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Symbiosis occurs between organisms in all domains of life. The evolution of obligate
symbionts from free-living bacteria typically results in the loss of genes involved in metabolic
independence and an overall reduction in genome size. Outside the organelles, the most extreme
examples of genome reduction come from the intracellular symbionts of sap-feeding insects. The
genomes of these bacteria encode very few genes other than those involved in translation,
replication, and amino acid synthesis. Candidatus Hodgkinia cicadicola (Hodgkinia) and
Candidatus Sulcia muelleri (Sulcia) live in specialized insect cells (bacteriocytes) of the cicada
Diceroprocta semicincta, and have undergone severe gene loss. Hodgkinia in particular retains
one of the smallest gene sets of all bacteria, and even less than many organelles. As a result, the
Hodgkinia genome is left with a seemingly incomplete set of genes that are required for cellular
life, including core genes in the translational machinery. I analyzed a set of Hodgkinia genomes
and performed several experiments to uncover the constraints guiding the evolution of
Hodgkinia. What mutational and selective pressures are acting on the Hodgkinia genome? How
do essential cellular enzymatic reactions occur in Hodgkinia cells? Does the cicada host
complement Hodgkinia's limited genetic repertoire? How does the evolution of insect
endosymbionts compare to the evolution of organelles? My work provides answers to many of
these questions, and deepens our understanding of intracellular symbioses.
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Chapter 1: Introduction
1.1 Sap-feeding insects: ecological importance and feeding habits

There are over one million documented insect species, with 2-8 million estimated to exist
globally—far more than all other animals combined (Novotny et al. 2002; Engel 2015; Stork et
al. 2015). About 85%
of insects belong to
the Holometabola, the
monophyletic group
that undergo complete
metamorphosis
(Truman and
Riddiford 1999).
Another 11% are
comprised of the
Paraneoptera, the
superorder that contain
lice, thrips, and
hemipterans (Engel
2015). Only insects in
the order Hemiptera
feed solely on plant
sap (Figure 1). Their
defining characteristic
is a specialized
proboscis that is
hardened to pierce the
epidermis and cortex
of plant stems and
roots (Cobben 1978;
Engel 2015). The
transition to plant
feeding (phytophagy)
opened up a novel
resource for insects,

and was accompanied
by increased rates of endosymbionts
species diversification Figure 1. Cartoon cladogram adapted from Bennett and Moran 2015.
(Cobben 1978; Mitter Hemipteran insect phylogeny shown in grey with their microbial

et al. 1988). The symbionts colored according to key. Lineages assumed to have obligate
adaptive radiation of symbionts are represented with dotted lines. Common insect names for
phytophagous insects each group shown with symbionts' functional role. Citations in text.

resulted in an
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incredibly specious, but phylogenetically narrow clade; half of all insect species that feed on
plants belong to only 9 of 30 extant orders (Mitter et al. 1988; Bennett and O’Grady 2012).

Transitioning to exclusive sap feeding, however, came with several challenges to be
overcome before hemipterans could successfully utilize this resource (Sandstrom and Moran
1999; Douglas 2006). Namely, insects that feed on sap must eat and concentrate large volumes of
food that has low and unbalanced nutrient concentrations. The nutrient composition of phloem
sap is generally rich in carbohydrates (mostly sucrose), and contains some proteins and amino
acids (Hayashi and Chino 1986; Sandstrém and Moran 1999; Douglas 2006; Will et al. 2013;
Hijaz and Killiny 2014). The composition of xylem sap on the other hand contains about 10-fold
more dilute amino acids and proteins, and is largely devoid of carbohydrates (Jeschke et al. 1995;
Sandstrom and Moran 1999; Kehr et al. 2005; Christensen and Fogel 2011; Krishnan et al. 2011;
D’Mello 2015). In both, the amino acid composition is uneven and the nitrogen content low.
Asparagine comprises 75% of the amino acid content, although glutamine and aspartic acid can
rise to high levels during seasonal fluctuations (Sandstrom and Pettersson 1994; Grassi et al.
2002). To compensate for their nutrient-poor food, phloem feeding insect produce and expel
honeydew—a carbohydrate-rich substance that also contains high proportions of non-essential
amino acids (Douglas 2006). However, enriching nutrients cannot alleviate the insect from the
complete lack of some essential compounds from plant sap. For this reason, sap-feeding insects
have almost universally developed symbioses with microbes that can synthesize compounds
missing from their diets (Figure 1).

Sap-feeders affect plant productivity by causing tissue damage via feeding, laying eggs
(Meyer 1993; Zvereva et al. 2010; Stephens and Westoby 2015), and spreading microbial plant
pathogens (Hill 1987; Dedryver et al. 2010). The damage caused by sap-feeders may not be as
visually obvious as defoliating insects, but they cause a reduction in plant health as indicated by
reduced seed production, slower growth rates, and higher exposure to other herbivorous insects
(Crawley 1989; Zvereva et al. 2010). Range expansions into crop plants can be particularly
devastating. For example, in the late 19" century the grape vine pest Daktulosphaira vitifoliae
was introduced to Europe. These sap-feeding, gall-forming insects are closely related to adelgids
(Figure 1) and are native to Northern America, where grape vines are partially resistant. British
botanists brought D. vitifoliae to Europe, and they rapidly spread through vineyards. In France
alone, two-thirds of the vineyards were completely destroyed (Powell et al. 2013). Microbial
symbionts carried by the D. vitifoliae likely aid in the formation of damaging galls on grape
vines (Vorwerk et al. 2007; Powell et al. 2013). In an age of global commerce and monoculture
crops, particular attention should be paid to understanding if and how microbial symbionts
facilitate range expansions of invasive insects (Brown et al. 2013).

The sheer number of sap-feeding insects suggests they play key roles in natural
ecosystems. Cicadas in particular have been shown to provide substantial resource pulses that
support insectivores and provide nutrient-rich detritus material (Yang 2004; Menninger et al.
2008). Sap-feeding insects link plants, microbial communities, and larger animals through
trophic interactions (Hougen-Eitzman and Rausher 1994; Nowlin et al. 2007; Becerra 2015).
Insects can also connect different ecosystems through plant-mediated interactions; insects
feeding on above-ground plants affect insects feeding below ground by interspecific competition
(Johnson et al. 2012). Moreover, the sheer abundance of insects makes them significant carriers
of pathogens, which can infect both plants and animals (Elderd et al. 2013).

Chapter 1: Introduction 3



1.2 Functional role of endosymbionts in sap-feeding insects

Insect-bacterial symbioses were first documented by Robert Hooke in the late 17®
century (Hooke 1665). He described the microbe-harboring mycetomes [bacteriomes] in the
human body louse, although at the time he did not recognize that these organs housed bacteria,
nor did he guess their function. It was not until the late 19" century when the mycetomes of
plant-feeding insects were documented, probably most accurately by Leydig in 1850. Their
discovery led to extensive microscopic studies of many plant-feeders including aphids (Leydig
1850; Huxley 1858), phyllids (Metschnikoff 1866), ants (Blochmann 1884), scale insects
(Berlese 1893), cicadas (Heymons 1899), spittlebugs (Porta 1900), and weevils (Holmgren
1902). The discovery of morphologically similar organs across all of these insects was quite
curious, and many functions were proposed (Buchner 1965). At the time, the idea that these
organs carried symbiotic microorganisms was beyond conceptual reach, so these “albuminous
bodies” were often described as having some nutrient storage function (Metschnikoff 1866).
However, better histology combined with further description of their faithful transmission into
eggs supported the idea of stable microbial symbioses. While studying the eggs and symbiont
tissues of cockroaches, Blochmann wrote, “In the light of our present knowledge one can
scarcely do otherwise than declare these rodlets to be bacteria” (Blochmann 1884).

In 1909 the true function of mycetomes were published simultaneously and
independently by Umberto Pierantoni and Vytvateni Karel Sulc. Sulc was the first to use the term
mycetome during a lecture in Prague on November 5, 1909. Once their true function was
revealed, the research on hemipteran symbioses exploded. In his landmark book, Endosymbioses
of Animals with Plant Microorganisms, Paul Buchner described the contributions of Pierantoni
and Sulc: “With the publication of these reports it seemed as though a blindfold had been
removed from the eyes!” It was Buchner that likely contributed the most to symbiosis research in
his careful microscopy studies of many blood- and sap-feeding insects. His 1965 book
(translation from German) contains 371 figures, most hand drawn images of the symbiont-
containing tissues of many blood- and sap-feeing insects. Buchner's work ushered in an era of
insect symbiosis research. Through the 20™ century, microscopic studies were used to investigate
insects at all life stages, elucidating the unusual cellular biology of mycetomes, including multi-
nucleated or syncytial cells, migration of bacterial cells into eggs during development, and the
innervation of mycetomes with nutrient supplying trachea (Buchner 1965).

In the early 1970's, a series of explorative and manipulative studies uncovered the
primary role of bacterial symbionts in aphids (Auclair 1965; Dadd et al. 1967; Dadd and Krieger
1968). In short, a disparity was noticed between the amino acid content of aphids and their
phloem food source. When aphids were cured of their bacterial symbionts with antibiotics, their
growth was severely stunted. However, normal growth was restored by adding essential amino
acids to the aphid diet. The presence of the bacterium Ca. Buchnera aphidicola in most aphids
suggested its importance and aposymbiotic aphids reared without the ten essential amino acids
required by all metazoan have growth defects (Auclair 1965; Buchner 1965; Dadd et al. 1967;
Dadd and Krieger 1968; Mittler 1971; Douglas 1989; Douglas and Prosser 1992; Lai et al. 1994).
Incorporation of 14C, 15N, and 35S into essential amino acids from non-essential amino acids or
elemental atoms shows that Buchnera is likely responsible for essential amino acid synthesis

Chapter 1: Introduction 4



(Douglas 1988; Febvay et al. 1995; Sasaki and Ishikawa 1995). In 2000 the complete genome of
Buchnera from the pea aphid was published, showing a beautiful example of complementarity
between the nutritional needs of the aphid and the amino acid biosynthesis pathways present in
the Buchnera genome (Shigenobu et al. 2000). Of the 20 amino acids that bacteria can typically
make from metabolites and sugars, the genes present in the Buchnera genome suggest that it can
only make 10—precisely the ones needed by the aphid. In return, the aphid may provide
Buchnera with a suitable environment rich in carbohydrates, fatty acids, and other metabolites.
Phylogenetic analyses suggest that Buchnera was acquired by aphids 160-280 million
years ago (Moran et al. 1993). Over time, the host-restricted environment inhabited by Buchnera
has allowed many genes that overlap with services provided by the aphid host to be lost.
Depending on the aphid species, the Buchnera
genome has shrunk to 0.42-0.67 Mb, compared Iy
to its free-living relatives that have genome 70.42-0.67 Mb.
sizes around 5 Mb (Shigenobu et al. 2000; SZtRNAs
Moran and Mira 2001; Pérez-Brocal et al.
2006). Many of the genes lost are thought to be
dispensable when living in a restricted
environment (e.g. pathways for anaerobic
respiration), but some losses are uniquely
characteristic of obligate, intracellular 0.28 Mb
symbionts (e.g. genes involved in DNA repair, con ol
recombination and cell membrane synthesis).
Sequencing the aphid genome revealed that 0.14 Mb
while some genes have been transferred from 13 tRNAs
the Buchnera genome to the aphid genome, Cicada bacteriocyt 02
these transfers have been pseudogenized and
thus cannot offset gene loss in the Buchnera

Aphid bacteriocyte

A Tremblaya
genome (Nikoh et al. 2010). However, genes 0.42-0.1 Mb

transferred from other bacteria (e.g. Wolbachia) A

are upregulated in symbiont tissues,
implicating a symbiotic role of these gene
products (Nikoh et al. 2010). The protein
product from one of these genes localizes to
Buchnera cells, showing that the aphid host
uses genes acquired by horizontal gene transfer
(HGT) to support Buchnera (Nakabachi et al.
2014). Additionally, host-encoded amino acid

transporters gene farpi}ies are enriched in‘many in the host genome are colored to reflect the
endosymbiont containing insects, and amino diversity of donor species. Arrows indicate

acid transporters are found at the host-symbiont 1 o transport of gene products could
interface in aphids (Price et al. 2011; Duncan et

al. 2014; Price et al. 2014). Despite sharing
genetic resources, each organism retains its own signature of independence by encoding their
own translational machinery (e.g. ribosomal RNA and protein, tRNAs, and aminoacyl tRNA

endosymbiont systems. Each box represents a
membrane-bound compartment, with the
outermost being an insect cell that harbors
intracellular symbionts (bacteriocyte). HGTs

support the bacterial symbionts.
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sythetases (aaRSs)). Only the most extremely degenerate endosymbiont genomes lack these
genes.

Mealybugs (sub-order Sternorrhyncha) are phloem-feeding insects that feed on wild and
crop plants, posing a serious risk to several staple crops (Baumann 2005). The bacterial
symbionts that they carry are noted for their unique arrangement. In mealybugs that have two
bacterial symbionts, the more ancient one, Ca. Tremblaya princeps (hereafter Tremblaya),
harbors a second symbiont within its cytoplasm (McCutcheon and von Dohlen 2011). The
intrabacterial symbiont Ca. Moranella endobia (hereafter Moranella) has a much more gene-rich
genome than Tremblaya, suggesting that it was more recently acquired. In basal mealybug
lineages, only Tremblaya is present, providing an amazing glimpse into the genome evolution of
Tremblaya during a critical point in mealybug evolutionary history (Husnik et al. 2013).
Comparing the gene content of Tremblaya with and without Moranella clearly shows that the
acquisition of Moranella resulted in genome degradation in 7Tremblaya. 1 will elaborate more on
the particulars of genome structure and content evolution in this system in chapter 1.3, but for
now, it should be mentioned that essential amino acid production in mealybugs with the
Tremblaya and Moranella pair requires both bacteria and the mealybug host. The genomic and
transcriptomic data from this system show that pathways required for essential amino acid
production are partitioned between all three symbiotic partners. Some enzymatic steps are likely
fulfilled by genes on the Tremblaya genome, some by genes on the Moranella genome, and a few
by genes on the mealybug genome. Interestingly, several of the mealybug genes required are
actually horizontal gene transfers from diverse bacterial donors. These genes are highly
expressed in bacteriome tissue, strongly suggesting a functional role (Husnik et al. 2013).

While many endosymbionts in sap-feeding insects have a nutritional role, some can
provide insect hosts with other functions (Figure 1) (Hosokawa et al. 2007; Hedges et al. 2008;
Nakabachi et al. 2013; Kaltenpoth and Engl 2014). In aphids for example, alternative functions
of beneficial symbionts include reduced rates of viral infections, protection from pathogenic
fungi, resistance to parasitoid wasps, and higher heat tolerance (Oliver et al. 2010). The
gammaproteobacterium Regiella insecticola is present in about 16% of aphid species and reduces
the rate of infection by the entomopathic fungus Pandora neoaphidis by up to 5 fold (Ferrari et
al. 2004; Scarborough et al. 2005). Hamiltonella defensa is found in about 14% of aphid species
and reduceds the rate of parasitism by up to 100% (Oliver et al. 2005). Escape from pathogens is
an adaptation that precedes range expansions and speciation (Hardin 1960; Connell 1972; Takiya
et al. 2006; Bennett and O’Grady 2012). Understanding how microbial symbionts contribute to
evolutionary and ecological changes in their host provides us with important insight into the
potential benefits of symbioses. For example, aphids can be provided with instantaneous heat
tolerance with a simple symbiont switch by exchanging one Buchnera strain for another in the
laboratory (Moran and Yun 2015). No host adaptation is necessary to make this habitat shift.

1.3 Overview of endosymbiont genomics
By and large, bacterial genomes are single, circular molecules that contain on average 5
million basepairs (Mb) of DNA sequence (ranging from 0.112 to 17.5Mb). The genomes of

bacteria can be dynamic, with genome rearrangements and horizontal gene transfer between
bacteria occurring regularly (Smith et al. 1993; Joyce et al. 2002; Thomas and Nielsen 2005;
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Touchon et al. 2009). Additionally, bacteria are wildly diverse in terms of metabolic and
sequence diversity (Pace 1997). These characteristics are evident in the genomes of free living
bacteria, where the need to adapt to changing environmental conditions and interact with other
microorganisms requires a robust and ever-changing set of genes.

A clear transition in genome content occurs when bacteria become host associated (Mira
et al. 2001; Moran 2002; Wernegreen 2015). The first genomic changes are evident in recently
evolved facultative pathogens, which have slightly reduced genome sizes and a proportional
increase in virulence factors. Obligate (often intracellular) pathogens have these changes plus
may loose genes needed to sustain an extracellular lifestyle. Symbionts that become obligate and
mutually beneficial lack virulence factors and undergo rapid genome reduction. Obligate
mutualists that are very recently acquired can have average sized genomes, but often contain
many pseudogenes that have not yet been completely removed from the genome (Dale et al.
2003; Clayton et al. 2012). A group of Enterobacteriaceae called the Sodalis-allied symbionts are
particularly well known for frequently making the transition from free-living to host-associated
(Toju et al. 2010; Koga et al. 2013; Koga and Moran 2014; Oakeson et al. 2014). These bacteria
are clustered with species that live in soils, on trees, or other environmental substrates and give
rise to more derived, obligate insect endosymbionts like Baumannia, Blochmannia, Buchnera,
and Moranella. In grain weevils, Philaenine spittlebugs, and scale insects, Sodolis-allied bacteria
have established obligate symbioses with insect hosts, replacing old endosymbionts (Koga et al.
2013; Bennett et al. 2014). Sodalis-allied symbionts have increased amino acid substitution
rates, pseudogenization, and the proliferation of insertion sequence (IS) elements (Clayton et al.
2012). More derived Sodalis genomes are reduced in size and are lacking large sections of the
genome that encode virulence factors, along with continued pseudogenization.

As selection purges non-functional DNA, endosymbiont genomes experience massive
size reductions (Mira et al. 2001; McCutcheon and Moran 2012). Most endosymbionts that are
ancient and stably associated with their hosts (like Buchnera) have genomes which are greatly
reduced in size and gene content (Moran and Mira 2001). Buchnera for example, has a genome
size of ~0.5 Mb and is lacking many genes that are conserved in all free-living bacteria. These
genomes retain only the genes most critical for cellular life (energy production, metabolism,
replication, ect.) and always retain the genes needed to support the symbiosis (amino acid
production, defensive compound synthesis, ect.). An example of this is seen in the 0.46 Mb
genome of the citrus psyllid symbiont Ca. Profftella armatura (Nakabachi et al. 2013). A full
15% of the Profftella genome is devoted to the biosynthesis of polyktides, while Profftella has
completely lost the ability to synthesize any amino acids. In sharp contrast, the other citrus
psyllid symbiont, Carsonella-DC, has an incredibly dense genome of only 0.17 Mb that encodes
30 genes involved in amino acid biosynthesis. These examples show how the nutritional roles of
bacterial symbionts are clearly manifest in their genome sequences.

Endosymbiont pairs are common in Auchenorrhyncha (Figure 1), where the ancient
symbiont Ca. Sulcia muelleri is joined or replaced by newer symbionts (Moran et al. 2005; Koga
et al. 2013; Bennett and Moran 2015). In the many instances where a co-symbiosis is established,
convergent loss of genes occurs in the newly established symbiont so that they retain only genes
needed to complement Sulcia in their supplementation of the host insect (McCutcheon and
Moran 2010). Across all of Auchenorrhyncha, Sulcia is highly conserved and has very low
substitution rates (Moran et al. 2005; McCutcheon et al. 2009a; Bennett et al. 2014). Its genome
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size varies from about 0.19 to 0.28 Mb, and its genomic GC content is consistently between 21 to
23%. This genome has remained essentially unchanged in gene content and genome synteny for
at least 200 million years (McCutcheon and Moran 2010). The cosymbionts of Sulcia vary
among host insects. In spittlebugs, Sulcia is accompanied by Ca. Zinderia insecticola, a
betaproteobacterium with a 0.2 Mb, 13.5% GC genome which complements Sulcia in the
biosynthesis of histidine, methionine, and tryptophan. In leathoppers, Sulcia is joined by Ca.
Nasuia deltocephalinicola, a close relative of Zindera (Bennett and Moran 2013). The Nasuia
genome is only 0.112 Mb in length, 17% in GC content, and makes histidine and methionine, but
not tryptophan (Bennett and Moran 2013). This is also true for the sharpshooter symbiont Ca.
Baumannia cicadellinicola, except that this bacterium is a gammaproteobacterium with a genome
size of 0.7 Mb and contains additional genes for vitamin biosythesis and amino acid membrane
transport (Moran et al. 2003; Wu et al. 2006). Cicadas harbor Sulcia and Ca. Hodgkinia
cicadicola (McCutcheon et al. 2009a; McCutcheon et al. 2009b). Hodgkinia is an
alphaproteobacterium with a highly reduced genome that complements Sulcia in producing the
10 essential amino acids needed by their insect host. I will discuss this symbiont pair in much
greater detail in the last section of the introduction.

Despite their frequency across diverse insect species, there is little evidence addressing
why symbiotic mutualistic consortia are so common. Certainly, there must be evolutionary
hurdles to overcome before mutualists become so intimate that they share most of the metabolic
duties needed for cellular life. Many examples of microbe-microbe and microbe-animal
symbioses are observed in nature and through symbiosis the ecological range and metabolic
capabilities of the combined partners are often advantageous (Greenberg 2003; Tyson et al. 2004;
Ueda et al. 2004; Woyke et al. 2006). Models suggest that the formation of symbiotic pairs is
evolutionary favored in the right conditions (Estrela et al. 2015; Kiers and West 2015; Kiimmerli
et al. 2015; Pande et al. 2015).

With notable exceptions (like Sulcia), the typical evolutionary trajectory of
endosymbionts is genome degradation to an unknown end-point (Bennett and Moran 2013;
Moran and Bennett 2014; Bennett and Moran 2015). The Tremblaya genome from the mealybug
species Planococcus citri (PCIT) is incredibly degenerate, containing only ~120 protein coding
genes (McCutcheon and von Dohlen 2011). Amazingly, this genome is missing some of the most
important genes known to cellular life, including all aminoacyl tRNA sythetases (aaRSs).
Hodgkinia is also quite degenerate and contains only 10 of the required 20 aaRSs (McCutcheon
et al. 2009b). This level of gene loss, combined with the frequency of symbiont replacement in
hemipterans suggests a process whereby symbionts are acquired, used until their genomes
become completely destroyed by mutation, then replaced with fresh symbionts (Bennett and
Moran 2013; Bennett and Moran 2015). Why some symbionts like Sulcia and Buchnera persist
over very long periods of time, remains a mystery.

One potential mechanism to buffer against fluctuations in symbiont consortia is for the
host itself to facilitate these symbioses. The genomes of aphids, mealybugs, whiteflies, and
psyllids have experienced massive gene family expansions of amino acid transport genes
(Duncan et al. 2014). Presumably, these expansions have improved amino acid exchange at the
symbiosomal membrane (Price et al. 2011; Duncan et al. 2014). Aphids have additional
adaptations that have not yet been discovered in other symbiont-harboring insects. Through gene
loss and transcriptional regulation, aphids have reduced immunological responses to bacterial
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infections (Gerardo et al. 2010; Burke and Moran 2011a). Horizontal gene transfer from bacteria
to the insect genome could also facilitate symbiosis. The Planococcus citri mealybug, for
example, has acquired genes by HGT that are complementary to the metabolic pathways present
in Tremblaya and Moranella (Husnik et al. 2013). Incredibly, these HGTs are not from
Tremblaya or Moranella, but instead from a phylogenetically diverse set of bacterial donors that
were presumably associated with mealybugs at some point in their evolutionary history. Pea
aphids also have HGTs, although the source bacteria of their HGTs are phylogenetically distinct
from the mealybug donors (Nikoh et al. 2010; Husnik et al. 2013). HGTs from bacteria are quite
common in insect genomes however; entire Wolbochia genomes exist in the genome of
Drosophila ananassae (Hotopp et al. 2007). Functional HGT is less frequently observed and
stands as one of the last characteristics differentiating endosymbionts from organelles. This will
be discussed later in the introduction. Host adaptation, obviously, does not require HGT. Surely,
as more insects harboring degenerate microbial symbionts are studied, further adaptations will be
discovered that inform our understanding on the evolutionary potential of symbiotic partnerships.

1.4 Molecular evolution of endosymbionts

Strictly intracellular mutualists have higher substitution rates than their free living
relatives (Moran et al. 1993; Woolfit and Bromham 2003). The factors that impact substitution
rate include mutation rate, DNA repair, recombination, purifying selection, and genetic drift.
Although mutation rate has not been measured for any nutritional endosymbiont, it is
hypothesized that elevated mutation rates in these bacteria contribute to their increased
substitution rate (Itoh et al. 2002; Marais et al. 2007; Hershberg and Petrov 2010; Hildebrand et
al. 2010; Van Leuven and McCutcheon 2011). Measurements made on cultivable organisms
show little variation in mutation rates across divergent taxa, suggesting that selective processes
or loss of DNA repair mechanisms are responsible for lineage specific increased substitution
rates (Drake et al. 1998; Ochman et al. 1999). As many endosymbionts with reduced coding
content are missing key enzymes involved in DNA repair (Hodgkinia is missing mutS, mutL, and
mutH), this explanation seem likely, albeit unsupported by experimental evidence (McCutcheon
2010; McCutcheon and Moran 2012). The only genes involved in DNA repair and replication
universally conserved in reduced endosymbiont genomes are the alpha (dnaE) and epsilon
(dnaQ) subunits of DNA polymerase 111, although even these genes are missing from some
genomes in the Hodgkinia genome complexes of some cicada species, the Portiera genome, and
the Uzinura genome (Sabree et al. 2013; Sloan and Moran 2013; Van Leuven et al. 2014;
Campbell et al. 2015). Also missing from most endosymbiont genomes are enzymes involved in
DNA recombination (recA, recF and the uvr operon), preventing DNA repair by homologous
recombination, although some recombination does occur even in bacteria missing these genes, by
some unknown mechanism (Dale et al. 2003; McCutcheon and von Dohlen 2011; Sloan and
Moran 2013; Van Leuven et al. 2014). Adding insult to injury, nutritional endosymbionts only
live in insect cell cytoplasm and are transmitted transovarially in small numbers, so their
effective population sizes are much smaller than free-living bacteria (Mira and Moran 2002).
Thus, the evolution of strict intracellular mutualists is characterized by relaxed purifying
selection, rapid sequence evolution, and gene loss due to deletional biases (Moran 1996; Mira et
al. 2001; Woolfit and Bromham 2003; Hershberg et al. 2007; Van Leuven and McCutcheon
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2011). Indeed, genome-wide dN/dS is elevated in insect endosymbionts, even above values
calculated for strictly clonal bacteria (Kuo and Ochman 2009; Hershberg and Petrov 2010; Van
Leuven and McCutcheon 2011; Burke and Moran 2011b; Van Leuven et al. 2014).

1.5 Comparison of nutritional endosymbionts and organelles

Mitochondria are the evolutionary end-product of symbiosis between an intracellular
alphaproteobacterium and a primitive eukaryote (Gray et al. 1999). Despite the differences
between mitochondria and Hodgkinia, their translation systems are worth comparing because
both have undergone severe genome reduction in the cytoplasm of eukaryotic cells (Figures 3
and 4), and like organelles, it is likely that degenerate endosymbiont genomes require
coordination with host cells for function (Timmis et al. 2004; Gray 2012; Pett and Lavrov 2015).
Mitochondria have lost all of their aaRS genes, but many retain a minimal number (~25) of
tRNA genes (Suzuki et al. 2011; Burger et al. 2013; Salinas-Giegé et al. 2015). Only 13 non-
redundant tRNA genes (16 total) and 10 aaRSs can be identified in the Hodgkinia genome
(McCutcheon et al. 2009b). Even for insect nutritional endosymbionts, this is a very reduced
gene set. In contrast, Buchnera strains have 31-32 tRNA genes and a full complement of 20

Figure 3. Hodgkinia and organelles conserve a similar set of tRNA genes. Among all codons,
those shaded in gray have tRNA genes that are highly conserved in mitochondria, chloroplasts,
and plastids genomes. Darker shades indicate higher conservation. Hodgkinia encodes tRNAs for
codons with purple boxes around them. Red lettering indicates a codon reassignment in
Hodgkinia.

aaRSs (Hansen and Moran 2012). However, the Hodgkinia genome encodes all 61 possible
codons, and shotgun proteomics revealed that all 20 amino acids are used in Hodgkinia proteins
(McCutcheon et al. 2009b). How Hodgkinia could carryout translation with so few tRNAs and
aaRSs is unknown, but a few hints may be gained from reviewing how translation works in
eukaryotic organelles, which encode similar sets of tRNA genes (Figure 3).

It is now clear that aaRS genes that were lost from mitochondrial genomes were
transferred to the nuclear genome and subsequent import of aaRS proteins and tRNAs across the
mitochondrial membrane occurs (Schneider 2011). However, the mitochondrial version of
aaRS"™* and aaRS" have been completely lost and are replaced by splice variants of their nuclear
equivalent (Schneider 2011). The mechanisms facilitating tRNA import and the extent to which it
occurs are still not well understood, but membrane transport is known to occur through
independent and co-import mechanisms (Rubio and Hopper 2011). Mitochondrial translation is
now completely controlled by the host, as the host regulates the expression of mitochondrial
aaRS genes and the membrane proteins responsible for transport of tRNAs and aaRS. This
scenario provides the potential for conflict to occur between organelle and host, which face very
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different evolutionary pressures. On one hand, organelles are semi-autonomous in that they
divide by binary fission, and do not undergo meiosis like the genomes of their hosts. And despite
accumulating evidence on the frequency and extent of mitochondrial recombination between
distinct lineages (Eyre-Walker et al. 1999; Alverson et al. 2011; Rice et al. 2013; Sanchez-Puerta
etal. 2015; B. Wu et al. 2015; Z. Wu et al. 2015), the general picture of organelle evolution is
that of stability; most mitochondrial genomes encode the same set of genes (Gray et al. 1999)
and are like tiny bacterial genomes (Burger et al. 2013). Eukaryotic genomes however, have
complex genomic architectures, sexual recombination (except asexual eukaryotes), and different
effective population sizes than their organelles (Cooper et al. 2015). These differences in
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evolutionary pressures acting on host and organelle genome can cause conflict between cellular
components that must interact for function of the organelle (Meiklejohn et al. 2013; Chou and
Leu 2015). Nevertheless, most organellar proteins are encoded on the host genome. Do bacteria
lacking conventionally essential genes—Ilike Sulcia and Hodgkinia—import the missing cellular
components like organelles? Have these bacteria cooped an entirely different strategy allowing
loss of tRNA and aaRS genes? How does the interplay between interacting host-encoded proteins
and bacterially-encoded proteins influence the evolutionary dynamic of the partners? My thesis
seeks to address these questions, using the cicada symbiosis as a model.

1.6 The endosymbionts of the cicada Diceroprocta semicincta

Cicadas have a unique life history that is not shared by any other insect (Williams and
Simon 1995). Like their close relatives, the spittlebugs, cicadas feed on plant xylemsap (Meyer
1993). However, cicadas feed almost exclusively on plant roots while in the nymphal stage of
their life cycle. Depending on the cicada species, the nymphal stage can last between 1-17 years.
At the appropriate time, entire broods synchronously emerge from underground to mate. After
mating, females lay eggs in twigs and die. The eggs hatch a few months later and the nymphs
drop to the ground to repeat the cycle.

Despite their unique lifestyle and global distribution, only one cicada symbiont
metagenome was published before my thesis work (McCutcheon et al. 2009b). The Sulcia-
Hodgkinia symbiont pair in this species is so far completely unique in its lack of combined aaRS
genes, making this system particular interesting for learning about genome complementarity in
mutualistic symbionts. The Sulcia genome is very similar to other Sulcia genomes in the
Auchenorrhyncha, but Hodgkinia displays several unusual characteristics. Its genome is small
(143,795 bp), its genomic GC content is very high (58.4%) for such a small genome, and it uses
an alternative genetic code in which the base triplet UGA encodes for tryptophan instead of
signaling for the termination of translation (McCutcheon et al. 2009b). While there are a few
examples of smaller sized genomes, most other genomes of this size have genomic GC content
of 15-20%. The only other exception to this rule is Tremblaya PCIT, which has a genomic GC
content of 58.8% and a total genome size of 138,927 bp. A complete gene count reveals about
169 protein coding genes, of which about 140 can be assigned some hypothetical function, 16
tRNA genes, and 1 ribosomal operon. Conspicuously missing are 10 aminoacyl tRNA sythetase
genes, many tRNA genes need to read all codons, RNase P, tmRNA, an ATP synthase, genes
involved in cell membrane biosythesis, the majority of genes involved in DNA repair, and nearly
all genes involved in metabolism. However, it is really only the apparent loss of genes involved
in translation that is unusual for genomes smaller than 200,000 bp.

With dozens of bacterial genomes smaller than 0.75 Mb now available, it is largely
recognized that a complete loss of almost all genes involved in metabolic processes is tolerable
in the intracellular environment. Similarly, it is seemingly acceptable to loose most genes
involved in DNA replication and translational control. A few subunits of the core DNA
holoenzyme (holA, dnaQ, dnaN, dnaX) are present in most bacterial genomes that are smaller
than 0.75 Mb, while DNA repair enzymes like mutS are almost always lost early on. Parts of the
TCA cycle and electron transport pathways are retained in some sub-0.75 Mb genomes, but are
mostly gone in sub-0.5 Mb genomes, although several cytochrome C oxidase and ATP synthase
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genes remain in even the most degenerate bacterial genomes. Given the currently available sub-
0.5 Mb genomes, three stand out in their extent of gene loss: Hodgkinia, Tremblaya, and Nasuia.
All three have lost at least half of the 20 required aminoacyl tRNA sythetase (aaRS) genes, the
ability to generate ATP, and the ability to make their own cellular membranes. The Nasuia/Sulcia
pair is unique among the three listed above in having lost the most aaRS genes between the
symbiont pair; together they retain only 9. The Hodgkinia/Sulcia pair is unique in having fewer
than 20 combined aaRS genes, and in Hodgkinia encoding insufficient tRNA genes (Nasuia has
30). Tremblaya PCIT is unique in have the most degenerate genome, with no aaRS genes and
only 7 tRNA genes. However, its intrabacterial endosymbiont, Moranella, contains a complete
complement of both. How do these organisms survive? Are the hosts or co-symbionts supplying
tRNAs and aaRSs? Are the degenerative processes occurring in these symbionts homologous to
the process that occurred to organelles billions of years ago? How common is severe genome
degeneration and what is its endpoint?

The primary focus of my thesis to better understand the evolutionary processes shaping
endosymbiont genomes. My results will help us understand animal-microbe symbioses, bacterial
genome evolution, and the formation of organelles. Each part of my thesis provides answers to
these questions, but also raises many more as we discovered unusual biology in the cicada
symbiosis. In chapter two, I investigate the mutational pressures acting on the Hodgkinia genome
to test if mutation or selection is shaping the nucleotide content of Hodgkinia. I show that like
most bacteria, Hodgkinia has a strong mutational bias and should have an AT-rich genome. This
suggests that another process such as purifying selection is responsible for Hodgkinia's high GC
content, which is perplexing because it is typically thought that selection is greatly relaxed on
endosymbiont genomes. In chapter 3, I sequence and compare Hodgkinia genomes from three
distantly related cicada species. I show that nucleotide content, gene content, and genome
structure can vary drastically between cicada species. In some cicadas, unusual “speciation”
events result in two or more cellularly distinct, but interdependent Hodgkinia lineages within a
single cicada host. Chapter four addresses the conspicuously depleted gene set found in all the
Hodgkina genomes that we have sequenced so far. I test if Hodgkinia and Sulcia tRNAs are
processed despite missing the genes that encode for the enzymes that carry out these processing
reactions. I also look for unconventional tRNAs in these genomes that might have been missed
by traditional computational scans of the genome. Chapter five is the last chapter that presents
data. Here I look for evidence that the cicada host is supporting Hodgkinia and Sulcia. I find
upregulation of host genes involved in tRNA maturation, which is highly suggestive of host
complementation. Although not conclusive, the apparent localization of some of these host-
encoded proteins in Hodgkinia cells confirms this supportive role.
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Chapter 2: Nucleotide content diversity in Hodgkina genomes
Published as, Van Leuven JT, McCutcheon JP. 2012. An AT Mutational Bias in the Tiny GC-Rich
Endosymbiont Genome of Hodgkinia. Genome Biol Evol 4:24-27

Summary

The fractional guanine-cytosine (GC) contents of sequenced bacterial genomes range from

13% to 75%. Despite several decades of research aimed at understanding this wide variation, the
forces controlling GC content are not well understood. Recent work has suggested that a
universal adenine-thymine (AT) mutational bias exists in all bacteria and that the elevated GC
contents found in some bacterial genomes is due to genome-wide selection for increased GC
content. These results are generally consistent with the low GC contents observed in most strict
endosymbiotic bacterial genomes, where the loss of DNA repair mechanisms combined with the
population genetic effects of small effective population sizes and decreased recombination
should lower the efficacy of selection and shift the equilibrium GC content in the mutationally
favored AT direction. Surprisingly, the two smallest bacterial genomes, Candidatus Hodgkinia
cicadicola (144 kb) and Candidatus Tremblaya princeps (139 kb), have the unusual combination
of highly reduced genomes and elevated GC contents, raising the possibility that these bacteria
may be exceptions to the otherwise apparent universal bacterial AT mutational bias. Here, using
population genomic data generated from the Hodgkinia genome project, we show that Hodgkinia
has a clear AT mutational bias. These results provide further evidence that an AT mutational bias
is universal in bacteria, even in strict endosymbionts with elevated genomic GC contents.
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2.1 Introduction

The Smallest Bacterial Genomes Tend to Be Strongly AT Biased, with the exception of Hodgkinia
and Tremblaya

Genome reduction in bacteria is usually associated with a genome-wide shift towards
increased AT content (Moran 2002; Bentley and Parkhill 2004; McCutcheon et al. 2009). This
pattern is especially pronounced in bacteria that live exclusively in the cytoplasm of host cells;
for example, the two most extremely AT biased bacterial genomes yet reported are from the
insect nutritional endosymbionts Candidatus Zinderia insecticola (13.5% GC) (McCutcheon and
Moran 2012) and Candidatus Carsonella ruddii (16.5% GC) (Nakabachi et al. 2006). Two
mechanisms are thought to explain the reduced GC content of endosymbiont genomes. First,
endosymbionts tend to lose genes involved in DNA repair and recombination during genome
reduction (Dale et al. 2003; Moran et al. 2008), which increases the load of unrepaired DNA
damage. Second, endosymbionts have small effective population sizes and reduced rates of
recombination, which reduces the efficacy of selection and allows more slightly deleterious
mutations to be fixed by random genetic drift (Moran 1996; Woolfit and Bromham 2003).
Combined with what seems to be an AT mutational bias in bacteria lacking DNA repair enzymes
(Lind and Andersson 2008), these forces are thought to shift the GC-AT equilibrium towards AT
in endosymbiont genomes. Until recently, empirical data from complete bacterial genomes
universally supported this hypothesis. Remarkably, the only two known exceptions to this trend
are from bacteria with the smallest reported genomes: Candidatus Hodgkinia cicadicola (hereby
referred to as Hodgkinia for simplicity, 144 kb, 58.4% GC (McCutcheon et al. 2009)) and
Candidatus Tremblaya princeps (Tremblaya, 138 kb, 58.8% GC (McCutcheon and von Dohlen
2011)). Hodgkinia is a member of the Alphaproteobacteria, a group in which most free-living
members have GC-rich genomes, and most obligate intracellular members have reduced
genomes that show the expected decrease in GC content (McCutcheon et al. 2009). These
observations led to the hypothesis that the high GC content of Hodgkinia resulted from the
retention of a GC mutational bias that was present its free-living alphaproteobacterial ancestor
(McCutcheon et al. 2009). That the GC content at the 3rd position of 4-fold degenerate codons
(GC4) in Hodgkinia is higher than the overall GC content in the genome (62.5% vs. 58.4%)
seemed to support this hypothesis, as these positions are expected to be under little or no
selection for protein-coding sequence, and were therefore thought to more clearly reflect the
mutational biases inherent in Hodgkinia’s replication machinery (McCutcheon et al. 2009).

Recent Work Suggests that all Bacteria Have an Inherent AT Mutational Bias

Two recent reports provide evidence that an AT mutational bias exists in all bacteria
(Hershberg and Petrov 2010; Hildebrand et al. 2010). The authors of both papers conclude that
selection for increased GC content, or a selection-like process such as biased gene conversion
(BGC), is the most likely explanation for the diverging patterns of AT biased mutation and GC
biased substitution observed in most bacterial genomes (Hershberg and Petrov 2010; Hildebrand
et al. 2010). Both papers also single out Hodgkinia as an outlier and possible exception to this
rule (Hershberg and Petrov 2010; Hildebrand et al. 2010). To help clarify the roles of mutational
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biases and selection on the GC content of the Hodgkinia genome, we sought to determine the
direction of Hodgkinia’s mutational bias (if any) from existing population data generated during
genome sequencing.

2.2 Measuring mutation in pooled DNA samples

Single Nucleotide Polymorphisms in the Hodgkinia Genome Reveal an AT Mutational Bias

The published Hodgkinia genome was generated by combining samples from 10 wild-
caught individuals of the cicada Diceroprocta semicincta (McCutcheon et al. 2009). We reasoned
that it might be possible to calculate mutational patterns from these population genomic data. We
first reconfirmed that the pooled sample was from a single species of cicada by verifying a low
level of sequence polymorphisms in the mitochondrial cytochrome c oxidase I (COI) sequence of
the cicada (about 0.6% of 815 sites were polymorphic, well within the 1-2% divergence levels
typically seen in conspecific pairs of animal COI sequences (Hebert et al. 2003)). We then
calculated the number of single nucleotide polymorphisms (SNPs) in the Hodgkinia genome
falling into all possible nucleotide change categories, and found that the majority of mutations
(115 of 179, or 64%) were in the GC to AT direction. (The Tremblaya genome was generated
from only 3 lab-reared insects, and no high-quality SNPs were observed in these data.)

2.3 Direction of mutation in Hodgkinia from D. semicincta

To unambiguously

assign a mutational direction 06 B Synonymous

to the SNPs, we used a draft B Non-synonymous -
Hodgkinia genome assembly 0.5 T

from a closely related but

undescribed cicada species § 0.4

(referred to here as the %

cryptic species) as an L 03

outgroup to verify the 5 L
ancestral state of each ©

position where a SNPwas = 02

identified (see

Supplementary Materials for 0.1

a complete description of the W—| Iﬂﬂ m

methods). The pairwise 0 —

nucleotide divergence G-C,C-G G-T,C-A AT T-A ACTG GACT AGTC
between partial transversions transitions
mitochondrial CO1 Figure 1. The majority of SNPs in the Hodgkinia genome are G
sequences from to A or C to T transitions and collectively show a pronounced AT
Diceroprocta semicincta and muytational bias. SNPs are shown as a percentage of the total

the cryptic species was number in each category (synonymous, nonsynonymous, and
3.5%. Of the 179 SNPs intergenic sites).
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initially identified, 12 were not covered by contigs from the cryptic species. These 12 were
removed from the dataset, resulting in 167 SNPs in which the direction of mutation could be
confidently determined (Figure 1, Table 1, Table S1). The expected equilibrium GC content
(GCeq) given the mutational patterns observed in the polarized data is 42%, significantly lower
that the observed genomic value of 58% (Table 1).

Table 1. Raw SNP counts, mutation rates, and expected GC equilibrium values for synonymous
(S), nonsynonymous (NS), and intergenic (IG) sites.

Counts Rates
Number of GC — AT Number of AT — GC rec At FaT—GC Current GC GCeq
S 54 (43-67) 31 (22-40) 19 x 1073 1.9 x 1073 63 50 (40-58)
NS 40 (29-51) 19 (12-26) 8.0 x 107 4.9 x 107* 56 33 (27-50)
IG 12 (7-19) 6(2-10) 26 x 1073 17 x 1073 56 9 (17-56)
All 106 (89-122) 56 (44-68) 1.3 x 1073 9.5 x 107* 58 42 (36-49)

NoTe.—The numbers in parentheses are 95% confidence intervals; significant values are bolded. The values do not sum to 167 because five SNPs did not alter the GC content
(i.e., a G to C mutation).

2.4 Effects of purifying selection on segregating polymorphisms

To estimate the strength of selection acting on these SNPs, we calculated the ratio of non-
synonymous and synonymous polymorphisms per non-synonymous and synonymous site
(dN/dS), and found evidence for weak purifying selection (dN/dS = 0.37). This value is slightly
lower but consistent with values reported previously for populations of clonal bacterial
pathogens, which range from 0.45 to 0.64 (Hershberg and Petrov 2010). Differences in the
magnitude of dN/dS need to be interpreted with caution in this situation, as this measure assumes
that sequence polymorphisms are fixed substitutions between species, not intraspecific mutations
segregating in a population (Kryazhimskiy and Plotkin 2008). Some SNPs in the pooled dataset
include those at high frequencies, and we assume that these SNPs have been segregating in the
population for some time and may have been exposed to significant levels of purifying selection.
To assess whether we could measure differences in (1) the levels of purifying selection and (2)
the magnitude of the AT mutational bias for SNPs partitioned into different frequency bins, we
calculated dN/dS and GCeq values for SNPs binned at 0.1 frequency intervals (Figure 2). As ten
individuals were pooled for sequencing, an ideal experiment would reveal SNPs clustering at
frequencies of 0.1, 0.2, 0.3 and so on up to 0.9. We did not observe an increased number of SNPs
near these expected frequencies, and attribute this non-ideal behavior to numerous potential
experimental and computational artifacts (see Supplementary Methods for a full discussion).
Nevertheless, these results confirm that SNPs present in the population at lower frequencies have
been exposed to less purifying selection (indicated by a higher dN/dS value) and are more
strongly AT biased than SNPs present at higher frequencies (Figure 2). For example, the GCeq
content of the Hodgkinia genome is calculated to be 37% using only SNPs called at a frequency
of 0.1 or less, lower than the 42% calculated when all SNPs are included. The true Hodgkinia
GCeq is therefore probably closer to 37%, or perhaps even lower. From these data, we conclude
that Hodgkinia has an AT mutational bias.
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2.5 Genomic GC content of Hodgkinia genomes

Sequenced 16S PCR product from a number of Hodgkinia species suggest that the
genome GC content of Hodgkinia many vary dramatically between cicada hosts (McCutcheon et
al. 2009 and
unpublished). To
confirm this, we
sequenced the
metagenomes from 0.8
the cicada species
Tettigades ulnaria,

0.9

Tettigades undata, 07
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tredicium, which have ©

genomic GC contents 0.5
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SNP Frequency

unprecedented in any (#SNPs)
other set of Figure 2. Plotting GCeq (gray line) and dN/dS (black) at different SNP
monophyletic

frequency cutoffs shows that SNPs present at lower frequencies (which
are likely more recent mutations) have been subjected to less selection
and are more AT biased.

bacterial sub-species.
Strangely, the
genomic GC content
of the mealybug symbiont Tremblaya is also quite variable, with the published genome varing
from 42- 59%, and the unpublished genomes dropping well below 42% (McCutcheon and von
Dohlen 2011; Husnik et al. 2013). It is unknown why these groups of bacteria have such a broad
range of genomic GC content, although, we do propose that purifying selection is relaxed on the
Hodgkinia genomes of some cicada species (see chapter 3).

2.6 Discussion
Why Does Hodgkinia Have an Elevated Genomic GC Content?

While our data clearly show an AT mutational bias in Hodgkinia, they do not directly
implicate the force(s) responsible for the disparity between the observed patterns of mutation and

substitution. Hershberg, Hildebrand and co-workers suggest selection, or a selection-like process
such as biased gene conversion, as the force driving the difference in bacteria (Hershberg and
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Petrov 2010; Hildebrand et al. 2010). In bacteria, biased gene conversion involves horizontal
gene transfer, recombination and DNA repair-based mechanisms (Rocha and Feil 2010). As
Hodgkinia encodes no gene homologs capable of these processes (McCutcheon et al. 2009),
biased gene conversion seems unlikely to be responsible for Hodgkinia’s elevated GC content.
Therefore, it appears that an unidentified selective force (or forces) is the most likely explanation
for the GC bias in the Hodgkinia genome, although other explanations cannot be ruled out given
the present data. For example, it is possible that GC content in Hodgkinia is mostly driven by
mutational patterns, and that it recently underwent a shift from a GC to an AT mutational bias.
Were this true, we would have had to have measured the mutational pattern soon after the change
from a GC to an AT bias, but before this shift had the chance to alter the genome-wide nucleotide
composition. This seems unlikely based simply on parsimony. Rather, given the results of
Hershberg, Hildebrand and co-workers, we favor the explanation that Hodgkinia has, and has
always had, an inherent AT mutational bias.

Our results seem to present a paradox in the way that the population genetics of
endosymbionts are normally considered. The prevailing view that endosymbionts have less
efficacious selection resulting from reduced effective population sizes (Moran 1996; Andersson
and Kurland 1998; Woolfit and Bromham 2003) fits well with some features of the Hodgkinia
genome, in particular with its tiny size and overall rapid rate of sequence evolution. The disparity
between Hodgkinia’s AT biased mutational pattern and GC biased genome does not fit easily into
this framework, as these results seem to require either an atypically large effective population
size for Hodgkinia or an unusually large selection coefficient for each individual AT-GC
polymorphism in the population, or some combination of the two. It is possible that the
population size of the host cicada is large and thus inflates the effective population size of
Hodgkinia; theoretical work has shown that host population size can have large effects on
mutation accumulation in Buchnera aphidicola in the context of its symbiosis with aphids (Rispe
and Moran 2000). Why G or C nucleotides would be globally favored over A or T nucleotides is
unclear, and is an interesting area of future study.

Hodgkinia is found as a symbiont throughout the cicada lineage (data not shown), and it
will be of interest to examine the GC contents and mutational biases of Hodgkinia across the
diversity of cicadas. If GC-poor lineages of Hodgkinia are found, then it may be possible to
narrow the list of possible selective forces responsible for the elevated GC levels in Hodgkinia
from D. semicincta, by considering factors such as the environmental conditions and population
structures of the insect hosts. The mutational results reported here would predict that a lineage of
Hodgkinia in which the selective restraints on elevated GC were severely reduced or eliminated
would have a genomic GC content as low as, or possibly lower than, 37%.

2.7 Methods and supplementary materials

Identification of SNPs in the Hodgkinia genome from Diceroprocta semicincta. A total of
179 SNPs were identified in the Hodgkinia genome generated from 10 pooled Diceroprocta
semicincta individuals by combining the output from the 454 GSmapper software (using default
parameters and only considering the “high-quality” SNPs written to the HCDiffs.txt file) and
SWAP454 (relevant parameters for MapNQSCoverage: MIN QUAL=15 NQ=10; relevant
parameters for CallPolymorphismsFromMap: MIN_RATIO=0 MIN_READS=2
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NEED RC=True). A total of 139 and 166 SNPs were identified using GSmapper and SWAP454,
respectively; 126 were called by both programs. All SNPs were verified by manual inspection.

Polarization of SNPs using a draft Hodgkinia genome assembly from an undescribed but
closely related cicada. During an unpublished, initial attempt at sequencing the Hodgkinia
genome, DNA from the target species (D. semicincta) was unintentionally sequenced in
combination with an unknown, but clearly distinct cryptic Diceroprocta species (hereby referred
to as the “cryptic” species). The published Hodgkinia genome was generated in a completely
separate subsequent experiment, and the SNPs were called from these data. In the initial mixed
species assembly, several Hodgkinia contigs of equal length were present as duplicates, with
pair-wise sequence identities of about 95% between homologous contigs. Some regions of the
two Hodgkinia genomes were assembled together because of increased sequence identity (e.g.,
as in fig. S1C), but the majority of the genome (approximately 70%) fell out into two easily
separable contig sets (e.g., as in fig. S1B). We verified the presence of two cicada species in this
mixed dataset by identifying distinct insect mitochondrial COI sequences in the genome
assembly data; this was verified by PCR and Sanger sequencing of a pinned individual of the
cryptic species (the pairwise differences between COI sequences from D. semicincta and the
cryptic species was 3.5%). Hodgkinia contigs from the cryptic species alone, as well as the
mixed-species contigs, were used to polarize the direction of mutation in the pure sample of D.
semicincta (see fig. S1 for a schematic overview of this process).

Issues related to determining SNP frequency bins in figure 2. In an ideal experiment, identical
amounts of Hodgkinia DNA would be pooled from each of the 10 individuals dissected, and
library creation and genome sequencing protocols would be immune to bias. In this ideal case,
the assembled genome would be represented by an equal number of reads from each of the 10
individuals, resulting in SNPs frequencies very close to 0.1, 0.2, 0.3, and so on up to 0.9. The
data in the present analysis does not conform to this ideal because of several sources of
variability. First and foremost, different amounts of bacteriome tissue (and therefore different
amounts of Hodgkinia DNA) were isolated from each insect and combined into a single sample.
In some cases, nearly all of the bacteriome tissue was recovered from an animal, and in other
cases only parts of the complete bacteriome could be recovered. Secondly, we explicitly required
any called SNP to be supported by at least two polymorphic reads, and this effort to eliminate
false positives should further exacerbate the unevenness of the data. In particular, this
computational filtering has the effect of somewhat reducing the number of low frequency SNPs,
even though the average sequencing coverage for a SNP in our analyses was 61X (that is, about
6X per individual). This has particular relevance for the identification of SNPs that fall into the
[0, 0.1) bin in figure 2, as we do not expect a lower number of SNPs in the [0, 0.1) bin compared
to the [0.1, 0.2) bin. It is likely that the SNPs in the [0, 0.1) bin are present in one insect, but the
ratio has been artificially lowered from 0.1 by some of the experimental and computational
idiosyncrasies described above. In summary, these confounding factors should diffuse the
expected peaks at 0.1 frequency intervals into a much more complex pattern, and the precise
boundaries for the bins shown in figure 2 should be interpreted with caution. The primary role of
these bins was to allow broad trends to be inferred from calculations of dN/dS and GCeq on
frequency binned data.

Chapter 2: Nucleotide content diversity in Hodgkina genomes 31



Calculation of dN/dS and GC.q. To determine the total number of synonymous and non-
synonymous sites in the published Hodgkinia genome (CP001226.1), the coding sequence was
downloaded from NCBI and compiled into one sequence. DnaSP version 5.10.01 was used to
create a codon usage table (Librado and Rozas 2009). As most of the SNPs were either GC—AT
or AT—GC, all 2-box codons were considered synonymous. The calculation of genomic dN/dS
was done as described (Hershberg and Petrov 2010), using the equations:

dN=21n (1= 21) and dS=>In

4s
4 3N 4 ( )

1__
38

where n is the number of non-synonymous SNPs, s the number synonymous SNPs, N
the number of non-synonymous sites, and S the number of synonymous sites.

The equilibrium GC content was calculated using the equation GCeq = rar—cc / (far—cc + T
cear), Where rar_.gc = AT—>GC/ATsies and 1 goar = GC—AT/GCgies. The COI sequence for the
cryptic cicada species was amplified from DNA isolated from a small portion of tissue removed
from the thorax of a pinned specimen. DNA was isolated using QTAGEN DNeasy Blood and
Tissue kit. PCR was performed using the following conditions: initial denaturation at 94°C for 1
min, followed by 30 cycles of 94°C for 30 sec, 55°C for 1min 30sec, 68°C for 30sec, finished by
5min at 68°C. The primer sequences were: COI-F (5'-
TCAGCCATCCCAATATGAAAAAGTGG-3") and COI-R (5'-
CGACGAGGTATTCCTCTCAGTCCA-3").
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Fig. S1. Schematic of the process used to polarize SNPs in the Hodgkinia genome. Bold boxes
represent the consensus sequence called in each Hodgkinia genome assembly. Nucleotides that
differ from the published Hodgkinia consensus are shown in red. A. An example of a called C to
T SNP in the published Hodgkinia genome. B. A total of 110 SNPs were polarized by what we
are calling “Type 1 polarization,” which involved mapping separately assembled Hodgkinia
contigs from the cryptic cicada species onto the published Hodgkinia genome and verifying the
state of the position in question in part A. C. A total of 57 SNPs were polarized by what we are
calling “Type 2 polarization,” which involved mapping Hodgkinia contigs that resulted from
merged assemblies of D. semicincta and the cryptic species reads. In this case, C can be inferred
to be the ancestral state because all reads from the cryptic species have C at the position in
question.

Table S1. List of all polarized SNPs used for the calculations. Mutation type is abbreviated;
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synonymous (S), non-synonymous (NS), and intergenic (IG). Direction is shown as one of six

possibilities. Frequency indicates the decimal proportion of reads with the SNP at each location.

In a few instances the polarization informed the direction and the frequency was corrected.

Pos. Type Freq. | Direction
507 S 0.92 A-G, T-C
1769 S 0.88 A-G, T-C
2492 S 0.19 G-A, C-T
2664 NS 0.23 G-A,C-T
2755 NS 0.05 G-A,C-T
4775 S 0.19 G-A,C-T
6777 S 0.15 G-A,C-T
7178 NS 0.05 G-A,C-T
7644 NS 0.04 A-G, T-C
7876 S 0.36 G-T, C-A
8888 NS 0.04 A-G, T-C
8935 S 0.55 G-A,C-T
9646 S 0.22 G-A, C-T
9680 NS 0.08 G-A,C-T
9753 S 0.49 G-A, C-T
9938 NS 0.37 G-A,C-T
10878 IG 0.16 G-A,C-T
10884 IG 0.11 A-G, T-C
11525 NS 0.06 G-A,C-T
11688 S 0.19 G-A,C-T
12260 NS 0.19 G-A, C-T
13006 IG 0.18 G-A,C-T
13841 IG 0.58 G-A,C-T
14736 S 0.31 A-G, T-C
15868 S 0.24 G-A, C-T
16378 S 0.02 G-A,C-T
17222 NS 0.18 G-A, C-T
17279 S 0.38 A-G, T-C
17618 S 0.10 G-T, C-A
19591 S 0.46 A-G, T-C
20081 NS 0.34 A-G, T-C
20187 NS 0.19 G-C, C-G
20414 S 0.11 G-A,C-T
20997 NS 0.17 G-A,C-T
21329 NS 0.04 G-A,C-T
21483 S 0.43 G-A,C-T
22364 NS 0.10 G-C, C-G
23862 S 0.05 G-A,C-T
25040 S 0.13 A-G, T-C
26451 IG 0.21 G-A,C-T
28348 S 0.10 G-A,C-T
28425 NS 0.04 A-G, T-C
29265 NS 0.57 A-G, T-C
31563 S 0.15 A-G, T-C
32188 S 0.37 A-G, T-C
32873 NS 0.11 G-A,C-T
33781 S 0.40 A-G, T-C
35389 IG 0.34 A-G, T-C
36152 NS 0.14 G-A, C-T
36430 NS 0.19 G-A,C-T
36750 S 0.07 A-G, T-C
39242 IG 0.04 A-G, T-C
39455 NS 0.46 G-A,C-T
39655 S 0.22 A-G, T-C
41334 NS 0.18 A-G, T-C
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41534 NS 0.04 G-C, C-G
41800 NS 0.14 G-A, C-T
42021 IG 0.46 G-A, C-T
43033 IG 0.27 G-A, C-T
43165 IG 0.16 G-T,C-A
43230 S 0.91 A-G, T-C
43387 S 0.10 G-A, C-T
43548 NS 0.46 A-G, T-C
44645 S 0.28 A-G, T-C
44893 NS 0.38 G-A, C-T
45125 S 0.15 G-A, C-T
45890 S 0.14 A-G, T-C
45935 NS 0.12 A-C, T-G
48623 S 0.24 A-G, T-C
49013 S 0.47 A-G, T-C
49751 S 0.16 A-G, T-C
50038 NS 0.05 G-A, C-T
50369 S 0.11 G-A, C-T
50375 S 0.49 G-A, C-T
51809 NS 0.41 G-A, C-T
53076 S 0.35 G-A, C-T
53121 S 0.21 G-A, C-T
53379 S 0.14 G-A, C-T
53683 NS 0.47 G-T,C-A
58309 NS 0.49 G-A, C-T
58824 S 0.15 A-G, T-C
59182 NS 0.03 G-A, C-T
59338 NS 0.07 A-G, T-C
59484 S 0.27 G-A, C-T
60905 NS 0.27 G-A, C-T
62059 NS 0.54 G-A, C-T
62902 S 0.53 G-A, C-T
63016 S 0.46 G-A, C-T
63752 S 0.56 G-T,C-A
64580 S 0.33 G-A, C-T
65642 S 0.23 A-G, T-C
66374 S 0.46 G-A, C-T
67728 S 0.10 G-A, C-T
67737 S 0.09 G-A, C-T
68120 NS 0.50 G-A, C-T
68941 NS 0.20 G-T,C-A
69319 S 0.17 G-A, C-T
70215 NS 0.10 G-T, C-A
70307 S 0.13 G-T, C-A
70750 IG 0.05 G-A, C-T
72479 NS 0.16 G-T,C-A
73058 S 0.23 G-A, C-T
74914 NS 0.19 A-G, T-C
74921 NS 0.17 G-A, C-T
74926 NS 0.14 G-A, C-T
75447 S 0.21 G-A, C-T
77532 S 0.09 G-T, C-A
78799 S 0.26 G-A, C-T
78890 IG 0.09 G-C, C-G
81048 IG 0.10 A-G, T-C
82138 NS 0.07 G-A, C-T
83224 S 0.24 G-A, C-T
83527 S 0.04 G-A, C-T
84008 S 0.68 G-T, C-A
84155 S 0.13 G-A, C-T
85768 S 0.18 A-G, T-C
88626 IG 0.12 A-G, T-C
90506 S 0.35 G-A, C-T
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90664 NS 0.06 G-A, C-T
91094 S 0.13 G-A, C-T
92515 S 0.08 A-G, T-C
98226 IG 0.18 A-C, T-G
98563 S 0.23 G-A, C-T
100661 S 0.21 G-A, C-T
101069 S 0.19 A-C, T-G
101631 S 0.31 A-C, T-G
102967 S 0.23 A-C, T-G
103698 NS 0.22 A-G, T-C
103915 NS 0.30 G-A, C-T
108013 S 0.47 G-A, C-T
108794 S 0.03 G-A, C-T
109142 S 0.61 A-C, T-G
110246 S 0.91 G-A, C-T
110385 NS 0.29 G-C, C-G
112516 S 0.15 G-A, C-T
114230 NS 0.28 G-A, C-T
115559 NS 0.21 G-A, C-T
115796 IG 0.31 G-A, C-T
115956 IG 0.14 G-A, C-T
119165 NS 0.02 A-G, T-C
120692 NS 0.34 A-G, T-C
122731 NS 0.21 G-A, C-T
122872 NS 0.18 A-G, T-C
123653 NS 0.20 A-G, T-C
124649 NS 0.12 A-G, T-C
125590 S 0.70 A-G, T-C
126897 NS 0.36 G-T,C-A
126932 NS 0.86 A-G, T-C
127006 S 0.13 G-A, C-T
127933 NS 0.12 G-A, C-T
129930 NS 0.06 G-A, C-T
130992 NS 0.11 A-G, T-C
131016 S 0.22 G-T, C-A
131487 S 0.31 G-A, C-T
133553 S 0.85 A-G, T-C
135687 S 0.13 A-G, T-C
137218 S 0.30 A-G, T-C
138364 NS 0.34 A-G, T-C
139305 S 0.16 A-G, T-C
139665 S 0.06 G-A, C-T
139871 NS 0.18 G-A, C-T
140058 NS 0.08 G-T, C-A
140751 S 0.16 G-A, C-T
142019 S 0.11 G-A, C-T
142943 IG 0.14 G-A, C-T
143001 IG 0.78 G-A, C-T
143059 S 0.87 A-G, T-C
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Summary
Some insects have developed intracellular associations with communities of bacteria, where
interdependencies are manifest in patterns of complementary gene loss and retention among
members of the symbiosis. Gene loss events are most evident in the bacterial partners, where
genome reduction is followed by genome structure stability. Here, using comparative genomics
and microscopy, we show that a three-member symbiotic community has become a four-way
assemblage through a novel bacterial lineage-splitting event. In some but not all cicada species
of the genus Tettigades, the endosymbiont Candidatus Hodgkinia cicadicola has split into two
new cytologically distinct but metabolically interdependent species. Although these new
bacterial genomes are partitioned into discrete cell types, the inter-genome patterns of gene loss
and retention are almost perfectly complementary. These results defy easy classification: they
show genomic patterns consistent with those observed after both speciation and whole genome
duplication. We suggest that our results highlight the potential power of non-adaptive forces in
shaping organismal complexity. We test this non-adaptive hypothesis by sequencing the
Hodgkinia genome from a very long-lived cicada, Magicicada tredecim, and compare the
patterns of evolution observed in these endosymbionts to eukaryotic organelles—the most highly
derived bacteria.

lllustration by Patrick Keeling and James Van Leuven
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3.1 Introduction
An overview of endosymbiont genome size and structure.

The first published genome from a nutritional bacterial endosymbiont of an insect was
Buchnera aphidicola from the pea aphid Acyrthosiphon pisum (AP) (Shigenobu et al. 2000). This
landmark paper provided many key insights that would be repeatedly reinforced in different
bacterial symbioses during the subsequent 15 years, including extreme gene loss and genome
reduction, precise metabolic complementarity and interdependence with the host insect, highly
biased nucleotide and amino acid compositions, and limited gene sets involved in DNA repair,
gene regulation, and cell envelope biosynthesis (McCutcheon and Moran 2012). The second
complete Buchnera genome, from the aphid Schizaphis graminum (SG), provided the next
archetype for endosymbiont genomes: the Buchnera AP and SG genomes showed no
rearrangements or gene acquisitions despite large amounts of sequence evolution and 50+
million years of divergence (Tamas et al. 2002). Unusual genomic structural stability has been
repeatedly found in many other insect endosymbiont genera, including Blochmannia (Gil et al.
2003; Degnan et al. 2005), an ant endosymbiont; Sulcia (McCutcheon et al. 2009a; McCutcheon
and Moran 2010, Bennett and Moran 2013), which forms a widespread and ancient association
with sap-feeding insects such as sharpshooters, spittlebugs, and cicadas (Moran et al. 2005); and
Carsonella, an endosymbiont of psyllids (Nakabachi et al. 2006; Sloan and Moran 2012). A
pattern thus emerged whereby the process of genome reduction in endosymbionts resulted in
small and stable genomes. But several other examples, some recently published, have placed
small cracks into the facade of genomic stability in endosymbionts. Sequencing of Buchnera
from a third more diverged aphid genus showed two inversion rearrangements and two small
translocations relative to the first two genomes (van Ham et al. 2003). Genomes from various
endosymbiont genera found in cockroaches (Sabree et al. 2010), tsetse fly (Rio et al. 2012)
mealybugs (McCutcheon and von Dohlen 2011), leathoppers (Bennett and Moran 2013), and
especially whiteflies (Sloan and Moran 2013) also showed some structural rearrangements in
otherwise completely co-linear genomes (reviewed in (Sloan and Moran 2013)). While these
results do not much change the general picture of genomic stability in highly reduced
endosymbionts, they do suggest an alternative to unalterable co-linearity and stability given the
right circumstances.

How do insect endosymbiont genomes become so degenerate?

Communities of independent organisms that develop stable, long-term associations can
reciprocally lose traits that become redundant in the symbiotic context (Ellers et al. 2012). One
of the clearest examples of this phenomenon occurs in symbioses involving insects and
mutualistic endocellular bacteria. In these systems, symbionts provide nutrients that the host
cannot make on its own and that are not found at high levels in the insect diet (Douglas 1998;
Moran et al. 2003; Baumann 2005). The metabolic contributions of these bacteria are often
clearly defined by their genomes, where patterns of gene loss and retention show precise inter-
organism, and sometimes inter-pathway, genomic complementation (Shigenobu et al. 2000;
Zientz et al. 2004; Wu et al. 2006; McCutcheon and Moran 2007; McCutcheon and Moran 2010;
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Lamelas et al. 2011; McCutcheon and von Dohlen 2011; Sloan and Moran 2012). Over time,
endosymbionts become deeply metabolically integrated with their hosts (Wilson et al. 2010;
Macdonald et al. 2012; Husnik et al. 2013; Sloan et al. 2014), and evolve genomes encoding few
genes outside of the core processes of replication, transcription, translation, and nutrient
provisioning (McCutcheon and Moran 2012). In extreme cases, nutritional endosymbionts of
sap-feeding insects rival organelles in their levels of genome reduction (McCutcheon and Moran

2012).

Similar to organelles, the evolutionary pressures faced by intracellular symbionts are
driven primarily by their exclusive existence inside host cells, the need to continue making
nutrients in the face of unrelenting genome reduction, and strong genetic drift (Moran 1996;
Andersson and Kurland 1998). Thus, long-term endosymbiosis not only leads to massive genome
reduction, but also to an overall degradation in symbiont function (Baumann et al. 1996; Moran
1996; Fares et al. 2002). Perhaps to compensate for this decrease in symbiont quality, a long-
term single founding symbiont is often supplemented with additional unrelated bacteria (Moran
et al. 2005; McCutcheon and Moran 2010; Lamelas et al. 2011; McCutcheon and von Dohlen
2011), or replaced altogether with a new symbiont (Koga et al. 2013). For example, some ancient
lineages of sap-feeding insects possessed a single bacterial endosymbiont, Sulcia muelleri
(Moran et al. 2005), which was repeatedly supplemented with additional bacterial partners
several times as this ancestral symbiosis diversified (McCutcheon and Moran 2007; McCutcheon
and Moran 2010). These transitions from the single- to double-symbiont state are followed by
rapid genome degradation in both bacteria, the end result being clear inter-organism genomic
complementarity (McCutcheon and Moran 2010; McCutcheon and von Dohlen 2011).
Symbioses can therefore become more complex by adding new members: an insect with a single
bacterial symbiont acquires a second, and a two-member assemblage becomes tripartite. If the
secondary bacterium is established as a stable member of the symbiosis, the system evolves to a
state dependent on all three organisms for survival of the whole (Wu et al. 2006; McCutcheon
and Moran 2007; McCutcheon and Moran 2010; Lamelas et al. 2011; McCutcheon and von
Dohlen 2011).

3.2 Hodgkinia genome structures and sizes
Genome sequencing recovers two symbiont genomes where one was expected.

Previous work in the cicada Diceroprocta semicincta (DICSEM) showed that some
cicadas have two bacterial endosymbionts, Sulcia and Hodgkinia (McCutcheon et al. 2009a;
McCutcheon et al. 2009b). While analyzing genomic data from the cicada Tettigades undata, we
recovered the expected single circular Sulcia chromosome, co-linear with all other sequenced
Sulcia genomes. Unexpectedly, we found that the Hodgkinia genome assembled into two distinct
circular chromosomes. These chromosomes, which we call Hodgkinia cicadicola from
Tettigades undata chromosome 1 (TETUNDI1) and TETUND2, showed different depths of
sequencing coverage (405X and 640X, respectively) and were verified and closed into two
separate circular molecules by PCR and Sanger sequencing (Table 1). Because many coding
regions from these two chromosomes were alignable, we used average synonymous divergence
(dS) and rRNA dissimilarity values calculated from across a diversity of bacteria, including
symbionts (Kuo and Ochman 2009), to estimate a rough age of divergence. The average dS value
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between protein-coding homologs in the two chromosomes is 0.168, and the small subunit (SSU)
rRNA sequence dissimilarity is 0.6%, corresponding to roughly 5-25 million years of divergence.

Table 1. Cicada Species and Properties of Their Associated Hodgkinia Genomes

All Predicted Nonhypothetical
Cicada Species Abbreviation Hodgkinia Genome Size (bp) Coding Genes Protein-Coding Genes Pseudogenes
D. semicincta DICSEM 143,795 170 134 1
T. ulnaria TETULN 150,297 175 137 1
T. undata TETUND1 133,698 121 92 38
TETUND2 140,570 140 116 18
T. auropilosa TETAUR1 not known not known not known not known
TETAUR2 not known not known not known not known

The DICSEM and TETULN genomes differ in only four genes of predicted function (glyA is encoded on DICSEM, but not TETULN, and rsml, rsmA, and
rpmE are encoded on TETULN, but not DICSEM). The Hodgkinia TETAUR genome is in draft form, and so the genome statistics are not presently
known.

Further screening identifies other duplicated Hodgkinia lineages, and a close non-duplicated.
relative

Because the duplicated genomic structure of Hodgknia TETUND was highly unusual, we
sought to confirm the generality of this result by screening Hodgkinia from related cicada
species. We first verified the duplicated nature of Hodgkinia in another cicada species, Tettidages
auropilosa (TETAUR), by draft genome sequencing (Fig. 1). Next, we identified a closely
related cicada species, Tettigades ulnaria (TETULN), where the Hodgkinia genome was a single
chromosome, completely co-linear and very similar in gene content to the first sequenced
Hodgkinia genome from DICSEM (Fig. 1 and Table 1).

In addition to symbiont genomes, our sequencing effort also provided mitochondrial
genomes. Phylogenetic reconstruction using complete cicada COI sequences shows that
TETULN is sister to the group containing TETUND and TETAUR, verifying that the ancestral
state of the Hodgkinia genome was a single highly reduced chromosome (Fig. 1 and Table 1). To
test the 5-25 million year divergence times calculated from the duplicated TETULN sequences
by another method, we estimated a model-corrected mitochondrial COI distance between
TETULN and TETUND. The value was 0.104, which roughly corresponds to 3.0 to 4.5 My of
divergence in insects (Brower 1994; Papadopoulou et al. 2010). Because this is consistent with
but on the low end of estimate from TETUND comparisons, we estimate that the Hodgkinia
lineage duplicated in some 7Tettigades genera approximately 5 My ago.
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Figure 1. Origin of duplicated Hodgkinia genomes in the cicada genus Tettigades. At left,
an unrooted maximum likelihood phylogeny based on cicada COI is shown with bootstrap
support values (the scale bar is 0.1 expected substitutions per site; MAGTRE is
Magicicada tredecim). The number of Hodgkinia genomes are indicated by colored circles
to the right of the tree. The ancestral nature of the single Hodgkinia genome is evident
from the sister group relationship between TETULN and the clade containing TETUND
and TETAUR. The right side of the figure shows representative sections of genome, where
intact genes are shown by large colored boxes, gene loss is indicated by empty boxes, and
pseudogenes are shown as small open reading frames broken by frameshifts (small filled
boxes) and stop codons (asterisks).

3.3 Gene contents of Hodgkinia genomes
The two Hodgkinia chromosomes have complementary patterns of gene loss and retention.

TETUND1 and TETUND? are both co-linear with the single TETULN and DICSEM
genomes with the exception of a 32 kb inversion present on TETUND1. This inversion
inactivated the methionine synthase gene (metH), which is of interest as methionine is thought to
be a critical nutrient supplied by Hodgkinia in the symbiosis (McCutcheon et al. 2009b). Because
the metH homolog was intact and seemingly functional on TETUND2, we investigated patterns
of gene loss and retention across the two Hodgkinia TETUND chromosomes and found a clear
reciprocal pattern (Fig. 2). Of the 137 protein-coding genes on TETULN, 72 are present as
apparently functional copies on both TETUND genomes, 20 were present and functional on
TETUNDI1 but nonfunctional on TETUND?2, 44 were present and functional on TETUND2 but
nonfunctional on TETUNDI, and 1 was nonfunctional on both TETUND chromosomes. In total,
136 of 137 TETULN protein-coding genes are retained and apparently functional in one or both
TETUND genomes (Fig 2A). The complementary gene loss and retention patterns are found
across gene functional categories (Table S1), including those involved in nutrient provisioning
(McCutcheon et al. 2009a). Every gene present in the histidine, methionine, and vitamin B,
(cobalamin) pathways in TETULN and DICSEM is retained in one or both of the two TETUND
chromosomes, but in no case can any single pathway be completed with predicted gene products
from an individual TETUND chromosome (Fig. 2B). We note that the patterns of gene loss and
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retention differ somewhat between duplicated regions of Hodgkinia from TETUND and
TETAUR (Fig. 1).

3.4 Molecular evolution of Hodgkinia sister species in 7. undata

& B CEIFSELES 8&05"\ SJSX gﬁg&gfgg&(‘;& -
OO OO0 O O O O nistidine 33300060 o histidine
» o P »
o [ [ )
000000 e00 Q0000000 O6O0
20 i 00“%006‘ c.‘sooc.‘pod’“o éy‘? d&;‘ 3006&6\ 00‘(96000(’5)0 cPOQ cPO\\
72 00000000V OBy; (ONORORONCRONCHONOIN
OO0®Q0000® ™
Q 0 0 @0&6@\% ) &e@(se«‘
O O © ©Q methionine g 8 g 8 methionine

Figure 2. Reciprocal patterns of gene loss and retention in TETUND1 and TETUND?2. (A)
Venn diagram showing genes retained in the TETULN and TETUND genomes. (B) Nutrient
provisioning genes encoded on the TETULN and DICSEM (green circles), TETUND1 (orange
circles), TETUND?2 (blue circles) genomes, or missing or pseudogenized (open circles).

Molecular evolutionary analyses reveal possible incipient pseudogenes and little evidence for
positive selection in duplicates.

We next investigated the nature of sequence changes that have occurred between
predicted homologs in TETUND1-TETUND?2 comparisons. We observed some instances where
both gene copies were apparently functional, and others where one copy was apparently
functional but the other somehow inactivated. These inactivation events seemed of different
ages: some were the result of single inactivating frameshift substitutions, some were regions that
were barely recognizable as remnants of functional genes, and others were complete deletion
events (Fig. 1, Fig. 3).

Given the large number of pseudogenized genes in different states of degradation we
observed in the TETUND genomes, we hypothesized that some apparently functional genes may
in fact be incipient pseudogenes that have not yet acquired an inactivating substitution. To test
this idea, we compared pairs of TETUND homologs in which both were apparently functional
and where one copy was a recent pseudogene to their TETULN counterpart. We estimated the
ratio of nonsynonymous to synonymous substitution rates (dx/ds) for these comparisons, and as
expected found evidence for relaxed selection in pseudogenes (functional gene—functional gene
comparisons averaged 0.25 +/- 0.02, and functional gene—pseudogene comparisons averaged
0.57 +/- 0.05; p=7.5¢*, t-test). Estimates of per-site amino acid substitution rates also show
pronounced differences (Fig. 3, Fig. 4), with pairwise model-corrected distances higher for
pseudogene—functional comparisons (0.52 + 0.07) than for inferred protein sequences of
apparently functional ORFs (0.19 £ 0.02; p=9.9¢™'®, paired t-test). To find incipient pseudogene
candidates, we looked for different rates of evolution between the 72 genes present and
apparently functional on both TETUND chromosomes homologs and their TETULN homolog.
Five of 72 genes show unequal rates of evolution when compared to TETULN by the likelihood
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ratio test (p<0.05), with one copy evolving at a rate similar to bona fide pseudogenes (Fig. 4).

Figure 3. Patterns of TETUND gene retention, pseudogene formation, and rates of amino acid
evolution mapped onto the TETULN genome. Annotated genes on the TETULN genome are
shown as green boxes along the center of the image. Grey boxes are RNA genes. White boxes
are genes that have been deleted in either TETUND1 or TETUND?2, or both. If a gene is
present and apparently functional on TETUND], it is shown as a dark orange box, the height
of which is proportional to the number of amino acid substitutions between the TETUND1
protein and the homolog in TETULN. If a gene is present as a pseudogene on TETUND1 it is
shown as a light orange box. TETUND2 genes follow the same pattern as TETUND1 but are
shown as blue bars below the TETULN genome. Rates of 0.5 and 1.0 amino acid changes per
site are shown as horizontal black lines. Fig. 1 details the genomic region highlighted in light
grey (the first eight genes in the genome). See also Table S1.

While it is possible that this signature is due to recent positive selection in one of the two gene
copies, these results, together with the overall pattern of gene degradation we observe in the two
TETUND chromosomes, suggest that these five rapidly evolving genes are incipient
pseudogenes that have not yet acquired an inactivating substitution. Consistent with this
interpretation, the average dv/ds for these five genes is 1.04.

Gene duplication is thought to sometimes enable the evolution of new function in one of
the gene duplicates, with the ancestral function maintained in the other (Ohno 1970; Hughes
1994; Lynch and Conery 2000). We looked for evidence of this by testing for positive selection
in pairs of TETUND homologs where both were retained and apparently functional. We found
little evidence of positive selection using sensitive branch-site models, which are ideal for
detecting positive selection on gene duplicates (Yang and Nielsen 2002). Only one gene,
encoding the 50S ribosomal subunit protein L16 (#plP), showed weak evidence of positive
selection on certain amino acids using branch-site models (likelihood ratio test, p=0.045; no
genes show evidence of positive selection when dy/ds was averaged over the entire coding
length). However, the use of branch-site models with only three taxa and rapidly evolving
sequences may yield spurious results and should be interpreted with caution. Illustrating this
problem, 25% of the pseudogenes we analyzed with branch-site models show evidence (p<0.05)
of positive selection acting on at least one site.
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3.5 The Hodgkinia genomes are cytologically distinct.

Because these complementary patterns of gene loss and retention show that the evolution
of TETUNDI1 and TETUND?2, and the Hodgkinia MAGTRE complex are intimately linked, we
sought to test whether the Hodgkinia chromosomes were co-localized in the same Hodgkinia
cells using fluorescence in situ hybridization (FISH) microscopy. Experiments using
fluorescently labeled DNA probes targeting SSU rRNA showed that the Sulcia and Hodgkinia
cells were distinct and isolated from each other in the bacteriome tissue of the cicada (Fig. 5).
Data from other symbionts (including Sulcia (Woyke et al. 2010)) indicate that these bacteria are
likely to be polyploid with hundreds of chromosomes per cell (Komaki and Ishikawa 1999). We
therefore reasoned that both Sulcia and Hodgkinia cells could be visualized with FISH using
probes targeting unique regions of their chromosomes. Experiments confirmed this, and revealed
very little overlap in fluorescent signal (approximately 2-4%) between probes targeting the
TETUNDI1 and TETUND2 chromosomes across all z-stack images (Pearson's coefficient=0.126,
overlap coefficient=0.14, Fig. 5B). Thus, it seems that these chromosomes are not localized to
the same Hodgkinia cells at any appreciable level, but rather are cytologically distinct genomes
(Fig. 5B). Consistent with this interpretation, the fractional volume of space taken up by each
TETUND probe set across a series of 60 Z-stack slices is similar to the proportion of total
Hodgkinia reads assigned to each chromosome. Specifically, 43% of the total Hodgkinia
fluorescence volume is estimated from TETUNDI (compared to 405/405+640 = 39% of the
Hodgkinia sequencing coverage) and 57% of the fluorescence volume is estimated from
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TETUND?2 (compared to 61% of the sequencing coverage). We performed these microscopy
experiments on a single insect out of necessity; we had no other individuals with which to work.
But we did have another individual in our 2006 collections which appears to be a related species

or subspecies that we designated Tettigades near
undata (1.3% divergent at COI from 7. undata).
Genome-targeted microscopy on this cicada
confirmed the distinct nature of the two TETUND
genomes (Fig. S1).

3.6 Hodgkina genome complex in long-lived
cicadas

Because of the novel arrangement of
symbionts found in Tettigades which have a
longer life cycle than DICSEM, we sought to
investigate the genome structure of cicada
symbionts from species with very long life cycles.
The periodical cicada species Magicicada
tredecim (MAGTRE) remains underground for 13
years, one of the longest insect life cycles
documented (Williams and Simon 1995).

Extravagant complexity in Hodgkinia from
Magicicada tredecim.

We first attempted to sequence the Sulcia
and Hodgkinia genomes from MAGTRE using
short-insert [llumina sequencing methods. The
Sulcia MAGTRE assembly highlights the
structural stability of some endosymbiont
genomes: it cleanly assembled into one circular-
mapping 268 kb molecule that was completely co-
linear with all other Sulcia genomes. In contrast,
the reads associated with the Hodgkinia genome
assembled into an extremely complex mix of
small contigs. We added sequencing reads from a
2.5 kb large-insert Illumina library with the aim
joining these small contigs into larger scaffolds.
We found 233 scaffolds assembled from these
combined data that totaled 1.1 Mb and encoded
recognizable Hodgkinia sequence. The assembled
Hodgkinia scaffolds were present at different
depths of coverage, consistent with what would
be expected if the scaffolds did not arise from the
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Figure 5. FISH microscopy. (A) rRNA
targeted probes distinguish Sulcia (green)
from Hodgkinia (red). (B) Genome-targeted
probes distinguish Sulcia (green),
TETUND1 (yellow), and TETUND2 (blue).
Hoechst stained DNA is colored magenta,
and primarily stains insect nuclei. Scale bar
is 20pm. See also Fig. S1.

47



same physically linked DNA molecule.

We also found many cases where different versions of the same gene were present on
several different scaffolds, consistent with gene duplication and/or lineage splitting. The
variation in depth of sequencing coverage combined with the existence of related stretches of
sequence at various levels of similarity made it difficult for us to finish the entire 1.1 Mb
Hodgkinia assembly into distinct molecules. However, we identified 27 scaffolds totaling 739 kb
of sequence where mate-pair information suggested the two scaffold ends were joined to each
other (Fig. 6). Of these 27, we were able to verify that 17 scaffolds were circular-mapping
molecules by PCR and Sanger sequencing, or by using approximately 421 Mb of PacBio long
read data. These 17 verified circles totaled 512 kb of sequence. The remaining 10 circular
scaffolds could not be closed by PacBio reads and did not provide clean PCR results because of
stretches of sequence that was shared by many scaffolds. We therefore consider these putative
circular-mapping molecules. The remaining 206 scaffolds contained 424 kb of sequence, ranged
in size from 200 bp to 27 kb in length (166 of these were less than 2 kb in length), were
frequently broken at stretches of sequence that were shared among several different scaffolds,
and were left as a draft assembly.

The Hodgkina MAGTRE genome is fragmented and very degenerate

We next searched the entire 1.1 Mb Hodgkinia MAGTRE assembly for full-length open
reading frames (ORFs). We found only 160 ORFs that were apparently functional. Ninety-six
were unique (that is, 64 were duplicates of other genes), representing about 60% of the 155
ORFs we expected based on previous Hodgkinia genomes (McCutcheon et al. 2009b; Van
Leuven and McCutcheon 2012). Seventy-six of the 160 ORFs were on the 17 closed circular
molecules; 50 of these were unique (Fig. 6). Because we found no additional ORFs outside of
these 160, we conclude that, like in TETUND, homologs of the ~150 genes present on the single-
genome versions of Hodgkinia are the only genes present in the entire MAGTRE assembly. The
Hodgkinia assembly also contained many pseudogenes, but we restricted the analysis in this
paper to the 17 verified circles because of the difficulty in identifying non-functional duplicated
genes in draft assemblies of rapidly evolving sequence (the average percent identity at the amino
acid level was approximately 35% between MAGTRE and DICSEM orthologs, and 40% for
MAGTRE-TETULN comparisons). The intergenic regions of these closed circular molecules
contained mostly sequence that had no significant similarity to anything in sequence databases.
The coding density of these 17 molecules was extremely low, the most gene dense circle being
45% coding DNA. It is worth noting that the assembled region of the 13 kb scaffold
PUTATIVEOQ006 (p6) contains three pseudogenes but no obviously functional genes (Fig. 6). It is
possible that a functional gene exists in the unfinished gap; if not we would expect this
chromosome to be under little selection to be maintained and likely to be lost in other cicada
lineages.

Genes for the biosynthesis of methionine, histidine, and a vitamin B),-like molecule have
been found on all previous Hodgkinia genomes. This is thought to reflect the nutritional
contribution of Hodgkinia to the symbiosis (McCutcheon et al. 2009a). We looked for evidence
that these genes were conserved in the Hodgkinia MAGTRE assembly, and found that they were
distributed on several scaffolds. For example, apparently functional copies of all genes in the
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Figure 6. Schematic representations of Hodgkinia genomes from across cicadas. Schematic
representations of all sequenced Hodgkinia genomes from (A) DICSEM, (B) TETULN, (C)
TETUND, and (D) MAGTRE drawn to scale. On the genome diagrams, genes involved in
methionine biosynthesis are shown in purple, vitamin B 12 biosynthesis in red, histidine
biosynthesis in green, the 16S and 23S rRNA genes are shown in brown, and all other genes are
shown in light blue. Regions of genomes encoding pseudogenes or other apparently
nonfunctional DNA are shown in white. In each box, the gene homologs present on each
genome from the methionine, B12 , and histidine pathways are shown as colored circles. The
Hodgkinia genomes from DICSEM (green dots) and TETULN (purple dots) encode all of these
genes on one genome, TETUND on two (blue and orange dots), and MAGTRE encode these
gene distributed over several genomes (18 dot of different colors). In (D) v1-v17 are the
verified circular genomes and p1-p10 are the putative circular genomes. Figure generated by
Matt Campbell.

Fig. 6 (hisC is present as a pseudogene on a small scaffold outside of the 27 circles). It is
presently unclear if functional copies of the genes missing in the histidine or B, pathways are
present but poorly assembled, or if like in mealybugs and psyllids, the insect host has taken over
these functions.

Hodgkina MAGTRE circular molecules reside in different cells

We also looked for evidence that the 17 closed MAGTRE circular genomes arose through
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the lineage-splitting and reductive process that we hypothesized for the duplicated TETUND
genomes (Fig 6). While we could not exhaustively check all combinations of the 233 Hodgkinia
MAGTRE scaffolds using genome-targeted fluorescence microscopy, we did find evidence that 4
of the 17 finished genomes were partitioned into separate cells (Fig. 7). None of the four tested
genomes showed overlapping signal, suggesting that at least these four genomes (and perhaps
many others) remain separated into discrete cells. We also find that the genome assembly
coverage, which corresponds to the frequency with which the genome is present in the sample,
correlates with the number of cells producing signal such that lower coverage scaffolds were
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Figure 7. FISH microscopy shows some Hodgkinia genomes remain cytologically distinct throughout
cicadas. Scale bars in the main panels of A, B, D-F are 20 pm; all others, including the insets, are 100 pm.
(A) A section of bacteriome tissue from MAGTRE stained only with the general DNA Hoechst dye
showing that all Hodgkinia cells (upper right 4/5 of image) and Sulcia cells (band across the lower left 1/5
of image) contain DNA. Insect nuclei are large bright punctate spots. In panels B-I, insect nuclei are teal.
Panels B-F show sections of MAGTRE bacteriome tissue stained with DNA probes targeting specific
genomes; in no case do the signals overlap. (B) Cells containing two high-coverage genomes
MAGTREV1 (blue) and MAGTREVS (purple) are both present a high numbers. (C) A lower resolution
image of the tissue shown in (B). In D-F, lower resolution images of the tissue are shown in insets. (D)
Cells containing the high-coverage genome MAGTREV1 (blue) are more abundant than cells containing
the low-coverage genome MAGTREV6 (green). (E) Cells containing the two low-coverage genomes
MAGTREV6 (green) and MAGTREvV12 (orange) are both present at low numbers. (F) Cells containing
the high-coverage genome MAGTREV5 (purple) are more abundant than cells containing the low-
coverage genome MAGTREvV12 (orange).
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present in fewer cells that higher coverage scaffolds (Fig. 6, 7). These data are consistent with a
process where new Hodgkinia genomic species are created when ancestral lineages split into new
cytologically distinct lineages (Fig 8). It is presently unclear if all 17 of the circular genomes we
have found are present in separate cells. Work from other endosymbionts shows that small
plasmid-like subgenomic molecules can stably fracture from the main chromosome (Sloan and
Moran 2013), so it is possible that part of what we are seeing in this complex mix of molecules is
a combination of genomes that have split into new lineages combined with sub- genomic circles
that have split off from larger chromosomes.

3.7 Discussion

Complex organismal interdependencies have been described for many symbioses
involving intracellular bacteria. For example, the dual endosymbionts of mealybugs have
adopted an unusual structure where one bacterium lives inside the other (von Dohlen et al. 2001).
These bacteria have been shown to display high levels of inter-pathway dependency, where gene
products from the insect and both symbionts seem to be required to produce compounds needed
by the entire symbiosis (McCutcheon and von Dohlen 2011; Husnik et al. 2013). Like all other
known endosymbioses involving more than one bacterium, one of the mealybug symbionts, the
betaproteobacterium Tremblaya princeps, is older and longer established while the other, the
gammaproteobacterium Moranella endobia, is a more recent addition (Thao et al. 2002; Gruwell
et al. 2010). Thus, the increase in complexity of this symbiosis—going from a system involving
one insect with one symbiont to one comprised of an insect with two symbionts—resulted from
the acquisition of a second bacterium unrelated to the first. Here we described a similar increase
in the complexity of a cicada symbiotic community, with the notable exception that the
additional symbiont was derived from one of two existing bacterial lineages.

Cytologically distinct genomes that evolve like they aren’t. The patterns of molecular
evolution we describe in the Hodgkinia TETUND genomes look surprisingly like those that are
observed after a whole genome duplication (WGD) event, where the entire genetic complement
of an organism is doubled. When a WGD persists over evolutionary time, it imparts stereotypical
signatures in the newly duplicated genes: (i) one or the other copy can be deleted
(nonfunctionalization), (if) one copy can retain its ancestral function, while the other acquires a
novel function (neofunctionalization), (iii) the two new copies can reciprocally partition the
ancestral functions of the non-duplicated gene leaving only the original function
(subfunctionalization), or (iv) both copies can be retained in a functional state (Lynch and
Conery 2000; Conant and Wolfe 2006; Otto 2007). In most cases, nonfunctionalization is the
typical result, leading to genomes encoding nearly the same number of genes as the ancestral
genome on twice the number of chromosomes (Wolfe 2001). This is precisely the pattern we see
in the doubled Hodgkinia genomes (Fig. 3), with nonfunctionalization apparently dominating the
evolution of gene duplicates (although at present it is difficult to rule out subfunctionalization).

But what we describe here is mechanistically unrelated to eukaryotic WGD. Our
microscopy data show that the TETUND genomes are isolated into distinct cells (Fig. 5B, 7),
whereas in WGD the new genetic material is co-localized in the same nucleus. It therefore
appears that TETUND1 and TETUND?2 are not chromosomes sharing the same cellular location,
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but rather genomes that are faithfully partitioned in two discrete Hodgkinia cell types. Our
molecular data suggest this cytological isolation has been stable for approximately 5 million
years, long enough for two clearly different genomes to evolve. Nevertheless, despite these
mechanistic differences, the evolutionary framework previously described for WGD (Lynch and
Conery 2000; Wolfe 2001; Otto 2007) remains useful for understanding the genomic patterns we
observe, and for predicting what we might expect to see in other lineages.

Two bacterial ‘species’ that evolve like one. If not WGD, then what? Viewed from the
perspective of the Hodgkinia lineage, our data seem most simply described as a sympatric
speciation event. Because Hodgkinia only exist in cicada cells, the new duplicated genomes we
describe here emerged from the same environment; they evolved in sympatry. A single genomic
species irreversibly split into two, and these new lineages differ in encoded genes, their predicted
ecological function, and are cytologically distinct. After the split, the new genotypes evolved just
as other endosymbiotic communities have after the acquisition of a new bacterial lineage—they
lost genes through reciprocal nonfunctionalization and now perform divergent but interdependent
functions. Interestingly, the highly interdependent gene loss and retention patterns we see in the
TETUND genomes implies that this lineage-splitting event not only happened in sympatry, but
also required sympatry. An interesting corollary to this hypothesis is that while WGD is thought
to sometimes drive speciation in sexual eukaryotes (Otto 2007), here the opposite seems likely: a
bacterial ‘speciation’ event has driven patterns of molecular evolution in two new genomes that
mimic those occurring after a WGD.

The nature of the Hodgkinia cell envelope. How can data that look like WGD from one
perspective, but speciation from another, be reconciled? We hypothesize that the answer lies in
the nature of the Hodgkinia cell envelope. While our microscopy data show that the TETUNDI1
and TETUND2 genomes are cytologically distinct, the Hodgkinia cells seem to be intermixed in
the same host insect cell (Fig. 5, 7). The widespread reciprocal gene loss and retention patterns
we observe suggest a very low barrier to the sharing of gene products—but apparently not
genomes—between the two Hodgkinia cell types. These gene products apparently include
proteins, because the € subunit of DNA polymerase Il (dnaQ) and the o subunit of RNA
polymerase (rpoA) are among the genes reciprocally nonfunctionalized in TETUND. This is
important because the protein products of these genes act on the genome itself, and our data
indicate that genomes are not shared among Hodgkinia cells. Because the Hodgkinia genomes
encode no transporters or genes involved in cell envelope biosynthesis (McCutcheon et al.
2009b), we assume that transport occurs though host-encoded cell membranes and transporters.
The nature of these transporters is unclear; we find no obvious bias in predicted protein size or
charge of lost versus retained genes. We hypothesize that this free sharing of gene products
produces nonfunctionalizaton patterns that look just like WGD, but that the membrane system of
Hodgkinia restricts physical mixing of the genomes so that new bacterial species can form in
sympatry.
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A model for endosymbiotic lineage splitting.
Although Hodgkinia does not encode much of the
machinery necessary to perform recombination,
TETUNDI1 does contain an inversion, and our
comparative genomic and phylogenetic work (Fig. 1)
shows that this inversion occurred after the loss of
genes that encode recombinogenic enzymes. As in other
symbionts that show some evidence of recombination
without encoding genes for this activity (McCutcheon
and von Dohlen 2011; Sloan and Moran 2013), we
hypothesize that this inversion must have been
catalyzed by host-encoded enzymes. However, aside
from this inversion, we see no evidence of
recombination within the Hodgkinia lineage. We

therefore assume that Hodgkinia evolves primarily as an

asexual organism.

In asexual organisms, lineage cohesion can be
maintained by a combination of genetic drift and
periodic selection favoring beneficial genotypes
(Atwood et al. 1951; Cohan 2002). The paired
Hodgkinia genomes we describe here appear to have
resulted from an event or series of events that disrupted
the cohesive force uniting the ancestral single
Hodgkinia lineage. Given present data, it is not clear
what the event(s) were that lead to this loss of cohesion,
but we can propose a model based on our data and
assumptions from previous work (Fig. 7). As both
Sulcia and Buchnera have been shown to be highly
polyploid (Komaki and Ishikawa 1999; Woyke et al.
2010), we expect that Hodgkina is also polyploid. Our
genome-targeted FISH analyses support this
assumption, as the fluorescence intensity is spread
evenly throughout the Sulcia and Hodgkinia cells (Fig.
5B). Because Hodgkinia exists only in cicada cells, is
likely bottlenecked at transovarial transmission (that is,
they are passed vertically from mother to offspring
though eggs) between insect generations, and is asexual,
we assume that genetic drift plays a large role in its
evolution.

In our model, the polyploid nature of Hodgkinia
(Fig. 8A) masks deleterious mutations and allows them
to rise to high frequency in the population through drift
(Fig. 8B-8C). It is important to note that at least two
separate and complementary gene-inactivating
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Figure 8. A model for the splitting of the
ancestral Hodgkinia lineage. (A) We
assume that Hodgkinia started as a
population of cells with a single polyploid
ancestral genotype (shown as green
circles). (B) Mutations that inactive at
least one gene occur in two different
Hodgkinia cells (yellow and blue boxes)
in the same insect. (C) These inactivating
mutations rise to high levels, masked by
the polyploid nature of Hodgkinia. (D) A
bottleneck event purges the ancestral
Hodgkinia genotype and fixes the
reciprocal inactivating mutations in the
population. (E) These new species lose
genes in a reciprocal fashion to give rise
to two discrete Hodgkinia genomes
(yellow and blue circles).
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mutations are required in distinct Hodgkinia cells, because single inactivating mutations that rise
to high frequency in isolation would not ‘lock in’ complementary genotypes, and would
eventually be purged by selection (this being the typical fate of a single deleterious mutation). A
bottleneck event, perhaps at the level of the host population, eliminates the ancestral Hodgkinia
genotype and fixes the derived genomes into a functionally obligate relationship (Fig. 8D).
Finally, approximately 5 million years of evolution produces the two differentiated Hodgkinia
species we see today (Fig. 8E).

We note that some of these steps, in particular the transition from 8B to 8D, may have
been driven by selection in the symbiont or in the symbiont community, similar to what has been
observed in experimental evolution studies of microbial populations (Treves et al. 1998; Friesen
et al. 2004; Kinnersley et al. 2014; Plucain et al. 2014). For example, some Hodgkinia
genotypes, freed through gene inactivation of the burden of making large proteins, may be driven
to high frequency because of increased replication efficiency. If driven by selection, this event
may be beneficial at the symbiont level, but would likely not be adaptive from the perspective of
the entire symbiosis—here, what’s good for the symbiont in the short term is not what’s good for
the entire symbiosis in the long term. One possible reason this phenomenon has not been
observed in other insect symbiont systems may relate to the very long lifecycles of cicadas
(Karban 1997). If host-level selection for symbiont quality is tested less frequently in long-lived
insects, then this may allow slightly less fit symbiont genotypes to rise to high frequency without
being purged by host-level selection. Further work targeting Hodgkinia from other cicada species
with differing life cycles may help refine this model by establishing the frequency of these kind
of lineage-splitting events.

Why does Hodgkinia fracture into many lineages while Sulcia remains cohesive? In all
reported cicada species, Sulcia and Hodgkinia are contained within different insect cells but have
been restricted to cicada tissues for tens of millions of years. Therefore, Sulcia and Hodgkinia
should be subject to the same forces imposed by their extensive gene loss and living conditions
—i.e., the effects of strict asexuality, intracellularity, host dependence, and transovarial
transmission should be the same for both endosymbionts.

We suggest that the structural differences between the Sulcia and Hodgkinia genomes may be
due to differences in their mutation rates. (While the mutation rate itself has not been measured
in Sulcia or Hodgkinia, here we use the relative DNA substitution rates as a proxy.) Sulcia has
been noted to have a very low DNA substitution rate in various insects, usually with its partner
co-primary symbiont showing a more rapid rate of sequence evolution (Takiya et al. 2006;
Powell 2009; McCutcheon and Moran 2012). For example, in sharpshooters, Sulcia has a 5X
slower rate of DNA substitution than its partner symbiont Baumannia cicadellinicola (Powell
2009). Thus, symbiont pairs that are present in the same host can have different rates of sequence
evolution, perhaps due to mechanical differences in their DNA replication machinery (Takiya et
al. 2006).

The difference in DNA substitution rate between partner endosymbionts appears to be even more

dramatic in the case of Sulcia and Hodgkinia. By comparing the average rates of synonymous
site substitutions (ds) in Sulcia and Hodgkinia homologs in different cicada species, we estimate
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that the DNA substitution rate is between 17- to 137-fold higher in Hodgkinia than in Sulcia
(Table S2). The model we propose for the lineage splitting events in TETUND and MAGTRE
require at least two complementary and inactivating mutations to arise in different Hodgkinia
cells (Fig 8). If the mutation rate is much higher in Hodgkinia compared to Sulcia, then the odds
of acquiring two mutations in the Hodgkinia population for a given number of genome
replication cycles is higher in Hodgkinia. Sulcia will still encounter inactivating mutations, and
these may even rise to high frequency, but cell lineages that accumulate high levels of these
deleterious genotypes will eventually be purged by selection (Fig. 8A). It is also possible that
there are cell biological reasons why Sulcia and Hodgkinia are different. In particular, the
patterns of genome evolution in Hodgkinia suggest that its cellular boundary is porous to most
moleucles except genomes (McCutcheon et al. 2009b), while this may not be true in Sulcia. In
this case, it would not be possible for inactivating mutations in two different Sulcia cells to
interact, and thus cell lineages carrying inactivating mutations would not be masked from
selection by other lineages with active gene copies and would eventually be purged by host-level
purifying selection.

Why do symbionts fracture into many lineages in cicadas, but not in other insects? Aside
from Hodgkinia, many other endosymbionts with tiny genomes have very high substitution rates
(McCutcheon and Moran 2012). Why have the lineage-splitting events we observe in Hodgkinia
not occurred to symbionts in other insects, and why are they found in only some lineages of
cicadas? We suggest that it is related to the very long and variable life cycles of cicadas. While
some exceptional insects have multi-year diapause stages that can last more than 25 years (e.g.
(Denno and Roderick 1990)), the vast majority of sap-feeding insects have life cycles of one year
or less (Heliovaara et al. 1994; Williams and Simon 1995; Nickel and Remane 2002). With
known life cycles ranging from 2 to 19 years, cicadas are therefore among the longest-lived non-
diapausing insects, (White and Strehl 1978; Karban 1997). Most cicada species for which we
have data have life cycles of two to five years, with the synchronized thirteen- and seventeen-
year life cycles of periodical cicadas in the genus Magicicada at the long end of the spectrum
(Table S3).

We hypothesize that the number of splitting events experienced by a Hodgkinia lineage is
proportional to the life cycle length of the cicada in which it resides. This could be the result of
two factors. The first is the inferred high mutation rate in Hodgkinia—it could simply be that the
longer an insect lives, the more genome replication cycles Hodgkinia undergoes and thus the
likelihood of accumulating inactivating mutations is higher. The second factor relates the amount
of time a cicada species exists in states of lowered metabolism such as winter diapause (Itd and
Nagamine 1981; Logan et al. 2014), or the waiting period (Karban 1997) between when it has
reached the critical 5" instar weight and when it emerges above ground. Because Sulcia and
Hodgkinia provide essential amino acids to their host cicada (McCutcheon et al. 2009a), we
assume that the host will test the quality of symbiont genotypes most intensley when protein
synthesis is at its maximum; that is, when the insect is putting on mass during growth. Therefore,
if there are periods during the cicada lifecycle where the symbionts are undergoing genome
replication (in order to be maintained and passed to the next generation) but when the cicada is
not putting on mass, then it may be possible for less fit symbiont genotypes to accumuate
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because their ‘symbiotic quality’ would not be vigorously tested by host-level selection
(McCutcheon et al. 2009b). The data from all cicada species surveyed so far support this
hypothesis.

The benefits and costs to long-term endosymbiosis. The stable integration of
mutualistic bacteria into host cells has profoundly altered the diversity and complexity of life.
These ‘key innovations’ (Szathmary and Smith 1995; Sachs et al. 2011) can promote rapid
diversification by propelling the new symbiotic consortium into previously inaccessible
ecological niches (Margulis 1981). While these events are often initially adaptive,
endosymbionts that become stably associated inside host cells can undergo a long period of
degenerative evolution as the partners become more intimately intertwined and genetic drift
plays a larger role in their evolution (Moran 1996; Andersson and Kurland 1998).

The classic examples of this process are the mitochondria and plastids, the eukaryotic
cellular organelles resulting from the endosymbiosis of an alphaproteobacterium and a
cyanobacterium, respectively (Gray and Doolittle 1982). By allowing their hosts access to new
forms of energy, these organelles are ultimately responsible for much of the macro-scale
organismal diversity present on Earth today (Lane and Martin 2010). However, their exclusive
presence in host cells and strict vertical transmission also limit their evolutionary potential.
Mitochondrial genomes in particular are characterized by large amounts of gene loss relative to
their bacterial ancestors, and by wild diversity in genomic architecture (Burger et al. 2003). It is
now clear that this diversity is derived; the ancestral mitochondrial genome was probably a
circular chromosome with a distinct bacterial nature (Lang et al. 1997). Flowering plants and
some algae display dramatic organelle genome heterogeneity, with multi-circular chromosomes
and enormous genome expansions resulting from both horizontal acquisition of foreign DNA and
non-coding genome proliferation (Sloan et al. 2012; Rice et al. 2013; Smith et al. 2013). Because
these increases in chromosome number and genome size do not increase the functional capacity
of their hosts in any obvious way—most of the expanded DNA is non-coding—these events
seem likely to reflect increases in genomic complexity that result from non-adaptive evolution
(Lynch et al. 2006; Lynch 2007; Sloan et al. 2012; Rice et al. 2013; Smith et al. 2013).

Constructive neutral evolution as a mechanism for endosymbiont speciation.
Although the mechanism of genome expansion is clearly different between Hodgkinia and
organelle genomes, we suggest that these examples share the distinctive feature of having
originated by chance rather than by necessity, i.e. by drift rather than by selection. In both cases,
genome sizes are increased without adding any apparent functional capacity, and selection seems
only to act to preserve ancestral gene function in the face of added genomic complexity. The
splitting of the Hodgkinia lineage in some cicadas added an additional endosymbiont to the
symbiosis, but differs importantly from other examples in insects, where the acquisition of an
unrelated additional symbiont brought with it a large set of new bacterial genes upon which
selection could act (McCutcheon and Moran 2010; Lamelas et al. 2011; McCutcheon and von
Dohlen 2011; Sloan and Moran 2012). Here, the evolution of a new symbiont resulted from a
speciation event that served only to partition existing Hodgkinia genes into two new lineages;
this event apparently brought no new genetic capacity to the system.

We thus suggest that our results highlight the role chance can play in the evolution
of biological complexity (Gould and Lewontin 1979; Doolittle and Sapienza 1980; Lynch 2007;
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Gray et al. 2010; Finnigan et al. 2012). On one hand, the interdependence of the duplicated
genomes—and they with their co-symbiont Sulcia, and all symbionts together with their cicada
host—seem exquisitely engineered and fine-tuned. However, it is difficult to imagine that this
symbiosis could have evolved to such extravagant complexity because the simpler way, with
only Sulcia and a single Hodgkinia genotype, was less effective. Selection certainly maintains
the complex organismal and genomic complementarity in this system, but we favor the idea that
these patterns exist from adaptation born of necessity. Neutral, or even maladaptive, mutations
can drift to high frequency in these populations because they are initially hidden from selection
(Fig. 8B-8C), but once fixed have to be dealt with or the entire symbiosis collapses. This process,
sometimes called “constructive neutral evolution” (CNE), has been argued to play a role in the
generation of genomic and molecular complexity (Gray et al. 2010; Stoltzfus 2012). Here we
suggest that a non-adaptive process similar to CNE has driven the evolution of new bacterial
lineages. Our results reinforce the idea that, at least in some circumstances, neutral processes
should be considered together with selection as a force driving the complexity of biological
systems.

Differences and similarities in endosymbiont and organelle genome evolution. One
important difference between mitochondria and Hodgkinia is the physical location of the
genomes. The Hodgkinia genomes from TETUND (Van Leuven et al. 2014) and at least some of
the circles from MAGTRE (Fig. 6, 7) appear to remain cytologically distinct, while this is likely
not true in mitochondria because of the frequent fission and fusion events they undergo (Sheahan
et al. 2005). Indeed, the frequency of mitochondrial fusion is the explanation proposed for the
massive levels of foreign DNA acquisition seen in mitochondrial genomes from the plant genus
Amborella (Rice et al. 2013) . Thus, even when mitochondrial genomes fragment into several
chromosomes, those chromosomes stay distributed throughout a cell’s mitochondria because of
frequent organelle fusion. In contrast, when a Hodgkinia lineage fragments, each new genome
seems to stay sequestered into discrete cells and mixing does not occur.

Despite these cell biological differences, decades of work on organelle and endosymbiont
genomes has shown that genome reduction is a strong unifying theme of intracellular symbioses.
While many organelle genomes remain small and gene dense, others have undergone secondary
genome expansions through DNA proliferation or acquisition that make the genome larger but
add little or no coding capacity (Rice et al. 2013; Smith and Keeling 2015; Wu et al. 2015).
Similarly, most insect endosymbiont genomes are small and gene dense, but here we have shown
that the ‘Hodgkinia genome complex’ has grown in size by almost an order of magnitude and has
drastically reduced its coding density, but through a different process involving lineage splitting
and reciprocal gene inactivation. These examples of secondary genome expansion have three
important similarities. The first is that they have all lead to the accumulation of large amounts of
‘junk’ DNA, inspiring arguments that these genome expansions are the result of nonadaptive
evolution (Lynch et al. 2006; Boussau et al. 2011; Sloan et al. 2012; Rice et al. 2013; Van Leuven
et al. 2014). The second is that mutation rate seems to an important correlate in the structure and
stability of organelle (Sloan et al. 2012) and endosymbiont genomes. The third is that they both
have evolved in the context of absolute co-dependency with their hosts. A eukaryotic cell is
nothing without its mitochondria, just as an insect that only eats plant sap is nothing without its
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endosymbiotic bacteria. It is likely that strong selection on the host to maintain the symbiosis
provides a fertile ground for nonadaptive processes observed in organelles and endosymbionts. If
conditions arise whereby an organelle acquires several genomes worth of foreign DNA, such as
in Amborella (Rice et al. 2013); or if an insect host is not able to stop an endosymbiont splitting
its genome into tens or hundreds of discrete cells, the host—and therefore the entire symbiosis—
has no choice but to cope with the changes or die.

3.8 Methods and suppplementary materials
Supplemental Tables
Table S1. Distribution of genes by functional class in both Hodgkinia TETUND genomes.

Raw gene counts and percent of total retained are shown. Gene functional classifications were
obtained from (McCutcheon and Moran 2010).

Functional class # genes in  # genes present in both % retained in
category TETUND genomes both
Protein folding 4 4 100
Transcription 5 4 80
Aminoacyl tRNA formation 12 9 75
Ribosomal subunit 43 29 67
Amino acid biosynthesis 17 11 65
Unknown function 3 60
Replication 2 1 50
General metabolism 18 7 41
Vitamin biosynthesis 20 4 20
RNA processing 3 0 0
Translation 7 0 0

Table S2. Genome-wide nonsynonymous and synonymous nucleotide substitution
estimations. Values are reported as the mean plus or minus two standard errors.

Ortholog set TETULN vs. TETULN vs. TETUNDI1 vs.
TETUNDI1 TETUND2 TETUND2
dNall 0.17+0.03 0.09+0.01 0.14+0.03
dsall 0.42+0.04 0.42+0.02 0.23+0.03
dN/dS all 0.35+0.04 0.29+0.03 0.54+0.06
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dN functional in all three genomes

dS functional in all three genomes

dN/dS functional all in three genomes

dN functional vs. pseudogenes

dS functional vs. pseudogenes

dN/dS functional vs. pseudogenes

dN functional but pseudogenized in partner
TETUND genome

dS functional but pseudogenized in partner
TETUND genome

dN/dS functional but pseudogenized in
partner TETUND genome

0.11+0.01
0.42+0.03
0.27+0.03
0.32+0.06
0.55+0.10
0.58+0.07
0.11£0.02

0.48+0.05

0.26+0.02

0.09+0.01
0.41£0.02
0.24+0.03
0.32+0.05
0.58+0.01
0.55+0.09
0.11£0.01

0.42+0.03

0.27+0.03

0.06+0.01
0.17+0.01
0.35+0.06
0.26+0.05
0.31+0.07
0.81+0.08

Fig. S1. FISH microscopy using genome-targeted probes distinguish Hodgkinia in
Tettigades near undata, related to Figure 4. (A) The two Hodgkinia genomes (blue and yellow)
show from bacteriome tissue thin-sections as described in Fig. 4. Hoechst stained DNA is
colored magenta, and primarily stains insect nuclei; no Sulcia probe was used in this experiment.
DIC image (B) shows characteristic cell morphology, with Hodgkinia cells surrounded by Sulcia

cells. Scale bar is 50um.

Supplementary methods
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Cicada provenance and identification. Genome sequencing and microscopy for Tettigades
undata was performed from two ethanol preserved cicadas (a single female for the genomics, a
single male for the microscopy), wild-caught in 2006 from the BioBio providence of Chile,
approximately 2 km west of Cabrero (S37°4'0.5” W72°19'52.1”). Genome sequencing for
Tettigades ulnaria was performed on a single ethanol preserved female cicada, wild-caught in
2013 near Pichilemu city, Chile (S34°28'51” W71°58'31”). Draft genome sequencing for
Tettigades auropolisa was performed on a single ethanol preserved male cicada, wild-caught in
2012 from Cordillera providence of Chile (S33°48'55” W70°11'24”"). Mitochondrial genome
sequencing for Magicicada tredecim was performed on a single ethanol preserved female, wild-
caught in 2011 from King William County, Virginia. Cicadas were identified by comparison to:
1) paratypes from the British Museum, 2) character descriptions in (Torres 1958), and 3) mtDNA
COl-barcode ID and phylogenetic position in relation to other 7ettigades species.

Total DNA was purified from dissected bacteriome tissue from twelve ethanol preserved cicadas,
wild-caught in 2011 from King William County, Virginia, using the Qiagen DNeasy Blood and
Tissue kit. DNA libraries from individual cicadas were separately barcoded for Illumina short-
insert sequencing using NEXTflex adapters and protocols (Bioo Scientific). Pooled DNA from
the same individuals was used to generate the Illumina Nextera large-insert and PacBio RS II
DNA libraries using standard protocols from the manufacturer.

DNA sequencing and genome assembly. DNA was purified using the Qiagen DNeasy Blood
and Tissue kit, and was prepared and sequenced using the Illumina GAII , HiSeq, or MiSeq
platforms. Adapter sequences were trimmed with Trimmomatic v0.03 and reads were quality
filtered using FASTX Toolkit v0.0.13 (fastq_quality_filter -q 30 -p 90 -Q 33). Meta-velvet
v1.1.01 (Namiki et al. 2012) was used to assemble the bacterial and mitochondrial genomes
using k-mers ranging from 81-161 and expected coverage equal to the approximate k-mer
coverage of each bacterial genome. Genome scaffolds were connected and circularized by PCR
and Sanger sequencing. The ribosomal operons (~7.5kb) of TETUND1 and TETUND2 were
closed by long-range PCR and Sanger sequencing by primer-walking across the amplicons.

Adapter sequences were trimmed with trimmomatic (parameters: SLIDINGWINDOW:10:15
LEADING:3 TRAILING:3 MINLEN:60)(58) and quality filtered using FASTX Toolkit v0.0.13.
High-quality, paired reads were assembled using SPAdes v3.1.1 (65), with kmer sizes of 91 and
95. Uncorrected PacBio reads were used to scaffold with SSPACE-LONGREADS v1.1 (66).
Putatively circular scaffolds were confirmed with manual inspection of mate-pair read mapping
and Sanger sequencing of PCR products. Internal gaps in the scaffolds were closed using PacBio
reads and custom Python scripts.

For MAGTRE, the following data was generated for each sequencing technology: 136,081,956
pairs of 100x2 short insert [1lumina HiSeq reads for about 27 Gb total; 50,884,070 pairs of 100x2
large insert HiSeq reads for about 10 Gb total; and 259,593 reads averaging 1600 nts for about
421 Mb total.
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Molecular Evolution. Macse v0.9b1 (Ranwez et al. 2011) was used to align TETULN and
TETUND amino acid sequences, which were back translated to produce alignments of the
original nucleotide sequences. PAML v4.6 (Yang 2007) was used to estimate amino acid and
dv/ds values using codeml (parameters: runmode=-2, seqtype=2, aaRatefile=wag.dat, model=2,
cleandata=0 and yn00 parameters; icode=3, weighting=0, commonf3x4=0). Protest-3.2 (Darriba
et al. 2011) was used on a subset of amino acid alignments to estimate the appropriate
substitution matrix, and WAG (Whelan and Goldman 2001) consistently ranked in the top ten
best fitting matrices. Likelihood scores were calculated using baseml (model=REYV,
fix_alpha=estimate, ncatG=5) for A) constrained clock in TETUND1 and TETUND?2 lineages, or
B) unconstrained clock. Likelihood scores used in determining positive selection on a branch
and/or sites were calculated using codeml (parameters; runmode=0, seqtype=1, model=2(null) or
1, clock=0, NSsites=0 or 2, fix_kappa=0, kappa=2, fix omega=0 or 1, omega=1, fix_alpha=1,
alpha=0, ncatG=10). Omega was constrained on only one branch at a time (either TETUNDI1 or
TETUND?2).

Microscopy. Genome-targeted probes were generated from unique regions of the genomes by
PCR, labeled by nick translation to incorporate fluorescently labeled dUTPs, and hybridized
according to (Sarkar and Hopper 1998) except that no E. coli tRNAs were added to the
hybridization or pre-hybridization buffer. Single, double, and triple probe hybridizations with
and without Hoechst were done to check for channel bleed-through. Negative controls were used
to assess insect tissue auto-fluorescence. Sixty slices, 0.146 uM spaced, imaged at 1024x1024
pixel resolution, were acquired on a Leica TCS SP5 inverted confocal microscope using a 63X
1.4 NA oil-immersion lens.

Supplemental Experimental Procedures

DNA sequencing and genome assembly. DNA was purified using the Qiagen DNeasy Blood
and Tissue kit, and was prepared and sequenced using the Illumina GAII or MiSeq platforms.
Adapter sequences were trimmed with Trimmomatic v0.03 and reads were quality filtered using
FASTX Toolkit v0.0.13 (fastq_quality_filter -q 30 -p 90 -Q 33). Meta-velvet v1.1.01 (Namiki et
al. 2012) was used to assemble the Sulcia TETUND and Hodgkinia TETUND genomes (-kmer
81 -ins_length 250 -ins_length sd 50 -exp covs 400 150 75 -max_divergence 0.03

-max_gap count 2 or -kmer 161 -exp_covs 400 150 50 or -kmer 181 -exp cov 20 -max_cov
200). Contigs containing blastx hits (E-value < 1e”) to bacteria were retained and further binned
into groups belonging to Sulcia, Hodgkinia, and the cicada mitochondrial genome. TETULN
scaffolds were connected and circularized by PCR and Sanger sequencing. The ribosomal
operons (~7.5kb) of TETUND1 and TETUND2 were closed by long-range PCR and Sanger
sequencing by primer-walking across the amplicons.

Gene content and divergence comparisons. Prokaa v1.5.2 (http://vicbioinformatics.com) was
used for initial protein-coding gene calls and was complemented by hand annotation. BLASTP
v2.2.25 was used to compare all protein coding genes between the Hodgkinia cicadicola
DICSEM, TETULN, TETUND1, and TETUND2 genomes (blastall -p blastp-m 8 -e 0.1 -b 1 -v
1). Reciprocal best hits (minimum e-value=0.1) were saved for each possible pair (genes shared
among 2 genomes) and for genes shared in all three genomes (TETULN and TETUND1, and
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TETUND?2) using custom python and perl scripts. Pseudogenes and/or missed gene homologs
were searched for by comparing genes only shared among 2 genomes to the other genome using
TBLASTN v2.2.25 (-q 4 -F “” -e 0.1). Each hit was examined by eye. Errors in finding
homologs caused by incorrect gene calling were fixed by hand for downstream analysis. For
each set of homologs, each gene was designated at either 1) complete, 2) pseudogenized, or 3)
deleted. Classification as a pseudogene required that ~50% of the gene length is retained with
either stop and/or frameshift mutations causing disruption of the ORF. Classification as deleted
required that less than ~50% of the gene remains in one of the genomes. ORFs missed or
incorrectly called by Prokaa were corrected by hand in Artemis release 14.0.0 (Carver et al.
2012).

Of the 170 CDSs originally annotated in Hodgkinia DICSEM, 38 were given a “hypothetical
protein” designation. Of these 38, we promoted one to an ORF with a 4-letter name (cobL) and
one to a gene with putative function (16S rRNA m(4) methyltransferase). We excluded the
remaining hypothetical ORFs from our analyses because we found that many were likely non-
functional due to lack of conservation in TETUND or from subsequent work in our lab showing
many hypothetical ORFs predicted in the original DICSEM annotation overlapped non-coding
RNA (Van Leuven and McCutcheon, unpublished). This left 134 protein coding genes in
Hodgkinia DICSEM which had some proposed function, and that we felt comfortable were likely
to be functional genes, for comparative analysis. Hodgkinia TETULN contains three protein-
coding genes than are not present in Hodgkinia DICSEM, but were included in the analysis.
Macse v0.9b1 (Ranwez et al. 2011) was used to align TETULN and TETUND amino acid
sequences, which were back translated to produce alignments of the original nucleotide
sequences. PAML v4.6 (Yang 2007) was used to estimate amino acid and dN/dS values using
codeml (parameters: runmode=-2, seqtype=2, aaRatefile=wag.dat, model=2, cleandata=0 and
yn00 parameters; icode=3, weighting=0,commonf3x4=0). Protest-3.2 (Darriba et al. 2011) was
used on a subset of amino acid alignments to estimate the appropriate substitution matrix, and
WAG (Whelan and Goldman 2001) consistently ranked in the top ten best fitting matrices.
Likelihood scores were calculated using baseml (model=REV, fix alpha=estimate, ncatG=5) for
A) constrained clock in TETUNDI1 and TETUND?2 lineages, or B) unconstrained clock.
Likelihood scores used in determining positive selection on a branch were calculated using
codeml (parameters; runmode=0, seqtype=1, model=2(null) or 1, clock=0, NSsites=0,
fix_kappa=0, kappa=2, fix_omega=0 or 1, omega=1, fix_alpha=1, alpha=0, ncatG=10). Omega
was constrained on only one branch at a time (either TETUND1 or TETUND2). Custom perl
scripts were used to run and parse the output of Macse and PAML. The TTEST, STEYX, and
CHIDIST functions of LibreOffice Calc 3.5.72 were used to calculate statistical significance.
The amino acid distance and dN/dS data were log transformed for statistical comparisons of
means. The Shapiro-Wilk test was implemented in R to analyze normality. Processing v2.0.3
(http://processing.org) was used to generate the genome map and amino acid divergence boxplots
in Fig. 2A and 2C. The mitochondrial gene sequences of 5 cicada species were aligned and back-
translated by Macse. The optimal number of site-class partitions were determined using
PartitionFinder v1.1.0 with parameters; models=all, model selection=BIC, search=greedy
(http://dx.doi.org/10.1093/molbev/mss020). Likelihood analyses were performed with GARLI
v2.01 on partitioned alignments. Bootstrap values were overlaid on the most-likely topology with
searchreps=10 with SumTrees v3.3.1. The bootstrap consensus, the most-likely tree, and a ML
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tree generated from concatenated COI, COII, COIII, AP6 sequences all share identical topology.

Microscopy. A single ethanol-preserved male 7ettigades undata cicada, collected from the same
date and location as the female specimen used for whole genome sequencing (Simon Lab
specimen number 06.CL.BI.CAB.02) and a Tettidades near undata male collected from Laguna
del Laja National Park, Chile (Simon Lab specimen number 06.CL.BI.LLJ.01), were dissected in
70% ethanol. The bacteriomes were dehydrated through 1 hr incubations in 80%, 90% and 100%
ethanol, then cleared in methylscylate for 2x1 hr. Paraffin embedding was done under vacuum
for 2x1 hr. Paraffin blocks were thin sectioned to 5-10 uM. Thin sections were de-paraftfinized in
xylene for 2x5min, then hydrated though a 100%, 85%, 70% ethanol series.

SSU rRNA targeted FISH was done according to (Pernthaler et al. 2001) except that an Olympus
FV 1000 IX inverted laser scanning confocal microscope was used for imaging with a 63X oil-
immersion lens. The probe sequences were Cy3-CCAATGTGGGGGWACGC (Sulcia) and Cy5-
CCAATGTGGCTGACCGT (Hodgkinia).

Fluorescently labeled DNA targeted probes were made to distinguish the three bacterial
genomes present in the cicada bacteriome. A unique ~3kb sequence was chosen from Hodgkinia
cicadicola TETUNDI1, Hodgkinia cicadicola TETUND2, and Sulcia muelleri TETUND
corresponding to genome coordinates 85994-89330, 121433-124981, and 48013-51479,
respectively and amplified with primers HCIF-AGTAGGCAACACGCCACAG, HC1R-
ATAGCCACAAGCTGCCTTC, HC2F-AGTGTGCTAGCGTTAAGCTG, HC2R-
AGCAAGGGCATCGCGCAATG, SMIF-GTTTCTCGCCATAATCTAGAAG, SMI1R-
AGATCTTGCAAAAGAGGCAG. The PCR mix was comprised of 1uL each of forward and
reverse primers (10uM each), lTuL dNTPs (10 mM each), 10 ng template DNA, 10 uL OneTaq
buffer, 0.25ul OneTaq (M0480), 35.75 water. Thermocycling conditions were 94° C for 1min,
94° C for 15 sec, 56° C for 30 sec, 68° C for 3 min, and 68° C for 5 min, with 35 cycles. Each
amplicon was cloned into the PGEMT-Easy vector and a single insert positive clone was
maintained in glycerol stocks of transformed Invitrogen Top10 E. coli cells. The transformed E.
coli cells were used to test probe specificity. PCR was done on purified plasmid from each of the
three clones using M 13 primers. The PCR products were checked by Sanger sequencing, then
subjected to nick-translation to incorporate fluorescently labeled dUTPs (Jena Biosciences:
Aminoallyl-dUTP-Cy5, Aminoallyl-dUTP-Cy3, Aminoallyl-dUTP-ATTO488). The nick-
translation mix contained ~200ng/ulL PCR product, 1X nick-translation buffer, 0.25mM
unlabeled dNTPs, 25uM labeled dNTPs, 2.5U/uLL DNA polymerase I, and 10mU/uLL Dnase.
These reactions were incubated at 15° C for 2-4 hours. Probes in the size range of 100-500 nts in
length were purified with AMPure XP beads (Agencourt A63880). Probes with at least 1.3
incorporated dNTPs per 1000 nucleotides (measured by UV spectrophotometry) were used for
in-situ hybridization.

Genome-targeted probes were hybridized according to (Sarkar and Hopper 1998) except that no
E. coli tRNAs were added to the hybridization or pre-hybridization buffer. Briefly, once
hydrated, tissues were incubated in prehybridization solution (12.5% dextran sulfate, 2.5X SCC,
10ng/ul ssDNA, 0.25% BSA, 1.25U/uL. RNaseOut) at 37° C for 1 hour in a humidity chamber.
Slides were then briefly washed with warm 2XSCC and incubated overnight at 37° C with
hybridization solution (prehybridization solution, 10ng/uL probe, 1.5ug/ul Hoechst 33258) in a
humidity chamber. Slides were then incubated in 2XSCC at 37° C for 1 hour, briefly rinsed with
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diH20 and preserved with FluorSave (CalbioChem). Single, double, and triple probe
hybridizations with and without Hoechst were done to check for channel bleed-through.
Negative controls were used to assess insect tissue auto-fluorescence. Sixty slices, 0.146 uM
spaced, imaged at 1024x1024 pixel resolution, were acquired on a Leica TCS SP5 inverted
confocal microscope using a 63X 1.4 NA oil-immersion lens. Fluoresence was collected by
sequentially scanning using the following excitation and emission parameters: Hoechst, 405 nm
laser for excitation, fluorescence emission collected from 420-465 nm; Alexa-488, 488 nm
excitation, collected at 500-569 nm; CY3, 561 nm excitation, collected at 570-646 nm; and CY5
633 nm excitation, collected at 650-793 nm. Spectral separation was then performed on the z-
stack using the on-board Leica channel separation software, and fluorescence spectra collected
on singly stained samples.

Post-acquisition processing was done in ImagelJ version 1.46a (Schneider et al. 2012).
Background signal in the Cy3 and CyS5 lines was estimated by defining a region of interest (ROI)
where insect auto-fluorescence is expected, but no Cy3 and Cy5 signal is expected. The average
pixel intensity of this ROI was calculated for each slice individually. Custom perl scripts and an
Image] macro were used to generate a “background” z-stack, where each slice has an even
intensity equal to 4 times the background signal calculated previously. The “background” stacks
were then subtracted from the real data to generate a background subtracted z-stack for
TETUNDI1 (Cy3) and TETUND?2 (CyS5). JACoP (Bolte and Cordelieres 2006) was used to
calculate colocalization on a ROI that avoids areas of insect auto-fluorescence and any bleed-
through from the 405 line. Non-thresholded Manders' Coefficients were M1=0.306 and
M2=0.239. The JACoP threshold values were 105 and 103 for Cy3 and Cy5, respectively.
Manders' Coefficients using these threshold values were M1=0.04 and M2=0.024, Pearson's
r=0.126, Overlap r=0.14. The volume of TETUNDI1 and TETUND2 was determined by taking
the average volume across the entire 60-image z-stack after background subtraction. Fig. 3 is a
maximum intensity projection of slices 38-41. A single image of T" near undata was taken with
similar parameters and hybridization conditions (no Sulcia probe), except that the imaging was
done on an Olympus FV 1000 IX inverted laser scanning confocal microscope with a 20X lens.
The only post-processing done was level adjustment.

The same procedure was used in MAGTRE, except that these primers were used; MAGTREO0O1:
AGGAGAAACTTAAAGTTCATTGATCC and ATTACAATCCTAGATGTCTACCC,
MAGTREO0012: AGAAACAACAACATAATAAACAAAGC and
AATTATCGAAACATTAACAACACAGC, MAGTRE005: ACACCTAAGCATAGCGTTCC
and ATTTATCCAAGTTCATGTAAACCC, and MAGTREO006:
AGTGGGTTTTGAATTTAATGTAGG and ATCCGAACTTAACCTTTGAAAACC.
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Chapter 4: Transfer RNA presence and processing in the cicada Diceroprocta semicincta
Unpublished

Summary

Gene loss and genome reduction are defining characteristics of nutritional endosymbiotic bacteria. In
extreme cases, even 'essential' genes related to core processes such as replication, transcription,
translation are deleted from the endosymbiont genome. The bacterial symbionts of the cicada
Diceroprocta semicincta, Ca. Hodgkinia cicadicola and Ca. Sulcia muelleri, encode only 26 and 16
tRNA, and 15 and 10 aminoacyl tRNA synthetase genes, respectively. Furthermore, the existing Ca.
Hodgkinia is missing several essential genes involved in tRNA processing, such as RNase P and CCA
tRNA nucleotidyltransferase, as well as several RNA editing enzymes required for tRNA maturation.
How Ca. Sulcia and Ca. Hodgkinia preform basic cellular processes without these genes remains
unknown, but could be explained by some combination of horizontal gene transfer (HGT) to the host
genome, functional complementation from genes from the host lineage, incorrect or incomplete
genome annotation, or other unknown compensatory mechanisms enabling the loss of certain functions.
Here, we show that the limited Ca. Sulcia and Ca. Hodgkinia tRNA set predicted by computational
annotation was correct. We show that despite the absence of genes encoding tRNA processing activities
on the symbiont genomes, symbiont tRNAs have correctly processed 5' and 3' ends, and seem to
undergo nucleotide modification at some positions. We conclude that these essential translation-related
functions are most likely performed by host-encoded enzymes.
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DNA stain of cicada bacteriome containing many multinucleated bacteriocytes.
Image by James Van Leuven
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4.1 Introduction

The sequencing of endosymbiont genomes over the past two decades has revealed a
series of genetic changes that occur in bacterial genomes during the transition from a free-living
to a strictly intracelluar lifestyle (Toft and Andersson 2010; McCutcheon and Moran 2012). At
the onset of symbiosis, endosymbiont genomes undergo genome rearrangement, mobile element
proliferation, and pseudogenization of non-essential genes (Burke and Moran 2011; Manzano-
Marin and Latorre 2014; Oakeson et al. 2014). Following this period of genomic turmoil,
endosymbionts evolve towards structural stability, while continuing to lose non-coding DNA and
genes that are not critical for symbiont function (Wernegreen 2015). The resulting small, gene-
dense genomes are often stable in gene order and orientation, but experience rapid sequence
evolution that is likely caused by the loss of recombination and DNA-repair machinery and
sustained reductions in effective population size (Tamas et al. 2002; Woolfit and Bromham 2003;
Sabree et al. 2010; McCutcheon and Moran 2012; Sloan and Moran 2012). The predicted
destabilizing effects of accelerated substitution rates may be dampened by the high expression of
protein chaperones like Hsp70 (Fares et al. 2002; McCutcheon et al. 2009a; Tokuriki and Tawfik
2009; Poliakov et al. 2011). The most gene-poor endosymbiont genomes have lost even
seemingly essential genes, like those involved in genome replication and protein translation
(Moran and Bennett 2014). In terms of genome size and coding capacity, these genomes span the
gap between their less degenerate endosymbiotic cousins, which retain seemingly minimal sets
of genes, and the bacterially derived organelles, which have lost most genes involved in
replication, transcription, and translation (McCutcheon and Moran 2012; Moran and Bennett
2014). These extremely gene-poor endosymbiont genomes thus provide an opportunity to learn
more about key adaptations enabling codependent symbioses, but in associations that are
younger and still undergoing the integration process that the classic cellular organelles
encountered billions of years ago.

Normal mitochondrial and plastid fuction requires extensive coordination between
organelle and host genome (Timmis et al. 2004; Gray 2014). Most of the proteins present in
organelles are encoded on the host genome, the products of which are imported into the organelle
(Benz et al. 2009). Interestingly, the functioning of some bacterial endosymbionts in both
amoeba (Nowack and Grossman 2012) and insects (Nikoh et al. 2010; Husnik et al. 2013; Sloan
et al. 2014; Luan et al. 2015) also seem to be supported by horizontal gene transfer (HGT) to the
host genomes, although protein import has been established in only two cases (Nowack and
Grossman 2012; Nakabachi et al. 2014). In the insect examples, most transferred genes do not
originate from the symbionts themselves, but from other unrelated bacteria (Nikoh et al. 2010;
Husnik et al. 2013; Sloan et al. 2014; Luan et al. 2015). The taxonomic origin of these genes may
not matter, however: just as in organelles, it is hypothesized that these HGT events enable the
loss of complementary genes in the endosymbiont (Husnik et al. 2013; Gray 2014; Sloan et al.
2014; Bennett and Moran 2015).

Chapter 4: Transfer RNA presence and processing in the cicada Diceroprocta semicincta 73



Candidatus Hodgkinia cicadacola and Candidatus Sulcia muelleri (hereafter Hodgkinia and
Sulcia) have two of the smallest bacterial genomes published (143kb and 277kb respectively)
and are obligate nutritional endosymbionts of the cicada Diceroprocta semicincta (hereafter
DICSEM) (McCutcheon et al. 2009a). Together these genomes encode complementary gene
pathways to make the ten essential amino acids required by their cicada host (McCutcheon and
Moran 2010). The Hodgkinia genome encodes only 10 of the 20 required aminoacyl tRNA
synthetases (aaRSs), and 16 tRNA genes. Further, it is predicted to encode only three genes
involved in tRNA maturation (trmE, mmnA, and gidA), all of which modify tRNAs at position
34. These gene loss patterns suggest that even if expressed, Hodgkinia tRNAs may lack the
features necessary to be functional, such as correctly processed 5' and 3' ends. This pattern of
dramatic tRNA and aaRS gene loss is extremely rare: only two bacterial species lack both tRNAs
and aaRS on their genomes (Figure 1, Table 1). Because the genes encoding aaRSs and tRNA
processing enzymes are large and typically highly conserved over evolutionary time, it is
unlikely that these proteins were missed in the original annotation of Sulcia and Hodgkinia. In
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Figure 1. Genome size and tRNA redundancy are positively correlated. Each fully sequenced
bacterial genome is shown as a dot (n=2761). tRNA redundancy represents the number of total 4-
box tRNA genes in a genome over the number of 4-box families. The red-dashed line at y=1
shows a limit where only one tRNA is found from each of the eight 4-box families. Below this
limit, it is unclear if the organism has enough tRNAs for translation. The red-dashed line at y=4
shows one tRNA gene for each 4-box codon. Buchnera aphidicola (Buchnera) and Escherichia
coli (E.coli) are shown as yellow and green dots, respectively. Theoretically, all bacteria could
function with redundancy value of 1.
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contrast, the detection of tRNA genes in highly degraded genomes—in particular in
mitochondrial genomes—is known to be difficult (Wolstenholme et al. 1987; Soma et al. 2007).
Many mitochondrial tRNAs have unusual structures, in some cases missing entire D-loops, and
can be missed by computational gene finders unless they are specifically trained to find them
(Bruijn et al. 1980). Similarly, in the degenerate archaeal genome of Nanoarchaeum, tRNA
prediction software initially missed its split and permuted tRNA genes (Randau and S611 2008;
Watanabe et al. 2014). It seemed quite possible therefore that the computational annotation of
Hodgkinia's tRNAs may be incomplete.

4.2 tRNA gene content and codon usage in Hodgkinia and Sulcia

The number of tRNA genes encoded in bacterial genomes is variable, ranging between 30
and 167 with an average of 58 (Chan and Lowe 2009). Thirty tRNA genes are sufficient for
translating all 61 possible codons, allowing for some tRNAs to pair with up to four different
codon triplets (Andachi et al. 1989). Theoretical limits place the minimal number of tRNAs near
20 (Osawa et al. 1992; van der Gulik and Hoff 2011), and while several small bacterial genomes
approach this limit, two bacterial species exceed it (Figure 1, Table 1). Hodgkinia is missing
tRNA genes needed to decode leucine, valine, arginine, serine, threonine, aspartic acid,
asparagine, and tyrosine codons (Figure 2). The mealybug endosymbiont Candidatus Tremblaya
princeps (hereafter Tremblaya) also falls below the theoretical limit of 20, encoding only 8-12
tRNAs genes and 0 or 1 aaRSs, depending on strain (Table 1) (Lépez-Madrigal et al. 2011;
McCutcheon and von Dohlen 2011; Husnik et al. 2013). However, Tremblaya is unusual in
hosting its own intrabacterial endosymbiont, Ca. Moranella endobia, which may provide the

Table 1. tRNA and aaRS genes in the smallest bacterial genomes. Shaded cells indicate that the
aaRS gene in the left column is missing. 'aaRS is heteromeric. *probable pseudogenes.

DICSEM TETULN TETUNDL  TETUND2  MAGTRE TPPAVE ~ TPPLON  TPPCIT _
valS UAC UAC GAC GAC(2) ZeAC
ileS GAU GAU GAU GAU CAU.GAU CAU GAU
proS UGG UGG UGG UGG UGG UGG
hisS GUG GUG GUG GUG GUG 26UG
trpS UCA UCA UCA UCA ucA CCA CCA
metG CAU(3) CAU(3) CAU(2) CAU(D) CAU |  CAU@) CAU CAU
altX uuc uuc uuG uuc | uuc
phesS' GAA GAA  GAA GAA | GAA GAA GAA
pheT!' | ‘ |
glys' | UCC,GCCR) | UCCGCC — ucc UCC.GCC | UCC.GCC GCC.UCC GCC,UCC
alvO' | |
serS CGA.GCU,GGA,

T ACU UGA
asnS \ | GUU | Guu
trvrS ‘ ‘ GUA
oln$ UUG | UUG | uuUG uuG | uuG | uuG | | wuc
IvsS 1010)0] uuu | Uuu | uuu CUU.UUU CUU2) CUU(3)
leuS | | | | CAAUAG CAG |
are$ \ \ ACG.UCU ACG
aspS | Guec | GucC Guc | | GuC GUC
thrS | UGUGGU =~ UGU UGU.GGU | | CGU.GGU.UGU
cvsS GCA GCA | GCA GCA | GCA GCA GCA
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missing tRNAs and aaRSs (Husnik et al. 2013). There is no such explanation for Hodgkinia's
apparent lack of tRNA, aaRS, and tRNA processing genes.

However, the presence of a tRNA gene on a
genome does not imply a functional tRNA molecule.
Functional tRNAs are generated by a complex
multistep process that can require trimming off
transcribed nucleotides that precede (5' leader) and
follow (3' trailer) the predicted tRNA gene,
postranscriptional nucleotide editing at numerous
positions, adding terminal CCA sequences when not
encoded on the genome, and aminoacylation of the

mature tRNA to produce a molecule that is active on thef®y— |
ribosome. After transcription, 5' leaders are trimmed by 8y [l

the near-universal ribozyme RNase P (Evans et al.

2006; Randau et al. 2008). The 3' trailer is cleaved off & [&)
by a combination of endonucleases and/or exonucleasesfel [l
(Condon 2007) and if a terminal CCA is not encoded in
the genome, one is added by a nucleotidyl transferase

(Zhu and Deutscher 1987; Deutscher 1990). Finally,

tRNA nucleosides are modified by a variety of enzymes | £

Figure 2. Codon usage and RNA expression in
Hodgkinia and Sulcia genomes. Box size indicates
codon frequency of all protein coding genes in
Hodgkinia and Sulcia. Codons are grouped by
amino acid; e.g. of the four alanine codons found in
Hodgkinia protein coding genes, GCU is used most
frequently. The nucleotide sequences for Hodgkinia
alanine codons (which make up 13.7% of the
genome) are shown as an example, all others are
omitted for simplicity of display. The presence of a
perfectly paired tDNA is indicated by a dark grey
box. Light grey fill indicates that a tRNA could
possibly be used to translate the codon by N34
wobble. The anticodon sequence of each tRNA is
shown to the right of its cognate codons and is
written 5' to 3'. N34 modifications that are likely
needed for tRNA-codon pairing are indicated 1 . A
red colored three letter amino acid abbreviation
indicates that the genome does not encode that
aaRS. tRNA abundance is shown in the “Expression
rank” box.
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at various conserved positions (Limbach et al. 1994; S6ll and RajBhandary 1995; Jackman and
Alfonzo 2013). These modifications greatly influence tRNA tertiary structure and how
interactions with cellular enzymes and proteins (Jackman and Alfonzo 2013).

The annotated genome of Hodgkinia from D. semicincta lacks genes related to tRNA
processing (McCutcheon et al. 2009a). It is missing the RNA (rnpB) and protein (rnpA) subunits
of RNase P, and the nucleases implicated in 3' trimming. Despite only one tRNA possessing a
genome-encoded terminal CCA, Hodgkinia does not encode a CCAing enzyme. The Hodgkinia
DICSEM genome contains only three genes involved in tRNA editing (trmE, mnmA, and gidA),
all of which are likely to be involved in the conversion of uridine to 5-methylaminomethyl-2-
thiouridine at U34 (Dunin-Horkawicz et al. 2006; McCutcheon et al. 2009a). These patterns raise
some obvious questions: Have some Hodgkinia tRNAs been missed by computational prediction
software? For tRNAs present on the genomes, are their 5' and 3' ends correctly processed? Are
Hodgkinia tRNAs modified only at the U34 wobble position? Do host aaRSs fill in for the
missing symbiont genes?

Here we address these questions by performing RNA-seq on mRNAs and small RNAs
from DICSEM bacteriome tissue. Our data confirm the expression of all annotated Sulcia
tRNAs, most Hodgkinia tRNAs, and some mitochondrial tRNAs, but fail to identify any tRNA
genes not previously annotated by computational methods. We find a highly expressed, but
previously unannotated RNase P RNA in Hodgkinia, but the majority of the enzymes used to
perform tRNA processing remain missing. Despite lacking these processing-related genes,
Hodgkinia and Sulcia tRNAs undergo 3' trailer trimming, RNA modification, and CCA addition.
Our data suggest that cicadas have not experienced successful HGT from bacteria, but reveal
host expression patterns that might compensate for many of the missing symbiont activities.

4.3 tRNA expression in cicada bacteriomes
Small RNA-seq identifies only one unannotated symbiont tRNA.

We sequenced small RNAs in the cicada bacteriome, then searched for novel tRNAs that
might complete Hodgkinia's set of tRNAs (Figure 1 and 2). It was immediately clear that our
data were messy and complex. In principle, our library size-selection efforts would have
produced sequencing reads entirely comprised of full-length tRNAs (~75 nts) that
unambiguously belong to either Sulcia, Hodgkinia, or the cicada host. Instead, we found at least
low-level expression from across the entire genome (Figure 3). We mapped quality trimmed
reads to the Hodgkinia and Sulcia genomes then manually inspected regions with coverage
greater than the lowest expressed, annotated tRNA gene and called polymorphic sites in tRNA
genes. Defining a basal expression level removed background expression noise and enabled a
more detailed review of highly expressed genes. In the case of Hodgkina, where some tRNAs are
not expressed, we manually scanned the genome for coverage spikes that reached a maximum
depth of at least 10X. While this approach allowed us to characterize tRNA processing and
uncover expression of unannotated genes, it was not well suited for identifying spliced or
otherwise unconventional RNAs, such as intron containing tRNAs. Therefore, we collapsed
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identical reads of length 48-90nts and searched highly abundant transcripts for sequences ending
in CCA, having predicted tRNA genes, or that partially align to Sulcia and Hodgkinia with
BLAST. This approach allowed us to identify all RNA transcripts in the cell, including any
unusual tRNAs. This approach also necessitated a coverage cutoff, as the number of unique, or
nearly unique reads was very high. Therefore, generated a histogram of transcript coverage, and
choose an arbitrary cutoff of 100X, because the distribution is nearly flat above this value.

In Sulcia, we find that the majority (>99%) of reads (map to tRNAs, tmRNA, RNase P,
and ribosomal RNAs (Figure 3, supplementary table S1). However, even with so many reads
mapping to RNA genes, the average read depth across protein coding genes (CDSs) was 380X.
There were regions not in RNA genes that showed pronounced spikes in read coverage,
including the 5' end of most CDSs, the 3' end of menA, groL, and ilvC, the middle of sucB, and
an intergenic region from 203779-203842. None of the reads from these regions have a terminal
CCA, nor an RNAfold structure that resembles a tRNA (Gruber et al. 2008). We found one de
novo assembled transcript that encodes a predicted Thr°“" tRNA that was unannotated in the
current GenBank Sulcia file. This transcript contained 13nt missing from the published Sulcia
genomic sequence. This gap was confirmed to be a missassembly of the original genome
sequence by Sanger sequencing (the NCBI Reference Sequence NC 012123.1 was updated; see
supplementary table S2 for primer sequences).

In Hodgkinia, we find high expression from predicted tRNAs, ribosomal RNAs, and the
5" ends of protein coding genes. We also found high expression from genome regions encoding
the non-coding RNAs RNase P and tmRNA (discussed in the “Expression of unusual RNase P
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Figure 3. RNA expression patterns from the Sulcia, Hodgkinia, and mitochondrial genomes
show relatively low expression of Hodgkinia tRNAs. Read depth plotted across the Sulcia (A),
Hodgkinia (B) and mitochondrial (C) genomes. Protein coding, ribosomal RNA, and tRNA
genes on the sense and anti-sense strands are shown in pink, blue, and green, respectively. Red
dots show the highest read depth for each tDNA. Coverage depth for reads of length 18-47, 48-
89, and 90-100 are shown in light grey, grey, and black, respectively and each are drawn on a log
scale, then summed. (D) shows median coverage depths for Sulcia (left) and Hodgkinia (right)
are shown for each gene category and read length in. The bars are colored as in A-C.
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and permuted tmRNA” section below). There are no de novo assembled transcripts (min 10X
identical reads) that BLAST to the Hodgkinia genome with an e-value less than 1E-25 aside from
those of predicted RNA genes. Given these data, we conclude that Hodgkinia does not encode
any tRNAs other than those previously annotated. Additionally, of Hodgkinia's sixteen total
tRNA genes, many are not expressed at high levels (Figure 4, Supplementary table S3). The
tRNA genes Gly061 and Gly108 each have no full-length reads aligning to them, even when
allowing for 5-8 mismatches (Supplementary table S3). However, many shorter-than-full-length
reads map to these genes, allowing us to predict modification sites.

Most tRNAs are found as tRNA halves.

The vast majority of reads mapping to tRNA genes were shorter than the gene itself
(Figures 4-6, Supplementary table S3). These transcripts could be due to RNA degradation, PCR
bias towards short amplicons during library creation, or from bona fide stable tRNA halves
(Haiser et al. 2008; Thompson and Parker 2009; Jackowiak et al. 2011). Because reverse
transcription occurs after RNA adapter ligation, these short reads are not likely due to reverse
transcriptase failing to proceed through modified nucleotides. The presence of high levels of
tRNA halves was corroborated by randomly selecting and Sanger sequencing a small RNA

0,000,000%

1,000,000x

Variable region

Figure 4. Dynamic range of tDNA half expression in Sulcia and Hodgkinia. Line graphs
show read depth across each tDNA in Hodgkinia (orange), Sulcia (black), and the cicada
mitochondria (blue). Data for only tRNA regions conserved in Hodgkinia and Sulcia are
shown, mitochondrial tRNAs are often missing these regions, as indicated by gaps in the line
graph. 18-100 nucleotide reads were mapped for this figure.
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library prior to PCR amplification (n=9). Thus, it seems that a large proportion of either tRNA
degradation products or stable tRNA halves are present in the cicada bacteriome. The majority of
halves correspond to the 3' end of tRNA genes, where the break point is most often just 3' to the
anticodon sequence (Figure 4). Figure 5 shows that there are exceptions to this pattern, especially
in reads mapping to Sulcia, where many 5' halves are present.

Of 145,176,847 million quality filtered reads greater than 18nts in length, only 0.05%
(74,651), and 1.7% (2,520,749) map to Hodgkinia and Sulcia tRNAs, respectively, and are long
enough to be functional (Supplementary table S1). Sequencing coverage at Hodgkinia tRNAs is
much lower than that of Sulcia and less even across tRNA genes. The range between highly
expressed and lowly expressed Sulcia tRNAs is 100 fold less than the range between Hodgkinia
tRNA genes (Supplementary table S3). This suggests that the lack of coverage for many
Hodgkinia tRNAs is not due to under sequencing, but rather to a fundamental difference in
transcriptional regulation between Hodgkinia and Sulcia (Figure 3). Consistent with these
expression differences, endpoint RT-PCR on total bacteriome RNA using Hodgkinia tRNA
specific primers shows a clear difference between a highly expressed and a lowly expressed
tRNAs (Supplementary figure S1). Nearly equal numbers of small RNA reads map to the whole
genome of Sulcia and Hodgkinia (224 reads/bp and 164 reads/bp, respectively), suggesting that a
fundamental difference in expression patterns between Hodgkinia and Sulcia might explain the
disparity in tRNA expression levels between the two. The equality in whole genome coverage is
due to a large number of reads mapping to Hodgkinia 23S, 16S, and 5S genes (Figure 3).

In most bacteria, tRNA abundance corresponds well to codon usage (Novoa et al. 2012). In
contrast, we find that highly expressed Hodgkinia and Sulcia tRNAs are rarely those
corresponding to abundant codons (Figure 2). A lack of correlation between tRNA and codon
abundance was also observed int the aphid endosymbiont Buchnera (Hansen and Moran 2012).
Similarly, we find no pattern linking abundant tRNAs to those that have cognate aaRSs encoded
in the genome (Figure 2).

4.4 Processing of Hodgkinia and Sulcia tRNAs
tRNA modification and maturation occurs in Hodgkinia and Sulcia.

The Hodgkinia genome encodes only three genes known to be involved in tRNA
modification, all of which act on U34: mnmA, gidA, and trmE (McCutcheon et al. 2009a).
MnmA catalyzes the 2-thiolation of U to s2U; GidA and TrmE form a dimer that catalyzes the
conversion of s2U to nm5s2U (Dunin-Horkawicz et al. 2006). The Sulcia genome encodes these
three genes, along with #ru4 and #ilS (McCutcheon et al. 2009a). TruA modifies U38-U40 to
pseudouridine and TilS converts C34 to 134, enabling the specific recognition of Met versus Ile
anticodons (Dunin-Horkawicz et al. 2006). However, we find sequence polymorphisms—which
we interpret as base modifications (lida et al. 2009; FindeiB3 et al. 2011; Hansen and Moran 2012)
—at several sites other than the expected position 34 in Hodgkinia (1-4, 6, 7,9, 15, 16, 18, 20,
23,26,27,37,43, 46,49, 57, 58, 62, and 68) and the expected positions 34 and 38-40 in Sulcia
(7, 26, 34, 37, and 58) (Figure 5, supplementary table S4). For a position to be called
polymorphic, we required at least 10X read depth and greater than 2% polymorphism at the
modified site. Interestingly, Hodgkinia tRNAs are more highly modified than Sulcia tRNAs in
both the diversity of modification and in the total number of tRNAs modified. Of Hodgkinia's 16
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glys é’é‘i ENtRNAs, 15 have at least one modified site, versus 8 of 28 in
Tr,f 062 I Sulcia and 10 of 22 in the mitochondrial genome (Figure 5,

Met 096
Metoss € supplementary table S4).

Phe 103

Gly 108 In preparing an Illumina HiSeq compatible library, RNA

,[;T: 11 ;‘; adapter sequences were ligated directly to the small RNA pools

Met 132 at the 5' and 3' ends. Adapter ligation can be blocked by either a
s tri- or diphosphorylated 5' end, but a functional RNase P will
Gin 164 generate 5' monophosphate ends which are active for ligation
:3?811637 (Kazantsev and Pace 2006). By splitting the pool of small

Met 189 RNAs into two groups, one untreated, and one treated with
L Tobacco Acid Pyrophosphatase (TAP), we tested the 5'

Cys 030 processed state of bacteriome tRNAs (Efstratiadis et al. 1977).
e In both Hodgkinia and Sulcia, we found no difference

Trp 066 (Spearman's rank correlation, P<0.005) between the tRNA sets
(T3y'>r’ 86698 from each library (Supplementary table S5), suggesting that the
Thr 070 5' ends of tRNAs in the cicada bacteriome are

lle 080 monophosphorylated, consistent with the presence of an active
Ala 081

Gly 090 RNase P enzyme.

Leu 091

lep? 55 Unprocessed tRNA transcripts typically include extra

Lys 126 nucleotides on the 5' and 3' ends that are trimmed off during

ifgr }23 tRNA maturation (So6ll and RajBhandary 1995). We find that

Pro 151 many reads aligning to Hodgkinia and Sulcia tRNA genes
f:; 1122 extend past the predicted gene boundaries, suggesting that they

Leu 164 are transcribed with 5' leaders and 3' trailers and that these extra

EA:J 1;3 nucleotides are quickly trimmed off (Figure 6). The 5' end of

Met 189 Sulcia tRNAs could be processed by the RNA moiety of RNase
g:g 2}2 P that is present in the Sulcia genome. Sulcia also contains a
Arg 264 putative ribonuclease (ACU52822.1) that could potentially
:{z ;232'_?;; process the 3' end, although the gene is most similar to RNase
R WPLL I Y, which is involved in mRNA decay (Chen et al. 2013). The
Q"r‘;tfggjfgoz original Hodgkina genome annotation did not include any
SRSl Rl -l R Nase P subunits or any nucleases, however, a putative rnpB
Tyr ¢1625-1720

Lew 3225-3319 Figure 5. Expression level of individual tDNAs shown with
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was found using a modified Infernal (Nawrocki et al. 2009) search (personal communication
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Figure 6. tRNA processing occurs in a stepwise manner, but full-length tRNAs comprise a small
minority of the total reads. The majority of reads mapping to the Hodgkinia tDNA Trp062 gene
(51,683) map to one of the secondary structures shown. Polymorphic sites (>2%) are shown in
blue (RNA modifications) or red (CCA addition). tRNA halves are colored to indicate common
sites of RNA degradation, where black letters indicate the highest read depth.

with Patricia Chan and Todd Lowe). We also observe reads ending in C, CC, and CCA that map
to Sulcia and Hodgkinia tRNAs genes, indicating that each nucleotide of the terminal CCA is
added one at a time to the 3' end of transcripts lacking 3' trailers (Figure 6). Sulcia contains a
tRNA CCA nucleotidyl transferase, but Hodgkinia does not. Our mRNAseq data show
upregulation of a cicada tRNA CCA nucleotidyl transferase (Chapter 5), however, we do not
know if this enzyme is active on Hodgkinia tRNAs. In plants, mammals, and yeast, isoforms of
this protein are localized to both the cytoplasm and organelle, and it can function in tRNA
nuclear export and cytoplasmic tRNA quality control (Nagaike et al. 2001; Feng and Hopper
2002; Braun et al. 2007).

4.5 Hodgkinia RNase P and tmRNA

Discovery of unannotated RNase P and tmRNA genes in Hodgkinia.

By aligning small RNA reads to the Hodgkinia genome we found expression of
previously unannotated RNase P (rnpB) and tmRNA (ssrA4). Many reads map to the Hodgkinia
genome (NC _012960.1) between 25448-25794 and 92713-93140, which correspond to rnpB and
ssrA, respectively. Given that the 5' end of Hodgkinia tRNAs are processed and that we cannot
find any other RNA nucleases in Hodgkinia, it seems likely that this RNase P is responsible for
the observed tRNA processing. The permuted tmRNA is coded for in the reverse direction, on the
anti-sense strand (Supplementary figure S2). All components typically conserved in tmRNA
structure can be found in the proposed tmRNA gene, however the peptide tag does not end in the
conserved YALAA sequence. The coding RNA and acceptor RNAs are separated by a 129nt
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intervening sequence containing complementary sequences needed for folding, yet there are very
few reads mapping to this region. There are mismatches that indicate CCA addition at the 3' end
of both the coding and acceptor RNAs, thus the nucleotidyl transferase may not be highly
specific to tRNAs. Also, we observe reads of varying length at the ends of the tmRNA gene,
indicating that end-trimming probably occurs. While we might expect to see only the first 100nts
of long transcripts in the data, the adapters can ligate to any RNA that has either a 2',3'-OH or a
2'-O-methyl,3'-OH at the 3' end and a monophosphate at the 5' end. Thus, the extent that
breakdown products contribute to the sequencing data is unknown and may explain the presence
of reads mapping to the entire 346bp of RNase P and the whole tmRNA gene.

4.6 Discussion
The effects of genome reduction on transcription and translation

Massive gene loss shapes the genomes of nutritional endosymbionts, and in most cases,
results in gene complements that are intact enough for cellular, but not metabolic, automomy
(McCutcheon and Moran 2012; Moran and Bennett 2014; Sloan et al. 2014). Endosymbiont
genomes are able to loose genes that facilitate a free-living lifestyle because their hosts and/or
co-symbionts support their newfound metabolic dependency (McCutcheon et al. 2009b; Hansen
and Moran 2011; McCutcheon and von Dohlen 2011; Macdonald et al. 2012; Sloan and Moran
2012; Husnik et al. 2013; Nakabachi et al. 2014). The loss of genes essential for transcription,
translation, and replication is rarer, but occurs in a few of the most gene-poor bacterial genomes.
How these organisms compensate for the loss of these genes is unknown.

In this paper, we focus on the information processing systems of the Hodgkinia genome
because so few bacterial genomes are missing genes in this category. However, the transcription,
translation, and replication systems begin to show signs of disruption long before endosymbiont
genomes become as reduced as Hodgkinia. During the initial period of genomic turmoil and
subsequent settling, normal transcription is affected by the disruption of operons by
rearrangement, altered codon usage patterns across the genome, and the loss of genes involved in
regulating transcription (e.g. sigma factors). Although few studies investigate the impact that
these changes have on transcription, evidence from the aphid symbiont Buchnera aphidicola
(hereafter Buchnera) suggests that there is little apparent compensation for this disruption. Few
Buchnera protein coding genes are differentially expressed across aphid life stages and in
response to stress treatments (Wilcox et al. 2003; Wilson et al. 2006; Vifiuelas et al. 2011).Also,
mutations that disrupt tRNA basepair complementarity, combined with a reduction in box-family
isoacceptors likely reduces the efficiency of translation in Buchnera (Hansen and Moran 2012).
It is clear that compared to other bacteria, endosymbionts that have reduced genomes must
manage with crippled protein expression systems. Alternative mechanisms for regulating gene
expression, possibly with small antisense RNAs, may be important in endosymbionts (Hansen
and Degnan 2014).

Some organisms have adapted to the loss of genes important for translation, and we
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expected to find similar adaptations in Hodgkinia. For example, Nanoarchaeum equitans (an
archea that has a reduced genome) does not contain RNase P and has eliminated its need by
using equidistant promoters 5' to each tRNA gene (Randau et al. 2008). Several Pyrobaculum
species (hyperthermophilic crenarchaeons with moderately reduced genomes) contain functional,
but dramatically reduced RNase P genes (Lai et al. 2010). RNase P could not initially be found in
Hodgkinia, but here we show expression of a putative rnpB. While still lacking the protein
component (rnpA), trimming of the 5' leader can likely occur with only the RNA component
(Guerrier-Takada et al. 1983). Cleavage of the 3' trailer from pre-tRNAs can be accomplished by
a variety of redundant exo- and/or endonucleases (Condon 2007), none of which are encoded in
Sulcia, Hodgkinia, or Tremblaya PCIT, but some combination of which are present in most
organisms. In E. coli, RNase PH, RNase T, RNase D and RNase II can all trim back the 3' end of
pre-tRNAs (Condon 2007). In Sulcia, a nuclease with similarity to RNase Y can be identified.
Although RNase Y is typically though to initiate mRNA decay, it is implicated in multiple RNA
processing tasks (Chen et al. 2013). After removal of excess nucleotides from the 3' end of a pre-
tRNA, a terminal CCA must be added by a CCAing enzyme. All cellular genomes sequenced to
date have this gene, except Hodgkinia and Tremblaya. However, in organisms with hard-coded
CCA:s, the gene can be deleted without major impacts to cell growth (Reuven et al. 1997). The
CCAing enzyme gene can even be knocked out in organisms without hard-coded CCAs. These
mutants often have growth defects, but are viable and tRNAs still get CCA'd by poly(A)
polymerase 1 (Reuven et al. 1997). A few bacteria even require two enzymes for CCA addition,
one adding the CC and one adding the terminal A (Tomita and Weiner 2001). Both genes share
homology to the single CCAing enzyme that is present in most bacteria, however each contain
mutations the presumably abolish their dual functionality (Neuenfeldt et al. 2008). We clearly see
transcripts belonging to Hodgkinia and Sulcia that have a terminal C, CC, CCA, CCAC,
CCACC, and CCACCA. The presence of these variants indicates an active CCAing enzyme and
suggests that tRNA turnover occurs in Hodgkinia and Sulcia. Turnover is an important quality
control mechanism that ensures correct folding structure of tRNAs (Wilusz et al. 2011). This
function could potentially be performed by the mitochondrial CCAing enzyme that is
upregulated in cicada bacteriome (Chapter 5). The mtCCAing enzyme is know to have broad
specificity and functionality (Braun et al. 2007; Phizicky and Hopper 2010).

Base modifications are essential for tRNA aminoacylation and codon recognition, and
have been well described in previous works (S6ll and RajBhandary 1995). It is surprising that
modifications are detected in Hodgkinia and Sulcia when the genes for these modification
enzymes are not. On the other hand, we find polymorphism at sites that are commonly edited in
many bacterial species. G37 edits are known to alter the specificity of codon-anticodon
interaction and C20 edits affect tRNA secondary structure (S61l and RajBhandary 1995). Both
Hodgkinia and Sulcia tRNAs are likely edited at G37. We find it very interesting that Hodgkinia
and mitochondrial tRNAs share more tRNA modifications than do Hodgkinia and Sulcia. In
general, however, reads mapped to Sulcia tRNAs have few polymorphic sites, despite Sulcia and
Hodgkinia have very similar percent total mismatch across the entire genome (2.0% and 2.1%).
The conservation of tRNA editing, even in intracellular symbionts, is evidence for their
ubiquitous importance. It will be intriguing to determine the mechanism by which Hodgkinia
tRNAs undergo base modifications.
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The sets of retained tRNAs in Hodgkinia and Tremblaya overlap, but there are
considerable differences (Table 1). Of 22 tRNA anticodon species in Hodgkinia DICSEM and
Tremblaya PCIT, only trnAY“C, trnl“*Y, trnM“AY, and trnFV“C are present in both genomes (Table
1). However, isoacceptor conservation between Hodgkinia DICSEM, mitochondria, and plastids
is quite similar (Lohan and Wolfe 1998; Delannoy et al. 2011). Every Hodgkinia tRNA is highly
conserved among organelles (Van Leuven et al. 2014; Campbell et al. 2015). Tremblaya PCIT,
however, retains trnQ“"“ and trnK““Y while Hodgkinia and organelles do not. A similar pattern of
conserving core genes in the translational apparatus is seen with the ribosomal protein genes of
mitochondrial and plastid genomes (Maier et al. 2013). Comparing the conservation of genes
among reduced genomes (both bacterial and organellear) is a elegant way to learn about the
functional importance of cellular processes. For example, endosymbionts tend to keep tRNA
genes with the broadest codon recognition (5'-UNN) (Hansen and Moran 2012). Both Sulcia and
Hodgkinia adhere to this pattern, with most tRNA isoacceptors belonging to 4-codon families
having a uridine at the N34 position. Strangely, Hodgkinia seems to be entirely missing
isoacceptors for five out of eight 4-codon families. Moreover, these codons are highly
represented in the genome (Figure 2) and would be expected, if selection prevailed, to have
highly expressed corresponding tRNA genes.

How to surpass the minimal microbial genome

Translation is a complex cellular process, requiring the coordination of ribosomal RNAs
and proteins, tRNAs, aaRSs, initiation factors 1-3 (infA-C), elongation factors G and Ts (fusA,
tsf), release factors 1 and 2 (prfA/B), ribosome recycling factor (frr), tmRNA (ssrA), RNase P
(rnpA/B), and a handful of RNA editing enzymes. These genes are present in almost all
organisms. However, like Hodgkinia and Tremblaya, many of these genes are missing from the
genomes of organelles. The most gene-rich mitochondrial genomes of the Jakobid protists look
very much like endosymbiont genomes, and contain a full set of about 30 tRNA genes (Burger et
al. 2013). In contrast, the most gene-poor genomes of some trypanosomatides and alveolates
contain no tRNA genes (Hancock and Hajduk 1990). The range is similar in plastids, from 1-30
tRNA genes (Barbrook et al. 2006; Bock 2007). Unlike in insect endosymbionts, organellar
aaRSs have been completely transferred to the nuclear genome (Salinas et al. 2008; Alfonzo and
Soll 2009; Gray 2012). Endosymbiont gene transfer (EGT) occurs at surprising frequency and
magnitude (Martin 2003; Stegemann et al. 2003; Hotopp et al. 2007; Rice et al. 2013) and it is
clear that the import of components (either host or symbiont derived) into the organelle is
required for organelle function (Gray 2012). Even though the import of host components into
symbiont cells has only been shown twice (Nowack and Grossman 2012; Nakabachi et al. 2014),
our results suggest that something similar is happening in Hodgkinia.

The processes involved in tRNA import into organelles are complex (reviewed in Alfonzo
and So6ll 2009; Duchéne et al. 2009; Salinas-Giegé et al. 2015). For translation to occur in the
organelle, fully processed and charged tRNAs must be localized to the organellar ribosome, and
in no case are all the necessary components entirely encoded for in the organelle genome. The
simplest hypothetical way to accomplish EGT-facilitated translation is for each essential gene to
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be transferred to and expressed from the nuclear genome (1 copy of mitochondrial origin and 1
copy of chloroplast origin for plants). The components can then be targeted and imported into
their respective organelle for translation (Duchéne et al. 2009). In all cases studied so far, the
proteins/RNAs inside of organelles are mosaics of gene products of both eukaryotic and bacterial
origin (Keeling and Palmer 2008; van Wijk and Baginsky 2011; Gray 2012). In human
mitochondria, for example, almost all of the aaRSs are bacterially-derived; only two (Gly and
Lys) are dually purposed, and only one tRNA (GlIn) is known to be imported (Rubio et al. 2008;
Suzuki et al. 2011). In contrast, of the 45 aaRS genes expressed from the 4. thaliana genome
(Iida et al. 2009), about half are localized to a single compartment; 21 are found only in the
cytoplasm, 21 are dually-targeted, 2 are chloroplast specific, and 1 is targeted to all three cellular
compartments. However, of the ~600 tRNA genes in the A. thaliana genome, only a couple have
been shown to localize to the mitochondria (Duchéne and Maréchal-Drouard 2001). It is worth
noting that the mitochondrial and plastid genomes of 4. thaliana contain 22 and 30 tRNA genes,
yet cytosolic tRNAs are still imported (Duchéne and Maréchal-Drouard 2001). The import of
seemingly unnecessary tRNAs occurs quite frequenty, and in most cases, the role of redundant
tRNAs in organelles is unknown (Salinas-Giegé et al. 2015). It is however, difficult in many
cases to separate functional tRNA genes from tRNA pseudogenes, potentially overestimating the
extent of redundancy. The low expression of some Hodgkinia tRNA genes and the high
abundance of tRNA halves suggest the potential for ongoing psudogenization of Hodgkinia
tRNA geness.

The evolution of promiscuous enzymes—or other multifuctional cellular components—
could allow for genome reduction without the need for HGT or direct host supplementation.
Endosymbionts with reduced genomes are often missing genes metabolic pathways, yet
completely functional pathways are required for the symbiosis (Zientz et al. 2004; Macdonald et
al. 2012; Husnik et al. 2013). In Buchnera, 1lvC likely performs the function of successive genes
in the vitamin BS5 biosysnthesis pathway(Price and Wilson 2014). The expression of Buchnera's
ilvC in E. coli can rescue E. coli panE- and ilvC- kncokout strains. It is hypothesized that this
single enzyme is dually functioning in Buchnera cells, whereas two separate enzymes (IlvC and
PanE) are required in E. coli (Price and Wilson 2014). Some aaRSs also act on multiple
substrates. In the majority of prokaryotes, the noncognate aa-tRNA species Asp-tRNA*" and
Glu-tRNA" are formed by nondiscriminating aaRSs (Ibba and So1l 2004). The non-standard
amino acids selenocysteine and pyrolysine are also incorporated by misaminoacylation (Ibba and
S6ll 2004). In these cases, it is unlikely that nondiscriminating aaRSs would aid in genome
reduction because the noncognate aa-tRNAs are subsequently repaired by aminotransferases.
These two lines of evidence perhaps suggest that Hodgkinia and Sulcia aaRSs could be broadly
functioning, however, it is difficult to imagine how sloppy aminoacylation could happen, given
the importance of maintaining fidelity in the translational system.

Despite the ancient nature and massive genetic integration of organelle with host (Maier
etal. 2013; Ku et al. 2015), most mitochondria and plastids are partially autonomous. This
suggests that there are challenges associated with complete host-symbiont integration. Gene
retention patterns in the genomes of highly reduced bacterial symbionts also show a reluctancy to
give up independence, especially for the processes of transcription, translation, and replication
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(McCutcheon and Moran 2012; Moran and Bennett 2014). In organelles, these challenges are
obviously overcome. Studying the cell and evolutionary biology of endosymbionts like
Tremblaya and Hodgkinia provides insight on how host and symbiont become dependent and
integrated with one another. In particular, the pattern of evolution that we observe suggest that
the Hodgkinia-Sulcia-cicada symbiosis has slipped into a costly and irreversible path towards
symbiont degradation (Bennett and Moran 2015). While symbioses initially promote adaptive
resource utilization, the co-evolutionary dynamics between symbiont and host initiates a
degeneration process that causes host-symbiont conflict and ends in either extinction or symbiont
replacement (Bennett and Moran 2015). Similar conflicts occur between organelle and host. A

clear example is seen in the drosophila simw’ 2_OreR hybrid, where single point mutations in the
nuclearly-encoded, mitochondrially-derived tyrosyl-aaRS and its cognate, mitochondrially-
encoded tRNA™ interact to decrease the activity of the OXPHOS complexes I, III, and IV and
cause growth defects (Meiklejohn et al. 2013). One interesting observation is that the most
degenerate endosymbiont genomes are always in co-symbiosis with other bacteria (Moran and
Bennett 2014). Perhaps one symbiont primes the system to enable massive genome reduction in
the other symbiont. Very similar pre-adaptation processes may have enabled the establishment of
mitochondria and the serial endosymbiosis of plastids (Larkum et al. 2007; Dorrell and Howe
2012; Gray 2014). Our data provide a little more insight into the process of host-symbiont
integration. We suggest that the translational system in Hodgkinia is irrevocably broken, yet
Hodgkinia proteins are still somehow made. Additionally, we show that the remaining parts seem
to be functional, since processed tRNAs are present in the bacteriome. This work further
supports the idea that obligate symbioses may undergo major transitions to become a single
functional and co-evolving unit (Kiers and West 2015).

4.7 Methods and supplementary material
Method caveats.

We found several unexpected results while analyzing our data. First, we found highly
abundant small RNAs containing predicted tRNAs that did not belong to Hodgkinia, Sulcia, or
mtDNA tRNA genes. In these cases each half of the transcript aligned to separate genomic
locations, or even the genomes of separate organisms (%2 to Sulcia and > to Hodgkinia). In all
cases, these were tRNA-like sequences that were joined near the anticodon. We could not
amplify these RNAs from total RNA using gene-specific RT-PCR and thus concluded that they
are a byproduct of the RNA ligation steps of the library preparation. This serves as a cautionary
result of this method. In all cases, true Hodgknina and Sulcia tRNAs were also amplified, cloned,
and sequenced as positive controls (see supplementary table S2 for primer sequences). Second,
we found tRNA modification patterns that do not correlate with the functional capabilities of
Hodgkinia and Sulcia, and reasoned that modified nucleosides could disrupt reverse transcriptase
during library preparation (Zheng et al. 2015). These cDNAs will not contain both primer
binding sites (adapters) and will not be amplified during the PCR step of the library preparation,
thereby selectively enriching for non-modified tRNAs. Since we find abundant tRNA sequences
with polymorphism at conventionally modified sites, it seems likely that reverse-transcriptase
can proceed over some modifications, consistent with previous findings (Ebhardt et al. 2009; lida
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et al. 2009; Findeil} et al. 2011; Hansen and Moran 2012; Cozen et al. 2015; Zheng et al. 2015).
If this impacts our data significantly, we expect that i) tRNA abundance ranking is incorrect, ii)
any tRNA with extremely low coverage (ie: Hodgkinia tRNAs) have modifications besides those
that we describe here (Zheng et al. 2015). Regardless of any issues caused by library preparation,
we can think of no alternative way to simultaneously 1) assay the total tRNA pool, ii) determine
if tRNA end processing occurs, iii) evaluate RNA editing, especially when starting with single
bacteriome quanities of RNA

Sequencing small RNAs

The bacteriomes of three wild caught female Diceroprocta semicincta collected around
Tucson, Arizona in July, 2010 and July, 2012 were dissected and stored in RNA-Later (Ambion).
Total RNA was later purified using the Roche High Pure miRNA Isolation kit following the total
RNA protocol. Small RNAs were isolated with the same kit, but following the 2-column protocol
for <100nt RNAs. RNA-specific adapters were ligated to the 5' and 3' ends of the small RNAs
using the Scriptminer™ Small RNA-Seq Library Preparation Kit from Epicenter. One index was
treated with the supplied TAP enzyme to reduce the 5' end to a monophosphate. Reverse
transcription was done with an adapter specific primer and each library was subjected to 15
rounds of PCR using FailSafe PCR Enzyme Mix (Epicenter) and the supplied primers (94°C for
15sec, 55°C for 5 sec, 65°C for 10sec). PCR bands of approximate size 50-300nt (including
113nt adapters) were cut from an 8% polyacrylamide gel after staining with SYBR® Safe
(Invitrogen), and visualized on a standard UV transilluminator. The gel was shredded using a 0.5
mL tube with needle holes in the bottom, and eluted with 300 uL 0.5 M ammonium acetate for
3.5 hours at 37°C. The liquid was separated from gel particles using a 0.22 micron sterile filter
and DNA was purified by standard isopropanol precipitation. Bioanalyzer traces of both libraries
show DNA of about 100-275bp at sufficient concentration for [llumina sequencing. 226,712,931,
100nt single-end reads were generated on three HiSeq lanes at the UC Berkeley Vincent J.
Coates Genomics Sequencing Laboratory.

Read processing for small RNAseq

Adapter sequences were trimmed using Cutadapt version 1.0 with options -a AGAT
CGGAAGAGCACACGTCTGAACTCCAGTCAC -g AATGATACGGCGACCACCGACAGGT
TCAGAGTTCTACAGTCCGACGATC -O 7 (Martin 2011). Then, reads less than 18nt in length
were removed using a custom Perl-5.10.0 script. Reads were quality filtered using FASTX-
Toolkit version 0.0.12 (http://hannonlab.cshl.edu/fastx_toolkit/) so that reads with a quality score
less than 20 over more than 10% of the read were discarded (fastq_quality_filter -q 20 -p 90).
Datasets with reads of length 18-90, 48-90, and 70-100nt were generated using a custom Perl
script. The size of 18nt was chosen because the identical matches up to 16nt in length can be
found between different symbiont tRNA genes. The size 48nt was chosen because the shortest
tRNAs are about that length (Klimov and O’Connor 2009). At this point, each of these datasets
were used for mapping to Hodgkinia and Sulcia genomes and tRNA genes using either bowtie-
1.0.0, with settings —best —maqerr 150 —seedlen 18 or bwa-0.7.5 aln, with settings -n 0.08 -i 2
(Langmead et al. 2009; Li and Durbin 2009).
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De novo RNA discovery

Identical reads from the 48-90nt dataset were compressed using FASTX-Toolkit (fastx-
collapser). The majority of collapsed sequences were comprised of only one read, so a cutoff
value was determined arbitrarily using a histogram of sequence coverage. The distribution of
sequence coverage between 100X and 2E6X was quite even. The number of sequences with
coverage from 100X-1X increases dramatically, so that there were 15,115 collapsed sequences
with coverage higher than 100X and 6,478,420 collapsed sequences with coverage less than
100X. Therefore, all sequences comprised of less than 100 identical reads were discarded
(6,463,305 sequences). The remaining 15,115 sequences were split into two sets: reads with
BLASTN hits to Hodgkinia and Sulcia tRNA genes, and reads without hits (blastall 2.2.25,
blastn -e 1E-25). Sequences that did not align with known, bacterial tRNAs were then aligned to
the Hodgkinia and Sulcia full genome sequences (blastn -e 1E-10). The remaining sequences that
did not align to the bacterial genomes were considered cicada sequences, and tRNAs were
predicted using tRNAscan-SE 1.21 and ARAGORN 1.2.34 (Lowe and Eddy 1997; Laslett and
Canback 2004). Nearly identical sequences were grouped into contigs using CAP3 (Huang and
Madan 1999). Collapsed sequences with different anticodons, 5' leaders or 3' trailers that
assembled together in CAP3 were separated into their own contigs for bowtie-0.12.7 and BWA-
0.5.9 alignments using custom Perl scripts.

Comparing TAP treated to untreated libraries

Differential expression between libraries was compared using by expression rank changes
and edgeR differential expression analysis. Reads from the 20-100nt and 70-100nt datasets were
mapped to a multi-fasta file containing Hodgkinia, Sulcia, and mitochondrial tRNA genes plus
15bp of genome sequence flanking the gene using bowtie-0.12.7 with the -f, -S, and -n 3 options.
tRNA abundance rankings were generated from the *.sam files by simply counting the number of
reads that mapped to each tRNA sequence listed in Figure 3. The order of tRNA coverage was
compared between indexes using Spearman-rank correlation (Supplementary table S5). Trinity
v20140717 packages align _and_estimate abundance.pl, abundance estimates to matrix.pl,
run_DE analysis.pl, and analyze diff expr.pl scripts were used to compare differential
transcription with parameters (--SS_lib_type F —est method RSEM —aln_method bowtie —
seedlen 18 —maqerr 150 —best). Using the de novo approach separately for library 1 and 2, with
48-100nt reads, we normalized tRNA coverage (number of reads per tRNA/total number of reads
mapping to all tRNAs). A ratio of difference between library 1 and 2 coverage was calculated for
each tRNA (library 1 tRNA normalized coverage/ library 2 tRNA normalized coverage). For all
values less than zero, the inverse was taken and multiplied by -1. In this way, we tried to capture
the relative difference in expression for all tRNAs from all organisms. These data were tabulated
so that source organism, paired amino acid type, anticodon sequence, and relative expression
change for every tRNA were in one row. In R, all non-numeric factors were changed using
as.numeric(), a linear model was generated using Im(), and ANOVA was run using anova(). The
results of this analysis are shown in supplementary table S5.
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Cloning and sequencing of prepared libraries and tRNAs

Cloning was done using Invitrogen's TOPO TA cloning kit with OneShot TOP10
chemically competent cells using standard procedures. Primers designed to be specific to the
tRNA of interest were used to prime reverse transcription using Invitrogen's SuperScript I1I First-
Strand Synthesis kit. NEB OneTaq was used in end-point PCR prior to cloning (standard reaction
with 2uLlL RT product and 40 cycles). Promega PCR ladder and NEB 6X loading dye was used to
visualize PCR products prior to cloning. Plasmids were purified using Omega's Plasmid Mini Kit
and sequencing was done with the standard M13F primer.

Bioinformatics

Complete bacterial genome sequences were downloaded from
ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/all.fna.tar.gz. Chromosomal sequences were
searched for tRNA genes using tRNAscan-SE 1.21 using the bacterial model (Lowe and Eddy
1997). Genomic GC contents and 4-box family tRNA gene counts were calculated with custom
PERL scripts. 6-box families were included in the analysis. tRNA redundancy is simply
calculated by dividing the number of 4-box family tRNA genes by the number of 4-box families.
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Supplementary figure 1. To show a difference between highly expressed and lowly expressed
transcripts, 40 cycles of RT-PCR was done on total bacteriome RNA using primers specific for
Hodgkinia tRNA*" and Hodgkinia tRNA®*. Lanes 1-5: DNA marker, tRNA*" primers, tRNA*"®
primers no RT control, tRNA®"* primers, tRNA* primers no RT control.

Supplementary figure 2. Proposed tmRNA gene in Hodgkinia lies between genes for EF-1
alpha and 16S rRNA. The direction of transcription is indicated by an arrow. EF-1 alpha and 16S
are encoded on the sense strand. The tmRNA and Hodgkinia 127 are encoded on the anti-sense
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strand. Two small RNA transcripts with high coverage were identified as shown by separate
arrows. Read depth across the tmRNA gene varies from 0-50,000X. Coordinates of tmRNA

features are shown for the coding and acceptor RNAs.
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Supplementary table 1. Number of reads in the dataset.

Index1 (TAP) Index2 (untreated) Index3 (untreated) Index4 (untreated)

Raw 77,189,680 19,096,461 47,564,122 82,862,668
Quality/length filtered 60,627,486 12,657,156 38,406,203 33,486,002
18-90nts 48,521,525 10,914,315 28,597,483 24,618,283
Mapped to Hodgkinia 7,484,021 1,565,097 7,677,511 5,903,119
Mapped to Sulcia 21,424,135 5,094,798 9,313,149 5,360,814
Mapped to mitochondria 261,693 83,062 57,994 77,055
Mapped to Hodgkinia tRNAs 2,545,941 635,453 101,749 386,447
Mapped to Sulcia tRNAs 15,582,990 3,489,686 1,732,283 2,646,973
Mapped to mitochondrial tRNAs 338,590 104,637 60,532 120,499
48-90nts 13,855,233 3,713,578 21,300,447 13,163,499
Mapped to Hodgkinia 3,706,879 24,261 7,151,011 4,812,614
Mapped to Sulcia 4,127,670 1,067,020 6,835,654 2,087,571
Mapped to mitochondria 81,003 24,261 47,331 38,985
Mapped to Hodgkinia tRNAs 13,254 4,277 17,712 39,408
Mapped to Sulcia tRNAs 885,324 229,957 691,271 714,197
Mapped to mitochondrial tRNAs 57,593 18,308 47,960 51,929
70-100nts 17,917,568 3,862,380 23,160,979 14,622,761
Mapped to Hodgkinia 3,263,929 554,659 6,775,227 4,046,344
Mapped to Sulcia 9,572,979 1,591,156 10,075,795 6,042,490
Mapped to mitochondria 26,122 4,996 6,320 3,718
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Mapped to Hodgkinia tRNAs 5,644 1,767 8,209 8,723
Mapped to Sulcia tRNAs 520,386 144,229 617,538 659,736
Mapped to mitochondrial tRNAs 674 128 321 558

Supplementary table 2. Primer sequences to amplify tRNAs from total RNA, genomic DNA,
and finished library preparations.

Ala 129 Hodgkinia
Cys_041_ Hodgkinia
Thr_Sulcia_flanking
Split tRNA 1
Split tRNA 2
Split tRNA 3
Split tRNA 4
Split tRNA 5
Split tRNA 6

Forward primer 5' to 3'

Reverse primer 5' to 3'

GGGGCTGTAGCTCAATTGG
GGCTTCGTGGTATAGGGGT
CCTGGACAATCTACATGAGCA
AGAGTTGCCGGAGGGGTTAAC
TATGGCAATAACCAAG
GGTGGAGCAGTTGGTAGC
GGTGAACGTAGCTCAATTGG
GGATGTAGCGTAGGTTGG
CGCGGGGTGGAGCAGTTGG

TGGAGCTAAGCGGACTCG
GGCTTCGCTCAGACTCG
GGTAGAGCATCAGCCTTCCA
TGGAGAATATCGGATTTGAACCG
TGGAGAATATCGGATTTGAACCG
AGCTAAGCGGACTCGAACCGC
TGGAGCTAAGCGGACTCG
CGGTACCGGGAATCGAACC
CAACGGGGGCAGGAGTCG

Supplementary table 3. Number of reads mapping to each tRNA gene (plus 15bp flanking
sequence) using bowtie. The 18-90 SAM file was parsed for reads that map to the tRNA with
nearly the perfect length and ending in CCA.

SMDSEM 264 Arg
SMDSEM 216 _Gln
SMDSEM 212 Glu
SMDSEM 189 Met
SMDSEM 187 Leu
SMDSEM 170 Met
SMDSEM 164 Leu
SMDSEM 163 Leu
SMDSEM 152 Ser

SMDSEM 151 Pro

SMDSEM 150 Arg
SMDSEM 138 Ser

SMDSEM 126 Lys
SMDSEM 125 Asp
SMDSEM 115 Val

18-90 48-90 70-100 tRNA count
171822 5010 4216 3522
569993 13458 12207 291
2345816 170866 163305 120854
390387 33319 29288 12978
80814 1747 1746 542
110296 16461 15727 8919
499915 54916 679 219
142900 14619 14306 2513
602352 96386 156066 35534
1192993 2460 1995 1459
4004740 56468 54731 36894
232144 122460 4854 2366
220987 16320 14855 6793
557210 56272 51479 40892
92904 52027 50574 30918
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SMDSEM 091 Leu
SMDSEM 090 Gly
SMDSEM 081 Ala
SMDSEM_080 _Ile
SMDSEM_070_Thr
SMDSEM 069 Tyr
SMDSEM_068_Gly
SMDSEM_066_Trp
SMDSEM_057_His
SMDSEM 053 _Phe
SMDSEM_030_Cys
SMDSEM_021_Asn
SMDSEM_018 Met
HCDSEM_189 Met
HCDSEM 187 His
HCDSEM 164 Ile
HCDSEM_163_Gln
HCDSEM_143_Pro
HCDSEM_142_Glu
HCDSEM 132 Met
HCDSEM 129 Ala
HCDSEM_114_Lys
HCDSEM_108_Gly
HCDSEM_103_Phe
HCDSEM 099 _Gly
HCDSEM 096 Met
HCDSEM 062 _Trp
HCDSEM 061 _Gly
HCDSEM 041 Cys
DICSEMmt_Val ¢(13936..14031)
DICSEMmt_Tyr c(1625..1720)
DICSEMmt_Trp_1509..1602
DICSEMmt_Thr 9849..9944
DICSEMmt_Ser_6308..6404
DICSEMmt_Ser 11602..11697
DICSEMmt_Pro_c(9915..10007)
DICSEMmt_Phe_c(6433..6528)
DICSEMmt_Met_405..500
DICSEMmt_Lys_3969..4068
DICSEMmt Leu_c(12647..12745)
DICSEMmt Leu 3225..3319
DICSEMmt_Ile_266..359

127084
50342
3605265
645895
1204147
297423
249994
226724
272166
374054
219277
4102498
861790
306977
220501
10009
15973
52512
141333
498517
2254846
20565
1859
3561
379
11795
51683
75091
3989
51028
3553
6858
17606
142889
6822
37229
2035
29118
80942
23661
15019
36577

28779
32083
263269
159599
175998
21774
24795
38543
11285
2042
97275
540031
412487
2522
1654
65
103
6800
37552
330
11053
112
60
156
171
1107
11390
388
1188
6575
107
75
692
114076
23
6479
8
1469
3324
4271
421
2388

22692
29976
122850
147330
132236
4172
22514
36839
9114
1844
96060
335843
404391
1118
373
8
48
5805
981
108
7459
58

138
83
7899

257

10

51

108

41
117

129
788

17190
4065
91939
95551
68762
1938
17837
30700
7518
1203
70828
178660
305158
831
250
3
30
9
946
78
5591
13
0
3

74
6754

168
295

28

75887

55

160

83

645

75
162
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DICSEMmt Ile 119..211
DICSEMmt His c¢(8193..8286)
DICSEMmt Gly 5701..5793
DICSEMmt Glu 6373..6465
DICSEMmt GlIn_¢(340..433)
DICSEMmt_Cys_c¢(1565..1655)
DICSEMmt_Asp 4039..4130
DICSEMmt_Asn_6244..6338
DICSEMmt_Ala 6114..6207

476
1948
8489
50668
34924
25463
20488
17953
10512

14
13
3501
17779
2491
3374
1068
3333
4309

85

323

- o O O

351
61
479
59
32
1370
396

Supplementary table 4. tRNA modifications sorted by site. Those shown are at 2% or greater in
frequency. The number of reads matching each of the four nucletides is shown. The genome
sequence at that position is greyed. *Edit occurs on mismatched base-pair in stem region, "tRNA
secondary structure suggests that the gene is pseudogenized, ‘tDNA with high nucleotide

similarity exists in nuclear genome. 48-90 nucleotide reads used in mapping.

A T G C
N1 Hodgkinia_164 18 0 10 0
Mito Ala 6114-6207 137 2 174 0
N2 Hodgkinia 103 0 0 0 8
N3 Hodgkinia_099 0 15 0 112
N4 Hodgkinia 061 19 0 2 0
Mito Cys_1565-1655 0 67 0 48
N6 Mito_Ile 266-359 281 0 90 2
Mito_Met_405-500 39 279 1
N7 Sulcia_151 64 4 2072 |5
N9 Hodgkinia 132 3 16 105 3
Hodgkinia_ 142 7 12 1023 |15
Mito_Ile 266-359 7 12 571 16
Mito GIn_340-433 210 77 38 0
Mito Met 405-500 323 11 3 1
Mito Cys_1565-1655 96 23 14 0
Mito_Lys_3969-4068 4 26 108 20
Mito_Asp_4039-4130 55 12 18 0
Mito_Gly 5701-5793 656 190 144 1
Mito_Ala 6114-6207 515 147 29 0
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Mito Asn 6244-6338 618 622 1560 |28
Mito Glu 6373 6465 [310 60 72 0
Mito Leu 12647-12745 [610 268 113 4
Mito Val 13936-14031° |314 179 263 0
N15 Hodgkinia 061 22 0 6 0
Hodgkinia 142 139 0 1122 |0
N16 Hodgkinia_ 164 20 0 27 0
Mito Asn 6244-6338 0 1698 1445 |0
N18 Hodgkinia 096 3 0 104 0
N20 Hodgkinia_ 061 0 10 0 28
Hodgkinia 062 108 7813 |4 43
Hodgkinia 096 11 67 0 177
Hodgkinia_103 0 3 0 51
Hodgkinia 108 0 18 0 4
Hodgkinia 114 1 7 0 50
Hodgkinia 132 7 85 1 57
Hodgkinia 142 97 1258 |3 70
Hodgkinia_ 163 2 51 0 18
Hodgkinia 187 18 254 1 514
N23 Hodgkinia 189 478 |8 1824 |0
N26 Hodgkinia 062 190 3 1 8394
Hodgkinia_103 86 0 38 0
Sulcia_080 102 2873 | 147868 | 29
Sulcia_091 22 471 17805 |6
Sulcia_138 2 125 4770 |1
Mito_Gly 5701-5793 1257 |0 2172 |0
N27 Hodgkinia 062 12 224 7915 |3
Hodgkinia 099 0 27 0 116
N34 Sulcia_126 4 15802 |7 407
Sulcia 264 4546 |2 380 0
N37 Hodgkinia_ 189 8 14 1403 | 981
Hodgkinia 132 2 21 287 5
Hodgkinia 143 63 243 6143 | 122
Sulcia 151 38 89 2137 |91
Sulcia 187 4 15 1290 |12
N43 Hodgkinia 041 0 442 0 371°
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Hodgkinia 187 28 1 1569 |1
N45 Hodgkinia 061 91 1 264 0
Hodgkinia_ 189 470 12 1902 |1
Mito Asp 4039-4130 237 0 644 0
N46 Hodgkinia 187 27 1 1571 |0
N49 Hodgkinia 189 12 468 0 1899
N57 Hodgkinia 132 2563 |3 3922 |0
Mito_GIn_340-433 1488 |0 246 0
Ns8 Hodgkinia 041 424 148 179 0
Hodgkinia_ 061 188 26 123 1
Hodgkinia 103 103 8 19 0
Hodgkinia 108 33 1 5 0
Hodgkinia 114 77 1 10 0
Hodgkinia 163 40 26 30 0
Hodgkinia 187 1501 |22 29 0
Hodgkinia 189 2158 |42 17 0
Sulcia 189 29461 | 671 17 2
Né61 Mito Asn_6244-6338 1811 |1 1362 |0
N62 Hodgkinia_189° 21* 0 115 0
Hodgkinia 108 36 0 2 0
N67 Mito_GIn_340-433 0 222 0 1479
Mito Leu 12647-12745 |1772 |2085 |2 2
N68 Hodgkinia 062 2 842 1 7800°
T-loop Mito Met_405-500 580 570 0 0
Mito Cys 1565-1655 0 267 0 1305
Mito Cys 1565-1655 1303 | 266 2 0
Mito Asp 4039-4130 643 0 0 242
D-loop |Mito Val 13936-14031°¢ |0 5108 |1 588

Supplementary table 5. No difference found between TAP treated and untreated libraries by
Spearman's rank correlation and ANOVA, indicating that the 5' of Hodgkinia and Sulcia tRNAs
are properly processed. Spearman's rank shows significant correlation between tRNA expression
of TAP treated and untreated samples. ANOVA shows no significant difference between tRNA
relative abundance between treated and untreated samples. Relative abundance is the number of
reads corresponding to each tRNA over the total number of reads assigned to all tRNAs in the
sample. Categories for “Organism” include Sulcia, Hodgkinia, mitochondrial (DSEM), and other
(unidentified). Significant F values for the ANOVA are F(0.01) = 3.14, F(0.05) = 4.95.
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Spearman's Rank

20-100nts
70-100nts

ANOVA

Organism

Amino acid
Anticodon
Organism:Amino acid
Organism:Anticodon

Anticodon:Amino acid

Supplementary table 6. Number of differentially expressed tRNA genes encoded on the

Sulcia Hodgkinia Rho value Sulcia  Rho value Hodgkinia
n (p=0.005 n (p=0.005
critical value) critical value)

28 (0.496) 16 (0.666) 0.932 0.988

28 (0.496) 16 (0.666) 0.943 0.962
Df Sum of squares ~ Mean of squares F value Pr (>F)
4 8.17 2.04 0.4586 0.7658
45 193.69 4.30 0.9665 0.5423
16 59.13 3.70 0.8298 0.6482
3 4.51 1.50 0.3374 0.7984
35 208.40 5.95 1.3371 0.1529
3 5.61 1.87 0.4197 0.7394

Hodgkinia, Sulcia, and the cicada mitochondria genomes by Edger analysis (66 total genes). The
analysis was performed for all four small RNA samples and for three read size ranges. Index1:

TAP treated 2010 sample, index2: 2010 sample, index3: 2012 sample, index4: 2012 sample.

70-100 nt
index1 0
index2 0 0
index3 9 10 0
index4 8 5 3
48-90 nt
index1 0
index2 0 0
index3 18 16 0
index4 11 9 4
18-90 nt
index1 0
index2 0 0
index3 20 20 0
index4 11 11 3
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Chapter 5: Host complementation in cicada bacteriocytes
Unpublished

Summary

Sap-feeding insects occupy a nutrient-poor niche through obligate symbiosis with intracellular
bacteria. While the bacterial endosymbionts across sap-feeding insects are phylogenetically
diverse, they converge towards similar functionality; to metabolically complement their insect
host. Adaptation to an intracellular lifestyle is manifested in a number of characteristic traits:
endosymbiont genomes are typically smaller, more rapidly evolving, enriched in amino-acid and
vitamin biosynthesis genes, and lacking in genes involved in basic cellular processes, when
compared to free-living bacterial genomes. In the most reduced endosymbiont genomes, there
are not enough genes to perform some of the most basic cellular processes, like translation.
Hodgkinia cicadicola, Tremblaya princeps, Nasuia deltocephalinicola, and Zindera insecticola
all have bacterial genomes that encode fewer than 150 genes and are missing components of the
translational system. Here, we test for host complementation of Hodgkinia by looking for
bacterial HGTs and overexpression of host-encoded genes that may function in the symbiosis.
Unlike in other insect endosymbiontic partnerships, we find no evidence for HGT. We did,
however, find several insect cytoplasmic and mitochondrial genes that are involved in tRNA
processing that were significantly upregulated in bacteriome tissue. Interestingly, many of these
overexpressed genes complement those missing from the Sulcia and Hodgkinia genomes,
consistent with a possible supportive or compensatory role of the cicada host in symbiont
translation. We also explore potential mechanisms for aaRS transport to Hodgkinia through
confocal and electron microscopy.

Photograph taken by Piotr Lukasik
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5.1 Introduction
Highly reduced endosymbiont genomes are missing critical genes

The smallest bacterial genomes are all insect nutritional endosymbionts (Moran et al.
2008; McCutcheon and Moran 2012). The most highly reduced genomes currently published are
Hodgkinia cicadicola, Tremblaya princeps, Carsonella ruddii, and Nasuia deltocephalinicola, all
of which appear to be missing genes that are thought to be essential for life (Moran and Bennett
2014). Hodgkinia, for example, which lives inside of the cicada species Diceroprocta
semicincta, encodes only ten of the twenty amino acid tRNA synthetase (aaRS) genes
(McCutcheon et al. 2009). Of all sequenced bacteria, only five have genomes containing fewer
than 15 aaRSs. Sulcia, Portiera, Zindera, Uzinura, and Blattabacterium have 15-20 aaRS genes,
while all other bacteria have 20. Tremblaya PCIT actually contains no functional aaRS
homologs, but it has its own endosymbiont called Moranella endobia, which encodes all 20
aaRS genes. It is presumed that Tremblaya somehow has access to the aaRS proteins produced
by Moranella cells (McCutcheon and von Dohlen 2011; Husnik et al. 2013). Hodgkinia also lives
symbiotically with another bacterium, but they inhabit distinctly separate insect cells
(McCutcheon et al. 2009; Campbell et al. 2015). However, even if Hodgkinia and its co-
symbiont, Sulcia, were able to share aaRSs, together they endode insufficient aaRSs genes since
in combination their genomes only encode 16. Together, they are missing the arginine,
asparagine, threonine, and cystine aaRS genes (Table 1). There are several possible hypotheses
that might explain how Sulcia and Hodgkinia survive: (1) host-derived aaRSs aminoacylate
bacterial tRNAs; (2) horizontal gene transfer (HGT) from Sulcia and/or Hodgkinia to the cicada
host has occurred and heterologous complementation results in full functionality; (3) similarly,
heterologous complementation restores function, but HGT genes originate from other bacterial
sources; (4) Hodgkinia and Sulcia import aminoacylated host tRNAs; and (5) these bacteria
have found an alternative mechanism to aminoacylate tRNAs.

Table 1. Distribution of aaRS genes in the most degenerate bacterial genomes, plus Sulcia

DICSEM for comparison.

alaS |asnS |aspS |argS |cysS |gInS |gltX |glyS |hisS |ileS |leuS |lysS |metG |pheS |proS |serS |thrS |tpS |tyrS |valS
Carsonella X X | X X X | x X X
Nasuia X X X X X | X
Tremblaya y
Hodglinia | X X XX X X X|X X X
Sulcia X | X X | X | X X XX X X|X X X X X

Evidence of HGT in insect-bacterial symbioses
Hypothesis (2) and (3) can be directly tested by sequencing the cicada transcriptome. If

HGT has occurred, the transferred genes would need to be expressed from the cicada genome for
functionality and should be detectable by RNA-seq. While HGT of aaRS genes have not been
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found in any insect genome (except from organelles), HGT of other genes have (reviewed in
Sloan et al. 2014). The Sternorrhyncha are the best studied, with HGTs having been discovered
in mealybugs, whiteflys, psyllids, and aphids (22, 10, 4, and 2 HGTs respectively). In only one
possible case are the HGTs ancestral to all four insects; independent gene acquisition has
occurred in the insect lineages to complement endosymbiont genome degradation. By and large,
these HGTs seem to complement critical steps in amino acid or vitamin synthesis that are
missing from the bacterial endosymbiont genomes. However, many of the unique HGTs in the
mealybug genome are involved in peptidoglycan biosynthesis and recycling (Husnik et al. 2013).
It is hypothesized that these genes may be important in regulating the supply of cellular
components from the intrabacterial symbiont, Moranella, to is host bacterium, Tremblaya, by
controlling the cell wall stability of Moranella.

Host support of endosymbionts through transcriptional upregulation

As an alternative to HGT, host genes could heterologously support gene loss in
endosymbiotic bacteria. Comparing eukaryotic gene expression between bacteriome tissue and
other insect tissues has shown overexpression of host genes that are conspicuously
complementary to genes missing from the genomes of Buchnera, Tremblaya, Moranella, and
Carsonella that function in essential amino acid synthesis and nitrogen recycling (Hansen and
Moran 2011; Poliakov et al. 2011; Macdonald et al. 2012; Sloan et al. 2014), including amino
acid transporters to facilitate the transfer of amino acids between symbiont and host (Price et al.
2011; Duncan et al. 2014; Price et al. 2014). Upregulated genes with important proposed
functions in nitrogen acquisition and recycling in mealybugs, psyllids, and aphids include
glutamine sythetase, glutamine oxoglutarate aminotransferase, asparaginase, aspartate
aminotransferase, and 1-pyrroline-5-carboxylate synthase (Sloan et al. 2014). These genes likely
aid in making nitrogen available to the endosybionts from ammonia and the non-essential amino
acids glutamate and glutamine. Since plant sap has a very low C:N ratio, these pathways are
needed by the endosymbionts for making high levels of essential amino acids (Macdonald et al.
2012). Other genes universally upregulated in these insects' bacteriomes include genes involved
in nonessential amino acid biosysthesis, presumably because most of the pathways for
nonessential amino acid biosynthesis are missing from the genomes of these endosymbionts.

5.2 Identifying potential HGTs from bacteria to cicadas

As in previous studies (Husnik et al. 2013; Nakabachi et al. 2014), we used an RNA-Seq
approach to find bacterial genes that may have been transferred to the host insect genome. In
contrast to other related sap-feeding insects (Nikoh et al. 2010; Husnik et al. 2013; Sloan et al.
2014; Luan et al. 2015), we find no evidence for expression of important horizontally transferred
bacterial genes in DICSEM other than genes of mitochondrial origin (Table 2, supplementary
table S1-S2, supplementary fig. 2-11). We assembled 140,308 transcripts from 96,199,327
quality-filtered, adapter-trimmed reads. We removed 393 transcripts belonging to Hodgkinia and
Sulcia, leaving 139,915 for HGT and differential expression (DE) analysis. The largest transcript
was 18,931 bp in length, with 25 transcripts over 15 kb, suggesting that the sequencing coverage
was sufficient to obtain a good assembly.
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Our initial high-evalue BLASTP search of Trinity components to nr identified 13 amino
acid sequences of putative bacterial origin (Table 2, supplementary table 1), after removal of
Sulcia and Hodgkinia sequences. These components were further classified by more stringent
BLASTP searches, Pfam domain searches, and phylogenetics, resulting in the removal of five
components. Of the eight remaining components, several had high sequence identities to each
other (Supplementary table 2) and were combined for downstream phylogenetic analyses.

Table 2. Taxonomic classification of HGT candidates closest BLAST hits to the orthoMCL database.

Domain  Phylum Class Order Family Genus
‘ m.1 ‘ No hits
m.2 | Bacteria Proteobacteria | Alphaproteobacteria = Caulobacterales Caulobacteraceae | Brevundimonas
m.3 | Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus
m4 | Bacteria Bacteroidetes | Bacteroidetes Cytophagia Cytophagales Cytophagaceae

m.5 | Not assigned

m.6 | Not assigned

m.7 | Not assigned

m.8 | No hits

m.9 | Bacteria Proteobacteria | Alphaproteobacteria | Rickettsiales Rickettsiaceae Rickettsieae

m.10 = Eukaryota Euglenozoa Kinetoplastida Trypanosomatidae = Trypanosoma Trypanozoon

m.11 Bacteria Proteobacteria = Alphaproteobacteria | Rickettsiales Rickettsiaceae Rickettsieae

m.12 | Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium

m.13  Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae | Ruminococcus
Candidate m.2

The top blast hits of m.2 are ornithine carbamoyltransferases from a-proteobacteria. I
sampled about 15 sequences from a-proteobacteria lineages, and a few from g-proteobacteria, b-
proteobacteria, firmicutes, mitochondria and nuclear origins. The WAG+I+G substitution model
gives the lowest likelihood value in ProtTest. A maximum likelihood tree was make with the
following parameters: WAG+G+I, 100 bootstraps, #discrete G categories=3, initial
tree=NJ,BioNJ. The ML tree is shown in Figure 1 and does not give good support for m.2 being
monophyletic with any bacterial phylum, but instead is monophyletic with Danaus plexippus
(monarch butterfly). The ornithine carbamoyltransferase gene family has previously been
identified as a horizontally transferred gene in aphids, mealybugs, and psyllids (Nikoh et al.
2010; Macdonald et al. 2012; Husnik et al. 2013; Sloan et al. 2014).

Candidate m.3

The top blast hits of m.3 are hypothetical proteins from firmicutes. I sampled about 15
sequences from firmicute lineages, and a few from a-proteobacteria, fusobacteria, and eukaryotic
taxa. The number of blast hits was low, making taxon sampling difficult. The JTT+G substitution
model gives the lowest likelihood value is ProtTest. A maximum likelihood tree was make with
the following parameters: JTT+G, 100 bootstraps, #discrete G categories=5, initial
tree=NJ,BioNJ. The ML tree is shown in Figure 1 and does not give good support for m.2 being
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monophyletic with any particular phylum.

Candidate m.4

The top blast hits of m.4 are aldehyde dehydrogenases from alpha and beta-
proteobacteria. I sampled about 15 sequences from these lineages, and a few from actinobacteria,
and eukaryotic taxa. The number of blast hits was low, making taxon sampling difficult. The
LG+G substitution model gives the lowest likelihood value is ProtTest. An unweighted
parsimony tree was made in PAUP*, but m.4 is found to be sister to the eukaryote
Saccharomyces cerevisiae. ML and Baysien trees show similar relationships among the taxa,
where m.4 falls out by itself between bacteria and eukaryotic taxa. The maximum likelihood tree
was make with the following parameters: LG+G, 100 bootstraps, #discrete G categories=>5,
initial tree=NJ,BioNJ. The parameters used for the Bayesian were: LG+G, 500000 generations,
100000 generations burnin, samplefreq=10 generations.

Candidate m.9/m.11

The top blast hits of m.9 and m.11 are hypothetical proteins (possibly transcriptional
regulators) from a-proteobacteria. I sampled mostly taxa from a-proteobacteria, with E. coli and
Volvox sequences as outgroups. The LG+I+G substitution model gives the lowest likelihood
value is ProtTest. Parsimony, ML, and Baysien trees all show that m.9 and m.11 are
monophyletic with Rikettsia. The maximum likelihood tree was make with the following
parameters: LG+I+G, 100 bootstraps, #discrete G categories=3, initial tree=NJ,BioNJ. The
parameters used for the Bayesian were: LG+I+G, 500000 generations, 100000 generations
burnin, samplefreq=10 generations.

Candidate m.12

The top blast hits of m.12 are hypothetical proteins from firmicutes. I sampled about 15
sequences from firmicute lineages, and a few from a-proteobacteria, b-proteobacteria, spirochete,
and eukaryotic taxa. The JTT+G substitution model gives the lowest likelihood value is ProtTest.
ML and Baysien trees for m.12 are not in very good agreement. The ML tree groups m.12
monophyletically with firmicutes, albeit with low support. The Bayesian analysis shows m.12 as
being paraphyletic with firmicutes, but the analysis does not seem to group genes from closely
related organisms together and does not have a similar topology as the ML tree. The ML tree was
make with the following parameters: JTT+G, 100 bootstraps, #discrete G categories=>5, initial
tree=NJ,BioNJ. The parameters used for the Bayesian were: JTT+G, 500000 generations,
100000 generations burnin, samplefreq=10 generations.

Candidate m.13

The top blast hits of m.13 are hypothetical proteins (possible AAA-ATPases) from
firmicutes. I sampled about 15 sequences from firmicute lineages, and a few from a-
proteobacteria, fusobacteria, and eukaryotic taxa. m.13 also had a weak blastp (standalone blastp
search to cicada symbionts only) hit to gene YP003108565.1 from Sulica muelleri SMDSEM, so
this gene was included in the dataset. The WAG+I+G substitution model gives the lowest
likelihood value is ProtTest. Despite most blastp hits being Firmicute lineages, the ML tree
groups m.12 monophyletically with Sulcia and the outgroup (7ribolium castaneum, or the flour
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beetle). The gene annotation for the 7. castaneum gene is poor, leading me to believe that the
gene could potentially be an HGT itself.
Grouping with S. muelleri is an exciting
finding that will require further
investigation. More taxa should be
sampled before any definite conclusions
can be made. The Bayesian analysis also
shows m.13 being sister to S. muelleri.
The ML tree was make with the
following parameters: WAG+I+G, 100
bootstraps, #discrete G categories=5,
initial tree=NJ,BioNJ. The parameters
used for the Bayesian were: WAG+I+G,
500000 generations, 100000 generations
burnin, samplefreq=10 generations. 8i —
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|
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5.3 Differential expression analysis -5 0 5 10 15 20

Of 140,308 transcripts logCounts
assembled by Trinity, 11987 were Figure 1. Differential gene expression between cicada
differentially expressed, with 8418 bacteriome and body tissues. Each point represents a
being upregulated in bacteriocytes and  Trinity subcomponent, with the x axis indicating
3569 being upregulated in insect tissues  overall gene expression and the y axis indicating

(Figure 1). We found several insect differential expression between tissue types. Genes
cytoplasmic and mitochondrial 2aRSs  identified by edgeR as being significantly upregulated
that were significantly upregulated in ~ or downregulated in the bacteriome are in red.

bacteriome tissue (edgeR, p<0.01).

Interestingly, many of these overexpressed aaRSs are those missing from the Sul/cia and
Hodgkinia genomes (Tables 2,3), consistent with a possible supportive or compensatory role of
the cicada host in symbiont translation. In addition to aaRSs, many other genes involved in tRNA
processing were upregulated, including a mitochondrial CCA transferase (Tables 4) that could
potentially perform the CCAing activity in Hodgkinia cells, however, Sulcia also encodes a CCA
transferase that could hypothetically add the CCAs to Hodgkinia tRNAs, as we described in
chapter 4.

Table 2. Upregulated cicada aaRS genes in complementing Sulcia and Hodgkinia.

alaS |asnS |aspS |argS |cysS |gInS |gltX |glyS |hisS |ileS |leuS |lysS | metG |pheS |proS |serS |thrS |trpS |[tyrS |valS
Hodgkinia | X XX XX XXX X X
Sulcia X | X X[ XX XX XX XXX XXX
Cicada A A
mitochon.
Cicada A A A A A A A
cytoplasm.
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Table 3. List of all aaRS transcripts identified in the cicada transcriptome by Trinotate.

Contig name

Trinotate identification

comp5977
comp30585
comp988
comp13625
comp2749
comp8449
comp5101
compl5524
comp12190
comp2006
comp3009
comp7912
comp3592
comp2936
comp2122
comp5369
comp6001
comp5125
comp3756
comp3095
comp11367
comp28836
compl7444
comp8874
comp5410
comp7714
compl617
comp99338
compl7326
comp2373
comp798
comp2783
comp3642
compl213
comp9373
comp19834
comp22431

Alanine--tRNA ligase, cytoplasmic
Alanine--tRNA ligase, mitochondrial
Arginine--tRNA ligase, cytoplasmic
Arginine--tRNA ligase, mitochondrial
Asparagine--tRNA ligase, cytoplasmic
Probable asparagine--tRNA ligase, mitochondrial
Aspartate--tRNA ligase, cytoplasmic
Aspartate--tRNA ligase, mitochondrial
Cysteine--tRNA ligase, cytoplasmic
Cysteine--tRNA ligase, mitochondrial
Glycine--tRNA ligase

Probable glutamate--tRNA ligase, mitochondrial
Bifunctional glutamate/proline--tRNA ligase
Probable glutamine--tRNA ligase
Histidine--tRNA ligase, cytoplasmic
Isoleucine--tRNA ligase, cytoplasmic
Isoleucine--tRNA ligase, mitochondrial
Leucine--tRNA ligase, cytoplasmic

Probable leucine--tRNA ligase, mitochondrial
Lysine--tRNA ligase

Methionine--tRNA ligase, cytoplasmic
Methionine--tRNA ligase, mitochondrial
Phenylalanine--tRNA ligase alpha subunit
Phenylalanine--tRNA ligase beta subunit
Phenylalanine--tRNA ligase, mitochondrial
Probable proline--tRNA ligase, mitochondrial
Serine--tRNA ligase, cytoplasmic
Serine--tRNA ligase, cytoplasmic - partial
Serine--tRNA ligase, mitochondrial
Serine--tRNA ligase, mitochondrial
Threonine--tRNA ligase, cytoplasmic
Tryptophan--tRNA ligase, cytoplasmic
Tryptophan--tRNA ligase, mitochondrial
Tyrosine--tRNA ligase, cytoplasmic
Tyrosine--tRNA ligase, mitochondrial
Valine--tRNA ligase

Valine--tRNA ligase
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Table 4. List of transcripts that are involved in tRNA maturation and are up regulated in cicada

bacteriocytes.

id logFC logCPM PValue FDR edger bac  edger ins RecName

comp988_c0_seql -4.10 5.94 3.95E-008 8.56E-007 79.26 2.32 Arginine--tRNA ligase, cytoplasmic

comp686_c0_seq2 -5.67 5.12 4.28E-012 1.93E-010 75.43 0.74  Aminoacyl tRNA synthase complex-interacting multifunctional protein 1
comp609_c0_seql -8.35 6.12 4.47E-019 7.11E-017 58.94 0.10 tRNA (uracil(54)-C(5))-methyltransferase homolog-B
compl069_c0_seql -4.24 531 1.91E-008 4.47E-007 49.87 1.31 tRNA (uracil(54)-C(5))-methyltransferase homolog
comp423_¢c0_seq3 -7.38 533 2.53E-016 2.40E-014 46.43 0.13 Aminoacyl tRNA synthase complex-interacting multifunctional protein 1
compl225_c0_seq6 -13.55 3.21 9.03E-016 7.73E-014 40.17 0.00  D-tyrosyl-tRNA(Tyr) deacylase 1

comp953_c0_seql -14.17 3.81 1.39E-017 1.63E-015 35.41 0.00 D-tyrosyl-tRNA(Tyr) deacylase

comp844_c0_seq2 -13.00 2.68 3.75E-014 2.37E-012 33.02 0.00 Eukaryotic translation initiation factor 3 subunit F
compl195_c3_seq6 -7.87 2.75 4.28E-013 2.26E-011 29.97 0.06 D-tyrosyl-tRNA(Tyr) deacylase 1

compl497_c0_seql -14.07 3.71 2.64E-017 2.97E-015 27.69 0.00 D-tyrosyl-tRNA(Tyr) deacylase 1

compl1645_c0_seq2 -3.04 5.52 1.88E-005 2.44E-004 25.50 1.54 Speckle targeted PIP5SK1A-regulated poly(A) polymerase
compl727_c2_seq6 -3.57 4.25 1.29E-006 2.10E-005 23.53 0.99  Queuine tRNA-ribosyltransferase subunit QTRTD1 homolog
comp798_cl_seq6 -5.47 4.67 1.92E-011 7.62E-010 23.27 0.27 Threonine--tRNA ligase, cytoplasmic

compl373_c0_seq5 -13.16 2.84 1.21E-014 8.35E-013 19.02 0.00 Putative tRNA pseudouridine synthase Pus10
comp2626_c0_seq2 -4.21 4.12 3.68E-008 8.02E-007 18.95 0.51 Pseudouridylate synthase 7 homolog

comp2861_c0_seq3 -13.23 2.90 7.87E-015 5.61E-013 16.17 0.00 Threonylcarbamoyladenosine tRNA methylthiotransferase
comp2314_c0_seq2 -12.82 2.52 1.21E-013 7.00E-012 13.20 0.00 Peptidyl-tRNA hydrolase 2, mitochondrial
comp2122_¢0_seql -14.07 3.71 2.72E-017 3.05E-015 12.59 0.00 Histidine--tRNA ligase, cytoplasmic

comp3759_c0_seq3 -12.45 2.17 1.39E-012 6.80E-011 10.27 0.00  tRNA methyltransferase 10 homolog A
compl617_c0_seq4 -14.68 431 4.12E-019 6.63E-017 9.28 0.00 Serine--tRNA ligase, cytoplasmic

comp3307_c0_seq4 =732 2.24 1.56E-011 6.28E-010 9.02 0.02 Aminoacyl tRNA synthase complex-interacting multifunctional protein 1
comp2006_c0_seq2 -13.41 3.07 2.39E-015 1.89E-013 8.59 0.00 Cysteine--tRNA ligase, mitochondrial
compl142_c0_seq4 -13.36 3.03 3.26E-015 2.50E-013 8.49 0.00  Fatty-acid amide hydrolase 2

comp3282_c2_seql -5.78 297 8.60E-011 3.05E-009 7.30 0.08 Methionyl-tRNA formyltransferase, mitochondrial
comp2712_c0_seq2 -12.43 2.15 1.62E-012 7.81E-011 5.98 0.00 tRNA (guanine(10)-N2)-methyltransferase homolog
comp5101_c0_seq3 -12.38 2.11 2.16E-012 1.02E-010 5.83 0.00  Aspartate--tRNA ligase, cytoplasmic

comp2783_c0_seql -12.80 2.50 1.39E-013 7.92E-012 4.58 0.00  Tryptophan--tRNA ligase, cytoplasmic
comp2470_c0_seql -12.35 2.08 2.59E-012 1.20E-010 4.43 0.00  tRNA (guanine(37)-N1)-methyltransferase
compl117_c0_seq3 -4.82 1.78 8.15E-008 1.66E-006 4.33 0.08 CCA tRNA nucleotidyltransferase 1, mitochondrial
compl645_c0_seq4 -11.51 1.32 5.79E-010 1.78E-008 2.87 0.00 tRNA 2'-phosphotransferase 1

comp5600_c0_seq2 -9.54 -0.40 1.71E-005 2.23E-004 2.82 0.00 Probable queuine tRNA-ribosyltransferase
comp2464_c0_seql -12.16 1.91 8.94E-012 3.78E-010 2.57 0.00 L-seryl-tRNA(Sec) kinase

comp9666_c0_seql -3.58 0.99 4.58E-005 5.36E-004 2.56 0.11 Telomerase reverse transcriptase

comp6810_c0_seql -10.97 0.83 1.68E-008 4.00E-007 1.72 0.00  Mitochondrial ribonuclease P protein 3
compl551_cl_seq2l -9.68 -0.28 7.46E-006 1.05E-004 1.57 0.00 Eukaryotic translation initiation factor 5B
comp2075_c1_seq5 -5.10 0.27 9.47E-006 1.30E-004 1.38 0.02 tRNA-specific adenosine deaminase 2
comp17100_c0_seql -3.27 1.17 7.89E-005 8.57E-004 1.28 0.06 Selenocysteine-specific elongation factor
comp5512_c0_seq3 -10.70 0.60 2.53E-008 5.72E-007 1.18 0.00 D-aspartate oxidase

comp12864_c0_seql -10.99 0.85 1.43E-008 3.45E-007 1.00 0.00 Probable tRNA (guanine(26)-N(2))-dimethyltransferase
compl2190_c0_seql -10.36 0.30 1.87E-007 3.57E-006 0.75 0.00 Cysteine--tRNA ligase, cytoplasmic

comp6712_c0_seql -9.06 -0.81 5.78E-005 6.52E-004 0.61 0.00 Elongation factor Tu, mitochondrial

comp2373_c0_seql -9.73 -0.24 5.95E-006 8.52E-005 0.48 0.00  Zinc finger protein 593 homolog
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comp18314_c0_seq3 -9.35 -0.56 4.23E-005 5.00E-004 0.25 0.00 Helicase senl

5.4 Localization of Sulcia and cicada aminoacyl tRNA synthetases

Peptide antibodies were generated against mitochondrial and cytoplasmic cystine and
aspartate aaRS proteins that were identified by mRNAseq. These candidates were chosen
because these genes are missing in both Sulcia and Hodgkinia, but the Sulcia genome contains
tRNA genes to decode these amino acids. The Hodgkinia genome encodes a tRNA®*, but no
tRNA™P. This pattern of tRNA gene retention, but aaRS gene loss suggests that the proteins
might be transported to the bacteria for the aminoacylation of the bacterial tRNAs. An antibody
was also generated against Hodgkinia dnaQ to be used as a control for localizing Hodgkinia
cells. When tested by western blot on total protein isolated from cicada bacteriomes, all
antibodies display some activity, although the dnaQ antibody is poorly reactive, and the aaRS
antibodies display some cross-reactivity with proteins of unexpected sizes (Supplementary figure
S12). Since de novo assembled transcripts can sometimes give unreliable splice variants, we
interpreted the observed antigenicity as a positive test of the antibodies.

In both laser scanning confocal microscopy (CLSM) and transmission electron
microscopy (TEM), cicada mitochondrial CysRS and AspRS appear to be localized to small
punctate spheres, primarily in Hodgkinia-containing bacteriocytes (Figures 2-4). Since the
DICSEM mitochondrial genome contains tRNA®* and tRNA*P, we expect the cognate aaRSs to
be localized to the mitochondria, where they need to aminoacylate mitochondrial tRNAs. This
expectation seems supported by CLSM (Figure 2-3). The dnaQ antibody did not have signal
when tested on paraffin embedded tissue sections, even at high concentrations (1:10). Thus, we
co-labeled tissue sections with Hodgkinia 16S rRNA probes and the aaRS antibodies. We find
weak mt-CysRS signal in Hodgkinia cells, and strong signal near the periphery of Hodgkinia
cells (Figure 5). Sections labeled with gold-conjugated secondary antibodies and visualized by
TEM confirm this result, but conflict the CLSM in that mt-CysRS and mt-AspRS do not appear
to be mainly localized in mitochondria, but rather in the nucleus. We do, however, see good
labeling of what appears to be cytoplasmic compartments adjacent to Hodgkina cells, and diffuse
labeling within Hodgkinia cells (Figure 6-7). The reason for this disparity is not clear, however,
it is possible that the strongly florescent Hoechst dye in the confocal images swamp out the Cy3-
labeled CysRS antibody in CLSM. Polyploid nulcei with holocentric chromosomes (found in
several hemipterans (Wigglesworth 1967; Braendle et al. 2003; Gagnon et al. 2014)) can bind
antibodies and cause non-specific signal, this explanation seems likely, but remains untested. The
cytosolic antibodies seemed to label all tissues equally in CLSM (Figure 3), but is not seem in
Hodgkinia cells by immuno-TEM (Figure 6-7).
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Figure 2. Mitochondrial CysRS (green) and Hodgkinia tfRNA (red) labeled tissue sections show
strong aaRS signal around Hodgkinia cells, with weak, punctate signal from within bacterial
cells. Sulcia cells are not specifically labeled, but can be visualized at the bottom left of panel
(A) due to the Hoechst DNA stain (magenta) which primarily labels insect cell nuclei. Scale bars
are 20 um and Sum in panels (A) and (B), respectively.

Figure 3. Cytosolic CysRS shows diffuse, weak signal by CLSM. No primary control on right.
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Figure 4. Mitochondrial CysRS labeled tissue sections imaged by TEM show one insect cell
nulceus (magenta), two partial Hodgkinia cells (red), and many mitochondria (some pseudo-
colored blue). The gold-beads are 10nM, the scale bar is 1um.
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Figure 5. Immuno-TEM of cicada tissue section labeled with anti-cytoplasmic AspRS with
Hodgkinia (red), insect cell nuclei (magenta), and mitochondria (blue). Scale bar is 1 um.
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Figure 6. Inmuno-TEM of cicada tissue section labeled with anti-
cytoplasmic CysRS with Hodgkinia (red), insect cell nuclei (magenta), and
mitochondria (blue). Scale bar is 1 um.
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5.5 Electron microscopy of cicada bacteriocytes

In an effort to gain an understanding on the cellular organization of cicada bacteriocytes,
we performed TEM on DICSEM bacteriomes. We observe a complex arrangement of densely
packed intracellular membranes, Hodgkinia cells, and mitochondria (Figure 7, 8). As with many
insect endosymbionts, the shape of Hodgkinia and Sulcia cells is amorphous, with cross-
sectional diameters of 1-3 um. Confocal microscopy from previous work shows that these cells
can be up to about 10 pm in length (McCutcheon et al. 2009; Van Leuven et al. 2014). They are
surrounded by three membranes (presumably two bacterial and one symbiosomal), with no

Figure 7. TEM of cicada tissue section showing Sulcia (psudo-colored green), Hodgkinia
(red), insect cell nucleus (magenta), and mitochondria (blue). Panel (B) is an inset of panel
(A). Scale bars are 2um in (A) and 0.5um in (B).
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visible peptidioglycan layer. Sulcia and
Hodgkinia are partitioned into different
areas of the bacteriome, that are separated
by a section of host cells and is about 5-20
um thick (Figure 7A). This region, as well as
the Hodgkinia containing bacteriocytes are
densely packed with mitochondria. As with
bacteriocytes of other insects, cicada
bacteriocytes are probably multinucleated
and contain many unidentifiable membrane
compartments, making it hard to define a
single cicada cell. Some of these membrane
compartments seem to interact with the
membranes of the Sulcia and Hodgkinia
(Figure 7B, 8), although it is difficult to say
if this is an artifact of the preservation
methods.

Figure 8. TEM of cicada tissue section
showing Sulcia (psudo-colored green),
Hodgkinia (red), insect cell nuclei
(magenta), and mitochondria (blue). Scale
bars are 2pum in (A), 0.5um in (B-D), and
0.1pm in (E).
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5.6 Discussion

HGT influences the ecology and evolution of organisms (Keeling and Palmer 2008). In
bacterial-eukaryote symbioses, HGT likely enables genome reduction in the bacterial partner
(Sloan et al. 2014). However, I find no predicted aaRS genes of bacterial origin being expressed
from the cicada genome. Additionally, the genes identified in RNA-seq originate from a diverse
set of bacteria including a-proteobacteria, Firmicutes, and possibly Bacteroidetes. The taxonomy
of the most closely related bacteria for each gene candidate is shown in Table 2 (based off blast
searches to the orthoMCL database). However, the phylogenetic analysis (by parsimony, ML,
and Bayesian methods) show that categorizing the HGT candidates to a particular bacterial clade
may be more difficult than the orthoMCL results suggest.

My results corroborate the results of others; HGT from the current symbiont to the host
genome seems to be rare. HGT, followed by import of gene products back into their originating
organism (the organelle) is a defining property distinguishing bacterial symbionts from
organelles. To date, only two examples of protein transport of HGT gene products into bacterial
symbiont have been shown (Nowack and Grossman 2012; Nakabachi et al. 2014). However,
many cases of HGT alone have been shown, suggesting that genomic information is often
transferred from symbiont to host, but infrequently incorporated into the host's functional
genomic repertoire. The evolutionary implications of this observation are interesting, because it
implies a tenancy for acquiring DNA, but an innate reluctance for maintaining foreign DNA. The
rate of acquiring and maintaining DNA is probably dynamically variable, depending on exposure
frequency and environmental conditions (stress, for example).

Further evaluation of candidate m.13 will be interesting. The other HGT candidates found
in this study seem to belong to gene families (AAA-ATPases, hypothetical proteins, aldehyde
dehydrogenases, and ornithine carbamoyltransferases) that are commonly transferred by HGT.
m.9 and m.11 deserve further functional evaluation since they are implicated to be involved in
transcriptional regulation. Transcription in these highly reduced genomes is thought to be more-
or-less constitutive since they have lost most regulatory mechanisms (eg: both have only one
specificity factor, sigma-70).

The pattern of aaRS overexpression that we describe is intriguing, especially since some
of these proteins seems to be localized in Hodgkinia and Sulcia cells. This result has not been
observed in other endosymbiont systems and it is worth a second look at the transcriptome data
of mealybugs and psyllids to check the expression levels of host aaRS genes with those missing
in Carsonella and Tremblaya PAVE. The data that we present in this chapter suggest that the
cicada host is contributing cellular components to fill in core processes of translation missing
from the endosymbiont genomes. If true, this further breaks down the barriers distinguishing
organelles from endosymbionts and, surprisingly, suggests that aaRS proteins from very distantly
related organisms can likely charge the tRNAs of Sulcia and Hodgkinia.

5.7 Methods and supplementary materials

Wild cicadas were caught on palo verde trees in the Tuscon, AZ area and were
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decapitated and immediately placed in RNAlater (Ambion) and stored at -20°C until dissection.
RNA was purified from bacteria-harboring tissues and pooled head, leg, and wing muscle tissues
according to kit instructions (MO-BIO: Biofilim RNA Isolation kit). RNA was prepared and
sequenced on a [llumina HiSeq sequencing machine at HudsonAlpha Sequencing Center in
Huntsvillle, AL. Raw reads from one HiSeq lane were quality filtered to Q=20 over 90% of the
read and Sbp were trimmed from the end of each read. 96,199,327 reads were assembled in
Trinity (January 25, 2012 release) using kmer length=25 and min_contig_length=48. All
assembled transcripts were classified by domain (Bacteria, Eukarya, Archea) using a blastx
search against the NCBI protein database followed by filtering using custom Perl scripts. All
transcripts that blast to bacterial sequences were extracted from the complete assembly. This
subset was further filtered by removing sequences that have high identity to the H. cicadicola
and S. muelleri genomes (blastn 97% identity). Of the remaining 41 transcripts, the best ORFs
were picked using Trinity's “transcripts_to_best scoring ORFs.pl” program, which uses a
Markov model to choose the most likely full-length transcripts. The resulting sequences were
used in phylogenetic analysis.

Sequence alignments

Sequences related to each potential HGT protein sequence were obtained using blastp.
The resulting taxonomy profile was parsed to heavily sample closely related genes and broadly
sample divergent genes from other phyla. A minimum of 30 gene sequences were downloaded
and aligned using MAFFT (v7.027b) L-INS-i followed by manual correction in SeaView
(v4.3.1). The appropriate substitution model was chosen separately for each dataset using
ProtTest (v3.2).

Tree building and visualization

Unweighted parsimony trees were created using PAUP*. Maximum likelihood and
Bayesian inference phylogenetic methods were applied to each set of amino acid alignments
using MEGAS and MrBayes, respectively. Bootstrap values, credibility intervals, and burn-in
generations are indicated for each alignment set. Trees were visualized and edited in TreeView.

mRNA-seq analyses

Illumina reads from cicada bacteriome and non-bacteriome tissues (SRR952383) were
pooled and assembled using TRINITY (25January2012 release) using kmer  length = 25 and
min_contig_length =48 (Grabherr et al. 2011). The edgeR package was used to analyze
differential expression with RSEM quatification and bowtie alignments (Robinson et al. 2010).
Assembled transcripts belonging to Sulcia and Hodgkinia were removed by mapping with bwa-
mem v07.5a-2. Resulting sam files were visualized in Tablet v1.14.04.10 to ensure correct
mapping. The remaining transcripts were annotated using Trinotate (10November2013 release)
and linked to differentially expressed genes with custom Perl scripts. De novo assembled
transcripts were also searched for tRNA genes using tFIND v1.4 (Hudson and Williams 2015).
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Supplementary figure 1. Maximum-likelihood tree for HGT candidate m.2. Danaus plexippus
is the American monarch butterfly, gene GI:357606220.
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Supplementary figure 2. Unweighted parsimony tree for HGT candidate m.4, with 1000

bootstrap replicates.
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Supplementary figure 3. ML tree for HGT candidate m.4, with 100 bootstrap replicates.
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Supplementary figure 4. Baysien tree for HGT candidate m.4.
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Supplementary figure 5. Unweighted parsimony tree for HGT candidate m.9/m.11.
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Supplementary figure 6. ML tree for HGT candidate m.9/m.11, with 100 bootstrap replicates.
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Supplementary figure 7. Baysien tree for HGT candidate m.9/m.11.
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Supplementary figure 8. ML tree for HGT candidate m.12, with 100 bootstrap replicates.
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Supplementary figure 9. Baysien tree for HGT candidate m.12.
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Supplementary figure 10. ML tree for HGT candidate m.13, with 100 bootstrap replicates.

Ny mi3
56 l

ir Tnbdium castareum 2
Tnbdium castaraum 1
Oestndum caboadnaas F7

56 100 Rimrooccos fadacers 1
ﬁfmm , fiakrios 2
Ackettsia adisymhiot o kodss scapans 1
100 [ Ackettsia adsyhiat o ledss scaniais 2
QOcstidum hethessyi WAL-186520
Ocstridum sp AR
Fosshuia intestirgis VEY'
Acetiibrio calludyticis P
Qcstridum caboddvaars PT
Ocstndum sp. 0LV
Qcstridium hethensyi 12455551
Aetectaium sp. 2 1 3
— Fiedhectmitm ep, 1132

98

Chapter 5: Host complementation in cicada bacteriocytes

Cadcehe Sucia musien

133



Supplementary figure 11. Baysien tree for HGT candidate m.13.
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Supplementary figure 12. Western blot on total protein from cicada bacteriomes. Antibodies are
listed with expected target protein size.

Hodgkinia cytoplasmic mitochondrial ~ cytoplasmic
DnaQ AspRs AspRs CysRs
20.7 kDa 59.8 kDa 107 kDa 82.3 kDa 63.5 kDa
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Supplementary table 1. Amino acid sequences for all HGT candidates.

>m.1 g.1 type:internal len:216
DRTLDESRDDVQLLNNSTSDFKDNSLNKSADEIGEEVGNRSESNSSFSEHCTESVNNSCAIPKNFPIQVSSKITEKLKKFAVGTSKAHAST
DGSCSKTDIESRDTSLNKSDTNVFHIGTSLLNDSTVSTSENEMHKIPEKFGITANKNCEVPVTAGGFSRTVQGAALQKTIKNDPQNESIQSL
TINHNESQEQHNSVDRGTSQKTEIKTSSQLFSE

>m.2 g.2 type:Sprime_partial len:161
LGQPLKGYKITMVSVSEPHTLKSSFIVASAIKQLGGDVQCVTDQNWEKVDFIEDLGRFHSLFSDAIVVQGRFHSSLCLFAKGATVPVFSA
DCLRFRPFHGLGALMTIQEYFGGLKNLTLTWIGPVSAMLNTYTFLLPKVGMNIKYNTAPTPVNMHFILHK*

>m.3 g.3 type:Sprime_partial len:100
PRAHIDGKVWHLDVGSSHPGAGEGPKGSAVRRVKWYVSWVKYVVRQYGSYLLMGLESDKNLPIVREDLGGLISGIPVIVSFLIGIVLYG
WKATLGQDNC*

>m.4 g.4 type:complete len:638
MGDFITTAGDGLEDLTEGLVWIESHKTVPPLRREDKIVYGFKFDWLNATGMQVVLFLHRCVEELIKNKSLFAQVDMLRSCHQSQSQTEK
NFSNLIQQFHNIIGNIVDNDFTVADTQTRTESHVCTMWMSPLHVLTCLVVPAFSLKVNMFVETSAESSY VFQLFGEICGKIGPYFSVTEQS
AVTLPVTFKMHHGSAHMFVYEDADVHSAVSVIVEYLWNMADQELCELTEVY VQESIHSKFSFLLKSKLAIKAENHKWVKHCSEDMESF
TKYKDYIQCAVSLATSKGMDVWKHWEHSETFVPTVIFGKVERKQTDIPLPVICIDSFRTIEEGILLSEKSQKIRFASIWTESGPTAQYIAGQL
KADLVWVNIYGLFSTKVPFHLTVSQRDCIGCIRGCCVSGQKWFSPIWQSHHVPLGFWKSMRETNDIKNVYKLAEESHMKWGIRSSSESR
CEVLLKIVNSISCNKEQYSELLETHDCIEECVKLLYLFAYKCKEDSESRNVDNMLSITTFRPAGVVTIVCTSQTKTVDYLKLIFGMIAYGNS
VVLFHGKNDKLAECAKAFCQHIDLPKGSVNFLECDHVISAKDCFHGKSYFLQYPYGSHILDHNVIETVFESDVTKFNTTMFRWFTEPKS
VFIPVK*

>m.5 g.5 type:complete len:198
MILQKMSIENREMNNKLENKMEKLNGLEVKIEKLNELETRMMENNNKSKMQLKQSMIEINERLESNKMEIKMEINKVDEKISTLDKKL
DCEIEKLKQDFEDLEKRQQTQQDIVEVINTEVERIKEHQRVHEDTIRGVGVEIGDLKEKLMKNEIRMGTAEGKIEVMETEMKTHTKKME
ILENLNVQRTEESSWTCSRE*

>m.6 g.6 type:complete len:198
MILQKMSIENREMNNKLENKMEKLNGLEVKIEKLNELETRMMENNNKSKMQLKQSMIEINERLESNKMEIKMEINKVDEKISTLDKKL
DCEIEKLKQDFEDLEKRQQTQQDIVEVINTEVERIKEHQRVHEDTIRGVGVEIGDLKEKLMKNEIRMGTAEGKIEVMETEMKTHTKKME
ILENLNVQRTEESSWTCSRE*

>m.7 g.7 type:complete len:198
MILQKMSIENREMNNKLENKMEKLNGLEVKIEKLNELETRMMENNNKSKMQLKQSMIEINERLESNKMEIKMEINKVDEKISTLDKKL
DCEIEKLKQDFEDLEKRQQTQQDIVEVINTEVERIKEHQRVHEDTIRGVGVEIGDLKEKLMKNEIRMGTAEGKIEVMETEMKTHTKKME
ILENLNVQRTEESSWTCSRE*

>m.8 g.8 type:3prime_partial len:148
MLFILSFIFKLMSVNCSLTCSLILSILLFSTLTFKSTSFIMSFFTSILNSLNLLFIWSIFSFNFKLFSRFSALILSMFCSIFSLSPFFIFTIFSRFSLFIF
SIFSRISALIFSLFSFTVLISALIFSMFSRFSTLILFMFSRFSALIL

>m.9 g.9 type:complete len:252
MAGHSKFKNVQHRKGRQDSKRSKLFNKLIREITTAVKTGSTDVRCNPRLRHALIVARSNNLPKERIDRIIKSARESTNSEDYDEVRYEGY
APQGIGIIVEALTDNRHRTASSVRAAFTKYGGSLGETGTVSYMFKRRGIVQYPLKIASKDEILERVLECGALDASSDDVSHIIYTSVENFTK
TVDHFNEKYGPPEESYIGWVPNTTVIIHDKVRAQKLLDLVDLLEDNDDVQRVFGNYELSDAVYEALKNS*

>m.10 g.10 type:Sprime_partial len:494
EADAAVTEDENGPSEPDDGETDADTGTDPLTVSSEADAAVTEDEIGSSEPDDGEMDVSIDTDPGRDPLTGCSEADAAVAEDDTGSSDPDD
GDTEASAEADIGTDPLTGSSEADDAVAVGDTDSSDPDDGETDSDTGTDPLTGSSVGDSAVTEDDIGSCDPDTDTDTSVNDVTGTDPLAGS
SEDDTAVTEDDTGSSDPDDGVTDASTDADTGIEPLTYSSEVEMAVIDDNIGSSVPDDADASEETAGDPLAGSSEAEAAVTEADTDSSELED
GDTDCETGRDPLTGSSEAVTAVTESDSGSSEADVGDTEASTDDDTGTDPVTGSSEAEAAVTEGDAGSSVPEDGVREASTDSDTGTDPLTV
SSEAEDERGSSDSGDCDSETTSDVEAILTTDDSDDDETLPCSVAELAVAAPDGCSDVAPSVPDVGPDSEIGSWVVVSSPVGSSDSLEVACD
DSSVDGCGDSVVNVVVFLFFVVRFSSYSELIPNLSFSSEWI*

>m.11 g.11 type:complete len:252
MAGHSKFQNIKFRKERQDKRRSNVFEKLVREISAAAKDGGTDPKSNSRLRHALQKARSQNLPKDKIEKALKKGQDKKDTTYSEERFEA
FIGAGACHIETLTDNKNRTVGEIRKVFNKNGANLTNAGCVTHKFHRRGIIQFPLSVASAEQMLETAVEAGALDTVSENDVHCIYTEVQDF
WKVLDFMSKTYGDPLESHIGWTPKEY VIIDDKTIAKTALKFVEDLEDLDDVQHVFVNYEITDKVYDALKSNL*

>m.12 g.12 type:internal len:132
FQHRAGVSPYTSPCGFAQTCVFAKQSLGPFHCGPLGLFTLPRHPFSRSYGVILPSSLTRVAPRALECSSCLPVSVSGTGTYDLARGFSWQC
EIMTFATVIFTPHHSPALRLADLPTNQPHCLDEHPSARVTI

>m.13 g.13 type:internal len:155
IIDNLLYKNLCVERAFLTGTLPLIVESEYARHGSYIHIYSFMDSHYLSKYYGLSSRNFEKILSLITHDDAEKNVARGAIDEFYSGY VTGSHSI
HLCNTWSVLHYLHRGKARCYWSGCERLQRLEPFFKNSQIRDSIEKLLLGESQLVDRFHELSS

Supplementary table 2. Similarity search between all HGT candidates using blastP. Only m11
and m9 were combined for phylogenetic analyses. Candidates in gray cells have no significant
blast hits in the protein database.

ml m2 m3 m4dl m5 mé6 m7 m8 m9 ml0  mll  ml2 ml3

mlf4et26] - | - |- - | -] - | -] - J37| -]-]-
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m2 - le-95 - 68 - - - - 35 - 0.26 - -
m3 - - le45 - - - - - - 0.49 - - -
m4 - - - 0 - - - - - - - - -
m5 - - - - [ 1e-94 1e-94 1e-94 - - - - - -
mb6 - - - - [ 1e-94 1e-94 1e-94 - - - - - -
m7 - - - - [ 1e-94 1e-94 1e-94 - - - - - -
m8 - - - 129 - - - 2e31 - - - - -
m9 - - - 41 - - - - Te-142 - 7e-68 | 3.4 -
ml0 - - 1.8 - - - - - - Se-158 - - -
mll - 0.43 - 63 - - - - 7e-68 6.9 | 6e-152 - 34
ml2 - - - - - - - - 1.6 - - 3e-76 -
ml3 - - - - - - - - - - 2.0 - 5e91
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Chapter 6: General conclusions and future outlook

My goal in writing this chapter is to summarize my contributions to symbiosis research,
to reflect upon unpublished and underdeveloped results, and to put into words what I think is one
of the most important results of insect symbiosis research—to shed light on the process of host
cell integration.

Image by James Van Leuven
appears in
Kiers ET, West SA. 2015. Science 348:392—394.
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6.1 Recent advances in understanding insect nutritional endosymbionts

In 2010, when I started my PhD, a single cicada metagenome was sequenced
(McCutcheon et al. 2009). We have since published three more and we have about a dozen that
are complete enough to understand the basic genome structure and evolution of Hodgkinia and
Sulcia in these cicada species. This set of Hodgkinia genomes has changed the way we think
about endosymbiont genome evolution. Beforehand, endosymbiont genomes were though to be
static in structure, but rapidly evolving in nucleotide sequence. Over the past 5 years, this picture
has changed quite a bit. The few exceptions to this rule provided subtle hints of an alternative
viewpoint; Tremblaya has a small plasmid containing one gene and an inversion that exists in
both the inverted and non-inverted conformations, Portiera has a ~6.5kb fragment that is sub-
genomic, missing from the main chromosome, or present in 1-3 tandem copies. As review in
Sloan and Moran 2013, a handful of other endosymbiont genomes show similar, minor structural
variations. The Hodgkinia genomes, however, have revealed incredible genome complexity.
While the structural diversity that we observe seems primarily driven by only genome reduction,
there is certainly some level of recombination occurring within a cicada host. Given these data,
we must recognize the potential for genome structural variation to occur, despite the fact that the
Hodgkinia genomes are missing recombinational genes. Currently, the limited evidence we have
suggests that a combination of relaxed selection and severe generational bottlenecking
contributes to the fixation of genomes with complementary inactivating mutations. We proposed
this idea because of the direct relationship observed between the complexity of the Hodgkinia
genome and the length of time between cicada generations (when host fitness is tested).

Regardless of what causes genome fragmentation, the events create a powerful system for
studying genome evolution. Unpublished Hodgkinia genome data from other 7ettigades cicadas
are poised to be most informative in this pursuit. While the Hodgkinia TETAUR genome
presented in chapter 3 was portrayed as a two variant genome complex like TETUND, the true
Hodgkinia genome structure in TETAUR lies somewhere between Hodgkinia TETUND and
Hodgkinia MAGTRE. Most Tettigades lineages surveyed so far contain 5-6 Hodgkinia circular
molecules, where each chromosome falls on a spectrum of degradation. Some circular molecules
retain the majority of the genes encoded on the single ancestral version, but some are highly
degenerate with only a few genes remaining. We can see that lineage-splitting is not a rare
occurrence; within the Hodgkinias in the Tettigades clade, we see multiple independent origins of
new pairs of circular molecules from the single version ancestor. Gene complementarity between
the circular molecules is evident, but the distribution of genes on the molecules seems random. It
does not matter what gene copy is retained where, so long as one is encoded somewhere in the
complex of genomes. These recurring gene losses reveal the variation in substitution rates across
the genome, and even between pseudogenes. It is generally observed that a gene fated to be
pseudogenized experiences statistically increased rates of substitution prior to a frame shift on
the 3' part of the gene.

In many cases, multiple copies of the same gene are retained in Hodgkinia genome
complexes. Under the model of reductive evolution that we proposed, this redundancy is
unnecessary. And while we see evidence that some of these redundant copies are in the process
of being purged from the genome, the high conservation of multiple copies is perplexing. We
theorize that there is a selective advantage via dosage effect to keep some gene duplicates. The
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likelihood of this depends on two things: the selective advantage of the increased dosage, and the
factors limiting the efficiency of transcription/translation. Between species measures of selection
show that the Hodgkinia genome is evolving under very weak purifying selection (Van Leuven et
al. 2014). Also, the loss of important genes, the rapid rate of sequence evolution, and the high
expression of chaperone proteins tell the same story (McCutcheon et al. 2009). However, our
population polymorphism data shows that selection is purging mutations from Hodgkinia
populations, and we observe a conserved frequency of Hodgkinia genome circular molecules
between individual cicadas; all indicative of purifying selection (Van Leuven and McCutcheon
2012; Campbell et al. 2015). Selection seems only able to act on traits that have a large impact
on the fitness of Hodgkinia and the host cicada. This suggests that there is a very high benefit to
retaining redundant gene copies.

The other factor influencing the importance of gene duplicate retention is if selection can
actually see the effects of gene duplication above all the background evolutionary “noise”
present in Hodgkinia. There is no codon bias in Hodgkinia, there are no recognizable promoters,
there is only one sigma factor, there are only 13 tRNAs, and the ribosome is missing about a
dozen ribosomal proteins. To me, this suggests that transcription and translation in Hodgkinia are
not working very well. Is cellular transcription and translation in Hodgkinia really precise
enough so that a gene duplicate truly results in a 2-fold increase in protein abundance? Are
mRNA and protein abundances consistent between Hodgkinia cells? If so, perhaps lineage
splitting is Hodgkinia's attempt to control protein expression without needing to retain the
mechanisms to regulate transcription and translation. Alternative mechanisms of translational
control were found in Buchnera, where small, interfering RNAs likely alter protein levels
(Hansen and Degnan 2014).

My overall view of Hodgkinia evolution steers me towards another explanation, where
the Hodgkinia genome is just falling apart and the host is doing what it can to avoid extinction.
The presence of gene copies indicates that these genes are important and are tenaciously resisting
inactivating mutations, but given enough time it seems that these mutations will become fixed.
What does the end game look like for Hodgkinia and other insect endosymbionts undergoing
severe genome reduction? The frequency of replacements in various insect lineages suggests that
it will be replaced by a bacterium with a larger genome, but at what point does this happen?
What does the Hodgkinia genome look like when this happens? As we have found cicada species
apparently lacking Hodgkinia species, perhaps we will find out.

6.2 Endosymbionts and organelles: convergent reduction evolution

The first organelle genome sequenced was from humans (Anderson et al. 1981). Since
that first example, mitochondrial genome sequencing efforts have been bias towards animals,
which all have ~14kb genome with essentially the same gene content. Similarly, the first and
most commonly sequenced chloroplast genomes are from green plants (Ohyama et al. 1986).
However, like with insect endosymbionts, the sequencing of many organelle genomes among
diverse eukaryotes is beginning to reveal a complex picture of organelle evolution (Burger et al.
2003; Smith and Keeling 2015). In fact, more and more parallels between endosymbionts and
organelles arise as additional sequences become available. Both endosymbionts and organelles
have undergone genome reduction. Both have horizontally transferred genes to the host genome.
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Both have host proteins localized in their cells. Both are reliant on the host for translation and
transcription, but generally conserve the most crucial components in their own genomes. And
lastly, we now know that both can experience secondary (after genome reduction) and massive
variation in genome structure. In the case of organelles, it is clear how this variation arises:
recombination between mitochondria (B. Wu et al. 2015), horizontal gene transfer via
chloroplast fusion (Rice et al. 2013), and the gain and/or loss of entire mitochondrial
chromosomes (Z. Wu et al. 2015). This differs somewhat from the process that leads to genome
complexity in Hodgkinia, which seems to results from lineage-splitting followed by genome
reduction (Van Leuven et al. 2014; Campbell et al. 2015). Perhaps through understanding the
selective pressures that influence genome structure variation in organelles, we can better
understand the evolution of Hodgkinia (Piganeau and Eyre-Walker 2009; Sloan et al. 2012;
Cooper et al. 2015).

Certainly, there remain differences between organelles and endosymbionts. Primarily,
organelles are distributed in most cells of an organism, while endosymbionts are not, and
organelle genes are almost entirely encoded for in the host genome, while endosymbiont genes
are not. This last point raises some interesting questions on the process of endosymbiont-host
integration and the formation of organelles. Eukaryotes arose 1-2 billion years ago, likely from
the fusion of an ancient archaeal cell belonging to the TACK superphylum with an
alphaproteobacterium from the group Rickettsiales (Gray 2012; Williams et al. 2012; Eme et al.
2014; Martin et al. 2015). However, the details of this event remain unclear. One main point of
contention arises from the phylogenetic discordance of many of the nucleus encoded,
mitochondrial genes. Of the hundreds to thousands of mitochondrial genes in the nuclear genome
only 10-20% can be definitively classified at alphaproteobacterial, suggesting that they are either
from different bacterial donors, or were already in the proto-mitochondria endosymbiont genome
at the time of endosymbiosis. An even smaller proportion of the proteins that are localized to
mitochondria are alphaproteobacterial, the remainder being comprised of genes from diverse
prokaryotic lineages, or entirely unique to eukaryotes. In plants, some of these proteins are
dually targeted, functioning in both mitochondria and chloroplasts. The phylogenetic diversity of
the entire mitochondrial proteome, combined with an inability to confidently confine all
mitochondrial genes to a single bacterial progenitor has lead to the pre-mitochondrial hypothesis,
where eukaryotes were formed during a series of associations between the pre-eukaryote and
many transitional bacterial symbionts (Gray 2014). During these numerous associations,
horizontal gene transfer and adaptation occurs that eventually facilitated the final endosymbiotic
event with the proto-mitochondria. Given that these transfers would have occurred millions or
billions of years ago, the phylogenetic signal needed to distinguish the pre-endosybiont theory
from the one-time event would have been lost (Groussin et al. 2015; Ku et al. 2015). However,
evidence from plastids lend support to the pre-mitochondria theory, where a complex mosaic of
genetic material resulted from primary, secondary, and tertiary endosymbiotic events (Keeling
2010; Curtis et al. 2012). The recurring integration of the nuclear, mitochondrial, and plastid
genomes suggests that it is just not that hard to form new, intimate symbiosis that are
metabolically and genetically dependent on one another (Larkum et al. 2007). Insect-bacterial
symbiosis, I think, also provide insight into how mitochondria may have formed over a billion
years ago. Although the cellular mechanisms of nutrient transfer are not generally known for
insect-bacterial symbiosis, the genetic evidence for cellular integration is certain there, especially
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for Hodgkinia, where so much of the translational machinery is almost certainly missing
(chapters 4 and 5). It is clear that horizontally transferred genes from other bacteria to the insect
host support nutritional endosymbionts (Nikoh et al. 2010; Husnik et al. 2013; Sloan et al. 2014;
Luan et al. 2015). However, the degraded state of the Hodgkinia, Tremblaya, and Zinderia raises
the question of how long the symbiosis can continue without the replacement of these bacteria,
as has so often occurred in the history of hemipterians (Koga et al. 2013; Bennett and Moran
2015). Given similar patterns of genome reduction in organelles and nutritional endosymbionts,
the high amount of endosymbiont to host HGT that has occurred despite insects being
multicelluar organisms, and the frequent turnover of insect endosymbionts in hemipterians, it is
compelling to think that a process similar to what is happening now in sap-feeding insects
occurred billions of years ago during the origin of eukaryotes.
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