enriched for four GO
categories (nucleoside triphosphate biosynthetic process, GO:0009142;
carboxylic ester hydrolase activity, GO:0052689; tRNA metabolic process,
G0:0006399; and, succinate metabolic process, GO:0006105) (Figure 3b; Table
S4). We further identified shared gene clusters between the two Deltocephalinae
leafhoppers, ALF and GRLH, that have a symbiotic association with Sulcia’s
ancestral symbiont partner, Nasuia. In these two host species, we found 789
unique gene clusters enriched for nine GO categories (peptidoglycan catabolic
process, GO:0009253; positive regulation of cytolysis in other organism,
G0O:0051714; response to bacterium, GO:0009617; regulation of circadian
sleep/wake cycle, sleep, GO:0045187; peptidoglycan metabolic process,
G0:0000270; Toll signaling pathway, GO:0008063; regulation of inflammatory
response, GO:0050727; microtubule-based process, GO:0007017; and,
apoptotic DNA fragmentation, GO:0006309) (Figure 3c; Table S4). Finally, we
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identified 598 unique gene clusters specific to ALF that are significantly enriched
for four GO categories (telomere maintenance, GO:0000723; receptor-mediated
endocytosis, GO:0006898; DNA integration, GO:0015074; response to peptide
hormone, GO:0043434) (Figure 3d; Table S4).

3.4.3 Gene family expansion and contraction in ALF’s genome

We investigated gene family expansions and contractions across evolutionary
time using a time-calibrated phylogenetic tree generated from 469 shared single-
copy orthologs between 20 insect species. Briefly, the estimated divergence time
for the common ancestor of all four species is ~150 MY (Confidence Interval (Cl):
44-282 MY). Between species, the estimated divergence time for ALF and GRLH
was ~67 MY (Cl: 39-95 MY), and between GWSS and TGLH was ~57 MY (ClI: O-
155 MY) (Figure S1). These divergence times are similar to estimated times in
previous studies (Moran et al., 2005; Johnson et al., 2018; Cao et al., 2022).

Gene family evolution analyses identified a total of 1,834 and 663 gene families
underwent expansions and contractions, respectively, in the ALF genome (Figure
S1). When compared to the other 19 insect species, 67 gene families in ALF
were expanded (p-value < 0.05), and 32 gene families were contracted (p-value
< 0.05) (Figure S2). ALF exhibited the highest number of significant gene family
expansions and the lowest number of contractions compared to GRLH (25
expansions, 82 contractions), GWSS (64 expansions, 53 contractions), and
TGLH (52 expansions, 60 contractions) (Figure S2). Expanded families in ALF
were enriched for genes involved in the KEGG categories: G-quadruplex DNA
unwinding, major facilitator superfamily sugar transporter family, DDE
superfamily endonuclease, cathepsin propeptide inhibitor domain, E3 ubiquitin-
protein ligase, KO2A2.6-like, and baculoviral inhibition of apoptosis protein repeat
(Figure S3; Table S5).

3.4.4 L eafthopper genome-wide selection analysis

To understand how selection is broadly shaping leafhopper genome evolution,
we investigated site-specific selection across shared single-copy orthologs.
Estimated rates of w among gene sites were conducted using two neutral models
(M1a and M7) and two models with an additional class of sites under positive
selection (M2a and M8). The stringent M1a-M2a nested model approach
identified seven orthologs under positive selection (chi p-value < 0.05; Table S6).
These genes include two uncharacterized genes, an IDLSRF-like protein,
inhibitory POU protein (POU4F2), synaptotagmin-7 (SYT7), voltage-dependent
calcium channel type A subunit alpha-1 (cac), and homeobox protein Sl-like
(SIX6). In contrast, the M7-M8 analysis identified 1,103 orthologs undergoing
positive selection (Table S6). The M7-M8 approach also identified all seven
genes found in the M1a-M2a models.
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Genes undergoing positive selection were binned by euKaryotic Orthologous
Groups (KOG) to infer function _. Genes with “unknown function” (KOG Category
S) showed the highest number of genes under positive selection (Figure S4). Of
genes with known functions, signal transduction mechanisms (KOG Category T)
and post-translational modification, protein turnover, and chaperones (KOG
Category O) had the highest number of genes under positive selection. In the
enrichment analysis, generation of neurons (GO:0048699) exhibited the highest
gene ratio (204/1103) of genes undergoing positive selection (Figure 4).

Finally, we investigated recent signatures of positive selection between the 6,198
single-copy orthologs shared between ALF and GRLH, which share Sulcia and
Nasuia. A total of 131 and 2048 genes show signatures of positive selection with
the M1a-M2a and M7-M8, respectively (Table S7). Of these genes, 129 were
jointly identified by both models. Gene function binning identified unknown
function (KOG Category S), signal transduction mechanisms (KOG Category T),
and post-translational modification, protein turnover, and chaperones (KOG
Category O) as the three most enriched categories (Figure S5). While
enrichment analysis at the GO level identified cell morphogenesis (GO:0000902)
exhibiting the highest gene ratio (259/2048) of genes undergoing positive
selection (Figure 4).

3.4.5 Genome-wide evolution of symbiosis support genes

A major question among symbiotic insects is how their genomes evolve to
support obligate symbionts living in their bodies. We mapped the 118 putative
symbiosis-related genes identified by Mao et al. (2018) (Table S3) to gene
clusters shared between all leafhopper species and found 53 symbiosis-related
genes (Table S8). In ALF, these genes are upregulated in either Sulcia or Nasuia
tissues, as well as in body tissues. Generally, their function falls within the
categories of DNA replication & repair and aminoacyl tRNA formation.
Symbiosis-related genes involved in COA synthesis, NH3 recycling, and PEP
synthesis are only found in shared gene clusters from all four species. Within
shared gene clusters between Sulcia-associated leafhopper species (ALF,
GRLH, and GWSS), we found 12 symbiosis genes (Table S8). As expected,
these genes are upregulated in Sulcia tissues in ALF. In the gene clusters shared
by Deltocephalinae leafhoppers (ALF and GRLH), we found 18 symbiosis-related
genes (Table S8). Most of these 18 genes are upregulated in Nasuia and include
population regulation genes. In the analysis of selection across the four
leafhoppers, we found nine genes involved in symbiosis to have support for
positive selection (Table S9). In the two Deltocephalinae leafhoppers, 20
symbiosis-related genes are undergoing positive selection (Table S10). These
genes occur across multiple categories, with eight genes occurring in amino acid
transport and aminoacyl-trna formation.
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Finally, an important evolutionary mechanism is the incorporation of HTGs, which
is widely used in leafhopper systems. Here, we investigated whether HTGs found
in the ALF genome by Mao et al. (2018) were conserved across all four
leafhopper species (Table S2). Only three HTGs are conserved among all four
leafhoppers lineages (cel-1, cel-2, pel) (Figure 5). In ALF, cel-1 and cel-2 are
upregulated in body tissues, and the pel gene is upregulated in both
bacteriocytes (Mao et al., 2018a). Between the Deltocephalinae species that
retain Sulcia and Nasuia, GRLH retains a total of 27 of 30 HTGs found in ALF
(Figure 5). GRLH is missing two Nasuia symbiont support genes and one non-
symbiotic gene. The sharpshooter genome, GWSS that has replaced Nasuia with
Baumannia, retains 11 Sulcia and non-symbiotic support HTGs, as was found
previously (Mao et al., 2018a; Li et al., 2022). Finally, in the TGLH genome,
which has lost all ancestral symbionts, we identified remnants of three genes in
TGLH (gh25-2 (40% identity, 85 amino acids), ileS (60% identity, 60 amino
acids), and yebC-1 (43% identity, 94 amino acids) and one gene in GWSS (imk
(59% identity, 67 amino acids)).

3.5 DISCUSSION

We present the first fully sequenced genome of the aster leafhopper (ALF),
Macrosteles quadrilineatus. To better understand how leafhopper genomes
evolve, particularly in relation to evolutionary pressures from their pest ecology
and symbiotic biology, we compared the genomes of all available leafhopper
species in an evolutionary framework. To date, only three other leafhopper
chromosomal-level genomes exist: Neophotettix cincticeps (GRLH),
Homalodisca vitripennis (GWSS), and Empoasca onukii (TGLH) (Yan et al.,
2021; Li et al., 2022; Zhao et al., 2022). These species are all plant pests,
spanning over 150 million years of leafhopper evolution. They further have
distinct symbiotic modalities, ranging from retention of leafhoppers’ ancestral
symbionts Sulcia and Nasuia (ALF and GRLH), symbiont replacement of Nasuia
(GWSS), and complete loss of both obligate symbionts (TGLH) (Table 1) (Moran
et al., 2003; Noda et al., 2012; Bennett & Moran, 2013; Cao & Dietrich, 2022).
This taxon sampling uniquely places an understanding of ALF genome evolution
in a framework spanning deep divergences among leafhoppers, symbiotic
interactions, and parallel pest species biology and ecology.

3.5.1 Genome evolution of leafhoppers

The inferred size of the ALF genome is 1.3 Gb with a BUSCO score of 96.08%,
suggesting a complete high-quality assembly (Table 2) (Yan et al., 2021; Li et al.,
2022; Feron and Waterhouse, 2022). ALF’s genome encodes 21,979 protein-
coding genes, which is in alignment with previous leafhopper genomes (e.g.,
GWSS has 19,904 genes, and TGLH has 19,642 genes; Li et al., 2022; Zhao et
al., 2022). This genome further contains a relatively high number of repetitive
elements (e.g., tandem repeats and interspersed repeats) in the genome
(43.54%), aligning with the range observed in other hemipteran insects
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(leafhoppers: 39.4-46.1%; psyllids: 43.3%) (Yan et al., 2021; Li et al., 2022; Kwak
et al., 2023).

At the chromosomal level, ALF and the other sequenced leafhoppers exhibit
architectural conservation as evidenced by their relatively high level of synteny
(Figure 1). This pattern differs substantially from those observed in other
Hemipteran groups, such as aphids, that exhibit extensive autosomal
rearrangements despite shorter divergence times (<33 MY) (Li et al., 2020;
Mathers et al., 2021). Nevertheless, leafhoppers, like sequenced planthoppers
and aphids, demonstrate large-scale conservation of the X chromosome that has
little to no rearrangements with autosomes (Li et al., 2020; Ma et al., 2021;
Mathers et al., 2021). Strong selection pressures against sex chromosome
rearrangements may arise from constraints to maintain dosage compensation
mechanisms and avoid X chromosome elimination errors in XO male
determination (Sharp et al., 2002; Pal and Vicoso, 2015). In the context of
leafhoppers that display this XO sex determination, these selection pressures
may lead to a lack of sex chromosome rearrangement (Halkka, 1960; Hu et al.,
2022). Despite distinctive genomic conservation in leafhoppers, their
chromosomes still exhibit some level of architectural plasticity. For example, the
relatively closely related ALF and GRLH species exhibit large-chromosomal
fusion or fission events. Comparison among the other species shows similarly
large chromosome structure and organization changes.

At the gene level, leafhopper genomes exhibit widespread functional
conservation, likely due to fundamentally shared biological and ecological
leafhopper traits (Figure 2). For instance, among shared Gene Ontology (GO)
categories, translation is most enriched in unique gene clusters, or gene
orthologs that include duplications (88 gene clusters; 385 genes; Table S4),
indicating a highly conserved biological need for these cellular functions in these
species. Leafhoppers also exhibit enrichment for functional categories involved in
pest ecology, including the detoxification of insecticides (e.g., cytochrome P450
monooxygenases and carboxylesterases), as well as in categories that have a
role in maintaining symbionts (Figure 3). The conserved enrichment of these
categories points to the ways in which shared evolutionary pressures, the
agricultural environment, and dependence on obligate symbioses have the
potential to influence gene content in genomes.

Leafhopper genomes have also experienced extensive proliferation of selfish
genetic elements. Several categories associated with the movement and
integration of genetic elements within genomes, such as transposition (23
genes), DNA integration (191 genes), and RNA-directed DNA polymerase activity
(56 genes), are enriched. Genetic elements can contribute to gene duplications
can enable duplication of advantageous genes, including those that respond to
environmental changes such as host plant chemical defenses and climate
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variation, particularly insecticide resistance (Aminetzach et al., 2005; Gonzalez et
al., 2008, 2010; Rostant et al., 2012; Schrader et al., 2014; Stapley et al., 2015;
Rech et al., 2019; Gupta and Nair, 2022).

At the molecular level, positive selection is acting upon multiple single-copy
orthologs across various functional categories (Table S6; Figure S4). One such
category is signal transduction mechanisms (KOG Category T), with many genes
undergoing positive selection (170 out of 401 analyzed signal transduction
genes). Signal transduction mechanisms include functions such as odorant
receptors, gustatory receptors, and toll-like receptors (Benton et al., 2007; Leulier
and Lemaitre, 2008; Engsontia et al., 2014). These genes are likely evolving in
response to environmental pressures, possibly in association with leafhopper
food-plant finding and oviposition (Smadja et al., 2009).

3.5.2 The potential influence of agricultural pest ecoloqy on leafhopper genome
evolution

The lifestyle of plant pests, such as leafhoppers, exposes them to strong
selective pressures, including various insecticides, fluctuating environmental
conditions, and changes in plant chemical defenses (Nauen and Denholm, 2005;
Després et al., 2007; Khaliq et al., 2014; Dumas et al., 2019; Spencer and
Hughson, 2023). One evolutionary strategy to adapt to these pressures is the
duplications or expansions of genes involved in stress responses (Stark and
Wahl, 1984; Tabashnik, 1990; Rostant et al., 2012; Schrader et al., 2014). These
genes can play dual roles as insect detoxification enzymes that break down plant
toxins and insecticides (Després et al., 2007). Several specific genes and gene
family expansions, discussed below, have clear roles in selective pressures
placed on leafhoppers from their agricultural pest ecology.

Among the leafhopper species examined in this study, their shared genes
showed enrichment for functions involved in oxidoreductase activity (103 genes)
and trehalose transport (101 genes), both of which enable adaptation to
environmental stressors (Kikawada et al., 2007; Heidel-Fischer and Vogel, 2015)
(Figure 3a). For example, genes involved with oxidoreductase activity (e.g.,
cytochrome P450) contribute to the detoxification of xenobiotics, such as
insecticides, environmental pollutants, and plant secondary compounds (Peng et
al., 2017). Specifically, these detoxification genes play dual roles in aiding the
insect’s response to plant defense compounds and resistance to insecticides like
pyrethroids and neonicotinoids (Schuler, 1996; Heidel-Fischer and Vogel, 2015;
Lu et al., 2021). Leafhoppers further show enrichment for genes associated with
trehalose transport (e.g., facilitated trehalose transporter Tret1) to different insect
tissues (Kanamori et al., 2010). Trehalose is the primary sugar in insect
hemolymph and is highly regulated in order to maintain sugar levels (Wyatt and
Kalf, 1957; Becker et al., 1996). It is involved in energy production and insect
growth, as well as an important bioprotectant under various stressors, including
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heat, oxidation, cold, dryness, and hypoxia (Elbein et al., 2003; Kikawada et al.,
2007; Kanamori et al., 2010; Liu et al., 2013; Tellis et al., 2023).

At the molecular level, >1000 shared single-copy genes show evidence of
positive selection, including genes associated with insecticide resistance. For
example, the enriched GO category undergoing positive selection, generation of
neurons, includes two voltage-dependent sodium channel genes and four
voltage-dependent calcium channel subunit genes (Figure 4a). These ion
channels are targeted by various insecticide classes like
dichlorodiphenyltrichloroethane (DDT), diamides (e.g., chlorantraniliprole), and
pyrethroids (e.g., permethrin) (Silver et al., 2014; ffrench-Constant et al., 2016).
While DDT has been banned in the United States since 1972, diamide
insecticides (e.g., chlorantraniliprole and flubendiamide) and pyrethroid
insecticides (e.g., permethrin, cypermethrin, deltamethrin) are still approved for
use in the United States (US EPA, 2014). Moreover, detoxification gene families
involved in insecticide resistance, such as cytochrome P450 enzymes,
esterases, and carboxylesterases, are also under positive selection (Montella et
al., 2012; Cui et al., 2015). Beyond agriculture-specific stressors, leafhopper
genes show adaptation to broader environmental pressures that include heat
shock proteins (i.e., HSPA12A and HSPAS) and peroxiredoxin gene (i.e.,
PRDX®6) protective against thermal and oxidative extremes (Feder and Hofmann,
1999; Radyuk et al., 2001). Taken together, these results suggest that pest
leafhopper genomes adapt to agricultural and environmental challenges across
multiple scales.

3.5.3 The potential influence of microbial symbiosis on leafhopper genome
evolution

Symbioses with obligate, ancient symbionts has had significant impacts on

interaction modality, symbiont identity, and genetic capabilities of partner
microbes. Leafhoppers have relied on two ancient obligate partners, but these
relationships have changed within and between lineages over evolutionary time
(Moran et al., 2005; Koga et al., 2013a; tukasik et al., 2018; Bennett, 2020). As
such, we identified 53 shared gene clusters among all four leafhopper species
that contain genes associated with symbiont support and integration (Table S8).
Among the leafhopper species compared in this study, however, there have been
significant changes in symbiont relationships outlined below.

Two leafhopper species in this study, ALF and GLRH, share the ancestral

symbionts, Sulcia’s and Nasuia, which may have been present with Sulcia since
the origin of leafhoppers and possibly the Cicadomorpha and Auchenorrhyncha
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(Koga et al., 2013; Bennett & Mao, 2018). Due to their age, Sulcia and Nasuia
genomes are among the smallest known genomes from any system, requiring
extensive host support (Bennett & Moran, 2013). To provide this support, ALF
distinctly expresses thousands of previously identified host genes in symbiont-
containing bacteriocytes and bacteriome organs (Mao et al., 2018a). ALF and
GRLH genomes are enriched for the GO categories peptidoglycan catabolic
process (208 genes), positive regulation of cytolysis in another organism (47
genes), and response to bacterium (59 genes). Concurrently, there is enrichment
in the functions peptidoglycan metabolic process (12 genes), apoptotic DNA
fragmentation (4 genes), and Toll signaling pathway immune response (15
genes) for defense against pathogenic microbes (Hoffmann et al., 1999;
Schauvliege et al., 2007; Bao et al., 2014). Furthermore, among these ALF and
GLRH genes, some show evidence of recent positive selection, including
enrichment of multiple morphogenesis-related functions (Figure 4b). We
identified 20 genes undergoing positive selection, which may be an
underestimate due to the evolutionary distance and saturation among evolving
genes in these species. Nevertheless, the highest count of positively selected
symbiosis-related genes fell within the amino acid transport (5 genes) and
aminoacyl-tRNA formation categories (3 genes), underling their key role in the
evolution of these leafhoppers’ symbiotic relationships (Table S10).

Similarly to the deltocephaline species (i.e., ALF and GLRH), the GWSS
leafhopper shares the ancestral Sulcia symbiont (Moran et al., 2005; Johnson et
al., 2018). However, this lineage has completely replaced Nasuia with
Baumannia >60 MYA (Moran et al., 2003; Wu et al., 2006). Several recent
projects have identified 1000s of host support genes expressed among the
bacteriocytes and bacteriomes that house Sulcia and Baumannia (Mao et al.,
2018a; Li et al., 2022). Given Baumannia'’s relative youth, it requires far fewer
support genes than Sulcia and Nasuia (reviewed in Li et al., 2022). Nevertheless,
among these Sulcia-associated leafhopper species, we confirmed global
enrichment of GO categories linked to multiple metabolic processes, such as
nucleoside triphosphate biosynthetic process (31 genes), tRNA metabolic
process (10 genes), and succinate metabolic process (10 genes) (Table S4).
Enrichment in these genes highlights the shared dependence of Sulcia
symbionts on their hosts. Sulcia symbionts generally have among the smallest,
most dependent genomes (Moran et al., 2005; Takiya et al., 2006a; McCutcheon
and Moran, 2010b; Chang et al., 2015; tukasik et al., 2018; Shih et al., 2019).
The same mechanisms of support are required to sustain this ancient and
indispensable association among leafhoppers and likely also the
Auchenorrhyncha (Campbell et al., 2018; Michalik et al., 2021; Gossett et al.,
2023).

Finally, species in the typhlocybinae leafhopper lineage have gone further and

purged all obligate bacterial symbionts (Buchner, 1965; Cao and Dietrich, 2022).
It has remained an open question as to what happens to host genomes when
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they lose symbionts and can genomic paleontology reveal remnants of these
associations. Remarkably, despite having lost its obligate symbionts, the TGLH
species still indeed retains remnants of genes inferred to support Sulcia and

formation (13 genes), amino acid transport (12 genes), and DNA repair and
replication (9 genes) are retained in all four leafhoppers (Table S8). The retention
of these genes in TGLH might indicate the retention of vestigial genes or the
functional adaptation and reassignment of these genes for alternate host
functions. Their retention further provides direct support for the early loss of
Sulcia and Nasuia from the Typhlocybinae lineage when it transitioned to a more
nutrient-rich food source (Buchner, 1965; Moran et al., 2005; Bennett, 2020;
Sudakaran et al., 2017).

3.5.4 Horizontally transferred genes in leafhoppers

Horizontally transferred genes (HTGs) present the opportunity for an organism to
gain novel traits (Husnik and McCutcheon, 2018). This appears to be a common
mechanism to support symbioses in insects, particularly leafhoppers and other
hemipterans (Nikoh et al., 2010; Husnik et al., 2013; Sloan et al., 2014a; Luan et
al., 2015). ALF has 30 HTGs from various bacterial origins, most of which were
inferred to support either Sulcia or Nasuia (Mao et al., 2018). GRLH retains most
of the HTGs present in ALF, with notable differences (Figure 5). By contrast,
GWSS retains only 11 HTGs that are also present in ALF, most of which are
predicted to support Sulcia (Mao & Bennett, 2020; Li et al., 2022).

A major focus of HTG analysis was the fate of these genes in species that have
lost (TGLH) and replaced more ancient symbionts (GWSS). TGLH and GWSS
retain orthologous HTGs involved in other host functions, including cell wall
degradation (cel-2, cel-1, and pel). However, while GWSS has lost those related
to Nasuia, TGLH has lost all full-length symbiosis support genes found in the
other leafhopper species. To investigate whether remnants of lost ancestral
HTGs in GWSS and TGLH, we scanned their genomes for gene fragments
(Queffelec et al., 2022). Remarkably, we found remnants of three genes in TGLH
used to support Sulcia (ileS and yebC-1) and Nasuia (gh25-1) in ALF (Mao et al.,
2018a). We further found a remnant of the cell growth gene, thymidylate kinase
(tmk), in GWSS, which also supports Sulcia in ALF (Chaperon, 2006). We note
that the specific function of these HTGs in leafhoppers remains untested and is
inferred from their identities and specific expression patterns in ALF.

3.5.5 ALF’s distinct genomic traits highlight its polyphagous ecoloqgy

Species-specific gene groups and gene family expansions in ALF can help to
identify adaptations to its unique biology and ecology. As an illustrative point,
ALF’s genome has uniquely experienced gene family expansion involved in
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sugar transport and protease genes (Rispe et al., 2008; Price et al., 2010).
Enrichment in these specific genes likely underly the differences between ALF’s
host plant associations and the other species investigated here. ALF is a
massively polyphagous pest that feeds on a sugar-rich phloem diet across 100s
of plants. GRLH feeds narrowly on some monocot species (i.e., rice and
grasses), while GWSS is restricted to the sugar-depauperate xylem saps (Turner
and Pollard, 1959; Pathak, 1968). TGLH is a monophagous pest that feeds on
leaf parenchyma cell contents in tea plants (Gunthardt & Wanner, 1981; Kawai,
1997; Qin et al., 2015). We speculate that the feeding habit of ALF as a
polyphagous pest on dicot plants may lead to an expansion of these sugar-
related genes.

3.5.6 Conclusion

The completion and analysis of the ALF genome assembly has unveiled new
insights into leafhopper genomics and the broad evolutionary history of this
group. Our study underscores the intricate balance between genomes,
symbionts, and the environment in the field of insect pest evolution and
adaptability. Comparisons among the genomes of four pest species highlights
the environmental pressures, including from insecticide treatments, farm
cropping strategies (e.g., mono-cropping seasonality and cover crops), climate
and its changes, and a range of plant secondary defensive compounds
(Trenbath, 1993; Nauen and Denholm, 2005; Després et al., 2007; Khaliq et al.,
2014; Dumas et al., 2019; Bai et al., 2022; Spencer and Hughson, 2023). The
ability of these species to persist in these environments further depends on their
obligate associations with a diversity of bacterial symbionts. These relationships
similarly place significant evolutionary pressures on host genomes and further
are likely to shape the environmental interactions of insects (Brodbeck et al.,
1990, 2014; Bennett and Moran, 2015). Major transitions in symbiotic
relationships among leafhoppers has left strong signatures of evolution, affecting
the expansion and contraction of gene families, as well as the fate of ancient
HTGs.

Taken together, the addition of the ALF genome to the insect genome resources
contributes to our broader understanding of insect genomics, their evolutionary
adaptations, and potential impacts on their ecology and symbiotic relationships.
Since ALF is a major pest of North American agriculture (Wallis, 1962; Beanland
et al., 2005), these results can be used to inform and develop modern pest
management strategies such as RNAi gene expression interference (Baum and
Roberts, 2014; Jain et al., 2021). ALF’s shared and unique genomic features
identified in this study, including HTGs, selection events, and symbiosis-related
genes, can potentially be targeted for disrupting the survival of these insects.

48



3.6 TABLES

Species Shorthand Genome Subfamily Feeding Symbionts
Name Naming Size

Macrosteles Sulcia,
quadrilineatus ALF 1.3Gb Deltocephalinae = Polyphagous Nasuia
Neophotettix Sulcia,
cincticeps GRLH 746 Mb Deltocephalinae = Polyphagous Nasuia
Homalodisca Sulcia,
vitripennis GWSS 2.3Gb Cicadellinae Polyphagous = Baumannia
Empoasca

onukii TGLH 599.3 Mb Typhlocybinae | Monophagous None

Table 3.1: Four publicly available leafhopper chromosomal-level genomes used
for comparative genomics analysis.

Feature Value
Assembly size 1,317,891,973 bp
Assembly size of chromosomes 1,127,407,133 bp
Scaffold N50 116,548,684 bp
Scaffold L50 5
Number of scaffolds 1,164
Number of total genes 24,178
Number of protein-coding genes 21,979
Number of pseudogenes 103

Table 3.2: Genome statistics of the Macrosteles quadrilineatus genome.

3.7 FIGURES
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Figure 3.1: Chromosomal synteny between the four leafhopper species.
Images of H. vitripennis and M. quadrilineatus courtesy of Dr. Ziheng Li and Dr.
Xiushuai Yang, respectively. Images of E. onukii and N. cincticeps are from
www.inaturalist.org (from the following users: straybird726 and bob15noble,
respectively. All photos have CCBY-NC license).
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Figure 3.2: Shared gene clusters between leafhopper species.
Venn diagram of shared gene clusters, that is clusters that include duplications of
genes, among the four species. My = million years.
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Figure 3.3: Functional enrichment among shared gene clusters.

A) Enrichment among gene clusters shared between all leafhopper species in
this study. B) Enrichment among gene clusters shared between leafhoppers that
have an association with the symbiont, Sulcia. C) Enrichment among gene
clusters shared between Deltocephalinae leafhoppers, which have an
association with both ancient symbionts Sulcia and Nasuia. D) Enrichment in
gene clusters unique to ALF. GO categories and number of unique gene clusters
can be found in Supplemental Table 4. ALF = Macrosteles quadrilineatus, GRLH
= Nephotettix cincticeps, GWSS = Homalodisca vitripennis, TGLH = Empoasca
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Chapter 4: Fluorescent-based cell sorting and epigenetic regulation of
symbiont bacteriocytes

4.1 ABSTRACT

Insects, such as leafhoppers, often rely on beneficial symbiotic microbes for
essential nutrients missing from their plant-sap diets. These microbes are
typically housed within host cells known as bacteriocytes. Many insect species
have evolved to accommodate multiple bacterial partners within their own unique
and distinct bacteriocyte types. In these cases, hosts tailor their cellular and
genetic support within these cells to meet the needs of each symbiont. An
emergent model of such symbioses is the aster leafhopper, Macrosteles
quadrilineatus (Hemiptera: Cicadellidae), which harbors two symbiont species,
Sulcia and Nasuia. The insect host differentially regulates thousands of nuclear-
encoded support genes to maintain its symbionts. However, the mechanisms
through which a single host genome differentially regulates gene expression
between distinct cell types remain poorly understood. To address this question,
we developed a fluorescence-based cell sorting technique. We apply this method
to test whether differential DNA methylation sequencing is a mechanism by
which ALF differentially regulates gene expression among bacteriocyte types.
This approach leverages the high ploidy level of bacteriocytes to isolate them
based on their differentially enriched fluorescence signal over other insect cell
types. We confirmed the successful isolation of bacteriocytes with reverse
transcription quantitative-PCR and horizontally transferred genes in the M.
quadrilineatus genome that exhibit differential expression in Sulcia and Nasuia
bacteriocytes. Using this approach, we discovered that bacteriocytes experience
differential methylation compared to non-symbiotic host cell types. We show that
the distinct bacteriocyte types that house Sulcia or Nasuia have distinct
methylation patterns; however, the relationship between these methylation
patterns and gene expression is complex. Methylation at promoter regions is not
linked to gene expression patterns, but increased intronic methylation could
indicate interactions with other elements of gene regulation, such as alternative
splicing, non-coding RNAs, or chromatin modifications. Nevertheless, our ability
to sort and determine differential methylation properties of bacteriocyte genomes
demonstrates the power of this approach as applied to complex symbiotic
systems.

4.2 INTRODUCTION

Many insect species rely on bacterial symbionts to synthesize missing nutrition
from deficient diets. Notably, these insects frequently form close obligate
relationships with one or more symbiotic partners (Buchner, 1965; Moran et al.,
2008; Bennett and Moran, 2013; Douglas, 2017). This type of symbiosis
generally leads to the formation of specialized host cells (bacteriocytes) and
host-derived organs (bacteriomes) (Buchner, 1965). Bacteriocytes house
bacteria in a stable intracellular environment that provides essential resources
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and support to bacteria (Buchner, 1965; Baumann, 2005; Nakabachi et al.,
2005b; Hansen and Moran, 2011b; McCutcheon and von Dohlen, 2011; Sloan et
al., 2014b; Luan et al., 2015; Mao et al., 2018b; Weglarz et al., 2018; Kobiatka et
al., 2018; Fronk and Sachs, 2022). Symbionts, despite their essential nutritional
roles, undergo extreme genomic streamlining, losing >90% of genes typically
found in their free-living relative—even genes vital to both symbionts and their
hosts (McCutcheon and Moran, 2012a; McCutcheon et al., 2019). To support
their symbionts, insect hosts often regulate the expression of thousands of genes
in each bacteriocyte to meet the needs of their resident bacteria (Hansen and
Moran, 2011b; Douglas, 2016; Mao et al., 2018; Ankrah et al., 2020). However,
the means by which the host genome can modulate the expression of these
genes in two distinct symbiotic cell types remains unclear. One potential
mechanism for regulating gene expression involves epigenetic modifications,
such as DNA methylation, which can alternately inhibit or promote transcriptional
activity without altering the underlying DNA sequence.

Many animals, including hemipteran insects, have the capability to use DNA
methylation as an important DNA modification that aids in the regulation of
various biological processes (Bewick et al., 2016). In insects, epigenetic
molecular mechanisms contribute to invertebrate systems, including the caste
system in ants (Bonasio et al., 2012), as well as resilience to different
environmental stresses (e.g., pesticides and temperature increase; Dombrovsky
et al., 2009; Brevik et al., 2021). In the case of bacterial symbiosis in
hemipterans, methylation may play a regulatory role in bacteriocytes during
nymphal development and in response to ecological conditions such as different
food plant species with distinct plant-sap nutritional profiles (Kim et al., 2018;
Pers and Hansen, 2021). However, our understanding of the role that DNA
methylation may play in the general differential support of bacterial partners is
less known. DNA methylation may inhibit transcriptional activity leading to the
regulation of thousands of genes that exhibit differential gene expression in
separate cell types (Eden and Cedar, 1994; Ehrlich and Lacey, 2013; Lowdon et
al., 2016; Zhang et al., 2018). This epigenetic modification could allow for specific
symbiont support expression patterns from a single gene that is differentially
used to support different cell types and symbiont species. Understanding
differential patterns of host support to symbionts requires the isolation of
bacteriocytes from non-symbiotic host cell types. However, the dissection and
isolation of these cells can be technically challenging, as they are often
embedded deep within host tissues and are often closely associated with other
bacteriocyte types within a bacteriome organ (Buchner, 1965; Hand, 1987; Koga
et al., 2012; Zhu et al., 2017; Ribeiro Lopes et al., 2021). To better leverage high
throughput genomic and gene expression technologies (e.g., whole genome
bisulfite sequencing), there is a strong need to develop novel methods for single-
cell isolation of host bacteriocyte types.
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Cell sorting techniques have emerged as powerful tools for different fields
(Barlogie et al., 1983; Rieseberg et al., 2001; Comas-Riu and Rius, 2009). These
methods are generally applied to isolate and characterize (e.g., gene expression
and immunophenotyping) specific cell populations, thereby overcoming the
challenges of studying complex tissues and samples (Walberg et al., 1996;
Nakahara et al., 2009; Bhagwat et al., 2018; Rolton et al., 2020; Andrade et al.,
2021). To date, cell sorting in bacteriocytes has been used to identify the
absolute number of symbiont cells within a bacteriocyte, as well as examine
ploidy levels within bacteriocytes (Simonet et al., 2016; Nozaki and Shigenobu,
2022). Despite prior knowledge of the application of flow cytometry in these cells,
fluorescence-based cell sorting has yet to be applied to separate bacteriocytes in
a multi-partner symbiotic association. Such approaches can permit questions
aimed at disentangling the regulation, contributions, and evolution of each
partner in tightly entwined multi-partner symbioses.

One advantageous application of single-cell sorting techniques is their ability to
naively sort cell types based on the fluorescence of stained DNA rather than
distinct fluorescence tagging of specific protein markers (Darzynkiewicz et al.,
1999; Ibrahim and van den Engh, 2007; McKinnon, 2018). Differences in the
ploidy of some cells provide a unique opportunity to successfully isolation of
selected populations (Metcalfe et al., 2019). Given that polyploid cells contain
multiple copies of a genome within a single cell, their increased DNA content can
be exploited as a distinguishing feature by which they can be sorted. In insects,
bacteriocytes often exhibit higher ploidy levels (Braendle et al., 2003; Woyke et
al., 2010b; Nozaki and Shigenobu, 2022; Nakabachi and Moran, 2022). By
utilizing sorting methods that rely on DNA staining, it becomes possible to
differentiate polyploid bacteriocytes from diploid non-symbiotic host cells in
insects with multiple symbionts. Approaches such as RT-qPCR of known
expressed genes, or total RNA-seq expression profiling, can then be used to
validate sorted populations. This combined approach enables the isolation of
body and bacteriocyte types, facilitating subsequent analyses of individual
symbionts and their interactions within the host.

The aster leafhopper (hereafter known as ALF), Macrosteles quadrilineatus
(Hemiptera: Cicadellidae), has a complex relationship with two symbiont species,
“Candidatus Sulcia muelleri” and “Candidatus Nasuia deltocephalinicola”
(hereafter known as Sulcia and Nasuia, respectively). These symbionts
supplement the leafhopper’s nutritionally limited plant-sap diets with essential
amino acids that animals are unable to make. Sulcia (190 KB) and Nasuia (112
KB) have undergone severe genome reduction over deep evolutionary time due
to a lack of an external environmental phase, small population sizes, and
intergenerational population bottlenecks during vertical transmission
(McCutcheon and Moran, 2012b; McCutcheon et al., 2019). As a result, both
symbionts have lost genes from all essential cellular processes. They no longer
retain genes to synthesize their own cell membrane (Bennett & Moran 2013). In
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ALF and similar species, there is a strict separation of Sulcia and Nasuia within
distinct bacteriocyte types. Bacteriocytes have distinct gene-expression patterns
tailored to the specific cellular and genomic needs of Sulcia or Nasuia (E.g., ALF
differentially expresses 3,064 and 4,201 genes in Sulcia and Nasuia
bacteriocytes relative to host insect body tissues (Mao et al., 2018). Additionally,
multiple genes are found to be up-regulated in both bacteriocyte types (Mao et
al., 2018). However, how the host modulates the expression of these genes
between the two distinct symbiotic bacteriocyte types is unknown. Additionally,
almost nothing is known about the role of epigenetic controls in M. quadrilineatus
(ALF) and related insects in the auchenorrhyncha.

In this study, we use the unique ploidy properties of bacteriocytes in ALF to
identify and isolate cells using fluorescence-based cell sorting. We demonstrate
the utility of this technique in downstream analysis by sequencing DNA
methylation patterns within isolated populations. Applying our newly developed
technique, we compared expression patterns from previous transcriptomic data
(Mao et al., 2018) with hyper- and hypo-methylated genes. This combined
approach has the ability to identify whether DNA methylation is a mechanism by
which insect hosts may differentially control gene expression and which specific
genes between cell types.

4.3 MATERIALS AND METHODS

4.3.1 Leafhoppers

The Macrosteles quadrilineatus (ALF) insect line used in this study was initially
collected in New Haven, Connecticut in 2013 and reared at the University of
California, Merced. The established line was maintained on barley grass at 25°C
and under a stable 12L:12D light/dark.

4.3.2 Trypsin isolation

Bacteriomes of insects were isolated on ice and placed in RNAse-free Buffer A
solution (25mM potassium chloride, 35 mM Tris, 100 mM EDTA, 250 mM
sucrose, vacuum filtered through a 0.22-micrometer filter and stored at 4 °C)
during dissection.

We attempted enzymatic digestions using trypsin, which is a common method for
obtaining the single-cell suspensions needed for flow cytometry (Stewart et al.,
1995). For trypsin isolation trials, three techniques were used. First, we
confirmed the optimal trypsin concentration using varying percentages (0.05%,
0.125%, 0.25%, 0.5%, and 1%) of trypsin diluted with 1x PBS at room
temperature. In this trial, we used one bacteriome for each percentage. We
pipetted up and down gently and visualized cells under a Keyence BZ-X710
microscope every 10 minutes. In the second method, we added 40 ul of 1%
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trypsin diluted with 1x PBS to the isolated bacteriomes (n=10). Samples were
added to a water bath at 37 °C and gently pipetted up and down every 10
minutes to help dissociation. After 30 minutes in the water bath, cells were spun
at 200g for 5 min (4 °C). The supernatant was removed, and 80 ul of buffer (1x
PBS 1% BSA) was used to inactivate trypsin and resuspend the pellet. Cells
were centrifuged at 200g for 5 min (4 °C) again and resuspended in 0.5 mL of
buffer (1x PBS 1% BSA). Cells were placed on ice to be visualized under a
Keyence BZ-X710 microscope at 40x. Third, isolated bacteriomes (n=10) and 10
mL of 1% trypsin diluted with 1x PBS was added to a 15-mL Falcon tube. Tubes
were shaken at 35 rpm for 30 minutes at room temperature. The reaction was
pipetted every 10 minutes to help dissociation. After incubation, cells were
washed twice using 5 mL of buffer (1x PBS 1% BSA) and centrifuged at 1000g
for 5 min (4 °C). The resulting pellet was resuspended in 1 mL of buffer (1x PBS
1% BSA) and transferred to a 1.5 mL Eppendorf tube. Cells were placed on ice
to be either visualized under a Keyence BZ-X710 microscope at 40x or were
used to test with ethanol fixation.

4.3.3 Ethanol Fixation

Cells from trypsin dissociation were placed in a 15 mL Falcon Tube, and 3 mL of
70% ice-cold ethanol was added dropwise while vortexing gently. Samples were
incubated at 4 °C overnight. For post-fixation recovery, fixed cells were
centrifuged at 300g for 10 minutes (4 °C). Cells were washed twice using 5 mL of
Galbraith’s buffer (45 mM MgClI2, 20 mM MOPS, 30 mM sodium citrate, 0.1%
(vol/vol) TritonX-100; Buffer was adjusted pH to 7.0 with 1M NaOH, vacuum
filtered through 0.22 um filter and stored at -20 °C in 10 mL aliquots) and
centrifuged at 300g for 10 minutes (4 °C) (Galbraith et al., 1983). The
supernatant was removed, and cells were resuspended in 500 uL of Galbraith’s
buffer. Cells were visualized under a Keyence BZ-X710 microscope at 40x.

4.3.4 Host cell and bacteriocyte identification using flow cytometry

To identify fluorescence signals between bacteriocytes and host cells, we first
analyzed DAPI fluorescence with non-symbiotic host cell types. Isolated heads of
ALF were ground using the frosted label of two microscope slides in 1mL of
Galbraith’s Buffer (Galbraith et al., 1983). Cells were filtered through a 70-
micrometer filter and stained with DAPI (6mg/mL) for 15 minutes on ice. As a
control, Drosophila heads were isolated and stained as well. DAPI fluorescence
was recorded on a FACSAria Il (BD). In order to determine the global signal of
fluorescence in insect abdomen cells compared to ALF host cells, we
implemented the same technique above. We found four distinct cell populations
in isolated insect abdomens. Using the knowledge of increased ploidy signal in
bacteriocytes, we further investigated two cell populations that exhibited
increased DAPI fluorescence compared to non-symbiotic host cell types.
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4.3.5 Galbraith’s Buffer Triton X-100 isolation

Triton X-100 is a common detergent used to permeabilize the membranes of
cells prior to fluorescent staining. Due to its ability to lyse cells at high
percentages, we also tested varying percentages of Triton X-100 in Galbraith’s
buffer (0%, 0.01%, 0.05%, 0.1%). Using ALF heads and isolated abdomens, we
ground tissues with the frosted label of two microscope slides in 1TmL of
Galbraith’s Buffer (0%, 0.01%, 0.05%, 0.1% Triton X-100). Cells were stained
with DAPI (5mg/mL) for 15 minutes on ice, and fluorescence was recorded for
each percentage on a FACSAria lll (BD).

4.3.6 Bacteriocyte isolation

After finding the optimum Triton X-100 percentage (0.01%) for Galbraith’s buffer
isolation and identifying controls of DAPI fluorescence of non-symbiotic host
cells, we isolated the bacteriomes of ALF for cell sorting. Isolated bacteriomes
were ground using the frosted label of two microscope slides in 1mL of
Galbraith’s Buffer (Galbraith et al., 1983). Cells were filtered through a 100-
micrometer filter and stained with DAPI (5mg/mL) for 15 minutes on ice.
Populations exhibiting increased DAPI fluorescence compared to non-symbiotic
host cell types were sorted into individual 1.5 mL Eppendorf tubes to isolate
bacteriocytes. Population isolation was performed in triplicate. Cells were either
photographed under a microscope to determine if bacteriocytes could be
identified by their morphological characteristics or undergone DNA extraction for
methylation sequencing.

4.3.7 Reverse transcription quantitative-PCR (RT-gPCR) confirmation

We confirmed the presence/absence of Sulcia- and Nasuia-specific bacteriocyte
cells using RT-gPCR with custom primers. RNA was isolated using the Direct-zol
RNA kit (Zymo), quantified (Quibit), converted to cDNA, and tested with primers
targeting genes up-regulated in Sulcia or Nasuia bacteriocytes following
previously established work (Mao et al., 2018). To identify Sulcia bacteriocytes,
we used the horizontally transferred gene (HTG) frr, which is highly expressed in
Sulcia bacteriocytes. To identify Nasuia bacteriocytes, we used the HTG ribD,
which is highly expressed in Nasuia bacteriocytes. We used the host Ribosomal
protein L7 (rpl7) to normalize gene expression.

4.3.8 Methylation genome assembly and identification of CpG sites

DNA from assumed bacteriocyte cell populations (Pop3 and Pop4; Figure #),
head tissue, and leg tissue was extracted using the Qiagen DNAeasy protocol.
Triplicates of each DNA sample were quantified (Quibit) and sent for whole
genome bisulfite sequencing at the QB3 Genomics Facility at the University of
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California, Berkeley. Sequencing was done using an lllumina NovaSeq S1
150PE.

Using the insect genome generated by Vasquez et al. (in prep), methylation data
was aligned to the genome with Bowtie2 and Bismark (Krueger and Andrews,
2011; Langmead and Salzberg, 2012b). Site-specific CpG methylation data for
each sample were calculated using the MethylKit package in R (Akalin et al.,
2012). Coverage outliers (above the 99.9 percentile) and bases with <10
coverage were removed using filterByCoverage(). Coverage values between
samples were scaled using the median and the normalizeCoverage() function.
Samples were pooled, and a logistic regression test was carried out per CpG
position per sample group using an overdispersion correction and p-values
corrected using the Benjamini-Hochberg procedure (overdispersion = “MN”,
adjust = “BH”; Benjamini and Hochberg, 1995). A site was classified as
differentially methylated between the treatment and control samples if the
Benjamini-Hochberg corrected p-value was <0.05 and the overall methylation
difference was >10%.

For a global analysis of epigenetic changes across the genome, we identified
CpG islands in the chromosomal ALF genome using EMBOSS cpgplot (-window
200 -minlen 200 -minpc 50 -minoe 0.6; Madeira et al., 2022). Flanking
sequences 2 KB away from CpG islands were defined as CpG island shores
using readFeatureFlank() in Methylkit (Akalin et al., 2012). We used a paired t-
test to determine whether there is significant percent methylation of CpG sites in
CpG islands and shores between bacteriocyte samples and body samples.
MethylKit was also used to place differentially methylated sites into a specific
genomic context by annotating sites with a genomic annotation of promoter,
exon, intron, or intergenic region of the chromosomal level DNA sequence and its
distance from the nearest Transcription Start Site (Akalin et al., 2012).

4.3.9 Global patterns of genome methylation

To understand global DNA methylation patterns, we identified differentially
methylated CpG sites within promoter regions between both isolated bacteriocyte
populations (Pop3 and Pop4) and non-symbiotic host cell types. We further
linked differential methylation in promoter regions to gene expression using raw
RNA-sequencing files from previously sequenced data (Mao et al., 2018). Briefly,
RNA-seq reads were mapped to the chromosomal-level insect genome using
HISAT v2.2.1 (Kim et al., 2019). We estimated the number of reads mapped to
exons using featureCounts (Liao et al., 2014). Counts were normalized, and
differentially expressed genes (>1.5 log fold change between bacteriocytes and
non-symbiotic host cells) were identified in R using DESeq2 (test = "Wald", Love
et al., 2014; RStudio Team, 2018). To identify whether DNA methylation and
gene expression are globally correlated, we used a Pearson’s Chi-squared test
with Yates’ continuity correction.
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4.3.10 Differential gene-specific DNA methylation requlation of bacteriocytes

Following cell sorting and gPCR confirmation, we identified Pop3 as containing
primarily Nasuia bacteriocytes. In contrast, Pop4 contained both Nasuia and
Sulcia bacteriocytes (see “qPCR cell sorting confirmation” below for more
details). To identify DNA methylation patterns in Nasuia bacteriocytes, Pop3
samples were treated as the treatment condition, while body samples were
treated as the control. For DNA methylation in Sulcia bacteriocytes, Pop4
samples were treated as the treatment condition, while Pop3 and body samples
were treated as the control condition. This method removed the signal of Nasuia
bacteriocytes from Pop4, allowing the specificity of the Sulcia bacteriocyte
methylation signal. Each pairwise analysis was filtered and normalized using the
same approach as above. To identify whether DNA methylation and gene
expression in each bacteriocyte type are globally correlated, we used a
Pearson’s Chi-squared test with Yates’ continuity correction. To identify DNA
methylation-based regulation of bacterial support genes, we mapped putative
symbiont support genes found in Mao et al. (2018) to genes associated with
differentially methylated promoter regions. We used a Pearson correlation
between genes with an inverse relationship between expression and methylation,
that is, hypo-methylation/up-regulation (hypo-up) and hyper-methylation/down-
regulation (hyper-down).

4.4 RESULTS AND DISCUSSION

Symbioses between animals and bacteria are often highly complex ,involving
multiple partners with distinct roles and evolutionary histories (Moran, 2007;
McFall-Ngai et al., 2013). In the most extreme cases, as are common in insects,
bacteria are permanently held within specially evolved bacteriocyte host cells
(Buchner, 1965; Fronk and Sachs, 2022). To fully understand how these systems
function and evolve into tightly integrated systems, new approaches are needed
to disentangle them (Woyke et al., 2010b; Kim et al., 2018; Pers and Hansen,
2021). Here, we use the Macrosteles quadrilineatus system to develop a single-
cell sorting technique. We validate this approach and, as a proof of concept, use
it to address the question of what role DNA methylation may play in the
regulation of insect symbiosis support genes.

4.4.1 Chemical trypsin dissociation is not appropriate for bacteriocyte isolation

Trypsin dissociation, or trypsinization, is a common method for obtaining the
single-cell suspensions needed for flow cytometry (Stewart et al., 1995).
However, this proteolytic enzyme can lead to cell stress and alter gene
expression (Huang et al., 2010). Despite its known effects on cell viability and
functionality, trypsinization remains widely used due to its effectiveness in
dissociating cells from tissues and organs (Brown et al., 2007; Nozaki and
Shigenobu, 2022). Here, we conducted multiple dissociation experiments to find
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the optimal percentage of trypsin (0.05%, 0.125%, 0.25%, 0.5%, and 1%) and
dissociation time (0-50 minutes) to separate bacteriocyte cells. However, these
observations were made on a single bacteriome with cells being isolated,
dissociated, and imaged within a short time frame. Given the small size of the
leafhopper’s bacteriomes (~0.6mm), substantial downstream analysis (e.g.,
whole genome bisulfite sequencing and RNA-sequencing) may require the
isolation of bacteriomes from more than 50 insects (Noda et al., 2012; Pers and
Hansen, 2021). We refined our approach for cell dissociation from multiple
bacteriomes.

Trypsinization and ethanol fixation methods require multiple washing steps with
buffer to effectively remove any residual trypsin or ethanol from cells before
proceeding with downstream experiments. Repeated washing and centrifugation
can lead to extensive loss of cells, making it difficult to obtain a high yield of
viable and intact cells, which is crucial for subsequent flow cytometry analysis
(Krishan, 1975; Xu et al., 1982; Bauman and Bentvelzen, 1988). In our work,
microscopic examination after each trypsin dissociation method and ethanol
fixation revealed cell debris rather than intact cells. Any surviving cells were
observed to be a perfect circular shape (Figure 1), which we presumed to be
sheath cells present in bacteriomes (Kobiatka et al., 2015). Thus, we were
unable to isolate bacteriocyte cells from host organs using this approach.

Taken together, we found that trypsin dissociation and ethanol fixation proved to
be a difficult process that did not lead to the successful isolation of bacteriocytes.
These methods may cause significant damage to bacteriocyte structures,
resulting in the loss of crucial cellular components. Therefore, we found that it is
necessary to develop an alternative approach to isolate host cells inclusive of
bacteriocytes.

4.4.2 Physical bacteriocyte isolation and validation for fluorescence

Given the challenges with trypsin dissociation of bacteriocytes in ALF, we
switched to using a common physical cell dissociation technique. Tissues were
ground between two frosted microscope slides in order to achieve a single-cell
suspension for downstream flow cytometry (DeSalle et al., 2005; Sinha and
Bhatnagar, 2010; Wing et al., 2017). We identified the fluorescence signal for
ALF and D. melanogaster (control) using isolated insect heads (Figure 2). After
identifying the fluorescence signal of ALF cells from head tissues, we tested
fluorescence sorting signals from other body tissues, and their cells in the
abdomen in ALF abdomens showed a differential fluorescent signal compared to
host tissues. Our logic is that since Sulcia and Nasuia bacteriocytes are
integrated into the abdomen, we can separate them based on their enriched
fluorescence signal compared with host head and abdominal somatic cells
(Woyke et al., 2010b; Nozaki and Shigenobu, 2022). Indeed, we were able to
identify four unique peaks of cell populations in our abdominal tissue samples
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(Figure 3). One peak corresponded with host cells (Pop2), while a lower
fluorescence signal was hypothesized to represent cell debris (Pop1) (Figure 3).
Given that bacteriocytes have higher ploidy levels (Braendle et al., 2003; Woyke
et al., 2010b; Nozaki and Shigenobu, 2022; Nakabachi and Moran, 2022) and
would therefore exhibit heightened DAPI signals, we hypothesized that two
fluorescence peaks higher than that of the host cells contained bacteriocytes
(Pop3 and Pop4). Both populations (Pop3 and Pop4) exhibited 2-4x higher
fluorescence signals than the host cell population.

To validate our novel cell-sorting technique, we used reverse transcription
quantitative-PCR (RT-gPCR) to confirm the presence of symbiont-specific
bacteriocytes in our sorted populations. Following the approach established by
Mao et al. (2018), we used custom primers targeting genes up-regulated in
Sulcia or Nasuia bacteriocytes. For the identification of Sulcia bacteriocytes, we
utilized the primer for the horizontally transferred gene (HTG) frr. The ribosome
recycling factor gene (frr) exhibits a ~16x higher expression fold change in Sulcia
bacteriocytes compared to Nasuia bacteriocytes. In a similar vein, we identified
Nasuia bacteriocytes by targeting the HTG ribD, which has an ~19x higher
expression fold change when compared to Sulcia bacteriocytes. Excitingly, we
found low expression of the Sulcia bacteriocyte gene, frr, in Pop3 and
approximately a 6-fold higher difference in Pop4. For ribD, we found a ~2-fold
difference in Pop3 and Pop4, with Pop4 showing a higher expression of the
Nasuia bacteriocyte gene. Our results show that Pop4 contained a mix of Nasuia
and Sulcia bacteriocytes, while Pop3 is enriched with a population of Nasuia
bacteriocytes. As evident in our flow cytometry results, Pop3 has a more uniform
signal with higher cell counts, whereas Pop4 had a higher dispersion within its
cell population, suggesting a greater variability in the fluorescent signal of these
cells. This variability in fluorescent signal most likely occurs due to
inconsistencies between the number of genomes in a single bacteriocyte. Sulcia
bacteriocytes can contain approximately 200-900 genome copies per cell (Woyke
et al., 2010b); however, the number of genomes within Nasuia bacteriocytes is
still unknown. Given that there are variations of bacterial ploidy levels within the
same bacteriocyte type, it is possible that some Nasuia bacteriocytes exhibited a
higher fluorescence signal due to an increased number of genome copies
leading to similar signals as other Sulcia bacteriocytes.

Tissue grinding presents a viable method for bacteriocyte isolation that removes
the need for harsh enzymatic digestion and increases speed and simplicity
(DeSalle et al., 2005; Sinha and Bhatnagar, 2010; Hare and Johnston, 2011;
Bingham et al., 2015; Wing et al., 2017). It minimizes cell stress and maximizes
cell viability, leading to more reliable and reproducible results in downstream
analyses. An advantage of this approach is that it can be used to avoid potential
cell loss due to repeated washing and longer incubation times. In addition, by
circumventing the enzymatic digestion step, tissue grinding also mitigates the
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introduction of unwanted enzymes or contaminants that could interfere with
subsequent molecular or functional studies.

4.4.3 Genome-wide patterns of methylation

To demonstrate the application of bacteriocyte splitting and sorting, we
performed DNA methylation sequencing on bacteriocyte populations (i.e., Pop3
and Pop4) and non-symbiotic host tissues. We compared methylation profiles of
both bacteriocyte populations and non-symbiotic host cells. We matched
methylation patterns with previously determined expression patterns between
bacteriocyte types and whole-body cells (see Mao et al., 2018) to address the
question of whether ALF has evolved epigenetic mechanisms to control symbiont
interactions. Moreover, almost nothing is known about epigenetic controls in M.
quadrilineatus (ALF) and related insects in the auchenorrhyncha.

We found 2,871 CpG sites undergoing hyper-methylation, with 663 CpG sites
undergoing hypo-methylation between the two groups (Figure 4). Across the
ALF’s genome, differentially methylated CpG sites were found in 5% of CpG
islands (CpGi) and 24% of CpGi shores (Figure 5A). CpGi are often associated
with gene regulatory elements, such as promoters, playing a crucial role in
modulating gene expression patterns. In vertebrates, while the majority of CpG
dinucleotides are heavily methylated, CpGi are typically unmethylated (Bird et al.,
1985; Suzuki and Bird, 2008). In comparison, CpG dinucleotides in invertebrates
generally lack widespread DNA methylation signatures and instead display a
‘mosaic” methylation pattern (Suzuki and Bird, 2008; Feng et al., 2010). Unlike
the uniform methylation patterns of vertebrates, mosaic methylation is defined by
interspersed methylated and unmethylated regions throughout the invertebrate
genome. Most invertebrate methylated CpGs are concentrated on gene bodies,
which are correlated with genomic regions that are actively transcribed (Foret et
al., 2009; Bonasio et al., 2012; Sarda et al., 2012; Wang et al., 2013; Keller et al.,
2016). Given this overall mosaic pattern of DNA methylation in invertebrates,
understanding the specificities of where our differentially methylated CpG sites
occur may provide insights into the role of DNA methylation in symbiosis.

In the ALF system, we found globally higher number of differential methylated
CpG sites in introns (66%) compared to intergenic regions (24%), exons (7%),
and promoter regions (3%) (Figure 5B). The higher percentage of methylated
CpG sites in introns may indicate a potential role for intronic methylation in
regulated gene expression in this host-symbionts system. For example, it is
possible that intronic methylation could be interacting with other elements of
gene regulation, such as alternative splicing, non-coding RNAs, or chromatin
modifications (Ball et al., 2009; Cedar and Bergman, 2009; Luco et al., 2010).
While the role of intronic methylation in regulating gene expression remains less
understood, methylation among promoter regions has been primarily linked to the
repression of transcriptional activity (Zhang et al., 2006; Weber et al., 2007;
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Zhang, 2008). In insects, promoter methylation is yet to have evidence of
correlation with gene expression levels (Lyko et al., 2010; Xiang et al., 2010;
Bonasio et al., 2012).

Despite the known mosaic methylation characteristic of insects, such as ALF, our
understanding remains limited regarding the correlation between specific
genomic regions and gene expression levels within symbiotic host cells. To
address this gap, we tested whether gene expression levels corresponded with
genomic regions in a comparative analysis between symbiotic and non-symbiotic
host cells. In the case of promoter regions, we found 1,305 gene promoters with
differentially methylated CpG sites (836 hyper-methylated, 469 hypo-methylated)
(Figure 6A). Using a Pearson chi-squared test, we found a significant association
between hyper-methylation in promoter regions and down-regulation (p-value =
0.007), but no significant association between hypo-methylation and up-
regulation (p-value = 0.365). We identified 47 promoter genes that show an
inverse expression of hypo-methylation/up-regulation (hypo-up), and 91 promoter
genes show an inverse expression of hyper-methylation/down-regulation (hyper-
down) (Figure 6B,C). Using a Pearson correlation test, neither inverse
expression pair showed significance in correlation (hypo-up: p-value = 0.26;
hyper-down: p-value = 0.3).

We further tested whether methylation in other genomic regions may be
correlated with gene expression. Exons (hypo-up: p-value = 0.18; hyper-down: p-
value = 0.23) and introns (hypo-up: p-value = 0.11; hyper-down: p-value = 0.53)
do not exhibit a significant correlation between methylation and gene expression.
These results suggest that DNA methylation at promoter regions, exons, or
introns may not directly correspond with gene expression changes in a simple
inverse manner, at least in the bacteriocytes and non-symbiotic tissue context.
The lack of a strong correlation between differential methylation and gene
expression indicates that other regulatory mechanisms may be at play. These
might include histone modifications, non-coding RNAs, or more complex
methylation interactions with these and other elements of the gene regulatory
machinery (Ball et al., 2009; Cedar and Bergman, 2009; Luco et al., 2010).

4.4.4 Differential methylation M. quadrilineatus (ALF) bacteriocytes

One of the major aims of this study is to demonstrate how fluorescence-based
cell sorting can be utilized to isolate separate bacteriocytes to understand
differential host support to each bacterial partner. A major question in symbiotic
systems is how hosts might differentially regulate the expression of genes within
and between bacteriocytes. In systems like ALF and related auchenorrhyncha,
symbionts are differentially sequestered to specific bacteriocyte types. Despite
having the same genome, gene expression varies by thousands of genes, many
with unique expression patterns (Bennett and Chong, 2017; Mao et al., 2018a;
Mao and Bennett, 2020). Additionally, a substantial quantity of genes is found to
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be up-regulated in both bacteriocyte types, highlighting the intricate complexity of
this regulatory process (Mao et al., 2018a). To test questions surrounding the
role of methylation in gene regulation in different symbiotic host cells, we
analyzed DNA methylation patterns between Nasuia bacteriocytes (Pop3) and
Sulcia bacteriocytes (Pop4) bacteriocytes.

In our results from Nasuia bacteriocytes, we found 2,979 CpG sites undergoing
hyper-methylation and 501 CpG sites undergoing hypo-methylation as compared
to non-symbiotic host cell types. Sulcia bacteriocytes, on the other hand,
exhibited 430 and 519 CpG sites undergoing hyper-methylation and hypo-
methylation as compared to non-symbiotic host cell types, respectively. In the
context of methylation at promoter regions, we found that Sulcia and Nasuia
bacteriocytes share 161 hyper-methylated and 135 hypo-methylated genes
(Figure 7). It is important to note that several genes are up-regulated in both
bacteriocyte types (Mao et al., 2018a), suggesting a common, potentially
conserved mechanism of epigenetic regulation in maintaining both symbiont
relationships in ALF. There is no association between genes that are undergoing
hyper-methylation and down-regulation (Sulcia bacteriocytes: p-value = 0.940,
Nasuia bacteriocytes: p-value = 0.075), as well as hypo-methylation and up-
regulation in either bacteriocyte types (Sulcia bacteriocytes: p-value = 0.1492,
Nasuia bacteriocytes: p-value = 0.6172). In a more focused analysis, there are
146 promoter regions that exhibit an inverse hypo- and hyper-methylation signal
in Nasuia and Sulcia bacteriocytes, respectively, with no significant correlation
(p-value = 0.75). However, there is a significant correlation between the 190
promoters that exhibit an inverse hyper- and hypo-methylation signal in Nasuia
and Sulcia bacteriocytes, respectively (p-value = 0.0024). The discrepancy
between the methylation status of these two sets of promoter regions suggests
that the direction of differential methylation might influence gene expression in a
species-specific manner in Nasuia and Sulcia bacteriocytes. Although both
bacteriocytes house symbiotic bacteria, the regulation of genes in each
bacteriocyte type through methylation can be quite different. These results
indicates that it is possible that the species-specific methylation patterns of
Nasuia and Sulcia bacteriocytes could be the result of unique co-evolutionary
dynamics between ALF and each symbiotic partner.

In a narrowed investigation, we contrasted specific bacteriocyte types with non-
symbiont host cells to determine if the global methylation patterns previously
established between bacteriocytes and non-symbiont host cells persist. As
shown with global patterns, there is no correlation between methylation and gene
expression in promoters (hypo-up: p-value = 0.075; hyper-down: p-value = 0.14),
exons (hypo-up: p-value = 0.57; hyper-down: p-value = 0.63) and introns (hypo-
up: p-value = 0.24; hyper-down: p-value = 0.29) in Sulcia bacteriocytes. In
Nasuia, this pattern is also exhibited in exons (hypo-up: p-value = 0.72; hyper-
down: p-value = 0.14) and introns (hypo-up: p-value = 0.12; hyper-down: p-value
= 0.99); however, there is a correlation between methylation and gene
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expression in promoters in hyper-down genes (p-value = 0.012), but not in hypo-
up genes (p-value = 0.27). This lack of correlation between methylation and gene
expression in various genomic regions in Sulcia bacteriocytes, as well as in
exons and introns in Nasuia bacteriocytes, emphasizes the complex and distinct
regulatory mechanisms that are likely at play in regulating this complex symbiotic
interaction in ALF. Interestingly, the observed correlation between promoter
methylation and downregulated gene expression in Nasuia bacteriocytes hints
towards a possible role of DNA methylation in silencing or downregulating gene
expression. However, the loss of significant correlation in hypo-up methylation
patterns still suggests that other regulatory factors may be involved in the
regulation of host gene expression in Nasuia. DNA methylation may not be
involved in the repression of transcription, but our results suggest that it most
likely plays other regulatory roles in symbiotic host cells.

Finally, there are hundreds of genes involved in symbiosis that support several
key functional categories, including genes involved in nutrition synthesis,
information processing, population regulation, and metabolite transport.
Individual genes show differential expression patterns between Nasuia
bacteriocytes and Sulcia bacteriocytes, generally matching the specific needs of
individual bacterial species (Mao et al., 2018) (Figure 8). We tested whether
methylation may play a role in the differential expression of at least some of
these genes. Among the 148 symbiont-support genes, only 33 could be mapped
to our differentially methylated promoters. Among these mapped genes, the
relationship between DNA methylation at promoter sites and gene expression is
complex and unclear (Figure 8). Ten genes show significant hyper-methylation in
Nasuia bacteriocytes, but only one, RNA pseudouridine synthase (rluA), exhibits
hypo-methylation in Sulcia. Despite the hyper-methylation in Nasuia
bacteriocytes, rluA is a horizontally transferred gene in ALF that is more highly
expressed in Nasuia bacteriocytes, with low expression in Sulcia bacteriocytes.
Additionally, the PANK gene (pantothenate kinase) exhibits significant hypo-
methylation in both Sulcia and Nasuia bacteriocytes and is highly expressed in
both bacteriocyte types. Taken together, these results indicate that methylation
status alone does not dictate gene expression levels and that other regulatory
factors may be in play. Furthermore, it implies that the influence of methylation
on gene expression may be context-dependent, varying across different genes
and cell types.

The lack of a consistent correlation between DNA methylation and gene
expression in our data suggests an intricate interplay of regulatory factors. Two
possible scenarios arise from this observation. First, DNA methylation may be
playing a less traditional or secondary role in the regulation of these genes.
Alternatively, there may be other regulatory mechanisms at play (as described
above). The symbiotic relationship between host and symbiont reflects a long
evolutionary process that has spanned millions of years. Insect hosts have
acquired novel genes and functions to support persistently degrading symbiont
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genomes (McCutcheon et al., 2019). The acquisition and assignment of these
genes to the host-symbiont interface is complex and likely idiosyncratic. As such,
the regulation of these genes may not follow one consistent pattern, and multiple
different mechanisms evolve to manage the localized expression of individual
genes among bacteriocytes. Finally, it's possible that Nasuia and Sulcia
bacteriocytes have evolved unique, species-specific ways of managing gene
expression via methylation, in order to maintain their respective symbiotic
relationships. Understanding how symbiont support genes are regulated may
require a specific investigation of the origin and evolutionary history of individual
genes.

4.5 CONCLUSION

Our use of fluorescence-based cell sorting for isolating specific symbiont-
containing bacteriocyte cell populations demonstrates a successful application. It
opens new possibilities for downstream analyses that more precisely address
questions such as how bacteriocytes function and evolve. Currently, little is
known about the role of epigenetic control in Macrosteles quadrilineatus and
related insects in the Auchenorrhyncha. Using genome-wide DNA methylation
sequencing approaches in Macrosteles quadrilineatus, we show differential
methylation patterns between Sulcia and Nasuia bacteriocytes compared to non-
symbiotic host tissues and cells. Despite the complexity of methylation patterns,
our results show that this biological process plays a role in regulating the
expression of host genes involved in maintaining complex symbioses.
Methylation is likely, but one evolved mechanism among other regulatory
processes that have entwined roles in maintaining symbioses (Ball et al., 2009;
Cedar and Bergman, 2009; Luco et al., 2010). Our findings lay a foundation for
further exploration into the biology of these symbiotic relationships. We anticipate
that this study will serve as a useful reference for future investigations into insect
symbiosis, particularly in exploring the role of DNA methylation and other
regulatory mechanisms in these complex systems.
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4.6 FIGURES

Figure 4.1: Cells from 1% trypsin digestion at room temperature.

A) Undigested bacteriome cells at 20x. B) Bacteriome cells at 10 minutes at 40x.
C) Bacteriome cells at 20 minutes at 40x. D) Bacteriome cells at 30 minutes at
40x.
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Figure 4.2: DAPI fluorescence of ALF head cells.
D. melanogaster was used as a control marker to identify ALF specific host
signal. Mean fluorescence of each species is denoted by X.
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Figure 4.3: Sorted populations from Macrosteles quadrilineatus bacteriocytes.
Populations were sorted by their DAPI fluorescence. Pop1 is predicted to be cell
debris. Pop2 are host cells fluorescence as determine by control study. Pop3 and
Pop4 are predicted to be bacteriocytes due to increased fluorescence possibly
indicating increased ploidy level. Forward scatter (FSC-A) and side scatter (SSC-

A) are included for each population.
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Figure 4.4: Differential methylation patterns between bacteriocyte cell types and
non-symbiotic host cell types.

Hyper-methylated and hypo-methylated CpG sites in promoter sequences
between symbiotic and non-symbiotic host cells. Significant methylation
difference was identified by sites that exhibit >10% difference and a Benjamini-
Hochberg adjust p-value < 0.05 (gvalue).
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Figure 4.5: Global methylation patterns between bacteriocyte cell types and non-
symbiotic host cell types.

A) Percentages of CpG sites differentially methylated within CpG islands and
shores. B) Percentages of CpG sites differentially methylated within genomic
regions.
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Figure 4.6: Differential methylation patterns between bacteriocyte cell types and
non-symbiotic host cell types correlated with gene expression patterns.

A) DNA methylation difference at promoter sequences correlated with gene
expression from DESeq2. Genes that exhibit significant methylation and
significant gene expression are indicated by colored circles. Each quadrant is
separated by their relationship between hypo-methylation, hyper-methylation, up-
regulation and down-regulation. B) Number of genes significantly hyper-
methylated that exhibit patterns of up-regulation or down-regulation. C) Number
of genes significantly hypo-methylated that exhibit patterns of up-regulation or
down-regulation.
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Figure 4.7: Differential methylation patterns between each bacteriocyte.

A) DNA methylation difference at promoter sequences between Nasuia
bacteriocytes and Sulcia bacteriocytes. Genes that exhibit significant methylation
and significant gene expression are indicated by colored circles. Each quadrant
is separated by their relationship between hypo-methylation, hyper-methylation,
up-regulation and down-regulation. B) Number of genes significantly hyper-
methylated that are shared by Nasuia bacteriocytes and Sulcia bacteriocytes
(denoted as Nasuia or Sulcia). C) Number of genes significantly hypo-methylated
that are shared by Nasuia bacteriocytes and Sulcia bacteriocytes (denoted as
Nasuia or Sulcia).
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B.

Nasuia Sulcia

methylation methylation  [Body mean  [Nasuia mean [Sulcia mean
Gene Product Nasuia gvalue|difference Sulcia gvalue |difference expression expression expression
translation initiation factor IF-2, mt 1.28E-03 5.572 1.27E-10 7.677 0.039 45.156 1.305
translation factor GUF1 homolog, mt 1.89E-03 6.085 5.56E-01 -0.902 0.353 25.485 368.611
bifunctional glutamate/proline--tRNA
ligase 1.85E-01 -7.221 7.37E-01 1.701 0.059 2.068 12.878
DNA polymerase alpha 2.56E-05 10.083 2.53E-04 -6.367 4.616 26.434 17.347
DNA-directed RNA polymerase Il subunit
RPB1 5.14E-06 8.625 5.40E-05 -5.782 0.088 0.252 2.875
mt basic amino acids transporter 3.78E-01 1.512 8.20E-10 6.875 0.229 184.150 864.858
RNA pseudouridine synthase 7.83E-03 10.148 1.06E-04 -11.868 0.000 72.439 3.858
Peptide deformylase 4.68E-25 16.699 4.54E-01 -0.857 0.000 23.036 1.531
elongation factor Ts, mt 1.55E-07 22.459 9.29E-01 0.367 0.598 1819.534 84.695
Peptide deformylase 5.33E-12 6.304 8.70E-01 -0.141 0.000 3.982 0.230
ribonuclease H1 3.96E-01 1.970 1.82E-02 3.365 1.023 372.074 19.174
B(0,+)-type amino acid transporter 3.15E-01 -3.934 2.69E-03 8.333 1.629 13.509 3.984
DNA-directed RNA polymerase Il
subunit RPC10 7.44E-03 3.067 5.45E-01 0.584 20.330 208.597 54.039
ranslation factor GUF 1 homolog, mt 5.43E-01 1.015 5.83E-02 2.154 10.930 713.614 287.020
genome maintenance exonuclease, mt 5.25E-03 7.112 2.46E-01 -2.402 1.131 2072.985 183.967
Isoleucine-tRNA ligase 5.55E-06 8.775 3.45E-01 1.470 0.073 17.403 294.909
3'-phosphoadenosine 5'-phosphosulfate
synthase 2.52E-01 3.931 1.53E-03 -11.818 32472 7491.896 455.106
phenylalanine--tRNA ligase, mt 4.62E-75 22.434 1.82E-06 4.742 25.422 199.851 58.913
3'-5' exonuclease 5.15E-32 25.081 1.92E-01 -2.169 0.112 630.243 32.276
aspartate--tRNA ligase 1.64E-01 -2.916 7.25E-01 -0.684 0.472 6.926 119.279
threonine--tRNA ligas 1.92E-27 16.389 7.63E-01 -0.429 0.084 188.760 11.169
NADP-dependent malic enzyme 1.24E-03 8.522 7.02E-03 -5.247 557.879 128.516 1730.025
cysteine--tRNA ligase, mt 1.14E-07 -14.404 3.94E-02 -3.365 12.737 140.157 150.837
B(0,+)-type amino acid transporter 1.57E-15 22.682 9.37E-01 -0.202 0.236 8.402 119.361
DNA ligase 3 1.03E-02 3.007 8.92E-05 3.132 5.063 13.089 59.424
pantothenate kinase 2.27E-06 -12.466 1.92E-09 -10.556 32.580 142.026 268.975
methionine--tRNA ligase 3.59E-01 2.564 7.76E-08 10.710 15.455 107.797 256.645
tryptophan--tRNA ligase, mt 1.02E-10 24.672 1.45E-02 7.978 15.746 70.014 13.043
arginine--tRNA ligase 1.29E-02 3.460 5.65E-01 0.593 29.270 48.512 126.216
mutS protein homolog 4 4.52E-04 -5.608 5.35E-03 -3.103 0.521 27.515 5.656
DNA polymerase theta 9.65E-06 13.752 9.31E-03 -7.575 0.377 1.878 1.144
DNA topoisomerase 2 0.0041644 4.563 6.53E-01 0.534 4.047 163.162 15.920

Figure 4.8: Differential methylation patterns in putative symbiosis support genes
between each bacteriocyte.
Putative symbiont genes identified in Mao et al. (2018) mapped their differentially
methylated promoter sequences. A) Genes that are significantly hypo-methylated
or hyper-methylated in either Sulcia or Nasuia bacteriocytes are colored. Genes
that show no significance in methylation differences in both bacteriocytes are in
grey. Each sample is labeled by the bacteriocyte that exhibited the highest up-
regulation according to mean gene expression from Mao et al. (2018). B) Table
showing numerical values for each putative symbiont support genes, including
their adjusted p-value (gvalue), their methylation difference and their mean gene

expression.
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