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compared to what we think happened before (and to some extent after) bacterial
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integrated into their host cells. I argue that these much younger symbioses may tell
us something about how the mitochondria and plastids came to be, at the very least
by revealing what types of evolutionary events are possible as stable intracellular
relationships proceed along the path of integration.
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Introduction



Endosymbiont-organelle transition: better three hours too

soon than a minute too late.

Filip Husnik

Faculty of Science, University of South Bohemia & Institute of Parasitology, Biology Centre
ASCR, Ceske Budejovice 370 05, Czech Republic.

Abstract:

Mitochondria and plastids are now the cellular organelles of eukaryotes, but they
were derived early in eukaryotic history from bacterial symbionts. Numerous recent
studies show that similar bacterial symbionts are found across eukaryotic lineages
and some of these symbionts rival organelles in genome reduction. Do these
endosymbionts also rival organelles in cellular integration? Are these symbionts on
the path to becoming organelles, or are there any other evolutionary processes in
play? In this introduction, I focus on the transition period between an endosymbiont
and an organelle. I review recent developments in both the endosymbiont and
organelle fields, paying particular attention to how the endosymbiont-organelle
transition is affected by time. I conclude that most of the evolutionary processes that
have shaped bacterial endosymbionts are similar to the processes that shaped the
plastid and mitochondrial ancestors. The differences between endosymbionts and
organelles most likely reflect their different age, the stochastic nature of
endosymbiosis, and the simple fact that mitochondria were first and thus paved the

way for subsequent endosymbioses between eukaryotic cells and bacteria.

Keywords: eukaryogenesis, protein import, endosymbiosis, horizontal gene transfer



I. Is there any difference between an endosymbiont and an
organelle? Should we care about this transition and its

precise timing?

If we replayed the tape of life and observed the origin of the essential eukaryotic
organelles, mitochondria and plastids, would there be a period of time when we
would call these organisms bacterial symbionts? Surely, yes. That these organelles
originated from bacterial endosymbionts is no longer questioned (Gray & Doolittle
1982). But when would we start calling them organelles, and how much time did this
endosymbiont-organelle transition take? Our perception of these transitions is very
limited because they likely took millions of years and happened billions of years ago.
However, we can try to infer the key innovation that would lead us to change our
label from 'endosymbiont' to 'organelle'. This innovation is often suggested to be
protein import from the host cell (Box 1) and is perhaps the most widely accepted
definition of organelles. With functional protein import, host proteins from the host
cytoplasm make endosymbiont homologs obsolete, and eventually lead to losses of
genes coding even the most essential components such as DNA and RNA polymerases
from symbiont genomes. The endosymbiont then becomes part of its host cell - an
organelle.

The extreme age of the transition from endosymbiont to a highly integrated cellular
component has resulted in relatively sparse and weak data, and as such has
generated extensive debates (Archibald 2006; Theissen & Martin 2006; Keeling &
Archibald 2008; Keeling et al. 2015; Booth & Doolittle 2015b; Lane & Martin 2015;
McCutcheon 2016). Luckily, there are much younger symbiotic systems that allow us
to see the timing of genetic, cellular, and metabolic integration in both unicellular
and multicellular symbiotic systems more clearly (Figure 1, Figure 2).
Mitochondrion and plastid acquisition each happened only once, so these fields will
always lack the power of comparative analysis for primary symbioses. But these
younger symbioses have originated many times independently in various host
systems, and can therefore provide us with hints about the possible time frames and
outcomes of these processes (Figure 2, Figure 3). For example, how long does it
take for an endosymbiont to lose majority of its ancestral genome? How long does it
take to establish metabolic integration? Have some of the younger, but still quite old

(e.g. ~300 Mya in some insects) symbioses had time to establish protein import? If



not, why not? If yes, how and when? Can highly integrated endosymbionts be
replaced, and how long does it take for the new partner to itself become integrated?
Is this process faster thanks to the pre-existing symbiosis? When and for how long
does endosymbiotic gene transfer (EGT) influence the transition? And how does the
contribution of horizontal gene transfer (HGT) from other organisms affect the timing

and process of integration?

For at least two decades, the level of integration in symbiotic systems of arthropods,
protists, marine animals, and other eukaryotes was viewed as less than that of the
classic cellular organelles, and the questions I outlined above were rarely considered
(Dubilier et al. 2008; Moran et al. 2008; Nowack & Melkonian 2010; McCutcheon &
Moran 2011; Hentschel et al. 2012; Moran & Bennett 2014; Douglas 2016). For
example, there was little evidence for host genes (either eukaryotic or HGTS)
interacting with endosymbionts in any obvious or meaningful way, and endosymbiont
lability and replacement, although sometimes observed, was mostly interpreted as
rare and ancient. However, recent developments in the field strongly suggest that
most, if not all, features previously used to define organelles occur in these much
younger systems (Table 1, Table 2, Figure 2). Diverse bacterial symbionts of
eukaryotes were shown to be extremely tightly integrated at the genetic, cellular, and
metabolic level, some of them even crossing the River Styx to the ‘organelle world’ by
protein import from the host cell (McCutcheon & Keeling 2014). Overall, the
mechanistic and genetic parallels between these symbionts and organelles make

clear distinctions hard to see.

From the organelle and eukaryotic perspective, several findings related to the
transition stage have emerged as well. Perhaps the most important finding is that the
ancestral cell that acquired mitochondria about 2.5 billion years ago was very likely
archaeal and related to the recently named Asgard superphylum (Williams et al.
2013; Williams & Embley 2014; Spang et al. 2015; Koonin 2015; Martin et al. 2015;
Zaremba-Niedzwiedzka et al. 2017). It is hotly debated whether the mitochondrial
‘symbiont’ came in rather late in the evolution of a cell that already looked eukaryote-
like (Spang et al. 2015; Pittis & Gabaldon 2016; Zaremba-Niedzwiedzka et al. 2017)
or whether the mitochondrion acquisition was early and was the main stimulus for
the origin of eukaryotes (Figure 3) (Lane & Martin 2015; Martin et al. 2016). Gene
transfer from other bacteria was clearly involved before and after the acquisition of

mitochondria, but the taxonomic diversity of these transfers makes it impossible to



infer phylogenies with high confidence using single gene sequences for a variety of
both biological and methodical reasons (Kurland & Andersson 2000; Qiu et al. 2013;
Gray 2015). Dating of the deeply-branching eukaryotic lineages (supergroups) is
unfortunately also very unclear (Dacks et al. 2016), but it seems that the major
lineages have diverged rather quickly after mitochondrion acquisition (and its
genome reduction). Several deeply-branching lineages such as jakobid protists
harbor gene-rich mitochondrial genomes (Burger et al. 2013), providing interesting
data about the genes that were likely present in this ancestor of mitochondria. The
very same situation, although with different levels of genome reduction, is also
observed in plastids of mostly glaucophytes and red algae (Smith & Keeling 2015;
Lee et al. 2016). But interpreting the order of events in these systems is further
blurred by the shuffling of plastid genes due to secondary, tertiary, and higher-level
endosymbioses (Keeling 2013).

II. Our view of genetic, cellular, and metabolic integration of
eukaryotic endosymbionts has quite dramatically changed

over the last five years.

Genome reduction of insect endosymbionts is much more extensive than
originally imagined. In recent years, numerous endosymbiont genomes were
sequenced from diverse eukaryotes revealing a range of genome sizes. However, the
smallest genomes are almost always found in hemipteran insects (Figure 1, Figure
2, Table 2). The smallest reported genome from a non-organelle bacterium is from
the leafhopper endosymbiont Nasuia deltocephalinicola (Bennett & Moran 2013). Its
genome size of 112 kb and total number of protein-coding genes (137) is even smaller
than in some red algal plastid genomes such as Porphyridium purpureum (218 kbp;
224 protein-coding genes) (Bhattacharya et al. 2013; Lee et al. 2016). How old is the
leafthopper symbiosis? It is not so easy to tell, but it co-resides in the insect with one
more symbiont, Sulcia muelleri, and this co-residence was estimated up to the origin
of Auchenorrhyncha, i.e. around 260-280 Mya (Moran et al. 2005; Bennett & Moran
2013). The Auchenorrhyncha lineage includes also other sap-feeding insects such as
spittlebugs, cicadas, planthoppers, treehoppers, or lanternflies. The majority of these
insects house Sulcia with one or more additional co-symbionts. This long-term co-
symbiosis of Sulcia has been followed by both ancient and recent replacements of the

second partner (Hodgkinia, Zinderia/Nasuia/Vidania, Sodalis, and likely others), and



thus presents a fascinating system to study the speed of genome reduction in
symbionts of various ages (Bennett & Moran 2015). Other tiny endosymbiont
genomes are found in hemipteran insects such as psyllids, whiteflies, moss bugs, and
scale insects (Sloan & Moran 2012a; b; Sabree et al. 2012; Rosas-Pérez et al. 2014;
Santos-Garcia et al. 2014; Husnik & McCutcheon 2016). Importantly, all of these
symbioses were estimated to originate more than 100 million years ago (Figure 3),
but they often involve also other (much younger) obligate co-symbionts or show
replacements of the partners. The idea that time is needed to establish an intimate
organelle-like symbiosis is rarely questioned, but numerous examples of
endosymbiont losses and replacements show that the time required to adapt to
symbiosis may be initially required by the host, but once established the
endosymbiont population can sometimes change relatively rapidly. One fascinating
model system supporting this hypothesis is the mealybug-Tremblaya-
gammaproteobacteria symbiosis examined in great detail by the manuscripts of my
thesis (Husnik et al. 2013; Duncan et al. 2014; Husnik & McCutcheon 2016).

Endosymbionts from unicellular eukaryotes show less genome reduction than
those from insect systems, but both symbioses show high Ilevels of
integration with their hosts. Simple logic would suggest that we should most often
find organelle-like endosymbionts in unicellular eukaryotes. These eukaryotes are
commonly bacterivorous and domestication of an endosymbiont through EGT and
protein import should be more straightforward inside their single cells than in
multicellular eukaryotes with highly protected germline cells. Moreover, we know
that such a transition happened at least once when the archaeplastidal ancestor
(already harboring a mitochondrion) acquired cyanobacterial symbionts that later
became plastids. Unicellular protists should have had plenty of time to develop these
symbioses, because the major eukaryotic supergroups have diverged early after the
origin of LECA (Knoll 2014).

So why do we find no such novel organelles in protists? Perhaps we have not sampled
hard enough, especially in comparison to the insect lineages discussed above, but
several endosymbionts with severe genome reduction do exist in single-celled
eukaryotes. These symbioses are in most cases nutritional in nature, such as the
cyanobacterial symbionts (called spheroid bodies) in Rhopalodiaceae diatoms (Prechtl
et al. 2004; Kneip et al. 2008; Nakayama et al. 2014), cyanobacterial symbionts
(called UCYN-A lineage, Atelocyanobacterium thalassa) in haptophytes (Zehr et al.



2008; Tripp et al. 2010; Thompson et al. 2012; Bombar et al. 2014; Cornejo-Castillo
et al. 2016), two independent betaproteobacterial symbioses in trypanosomatids
(Kinetoplastibacterium and Pandoraea species) (Alves et al. 2013a; b; Klein et al.
2013; Kostygov et al. 2016), numerous bacterial symbionts in ciliates (e.g.
Polynucleobacter necessarius in Euplotes spp. or a lineage called TC1 in Trimyema
compressum) (Boscaro et al. 2013; Shinzato et al. 2016), and numerous
endosymbioses of protists inhabiting termite guts (Brune & Dietrich 2015) such as
Endomicrobium trichonymphae (Hongoh et al. 2008; Izawa et al. 2016) or
Desulfovibrio trichonymphae (Kuwahara et al. 2016).

Strikingly, there is one example where the symbiotic cyanobacterium (called
chromatophore or cyanelle) is kept for exactly the same reason as the ancient
archaeplastidal symbiosis - for photosynthesis. The host organism, Paulinella
chromatophora, is an amoeboid protist from the Rhizaria lineage. Similarly to the
other protist symbioses described above, it has acquired the symbiont (relatively)
recently, about 60-200 million years ago. Despite its young age and modest amount of
genome reduction (1,021,616 bp), it seems to be on the path to becoming highly
integrated into its host. For example, it is already dependent on proteins imported
from the host cytoplasm (Marin et al. 2005; Nowack et al. 2008, 2011, 2016; Nowack
& Grossman 2012; Nowack 2014).

Endosymbionts of eukaryotes are often dependent on various compounds,
including proteins, imported from the host cell. There is a growing body of both
genomic and experimental evidence that various endosymbionts rely on their hosts
for provisioning of essential compounds. When any compound is freely available from
the host cytoplasm, metabolic pathways encoded on the symbiont genome are no
longer under strong selection and ‘use it or loose it’ strategy of bacterial genome
evolution is inevitable. For example, aphids provide to their Buchnera endosymbiont
almost all non-essential amino acids (Shigenobu & Wilson 2011; Hansen & Moran
2011; Poliakov et al. 2011; Macdonald et al. 2012) and likely several vitamins and co-
factors needed by the endosymbiont enzymes (Charles et al. 2011), so these
pathways were eventually lost from the Buchnera genome (Shigenobu et al. 2000). In
a similar manner, the most extremely reduced endosymbiont genomes such as Nasuia
or Tremblaya no longer code genes for ATP synthase, NADH dehydrogenase,
cytochrome oxidase, TCA cycle, lipid metabolism, sugar metabolism, nucleotide

metabolism, etc. because compounds from these pathways are provided from either



their host/mitochondria or their obligate co-symbionts (von Dohlen et al. 2001;
Gottlieb et al. 2008; Bennett & Moran 2013; Moran & Bennett 2014).

Transporters were so far studied predominantly for the aphid-Buchnera model
system, where they seem to play a central role in the aphid/Buchnera symbiosis.
Published studies conclude that Buchnera retains only a few general transporters,
some of which very likely lost their substrate specificity (Charles et al. 2011). Among
the aphid transporters, 82 genes were reported to be up-regulated in bacteriocytes
(Hansen & Moran 2011), amino acid transporters were found to be extensively
duplicated and specialized for bacteriocyte transfer (Price et al. 2011; Duncan et al.
2014), and some of them implicated to be essential for endocytosis of Buchnera

during transmission (Lu et al. 2016).

Indirect evidence from different animal and protist symbioses implies that there is an
immense flow of both small and large compounds from and to symbiont cells, but the
precise mechanical functioning of this transport is poorly understood. A major
transport role is likely played by the outermost host-derived ‘symbiosomal’
membrane covering every symbiont cell (although not present in all systems). The
membrane likely incorporates transporters and controls which compounds are
provided to the symbiont and how often (Price et al. 2013). That the most highly
integrated endosymbionts are engulfed by completely host-derived cell envelopes
further supports the hypothesis that any machinery for transport is host-derived and
inside the cell envelope. Apart from exchange of various metabolites, protein
exchange is likely needed for some endosymbioses, but experimental data testing
protein import/export to and from  symbionts are extremely scarce due to

methodological difficulties facing experimental work with non-model species (Box 1).

Genes of bacterial origin on the host genome compensate for genome
reduction of endosymbionts. Five years ago, there was little evidence for HGT
interacting with endosymbionts in any obvious or meaningful way, although
numerous genes believed to be essential were found to be missing from the symbiont
genomes. This situation started to change after the discovery of several likely
functional bacterial genes in the aphid genome (Nikoh et al. 2010). Since then,
bacterial genes have been found in many eukaryotes harboring intracellular
symbionts such as mealybugs (Husnik et al. 2013; Husnik & McCutcheon 2016),
psyllids (Sloan et al. 2014), whiteflies (Luan et al. 2015; Chen et al. 2016),



Angomonas and Strigomonas trypanosomatids (Alves et al. 2013a), and Paulinella
chromatophora (Nowack et al. 2016). In most cases (except in aphids), the bacterial
genes seem to fill in gaps in pathways predicted to be carried out in cooperation
between the host and its symbiont. The host thus takes over enzymatic steps
originally coded by the symbiont genome. Importantly, very few of these bacterial
genes found in eukaryotic genomes come from the current endosymbiont, but rather
from bacteria common in the environment, i.e. for multicellular eukaryotes mostly
from bacteria infecting oocytes. It now seems that the role of gene transfer from
diverse bacteria to eukaryotes with symbionts is to compensate for gene loss in
extant symbionts to maintain function in the symbiosis (Husnik et al. 2013; Nowack
et al. 2016).

III. A few hints about timing and evolution of mitochondria

and plastids have appeared in the last five years

The cell that became an eukaryotic ancestor was an archaeon. Eukaryotes are
cellular and genetic chimeras of two or more organisms. The last eukaryotic common
ancestor from which all contemporary eukaryotes descend originated roughly 2
billion years ago from a symbiotic event between an archaeal host cell and an
alphaproteobacterial endosymbiont (Gray & Doolittle 1982; Embley & Martin 2006;
Koonin 2010, 2015; Booth & Doolittle 2015a; Zaremba-Niedzwiedzka et al. 2017).
The phylogenetic origin of the archaeal host is now consistently being resolved to be
close to or within the Asgard superphylum (Williams et al. 2013; Williams & Embley
2014; Spang et al. 2015; Zaremba-Niedzwiedzka et al. 2017), but cellular complexity
of the host cell and mitochondria-early or mitochodria-late timing of the symbiosis
keeps to be hotly debated (Ettema 2016; Pittis & Gabaldon 2016; Pittis & Gabaldén
2016; Martin et al. 2016). There are therefore only two domains of life, Bacteria and
Archaea, not three as suggested by ribosomal RNA trees (Woese et al. 1990), and
eukaryotes are deeply nested inside Archaea. Interestingly, several lines of evidence
suggest that the proto-eukaryote host cell already contained many genes and
functions previously considered to be eukaryote-specific innovations such as
cytoskeletal components, membrane-trafficking machinery components, and coat

proteins involved in vesicle biogenesis (Zaremba-Niedzwiedzka et al. 2017).

Unlike for the host cell ancestor, the exact present-day closest relative of the

alphaproteobacterial lineage from which mitochondria descent remains elusive



(Wang & Wu 2014, 2015), but a recent study has shed some light on the origin of
primary plastids. Interestingly, a freshwater cyanobacterium Gloeomargarita
lithophora was inferred as the most closely related lineage to plastids suggesting that
the first photosynthetic eukaryote most likely evolved in terrestrial-freshwater

settings, not in oceans (Ponce-Toledo et al. 2017).

Mitochondrial and plastid evolution: from stability to craziness. Genomes of
mitochondria and plastids can be both immensely stable and remarkably dynamic.
Different organelle lineages show large ranges of genome size, GC content, coding
density, structure, and content. Some genomes expand, such as plant mitochondrial
genomes (Sloan et al. 2012), while other genomes shrink, such as plastid genomes of
non-photosynthetic plants (Logacheva et al. 2016) or mitochondrial genomes of
dinoflagellates, apicomplexans, and their relatives (Waller & Jackson 2009; Obornik
& Lukes 2015). Mitochondrial genomes can be lost and the remaining organelles then
rely solely on imported proteins (Stairs et al. 2015) and one recent study suggests
that even the entire organelle can be lost (Karnkowska et al. 2016). Very similar
evolutionary history of genome loss also likely affected plastid evolution (Smith &
Lee 2014).

This diversity (and sometimes eccentricity) of mitochondria and plastids can be
explained by combination of their age, DNA repair processes, mutation rates, and
population genetic structure (Smith & Keeling 2015). Importantly, the diversity also
provides us with almost unbelievable examples of what is possible in organelle
evolution and shows that ‘anything goes’ for both mitochondria and plastids (Burger
et al. 2003; Archibald & Richards 2010). When stripped to the bone, the omnipresent
function of mitochondria (and various mitochondria like organelles) seems to be iron
sulfur assembly (Lill et al. 2012). This process is present in the majority of
endosymbionts as well (McCutcheon & Moran 2011), but is not likely as crucial

because iron-sulfur clusters are already available from the host mitochondrion.

Perhaps the most relevant genomes for this review are the gene-rich mitochondrial
genomes of jakobid protists (Burger et al. 2013) and the gene-rich plastid genomes
of red algae (JanouSkovec et al. 2013; Lee et al. 2016) (Table 2). In terms of gene
content, these genomes are akin to the tiniest endosymbiont genomes such as
Tremblaya or Nasuia as they still retain four genes encoding bacterial RNA

polymerase (rpoABC) together with its sigma factor (rpoD), large portion of

10



ribosomal proteins, and even some translational factors (Figure 4). But there are
several significant differences related to the bacterial genetic machinery. First is that
unlike endosymbionts, no organellar genomes retain genes for even a minimal DNA
polymerase nor any aminoacyl tRNA synthetases. They are completely dependent on
their hosts for replication and translation (and transcription in mitochondria other
than from jakobid protists). The only endosymbiont lineage that has lost all of its
aminoacyl tRNA synthetases is Tremblaya princeps with its own bacterial symbionts
likely supplementing this lost function (McCutcheon & von Dohlen 2011). If there is
any bacterial essence remaining in these tiny symbiont genomes that differentiates
them from organelles, it is their ability to independently replicate their genomes
(McCutcheon 2010).

Complex plastid acquisitions across the tree of life

Acquiring a photosynthetic ability was crucial for the diversification of many
eukaryotic lineages. Since the origin of primary plastids, several lineages of algae
have been acquired as multi-genome symbiotic sets to form secondary and tertiary
endosymbioses. Secondary plastids are known from euglenids (Excavata) and
chlorarachniophytes (Rhizaria) which both secondarily acquired green algae.
Haptophyta, Cryptomonada, and several lineages in Alveolata and Stramenopila
acquired red-algal plastids in symbiotic events that remain unresolved (Keeling 2013;
Seveikova et al. 2015). Interestingly, two  lineages with complex plastids,
chlorarachniophytes and cryptomonads, still keep highly reduced nuclei between two
sets of plastid membranes (Curtis et al. 2012). Several additional layers of symbiotic
complexity are known from dinoflagellates (Alveolata). Although they harbor an
ancestral plastid of red-algal origin, some dinoflagellate lineages have acquired new
plastids by subsequent serial endosymbioses of green algae (serial secondary
endosymbiosis) or haptophytes and diatoms (tertiary endosymbiosis) which in some

cases still retain their own nuclei and even mitochondria (Dorrell & Howe 2015).

Proteomes of organelles are incredibly mosaic. Endosymbiotic gene transfer
from mitochondria and plastids to the nucleus and re-targeting of proteins back to
the organelles has long been viewed as one of the major steps in eukaryogenesis
(Timmis et al. 2004). A recent taxon-rich (55 eukaryotes) analysis of gene clustering
and phylogenetic analyses of eukaryotic gene families with prokaryotic gene
homologs detected 2,585 gene clusters containing sequences from at least two
eukaryotic and five prokaryotic lineages. While cyanobacterial EGT signal was clearly
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detected by the analyses, alphaproteobacterial signal was basically absent. However,
all these 2,585 clusters were determined to be putative EGTs by the authors, a
conclusion which in my view is quite unconservative (1,525 clusters from the
mitochondrial ancestor and 1,060 from the plastid ancestor) (Ku et al. 2015b). When
contrasting these results to several previous analyses (Kurland & Andersson 2000;
Gabaldon & Huynen 2004, 2005, 2007; Esser et al. 2004; Cotton & MclInerney 2010;
Thiergart et al. 2012; Reyes-Prieto & Moustafa 2012; Huynen et al. 2013; Qiu et al.
2013; Gray 2015), it becomes abundantly clear that such analyses are extremely
method and sampling dependent and that the bacterial part of nucleus-encoded
mitochondrial and plastid proteomes shows striking taxonomic diversity when
evaluated by single-gene trees (Kurland & Andersson 2000; Qiu et al. 2013; Gray
2015).

This discrepancy between different studies has been suggested to result from poor
phylogenetic signal in single-gene matrices, inherited chimerism of bacterial
ancestors of organelles, lineage-specific gene losses combined with poor taxon
sampling, and previous and ongoing horizontal gene transfers from diverse sources
such as unsuccessful symbionts (Larkum et al. 2007; Ku et al. 2015a; b; Gray 2015).
Of course, simple models will likely never fully reconstruct the evolutionary history of
eukaryotes, and so most of the processes mentioned above (and possibly a few more)
have probably occurred in distinct eukaryotic clades with different frequencies. The
presence of numerous bacterial-like genes in the Asgard archaea genomes might in
the near future clarify the importance of horizontal and endosymbiotic gene transfer

for mitochondrial evolution (Zaremba-Niedzwiedzka et al. 2017).

IV. On the importance of protein import from the host

preceding massive genome reduction (<100 kbp)

How far can endosymbiont genome reduction go? Six years ago, it was
calculated that a theoretical minimal genome size for an intracellular symbiont of
insects was approximately in the range of 70-80 kb (McCutcheon & Moran 2011). In
terms of gene context, such a genome would be almost indistinguishable from the
most gene-rich mitochondrial genomes from jakobid protists (Burger et al. 2013).
However, after more than six years and very comprehensive sampling of insect
lineages with intracellular endosymbionts, no data suggest such highly reduced

genomes actually occur.
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Although it is still possible that such an extremely degenerate endosymbiont will be
discovered in the near future, it is perhaps appropriate to start asking questions. If
we are not finding these tiny genomes, why not? It has been shown repeatedly that
the initial stages of genome reduction can be extremely fast. For example, it has been
estimated that 55% percent of an ancestral endosymbiont genome was lost in only
~28,000 years (Oakeson et al. 2014). However, once the symbiont genome is reduced
to approximately 250 kbp, the host might be more likely to face extinction because of
its reliance on such a degenerate symbiont, so gene loss is very likely much slower at
this stage and relies upon first evolving complementarity with the host.
Complementarity can be achieved in several different ways, but this period of slow
gradual increase of interdependence (observable in some endosymbiont systems)

likely coincides with the beginning of symbiont-organelle transition.

Why do we find no novel organelles in unicellular eukaryotes? Several
scenarios can be put forward to explain why unicellular eukaryotes have not formed
any other highly integrated symbioses since mitochondrion and plastid origins.
Putting aside that it is still possible that we did not find them yet, another likely
scenario is that they were not stable over evolutionary history and either were
replaced or the lineage went extinct before fixed (Keeling et al. 2015). In principle,
the transfer of both too few and too many of essential genes can lead to symbiont
extinction. With too many transfers, the symbiont (or at least its genome) may no
longer be needed by the host. On the other hand, genes kept on the symbiont genome
drive the symbiosis into the symbiotic rabbit hole (Box 2). Eukaryotic genomes
contain genes from bacteria (Keeling & Palmer 2008; Alsmark et al. 2013; Wybouw et
al. 2016), and these genes often code enzymes involved in nutrition. These HGTs can
thus be thought of as ‘ghosts’ of symbiosis past. When a specialized compartment is
not needed for the symbiont function (as has been shown for mitochondria and
plastids) and some proteins do not have to be translated in the organelle (e.g.
hydrophobic membrane proteins would likely be targeted to the endoplasmic
reticulum if they were nuclear-encoded (Bjorkholm et al. 2015), the symbiont can
‘dissolve’ in its host (Karnkowska et al. 2016), for exampe after donating genes
originally essential for the symbiosis such as genes for biosynthetic pathways shown
to be crucial in almost all protist symbioses. It is therefore interesting that in most
cases, plastids have not evolved independently and de-novo (as in Paulinella), but
rather acquired in the form of a plastid-containing lineage.
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Another scenario explaining the lack of ‘novel’ organelles in eukaryotes might be that
eukaryotes already contain hundreds to thousands of genes (EGT and HGT) from
bacteria transferred to their chromosomes. Perhaps there is no need for novel
organelles as horizontal gene transfer or alternative ways of adaptive evolution such
as acquisition of a co-symbiont or symbiont replacement allow much faster
innovations. Mitochondrion-generated ATP allowed eukaryotes to grow large and
complex cells (Martin & Miller 1998). But how does the presence of mitochondria
decrease a chance to establish novel symbioses? For example, leakage of
mitochondria-targeted proteins into plastids and rapid establishment of dual
targeting can be hypothesized as mechanisms causing parallel evolution of plastid
genomes (Smith & Keeling 2015), but how mitochondria-targeted proteins influence

symbiont evolution has never been tested.

Timing is essential for an endosymbiont to become an organelle.
Endosymbiont genome reduction has been shown to be extremely fast. In some cases
it can take only thousands-to-millions of years to lose several thousand endosymbiont
genes (Clayton et al. 2012; Oakeson et al. 2014). After this initial massive genome
reduction, the reductive evolution seems to often slow down for tens of millions of
years with approximately 500-1000 functional genes left in the symbiont genome
(Figure 2). It is possible that a similar pace of gene loss also affected the ancestors
of mitochondria and plastids. If so, it is unlikely that concurrent functional EGT
coupled with fine-tuning of protein import could manage to compensate for such
extremely fast gene loss. Numerous genes complementing the organelles were
needed for the symbiont to survive and become the organelle, but the rate of gene

loss would mean that many of them were likely not there yet.

It also seems unlikely that both organelles were successful on the first try.
Endosymbiont dynamism has long been observed, but most of it seemed rare and
ancient (Moran et al. 2008). However, recent findings from many endosymbiont-
housing eukaryotes (Douglas 2016) point towards extreme instability and dynamism
of symbioses, especially when reaching near-organelle genome sizes. Symbiosis loss,
complementation, and replacement were shown to occur even when the current
symbiont is extremely highly integrated into its host cells (Husnik & McCutcheon
2016). This dynamism sometimes also leads to irremediable complexity (‘craziness’)

at the genomic and cellular levels, paralleling what is observed in organelles (Gray
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et al. 2010; Wu et al. 2015). For example, a single circular genome of the cicada
endosymbiont Hodgkinia cicadicola MAGTRE has been split into numerous genomes
present in separate cells over evolutionary history (Van Leuven et al. 2014; Campbell
et al. 2015). Somehow, these new lineages seem to share even the most essential

proteins such as for DNA and RNA polymerases.

The evolution of the cellular organelles was probably not a neat and tidy process. The
orderly transfer of massive numbers of EGTs combined with rapid co-evolution of
protein-targeting seems incredibly unlikely. Rather, I argue that the process was an
inefficient and chaotic one, involving failed endosymbioses and HGT from numerous
sources. In my view, this transition required previous and late HGTs to allow the final
‘evolutionarily lucky' symbiont to survive the symbiont-organelle transition. Further
adjustments to the cell biology of the host took hundreds of millions of years, and
explains why other examples of endosymbionts in diverse eukaryotes differ mainly by

the level of integration in the host cell, not by genome reduction.

Display items

Box 1: The most important piece of the puzzle is missing: protein import into
endosymbionts. Many endosymbiont and organelle researchers would agree that
the point when an endosymbiont becomes organelle-like is when there is a well-
established protein import from the host. This reasoning is based on the current
situation of organelles - a majority of their proteins come from the host cytoplasm
and protein complexes importing them (such as TIM/TOM in mitochondria and
TIC/TOC in plastids) (Soll & Schleiff 2004; Dolezal et al. 2006; Balsera et al. 2009).

Are there many cases of proteins being shown to be imported into an endosymbiont
from the host cytoplasm? No, there are not. Whether it is a result of methodologically
challenging experiments, or a true biological state, there is only a handful of
examples, including chromatophores in Paulinella protists (Nowack & Grossman
2012), bacterial symbionts of trypanosomatids (Morales et al. 2016), and Buchnera
symbionts in aphids (Nakabachi et al. 2014). However, no protein silencing
experiments are presently available for these organisms, so it is still not clear how
important protein import is for these symbioses or if it is more akin to a host
mechanism used to manipulate the symbionts such as in plant-Rhizobium (Van de

Velde et al. 2010) or weevil-Sodalis systems (Login et al. 2011).
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Importantly, one significant difference between organelles and recent endosymbionts
might be the status of the eukaryotic endomembrane system at the establishment of
symbiosis. If it was not present in the eukaryotic ancestor, evolution of protein import
complexes was crucial for eukaryogenesis. On the other hand, if late-coming
symbioses could use an already established endomembrane system, this might
obviate the need for a specific import system, especially given that entirely host-
derived outer membranes of some of these symbionts are likely highly similar to
membranes of other cellular compartments (such as mitochondria) (Husnik &
McCutcheon 2016). In addition, outer membrane vesicles (OMV) were shown to be
critical elements in many extracellular host-microbe interactions such as the squid-
Vibrio (Aschtgen et al. 2016) or human-gut microbiota (Elhenawy et al. 2014), but
their role in intracellular symbioses remains enigmatic. Comprehensive analysis of
metabolite and protein exchange at the host-symbiont interfaces in diverse systems,
although methodologically challenging, is thus needed to answer in our view the most
important question of the field. How are proteins imported into organelle-like

endosymbionts?

Box 2: The symbiotic rabbit hole: when your population genetic structure
brings you to the verge of extinction but selection keeps you there for over a
billion of years. The total population of heritable symbiotic bacteria in a single
individual is subsampled every generation (for example into eggs in multicellular
animals) and maternally transmitted to offspring. This bottlenecking leads to
extremely small effective population sizes of endosymbiotic bacteria and random
genetic drift accumulating deleterious mutations in their genomes (Moran 1996;
Lambert & Moran 1998; Woolfit & Bromham 2003). Since the lineages are asexual
and often missing DNA repair and recombination genes, these changes are
irreversible due to Muller’s ratchet (Moran 1996). Features of endosymbiotic bacteria
such as rapid sequence evolution, gene loss, lower thermal stability of proteins and
RNAs, and extreme biases in nucleotide composition root from this population
structure (McCutcheon & Moran 2011).

Over evolutionary time, this process eventually ends in a state where the host is
incredibly dependent on a symbiont that is degenerating and, in some cases, seems
clumsily balanced on the verge of extinction. This irreversible host-symbiont co-

dependence resulting from population genetics structure of symbionts was described
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as the ‘symbiotic rabbit hole’ (Bennett & Moran 2015). Any of these detrimental
changes potentially leading to extinction of both partners can be slowed down by
selection acting either on the symbiont or host level (Wernegreen 2002), but selection
can be dangerously inefficient when acting on populations of polyploid symbiont cells
(Van Leuven et al. 2014; Campbell et al. 2015). Is there any other way out for the
host from this degenerative ratchet? It seems that there is. Endosymbiont
replacement can rescue the host by providing an endosymbiont with a ‘fresh’ genome
(Husnik & McCutcheon 2016), but this rescue is, of course, only temporary.
Transferring endosymbiont genes out of the reach of deleterious mutations, i.e. to the
host genome from either the current symbiont (EGT) or from other organisms (HGT),
or adjusting native genes to carry out symbiont functions is the solution that allowed
eukaryotes to keep their quintessential symbionts, mitochondria, for almost two

billions years (Timmis et al. 2004).
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Table 1: Various genomic and cellular features usually characterizing organelles and their presence in diverse

endosymbiont lineages. Features never reported from endosymbionts include for example loss of genes for DNA and RNA polymerases, group II
catalytic introns, and RNA editing. RNA and DNA polymerase genes were lost in individual Hodgkinia lineages co-residing in bacteriomes of some cicadas, but
this example is not included here for simplicity (Campbell et al. 2015). #I am not aware of any manuscripts examining cell division in animal symbioses.

Feature

‘Endosymbiont’ lineages

References

Massive genome reduction (<250 kbp) and associated
changes (highly gene-dense genomes with overlapping
genes, increased ortholog length variation, and loss of large
accessory proteins)

Tremblaya, Hodgkinia, Nasuia/Zinderia
Carsonella

(McCutcheon & Moran 2011; Kenyon & Sabree
2014; Moran & Bennett 2014)

Origin of an alternative genetic code

Hodgkinia, Nasuia/Zinderia

(McCutcheon et al. 2009a; McCutcheon & Moran
2010; Bennett & Moran 2013)

Loss of genes for translation, i.e. translation factors, tRNAs,
rRNAs, RNA modification genes and ribosomal proteins

Tremblaya, Hodgkinia, Nasuia/Zinderia,
Carsonella

(McCutcheon et al. 2009b; McCutcheon & Von
Dohlen 2011; Bennett & Moran 2013; Husnik &
McCutcheon 2016)

Import of some compounds and intermediate products
(amino acids, vitamins, ATP, sugars, nucleotides, etc.) from
the host cytoplasm

Reliance on proteins from the host genome that are of
bacterial origin (HGT)

All obligate symbionts of insects
‘spheroid body’ in diatoms
‘chromatophore’ in Paulinella
Kinetoplastibacterium

Tremblaya, Buchnera, Carsonella,
Portiera, ‘chromatophore’,
Kinetoplastibacterium

(McCutcheon & Moran 2011; Hansen & Moran
2011; Poliakov et al. 2011; Duncan et al. 2014;
Moran & Bennett 2014; Douglas 2016)

(Nikoh et al. 2010; Husnik et al. 2013; Sloan et al.
2014; Nakabachi et al. 2014; Luan et al. 2015; Chen
et al. 2016; Nowack et al. 2016; Husnik &
McCutcheon 2016; Morales et al. 2016)

Endosymbiotic gene transfer from the current symbiont to
the host genome (EGT)

Paulinella-chromatophore (~58 genes),
psyllids-Carsonella (1 gene)

(Sloan et al. 2014; Nowack et al. 2016)

Import of proteins from the host cytoplasm to the symbiont
cell

Loss of peptidoglycan and phospholipid pathways and thus
reliance on host-derived cell envelopes (often with an
outermost ‘symbiosomal’ membrane)

Buchnera, chromatophore,
Kinetoplastibacterium

Tremblaya, Hodgkinia, Nasuia/Zinderia,
Carsonella

(Alves et al. 2013a; Klein et al. 2013; Nakabachi et
al. 2014; Nowack et al. 2016)

(McCutcheon et al. 2009b; McCutcheon & Von
Dohlen 2011; Bennett & Moran 2013; Husnik &
McCutcheon 2016)

Reliance on the host cell for division#

chromatophore
Kinetoplastibacterium

(Nowack et al. 2008; Motta et al. 2010; Brum et al.
2014)




Table 2: Genome features of the most highly reduced genomes of animal
endosymbionts (Carsonella, Hodgkinia, Tremblaya, Nasuia), the most gene-rich
organelle genomes (mitochondrial genomes of Jakobida and plastid genomes of
glaucophyta and red algae), and several selected endosymbionts of unicellular
eukaryotes.

Lineage Genome size CDS G + C tRNAs |
(bp) (pseudo) (%) rRNAs

Endosymbionts of unicellular eukaryotes
‘chromatophore’ (P. chromatophora) 1,021,616 bp 867 (NA) 39.0 426

Kinetoplastibacterium oncopeltii 810,172 bp 694 (NA) 31.2 4319

Atelocyanobacterium thalassa 1,443,806 bp 1133 (NA) 31.1 37| 6

‘spheroid body’ (Epithemia turgida) 2,794,318 bp 1720 334 39|6
(225)

Endomicrobium trichonymphae Rs-D17 1,125,857 bp 761 (121) 35.2 45| 3

Highly reduced genomes of animal (insects in all cases) endosymbionts

Carsonella ruddii HT 157,543 bp 180 (NA) 146 283
Tremblaya phenacola PAVE 170,756 bp 178 (3) 422 31]4
Tremblaya princeps PCIT 138,927 bp 125 (16) 58.8 10| 6
Nasuia deltocephalinicola ALF 112,091 bp 137 (NA) 17.1 293
Hodgkinia cicadicola DSEM 143,795 bp 169 (NA) 58.4 153
Gene-rich chloroplast genomes (from Glaucophyta and Rhodophyta)
Cyanophora paradoxa 135,599 bp 149 (NA) 30.5 36| 6
Cyanidioschyzon merolae 149,987 bp 207 (NA) 37.6 311|3
Porphyridium purpureum 217,694 bp 224 (NA) 30.0 30| 6
Porphyra purpurea 191,028 bp 209 (NA) 33.0 376
Hildenbrandia rivularis 189,725 bp 184 (NA) 32.4 311|3
Gene-rich mitochondrial genomes (from Jakobida)

Reclinomonas americana 69,034 bp 67 (NA) 26.1 26 |4
Andalucia godoyi 67,656 bp 72 (NA) 36.3 2913
Histiona aroides 70,177 bp 72 (NA) 35.4 26| 3
Jakoba libera 100,252 bp 84 (NA) 32.0 2613
Jakoba bahamiensis 65,327 bp 68 (NA) 32.2 26| 3
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Figure 1: (A): Bacterial genome size correlates to total number of protein-coding
genes. The X axis represents genome size and the Y axis represents total number of
protein coding genes. (B): Bacterial genome sizes compared to GC content. The X
axis represents genome size and the Y axis represents GC content. Bacteria are in
blue, plastids in green, and mitochondria in magenta.

20



L
® ® ¢ Hamiltonella/Regiella
L ]
[ ]
e Endolissoclinum (tunicate endosymbiont)
L
L]
L ]
L]
e o Ruthia/Vesicomyosocius (clam endosymbionts) ~50-100 Mya
L ]
e o e o |Wolbachia
* Providencia (leech endosymbiont)
L ]
e [shikawaella
e Serratia . .
= Blattabacterium ~200 Mya
ol e e Arsenophonus/Riesia o
e Westeberhardia
® Profftella
e ® Buchnera ~150-200 Mya
e eoemee o o oo Sodalisand various Sodalis-allied bacteria o e .
ee Uzinura/Walczuchella ~250 Mya

ee Sulcia ~260-280 Mya
e oo Carsonella/Portiera/Evansia ~250 Mya

«  Hodgkinia »  ~40-200 Mya @ cvicie @ facuitative () ‘freerliving
® Tremblaya ~150-200 MyA
e o Nasuia/Zinderia ~260-280 Mya . . :

see e plastids ~1.5 Bya . mitochondria . plastids

»e mitochondria ~1.7 Bya

0 1000000 2000000 3000000 4000000 5000000 6000000
Genome size [bp]

Figure 2: Selected lineages of symbiotic bacteria and organelles sorted according to
genome sizes and annotated with estimates of their age. Note that early obligate
endosymbionts such as several Sodalis lineages or ‘spheroid bodies’ of diatoms have
large genome sizes. Several lineages with a different genus name, but originating
from the same ancestor (e.g. Wolbachia, Sodalis and Arsenophonus) are collapsed
into a single row to highlight genome reduction associated with facultative or
obligate lifestyle. Endosymbionts of animals are in black and endosymbionts of
unicellular eukaryotes are in orange. Secondarily expanded gene-poor genomes of
mitochondria and plastids are not shown for simplicity.
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~within 300 Ma of LECA
Rapid divergence of major eukaryotic supergroups
(Archaeplastida+Hacrobia, 'SAR', Excavata, Amoebozoa, Opisthokonta)

Endosymbiosis of Archaeplastida ancestor with a cyanobacterial symbiont
(related to Gloeomargarita lithophora)

after divergence of Archaeplastida
Secondary, serial secondary, tertiary, and quarternary plastid symbioses

First endosymbioses in insects (1) Rapid gene loss of the endosymbiont genome.

~300 Mya

Paulinella symbiosis (2) The host takes over some functions of the symbiont by its

~60-200 Mya native genes and EGT/HGT followed by protein import into the
compartment.

Figure 3: A schematic timeline of almost two billion years of mitochondrial and
plastid evolution contrasted to much shorter evolution of the oldest known and most
cellulary integrated symbioses in multicellular (insects) and unicellular (Paulinella
chromatophora) eukaryotes. Numerous acquisitions of complex plastids are not
shown for simplicity.
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Figure 4: Genetic machinery (replication, transciption, and translation) genes shared
by the most highly reduced endosymbiont genomes (Carsonella, Hodgkinia,
Tremblaya, Nasuia) in comparison to two gene-rich organelle genomes (the
mitochondrial genome of Andalucia godoyi and the plastid genome of Porphyridium
purpureum). Three different cellular organizations found in insect endosymbionts are
shown: single species symbiosis, obligate ‘intrabacterial’ co-symbiosis (one
endosymbiont inside another), and obligate co-symbiosis with both symbionts present
in their own bacteriocytes. Note that that all of the endosymbiont genomes have
retained at least a minimal set of DNA polymerase proteins and that the only
endosymbiont lineage missing all aminoacyl-tRNA synthetases is Tremblaya princeps
with intrabacterial symbionts likely supplementing this function.
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SUMMARY

The smallest reported bacterial genome belongs to
Tremblaya princeps, a symbiont of Planococcus citri
mealybugs (PCIT). Tremblaya PCIT not only has a
139 kb genome, but possesses its own bacterial
endosymbiont, Moranella endobia. Genome and
transcriptome sequencing, including genome
sequencing from a Tremblaya lineage lacking intra-
cellular bacteria, reveals that the extreme genomic
degeneracy of Tremblaya PCIT likely resulted from
acquiring Moranella as an endosymbiont. In addition,
at least 22 expressed horizontally transferred genes
from multiple diverse bacteria to the mealybug
genome likely complement missing symbiont genes.
However, none of these horizontally transferred
genes are from Tremblaya, showing that genome
reduction in this symbiont has not been enabled by
gene transfer to the host nucleus. Our results thus
indicate that the functioning of this three-way symbi-
osis is dependent on genes from at least six lineages
of organisms and reveal a path to intimate endosym-
biosis distinct from that followed by organelles.

INTRODUCTION

Bacterial genomes range in size over two orders of magnitude,
from approximately 0.14 to 14 Mb pairs in length (Chang et al.,
2011; Lopez-Madrigal et al., 2011; McCutcheon and von Dohlen,
2011). Those at the small end of the spectrum typically come
from bacteria that reside exclusively in eukaryotic host cells,

@ CrossMark

and the tiniest genomes—those less than 0.5 Mb in length—
are thus far exclusively from bacteria that are nutritional endo-
symbionts of sap-feeding insects (McCutcheon and Moran,
2012). These symbionts play critical roles in the biology of their
host insects by synthesizing nutrients, such as essential amino
acids and vitamins, that the insects cannot make on their own
and that are limiting in their plant sap diets (Baumann, 2005;
Douglas, 1989; Moran, 2007). Typically, these tiny symbiont ge-
nomes retain few genes outside of pathways involved in DNA
replication, transcription, translation, and nutrient provisioning
to their hosts (McCutcheon, 2010; McCutcheon and Moran,
2012). The most severely reduced of these genomes are missing
genes widely considered to be essential, making it unclear how
they continue to function (Keeling, 2011; McCutcheon and
Moran, 2012).

The smallest bacterial genome so far reported is from Candi-
datus Tremblaya princeps, an endosymbiont of the mealybug
Planococcus citri (hereafter referred to as Tremblaya PCIT for
simplicity) (Lopez-Madrigal et al., 2011; McCutcheon and von
Dohlen, 2011). The Tremblaya PCIT genome is only 139 kilobase
pairs (kb) in length, encodes approximately 120 protein-coding
genes, and is missing several essential translation-related
genes. For example, Tremblaya PCIT encodes no functional ami-
noacyl-tRNA synthetases and lacks functional homologs for
both bacterial translational release factors, elongation factor
EF-Ts, ribosome recycling factor, and peptide deformylase.
This extreme genome degeneracy is highly unusual in bacteria,
evidenced by the fact that all other reduced symbiont genomes
retain these translation-related gene homologs (although some
do not code for complete sets of aminoacyl-tRNA synthetases
[McCutcheon, 2010; McCutcheon and Moran, 2012]). The
genome of Tremblaya PCIT is striking in its degeneracy not
only for the genes it is missing but also for its low coding density
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(Lopez-Madrigal et al., 2011; McCutcheon and von Dohlen,
2011). Although other highly reduced bacterial genomes are
extremely gene dense, the Tremblaya PCIT genome has a
coding density of only 73% and contains approximately 19
detectable pseudogenes. These features strongly suggest that
Tremblaya PCIT has undergone a relatively recent environmental
or ecological shift, in which selection on some genes has been
relaxed due to redundancy from another source.

The unusual nature of the mealybug symbiosis is the most
obvious explanation for the extreme degeneracy of the
Tremblaya PCIT genome: residing in Tremblaya's cytoplasm is
another organism, the gammaproteobacterium Candidatus Mor-
anella endobia (hereafter referred to simply as Moranelia) (von
Dohlen et al., 2001). At 538 kb in length, the Moranella genome
is almost four times larger than the Tremblaya PCIT genome,
and its 406 protein-coding genes include all the critical transla-
tion-related genes missing or pseudogenized in Tremblaya
PCIT (McCutcheon and von Dohlen, 2011). This suggests that
much of the genomic erosion in Trembiaya might be explained
by the incarporation of Maranella into its cytoplasm. However,
other symbionts lacking intracellular bacteria also show highly
reduced genomes, making it plausible that the severe gene
loss observed in Tremblaya PCIT occurred before the acquisition
of Moranella.

There are therefore several possible mechanisms—none
mutually exclusive —that could allow Tremblaya PCIT to continue
functioning: (1) the lost Tremblaya PCIT genes may have been
transferred to the host mealybug nucleus, with their products im-
ported back into the cell; (2) the lost Tremblaya PCIT genes may
be compensated by host gene products of eukaryotic origin that
are transported into the cell; (3) the lost Tremblaya PCIT genes
may be compensated by bacterial genes that are the result of
horizontal transfer from unrelated bacteria to the host genome
(Nikoh and Nakabachi, 2009; Nikoh et al., 2010); and (4)
Tremblaya PCIT may somehow acquire gene products directly
from Moranella, as previously suggested (Koga et al., 2013;
McCutcheon and von Dohlen, 2011). Defining the relative roles
of each of these four processes is important, as possibilities (1)
and (2) would parallel events that took place during organelle
(mitochondria and chloroplast) formation (Keeling and Palmer,
2008; Timmis et al., 2004), scenario (3) would provide the first
data suggesting heterologous complementation for a lost activ-
ity in a reduced symbiotic genome, and (4) would clarify the
unique nature of this three-way nested symbiosis.

Gene retention patterns in essential amino acid biosynthesis
pathways—the raison d'étre for Tremblaya PCIT and Moranella,
at least from the perspective of the mealybug host— offer some
clues to the mechanisms enabling genome reduction of Trem-
blaya PCIT. While all ten essential amino acid biosynthesis path-
ways are incomplete when the contributions from Tremblaya
PCIT and Moranella are analyzed independently, several path-
ways become complete when the inferred gene homologs
from Tremblaya PCIT and Moranella are considered together
with putative contributions from the host (McCutcheon and von
Dohlen, 2011). These complementary gene retention patterns
suggest but do not prove that gene products or metabolites for
essential amino acid biosynthesis are shared between the two
bacterial symbionts and indicate that the loss of critical genes
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in Tremblaya PCIT may be supplemented by Moranella gene
products. However, the host clearly plays a large role in the func-
tioning of the symbiosis because production of several amino
acids seems to require chemistries carried out by host-encoded
enzymes (McCutcheon and von Dohlen, 2011), similar to what
has been hypothesized to occur in the pea aphid (International
Aphid Genomics Consortium, 2010; Wilson et al., 2010). The
available data therefore point to a potentially complex solution
to the loss of essential genes in Tremblaya PCIT.

Adding to the complexity is the possibility that genes resulting
from horizontal gene transfer (HGT) play a role in the functioning
of the Pl citri symbiosis. A number of HGT cases from microor-
ganisms to animals have been reported recently, including
several examples from insects (Acufia et al., 2012; Aikawa
et al., 2009; Altincicek et al., 2012; Danchin et al., 2010; Doudou-
mis et al., 2012; Gladyshev et al., 2008; Grbi¢ et al., 2011;
Dunning Hotopp et al., 2007; Klasson et al., 2009; Kondo et al.,
2002; Moran and Jarvik, 2010; Nikeh and Makabachi, 2009;
Nikoh et al., 2010; 2008; Werren et al., 2010; Woolfit et al.,
2009). Although most transferred DNA is probably nenfunctional
in the host genome (Dunning Hotopp et al., 2007; Kondo et al.,
2002; Nikoh et al., 2008), a growing list of apparently functional
transferred genes have been identified. These genes are ex-
pressed in tissue-specific patterns, subject to purifying selec-
tion, and/or explain well-known ecological traits (Acufia et al.,
2012; Danchin et al., 2010; Grbi¢ et al., 2011; Klasson et al.,
2009; Moran and Jarvik, 2010; Nikoh and Nakabachi, 2009; Ni-
koh et al., 2010; Woolfit et al., 2009). In a few cases, the trans-
ferred genes have been shown to provide a clear and specific
function in the biclogy of the animal (Acunia et al., 2012; Danchin
et al., 2010). The taxonomic origins of these functional transfer
events are diverse (Gladyshev et al., 2008) and include fungi
(Altincicek et al., 2012; Grbic et al., 2011; Moran and Jarvik,
2010) and various groups of bacteria such as Bacilli {(Acuna
et al., 2012; Grbi¢ et al., 2011), Actinobacteria (Danchin et al.,
2010}, and perhaps most commonly in insects, Alphaproteobac-
teria (Dunning Hotopp et al., 2007; Klasson et al., 2009; Nikoh
and Nakabachi, 2009; Nikoh et al., 2010; Werren et al., 2010;
Woolfit et al., 2008). Much of the DNA transferred from alphapro-
teobacterial sources is presumed to be from the reproductive
manipulator Wolbachia or close relatives (Dunning Hotopp,
2011).

The role of lateral gene transfer in the functioning of symbioses
involving bacteria with highly degenerate genomes such as
Tremblaya PCIT is presently unclear. The best-studied and
most relevant example for the mealybug system is the pea aphid,
Acyrthosiphon pisum, and its bacterial endosymbiont Buchnera
aphidicola (International Aphid Genomics Consortium, 2010;
Nikoh et al., 2010; Shigenobu et al., 2000). Although Buchnera
is a stably associated, long-term nutritional endosymbiont, its
641 kb genome encodes 574 protein-coding genes and so is
relatively more complete compared to the degenerate genome
of Tremblaya PCIT. When the pea aphid genome was analyzed
for potential HGT events originating from Buchnera, two inde-
pendent transfers were found, although both encoded nonfunc-
tional gene products (Nikoh et al., 2010). This shows that HGT
between insect nutritional symbionts and their hosts is possible
but that it has not resulted in the acquisition of functional genes in
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Figure 1. Cladogram of Selected Mealybugs and Their Obligate
Symbionts

Tremblaya is the sole symbiont in some lineages of mealybugs (e.g.. Fh.
avenae); it was replaced with a symbiont from the Bacteroidetes in some lin-
eages (e.g., Rastrococcus invadens; yellow line) and was itself infected with
gammaproteobacteria in other lineages of mealybugs (red lines; e.g., with
Moranelia endobia in Pl. citri). This figure is a composite from previous work
(Buchner, 1965; Gruwell et al., 2010; Hardy et al., 2008; Thao et al., 2002).

the pea aphid. Understanding the role that horizontal gene trans-
fer has played in the evolution of insect endosymbionts is of great
interest because many of these symbionts show nontrivial over-
lap with organelles in terms of genome size and organismal inte-
gration (Keeling, 2011; McCutcheon and Moran, 2012).

Here we take a comparative genomic and transcriptomic
approach to disentangle the mechanisms used by Trembiaya
PCIT to function in the mealybug symbiosis. To provide data
on the role of Moranella in the biology of Tremblaya, we
have sequenced a complete genome for Tremblaya from
Phenacoccus avenae (PAVE), a species of mealybug possessing
Tremblaya as its sole symbiont (Figure 1). To assess the role of
the insect host in the functioning of Tremblaya, we performed
RNA-seq on both the PI. citri bacteriome (the symbiotic organ
housing Trembiaya PCIT and Moranella) as well as whole animals
to identify genes that are preferentially expressed in tissue rele-
vant to the symbiosis. To verify the origin of the expressed genes
found by our transcriptional work, we determined a draft insect
genome for PI. citri. Our results suggest a large role for Moranella
gene products in the functioning of Tremblaya PCIT and uncover
a surprising number of expressed genes transferred from heter-
ologous bacterial sources (i.e., neither from Tremblaya nor
Moranella) to the insect genome, which are involved in nutrient
biosynthesis and bacterial cell wall maintenance. Because we
find no clear functional gene transfer events from Trembiaya
PCIT to the host genome, our data show that this organism is
not progressing along an evolutionary path analogous to mito-
chondria and chloroplasts in their transition from endosymbiont
to organelle, a process that included extensive gene transfer to
the host nuclear genome.

RESULTS

The Tremblaya Genome from Phenacoccus avenae s
Much Less Degenerate Than in PCIT

Genome sequencing revealed that the gene set of Trembiaya
PCIT is an almost perfect subset of Tremblaya PAVE (Figure 2
and Table S1 available online). The genome of Trembiaya

Tremblaya PAVE

o

o
oy

B 4 >

/ g
L &
Trembiaya PCIT & e L0500

Figure 2. The Tremblaya PCIT Genome Is Largely a Subset of the
Trembilaya PAVE Genome

The coding regions of Tremblaya PAVE (green boxes, top) and Tremblaya PCIT
(orange boxes, bottom) are shown around the perimeter of the circle. Purple
bands connect genes retained in Trembiaya PAVE to their presumed former
positions in Tremblaya PCIT. Blue bands connect functional genes retained in
Tremblaya PAVE to those that are present but pseudogenized in Tremblaya
PCIT. Red bands connect genes retained in Tremblaya PCIT to their presumed
former positions in Tremblaya PAVE. Of the 121 genes retained in Tremblaya
PCIT, 110 are also present in Trembiaya PAVE. Tremblaya PCIT encodes 11
genes not present in Tremblaya PAVE; Tremblaya PAVE encodes 65 genes not
present in Tremblaya PCIT. See Table S1 for a comparison of the general
features of these genomes.

PAVE is 170,756 bps and very gene dense (93.5% coding den-
sity), and it has few pseudogenes, making it similar to other
tiny symbiont genomes such as Hodgkinia cicadicola (144 kb)
(McCutcheon et al., 2009), Carsonella ruddii (158-166 kb) (Naka-
bachi et al., 2006; Sloan and Moran, 2012), and Zinderia insecti-
cola (210 kb) (McCutcheon and Moran, 2010). It is colinear with
Tremblaya PCIT with the exception of one large inversion and
one unusual plasmid containing only two ribosomal genes (Fig-
ure 2 and Table S1). Importantly, many of the genes present in
Trembiaya PAVE but missing in Tremblaya PCIT are the transla-
tion-related genes found in other highly reduced genomes (Fig-
ure 3), although like some other tiny genomes (McCutcheon,
2010; McCutcheon and Moran, 2012) Trembiaya PAVE does
not encode a complete set of aminoacyl-tRNA synthetases.

The Sole PAVE Symbiont Encodes the Same Essential
Amino Acid Pathways as the Dual PCIT Symbionts

As the sole nutritional symbiont for its insect host, Tremblaya
PAVE retains exactly the same genes for essential amino acid
biosynthesis as are collectively retained in the dual Tremblaya
PCIT-Moranella symbiosis (Figure 3). This striking result is
consistent with recent data showing that related species of
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Figure 3. Symbiont Gene Retention and HTG Expression Patterns for the PI. citri and Ph. avenae Symbioses
(A and B) We assume that because AAT, BCA, OAT, CGL, and CBL were found overexpressed in aphids (Hansen and Moran, 2011) and FI. citr, they are also
present and expressed in Ph. avenae; no direct data support the expression of these genes in Ph. avenae. See Table S2 for RT-qPCR verification that the EXHTGs

shown here are expressed.

mealybugs with Tremblaya as the sole symbiont thrive on the
same host plant as mealybugs with dual nested symbionts
(Koga et al., 2013). These results indicate that both single- and
dual-bacterial symbioses fulfill the same essential amino acid
needs of their host insects. The single disparity in the PI. citri
and Ph. avenae symbiont pathways reflects a phylogenetic
difference in tryptophan synthesis between the Betaproteobac-
teria and Gammaproteobacteria. In Betaproteobacteria, the
indole-3-glycerol phosphate synthase (TrpC) and phosphoribo-
sylanthranilate isomerase (TrpF) activities are encoded on sepa-
rate proteins. In Gammaproteobacteria, activities are fused into
one protein (TrpG).

We were struck by the observation that the histidine and lysine
pathways remained incomplete in Tremblaya from both P citri
and Ph. avenae, with both genomes missing the same genes
(argD, dapE, dapF, and lysA in lysine biosynthesis; hisC and
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hisD in histidine biosynthesis) (Figure 3). That identical gene
retention patterns occur in symbionts of substantially diverged
mealybugs strongly suggests that these pathways are actively
maintained by selection in this incomplete state and indicates
that the required intermediates or enzymes are somehow
made available in both systems. We considered these pathway
holes as prime candidates to be filled by genes acquired through
HGT, and these enzymatic gaps in part motivated our search for
genes horizontally transferred from Tremblaya, Moranella, or
other unrelated bacteria to the insect host genome.

Transcriptomics Reveals Several Bacteria-to-Mealybug
Horizontal Gene Transfer Events

We found at least 22 expressed horizontally transferred genes
(ExHTGs) of bacterial origin on the PV, citri nuclear genome (Table
1). This is a conservative estimate, as we considered only those
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Table 1. The Expressed Horizontally Transferred Genes Found in This Work

Gene Bacteriome  Whole-Body Expression
Description (EC number) Name Expression Expression Ratio Phylogenetic Origin
ExHTGs verified with phylogenetic analyses
Cysteine synthase (EC: 2.5.1.47) cysK 706.9 28.4 24.9 Gammaproteobacteria: Enterobacteriales
Tryptophan 2-monooxygenase tms1 2278 68.4 [3.3] Gammaproteobacteria or
oxidoreductase (EC: 1.13.12.3) Betaproteobacteria
Diaminopimelate decarboxylase lysA 204.4 9.4 21.7 Alphaproteobacteria: Rickettsiales
(EC: 4.1.1.20)
Fused deaminase/reductase (EC: 4.1.1.20)  ribD 174.2 7.9 21.9 Alphaproteobacteria: Rickettsiales
GTP cyclohydrolase (EC: 3.5.4.25) ribA 142.2 3.8 375 Gammaproteobacteria: Enterobacteriales
Bictin synthase (EC: 2.8.1.6) bioB 121.9 241 5.1 Alphaproteobacteria: Rickettsiales
Dethiobiotin synthase (EC: 6.3.3.3) bioD 81.7 4.4 18.8 Alphaproteobacteria: Rickettsiales
Diaminopimelate epimerase (EC: 5.1.1.7) dapF 74.3 2.3 32.6 Alphaproteobacteria: Rickettsiales
Adenosylmethionine-8-amino-7- bioA 74.3 2.9 25.4 Alphaprotecbacteria: Ricketisiales
oxononanoate transaminase (EC: 2.6.1.62)
D-alanine-D-alanine ligase (EC: 6.3.2.4) ddiB 49.9 1.6 31.8 Alphaproteobacteria: Rickettsiales
Beta-lactamase domain-containing N/A 47.3 16.4 2.9 Gammaprotecbacteria: Enterobacteriales
protein
RNA methyltransferase (riml-like) rim{ 36.9 1.4 26.4 Gammaprotecbacteria: Enterobacteriales
(EC: 2.1.1.191)
UDP-N-acetylglucosamine murA 21.3 0.9 23.6 Gammaproteobacteria: Enterobacteriales
1-carboxyvinyltransferase (EC: 2.5.1.7)
UDP-n-acetylmuramate—L-alanine ligase murC 15.9 5.2 [3.1] Bacteroidetes
(EC: 6.3.2.8)
UDP-N-acetylmuramoylalanyl-D-glutamyl murF 15.8 0.6 28.7 Alphaproteobacteria: Ricketisiales
diaminopimelate-D-alanyl-D-alanyl ligase
(EC: 6.3.2.10)
UDP-N-acetylmuramoylalanine-D- murD) 13.6 1.7 7.8 Alphaproteobacteria: Ricketisiales
glutamate ligase (EC: 6.3.2.9)
UDP-n-acetylmuramoylalanyl-D-glutamate ~ mwE 1.5 0.5 25.6 Alphaproteobacteria: Ricketisiales
diaminopimelate ligase (EC: 6.3.2.13)
UDP-N-acetylenolpyruvoylglucosamine murB* 7.0 0.5 12.9 Bacteroidetes
reductase (EC: 1.1.1.158)
Urea amidolyase [urea carboxylase/ DUR1,2 5.1 1.9 2.7 Gammaproteobacteria: Enterobacteriales
allophanate hydrolase (EC: 6.3.4.6/
3.5.1.54)]
Lytic murein transglycosylase (EC: 3.2.1.-)  mifB 38 0.3 125 Gammaproteobacteria: Enterobacteriales
Glutamate-cysteine ligase-like protein N/A il 0.3 6.6 Gammaprotecbacteria: Enterobacteriales
N-acetylmuramoyl-L-alanine amidase amiD 2.0 0.1 14.6 Gammaproteobacteria: Enterobacteriales
(EC: 3.5.1.28)
ExHTGs unverified by phylogenetic analyses
AAA-type ATPase N/A 102.3 29 35.2 Alphaprotecbacteria: Ricketisiales”
Type Ill effector (skwpd/xopAD) N/A 14.2 6.2 [2.3] Betaproteobacteria or

Gammaproteobacteria®

Ankyrin repeat domain protein N/A 24 0.6 4.2 Alphaproteobacteria: Rickettsiales®

ExHTGs are ranked by their expression values in bacteriome tissue from highest to lowest. Expression information is included only for those transcripts
meeting our criteria (blastx e-values less than 1 x 107 to a protein in GenBank nonredundant protein database (nr), FPKM values greater than 1 in
bacteriome tissue, and expression ratios greater than 2); some transcripts showed evidence of either transcriptional isoforms or expression of paralogs
but were excluded for clarity. Expression ratio refers to the ratio that the transcript showed in bacteriome tissue versus that found in the whole insect;
those ratios determined not to be significantly different are shown in brackets.
*The terminal part of the murB transcript was broken in two sequences by the Trinity assembler.
The bacterial nature of these transcripts was based only on sequence similarity, and they should therefore only be considered provisional HGT events.
Transcripts for these three genes were present in many copies in the transcriptome, contain many repetitive sequences, and had poor assembly qual-

ity, so reliable phylogenetic analysis was not possible. See also Table S3.
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Figure 4. A Representative Phylogenetic Tree Confirming that RibD
Is the Result of HGT

Posterior probabilities calculated from Markov chain Monte Carlo simulations
on trees estimated using Bayesian inference methods are shown at each node.
Collapsed branches are shown as triangular wedges with the number of se-
quences shown inside the wedge. Phylogenetic trees for the 21 other ExHTGs
can be found in Data S1.

genes that had bacteriome FPMK expression values (fragments
per kilobase of transcript per million fragments mapped [Trapnell
et al., 2010]) greater than one to eliminate false positive reads
(Ramskdld et al., 2009). We also required at least a two-fold
greater expression value in the bacteriome tissue over the whole
insect sample for a gene to be considered overexpressed.
Although we did discover two ExHTGs related to lysine biosyn-
thesis that appear to complement genes missing in the PCIT
symbiotic system (dapF and lysA; Figure 3), we also found an un-
expectedly large number of ExHTGs involved in the biosynthesis
of other nutrients as well as in bacterial cell wall maintenance.
Remarkably, the majority of these ExHTGs seem to complement
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genes that have been lost in Tremblaya and Moranella, and in
some cases these ExHTGs complete biosynthetic pathways
partially retained by Moranelia (Figure 3). One ExHTG is involved
in nonessential amino acid biosynthesis (cysK) and may comple-
ment Moranella in the two-step cysteine biosynthetic pathway;
this gene could also take part in methionine synthesis by
providing a substrate for insect cystathionine gamma-lyase
(CGL). Five ExHTGs are involved in vitamin biosynthesis and
together with genes retained in Moranelfia fill several gaps in
the pathways for the production of riboflavin and biotin. Finally,
five ExXHTGs seem to complement the two retained functional
genes and one pseudogene (murC) in Moranella involved in
peptidoglycan biosynthesis, and two others are involved in
peptidoglycan recycling. The expression of all 22 transcripts
found by RNA-seq were verified by RT-qPCR (Table S2).

Phylogenetic Analyses Suggest the Source of Most
ExHTGs Are Facultative Symbionts

The inferred phylogenetic positions of these ExHTGs suggest
that facultative symbionts—i.e., bacteria that are not required
for host survival—have been involved in HGT to the insect
genome (ribD is shown in Figure 4; the remaining trees are shown
in Data S1 in the order they are introduced in this paragraph). Six
ExHTGs cluster within Rickettsiales (Alphaproteobacteria) as
sister taxa to Wolbachia (ribD, murDF, and ddiB) or Rickettsia
(dapF, and murE) clades. Two ExHTGs (murBC) cluster with Car-
dinium (Bacteroidetes), one (cysK) with Sodalis (Gammaproteo-
bacteria), and one (GshA-like protein) with Serratia symbiotica
(Gammaproteobacteria). The bioABD ExHGTs cluster with
both Rickettsiales and with Cardinium species, consistent with
previous work showing exchange of biotin genes between these
two lineages (Penz et al., 2012); more thorough taxon sampling
than currently available would be needed to determine which
lineage acted as a donor of these genes in PL citri. Three other
ExHGTs group with facultative symbionts from enterobacterial
genera Arsenophonus (ribA, amiD) and Sodalis (murA) but are
somewhat more distant, preventing us from making any deduc-
tions of their origins. Three ExHGTs (m/itB, riml, and the beta-lac-
tamase domain-containing protein) were identified as members
of Enterobacteriaceae and one ExHGT was identified as a mem-
ber of Rickettsiales (fysA), but their exact position could not be
determined. The last two ExHTGs do not cluster with bacteria
currently known to be facultative symbionts. These include
DUR1,2 clustering within the enterobacterial genus Pantoea
and tmsT clustering with the proteobacterial genera Pseudo-
monas and Ralstonia. As none of the ExHTGs cluster confidently
with Betaproteobacteria (tms? seems to have had a history of
HGT between Gammaproteobacteria and Betaproteobacteria,
preventing us from confidently inferring its phylogenetic origin),
we conclude that Trembiaya has not been a major source of
functional HGT to the mealybug nucleus. The cysK transfer
groups with Sodalis, the closest sequenced relative of Moranella,
indicating it is possible that this gene came from Moranella, but
we lack the resolution to establish its origin at this time. We note
that none of the putative source facultative symbionts are known
to reside in the mealybug population used for RNA-seq
(C.D.v.D., unpublished data) and thus seem to be signatures of
historical, transient infections.
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Verification that ExHTGs Are Encoded on the Insect
Genome

Previous symbiont genome sequencing from PI. citri bacter-
iomes found no other bacteria aside from Tremblaya and Mora-
nella in the tissue at any appreciable level (McCutcheon and von
Dohlen, 2011), suggesting that contamination is not a likely
source of expression of the ExHTGs we find here. However, to
provide stronger evidence that the ExHTGs we observed in the
transcriptome data are encoded on the Pl cifri genome, we
determined a rough low-pass insect draft genome of Pi. citri, us-
ing a line of insects isolated independently from the colony used
for RNA-seq experiments (the transcriptome work was per-
formed on insects from a greenhouse in Utah, USA, and the
line used for the genome was isolated in London, England).
With an average depth of coverage of 9.5 in k-mers {(which cor-
responds to a base coverage of about 18x [Zerbino and Birney,
2008)), a scaffold N50 of 5,114, and a maximum scaffold size of
79,414 nts, the assembly was low quality but nevertheless
confirmed that the ExHTGs we observed in the transcriptome
assembly were very likely encoded on the insect genome.

That these scaffolds are from the insect genome and not from
contaminating bacteria is supported by several lines of evidence
(Table S3). First, 10 of the 22 ExHTGs are on scaffolds that
include regions of sequence most closely resembling genes
from other insects. Second, aligning the transcripts to the draft
Pl citri genome clearly showed that 9 of the 22 ExHTGs contain
spliced canonical eukaryotic GT-AG introns. Interestingly, in five
cases the introns are just upstream of the ExHTG open reading
frame. Introns located immediately 5 of start codons have
been shown to increase gene expression in several eukaryotes
(Rose et al., 2011), although it is unclear what function these in-
trons have in this system. In all, 15 of the 22 ExHTGs are either
coassembled with a putative insect gene, or found on a tran-
script that has functional introns (or in four cases, both). The re-
maining seven ExHTGs are found on scaffolds ranging in size
from 1,938 to 10,645 bps in length, which do not encode any
other bacterial open reading frame other than the ExHTG (in
some cases, tandem duplicates of the gene are clearly present,
see Table S3). A typical bacterial genome encodes approxi-
mately one gene per kilobase (Ochman and Davalos, 2006), so
in most of these cases if the scaffold was from a bacterial
contaminant it would be expected to encode at least one other
bacterial gene. Thus, we conclude that most, if not all, of the
ExHTGs we find in our transcriptomic experiments are encoded
on the mealybug genome.

Probable but Unconfirmed ExHTGs
We found several transcripts for three protein families containing
highly repetitive sequences: ankyrin repeat domain proteins
(ANK), ATPases associated with various cellular activities
(AAA-ATPases), and type Il effector proteins (Table 1). These
transcripts all show sequence similarity to bacterial proteins,
but their low-complexity repetitive regions made conclusive
phylogenetic proof of HGT difficult. We therefore consider these
probable but unconfirmed HGTs.

In general, the discovery of such a large number of bacterial
genes expressed from the Pl cifri genome implies that it may
also encode several HGT relics because it is likely that the major-

ity of HGT events result in the transfer of nonfunctional DNA that
is not expressed and not subject to purifying selection. Because
our genome assembly is not yet of sufficient quality to fully
describe the transfer events that have occurred in Pl. citr, it is
important to note that we are likely underestimating the level of
bacteria-to-mealybug HGT that has occurred in this system.

DISCUSSION

The Role of Moranella in Tremblaya's Extreme Genome
Degeneracy

We hypothesized that if missing genes in Tremblaya PCIT are pri-
marily complemented from gene products of the insect host,
then Tremblaya from mealybug lineages lacking Moranella
should have a similarly degenerate genome to Tremblaya PCIT.
Conversely, if missing genes are primarily complemented by
Moranella in the Pl. citri symbiosis, we hypothesized that Trem-
blaya from mealybug lineages lacking Moranella should have a
more robust genome, perhaps similar in gene density and coding
capacity to those found in other symbionts. By completing a
Trembiaya genome from Phenacoccus avenae, a lineage lacking
the intrabacterial symbiont Moranella, we have shown that
genome reduction in Tremblaya occurs to a degree consistent
with other previously reported tiny symbiont genomes when pre-
sent as the sole symbiont. We also show that Tremblaya PCIT is
an almost perfect subset of Tremblaya PAVE. These results sug-
gest that much of the reductive genome evolution observed in
Tremblaya (down to approximately 170 kb) occurred before the
acquisition of Moranella in the common ancestor of P/ citri and
Ph. avenae and that the extreme genomic degeneracy observed
in Tremblaya PCIT (from 170 kb to 140 kb) was likely due to the
acquisition of Moranella by Trembiaya at some point in the line-
age leading to Pl citri. This scenario is consistent with studies
showing that massive and rapid gene loss can occur in bacteria
that transition to a symbiotic lifestyle (Mira et al., 2001; Moran
and Mira, 2001; Nilsson et al., 2005), after which gene loss slows,
and gross genomic changes become infrequent, even over hun-
dreds of millions of years (McCutcheon and Moran, 2010; Tamas
et al., 2002; van Ham et al., 2003). Assuming this model, the
acquisition of Moranella would break Tremblaya’s genomic sta-
bility by relaxing selection on genes redundant with Moranella;
this would allow further genomic erosion in Tremblaya and would
account for its large number of pseudogenes and unusually
small gene set. Our results suggest that the primary driving force
shaping Tremblaya PCIT's extreme genomic degeneracy—for
example, the loss of all aminoacyl-tRNA synthetases and its un-
usually low coding density—was the acquisition of Moranella
into its cytoplasm. However, these comparative genomic data
do not speak to the role of the host in the maintenance of this
symbiosis, and they do not directly prove that symbiont genes
have not been transferred to the host genome.

We took a transcriptomic approach to address the role of the
host in the PCIT symbiosis and to test for expressed genes
resulting from bacteria-to-insect transfer events. Although the
vast majority of microorganism-to-animal HGT events have
been discovered through genome sequencing projects, an
interesting counterexample comes from the pea aphid, where
early transcriptomic experiments, using only 2,600 expressed
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Table 2. Expression Values for Selected Insect Transcripts

Description (EC number) Gene Name  Bacteriome Expression  Whole-Body Expression  Expression Ratio
Cystathionine beta-lyase, cystathionine gamma-lyase  CBL, CGL 2553.3 114.3 22.3
(4.4.1.8/4.4.1.10)

Glutamine synthetase (6.3.1.2) GS 1567.3 229.4 6.8
Kynurenine-oxoglutarate transaminase (2.6.1.7) KAT 666.6 749 8.9
Aspartate aminotransferase (2.6.1.1) AAT 427.9 85.44 5.0
Phosphoserine aminotransferase (2.6.1.52) PSAT 366.6 69.2 53
Branched-chain amino acid aminotransferase BCA 363.0 25.4 14.3
(2.6.1.42)

Homocysteine S-methyltransferase (2.1.1.10) HMT 210.7 34.4 6.1
Glutamine oxoglutarate aminotransferase (1.4.1.13) GOGAT 85.7 17.2 5.0
Putative riboflavin transporter N/A 57.6 6.4 9.0

Transcripts are ranked by their expression values in bacteriome tissue from highest to lowest. Expression information is included only for those tran-
sctipts meeting our criteria (blastx e-values less than 1 x 10°° to a protein in nr, FPKM values greater than 1, and expression ratios greater than 2);
some copies of transcripts showing evidence of either transcriptional isoforms or expression of paralogs were excluded for clarity. Expression ratio
refers 1o the ratio that the transcript showed in bacteriome tissue versus that found in the whole insect.

sequence tags (ESTs), uncovered two genes of bacterial origin in
the aphid genome that were upregulated in aphid bacteriomes,
IdcA, and rplA (Nakabachi et al., 2005). When the pea aphid
genome was sequenced more recently (International Aphid Ge-
nomics Consortium, 2010}, eight apparently functional genes of
alphaproteobacterial origin were found (ldcA, amiD, bLys, and
five copies of rplA), although only /dcA, amiD, and rplA1-5
were found to be upregulated in bacteriocytes (Nikoh et al.,
2010). Thus, as a very low level of transcriptome sequencing
found two of three functional bacterial gene families that were
expressed in aphid bacteriocytes, we reasoned that a high-
throughput transcriptomics experiment would uncover most or
all of the ExHTGs that are supporting the PI. citri symbiosis.
We note that none of the horizontally transferred and expressed
genes discovered in the pea aphid system seem to directly sup-
port the symbiotic role of Buchnera—i.e., nutrient production—
but two genes, ldcA and amiD, are possibly involved in peptido-
glycan recycling (Nikoh and Nakabachi, 2009; Nikoh et al., 2010).
The amiD transfer we find in P. citri was independent of the aphid
event as the donor bacteria are from different phylogenetic
groups.

Several Pathways Are Composed of Genes from Multiple
Phylogenetic Sources

Previous work has shown that bacteria from the class Alphapro-
teobacteria are common donors of HTGs in insects (Dunning
Hotopp, 2011). Our results are consistent with these findings,
with ten ExHTGs grouping closely with other alphaproteobacte-
rial sequences in phylogenetic trees (Figure 4 and Data S1).
However, we also find nine ExHTGs from Gammaproteobacte-
ria, two from Bacteroidetes, and one that is phylogenetically
unresolved (Data S1). At least six distinct lineages of organisms
therefore contribute to the PI. ¢itri symbiosis: the mealybug itself;
Moranella; Tremblaya PCIT; and, through HGT, various bacteria
in the Alphaproteobacteria, Gammaproteobacteria, and Bacter-
oidetes. Remarkably, these genes of diverse phylogenetic ori-
gins, now encoded on three different genomes, seem to be
used in concert in some metabolic pathways (Figure 3). For
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example, the production and recycling of peptidoglycan uses
three ExHTGs of gammaproteobacterial origin (murA, mitD,
and amiD), four ExHTGs of alphaproteobacterial origin (murDEF
and ddiB), two ExHTGs from Bacteroidetes (murBC), and two
genes encoded on the Moranella genome (mra¥ and murG).
Similarly, riboflavin biosynthesis requires two Moranella genes
(ibE and ribC), an ExHTG of gammaproteobacterial origin
(ribA), and an ExHTG of alphaprotecbacterial origin (ribD).
Although we do not have direct proof that these nutrients are
produced by the metabolic mosaic shown in Figure 3, we do
find an insect riboflavin transporter significantly upregulated in
bacteriome tissue (Table 2), suggesting that the symbiosis is pro-
ducing and utilizing riboflavin. Coincidentally, this riboflavin
transporter happens to be encoded on a 32 kb scaffold contain-
ing the ExHTG cysK.

Of note, our results point to several interesting metabolic sim-
ilarities and differences with other insect symbioses. As in the
pea aphid system (Hansen and Moran, 2011; Wilson et al.,
2010), PL citi may use homocysteine S-methyltransferase
(2.1.1.10) to produce S-adenosylhomocysteine and methionine
and uses glutamine synthetase and glutamine oxoglutarate
aminotransferase (6.3.1.2/1.4.1.13, the GS/GOGAT cycle) for
recycling ammonia into glutamate; glutamate could then be
used by host aminotransferases to incorporate ammonium-
derived nitrogen into symbiont-synthesized carbon skeletons
of Phe, Leu, lle, Val, and possibly Lys and His (Hansen and
Moran, 2011). Interestingly, one of the ExHTG candidates is
urea amidolyase, or DUR1,2 (Table 1), an enzyme that degrades
urea into ammonia and CO,. This suggests that, contrary to the
single-step cleavage of urea by ATP-independent urease in the
symbionts of cockroaches and carpenter ants (Gil et al., 2003;
Lopez-Sanchez et al., 2009; Sabree et al., 2009), mealybugs
use the ATP-dependent route catalyzed by DUR1,2. Thus, like
the cockroach and carpenter ant systems, mealybugs may
have the ability to recycle urea but through a different pathway
resulting from a horizontal gene transfer. In all three systems,
toxic ammonium can then be recycled by glutamine synthetase
(Table 2) into amino acids.
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Host Genes of Eukaryotic Origin Overexpressed in
Bacteriome Tissue

Reduced genomes of insect symbionts often encode metabolic
pathways missing one or two gene homologs (McCutcheon,
2010; McCutcheon and Moran, 2012; Zientz et al., 2004). The
loss of an essential biosynthetic gene in an otherwise conserved
symbiont pathway is commenly explained by the presence of a
host homolog, or by another promiscuous symbiotic/host gene
that can compensate for the missing activity. In the pea aphid-
Buchnera system, the role of the host in supplementing missing
Buchnera activities was recently corroborated by transcriptomic
and proteomic work (Hansen and Moran, 2011; Macdonald
et al., 2012; Poliakov et al., 2011); our data from the mealybug
system strongly support intimate host-symbiont cooperation in
mealybugs, and suggest that it is a general feature of plant-
sap-feeding insect symbioses. Accordingly, host enzymes orig-
inally hypothesized to complement missing symbiotic genes in
production of essential amino acids (McCutcheon and von Doh-
len, 2011)—BCA (2.6.1.42), AAT (2.6.1.1), OAT (2.6.1.13), CGL
(4.4.1.1), and CBL (4.4.1.8)—are all significantly upregulated in
mealybug bacteriocytes (Table 2). As in the Buchnera-pea aphid
system (Hansen and Moran, 2011), TDH (4.3.1.19) activity was
found not to be upregulated in mealybug bacteriocytes. It there-
fore seems likely that the source of 2-oxobutanoate, the metab-
olite required for isoleucine biosynthesis originally predicted to
be produced by TDH (McCutcheon and von Dohlen, 2011), is
available in both aphids and mealybugs from the activity of
CGL (4.4.1.1), which is overexpressed in bacteriome tissue in
both aphids (Hansen and Moran, 2011; Poliakov et al., 2011)
and mealybugs (Table 2).

As our work did not identify any ExHTGs for four of six genes
missing in lysine (argD and dapE) and histidine (hisC and hisD)
biosynthetic pathways, these remaining enzymatic holes are
candidates for complementation by host-encoded enzymes of
eukaryotic origin. Two of the missing genes (argD and hisC) are
aminotransferases, a class of enzymes that display remarkable
plasticity in the reactions they catalyze (Carbonell et al., 2011;
Rothman and Kirsch, 2003) and that play crucial roles in the
Buchnera-aphid symbiosis (Hansen and Moran, 2011; Macdon-
ald etal., 2012; Poliakov et al., 2011; Wilson et al., 2010). As there
is only one aminotransferase gene retained in the Moranella
genome (serC), and none in Tremblaya PCIT, this particular enzy-
matic activity has probably been largely taken over by the insect.
We therefore hypothesize that ArgD and HisC activities can be
compensated by one (or more) of several host aminotransfer-
ases that are upregulated in bacteriocytes (Table 2). Similarly,
HisD is an NAD-like dehydrogenase, and this activity may also
be replaceable by host dehydrogenases, although no obvious
candidate is clear from our work. Finally, the dapE (N-succinyl-
L-diaminopimelate desuccinylase) gene homolog has also
been lost from several other symbiotic genomes (e.g., from
Sulcia and its cosymbionts [McCutcheon and Moran, 2010]),
although, like previous work, our data do not point to an obvious
candidate enzyme that carries out this chemistry.

The overall picture of amino acid biosynthesis in mealybugs
implies that the host insect is directly involved in production of
phenylalanine, leucine, valine, isoleucine, lysine, methionine,
and possibly histidine. Remarkably, only tryptophan and threo-

nine are produced from pathways independent of host-derived
gene products.

Host Control of Peptidoglycan Biosynthesis and Its
Relation to Moranella

The presence of a large number of ExHTGs involved in peptido-
glycan production and recycling (Figure 3 and Table 1) is consis-
tent with the hypothesis that cell lysis is the mechanism used to
share gene products between Moranella and Tremblaya PCIT
(Koga et al., 2013; McCutcheon and von Dohlen, 2011). This
idea was initially suggested based on a lack of transporters en-
coded on the Moranella genome combined with the large num-
ber of gene products or metabolites involved in essential amino
acid biosynthesis and translation that would need to pass be-
tween Moranella and Tremblaya PCIT for the symbiosis to func-
tion (McCutcheon and von Dohlen, 2011). Subsequent electron
microscopy on mealybugs closely related to PI. citri showed
that although most gammaproteobacterial cells infecting the
Tremblaya cytoplasm were rod shaped, some were amorphous
blobs seemingly in a state of degeneration (Koga et al., 2013).
Our results suggest a plausible mechanism for how the insect
host controls this process: by differentially controlling the
expression of the horizontally transferred murABCDEF and
mitDfamiD genes, the host could regulate the cell wall stability
of Moranella. Increasing the expression of murABCDE genes
would increase the integrity of Moranelia’s cell wall, and
increasing the expression of mitD/amiD would tend to decrease
Moranella's cell wall strength. As Tremblaya PCIT encodes no
cell-envelope-related genes and likely uses host-derived mem-
branes to define its cytoplasm, it would be unaffected by
changes in gene expression related to peptidoglycan biosyn-
thesis. This hypothesis is testable, because the levels of Trem-
blaya and Moranella are uncoupled in mealybugs closely related
to Pl citri; in males in particular, Moranella levels drop to unde-
tectable levels while Tremblaya persists (Kono et al., 2008). In sit-
uations where Moranella is reduced with respect to Tremblaya,
we would expect low expression of murABCDEF and increased
expression of mitD/amiD. Interestingly, we find that of the five
ExHTGs with recognizable eukaryotic signal peptides, four are
involved in peptidoglycan metabolism (amiD, mitD, murfF, and
murD; the other ExHTG with a signal peptide is riml).

Tremblaya’s Extreme Genomic Degeneracy and Its
Implications for Understanding Intimate Mutualisms

The smallest reported bacterial genomes, which are all from
nutritional symbionts of sap-feeding insects, are indistinguish-
able from organelles when considered only in terms of genome
size and gene number (McCutcheon and Moran, 2012). Unlike
organelles, however, they tend to retain a certain set of the
most critical genes involved in DNA replication, transcription,
and translation (McCutcheon, 2010). Tremblaya PCIT is strikingly
different, as it has lost many genes involved in translation that are
retained in other highly reduced genomes (Lépez-Madrigal et al.,
2011; McGutcheon and von Dohlen, 2011). This degeneracy,
along with its extensive interdependency on Moranelia and the
insect host, makes it difficult to apply an appropriate label to
Tremblaya PCIT—is it still a bacterium or has it transitioned to
something more akin to an organelle? This labeling problem is
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complicated by the lack of a generally accepted definition of
“organelle” (Keeling, 2011; Keeling and Archibald, 2008; Theis-
sen and Martin, 2006). In any case, more important than applying
an appropriate label to Tremblaya is understanding how the PI.
citri symbiosis came to be and how it currently works, as this
may provide insight on how host-organelle relationships formed
in the general sense of being highly integrated mosaic
organisms.

Here, we show that the extreme genomic degeneracy of
Tremblaya PCIT—that is, its low coding density and loss of crit-
ical translation-related genes—is largely the result of the pres-
ence of Moranella in its cytoplasm. These results are consistent
with the hypothesis that Moranella is providing many gene prod-
ucts or metabolites to Tremblaya PCIT, including those involved
in essential amino acid production and translation. OQur data also
show the PI. citri symbiosis is reliant on a mosaic of gene prod-
ucts from no fewer than six distinct organisms: the mealybug it-
self, Tremblaya PCIT, Moranelia, and at least three bacterial
groups that were donors of HTGs residing on the insect nuclear
genome. Importantly, we did not find evidence of functional HGT
events from Tremblaya PCIT to the host insect genome. Thus,
genome reduction in Tremblaya was not associated with func-
tional transfer of its genes to the host nucleus and therefore
has not paralleled processes that have occurred in the evolution
of organelles.

EXPERIMENTAL PROCEDURES

Additional information on the computational and experimental methods used
here can be found in the Extended Experimental Procedures available online.

Insect Strains, DNA and RNA Isolation, and Sequencing

For sequencing the Tremblaya PAVE genome, DNA was isolated from the
bacteriome of a laboratory-maintained individual and was amplified using
phi29-based rolling circle amplification and subjected to 454 library creation
and sequencing (see Figure S1 for the Southern blot of the PAVE plasmid-like
molecule). For bacteriome mRNA-seq, total RNA was extracted from 20
dissected mealybug bacteriomes and whole female bodies as reported pre-
viously (McCutcheon and von Dohlen, 2011) and was subjected to lllumina li-
brary creation and sequencing. For Pi. citri draft genome sequencing, DNA
was isolated from a single adult female from a colony that had undergone
several rounds of inbreeding. The P, citri strain used in RNA-seq was from
a greenhouse coleny in Logan, UT, USA, and the Pl citri strain used to
generate the draft genome was from a colony in London, England, UK. As
a result, the transcriptome and draft genome show some sequence
divergence.

ACCESSION NUMBERS

The GenBank accession numbers for the Tremblaya PAVE genome reported in
this paper are CP003982 (main chromosome) and CP003983 (plasmid). The
GenBank Sequence Read Archive number for the raw transcriptome and
genome reads is SRP021919. The GenBank accession numbers for the
assembled ExHTG and host transcriptome contigs listed in Tables 1 and 2
are KF021954-KF021987, and KF021932-KF021953 for the associated
ExHTG genome scaffolds.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, one

figure, three tables, and one supplemental data file and can be found with
this article online at http://dx.dol.org/10.1016/.cell.2013.05.040.
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EXTENDED EXPERIMENTAL PROCEDURES

Phenacoccus avenae Genome Sequencing and Annotation

A young adult individual of laboratory-maintained Ph. avenae was dissected in PBS [137 mM NaCl, 8.1 mM Na,HPO,, 2.7 mM KClI,
1.5 mM KH;PQ, (pH 7.5)] with fine forceps and needles, and total DNA was extracted from the isolated oval bacteriome by using a
conventional SDS-phenol method. The extracted DNA was amplified using GenomiPhi V2 DNA Amplification Kit (GE Healthcare Life
Science) according to the manufacture’s protocel and then was purified by QlAamp DNA Mini kit (QIAGEN). Two independent sam-
ples were sequenced by GS FLX system (Roche) at the OIST Sequencing Section, Okinawa, Japan. The 454 sequencing resulted in
an sff data file of 141,681 reads totaling 45,763,075 bases.

Tremblaya PAVE genome assembly was carried out by GS De Novo Assembler v2.5.3 (Margulies et al., 2005) using default set-
tings for read quality trimming and genome assembly. Assembled contigs were filtered based on average coverage, GC content
and BLASTX v2.2.17 results against the GenBank nonredundant protein database (nr, posted January 18, 2011). The Tremblaya
genome assembled into 11 contigs with an average coverage from 103.1 to 273.4X along with three short contigs with an average
coverage more than six times higher than the rest of the genome (184 bp, 1825X; 225 bp, 1511.4X; 309 bp, 2121.3X). “To” and
“from” information appended to the read name in the ACE file generated from the assembly and gene synteny to the Tremblaya
PCIT genome was used to order and orient the contigs. Genome gaps were closed by PCR and Sanger sequencing to a single
circular molecule.

The three short high-coverage contigs were not incorporated into gaps of the closed genome sequence, and the ACE file info
suggested that these sequences might form a plasmid-like circular molecule. The three contigs were successfully joined by
PCR and Sanger sequencing and the plasmid presence was confirmed by Southern blot analysis (Figure S1). For Southern
blots, genomic DNA preparations of Ph. avenae were digested with restriction endonuclease Hindlll (which does not cut the
plasmid) and Munl (which cuts the plasmid at one location), and electrophoresed in agarose gels with an uncut DNA preparation
as control. The separated DNA fragments were transferred to nylon membranes by a standard capillary blotting procedure, and
fixed by UV crosslinking. Hybridization and detection of the probe were performed by using the DIG Detection Kit (Roche) accord-
ing to manufacturer’'s instructions. The probe was generated by PCR (primer sequences GCATCTGACGATGTGAACAACCTT
and CAGAATTAGAAAGGTGTTGCTTCTTC). The single band in the Munl lane agrees with the estimated size of the plasmid from
genome assembly (744 bps). We attribute the larger sizes in the Uncut and Hindlll lanes to the presence of concatenated circular
molecules.

The Tremblaya genome was annotated as described previously (McCutcheon and Moran, 2007), except that Prodigal v1.20 (Hyatt
et al., 2010) was used for gene prediction, RNAmmer v1.2 (Lagesen et al., 2007) was used to identify rRNAs and Rfam v10.1 (Gardner
et al., 2009) was used to localize transfer-messenger RNA (tmRNA, also known as 10Sa RNA). The putative origin of replication was
assigned to the same region of the genome as in Tremblaya PCIT based on a presence of oligonucleotide skew. Previously produced
Tremblaya metabolic pathways were updated by hand using genome annotation results and EcoCyc (Keseler et al., 2005), MetaCyc
(Caspietal., 2006) and KEGG databases (Kanehisa and Goto, 2000) as guides. One possible homopolymer error was detected during
the annotation process in 8 subunit of RNA polymerase (rpoB). PCR and Sanger sequencing of this region confirmed that the error
was caused by 454 sequencing and the sequence was corrected accordingly. Circos v0.56 (Krzywinski et al., 2009) was used to
generate graphical genome comparisons.

Planococcus citri RNA Preparation and Sequencing

Total RNA was extracted from 20 dissected mealybug bacteriomes and whole female bodies as reported previously (McCutcheon
and von Dohlen, 2011). The samples were pooled submitted to eukaryotic (polyA) mRNA enrichment by TruSeq RNA Sample Prep-
aration Kit and 99 bp paired-end libraries were sequenced by lllumina HiSeq 2000 at the Center for Genome Technology Sequencing
Core, University of Miami. lllumina sequencing produced 131,944,592 and 85,597,850 paired-end reads for bacteriocytes only and
whole female body samples respectively.

RNA-Seq and Differential Expression Analyses

De-novo transcriptome assemblies were carried out by the Trinity v_r2012-01-25 package (Grabherr et al., 201 1) with default settings
(fixed k-mer 25) from both RNA-seq samples (polyA enriched libraries from bacteriocytes and whole female bodies), and the resulting
96,981 and 82,968 contigs were preliminarily annotated by BLAST2Go (Conesa et al., 2005). The Perl script pipeline implemented in
Trinity was followed to obtain FPKM expression values (fragments per kilobase of exon per million fragments mapped) and to identify
differentially expressed transcripts. FastQ reads were mapped back to the transcripts by Bowtie 0.12.7 (Langmead et al., 2009),
mapped reads were counted by RSEM v1.1.18 (Li and Dewey, 2011) and data normalization and identification of differentially ex-
pressed transcripts between the two samples was carried out in Bioconductor package edgeR v2.10 (Robinson et al., 2010).
BAM alignment files were graphically visualized in IGV and Artemis browsers (Carver et al., 2012; Thorvaldsdottir et al., 2013). Coding
regions for horizontally transferred transcripts were predicted either by the transcripts_to_best_scoring_ORFs.pl script provided in
Trinity package or by NCBI ORF finder [http://www.ncbi.nlm.nih.gov/gorf/gorf.html] and checked by BLASTP searches against the nr
database.
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RT-gPCR Verification of ExXHTG Enrichment in Bacteriome Tissue

Reverse-transcription quantitative PCR of 22 ExHGTs from whole insects and dissected bacteriomes was carried out to verify our
bacteriocyte overexpression results determined by RNA-seq. Bacteriomes were dissected in 0.9% RNase free saline and immedi-
ately stabilized in TRI Reagent (Ambion). Total RNA was isolated from 20 to 30 bacteriomes and ten whole females (mealybug colony
from Logan, Utah, USA) using Direct-zol RNA MiniPrep kit (Zymo Research). Extracted RNA was treated by RNase-free DNase |
(Thermo Scientific) and first-strand cDNA synthesis was performed by Transcriptor Reverse Transcriptase (Roche) from 500 ng of
RNA (using random hexamers in standard 20 pl reactions).

RT-gPCR primers were designed using Primer3Plus software for RT-gPCR (Untergasser et al., 2007) and checked for nonspecific
products by MFEprimer-2.0 (Qu et al., 2012) against mealybug transcriptome and genome databases. Nonspecific products were
also checked by melting curves and efficiencies of all primers were tested by standard curves in triplicates. Sequences and ampli-
fication efficiencies for used primers are listed in Table S2. The MIQE guidelines (Bustin et al., 2009) were followed to make the ex-
periments as reproducible as possible.

Gene expression was normalized to 60S ribosomal protein L7 (rpl7) and relative quantification of gene expression was performed
using o-AACT methodology (Livak and Schmittgen, 2001). Rpl7 was selected based on previous work (R.P.D., unpublished data).
Each experiment was performed in triplicate and included no template controls and no reverse transcription controls. Each 20 pl re-
action comprised of 10 pl of LightCycler 480 SYBR green Master (Roche), 500 nM of forward and reverse primers and 5 pl of cDNA.
PCR reactions were performed in white plates (Roche) on a LighCycler 480 (Roche) with thermal cycling conditions: 95°C of initial
denaturation for 5 min, followed by 45 cycles at 95°C for 10's, 60°C for 15's, and 72°C for 15 s. The run was ended by a melting curve
(95°C for 5 s, 65°C for 1 min and 97°C continuous acquisition). All analyses were carried out using LightCycler 480 software version
1.5 (Roche).

BLASTX-Based Screening for Functional Horizontal Gene Transfers of Bacterial Origin

We modified a previous pipeline (Nikoh et al., 2010) to detect genes of bacterial origin expressed in our RNA-seq data. First, the
transcriptome assemblies from both RNA-seq samples were searched by BLASTX v2.2.25+ (-evalue 1 x 103 -outimt 7) against
the nr database (posted January 2012) and the blast results were visualized in Megan v4 (Huson et al., 2011) as metatranscriptomic
data. By plotting number of sequences assigned to distinct taxonomic units, we identified several HGT candidates and contaminant
bacteria.

Only those transcripts from the bacteriome transcriptome having top BLASTX hit to a bacterial sequence were filtered and used for
further analyses. Transcripts with top hits to the Tremblaya and Moranella genomes were filtered based on sequence identity (>98%)
and excluded for clarity. Transcripts with lower identity were checked manually. Since these transcripts did not contain recognizable
transfers from the symbiont genomes and mostly represented short low-quality transcripts, they were excluded too. Importantly, we
detected only a few individual transcripts from insect facultative symbionts and reproductive manipulators (such as Wolbachia, Rick-
ettsia, Cardinium, Arsenophonus, Hamiltonella, Regiella, Serratia or Spiroplasma) and these transcripts were not associated with any
housekeeping genes from the same taxa, which would be expected to be expressed in a facultative bacterium. The analysis thus
showed that the RNA-seq data were free of facultative symbionts and confirmed previous metagenomic analysis showing that other
bacteria were not present in the mealybug bacteriome at any significant level (McCutcheon and von Dohlen, 2011). Although the
RNA-seq data were free of facultative symbionts, the analysis revealed contamination from common plant and soil-associated bac-
teria (particularly Acidovorax sp. and Acinetobacter sp.). Expression FPKM values obtained by differential expression analysis were
added to the transcripts and the transcripts were filtered based on BLASTX e-value (<1 x 107%), sequence identity (>40), FPKM
values (>1), and sorted based on expression values. FPKM filtering (>1) allowed the filtering of low-quality transcripts and contam-
inants with low expression (i.e., Acidovorax and Acinetobacter spp.).

Finally, both the P. citri draft genome and transcriptome assemblies were divided into lengths of 1,000 nuclectides (nts), overlap-
ping by 200 nts. This yielded 756,807 and 187,107 sequences from the genome and transcriptome assemblies respectively. These
sequences were used as queries for BLASTX searches against the nr database (posted January 2012). As with the full-length tran-
script approach, BLASTX results were filtered to contain only contigs with top BLAST hit from the domain Bacteria and these results
were processed similarly, except lower e-value cut-off was used (<1 x 107%). Hits from genome scaffolds/contigs shorter than
1,000 bps and with average coverage higher than 15 were considered undetermined because our data did not allow to us to deter-
mine if these represented contamination or short duplicated HGTs.

Data from the divided transcriptome were used to look for HGT candidates cotranscribed with an insect gene, which could be
missed by our search using full-length transcripts as queries. Data from the divided genome were used to detect possible unex-
pressed HGT candidates. BLASTN and TBLASTN searches (e-value 1 x 107%) of all HGT candidates against the P. citri genome as-
sembly were used to check if the HGT candidates are present on a putative insect genome contig. All HGT candidates were checked
by BLASTP search against the nr database.

Phylogenetic Analyses

HGT candidates were searched by PSI-BLAST against the nr database to detect approximate taxonomic position of individual trans-
fers. Representatives for thorough taxon-sampling were then downloaded for individual HTG candidates according to their putative
positions (Alphaproteobacteria: Rickettsiales, Gammaproteobacteria: Enterobacteriales and Bacteroidetes). As a taxon-sampling
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guide for PSI-BLAST searches, available multi-gene phylogenies of these groups were used (Husnik et al., 2011; McCutcheon and
Moran, 2012; Williams et al., 2010; 2007; Wu et al., 2009). Protein sequences were aligned by the MAFFT v6 L-INS-i algorithm (Katoh
and Toh, 2008). Ambiguously aligned positions were excluded by trimAL v1.2 (Capella-Gutiérrez et al., 2009) with the —automated
flag set for likelihood-based phylogenetic methods. The resulting trimmed alignments were checked and manually corrected (if
needed) in SeaView 4.3.4 (Gouy et al., 2010) or Geneious v5.6 (Kearse et al., 2012). Maximum likelihood (ML) and Bayesian inference
(Bl) phylogenstic methods were applied to the single-gene amino-acid alignments. ML trees were inferred using PhyML v3.0 (Guin-
don et al., 2010) under the LG+I+I" model with subtree pruning and re-grafting tree search algorithm (SPR) and 100 bootstrap
pseudo-replicates. Bl analyses were conducted in MrBayes 3.2.1 (Ronquist et al., 2012) under WAG+I+I" model with one to three
million generations (prset aamodel = fixed(wag), Iset rates = invgamma ngammacat = 4, mecmcp checkpoint = yes ngen = 1-
3000000). For all ML and Bl analyses, a proportion of invariable sites (I) was estimated from the data and heterogeneity of evolutionary
rates was modeled by the four substitution rate categories of the gamma (T') distribution with the gamma shape parameter (alpha)
estimated from the data. Exploration of MCMC convergence and burn-in determination was performed in AWTY (http://ceb.csit.
fsu.edu/awty)and Tracer v1.5 (http://evolve.zoo.ox.ac.uk). Phylogenetic trees were rooted by outgroups and graphically visualized
in FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).

Planococcus citri DNA Preparation, Sequencing, and Genome Assembly

The PL. citri line for genome sequencing was established from a long-term laboratory population at Wye College London (provided by
Mike Copland). In May 2011, a single mated female was used to found an iso-female line. Three subsequent generations of this line
were re-founded by a single female that was mated to her brother. After these three generations the line was kept as a mass culture.
Genomic DNA was extracted from a single virgin adult female, and two short insert libraries of 200 and 800 bp were constructed and
sequenced by the Beijing Genomics Institute (BGI). An addition 200 bp insert library was constructed in the McCutcheon lab and
sequenced at the Vincent J. Goates Genomics Sequencing Laboratory at the University of California at Berkeley. A total of
81,628,073,600 nts of raw sequence was generated from these libraries (80 million 90 nt paired-end reads from the BGI 200 bp insert
library, 78.8 million 90 nt paired-end reads from the BGI 800 bp insert library, and 337.2 million 100 nt paired-end reads from the
Berkeley 200 bp insert library).

The raw sequencing reads were adaptor end-quality trimmed using the ea-utils tool fastq-mcf (http://code.google.com/p/ea-utils)
using default parameters with the exception that the minimum remaining sequence length flag was set to 41. Qverall sequence quality
filtering was then performed using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit) program fastq_quality_filter using the
flags -q 20 -p 80. Overlapping reads were combined using FLASH (Magoc¢ and Salzberg, 2011). Any remaining singleton reads (i.e.,
those with a paired read that was thrown out during quality filtering) were removed. The combined quality filtered data set consisted
of 206,570,756 reads, 19,602,678,710 nts in total, and was assembled using Velvet (Zerbino and Birney, 2008) with a k-mer size of 45
and the expected coverage set to “auto.”
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Abstract

Symbiosis is well known to influence bacterial symbiont genome evolution and has
recently been shown to shape eukaryotic host genomes. Intriguing patterns of host
genome evolution, including remarkable numbers of gene duplications, have been
observed in the pea aphid, a sap-feeding insect that relies on a bacterial endosymbiont
for amino acid provisioning. Previously, we proposed that gene duplication has been
important for the evolution of symbiosis based on aphid-specific gene duplication in
amino acid transporters (AATs), with some paralogs highly expressed in the cells
housing symbionts (bacteriocytes). Here, we use a comparative approach to test the
role of gene duplication in enabling recruitment of AATSs to bacteriocytes. Using geno-
mic and transcriptomic data, we annotate AATs from sap-feeding and non sap-feeding
insects and find that, like aphids, AAT gene families have undergone independent
large-scale gene duplications in three of four additional sap-feeding insects. RNA-seq
differential expression data indicate that, like aphids, the sap-feeding citrus mealybug
possesses several lineage-specific bacteriocyte-enriched paralogs. Further, differential
expression data combined with quantitative PCR support independent evolution of
bacteriocyte enrichment in sap-feeding insect AATs. Although these data indicate that
gene duplication is not necessary to initiate host/symbiont amino acid exchange, they
support a role for gene duplication in enabling AATs to mediate novel host/symbiont
interactions broadly in the sap-feeding suborder Sternorrhyncha. In combination with
recent studies on other symbiotic systems, gene duplication is emerging as a general
pattern in host genome evolution.

Keywords: aphid, bacteriocyte, functional evolution, gene duplication, mealybug, sap-feeding
insect
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behaviour (Eberhard 2000). Furthermore, interactions

Introduction . o, .
between species shape an organism’s genome in ways

Interspecific interactions fundamentally impact the evo-
lutionary trajectory of species and have long been
known to influence characteristics such as morphology
(Schemske & Bradshaw 1999), colour patterns (Sandoval
1994), community structure (Kennedy 2010) and even

Correspondence: Alex C. C. Wilson, Fax: 305 284 3039;
E-mail: acwilson@bio.maimi.edu

that are only just beginning to be appreciated. Not only
do species interactions influence the genes and path-
ways directly involved in those interactions, but overall
genome content, organization, expression, size and even
base composition are influenced by interspecific interac-
tions. The most intriguing examples of how genome
evolution is shaped by interspecific interactions are
found in obligate, endosymbiotic mutualists. For
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example, bacterial nutritional endosymbionts have
undergone drastic genome reduction and gene loss in
response to evolving an obligate endosymbiotic lifestyle
(Shigenobu et al. 2000; Nakabachi et al. 2006; McCutch-
eon & Moran 2007, 2012; McCutcheon et al. 2009; Sabree
et al. 2009, 2012a; McCutcheon & wvon Dohlen 2011;
Nikoh ef al. 2011; Sloan & Moran 2012; Bennett &
Moran 2013). Historically, symbiont genomes have
received more attention than the genomes of their hosts,
but as deep sequencing becomes cheaper and assembly
technology advances, host genomes are providing
insight into how symbiosis shapes genomes in eukary-
otic hosts (International Aphid Genomics Consortium
2010; Kirkness et al. 2010; Nygaard et al. 2011; Young
et al. 2011; Husnik ef al. 2013). Four interesting and
novel (given current sampling) features of host
genomes include (i) metabolic complementarity with
symbionts in essential nutrient biosynthesis (Shigenobu
et al. 2000; Wilson et al. 2010; Hansen & Moran 2011;
McCutcheon & von Dohlen 2011; Nygaard et al. 2011;
Husnik et al. 2013), (ii) loss or modulation of immune
pathways (Gerardo et al. 2010; Kim et al. 2011b; Ratzka
et al. 2013), (iii) maintenance and expression of func-
tional genes acquired horizontally from bacteria other
than the obligate symbiont (Nikoh & Nakabachi 2009;
Nikoh et al. 2010; Husnik et al. 2013) and (iv) duplica-
tion of genes with functions that may facilitate symbio-
sis (Ganot et al. 2011; Price et al. 2011; Young et al. 2011;
Shigenobu & Stern 2013). Although these features sug-
gest a role for symbiosis in shaping host genomes, some
genomic attributes of eukaryotic hosts come from
isolated examples and a role for symbiosis in their evo-
lutionary origin remains untested. One way to test the
role of symbiosis in shaping host genome evolution is
by evaluating specific genomic traits within an evolu-
tionary framework.

An evolutionary framework is especially powerful in
evaluating the extensive gene duplication and differen-
tial expression of amino acid transporters (AATS)
observed in the genome of the pea aphid, Acyrthosiphon
pisum. This evolutionary pattern may be influenced by
the relationship between A. pisum and its obligate bacte-
rial endosymbiont, Buchnera aphidicola. A. pisuni, a mem-
ber of the insect order Hemiptera, feeds on plant
phloem sap, a diet deficient in key nutrients such as
essential amino acids (Douglas 1993, 2006; Sandstrom &
Pettersson 1994; Wilkinson & Douglas 2003). Essential
amino acids — that is, amino acids that animals are
unable to synthesize de nove — are provided to aphids
by Buchnera in exchange for nonessential amino acids
(Shigenobu ef al. 2000). Supply of nonessential amino
acids to Buchnera and distribution of essential amino
acids from Buchnera to host tissues is mediated by
amino acid transport across three key membrane

© 2014 John Wiley & Sons Ltd

barriers that we collectively refer to as the symbiotic
interface: (i) the plasma membrane of the specialized
aphid cells that house Buchnera (bacteriocytes), (ii) the
host-derived symbiosomal membrane surrounding indi-
vidual Buchnera cells and (iii) the bacterial inner and
outer membranes of individual Buchnera (Shigenobu &
Wilson 2011). Analyses of transcripts (Hansen & Moran
2011; Price ef al. 2011; Macdonald et al. 2012) and pro-
teins (Poliakov et al. 2011) enriched in aphid bacterio-
cytes suggest that amino acid flux at the aphid/
Buchnera symbiotic interface is mediated by several
aphid AATs from two gene families: the amino acid
polyamine organocation (APC) family (transporter clas-
sification (TC) #2.A.3) and the amino acid/auxin perme-
ase (AAAP) family (TC #2.A.18) (Castagna et al. 1997;
Saier 2000; Saier et al. 2006, 2009). These two AAT fami-
lies play important nutritional roles in insects (Martin
et al. 2000; Dubrovsky et al. 2002; Colombani et al. 2003;
Jin et al. 2003; Goberdhan et al. 2005; Attardo et al. 2006;
Evans ef al. 2009). Some aphid AATs enriched in
bacteriocytes are paralogs derived from within an
aphid-specific gene expansion. The membership of bac-
teriocyte-enriched AATs to an aphid-specific expansion
intrigues us because gene duplication can be a critical
source of raw genetic material for evolutionary innova-
tion. While gene duplication is random, duplicates can
be maintained in a genome for many reasons, including
the evolution of novel functions and/or the spatiotem-
poral partitioning of ancestral function across paralogs
(reviewed in Kondrashov 2012). Finding AAT gene
duplicates with enriched expression in bacteriocytes is
consistent with the hypothesis that gene duplication
plays an important, possibly adaptive, role in recruiting
AATs to the symbiotic interface of aphids and other
sap-feeders (Price et al. 2011). This hypothesis predicts
that other sap-feeders with obligate bacterial endo-
symbionts also maintain duplicated AATs with similar
patterns of bacteriocyte enrichment.

Most sap-feeding insects are hemipterans, and thus,
testing the role of gene duplication in recruiting AATs
to the symbiotic interface can be facilitated with geno-
mic data from sap-feeding and non sap-feeding hemipt-
eran taxa. Despite difficulties resolving higher-level
hemipteran relationships (Campbell ef al. 1995; von
Dohlen & Moran 1995; Grimaldi & Engel 2005; Cryan &
Urban 2011; Song et al. 2012), current understanding of
hemipteran suborders can facilitate the selection of
appropriate taxa to evaluate whether symbiosis influ-
ences AAT evolution. Ideal taxon sampling will span
the three major hemipteran suborders of Sternorrhyn-
cha, Auchenorrhyncha and Heteroptera (see Fig. 1).
Sternorrhyncha, the suborder that includes aphids, will
enable the determination of whether the AAT duplica-
tions we discovered in the pea aphid (Price ef al. 2011)
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Fig. 1 Alternative hypotheses for phylogenetic relationships
among sampled hemipterans. (a) Sternorrhyncha + cicada sister
to kissing bug (consistent with Hennig 1981; Song et al. 2012).
(b) Sternorrhyncha sister to cicada + kissing bug (consistent
with Zrzavy 1992; Campbell ef al. 1995; von Dohlen & Moran
1995; Grimaldi & Engel 2005). Suborders are indicated to the
right of taxon names: Sternorrhyncha (aphids, mealybugs,
whiteflies and psyllids), Auchenorrhyncha (cicadas) and Het-
eroptera (kissing bugs).

pre- or postdate diversification of the Sternorrhyncha.
Draft genomes and transcriptomes are available for four
sternorrhynchan lineages including the pea aphid A. pi-
sum (International Aphid Genomics Consortium 2010),
the whitefly Bemisia tabaci (Wang et al. 2010), the potato
psyllid Bactericera cockerelli (Nachappa et al. 2012) and
the citrus mealybug Planococcus citri (Husnik et al.
2013). Auchenorrhyncha, a suborder that independently
evolved sap-feeding (Zrzavy 1990, 1992), will provide
tests of independence (Weber & Agrawal 2012) in AAT
evolutionary patterns. Here, we generate a transcrip-
tome for an auchenorrhynchan, the cicada Diceroprocta
semicincta. Lastly, Heteroptera comprises mostly non-
sap-feeders, and inclusion of this suborder will provide
a test of whether gene duplication in AATs is
influenced by a general aspect of hemipteran biology
unrelated to diet. A transcriptome is available for a
blood-feeding heteropteran, the kissing bug Rhodnius
prolixus (Ribeiro ef al. 2014).

In this study, we use comparative transcriptomics
and gene expression analyses to test the role of gene
duplication in recruiting AATs to the sap-feeder symbi-
otic interface by pinpointing the relative timing of gene
duplication in hemipteran AATs and quantifying the
expression of AATs in bacteriocytes. Importantly,
the sap-feeding taxa we sampled have comparable

symbiotic interfaces to the aphid/Buchnera system: one
or more obligate, bacterial symbionts residing within
host-derived membrane-bound compartments inside
bacteriocytes (Table 1). Remarkably, we find that
numerous gene duplications took place independently
in sap-feeders of the suborder Sternorrhyncha. Consis-
tent with our observations of aphid AATs (Price et al.
2011), we find that citrus mealybug paralogous AATSs
are also differentially expressed at the symbiotic inter-
face, with some paralogs enriched in bacteriocytes.
Together, these data indicate that gene duplication has
broadly played a role in recruiting amino acid
transporters to operate at the symbiotic interface of
sternorrhynchans.

Materials and methods

Insect collection and cultivation

Adult female cicadas (Diceroprocta semicincta) were
collected in Tucson, AZ, and preserved in RNAlater
(Ambion). Citrus mealybugs (Planococcus citri) were col-
lected from coleus plants in the Utah State University
greenhouse in Logan, Utah (von Dohlen et al. 2001;
McCutcheon & von Dohlen 2011), and raised on coleus
plants in the laboratory at 25 °C. Pea aphids (Acyrthosi-
phon pisunt) from the genome line LSR1 (Caillaud et al.
2002) were raised on fava plants at 20 °C. Both insect
colonies were maintained under a photoperiodicity of
16:8 (L:D).

Transcriptome sequencing and assembly

For cicada transcriptomes, total RNA was purified from
either (i) bacteriocytes or (ii) a combination of head,
legs and wing muscles (hereafter referred to as ‘insect’)
dissected from RNAlater-preserved adult female cicadas
according to the manufacturer’s protocols (MoBio Pow-
erBiofilm RNA Isolation Kit). RNA was sent to Hudson
Alpha Institute for Biotechnology for barcoded library
preparation and Illumina HiSeq sequencing. Paired-end
100-nt reads were filtered to a minimum quality of 20
over 95% of the read, and 5 nt were trimmed from the
5" end. Insect (42 688 895 read pairs) and bacteriocyte
(53 510 432 read pairs) reads were assembled into sepa-
rate insect and bacteriocyte transcriptomes in TriniTY (25
January 2012 release) (Haas et al. 2013) using kmer
length = 25 and min_contig_length = 48.

Mealybug whole body, paired-end, 100-nt reads
(Husnik et al. 2013) from a mixed population of adult
and penultimate instar females were filtered to a mini-
mum quality of 30 over 95% of the read. The resulting
58 812 530 read pairs were assembled with two differ-
ent assembly packages. First, reads were assembled in

© 2014 John Wiley & Sons Ltd
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Table 1 Hemipteran taxa and associated symbionts

Symbiont Symbiont Symbiosomal
Taxon Diet Obligate symbiont(s) classification localization membrane
Sternorrhyncha
Pea aphid Phloem sap Buchnera aphidicola® r-Proteobacteria Bacteriocytes Yes
Citrus mealybug Phloem sap Tremblaya princepsf' B-Proteobacteria Bacteriocytes Yes
Moranella endobia® y-Proteobacteria Nested within Not applicable
Trerrsbr'ayﬁd
Whitefly Phloem sap Portiera aleyrodidarum® «-Proteobacteria Bacteriocytes Yes
Potato psyllid Phloem sap Carsonella ruddii® y-Proteobacteria Bacteriocytes Yes
Auchenorrhyncha
Cicada Xylem sap Sulcia muelleri® Bacteroidetes Bacteriocytes Yes
Hodgkinia cicadicola® a-Proteobacteria Bacteriocytes
Heteroptera
Kissing bug Vertebrate blood Rhodocaccus rhodniit Actinobacteria Gut lumen No

References: (Munson ef al. 1991)% (Thao et al. 2002)": (McCutcheon & von Dohlen 2011)% (von Dohlen ef al. 2001)%; (Thao & Baumann
2004)%: (Thao et al. 2[]0(])5, (Moran ef al. 2005)%: (McCutcheon et al. 2009}h; (Goodfellow & Alderson 1977)".

VELVET (v.1.2) (Zerbino & Birney 2008) and oases (v.0.2)
(Schulz et al. 2012) using variable k-mer lengths
(between 33 and 63 nt), and resulting assemblies were
merged into one master assembly. Second, reads were
assembled in TrRinTY  using  default  parameters
(kmer_length = 25).

The whitefly (Bemisia tabaci) transcriptome was
re-assembled using 170 884 234 RNA-seq read pairs
from a mixed population of adult males and females
(NCBI BioProject PRINA89143). Reads were assembled
with RNA assemblers vEeLveT/0asEs v.1.2.03/v.0.2.06
(2012.02), sOAPDENOVO-TRANS v.2011.12.22 and TriNITY (17
March 2012 release), using multiple options. EVIDENTIAL-
GENE TR2AACDS pipeline software was used to process the
many resulting assemblies by coding sequences, trans-
late to proteins, score gene evidence and classify/
reduce to a biologically informative transcriptome of
primary and alternate transcripts. The gene set is pub-
licly available at http://arthropods.eugenes.org/Evi-
dentialGene/arthropods/whitefly / whiteflyleg6/.

De novo identification of hemipteran amino acid
transporters

Amino acid transporters (AATs) were identified using
avvER  (v.3.0) (Eddy 2009) from transcriptomes of
cicada, mealybug, whitefly, the potato psyllid Bactericera
cockerelli (Nachappa ef al. 2012; mixed population of
adult males and females) and the kissing bug Rhodnius
prolixus (NCBI BioProject PRINA191820; mixed develop-
mental stages and sexes). Briefly, using a stand-alone
PERL script underlying the open reading frame (ORF)
prediction webserver hosted by the Proteomics/Genom-
ics Research Group at Youngstown State University
(http:/ / proteomics.ysu.edu/tools /OrfPredictor.html),

© 2014 John Wiley & Sons Ltd

transcripts were translated into all six reading frames.
As described previously (Price ef al. 2011), translated
transcripts were searched for conserved functional
domains associated with the APC (TC # 2.A.3) and
AAAP (TC # 2.A.18) families of amino acid transporters
(Castagna ef al. 1997; Saier 2000; Saier et al. 2006, 2009)
in nmMer v.3.0 (Eddy 2009; Finn et al. 2011). Transeripts
significantly ~matching APC or AAAP domains
(e = 0.001) were verified by BLASTX searches against
the NCBI refseq database and retained for further
analyses if they showed a significant (¢ < 0.001) similar-
ity to the APC or AAAP sequences from the fruit fly
Drosophila melanogaster and /or A. pisum.

Alleles and splice variants were collapsed into a con-
servative set of representative transcripts for each insect
by one of the following two methods depending on
availability of genome sequence data: (i) draft genome
assemblies are available for mealybugs (Husnik ef al.
2013) and kissing bugs (unpublished; hosted at vector-
base.org and NCBI), so we validated loci by mapping
transcripts to genomic scaffolds by BLASTN searches.
Of the transcripts mapping to the same region of a par-
ticular scaffold(s), the transcript encoding the longest
protein was kept to represent the gene locus. In a few
cases, 2-3 partial transcripts were merged into a single
locus for phylogenetic analyses (Tables 51-54 in Appen-
dix Sl1, Supporting Information). In all cases, partial
transcripts mapped side by side to genomic scaffolds
on the same strand. Additionally in all cases, the partial
transcript mapping upstream in the genome aligned to
the 5' end of other, full-length AAT loci and the down-
stream partial transcript aligned to the 3’ end. (ii) In
contrast, whiteflies, psyllids and cicadas lack draft
genome assemblies. In these insects, transcripts that
have been diverging for a short period of time were
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collapsed into representative loci. Time of transcript
divergence was determined by estimating the pairwise
rate of synonymous substitutions (dS) by the Goldman
and Yang method (Goldman & Yang 1994), a common
proxy for relative age of homologous gene pairs (e.g.
paralogs within a species or orthologs between spe-
cies) (Lynch & Conery 2000). We collapsed all tran-
scripts with a dS of less than 0.25, keeping the longest
sequence to represent the locus (Appendix S2, Sup-
porting Information). This cut-off dS (0.25) is the aver-
age dS between orthologs of two aphid species
(A. pisum and Myzus persicae) that diverged between
32 and 53 million years ago (International Aphid
Genomics Consortium 2010; Kim et al. 2011a). When
closely related transcripts for a particular taxon were
partial and nonoverlapping or had a very short region
of overlap (50 bp or less), we removed the shortest of
the pair to ensure conservative estimates of locus
number. To confirm the accuracy of using pairwise dS
to collapse related transcripts into loci, we performed
the same analysis on related aphid paralogs in the
APC gene family (Appendix S2, Supporting Informa-
tion), all of which map to unique regions of the aphid
genome (Price et al. 2011). We found three aphid-spe-
cific paralogs with pairwise dS measurements below
0.25 (Appendix S2, Supporting Information), indicating
that our approach to estimate locus number may col-
lapse true paralogs that duplicated relatively recently.
Thus, importantly, our estimation of locus number is
conservative.

Phylogenetic analyses

Gene phylogenies for the APC and AAAP amino acid
transporter families were estimated using sequences
from citrus mealybug, potato psyllid, whitefly, cicada
and kissing bug as well as previously annotated AATs
(Price et al. 2011) from the pea aphid, the human body
louse (Pediculus humanus), the fruit fly (D. melanogaster),
a tick (Ixodes scapularis) and humans (Homo sapiens).
Outgroup sequences were aphid and/or fruit fly genes
closely related to APC and AAAP gene families and
members of the same transporter superfamily (Price
et al. 2011). Full-length protein sequences were aligned
in marrr (Katoh ef al. 2002) using default parameters,
and resulting alignments were trimmed in TrimaL v.1.2
(Capella-Gutiérrez ef al. 2009) using a gap threshold of
25%.

Phylogenies were estimated using maximum-likeli-
hood (ML) and Bayesian methods. ML phylogenies
were estimated in raxmi v.7.2.8 (Stamatakis 2006, Ott
et al. 2007) using the protein evolution model LG+G
[the best-fit model as determined by rrorresT v.2.4 using
the Akaike Information Criterion (Abascal et al. 2005)]

and the fast bootstrap option. The number of bootstrap
replicates for each analysis was chosen by the bootstrap
convergence criterion ‘autofc’ implemented in RaxmL.
Bayesian phylogenies were reconstructed in MRBAYES
v.3.1.2 (Huelsenbeck & Ronquist 2001; Ronquist &
Huelsenbeck 2003) using two runs with 4 chains per
run. The LG protein substitution matrix is not available
in MrBAYES, so phylogenies were inferred using WAG+G.
Analyses were allowed to run until the standard devia-
tion of split frequencies between runs dropped below
0.05. Convergence of estimated parameters was con-
firmed in TrRACER v.1.5 (Rambaut & Drummond 2007)
and of topology in awry (Nylander et al. 2008), assum-
ing a burn-in of 10% of generations. The criteria sup-
ported convergence, so the first 10% of generations
were discarded and phylogenies sampled in the remain-
ing generations were used to estimate a 50% majority-
rule consensus tree.

The AAAP family contained a large amount of
sequence divergence, preventing convergence of the
Markov chain Monte Carlo (MCMC) in Bayesian phylo-
genetic analyses. Therefore, we estimated the phylogeny
of a reduced set of AAAP genes corresponding to a
monophyletic clade supported in a preliminary
maximum-likelihood analysis (Fig. S1 in Appendix 51,
Supporting Information).

Gene conversion analyses

Lineage-specific AAT expansions were assessed for the
possibility of gene conversion using the program
GENECONV (Sawyer 1989). Codon alignments were pro-
duced by the crustaiw plugin of scaview (Gouy et al.
2010) and run in GeENEconv using three different
mismatch penalties, g0, gl and g2. Applying different
mismatch penalties to the analysis facilitates the identifi-
cation of recent gene conversion and ancient gene
conversion that may be partially masked by the accumu-
lation of different substitutions between paralogs.

Expression analysis by quantitative reverse
transcriptase PCR

Expression profiles of select AATs were measured by
quantitative reverse transcriptase PCR (qRT-PCR) in
whole bodies and bacteriocytes of adult female LSR1
pea aphids, a mixture of adult and penultimate female
citrus mealybugs and adult female potato psyllids [from
the same colonies used for the potato psyllid transcrip-
tome (Nachappa et al. 2012)]. Bacteriocytes were dis-
sected from 100 female aphids, mealybugs or psyllids
in 0.9% RNase-free NaCl and immediately stabilized by
placing in TRI Reagent (Ambion). Total RNA was
extracted from dissected bacteriocytes and whole female
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bodies of each insect using the TRI Reagent procedure
(Ambion), treated with DNase I in solution and cleaned
up using the RNeasy Mini Kit (Qiagen). First-strand
c¢DNA was synthesized from 500 ng of RNA from each
tissue, using qScript ¢DNA Supermix (Quanta Bio-
sciences) and following the manufacturer’s protocol.
qRT-PCR assays were performed as previously
described (Price et al. 2011) using one biological repli-
cate and three technical replicates for each gene/tissue.
Primers were subject to BLASTN searches against geno-
mic and/or transcriptomic data sets using a word
length of 7, an expect threshold of 1000 and without the
low-complexity filter. In all cases, only the target
sequence was returned as a hit for each pair of forward
and reverse primers. To confirm that primers amplified
only one locus, we analysed melt curves from our qRT—
PCR results. With the exception of one gene, which was
discarded from analysis, all melt curves showed one
clear peak, indicating a single product. No template
controls and no reverse transcriptase controls (control-
ling for RNA contaminated with gDNA) were run in
parallel with unknown samples. Identifiers, sequences,
amplification efficiency and optimization details for
primers used in qRT-PCR assays are listed in Table 56
(Appendix 51, Supporting Information). Expression for
target genes within a particular insect was compared
between whole insect and bacteriocytes using 2 4"
methodology (Livak & Schmittgen 2001) with expres-
sion normalized to either glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) in aphids or the 605 ribo-
somal protein L7 (RPL7) in mealybugs and psyllids.
Expression data within each insect were collectively
normalized by converting ACt to z-scores as follows:

10 (A(,T - ACT)

OACY

Normalized expression values were compiled into a
heat map where z > 0 (high expression) is represented
as yellow and z < 0 (low expression) is represented as
blue.

Differential expression quantification

Global differential expression between mealybug insect
and bacteriocyte tissues was quantified for mealybug
AATs using the whole body transcriptome data from
this study and previously published bacteriocyte tran-
scriptome data (Husnik ef al. 2013). Differential expres-
sion analyses were conducted with the PERL script
pipeline implemented in TrivTy. Briefly, raw RNA-seq
reads were mapped to transcripts using sowtie v.0.12.7
(Langmead et al. 2009), and mapped reads were
counted by rsem v.1.1.18 (Li & Dewey 2011). Data were
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normalized by TMM (trimmed mean of M values), and
transcripts significantly differentially expressed between
whole body and bacteriocytes were identified using the
Bioconductor package EpGer v.2.10 (Robinson ef al.
2010). Digital expression values of differentially
expressed transcripts are presented in Appendix S3
(Supporting Information) as ‘fragments per kilobase of
exon per million fragments mapped’ (FPKM). Differ-
ential expression was not quantified for cicada bacteri-
ome vs. insect tissues because cicadas lacked gene
duplications.

Results and Discussion

Nutrient amino acid transporter families are expanded
in the Sternorrhyncha

Consistent with our pea aphid work (Price et al. 2011),
all sternorrhynchan hemipterans we sampled (Table 1,
Fig. 1) possessed expanded amino acid transporter
(AAT) families relative to non sap-feeding insects (kiss-
ing bug, human body louse and the fruit fly) (Table 2).
In particular, citrus mealybugs, potato psyllids and
whiteflies possessed 36-38 AAT loci across both gene
families; relatively large AAT numbers compared with
the 20 AAT loci in the non sap-feeding hemipteran
annotated here (kissing bug; Table 2) and 22-28 AAT
loci in other insects annotated by Price et al. (2011) (the
fruit fly D. melanogaster, the body louse P. humanus, the
honey bee Apis mellifera, the flour beetle Tribolium casta-
neunt, the silkworm moth Bombyx mori, the wasp Naso-
nia vitripennis and the mosquito Anopheles gambiae). In
contrast, we identified only 26 AAT loci in cicada, a
sap-feeder belonging to the hemipteran suborder
Auchenorrhyncha (Table 1, Fig. 1).

Table 2 Amino acid transporters in sampled insects

APC Loci AAAP Loci Total

Pea aphid 187 2 40
Citrus mealybug o° 280 38
Whitefly 12¢ 24° 36
Potato psyllid 13° 25° 38
Cicada 10° 16° 26
Kissing bug 7 13° 20
Human body louse 8 13 21
Fruit fly 10° 17 27

*Distinct loci confirmed by mapping transcripts to genomic
scaffolds (Price et al. 2011).

Distinct loci confirmed by mapping transcripts to genomic
scaffolds (this study).

“Estimated number of loci based on the rate of synonymous
substitutions (dS) between paralogs being greater than 0.25.
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Amino acid transporter expansions in sap-feeding
insects result from both ancient and recent gene
duplication events

To clarify the evolutionary mechanism and timing of
events that led to AATs expanding in sap-feeding
insects, we estimated phylogenies for the APC and
AAAP amino acid transporter families (Figs 2a and 3a).
The phylogenies revealed that gene duplications
occurred on two timescales. First, two ancient gene
duplication events (one in each gene family) pre-date
hemipteran diversification (marked by pale green boxes
in Figs 2a and 3a). Second, consistent with our previous
observation in aphids (Price et al. 2011), multiple, more
recent, gene duplications occurred independently in
sternorrhynchan taxa following their divergence from a
common ancestor (marked by grey boxes in Figs 2a and
3a). In contrast, our analyses failed to support any
Auchenorrhyncha-specific gene duplications in either
AAT family. That said, in four instances (marked in
Figs 2a and 3a with asterisks), we found phylogenetic
support for close relationships between 2-3 cicada (auc-
henorrhynchan) loci and one kissing bug (heteropteran)
locus. Two scenarios could explain these close relation-
ships. First, AAT duplication could have taken place
independently in the linage leading to cicadas and no
gene duplication took place in kissing bugs, but
sequence similarity among orthologs prevents resolu-
tion of cicada-specific clades. Second, assuming species
tree B (Fig. 1b), gene duplications took place in the
common ancestor of cicadas and kissing bugs, but para-
logs were only retained in cicada. Of the two scenarios,
the second is the least parsimonious, requiring that
cicadas retain their paralogs and that kissing bugs lose
all but one paralog in three independent instances.

In our pea aphid work (Price ef al. 2011), we found
that aphid AAT paralogs were tandemly arrayed in the
genome. Although new AATSs in this study were anno-
tated from transcriptome data, a draft genome assembly
for the citrus mealybug (Husnik ef al. 2013) enabled us
to preliminarily assess paralog arrangement in that gen-
ome. In the mealybug AAAP expansion (Fig. 3a), three
pairs of paralogs map to different regions of the same
scaffold within ~4 kbp or less of each other (Fig. 4,
Table 52 in Appendix S1, Supporting Information), indi-
cating that these paralogs are tandemly arrayed in the
mealybug genome. These tandemly arrayed paralogs
thus resulted from localized gene duplication (as
opposed to whole genome duplication). No other
mealybug AAT loci shared a scaffold (Tables 51-52 in
Appendix 51, Supporting Information), which could at
least in part be due to the poor quality of the assembly
(Husnik et al. 2013). In the kissing bug genome, several
transcripts mapped to the same scaffold (Tables S3-54

in Appendix 51, Supporting Information), but were
usually separated by large genomic regions between 19
kbp and 1.2 Mbp. The only exception was that two loci
were separated by 5.7 kbp (Tables S3-54 in Appendix
S1, Supporting Information). Despite the short distance
between those two loci, our phylogeny (Fig. 3a)
indicates that they did not result from a recent gene
duplication event in the lineage leading to kissing bugs.

Amino acid transporter evolution within the
Sternorrhyncha

One unexpected result of this work is finding that
AATs have undergone gene family expansions indepen-
dently in each of the sternorrhynchans we sampled
(aphids, mealybugs, psyllids and whiteflies). Consistent
molecular and morphological phylogenetic support for
the monophyly of Sternorrhyncha (Hennig 1981;
Campbell et al. 1995; von Dohlen & Moran 1995; Grim-
aldi & Engel 2005; Cryan & Urban 2011; Song et al.
2012) indicates that aphids, mealybugs, whiteflies and
psyllids inherited sap-feeding from their common
ancestor. We thus assume that the common ancestor
also had an amino acid-provisioning symbiont that was
later replaced in three, or perhaps all four, lineages we
sampled (explaining why each lineage has a different
symbiont, Table 1). Importantly, this common ancestor
required that AATs mediate host/symbiont amino acid
exchange. Retention of independently duplicated para-
logs in sternorrhynchans could be explained in four
ways. First, our understanding that symbiosis pre-dates
sternorrhynchan diversification could be wrong, and
each lineage independently evolved symbiosis and com-
parable symbiotic interfaces. Second, the importance of
different transporters could depend on the symbiont
lineage. Third, some AAT gene duplications in these
taxa could appear to be more recent than they truly are
if tandem arrays of paralogs have undergone concerted
evolution through gene conversion or nonhomologous
crossing-over after the major sternorrhynchan lineages
(aphids, mealybugs and other scale insects, whiteflies
and psyllids) began diversifying (e.g. Colbourne et al.
2011). We found evidence of gene conversion only
among a few paralogs in aphids and whiteflies (Table
S5 in Appendix S1, Supporting Information), indicating
that AAT paralogs are largely evolving independently
of one another. However, we cannot rule out the possi-
bility that gene conversion played a more important
role in paralog diversification at some time in the past.
Fourth, consistent with our previous discovery of male-
biased AAT paralogs in aphids (Duncan et al. 2011),
many paralogs are probably retained in sternorrhyn-
chan genomes for lineage-specific roles not related to
symbiosis. Most aphid and mealybug AAT paralogs are

© 2014 John Wiley & Sons Ltd
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Fig. 2 APC (TC # 2.A.3) phylogeny and bacteriocyte expression. (a) Bayesian gene phylogeny for amino acid transporters (AATs) in
the APC family. Hemipteran-specific gene duplications and taxon-specific expansions are highlighted with green or grey boxes,
respectively. Asterisks denote possible cicada-specific paralogs. Branches are colour-coded based on taxon and clade support = 50%
(posterior probability and ML bootstrap support) is indicated on branches/nodes as described in the key. (b) gqRT-PCR expression
data generated in this study for Hemiptera-specific gene duplication are presented both as a heat map for whole insect (‘WI") and
bacteriocyte ('B’) and as differential expression ('DE’) between bacteriocyte and whole insect. Heat map expression data are normal-
ized across all tissues and genes within each insect, bul not across insects. (c) Differential expression between whole insect and bacte-
riocyte is indicated for aphid and mealybug genes in boxes to the right of gene IDs, as indicated in the key. RNA-seq differential
expression data for aphids are from Hansen and Moran (2011) and Macdonald ef al. (2012). qRT-PCR data not generated here are
from Price ef al. (2011). Expression is marked as ambiguous ("A") if different transcripts or data sets show inconsistent relative bacte-

riocyte expression.

not enriched in bacteriocytes, supporting a role for non-
symbiotic factors in driving the maintenance of AAT
paralogs in these insects. Given the important role that
AATs play broadly in animals, it is not surprising that
AAT paralog maintenance in sternorrhynchan genomes
is not only driven by symbiosis. For example, nutrient
AATSs also mediate amino acid uptake from the gut into
hemolymph (insect blood) (Colombani et al. 2003; Mor-
ris et al. 2009; Price et al. 2011). Further, some nutrient
AATs play a role in nutrient sensing (Colombani et al.
2003; Attardo et al. 2006). Lastly, some AATs transport
neurotransmitters, likely explaining their expression in
aphid heads (Price et al. 2011). Accepting their many
roles, it is not surprising that some insects without
intracellular, amino acid-provisioning symbionts main-
tain lineage-specific AAT duplications (e.g. Fig 3 and
Price et al. 2011). However, that sternorrhynchan sap-
feeding insects maintain more AAT duplications in
their genomes than other, non sap-feeding insects is
compelling and suggests that gene duplication has facil-
itated AAT recruitment to bacteriocytes — at least in the
Sternorrhyncha. Nevertheless, the absence of duplicates
in cicada indicates that gene duplication is not a prere-
quisite for initiation of host/symbiont amino acid
exchange in sap-feeding insects, an interpretation
consistent with the fact that some single-copy AATs
also operate at the symbiotic interface in aphids (Price
et al. 2011) and mealybugs (Fig. 3c).

Amino acid transporter recruitment to the symbiotic
interface is dynamic

We measured the expression of paralogs resulting from
both ancient and recent gene duplication events because
both could play a role in recruiting AATs to the symbi-
otic interface. Although most examples of gene duplica-
tion giving rise to novelty involve gene duplication
evolving concurrently with or after the origin of new
traits, there are some examples of gene duplication pre-
dating the evolution of novelty (Ben Trevaskis et al.
1997; Arnegard et al. 2010). Expression patterns in both
the anciently and recently duplicated AATs (Figs 2 and
3) indicate that AATs were recruited independently to

the bacteriocytes of different sap-feeding insect lineages.
In the ancient duplications pre-dating hemipteran diver-
sification, qRT-PCR results for aphids, mealybugs and
psyllids indicate that bacteriocyte enrichment in one
psyllid AAT (Becoc-APC12; Fig. 2b and Fig. S2, Support-
ing Information) and one aphid AAT (ACYPI000536;
Fig. 3b and Fig. S2 in Appendix 51, Supporting Infor-
mation) is derived. This finding is consistent with sap
being a derived diet within Hemiptera (Cobben 1979;
Zrzavy 1990, 1992), requiring that AATs be indepen-
dently recruited to the symbiotic interface after hemipt-
eran suborders (and these orthologs) diverged from
their common ancestor. Biological replication within
each sternorrhynchan lineage (psyllids, mealybugs and
aphids) would provide finer resolution of the extent to
which expression is or is not conserved in these taxa.
However, lack of within-species biological replication
does not compromise our finding that expression of
orthologous AATSs is not conserved.

Similarly with respect to the recent taxon-specific
gene duplications, qRT-PCR from this study (Fig. 2 and
3; Appendix S1, Supporting Information) and Price et al.
(2011; adult female aphids) together with RNA-seq
differential expression data from this study (Fig. 2, 3;
Appendix 53, Supporting Information), Hansen &
Moran (2011; fourth-instar female aphids) and Macdon-
ald et al. (2012; 7-day-old female aphids) support inde-
pendent AAT recruitment to the symbiotic interface in
pea aphids and citrus mealybugs (Figs 2c and 3c). Nota-
bly, bacteriocyte expression in aphid AATSs is remark-
ably consistent across qRT-PCR and RNA-seq studies
that together include data from four different pea aphid
lineages at different developmental stages (this pres-
ent study; Price ef al. 2011; Hansen & Moran 2011;
Macdonald et al. 2012). Similar to what was previously
reported for pea aphids (Hansen & Moran 2011; Price
etal. 2011), six mealybug-specific paralogs have
enriched bacteriocyte expression (Fig. 3c; Appendix 53,
Supporting Information). As we reported previously,
expression profiles among aphid APC paralogs (Fig. 2c)
are most parsimoniously explained by bacteriocyte
enrichment evolving after (and potentially being
enabled by) gene duplication, an argument based on

© 2014 John Wiley & Sons Ltd
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Fig. 3 Partial AAAP (TC # 2.A.18) phylogeny and bacteriocyte expression. (a) Bayesian gene phylogeny for amino acid transporters
(AATs) in the AAAP family. Hemipteran-specific gene duplications and taxon-specific expansions are highlighted with green or grey
boxes, respectively. Asterisks denote possible cicada-specific paralogs. Branches are colour-coded based on taxon and clade support
= 50% (posterior probability and ML bootstrap support) is indicated on branches /nodes as described in the key. (b) qRT-PCR expres-
sion data generated in this study for Hemiptera-specific gene duplication are presented both as a heat map for whole insect (‘'WI')
and bacteriocyte (‘B’) and as differential expression (‘DE’) between bacteriocyte and whole insect. Heat map expression data are nor-

malized across all tissues and genes within each insect, but not across insects. (c) Differential expression between whole insect and

bacteriocyte is indicated for aphid and mealybug genes in boxes to the right of gene IDs, as indicated in the key. RNA-seq differen-
tial expression data for aphids are from Hansen and Moran (2011) and Macdonald ef al. (2012). qRT-PCR data not generated here
are from Price ef al. (2011). Expression is marked as ambiguous (‘A’) if different transcripts or data sets show inconsistent relative

bacteriocyte expression.
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Fig. 4 Paralogs in mealybug-specific AAAP expansion are tan-
demly arrayed in the genome. Schematic illustrating the
arrangement of mealybug AAAP paralogs along genomic scaf-
folds. Grey arrows depict the position and 5-3' direction of
representative transcripts (including introns) along three
mealybug genomic scaffolds. Each row represents a different
scaffold. The top two scaffolds are depicted at the same scale
(upper scale bar), and the bottom scaffold is depicted at a
different scale (bottom scale bar).

the fact that bacteriocytes are a novel, derived tissue
and most aphid APC paralogs, like their insect ortho-
logs, are highly expressed in gut (Price et al. 2011). In
contrast, the distribution of bacteriocyte enrichment
among mealybug AAAP paralogs (Fig. 3¢) lacks a
clear most parsimonious explanation. Bacteriocyte
enrichment/expression could be derived or ancestral,
consistent with either neofunctionalization or subfunc-
tionalization of duplicated paralogs. Furthermore, some
paralogs may be functionally redundant and are main-
tained for dosage reasons or are differentially expressed
across time and space. Indeed, some aphid AAT para-
logs are enriched in head and gut tissues (Price et al.
2011), and others have male-biased expression (Duncan
et al. 2011). Distinguishing between these explanations
will be facilitated with functional data for paralogs of
this expansion and their orthologs in other insects.
However, that multiple paralogs show bacteriocyte
enrichment together with substantial sequence diver-
gence among paralogs (indicated by long branches)

strongly suggests that at least some mealybug paralogs
have evolved novel functional roles. Our results are
thus consistent with the hypothesis that gene duplica-
tion played a role in recruiting mealybug AATs to the
symbiotic interface, enabling them to carry out novel,
symbiotic functions.

Interestingly, expression patterns indicate that aphids
and mealybugs use different AATs at their symbiotic
interface. For example, bacteriocyte-enriched AATs are
not orthologous between aphids and mealybugs (Figs 2
and 3). Recruitment of different AATs in aphids and
mealybugs could reflect differences in nutritional
demand between these insects or could simply result
from chance. Alternatively, AATs could be functionally
dynamic, with similar environmental pressures experi-
enced by aphids and mealybugs resulting in distinct
AAT loci converging upon common functional roles.

Differentinl AAT expansion among sap-feeding
hemipterans is consistent with co-evolutionary patterns
of host/symbiont metabolic collaboration

Despite evidence that gene duplication has facilitated
the recruitment of AATs to the symbiotic interface in
the Sternorrhyncha, cicadas demonstrate that gene
duplication is not necessary to initiate novel sap-fee-
der/symbiont amino acid exchange. Cicadas did not
experience expansions in their AATs, a pattern that
may relate to a dietary difference between cicadas and
sternorrhynchan sap-feeders. While sternorrhynchans
feed on plant phloem sap (Gullan et al. 2003), the source
of sap for cicadas is the plant xylem (White & Strehl
1978), a more dilute source of nitrogen than phloem
(Redak et al. 2004). Tt is unclear how amino acid concen-
tration per se could influence host insect AAT evolution
and recruitment to the symbiotic interface. However,
differences in individual amino acid content could
potentially influence the nutritional demands of differ-
ent sap-feeding insects and thus the evolutionary trajec-
tory of amino acid transporters operating at the
symbiotic interface. However, recent sequencing of the
symbiont genomes of a phloem-feeding auchenorrhyn-
chan suggests that differences in AAT copy number
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between sternorrhynchans and auchenorrhynchans are
not driven by diet.

Bennett and Moran (2013) recently sequenced Sulcia
muelleri and Nasuia deltocephalinicola, the obligate symbi-
onts of the phloem-feeding auchenorrhynchan Macros-
teles quadrilineatus. Their work highlights an important
genomic difference between the obligate symbioses of
sternorrhynchans and auchenorrhynchans. Obligate
symbionts of both sternorrhynchans and auchenorr-
hynchans play a major role in providing their hosts
with essential amino acids. However, while symbionts
of both phloem-feeding and xylem-feeding auc-
henorrhynchans retain relatively autonomous metabolic
pathways (Wu et al. 2006; McCutcheon & Moran 2007;
McCutcheon et al. 2009; Bennett & Moran 2013), stern-
orrhynchan symbionts lack some genes for crucial meta-
bolic steps — metabolic steps that the host has been
demonstrated to complement (Russell ef al. 2013). For
example, sternorrhynchan symbionts typically lack
genes necessary to complete the terminal steps in
branch-chain amino acid and phenylalanine biosynthe-
sis as well as the step required to synthesize homocy-
steine for methionine biosynthesis (Shigenobu et al.
2000; Nakabachi et al. 2006; McCutcheon & von Dohlen
2011; Sabree et al. 2012b; Sloan & Moran 2012; Husnik
et al. 2013). These missing steps are carried out by host
insect enzymes (Wilson ef al. 2010; Hansen & Moran
2011; McCutcheon & von Dohlen 2011; Poliakov et al.
2011; Shigenobu & Wilson 2011; Macdonald et al. 2012;
Husnik et al. 2013; Russell ef al. 2013). This within-meta-
bolic pathway host/symbiont collaboration likely neces-
sitates  host/symbiont exchange of intermediate
metabolites, a step that is not required in auchenorr-
hynchans that possess metabolically autonomous sym-
bionts (Wu et al. 2006; McCutcheon & Moran 2007;
McCutcheon et al. 2009; Bennett & Moran 2013). There-
fore, gene duplication could have enabled, through neo-
functionalization of paralogs, the evolution of novel
transporters capable of transporting intermediate
metabolites in amino acid biosynthesis pathways, facili-
tating pathway partitioning between sternorrhynchan
hosts and their symbionts. Once functional data are
available for these transporters, this hypothesis can be
tested. Thus, current evidence suggests that differences
in AAT copy number between sternorrhynchans and
auchenorrhynchans are driven by differences in the
extent of host/symbiont metabolic independence.

Gene duplication and the evolution of novel, symbiotic
interactions

The generation of genomic resources for nonmodel
organisms, including the partners of symbiotic systems,
makes it possible to understand how intimate symbiotic

© 2014 John Wiley & Sons Ltd

relationships have influenced genome evolution in both
symbionts (Shigenobu et al. 2000; Nakabachi et al. 2006;
McCutcheon & Moran 2007; McCutcheon et al. 2009;
Sabree ef al. 2009; McCutcheon & von Dohlen 2011;
Nikoh et al. 2011; McCutcheon & Moran 2012; Sabree
et al. 2012a; a) and hosts (International Aphid Genomics
Consortium 2010; Kirkness ef al. 2010; Nygaard ef al.
2011; Young et al. 2011; Husnik et al. 2013). The pea
aphid/Buchnera symbiosis was the first symbiotic sys-
tem to have both host and symbiont genomes
sequenced, providing the first insights into how host
genomes are shaped by symbiosis. Here, we provide
evidence that one of those insights applies more
broadly to sternorrhynchan sap-feeding insects: gene
duplication plays a role in recruiting amino acid trans-
porters to operate at the host/symbiont interface. Fur-
ther, recent studies in other, very divergent, symbiotic
systems also invoke gene duplication in the evolution
of genes with symbiotic functions. For example, in
legumes, an ancient whole-genome duplication event in
the ancestor of the major papilionoid subfamily was fol-
lowed by some paralogs evolving enriched expression
in symbiotic root nodules. This pattern correlates with
the evolution of many important Nod factor signalling
components that are critical for legume/Rhizobium rec-
ognition and the initiation of nodulation in this subfam-
ily (Young et al. 2011). Additionally, gene duplication
may have facilitated the origin of leghaemoglobin, a
special haemoglobin protein that legumes use to
remove oxygen from symbiotic root nodules, facilitating
symbiotic nitrogen fixation (Anderson et al. 1996; Ben
Trevaskis et al. 1997). Similarly, in an anemone/dinofla-
gellate symbiosis, cnidarian-specific paralogs gave rise
to three genes proposed to function in symbiosis. All
three of these cnidarian-specific paralogs are both
enriched in individuals hosting symbionts (as opposed
to individuals lacking symbionts) and preferentially
expressed in the gastroderm, where symbionts are
housed (Ganot et al. 2011). Together with the results
presented here, these plant and cnidarian studies sug-
gest that gene duplication facilitates the recruitment of
nonsymbiotic genes to play a role in symbiosis broadly
across symbiotic systems. The independent evolution in
diverse symbiotic systems of gene duplication followed
by expression in tissues that host symbionts, however
intriguing, does not in itself provide insight into the
potential adaptive significance of gene duplication in
the evolution of symbiosis-related genes. The crucial
next step to deciphering the role of gene duplication in
the evolution of symbiotic interactions will be fune-
tional characterization within a phylogenetic frame-
work, which will reveal whether paralogs preferentially
expressed at the host/symbiont interface have also
evolved novel symbiotic functions.
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Stable endosymbiosis of a bacterium into a host cell promotes
cellular and genomic complexity. The mealybug Planococcus citri has
two bacterial endosymbionts with an unusual nested arrangement:
the y-protecbacterium Moranella endobia lives in the cytoplasm of
the f-proteobacterium Tremblaya princeps. These two bacteria,
along with genes horizontally transferred from other bacteria to
the P. citri genome, encode gene sets that form an interdependent
metabolic patchwork. Here, we test the stability of this three-way
symbiosis by sequencing host and symbiont genomes for five di-
verse mealybug species and find marked fluidity over evolutionary
time. Although Tremblaya is the result of a single infection in the
ancestor of mealybugs, the y-proteobacterial symbionts result from
multiple replacements of inferred different ages from related but
distinct bacterial lineages. Our data show that symbiont replace-
ment can happen even in the most intricate symbiotic arrangements
and that preexisting horizontally transferred genes can remain sta-
ble on genomes in the face of extensive symbiont turnover.
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M any organisms require intracellular bacteria for survival. The
oldest and most famous example is the eukaryotic cell, which
depends on mitochondria (and in photosynthetic eukaryotes, the
chloroplasts or plastids) for the generation of biochemical energy
(1-4). However, several more evolutionarily recent examples exist,
where intracellular bacteria are involved in nutrient production
from unbalanced host diets. For example, deep sea tube worms,
some protists, and many sap-feeding insects are completely de-
pendent on intracellular bacteria for essential nutrient provisioning
(5-7). Some of these symbioses can form highly integrated organ-
ismal and genetic mosaics that, in many ways, resemble organelles
(8-11). Like organelles, these endosymbionts have genomes en-
coding few genes (12, 13), rely on gene products of bacterial origin
that are encoded on the host genome (9-11, 14, 15), and in some
cases, import protein products encoded by these horizontally
transferred genes back into the symbiont (16, 17). The names
given to these bacteria—endosymbiont, protoorganelle, or bona
fide organelle—are a matter of debate (18-21). What is not in
doubt is that long-term interactions between hosts and essential
bacteria generate highly integrated and complex symbioses.
Establishment of a nutritional endosymbiosis is beneficial for a
host by allowing access to previously inaccessible food sources.
However, strict dependence on intracellular bacteria can come
with a cost: endosymbionts that stably associate with and provide
essential functions to hosts often experience degenerative evo-
lution (22-25). This degenerative process is thought to be driven
by long-term reductions in effective population size (N,) caused
by the combined effects of asexuality [loss of most recombination
and lack of new DNA through horizontal gene transfer (HGT)]
and host restriction (e.g., frequent population bottlenecks at
transmission in vertically transmitted bacteria) (26). The out-
comes of these processes are clearly reflected in the genomes of
long-term endosymbionts. These genomes are the smallest of any
bacterium that is not an organelle, have among the fastest rates
of evolution measured for any bacterium (12, 13), and are pre-
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dicted to encode proteins and RNAs with decreased structural
stability (26, 27). In symbioses where the endosymbiont is re-
quired for normal host function, such as in the bacterial endo-
symbionts of sap-feeding insects, this degenerative process can
trap the host in a symbiotic “rabbit hole,” where it depends com-
pletely on a symbiont which is slowly degenerating (28).
Unimpeded, the natural outcome of this degenerative process
would seem to be extinction of the entire symbiosis. However,
extinction, if it does happen, is difficult to observe, and surely is
not the only solution to dependency on a degenerating symbiont.
For example, organelles are bacterial endosymbionts that have
managed to survive for billions of years (2). Despite the reduced
N, of organelle genomes relative to nuclear genomes, eukaryotes
are able to purge deleterious mutations that arise on organelle
genomes, perhaps through a combination of host-level selection
and the strong negative selective effects of substitutions on gene-
dense organelle genomes (29, 30). Extant organelle genomes also
encode few genes relative to most bacteria, and it is also likely that
a long history of moving genes to the nuclear genome has helped
slow or stop organelle degeneration (21, 31). Some of the most
degenerate insect endosymbionts also seem to have adopted a gene
transfer strategy, although the number of transferred genes is far
smaller compared with organelles. In aphids, mealybugs, psyllids,
and whiteflies, some genes related to endosymbiont function are
encoded on the nuclear genome, although in most cases, these
genes have been transferred from other bacteria and not the

Significance

Mealybugs are plant sap-sucking insects with a nested symbiotic
arrangement, where one bacterium lives inside another bacte-
rium, which together live inside insect cells. These two bacteria,
along with genes transferred from other bacteria to the insect
genome, allow the insect to survive on its nutrient-poor diet.
Here, we show that the innermost bacterium in this nested sym-
biosis was replaced several times over evolutionary history. These
results show that highly integrated and interdependent symbiotic
systems can experience symbiont replacement and suggest that
similar dynamics could have occurred in building the mosaic
metabolic pathways seen in mitochondria and plastids.

Author contributions: F.H. and J.P.M. designed research, performed research, analyzed
data, and wrote the paper.

The authors dedlare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The nine complete endosymbiont genomes, five draft assemblies of
insect genomes, and raw data have been deposited into the European Nucleotide Archive
(ENA; accession nos.: Maconellicoccus hirsutus: PRIEB12066; Ferrisia virgata: PRIEB12067;
Pseudococcus Jongispinus: FRIEB12068; Paracoccus marginatus: PRIEB12069; and Triony-
mus perrisii: PRIEB12071). Unannotated draft genomes of two Enterobacteriaceae sym-
bionts from P. longispinus mealybugs and a B-supergroup Wolbachia strain sequenced
from M. hirsutus mealybugs were deposited in Figshare {accession nos. 10.6084/m9.fig-
share.2010393 and 10.6084/m9.figshare.2010390).

'To whom correspondence may be addressed. Email: filip.husnik@gmail.com or john.
mecutcheon@umentana.edu.

This article contains supporting information enline at www.pnas.org/lookupisupplidoi: 10
1073/pnas. 16039101 13/~DCSupplemental.

PNAS Early Edition | 10f9

EVOLUTION

69



symbionts themselves (9-11, 14). Another solution to avoid host
extinction is to replace the degenerating symbiont with a fresh one
or supplement it with a new partner. Examples of symbiont
replacement and supplementation are replete in insects, occurring
in at least the sap-feeding Auchenorrhyncha (23, 32-34), psyllids
(22, 35), aphids (25, 36, 37), lice (38), and weevils (39, 40). When
viewed over evolutionary time, it becomes clear that endosymbioses
can be dynamic—both genes and organisms come and go. It follows
that any view of a symbiotic system established from just one or a
few host lineages might provide only a snapshot of the complexity
that built the observed relationship.

Mealybugs (Hemiptera: Cocoidea: Pseudococcidae) are a group
of phloem sap-sucking insects that contain most of the symbiotic
complexity described above. All of these insects depend on bac-
terial endosymbionts to provide them with essential amino acids
missing from their diets, but nutrient provisioning is accomplished
in dramatically different ways in different mealybug lineages. One
subfamily, the Phenacoccinae, has a single p-proteobacterial en-
dosymbiont called Tremblaya phenacola, which provides essential
amino acids and vitamins to the host insect (9, 41). In the other
subfamily of mealybugs, the Pseudococcinae, Tremblaya has been
supplemented with a second bacterial endosymbiont, a y-proteo-
bacterium named Moranella endobia in the mealybug Planococcus
citri (PCIT). Although symbiont supplementation is not uncom-
mon, what makes this symbiosis unique is its structure: Moranella
stably resides in the cytoplasm of its partner bacterial symbiont,
Tremblaya princeps (42-45).

The organisms in the nested three-way P. citri symbiosis are
intimately tied together at the metabolic level. T. princeps PCIT
has one of the smallest bacterial genomes ever reported, totaling
139 kb in length, encoding only 120 protein-coding genes, and
lacking many translation-related genes commonly found in the
most extremely reduced endosymbiont genomes (42). Many met-
abolic genes missing in Tremblaya are present on the M. endobia
PCIT genome. Together with their host insect, these two symbionts
are thought to work as a “metabolic patchwork” to produce
nutrients needed by all members of the consortium (42). The
symbiosis in P. citri is further supported by numerous HGTs
from several different bacterial donors to the insect genome,
but not from Tremblaya or Moranella. These genes are up-
regulated in the insect’s symbiotic tissue (the bacteriome) and
fill in many of the remaining metabolic gaps inferred from the
bacterial endosymbiont genomes (9).

Other data suggest additional complexity in the mealybug sym-
biosis. Phylogenetic analyses of the intra-Tremblaya endosymbionts
show that, although different lineages of mealybugs in the Pseu-
dococcinae all possess y-proteobacterial endosymbionts related to
Sodalis, these bacteria do not show the coevolutionary patterns
typical of many long-term endosymbionts (43, 44, 46). Develop-
mental studies suggest that Tremblaya and its resident y-proteo-
bacteria can be differentially regulated by the host (44, 47). These
data raise the possibility that the innermost bacterium of this sym-
biosis is labile and may have resulted from separate acquisitions, or
that the original intra-Tremblaya symbiont has been replaced in
different mealybug lineages. What is not clear is when these ac-
quisitions may have occurred and what effect they have had on the
symbiosis. Here, we use host and symbiont genome sequencing
from seven mealybug species (five generated for this study) to better
understand how complex interdependent symbioses may develop
over time in the context of gene and organism acquisition and loss.

Results

Overview of Our Sequencing Efforts. We generated genome data
for five diverse Pseudococcinae mealybug species, in total closing
nine symbiont genomes into single circular-mapping molecules
(five genomes from Tremblaya and four from the Sodalis-allied
y-proteobacterial symbionts) (Table 1). Unexpectedly, we detected
y-proteobacterial symbionts in Maconellicoccus hirsutus (MHIR),
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which was not previously reported to harbor intrabacterial symbi-
onts inside Tremblaya cells (Figs. 1-3 and Fig. S1). We also
found that Pseudococcus longispinus (PLON) harbored two
y-proteobacterial symbionts, each with a complex genome
larger than 4 Mbp; these genomes were left as a combined draft
assembly of 231 contigs with a total size of 8,191,698 bp and an N50
of §2.6 kbp (Table 1).

We also assembled five mealybug draft genomes (Table 1).
Because our assemblies were generated only from short-insert
paired end data, the insect draft genomes consisted primarily of
numerous short scaffolds (Fig. S2 and Table S1).

Verifying the Intra-Tremblaya Location for the y-Proteobacterial
Endosymbionts. The intra-Tremblaya location of the y-proteobacterial
symbionts has been established for mealybugs in the genera
Planococcus (44, 45), Pseudococcus (44, 48), Crisicoccus (49), Anto-
nina, Antoniella, Rhodania, Trionymus, and Ferrisia (50). However,
to our knowledge, the organization of Tremblaya and its partner
y-proteobacteria has never been investigated in Maconellicoccus
or Paracoccus. We therefore verified that both M. hirsutus and
Paracoccus marginatus (PMAR) had the expected y-protecbacteria
inside Tremblaya structure using FISH microscopy (Fig. 53).

Tremblaya Genomes Are Stable in Size and Structure; the y-Proteobacterial
Genomes Are Not. Genomes from all five T. princeps species (those
that have a y-proteobacterial symbiont) are completely syntenic and
similar in size, ranging from 138 to 143 kb (Fig. 1). The gene
contents are also similar, with 107 protein-coding genes shared in all
five Tremblaya genomes. All differences in gene content come from
gene loss or nonfunctionalization in different lineages (Fig. 1). Four
pseudogenes (argS, mnmG, Ipd, and smH) are shared in all five
T. princeps genomes, indicating that some pseudogenes can be
retained in Tremblaya for long periods of time. Pseudogene num-
bers were notably higher and coding densities were lower in
T. princeps genomes from P. marginatus and Trionymus perrisii
(TPER) (Fig. 1 and Table 1).

In contrast to the genomic stability observed in Tremblaya, the
genomes of the y-proteobacterial symbionts vary dramatically in size,
coding density, and gene order (Figs. 1 and 3 and Table 1). These
genomes range in size from 353 to ~4,000 kb (P. longispinus contains
two ~4,000-kb genomes from different y-proteobacteria) and are all
notably different from the 539-kb Moranefla genome of P. citri (42).

Phylogenetic Analyses Confirm the Intra-Tremblaya y-Proteobacterial
Symbionts Result from Multiple Infections. The lack of conservation
in y-proteobacterial genome size and structure, combined with
data showing that their phylogeny does not mirror that of their
mealybug or Trembiaya hosts (43, 44) (Fig. S1), supports early
hypotheses that the y-proteobacterial symbionts of diverse mealy-
bug lineages result from multiple unrelated infections (43, 44).
Although the Sodalis-allied clade is extremely hard to resolve be-
cause of low taxon sampling of facultative and free-living relatives,
nucleotide bias, and rapid evolution in obligate symbionts, none of
our analyses indicate a monophyletic group of mealybug symbionts
congruent with the host and Tremblaya trees (Fig. 2 and Fig. 51).

Draft Insect Genomes Reveal the Timing of Mealybug HGTs. Gene
annotation of low-quality draft genome assemblies is known to
be problematic (51). We therefore verified that our mealybug
assemblies were sufficient for our purpose of establishing gene
presence or absence by comparing our gene sets with databases
containing core eukaryotic [Core Eukaryotic Genes Mapping
Approach (CEGMA)] and Arthropod [Benchmarking Universal
Single-Copy Orthologs (BUSCO)] gene sets. CEGMA scores sur-
pass 98% in all of our assemblies, and BUSCO Arthropoda scores
range from 66 to 76% (Table S1). We note that the low scores
against the BUSCO database likely reflect the hemipteran origin of
mealybugs rather than our fragmented assembly; the high-quality
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Table 1. Genome statistics for mealybug endosymbionts and draft mealybug genomes
Mealybug species P. avenae M. hirsutus F. virgata P. citri P. Jongispinus T. perrisii P. marginatus
Mealybug abbreviation PAVE MHIR FVIR PCIT PLON TPER PMAR
Total assembly NA 163,044,544 304,570,832 377,829,872 284,990,201 237,582,518 191,208,351
size (bp)
Total o. of scaffolds NA 12,889 32,723 167,514 66,857 80,386 60,102
‘ NSO | N75 NA 47,025 | 22,300 25,562 | 12,551 7,078 3,639 10,126 | 4,908 4,681 | 2,689 6,799 | 3,788
=1 ] BUSCOs Arthropoda NA 76% 76% 71% 70% 66% 2%
‘, (n=2,675)
" BUSCOs Eukaryota NA 85% 84% 80% 78% 7% 82%
(n=429)
“ CEGMA (n=248; NA 99.19% 97.98% 98.79% 98.39% 99.6% 98.79%
including partial)
Tremblaya symbiont T. phenacola T. princeps T. princeps T. princeps T. princeps T. princeps T. princeps
Genome size (plasmid 170,756 bp (744 bp) 138,415 bp 141,620 bp 138,927 bp 144,042 bp 143,340 bp 140,306 bp
size if present)
Average fragment MA (454 data) 795 663 374 1,326 2,364 787
coverage
G+ C (%) 42.2 61.8 58.3 58.8 58.9 57.8 58.3
CDS (pseudogenes) 178 (3) 136 (7 132 (13) 125 (16) 134 (15) 116 (31) 124 (17}
CDS coding density (%) 86.3 77.2 69.3 66.0 70.7 59.2 67.0
rRNAs | tRNAs | ncRNAs 40313 6]14]3 6]14]3 6]10]3 6163 61213 6]17]3
y-Proteobacterial Not present D. endobia G. endobia Mo. endobia PLON1 and PLON2 H. endobia Mi. endobia
symbiont
Genome size NA 834,723 bp (11,828 bp) 938,041 bp 538,294 bp 8,190,816* 628,221 bp (8,492 bp) 352,837 bp
(plasmid size)
Average fragment NA 121 (38) 372 827 30 559 (312; 1,750) 620
coverage
G+ C (%) NA 44.2 28.9 43.5 53.9 42.8 30.6
CDS (pseudogenes) NA 564 (99) 461 (30) 419 (24) NA (NA) 510 (16) 273 (8)
CDS coding density (%) NA 59.8 48.1 774 NA 80.4 75.5
rRNAs | tRNAs | ncRNAs NA 3|40 14 3|39|8 514119 NA 3|41]10 3415
Reference 9 This study This study 42 This study This study This study

H. endobia codes two plasmids of 3,244 and 5,248 bp. Extended assembly metrics for draft mealybug genomes are available as Table 52.
*Combined assembly size for both y-protecbacterial symbionts in PLON. CDS, protein-coding DNA sequence; NA, not applicable; ncRNA, noncoding RNA;

PAVE, Phenacoccus avenae.

pea aphid genome (52) scores 72% using identical settings. We
conclude that our mealybug draft assemblies are sufficient for de-
termining the presence or absence of bacterial HGTs.

We first sought to confirm that the HGTs found previously in the
P. citri genome (9) were present in other mealybug species (Tables
S2 and S3) and establish the timing of these transfers. [Consistent
with our previous findings (9), there were no well-supported HGTs
of Tremblaya origin detected in any of our mealybug assemblies.]
Our data show that the acquisition of some HGTs [biaABD, ribAD,
dapF, lysA, tryptophan 2-monooxygenase oxidoreductase (fms), and
ATPases associated with diverse cellular activities (AAA-ATPases)]
predated the Phenacoccinae/Pseudococcinae divergence and thus
the acquisition of any y-proteobacterial endosymbiont (Fig. 3).
These old HGTs mostly involve amino acid and B vitamin metab-
olism, are usually found on longer insect scaffolds that contain
several essential insect genes, and are syntenic across mealybug
species (Fig. 4). In each of these cases, no other bacterial genes or
pseudogenes were found within the scaffolds (Tables S2 and S3),
suggesting that these HGTSs resulted from the transfer of small DNA
fragments or that flanking bacterial DNA from larger fragments was
lost after the transfer was established. The origin of some of these
transfers [7,8-diaminopelargonic acid synthase and biotin synthase
(bioAR)) likely predates the entire mealybug lineage, because they
are found in the genome of the whitefly Bemisia tabaci (11).

We find that several HGTs were likely acquired after the di-
vergence of the Maconellicoccus clade [cysteine synthase A (cysK),
beta-lactamase (b-lacr), type ILI effector (73ef), and p-alanine-p-
alanine ligase B (dd!B)]. One of these genes, cysK, clusters with
sequences from other Sodalis-allied bacteria, consistent with a
possible origin from an early y-proteobacterial intrabacterial
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symbiont (Dataset S1F). We note that cysK has undergone tandem
duplication in P. longispinus, Ferisia virgata (FVIR), and P. citri
(Fig. S24 and Tables S2 and S3), which was also observed for
several other HGTs (tms, b-lact, T3ef, chiA, ankyrin repeat pro-
teins, and AAA-ATPases). Most of the HGTs found in only one
or two mealybug species are related to peptidoglycan metabolism
and were assembled on shorter scaffolds with few insect genes on
them. Possible HGT losses of #ms in FVIR and ddIB in P. marginatus
were detected based on our assemblies. Except in three cases
(amiD, murC, and DUR1), HGT candidates detected from several
mealybug species shared a significant amount of sequence similarity
and clustered as a single clade in our phylogenies (Dataset S1),
suggesting that these transfers resulted from single events.

Evolution of the Metabolic Patchwork. We previously found com-
plementary patterns of gene loss and retention between Trem-
blaya, Moranella, and the mealybug host in the P. citri symbiosis
(9, 42). Our comparative genomic data allow us to see how genes
are retained or lost in different genomes in multiple lineages that
have y-proteobacterial symbionts of different inferred ages (Fig.
3). These data also allow us to observe how new symbionts evolve
in response to the presence of both preexisting symbionts and
horizontally transferred genes.

Overall, our data point to an extremely complex pattern of gene
loss and retention in the mealybug symbiosis (Fig. 3). Some path-
ways, such as those for the production of lysine, phenylalanine, and
methionine, show a relatively similar patchwork pattern in all
mealybugs, with gene retention interspersed between Tremblaya, its
y-proteobacterial endosymbiont, and/or the host. Gene retention
patterns from many other pathways, however, show much less
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Fig. 1.
with linear genome alignments of (Lower) five genomes of their respective y-

Genome size and structure of the mealybug endosymbionts. Linear genome alignments of (Upper) seven Trembiaya genomes (blue) are contrasted

protecbacterial symbionts (red). The T. princeps genomes are perfectly collinear

and similar in size, whereas the y-proteobacterial genomes are highly rearranged and different in size. Alignments are ordered based on a schematic
mealybug/Tremblaya phylogeny (original phylogenies are in Fig. 51) and accompanied by basic genome statistics (detailed genome statistics are in Table 1).
Gene boxes are colored according to their category: proteins in blue, pseudogenes in gray, rRNAs in green, noncoding RNAs in yellow, and tRNAs in red.

predictable patterns. The isoleucine, valine, leucine, threonine, and
histidine pathways show a tendency toward Tremblaya-dominated
biosynthesis in M. hirsutus, F. virgata, and P. citri (that is, gene re-
tention in Tremblaya and gene loss in the y-proteobacterial sym-
biont) but with a clear shift toward y-proteobacterial-dominated
biosynthesis in P. marginats and T. penisii. Other pathways, such
as tryptophan, show y-proteobacterial dominance in all mealybug
symbioses but with reliance on at least one Tremblaya gene in
P. citri, P. marginatus, and T. perrisii. In the arginine pathway, gene
retention is dominated by Tremblaya in M. hirsurus but by the
y-proteobacterial endosymbiont in all other lineages, with sporadic
loss of Tremblaya genes in different lineages. Overall, M. hirsufus
encodes the most Tremblaya genes and the fewest y-proteobacterial
genes, whereas TPER shows the opposite pattern.

Gene Retention Patterns for Translation-Related Genes in Tremblaya.
In contrast to metabolic genes involved in nutrient production, the
retention patterns for genes involved in translation vary little be-
tween mealybug species (Fig. 3). As first shown in Tremblaya PCIT
(42), none of the additional Tremblaya genomes that we report here
encode any functional aminoacyl tRNA synthetase, with an excep-
tion of one likely functional gene (cysS) in T. princeps PLON, which
is present as a pseudogene in several other lineages of Tremblaya.
Furthermore, all Tiemblaya genomes have lost key translational
control proteins that are typically retained even in the smallest en-
dosymbiont genomes, such as ribosome recycling factor, L-methionyl-
tRNA™<t Noformyltransferase, and peptide deformylase. The trans-
lational release factors RF-1 and RF-2 (prf4B) and elongation factor
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(EF) EF-Ts (tsf) are present only in the gene-rich T. princeps MHIR
genome and absent or pseudogenized in all other T. princeps ge-
nomes. Initiation factors (IFs) IF-1, IF-2, and IF-3 (inf4BC) and EFs
EF-Tu and EF-G (tuf4 and fusA4) are retained in all Tremblaya ge-
nomes, as are most ribosomal proteins (Dataset S24).

Taxonomy of Mealybug Endosymbionts. The naming convention in
the field of insect endosymbiosis has been to keep the species
names constant for lineages of endosymbiotic bacteria resulting
from single infections, even if they exist in different species of
host insects. The host is denoted by appending a specific ab-
breviation to the end of the endosymbiont name (e.g., T. princeps
PCIT for T. princeps from P. citri). However, our data show that
the intra-Tremblaya y-proteobacterial symbionts are not from the
same infection; they result from independent endosymbiotic events
from clearly discrete lineages within the Sodafis clade (Fig. 2). Fol-
lowing convention, we have chosen to give these y-proteobacteria
different genus names but unite them by retaining the “endobia”
species denomination for each one (such as in Moranella endobia).

We propose the following Candidatus status names for four
lineages of intra-Tremblaya y-proteobacterial symbionts of
mealybugs for which we have completed a genome. First,
Candidatus Doolittlea endobia MHIR is for the endosymbiont
from M. hirsutus. This name honors the American evolutionary
biologist W. Ford Doolittle (1941-) for his contributions to our
understanding of HGT and endosymbiosis. Second, Candidatus
Gullanella endobia FVIR is for the endosymbiont from F. virgata.
This name honors the Australian entomologist Penny J. Gullan
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Fig. 2. The intra-Tremblaya mealybug symbionts are members of the Sodalis clade of y-protecbacteria. A multigene phylogeny of Sodalis-allied insect
endosymbionts and closely related Enterobacteriaceae (y-protecbacteria) was inferred from 80 concatenated proteins under the LG + G evolutionary model
in RaxML v8.2.4. Mealybug endosymbionts are highlighted in red. Values at nodes represent bootstrap pseudoreplicates from the maximum likelihood (ML)
analysis, posterior probabilities from Bayesian inference (Bl) topology inferred under the LG + | + G model, and posterior probabilities from Bl topclogy
inferred from the Dayhoff6 recoded dataset under the CAT + GTR + G model in PhyloBayes, respectively.

(1952-) for her contributions to numerous aspects of mealybug
biology and taxonomy. Third, Candidatus Mikella endobia PMAR
is for the endosymbiont from P. marginatus. This name honors the
Canadian biochemist Michael W. Gray (1943-) for his contributions
to our understanding of organelle evolution. Fourth, Candidatus
Hoaglandella endobia TPER is for the endosymbiont from 7. perisii.
This name honors the American biochemist Mahlon B. Hoagland
(1921-2009) for his contributions to our understanding of the
genetic code, including the codiscovery of tRNA. All of the names
that we propose could be extendible to related mealybugs species
(e.g., G. endobia for other members of the Ferrisia clade) if fu-
ture phylogenetic analyses show that these symbionts result from
the same infection. For simplicity, we use all endosymbiont names
without the Candidatus denomination.

Discussion

Diversity of Intra-Tremblaya Symbiont G Suggests Multiple
Replacements. Phylogenetic ana.lyqes based on rRNA and protein-
coding genes from the y-proteobacterial endosymbionts of mealy-
bugs first indicated their origins from multiple unrelated bacteria
(43, 44). What was unclear from these data was the order and
timing of the y-proteobacterial infections and how these infections
affected the other members of the symbiosis. We imagine three
possible scenarios that could explain these phylogenetic and ge-
nomic data (Fig. 5). The first is that there was a single y-proteo-
bacterial acquisition in the ancestor of the Pseudococcinae that
has evolved idiosyncratically as mealybugs diversified over time,
leading to seemingly unrelated genome structures and coding ca-
pacities (the “idosyncratic” scenario) (Fig. 54). The second is that
the y-proteobacterial infections occurred independently, each
establishing symbioses inside Tremblaya in completely unrelated
and separate events (the “independent” scenario) (Fig. 5B). The
third is that there was a single y-proteobacterial acquisition in the
Pseudococcinae ancestor that has been replaced in some mealy-
bug lineages over time (the “replacement” scenario) (Fig. 5C).
The idosyncratic scenario is easy to disregard, because although
acquisition of a symbiont followed by rapid diversification of the

Husnik and McCutcheon

host might result in different patterns of genome evolution in
different lineages, it should result in monophyletic clustering in
phylogenetic trees. Previous phylogenetic work as well as our
phylogenomic data (Fig. 2) show that the y-proteobacteria that
have infected different mealybugs have originated from clearly
distinct (and well-supported) bacterial lineages.

The independent and replacement scenarios are more difficult to
tell apart with our data, and the true history of the symbiosis may
have involved both. However, we favor symbiont replacement as
the main mechanism that generated the complexity that we see in
mealybugs, primarily because of the large differences in size ob-
served in the y-proteobacterial genomes (Fig. 1 and Table 1). Ge-
nome size is strongly correlated to endosymbiotic age in bacteria,
especially at the onset of symbiosis, when genome reduction can be
rapid (53-57). Most relevant to our argument here is the speed with
which genome reduction has been shown to take place in Sodalis-
allied bacteria closely related to the y-proteobacterial symbionts
of mealybugs (34, 58, 59). It has been estimated that as much as
55% of an ancestral Sodalis genome was lost on the transition to
endosymbiosis in a mere ~28,000 y, barely enough time for 1%
sequence divergence to accumulate between the new symbiont and
a free-living relative (58). Our general assumption is, therefore, that
recently established endosymbionts should have larger genomes
than older symbionts. However, we note that genome reduction is
not a deterministic process related to time, especially as the sym-
biosis ages. It is clear that, in some insects housing pairs of ancient
symbionts with highly reduced genomes, the older endosymbiont
can have a larger genome than the newer symbiont (60).

The evidence for recent replacement is most obvious in
P. longispinus (Fig. 3 and Table 1). This symbiosis harbors two
related y-proteobacterial symbionts (61), each with a rod-like cell
shape, although it is currently unclear if both bacteria reside within
Tremblaya (48). Both of these genomes are about 4 Mb in size
(Table 1), approximately the same size as the recently acquired
Sodalis symbionts from tsetse fly (4.3 Mb) (62) and rice weevil
(4.5 Mb) (59). These morphological and genomic features as
well as their relatively short branches in Fig. 2 all suggest that
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the y-proteobacterial symbionts are recent acquisitions in the
P. longispinus symbiosis. The P. longispinus replacement seems so
recent that the stereotypical complementary patterns of gene loss
and retention have not had time to accumulate between the
y-proteobactia and Tremblaya (Fig. 3). However, Tremblaya PLON
is missing the same translation-related genes (aside from cysS)
as all other Tremblaya, indicating that it has long ago adapted to
the presence of a (now eliminated) bacterium living in its

e MHE VIR PLUN PG PAHBR

cytoplasm. Comprehensive analyses of the two y-proteobacterial
genomes from P. longispinus are ongoing and will be pub-
lished elsewhere.

We hypothesize that the larger, gene-rich y-proteobacterial ge-
nomes that we describe here are the result of symbiont replace-
ments of an ancestral y-proteobacterial endosymbiont rather than
completely independent infections in different mealybug lineages.
We suspect that the massive loss in key translation-related genes
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Fig. 5. Three possible scenarios that built the mealybug symbiosis. Indepen-
dent y-proteobacterial acquisitions are shown as arrows, and replacements are
noted with Rs above the arrow. Colors represent the different y-proteo-
bacterial genomes shown in Fig. 1. (4) The idiosyncratic scenario, where a
single y-proteobacterial acquisition evolved differently as mealybugs diverged,
leading to different genome sizes and structures in extant mealybugs. (B) The
independent scenario, where the different sizes and structures of the y-pro-
teobacterial genomes shown in Fig. 1 result from completely independent
acquisitions. (C) The replacement scenario, where the different sizes and
structures of the y-proteobacterial genomes shown in Fig. 1 result from several
replacements of an ancestral y-protecbacterial symbiont.

(Fig. 3) in Tremblaya occurred in response to the first y-pro-
teobacterial infection, which then required all subsequent re-
placement events to also reside within the Trembalay cytoplasm. It
is tempting to speculate that the 353-kb Mikella PMAR genome is
the ancestral intra-Tremblaya symbiont lineage that has not been
replaced or at least has not been recently replaced. However,
because the relevant clades split right after the Phenacoccinae/
Pseudococcinae divergence—that is, right at the acquisition of the
first y-proteobacterial symbiont—much richer taxon sampling
would be needed to test the hypothesis that this was, in fact, the
original symbiont lineage (Fig. 2). We also note that, in at least
one other case, bacteria from the Sodalis group have established
multiple repeated infections in a replacement-like pattern (38).

How Did the Bacteria Within a Bacterium Structure Start, and Why
Does It Persist? In extreme cases of endosymbiotic genome re-
duction, genes required for the generation of a cell envelope, along
with other fundamental processes, are lost (12, 13). This phe-
nomenon is seen in Tremblaya, where even the largest genome
(from Phenacoccus avenae, which lacks a y-protecbacterial sym-
biont) encodes no genes for the production of fatty acids or pep-
tidoglycan (9). We assume that the envelope that defines the
Tremblaya cytoplasm is made by the host, because it cannot be
made by Tremblaya. These data suggest that when the first
y-protecbacterial endosymbiont established residence in Tremblaya,
it invaded a membrane system that was perhaps more eukaryotic
than bacterial in nature (even if it ultimately ended up in a
“bacterial” cytoplasm). Bacteria in the Sodalis group are very good
at establishing intracellular infections in insect cells (38, 63, 64),
and we suggest that their propensity to infect Trembiaya might simply
reflect this ability. The cytoplasm vs. envelope distinction is impor-
tant, because the mealybug symbiosis has been held up by many—
including us—as a rare example of a stable bacteria within a
bacterium symbiosis. Although this description might be apt if
one considers the Tremblaya cytoplasm bacterial in nature, it
may not be if one considers the types of membranes that the
innermost bacteria had to cross to get there.

But why did the first y-proteobacterial endosymbiont end up in-
side Tremblaya? We can think of two related possibilities. The first is
that it was easier to use the established transport system between the
insect cell and Tremblaya (65) than to evolve a new one. The second
is that the insect immune system likely does not target Tremblaya
cells, and so the Tremblaya cytoplasm is an ideal hiding place for a
newly arrived symbiont. After the loss of critical translation-related
genes in Tremblaya, the symbiosis would persist with a bacteria
within a bacterium structure because no other structure is possible.
We note that Sodalis- and Arsenophonus-allied symbionts were re-
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cently suggested to sometimes reside within Sulcia cells in the leaf-
hoppers Cicadella viridis and Macrosteles laevis (66, 67). Although
these studies were based only on EM imaging and not confirmed by
specific probes (e.g., with FISH), it is possible that symbioses formed
by bacteria taking up residence inside of degenerate symbionts with
host-derived cell envelopes are not uncommon.

Evolution of Organelles and the Timing of HGT. It is widely accepted
that the mitochondria found across eukaryotes are related back
to a single common a-proteobacterial ancestor (68) and that the
plastids resulted from a single cyanobacterial infection (69).
What is less clear is what happened before these endosymbiont
lineages were fixed into organelles. The textbook concept is that
a bacterium was taken up by a host cell, transferred most of its
genes, and became the mitochondrion or plastid (70). This idea
becomes more complicated when the taxonomic affiliation of
bacterial genes on eukaryotic genomes is examined (71-74). For
example, only about 20% of mitochondria-related horizontally
transferred genes have strong a-proteobacterial phylogenetic
affinities (72). The signals for the remaining 80% are either too
weak to confidently place the gene or show clear affiliation
with other bacterial groups (71, 72). Hypotheses that explain
these data fall roughly into two camps. Some imagine a gradual
process where multiple taxonomically diverse endosymbioses
may have occurred—and transferred genes—before the final a-pro-
teobacterial symbiont was fixed. That is, the mitochondria arrived
rather late in the evolution of a eukaryotic-like cell that already
contained many bacterial genes resulting from HGT of previous
symbionts (75, 76). Others favor a more abrupt “mitochondria
early” scenario, where an endosymbiont with a taxonomically
diverse mosaic genome made the transition to becoming the
mitochondrion in a single endosymbiotic event, transferring its
genes during the process. In this scenario, the mosaic nature of
the extant eukaryotic genomes resulted from the “inherited
chimerism” of the lone mitochondria bacterial ancestor because
of the propensity of bacteria to participate in HGT with distantly
related groups (73, 77, 78).

We suggest that the data reported here indirectly support the
gradualist or mitochondria late view of organelle evolution. We find
that the majority of nutrient-related HGTs occurred before the di-
vergence of the Phenacoccinae and Pseudococcinae (Figs. 3 and 4)
and therefore before the establishment of any y-proteobacterial
symbiont. In particular, HGTs in the riboflavin and lysine pathways
were retained on the insect genomes as the first y-proteobactieral
symbiont was established and new y-proteobacterial symbionts
replaced old ones (Figs. 2 and 3). Our results make it clear that
HGTs can remain stable on host genomes for millions of years, even
after the addition or replacement of symbionts that share pathways
with these genes, and directly show how mosaic metabolic pathways
can be built gene by gene as symbionts come and go over time. We
note that the “shopping bag” hypothesis (79), which argues that
establishment of an endosymbiosis should be regarded as a contin-
uous process involving a number of partners rather than a single
event involving two partners, fits our data remarkably well. Of
course, our data do not rule out inherited chimerism as a contributor
to the taxonomic diversity of genes that support organelle function,
because many bacterial genomes are taxonomically mosaic because
of HGT (73). As with most solutions to endosymbiotic problems, the
true answer is likely a complicated mixture of both processes.

Using Symbiont Supp ation and Replacement to Claw Out of
the Rahbit Hole. At the onset of a nutritional symbiosis, a new or-
ganism comes on board and allows access to a previously in-
accessible food source. Rapid adaptation and diversification can
occur—the new symbiont adapts to the host, the host adapts to the
symbiont, and the entire symbiosis expands in the newly available
ecological niche. However, cases where a bacterial symbiont takes
up stable residence in a host cell also seem to lead to irreversible
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degeneration and codependence between host and symbiont (26,
28, 80, 81). What HGT, symbiont supplementation, and symbiont
replacement may offer is a way out—at least temporarily, but
perhaps permanently—of this degenerative ratchet.

However, new symbionts may also provide ecological op-
portunity in addition to evolutionary reinvigoration. We note
that the mealybug with one of the broadest host ranges is also
the species with the most recent y-proteobacterial replacement,
P. longispinus. P. longispinus is an important agricultural pest
and known to feed on plants from 82 families (scalenet.info/
catalogue/pseudococcus%20longispinus/). Tt seems possible that
fresh symbionts with large genomes could provide novel func-
tions unavailable in more degenerate symbionts, again pro-
pelling the symbioses into new niches.

Materials and Methods

Samples of the mealybug species M. hirsutus (pink hibiscus mealybug; MHIR;
collection locality: Helwan, Egypt), F. virgata (striped mealybug; FVIR; col-
lection locality: Helwan, Egypt), and P. marginatus (papaya mealybug;
PMAR; collection locality: Mayotte, Comoro Islands) were identified and
provided by Thibaut Malausa, Institut National de la Recherche Agrono-
mique, Sophia, France. T. perrisii (TPER; collection locality: Poland) samples
were provided by Malgorzata Kalandyk-Kotodziejczyk, University of Silesia,
Katowice, Poland. P. longispinus samples (long-tailed mealybug; PLON) were
collected by FH. in a winter garden of the Faculty of Science, University of
South Bohemia. DNA vouchers and insect vouchers of adult females for slide
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mounting are available from F.H. DNA was isolated from three to eight whole
insects of all species by the Qiagen QlAamp DNA Micro Kit, and each library
was multiplexed on two-thirds of an lllumina HiSeq 2000 Lane and sequenced
as 100-bp paired end reads. The M. hirsutus sample was sequenced on an
entire MiSeq lane with v3 chemistry and 300-bp paired end mode. Both ap-
proaches generated sufficient coverage for both symbiont genomes and draft
insect genomes. Adapter clipping and quality filtering were carried out in
the Trimmomatic package (82) using default settings. Read error correction
(BayesHammer), de novo assembly (k-mers K21, K33, K55, and K77 for 100-bp
data and K99 and K127 for 300-bp data), and mismatch/short-indel correction
were performed by the SPAdes assembler, v3.5.0 (83). Additional endosymbiont-
targeted long k-mer (91 and 241 bp) assemblies generated by the Ray v2.3.1 (84)
and PRICE v1.2 (85) assemblers were used to improve assemblies of complex
endosymbiont regions.

Additional information on the computational and microscopy methods
can be found in 5/ Materials and Methods. General Tremblaya primers are
shown in Table 54.
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Summary

This PhD thesis unfolds a path to an intimate endosymbiosis that can be compared to
what we think happened before (and to some extent after) bacterial ancestors of
eukaryotic organelles, mitochondria and plastids, became highly integrated into their
host cells. First, the extreme genome reduction of mealybug symbionts has not been
enabled by endosymbiotic gene transfer to the host nucleus, but rather by very
intimate host-symbiont-symbiont cooperation and horizontal gene transfer from
diverse bacteria infecting the host oocytes. Second, the marked fluidity over
evolutionary time in the mealybug system implies that serial symbiont replacement
can happen even in the most intricate symbiotic arrangements, and that pre-existing
horizontally transferred genes can remain stable on genomes in the face of extensive
symbiont turnover. Do these results allow us to say that insect endosymbionts are
comparable to mitochondria and plastids? They do not if you define organelles as
organisms that originated early in the eukaryotic clade and dramatically shaped its
evolution. But if we put aside age and perceived specialness, many of the mechanistic
and evolutionary outcomes of intimate endosymbiosis discussed in this thesis seem
similar between organelles and insect endosymbionts. I argue that these other, much
younger symbioses may tell us something about how the mitochondria and plastids
came to be, at the very least by revealing what types of evolutionary events are
possible as stable intracellular relationships proceed along the path of integration.
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