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Symbiosis has played a major role in eukaryotic evolution beyond the origin of the eukaryotic cell. Thus, organisms
across the tree of life are associated with diverse microbial partners, conferring to the host new adaptive traits that
enable it to explore new niches. This is the case for insects thriving on unbalanced diets, which harbor mutualistic
intracellular microorganisms, mostly bacteria that supply them with the required nutrients. As a consequence of the
lifestyle change, from free-living to host-associated mutualist, a bacterium undergoes many structural and metabolic
changes, of which genome shrinkage is the most dramatic. The trend toward genome size reduction in endosymbiotic
bacteria is associated with large-scale gene loss, reflecting the lack of an effective selection mechanism to maintain
genes that are rendered superfluous by the constant and rich environment provided by the host. This genome-
reduction syndrome is so strong that it has generated the smallest bacterial genomes found to date, whose gene
contents are so limited that their status as cellular entities is questionable. The recent availability of data on several
endosymbiotic bacteria is enabling us to form a comprehensive picture of the genome-reduction process and the
phenotypic consequences for the dwindling symbiont.
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Introduction

Beyond the origin of evolutionary leaps such as
the eukaryotic cell, symbiotic associations have
been documented in practically every major branch
of the tree of life.1 These observations, together
with the data provided from studies of different
associations established between prokaryotes and
eukaryotes, reinforce the view that symbiosis is an
important mechanism in the emergence of evo-
lutionary innovations in eukaryotes. As shown
throughout this review, a common feature of the
maternally transmitted symbionts is genome reduc-
tion by gene loss. Thus, this process is key to under-
standing how the evolutionary loss of traits relates
to the symbiont’s genome reduction and how this
can bear on the evolutionary fate of their associates.

Only recently, the genomic era has unlocked
the genetic knowledge of nonculturable microbes
involved in symbiosis, facilitating comparisons

among different host-associated bacteria through-
out the spectrum encompassing free-living organ-
isms to obligate intracellular endosymbionts. In
addition to the role played by symbiotic associ-
ations in the origin and evolution of eukaryotic
cells, genomics has also revealed that the process
of establishing new structures, biochemistries, or
behaviors through symbiosis is an ongoing phe-
nomenon in the evolution of life. The event that
triggers a symbiotic association is more or less for-
tuitous. The fact that the players remain genetically,
biochemically, or metabolically linked will depend
on the evolutionary success of the association. It
is well established that symbiotic integration is a
process that profoundly changes the genome of the
symbiont’s free-living ancestor and, depending on
the type of symbiotic relationship (e.g., mutual-
istic or parasitic, facultative or obligate, etc.), the
age of the association (old or recent), and host
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necessities (e.g., nutritional, defensive, or waste
recycling), the observed changes will be more or
less dramatic (reviewed in Refs. 1–6).

The first symbioses: what can we learn?

Although the nature of the first eukaryotic host
cell is a matter of heated debate among cell evo-
lutionists, mainly due to the lack of evolution-
ary intermediates,7 two main scenarios have been
put forward: the “mito-early” and “mito-late.”
The mito-early scenario proposes that mitochon-
drial endosymbiosis occurred in a simple proto-
eukaryotic host,8 while the mito-late suggests
that a significant complexity was held by the
proto-eukaryotic cell before the acquisition of the
mitochondrial ancestor.9,10 Nonetheless, the endo-
symbiotic origin of the organelles (plastids and
mitochondria) cannot be denied.11 While mito-
chondria evolved from free-living Alphaproteobac-
teria, which provided their host with respiration
and energy-metabolism efficiency, chloroplasts
evolved from what was once a free-living Cyanobac-
terium, which endowed its hosts with the ability to
photosynthesize (chlorophyll-harboring prokary-
otes became photosynthetic cells). The ability to
breathe oxygen as a result of the acquisition of
mitochondria led to the origin of animals, whereas
the photosynthetic ability acquired subsequent to
chloroplasts gave rise to plants. Therefore, both
mitochondria and chloroplasts originated from
free-living bacteria, whose tiny descendants are still
among us.

It is well known that organellar genomes encode
only a small fraction of the organelle’s proteins, with
the majority of these being encoded by the nuclear
genome (reviewed in Ref. 12). This has resulted from
the relocation of several of the organelle’s genes to
the host nucleus, followed by the evolution of tar-
geting sequences in the nuclear-encoded copies and
complex protein-import machineries. The latter was
a crucial component for the transformation of the
former endosymbionts into cellular organelles. This
process has ultimately resulted in the genome reduc-
tion of the symbionts, eliminating genes that have
become unnecessary in the new intracellular envi-
ronment or redundant with the host genes. Addi-
tionally, genes of nuclear origin, mainly involved
in replication, transcription, cell division, and sig-
nal transduction, have replaced those from the
organelle, thus driving further genome reduction.13

The similarity in gene content within contempo-
rary plastids and mitochondria suggests that most
organelle genes were transferred massively in the
early evolution of both mitochondria (reviewed in
Ref. 14) and plastids.15 The subsequent tempo of
gene-transfer events has been punctuated by bursts
of transfer interspersed with long periods of stasis.
Also, many genes show a patchy distribution across
extant organelle genomes, implying recurrent trans-
fers and convergent losses (reviewed in Ref. 16). For
the symbionts, all of these processes have implied an
irreversible loss of autonomy. Many nuclear genes
of organellar origin were able to supply proteins to
other cellular compartments and thus became “free”
in terms of being able to evolve new functions.15

In this vein, mitochondria and plastids are simply
“the luckiest of a longstanding series of doomed
endosymbionts who were saved by transfer of genes
to the nucleus.”17

Symbiosis in insects: an overview

In 1953, the German entomologist Paul Buchner
published the first big compendium describing sym-
biotic associations between insects (class Insecta
Linnaeus, 1758) and microorganisms18 (translated
into English in 196519). He defined the term endo-
symbiosis as a “well-regulated and essentially undis-
turbed cooperative living between two differently
constituted partners.” In his fascinating work,
he explored the endosymbionts present in many
hemipteran families within the Coccoidea, Aphi-
doidea, Aleyrodoidea, Psylloidea, and Membra-
coidea. Equipped with a microscope, he was able to
observe consistent infections across various individ-
uals, as well as to detect that many of these microor-
ganisms were hosted inside specific cells, termed
mycetocytes or bacteriocytes (specialized host cells
that harbor the symbiotic microorganisms), within
a distinct organ-like structure, termed the bacte-
riome (or mycetome in Buchner’s book). He was
the first to propose “that microbes and insects not
only show an amazing biodiversity in themselves,
but they often come together and take evolutionary
paths to persistent physical association.” Since then,
symbiotic associations have been broadly studied
in numerous insects (including many of the ones
first analyzed by Buchner), and a large number
of genomic, biochemical, and physiological studies
have been conducted mainly in insect endosym-
bionts (revised in Refs. 1, 2, 20, and 21). These
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analyses have revealed that symbioses between
insects and microorganisms are both diverse (in
terms of both taxonomic origin and basis) and
widespread. Although some fungal endosymbionts
have been reported in insects, hitherto the major-
ity of reported cases involve bacteria, and thus here
we will focus on bacterial endosymbionts within
insects.

In most cases, these insect–symbiont relation-
ships have a nutrition-based foundation, with the
endosymbiotic genome coding for the biosynthe-
sis of the essential compounds lacking from the
host diet, such as plant phloem (mainly deficient
in essential amino acids)22,23 or mammalian blood
(mainly deficient in B vitamins).24 For example,
Buchnera, Tremblaya, and Portiera endosymbionts
enable their hosts (aphids, mealybugs, and white-
flies, respectively) to survive on a strict phloem diet,
having the capacity to synthesize essential amino
acids and some vitamins.25–27 On the other hand,
Wigglesworthia and Riesia symbionts from Glossina
flies and Pediculus lice, respectively, possess genomes
that are capable of producing B vitamins.28–31 In
return for their contribution, the host provides a sta-
ble environment for the bacteria with a permanent
supply of resources, thereby making the association
a mutualistic one (a term reserved for the symbiotic
relationships where each partner benefits from the
activity of the other). Supporting this hypothesis,
experimental studies dealing with the generation of
aposymbiotic insects in the pea aphid Acyrthosiphon
pisum,32,33 the tsetse fly Glossina morsitans,34 and
different cockroaches35 have shown that aposymbi-
otic females generally display reduced reproduction
rates and a decrease in fertility or even complete
sterility. Hence, these symbionts are required for
the correct development of their hosts and thus have
been termed primary obligate endosymbionts.

Apart from primary obligate endosymbionts,
insects can establish associations with additional
bacteria, termed secondary endosymbionts. These
additional bacteria can be of facultative or obligate
nature. Contrary to obligate endosymbionts, facul-
tative ones are dispensable. However, under certain
environmental conditions, some secondary faculta-
tive endosymbionts can endow the host with bene-
ficial traits and have even been shown to somehow
alter the host’s biology, for example, via manipu-
lation of reproduction (reviewed in Refs. 36–38).
Finally, in some cases, a secondary endosymbiont

can evolve to become an obligate partner, and if the
primary is already present, a microbial co-obligate
consortium can be established (reviewed in Ref. 1).

Genome reduction in endosymbionts:
gene loss

The five first complete genomes from insect endo-
symbiotic bacteria were Buchnera aphidicola,25,39,40

Wigglesworthia glossinidia,28 and Blochmania flori-
danus,41 primary obligate endosymbionts of aphids,
tsetse flies, and carpenter’s ants, respectively. It
was immediately evident that these symbionts held
highly reduced genomes (ranging from 616 to
706 kb) with a relatively similar number of genes
in each functional category, based on the clusters of
orthologous genes classification, pointing to similar
evolutionary forces acting on these organisms.
Gene losses in these endosymbiotic bacteria include
many cell membrane proteins, DNA repair and
recombination genes, all mobile elements, and
whole biosynthetic pathways for nutrients that can
be obtained through the host’s diet. Comparative
genomics revealed that, even though these genomes
encoded between 564 and 698 genes, they shared
only 313 genes, a fact leading to the proposal that this
number could be close to the minimum gene set nec-
essary to sustain endosymbiotic life.41 In 2006, two
smaller endosymbiotic bacterial genomes were pub-
lished: B. aphidicola BCc (422 kb and 362 protein-
coding genes)42 and Carsonella ruddii (160 kb and
182 protein-coding genes),43 primary endosym-
bionts of the aphid Cinara cedri and the psilid
Pachypsylla venusta, respectively. In both cases, the
gene repertoire seemed to be insufficient for these
bacteria to meet their host’s needs, and therefore
their status as endosymbionts was questioned.42–45

More recently, even more drastically reduced
genomes have been discovered in cicadas,46 spittle-
bugs,3 mealybugs,27 and leafhoppers,47 sparking a
renewed interest in the limits of genome reduction
in endosymbiotic bacteria.4,48,49

Although the information derived from the
extremely reduced genomes of long-term primary
endosymbionts is valuable, it only provides us with
information about the last steps in the process
of endosymbiont integration. Comparative analy-
sis of the bacterial genes and genomes of those
primary endosymbionts revealed that, in the pro-
cess toward an obligate lifestyle, bacteria experi-
ence major genetic and phenotypic changes, which
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can be detected when compared against free-living
relatives (reviewed in Refs. 1, 2, 4, 6, and 21).
These changes mainly include a bias toward an
adenine- and thymine-rich genome, an accumu-
lation of small deleterious mutations, an acceler-
ated sequence evolution, an increase in the number
of nonsynonymous substitutions, a loss of mobile
elements (mainly insertion sequences), a loss of
recombination events, a high degree of synteny,
and a massive reduction in genome size. Similar
to organelles, the reduction in genome size is asso-
ciated with the loss of a huge number of genes,
mainly genes that have become unnecessary in the
new nutrient-rich intracellular environment or that
code for functions now carried out by the host. How-
ever, different bacteria possess a particular set of
retained genes. The losses are determined by the
specific host’s needs (e.g., essential amino acids in
phloem feeders or B vitamins in blood suckers),
but can also reflect the particular processes of gene
loss undergone by each symbiotic lineage, giving
rise to differentially retained genes with similar
or equivalent functions.50 Regarding the retained
genes, they belong to two main categories: those
essential for maintenance of the bacterial cell and
those that underlie the mutualistic association with
its host. While the first set tend to be quite conver-
gent (mainly genes involved in informational pro-
cesses), the second set is particular to the specific
nutrient requirements of the host. In some cases, the
ongoing reduction process continues, and essential
genes in both categories are also lost, rendering the
smallest bacterial genomes ever found.4 It is then
conceivable that naturally evolved, nearly minimal
gene sets may contain substantial differences.

Homologous recombination between repeated
elements catalyzes large inversion and deletions.51,52

Although recombination is diminished or lost in
long-term obligate endosymbionts, comparisons of
genome architecture in some strains suggest a his-
toric period of large-scale rearrangements. In this
respect, the distinct genome contents, gene order,
and dynamics of facultative and obligate insect
mutualists may be explained by their status as recent
versus ancient stages along a similar evolutionary
trajectory.39,40

The evolutionary processes that prompt the
aforementioned genomic changes are a relaxation
of natural selection and the continuous bottle-

necks triggered by vertical transmission. The former
results from a combination of the symbiont now
residing in a more stable environment (inside the
host), making certain free-living functions unneces-
sary, and generating genetic/metabolic redundancy
between the host and the symbiont (and/or another
symbiont), together promoting substantial gene loss
(reviewed in Refs. 1 and 2). The latter is a result of
the strictly vertical transmission mode of endosym-
bionts, where, owing to bottlenecks, only a small
bacterial subpopulation will pass to the next gen-
eration, resulting in very low effective population
sizes, which favors the action of random genetic
drift.6,53 This, combined with a lack of recombi-
nation, leads to the irreversible fixation of slightly
deleterious mutations, a process known as Muller’s
ratchet. The lack of recombination results from the
loss of genes involved in DNA recombination, repair,
and uptake mechanisms, all of which are common
features of currently sequenced bacterial endosym-
bionts (reviewed in Refs. 1, 2, 4, 6, 54 and 55).
The irreversible accumulation of deleterious muta-
tions has a notable effect on many genes, as it alters
the structure and function of the corresponding
proteins.40 However, radical changes in absolutely
essential genes for endosymbiosis could compensate
for the detrimental effect of previously fixed muta-
tions. This is the case for the chaperone GroEL, a
protein that is overexpressed in endosymbiotic bac-
teria and seems to participate in the correct folding
of many damaged proteins, thus buffering the effect
of slightly deleterious mutations.56 In fact, a number
of elegant experiments carried out in Escherichia coli
have shown that overexpression of GroEL in bacte-
ria evolving under continuous bottleneck, and thus
with a strong genetic drift, can avoid extinction or
rescue bacterial cells.56–58

In recent years, the genomic era has provided the
opportunity to investigate a plethora of endosymbi-
otic associations. These have afforded snapshots of
the various stages a free-living bacterium under-
goes on its way to becoming an organelle-like
entity. In this review, we will examine the different
stages undergone by naturally reduced endosym-
biotic genomes. We will discuss the characteristics
defining each stage, as well as the factors and evolu-
tionary dynamics that promote or truncate a sym-
biont’s progression toward establishing a state of
stable mutualistic intracellular symbiosis.
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Major steps leading to an obligate
endosymbiont: dissecting the process

As stated before, analyzing genomic features of
endosymbiotic bacteria can reveal the level of inte-
gration of the symbiont. In general, early stages of
genome reduction are characterized by genome sizes
intermediate between those of free-living organisms
and long-term endosymbionts, with a high density
of insertion sequences and other mobile elements,
the formation of pseudogenes, multiple genome
rearrangements, and deletion of chromosome frag-
ments. Facultative endosymbionts show most, if
not all, of the characteristics of the early stages
of genome reduction. However, in more anciently
evolved symbionts, such as many obligate intracel-
lular mutualistic symbioses, mobile elements and
most pseudogenes have been eliminated; therefore,
the genome architecture of bacteria in different host
lineages tends to be highly syntenic.

The coexistence of different bacteria within the
same host, one primary obligate endosymbiont and
one (or more) secondary symbiont that has started
its adaptation to intracellular life, raises the possibil-
ity of the primary endosymbiont being either com-
plemented or replaced by the healthier facultative
bacterium.59 Moreover, the finding of co-obligate
endosymbionts has illustrated the labile bound-
ary between facultative and obligate endosymbiotic
relationships.42,47,60–62

On the basis of the available genomic data from
different host-associated bacteria, Toft and Ander-
sson5 divided the general genome reduction process
of host-associated bacteria (namely intracellular)
into five stages. These range from being free-living
extracellular (stage 1) passing through a facultative
intracellular (stage 2) and obligate stage (stages 3
and 4 (mutualist)) to becoming an organelle (stage
5). Since then, many new data have become avail-
able, showing that, although ancient events are dif-
ficult to reconstruct, different lines of evidence sug-
gest that some primary endosymbionts may have
arisen from facultative ones in insects. In this case,
facultative and obligate associates may represent
points along a continuous spectrum of symbiosis.
Thus, we will refine the scenario analyzing the dif-
ferent stages (from 1 to 4) in this reduction process
on the basis of up-to-date genomic and experimen-
tal analyses of different insect endosymbionts that
have naturally evolved dwindling genomes (Fig. 1).

Stage 1: free-living “potential”
mutualists—the newcomers

In theory, any free-living bacterium could start a
symbiotic relationship that could potentially lead
toward becoming an obligate mutualist. In fact, the
microorganisms associated with insects are quite
diverse (see Ref. 63), and we now know that they
did not originate from a single infection event
but rather have independent origins.64 However,
only a few phylogenetic clades contain species that
have coevolved to become intracellular mutualists:
Alphaproteobacteria and Gammaproteobacteria are
the most widely distributed, although Betapro-
teobacteria and Bacteroidetes have also been found.
The overrepresentation of these clades could be
either an effect of sampling bias or the fact that
certain bacterial groups are more prone to evolve
intimate interactions with eukaryotic host cells.5

Whatever the reason, how mutualistic bacteria have
originated from a free-living ancestor has not yet
been resolved.

In the first genomic studies, only an endosym-
biont’s free-living relatives were considered as rep-
resentative of this stage. For example, E. coli
and related enterobacterial species have been used
as a model for free-living gammaproteobacterial
endosymbionts, mainly as outgroups in phyloge-
netic reconstructions.65,66 More recently, some free-
living and/or pathogenic species from the genera
Serratia and Sodalis have been key to our under-
standing of the changes experienced by a bacterium
in its transition from being a free-living extracellu-
lar organism to becoming a co-obligate intracellu-
lar one, such as Serratia symbiotica in aphids50 or
Sodalis spp. symbionts in weevils and tsetse flies.67

Recent investigations into Japanese populations
of the stink bug Plautia stalii have provided unique,
and to our knowledge unprecedented, insights
into the evolutionary transition from a free-living
lifestyle to an obligate mutualistic one (Table 1).68

This insect species has evolved different kinds of
obligate symbiotic associations, which display a geo-
graphical pattern. Briefly, while populations from
the temperate mainland harbor a fixed obligate
not-yet-cultured symbiont (termed A), populations
from the subtropical islands present a prevalent not-
yet-cultured one (termed B), with some populations
housing different culturable associates (termed C–
F). As expected, symbionts A and B hold reduced
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Figure 1. Proposed stages of genome reduction and their biological traits. Graphical summary and principal characteristics of
the proposed stages a free-living bacterium goes through on its way to becoming an organelle, based on current knowledge of
genome reduction. Although replacement can happen at any given stage, it is represented in stage 4 to be congruent with the
text and facilitate interpretation of the figure. Open locks stand for flexible associations and closed locks for deeply rooted ones.
Unfilled arrowheads pointing to the organelle stage represent the lack of an identified insect endosymbiotic lineage giving rise to
an organelle. CDS, coding sequences.

genomes (2.4–3.9 Mbp) when compared with the
closely related free-living Pantoaea, whereas sym-
bionts C–F hold larger ones (4.7–5.5 Mbp). Among
the most striking aspects of this study are the exper-
iments performed on the environmental uptake of
symbionts by surface-sterilized eggs, which pre-
vented newborn infection. The authors found that,
by rearing these symbiont-free insects on soil col-
lected at three P. stali habitats, just a few individ-
uals reached adulthood and presented a normal
phenotype (7.1%), similar to natural symbiont-
harboring P. stali. Surprisingly, while little more
than half of these individuals (39 of 71) were found
to have taken up symbionts C–E (revealing their
free-living presence in the natural environment of
P. stali), the remaining 32 established obligate
associations with different environmental bacteria
(termed X1–X6) unrelated to A–F symbionts. Inter-
estingly, the free-living X1–X6 were not found as
naturally occurring symbionts of P. stali, placing
them as potential mutualistic symbionts, which may
be a source for the evolution of new obligate sym-
biotic relationships.

Therefore, we consider bacteria X1–X6 (and ten-
tatively C–E) as being in stage 1 of integration to
an obligate intracellular mutualistic lifestyle. At this
stage, the symbiont would retain the ability to thrive
in the environment where the potential hosts pros-
per and, as Hosokawa and collaborators observed,68

these would still retain large genomes (as is the case
for C–E but yet unknown for X1–X6). In terms of
mobile elements, no data are available from X1 to
X6, but given their free-living lifestyle, it can be
assumed that, similar to other free-living bacteria,
they harbor a controlled amount of mobile DNA.
However, symbionts C–E already show an enrich-
ment of mobile elements. Finally, their ability to
infect and establish stable associations with their
newly acquired hosts would be low, as reflected in
their low infection frequency.

Stage 2: facultative intracellular (early
stage)—still culturable

Little research has focused on the recently derived
endosymbionts, and examples are scarce. At this
stage, a free-living bacterium has effectively become
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Table 1. Characteristics of free-living and stage 1 (potential mutualist) insect symbionts

Species (INSDC

accession)

Strain or

isolate

Genome

size (Mb)

Number

of CDSs MEs �

Cell

shape Isolation source or niche

Free-living

Escherichia coli

(U00096)

K-12

MG1655

4.64 4165 Few Few Rod69 Derived from original K-12

strain isolated from

Homo sapiens (Primates:

Hominidae)70

Pantoea ananatis

(CP003085-6)

PA13 4.87 4372 Few Few Rod 71,a Plant pathogen of

unspecified Oryza sp.

(Poales: Poaceae)72

Serratia marcescens

(HG326223)

Db11 5.11 4709 Few Few Rod73,a Streptomycin-resistant

mutant of Db10 strain

isolated from Drosophila

melanogaster (Diptera:

Drosophilidae)74

Sodalis praecaptivus

(CP006569-70)

HS1 5.16 4282 Few Few Rod75 Isolated from a human

wound caused by

impalement with a

branch of dead crab

apple tree (Malus sp.)

(Rosales: Rosaceae)67

Stage 1 potential mutualists

Plautia stali symbionts

X1–X6

– – – – – – Found in soil from P. stali’s

(Hemiptera:

Pentatomidae) natural

environment68

P. stali symbiont C

(BBOB00000000)

Ps-

ISGKf53

5.14 – Many – – Both isolated as a naturally

occurring mutualist of

P. stali and found in soil

from the insect’s natural

environment68

P. stali symbiont D

(BBOC00000000)

Ps-

ISGKm56

5.54 – Many – – Both isolated as a naturally

occurring mutualist of

P. stali and found in soil

from the insect’s natural

environment68

P. stali symbiont E

(BBOD00000000)

Ps-

ISGKf70

5.41 – Many – – Both isolated as a naturally

occurring mutualist of

P. stali and found in soil

from the insect’s natural

environment68

MEs, mobile elements; � , pseudogenes.
aThe given characteristic is derived from common characteristics of related strains belonging to the same species.

a facultative intracellular one, but it is still able to
grow on artificial medium if cultured by standard
techniques.

Examples have been documented of endosym-
biotic bacteria that still retain the ability to grow
axenically on complex culture media (Table 2).

These include Sodalis glossinidius (facultative sym-
biont of the tsetse fly and the first endosymbiont
to be successfully cultured),76 S. symbiotica strain
CWBI-2.3T (facultative endosymbiont of the aphid
Aphis fabae),78 Arsenophonus arthropodicus (sec-
ondary symbiont of the pigeon louse fly),80 and
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Table 2. Characteristics of stage 2 facultative intracellular (early-stage) insect symbionts

Species (INSDC

accession)

Strain or

isolate

Genome

size (Mb)

Number

of CDSs MEs � Cell shape

Isolation source

or niche

Sodalis glossinidius

(AP008232-5)

Morsitans 4.26 2516 Many Many Filamentous76,77,a Facultative

endosymbiont

found both

intracellularly in

midgut epithelium

and free in the

midgut lumen of

Glossina morsitans

morsitans (Diptera:

Glossinidae)77

Serratia symbiotica

(CCES00000000)

CWBI-2.3T 3.58 3398 Many Many Filamentous78 Facultative

endosymbiont

found intracellu-

larly in sheath cells

of the bacteriome

of Aphis fabae

(Hemiptera:

Aphididae)78

Frankliniella

occidentalis

symbiont BFo1

(JMSO00000000)

BFo1 5.13 4829 – Many – Symbiont associated

with F. occidentalis

(Thysanoptera:

Thripidae)79

F. occidentalis

symbiont BFo2

(JMSP00000000)

BFo2 3.10 3068 – Many – Symbiont associated

with F. occidentalis

(Thysanoptera:

Thripidae)79

Arsenophonus

arthropodicus

– – – – – – Facultative

endosymbiont

found intracellu-

larly in hemocytes

of Pseudolynchia

canariensis

(Diptera:

Hippoboscidae)80

MEs, mobile elements; � , pseudogenes.
aThe given characteristic is derived from common characteristics of related strains belonging to the same species harbored by the
same host species.

two endosymbionts from the western flower thrips,
termed BFo1 and BFo2.80 However, full genomes
are available only for the first two endosymbionts
(BFo1 and BFo2 have only highly fragmented, low-
coverage draft genomes available). While the first
two show genomes that are close in size to those
of their free-living relatives (S. glossinidius (4.17
Mbp)81 vs. Sodalis praecaptivus (4.7 Mb),72 and
S. symbiotica strain CWBI-2.3T (3.6 Mb)82 vs.
Serratia marcescens strain Db11 (5.1 Mb)),83 they

show a great enrichment in mobile elements and
pseudogenes. While the large number of mobile ele-
ments observed in these genomes could reflect an
ineffectual purifying selection for insertion events,
as well as occasional horizontal transfer, the massive
number of pseudogenes might reflect a faster gene
inactivation relative to DNA deletion.92 These
genomes also show a moderate number of rearran-
gements, relative to their free-living counterparts, a
feature that is putatively a result of the increase in
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mobile elements that promote genomic shuffling.
These elements could also be promoting gene inac-
tivation, as it has been described for S. glossinidius,84

thus further contributing to the genomic erosion.
Even though both S. glossinidius and S. symbiotica
strain CWBI-2.3T are of a facultative nature, they
could endow their hosts with an adaptive advantage.
For example, the specific elimination of S. glossini-
dius from the tsetse fly by the antibiotic streptozo-
tocin seems to cause a reduction in longevity of F1
flies from treated females.85 These conditional ben-
efits to the host could lie behind the fixation and
triggering of long-term vertical transfer of these
symbionts within a population, thus promot-
ing host–symbiont coevolution. In the case of S.
symbiotica CWBI-2.3T, to our knowledge, no exper-
iments have been conducted to assess the contribu-
tion of this endosymbiont to its aphid host. Addi-
tionally, these symbionts are not confined to bacte-
riocytes but rather are found in close proximity to
these (e.g., in sheath cells, syncytial cells located at
the periphery of primary bacteriocytes)78 and other
tissues.86 These histological properties reflect a more
recent coevolutionary history with their hosts, con-
trasting the exclusive intrabacteriocyte localization
of many long-term insect endosymbionts.

Therefore, stage 2 would include bacteria such as
S. glossinidius and S. symbiotica strain CWBI-2.3T.
Unlike bacteria in stage 1, these would not be
found thriving in the hosts’ natural environment
but would be confined to their hosts as endosym-
bionts. However, the endosymbiont would still
retain the ability to grow axenically on complex
media and establish stable cultures. These bacte-
ria would have diverged little from their free-living
counterparts and thus show few rearrangements and
incidents of gene loss. However, they would already
show a massive enrichment in mobile elements and
pseudogenes, evidencing that they have started to
become accommodated to their symbiotic system:
host (tsetse fly and aphids) and primary endosym-
biont (Wigglesworthia and Buchnera), respectively.
Also, these bacteria tend to show a broad tissue
tropism, not being necessarily confined to bacterio-
cytes. In summary, although generally facultative in
nature, these bacteria could, under certain environ-
mental conditions, provide advantages to the host,
which could eventually lead to the evolution of obli-
gate associations.

Stage 3: obligate intracellular mutualist
(advanced stage)—no way back

The early sequencing of diverse insect facultative
endosymbionts revealed interesting insights into
these (Table 3). Deciphering the genome of Wol-
bachia pipientis strain wMel, an obligate intra-
cellular reproductive manipulator (nonmutualist)
from the fruit fly Drosophila melanogaster, evi-
denced the advanced stage of genome reduction of
endosymbionts.87 This genome is a mere 1.3 Mb
and shows a massive enrichment in mobile elements,
mainly insertion sequences. Since then, many more
Wolbachia strains have been sequenced, reveal-
ing similar properties (see Ref. 88). The genome
sequencing of facultative endosymbionts from the
aphid A. pisum evidenced the generality of these
characteristics in recently derived endosymbionts
(Hamiltonella defensa strain 5AT,89 Regiella insec-
ticola strains LSR1 and 5.15,90,91 and S. sym-
biotica strain Tucson92). These symbionts have
already become dependent on the obligate primary
endosymbiont Buchnera for some essential func-
tions, having developed auxotrophies for various
essential amino acids. However, although faculta-
tive for the host and primary endosymbiont, differ-
ent strains of these symbionts have been shown to
confer on their host a variety of convenient traits,
such as acting as defensive symbionts against para-
sitoid wasps (S. symbiotica, H. defensa, and R. inse-
cticola)91,93,94 and fungal parasites (R. insecticola,
Rickettsiella spp., and Spiroplasma spp.),95,96 con-
ferring survival after heat stress (Rickettsia spp.
and S. symbiotica)97,98 and even influencing their
insect host preference for host plant.99–101 These
traits could lead to the eventual fixation of a fac-
ultative symbiont in a particular population if the
environmental conditions providing that advan-
tage are maintained during sufficient evolutionary
time.102,103

Given the right triggers, facultative symbionts
at this stage can become obligate endosymbionts.
This is so for the early obligate associates Sodalis
pierantonius strain SOPE (primary endosymbiont
of the rice weevil104–107) and S. symbiotica strain
SCt-VLC (secondary co-obligate endosymbiont of
the cypress pine aphid).62 Comparative analysis
of the latter versus the facultative S. symbiotica
from A. pisum revealed that, while their genomes
possess very similar gene content and metabolic
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Table 3. Characteristics of stage 3 obligate intracellular mutualist (advanced-stage) insect symbionts

Species (INSDC

accession)

Strain or

isolate

Genome

size (Mb)

Number

of CDSs MEs � Cell shape

Isolation source

or niche

Serratia symbiotica

(AENX00000000)

Tucson 2.57a 2098a Many Many Filamentous103 Facultative

endosymbiont found

intracellularly in both

sheath cells and

bacteriocytes of A.

pisum (Hemiptera:

Aphididae)103

S. symbiotica

(FR904230-48,

HG934887-9)

SCt-VLC 2.49 1601 Many Many Filamentous62,66 Co-obligate mutualistic

endosymbiont found

intracellularly in both

sheath cells and

bacteriocytes of C.

tujafilina (Hemiptera:

Aphididae)62,66

Hamiltonella defensa

(CP001277-8)

5AT 2.17 2158 Many Many Filamentous103,b Facultative defensive

endosymbiont89

found intracellularly

in both sheath cells

and bacteriocytes of

A. pisum (Hemiptera:

Aphididae)103

Regiella insecticola

(ACYF00000000)

LSR1 2.07a 1769a Many Many Filamentous103,b Facultative

endosymbiont found

intracellularly in both

sheath cells and

bacteriocytes of A.

pisum (Hemiptera:

Aphididae)103

R. insecticola

(AGCA00000000)

5.15 2.01a 2313a Many Many Filamentous103,b Facultative defensive

endosymbiont87

found intracellularly

in both sheath cells

and bacteriocytes of

A. pisum (Hemiptera:

Aphididae)103,b

Sodalis pierantonius

(CP006568)

SOPE 4.51 4080 Many Many Filamentous104 Obligate endosymbiont

found intracellularly

in bacteriocytes from

Sitophilus oryzae104

MEs, mobile elements; � , pseudogenes.
aNumbers are based on highly fragmented genome assemblies and thus might be overestimated.
bThe given characteristic is derived from common characteristics of related strains belonging to the same species harbored by the
same host species.
[Corrections added on November 23, 2016, after first online publication: Reference citations were corrected in Table 3: row 2, column
7, “Filamentous62,75” was changed to “Filamentous62,66”; row 2, column 8, “[ . . . ](Hemiptera: Aphididae)62,75” was changed to
“[ . . . ](Hemiptera: Aphididae)62,66”.]

capabilities, their obligate and facultative status,
respectively, are determined by gene losses in the
primary endosymbiont Buchnera, which are com-

pensated by S. symbiotica. This example reveals
a possible route to becoming a fixed symbiont.
These two early obligate symbionts contribute to
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Figure 2. Genome rearrangement in stage 2 and stage 3 endosymbionts. Circular plots representing two examples, Sodalis (left)
and Serratia (right), of free-living versus insect endosymbiont genome-wide synteny. Rings, from outer to innermost, represent
features on the forward and reverse strands of the genomic contigs, respectively. Coding sequence features are shown in blue,
pseudogenes in gray, rRNAs in red, and tRNAs in black. Orange and black lines connecting different contigs represent conserved
single-copy genes in direct or inverse orientation, respectively.

the nutrition of their hosts and, similarly to facul-
tative endosymbionts, hold large genomes (4.5104

and 2.5 Mb,62 respectively) with a great enrich-
ment in mobile elements. Also, contrary to early
culturable facultatives, their genomes have already

undergone a massive number of rearrangements
when compared with their free-living relatives
(Fig. 2). This greater genome reduction compared
with stage 2 symbionts could be the result of a longer
and tighter evolutionary history with their hosts
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in which they undergo longer periods of vertical
transmission. Finally, while there are no reports of
growing S. pierantonius strain SOPE or S. symbiot-
ica strain SCt-VLC symbionts in pure culture, some
facultative endosymbionts are able to establish sta-
ble cultures inside insect cell lines. For exam-
ple, strains of Wolbachia,108 H. defensa, and R.
insecticola109 have been successfully cultured in
mosquito cell lines C6/36. [Correction added on
November 23, 2016, after first online publication:
In the preceding sentence, “H. defense, and R.
insecticola109 have been successfully cultured” was
changed to “H. defensa, and R. insecticola109 have
been successfully cultured”.] Additionally, the lat-
ter two also showed infection in D. melanogaster S2
and Spodoptera frugiperda (Lepidoptera: Noctuidae)
SF9 cell lines. This apparent dependence on insect
cells for the sustained growth of the aforementioned
symbionts could be a result of further genetic ero-
sion, promoting the development of auxotrophies
that would impair its free-living capacity.

Thus, at this stage, the intracellular symbiont
has lost its ability to grow axenically on artificial
medium. However, cultivation in insect cell lines
is possible, putatively reflecting their now obligate
intracellular lifestyle. Their genomes are character-
ized by an extensive pseudogenization and gene
loss, as well as a high level of genome rearrange-
ment, when compared with their free-living rela-
tives. These symbionts tend to reside in either sheath
cells (as stage 2 endosymbionts) or inside bacteri-
ocytes, whereas others have even developed depen-
dence on the host’s primary obligate endosymbiont.
Finally, while some can be of facultative nature, oth-
ers can already be of obligate (e.g., S. pierantonius
strain SOPE) or even of co-obligate nature (e.g.,
S. symbiotica strain SCt-VLC).

Stage 4: obligate intracellular mutualist
(extreme stage)—fragile symbiosis

Once the bacterium is locked into an intracel-
lular habitat and the interaction with the host
becomes stronger, genetic and metabolic losses or
adjustments can enable the transition to a drasti-
cally reduced obligate intracellular mutualist, the
fourth stage. At this stage, the ontogeny of a host
can undergo reprogramming to produce special-
ized cells (bacteriocytes) to house these symbionts.
Such relationships impose dramatic changes in both
the host and the bacterium. It is important to

note that there are exceptions to this intracellular-
ity. Namely, stinkbugs from the Plataspidae family
harbor a drastically reduced extracellular obligate
mutualistic bacteria (Ishikawaella capsulata110) in
crypts in the posterior of the midgut, which can
be regarded as a “pseudo-bacteriome.”111,112 How-
ever, this bacterium shares the strict vertical trans-
mission of endosymbionts, leading to continuous
strong bottlenecks like those experienced by obli-
gate intracellular symbionts, thereby leading to an
attenuated purifying selection.

To date, many examples have been found of dras-
tically reduced primary obligate intracellular mutu-
alistic insect endosymbionts (Table 4). These sym-
bionts commonly share traits, such as a reduced
and gene-rich genome, fewer pseudogenes, and
an inability to establish stable cultures, either in
insect cell lines or in pure culture (reviewed in
Ref. 63). The determination of the first whole
Buchnera genome (also the first of an endosym-
biont) revealed a high specialization of its genetic
repertoire toward the production of essential amino
acids,25 which are lacking from its host’s diet. This
symbiotic-function specialization is not unique to
Buchnera, since this has also been observed for other
symbionts from phloem-feeder insects26,110,113,114

and even blood suckers.28,29,31,115 Beyond these two
groups of organisms, other insects that feed on
more complex diets (omnivorous), such as cock-
roaches and ants from the Campotini tribe, have also
been found to house the obligate drastically reduced
mutualistic intracellular symbionts from the gen-
era Blattabacterium116,117 and Blochmannia,118,119

respectively. Through the study of these endosym-
bionts, it was found that their genomes are not only
generally specialized for producing amino acids for
their hosts, but also hold genes for a functional
urease41,120,121 and are thus involved in nitrogen
recycling and thereby provide a nutritional upgrade
to their hosts.122–124

Further sequencing of some of the host genomes
and/or transcriptomes of these obligate endosym-
bionts has revealed intricate patterns of metabolic
complementation between the host genome and the
endosymbionts’ genes, sometimes even involving
ancient putative horizontal transfers from diverse
bacteria.125–127 The sequencing of various strains
belonging to the same endosymbiotic species has
revealed features about their genome architec-
ture: Buchnera, Blochmannia, and Blattabacterium
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Table 4. Characteristics of stage 4 obligate intracellular mutualist (extreme-stage) insect symbionts

Species (INSDC

accession)

Strain or

isolate

Genome

size (kb)

Number

of CDSs MEs � Cell shape Isolation source or niche

Small genomes

Buchnera

aphidicola

(BA000003,

AP001070-1)

APS 655.73 574 None Few Spherical103,a Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of A. pisum

(Hemiptera:

Aphididae)103,a

B. aphidicola

(AE016826,

AAF492591)

BP 618.38 507 None Few Spherical103,a Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

B. pistaciae (Hemiptera:

Aphididae)103,a

B. aphidicola

(CP000263,

AY438025,

EU660486)

BCc 425.23 364 None Few Spherical42 Co-obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of Cinara

cedri (Hemiptera:

Aphididae)42

Blattabacterium

cuenoti

(CP001487,

CP002849)

Bge 640.94 591 None Few Rod133 Obligate mutualistic

endosymbiont found

intracellularly inside

bacteriocytes within the

fat body of Blatella

germanica (Blattodea:

Blattidae)121

Blochmannia

pennsylvanicus

(CP000016)

BPEN 791.65 610 None Few Filamentous6,a Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Camponotus

pennsylvanicus

(Hymenoptera:

Formicidae)6,a

B. floridanus

(BX248583)

– 405.56 583 None Few Filamentous119,a Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Camponotus floridanus

(Hymenoptera:

Formicidae)119,a

Baumannia

cicadellinicola

(CP008985)

BGSS 759.43 696 None Few Rod134 Co-obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Graphocephala

atropunctata (Hemiptera:

Cicadellidae)134

Continued
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Table 4. Continued

Species (INSDC

accession)

Strain or

isolate

Genome

size (kb)

Number

of CDSs MEs � Cell shape Isolation source or niche

B. cicadellinicola

(CP000238)

Hc 686.20 595 None Few Spherical134 Co-obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Homalodisca vitripennis

(Hemiptera:

Cicadellidae)134

Riesia pediculicola

(CP001085-6)

USDA 582.13 556 None Few Rod135 Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of Bemisia

tabaci (Phthiraptera:

Pediculidae)135

Portiera

aleyrodidarum

(CP003835)

BT-QVLC 357.47 247 None Few Pleomorphic

blob136,a

Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of Bemisia

tabaci (Hemiptera:

Aleyrodidae)136,a

Serratia

symbiotica

(CP002295)

SCc 1762.77 677 None Many Spherical60 Co-obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of Cinara

cedri (Hemiptera:

Aphididae)60

S. symbiotica

(LN890288)

STs-Pazieg 650.32 495 None Few Spherical50 Co-obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Tuberolachnus salignus

(Hemiptera: Aphididae)50

Wigglesworthia

glossinidia

(CP003315)b

Morsitans 724.73 620 None Few Rod30 Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of Glossina

morsitans morsitans

(Diptera: Glossinidae)30

W. glossinidia

(BA000021)

Brevipalpis 703.00 616 None Few Rod137,a Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of Glossina

brevipalpis (Diptera:

Glossinidae)137,a

Tiny genomes

Sulcia muelleri

(CP000770)

GWSS 245.53 227 None Few Pleomorphic

tubular138,a

Co-obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of Homalo-

disca vitripennis (Hemi-

ptera: Cicadellidae)138,a

Continued
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Table 4. Continued

Species (INSDC

accession)

Strain or

isolate

Genome

size (kb)

Number

of CDSs MEs � Cell shape Isolation source or niche

Tremblaya

princeps

(CP002244)

PCIT 138.93 125 None Few Pleomorphic139,a Co-obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Planococcus citri

(Hemiptera:

Pseudococcidae)139,a

Zinderia

insecticola

(CP002161)

CARI 208.56 202 None Few Pleomorphic3 Co-obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Clastoptera arizonana

(Hemiptera:

Clastopteridae)3

Nasuia delto-

cephalinicola

(CP006059)

ALF 112.09 137 None Few Pleomorphic140,a Co-obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Macrosteles quadrilineatus

(Hemiptera:

Cicadellidae)140,a

Carsonella ruddii

(AP009180)

PV 159.66 182 None Few Pleomorphic

tubular43

Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Pachypsylla venusta

(Hemiptera: Psyllidae)43

C. ruddii

(CP003467)

DC 174.01 207 None Few Pleomorphic

blob44

Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Diaphorina citri

(Hemiptera: Psyllidae)44

Hodgkinia

cicadicola

(CP001226)

Dsem 143.80 169 None Few Pleomorphic

tubular46

Obligate mutualistic

endosymbiont found

intracellularly in

bacteriocytes of

Diceroprocta semicincta

(Hemiptera: Cicadidae)46

MEs, mobile elements; � , pseudogenes.
aThe given characteristic is derived from common characteristics of related strains belonging to the same or a related species.
bMissing reported plasmid accession.

genomes each display general genome-wide syn-
teny, with the exception of a few inversions.40,124,128

This characteristic results from their rapid genome
reduction following their fixation as obligate
endosymbionts in their respective hosts and con-

firms the monophyletic origin of the infection in
the respective host’s ancestors.

As mentioned earlier, the aforesaid symbionts
hold small and gene-dense genomes with highly spe-
cialized roles. Given this metabolic specialization,
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their genomes have become fragile, in the sense that
gene losses can be particularly detrimental to their
symbiotic role. Such losses have been found in spe-
cific lineages, for example, the loss in the ammonia
assimilation capability in Blochmannia vafer129 and
of various essential amino acid–production genes
in some Blattabacterium strains.130,131 While these
losses might be overcome by the complex diet of
their hosts, other hosts with more restricted diets
(such as strict phloem, xylem, or blood feeders) can
suffer a great fitness reduction. Thus, these gene
losses can trigger important changes in the sym-
biotic consortium, leading to either the comple-
mentation of the symbiotic function by a present
facultative endosymbiont or the loss or the primary
endosymbiont and subsequent replacement of it by
a healthier endosymbiont (see Refs. 1, 60, and 132).

Complementation
The early sequencing of the small genomes of Buch-
nera from the aphid C. cedri42 and C. ruddii from the
psyllid P. venusta43 revealed that their highly reduced
genomes have lost some capabilities assumed to be
essential for their hosts (e.g., biosynthesis of trypto-
phan) and their own cellular maintenance (e.g., cell
envelope biogenesis). In the case of the former, it
was later discovered that this aphid species harbored
a secondary putatively co-obligate endosymbiont,
S. symbiotica.141 Later, the determination of the
full genome sequences from both endosymbionts
corroborated that they had indeed established a
metabolic complementation for the biosynthesis of
tryptophan and other nutrients.60,142 Further analy-
ses of other endosymbiotic systems from the Lachn-
inae aphids revealed that this secondary co-obligate
endosymbiosis was putatively triggered by the
ancient loss of the riboflavin biosynthetic capability
in the Buchnera from the Lachninae last common
ancestor, rendering the secondary endosymbiont
(capable of synthesizing riboflavin) of co-obligate
nature for the aphid–Buchnera consortium within
this subfamily.50,62 In the case of the Carsonella-
harboring psyllids, in-depth sequencing of five
species belonging to three different genera (Ctenary-
tania, Heteropsylla, and Pachypsylla) revealed that
at least two of them harbored distinctive genom-
ically reduced secondary endosymbionts61 capable
of metabolically complementing the lost enzymatic
steps in different metabolic pathways. However, the
sequencing data for the rest of the psyllid species

did not yield any obvious signs of the presence of
a secondary endosymbiont. The authors speculate
that this apparent absence of endosymbionts could
be due to putative differences in the amino acid
profiles of the phloem sap the insects feed on or an
increased role of the host genome (horizontal gene
transfer from either C. ruddii or another bacterial
source). However, the presence of another uniden-
tified symbiont cannot be completely ruled out.

A more extreme case of metabolic complemen-
tation is found in the endosymbionts of mealy-
bugs from the Pseudococcinae subfamily. They
harbor the betaproteobacterial Tremblaya princeps
inside bacteriocytes, which, unlike their Phenacoc-
cinae relative (Phenacoccus avenae), in turn harbor
their own intracellular endosymbionts.139,143 Recent
sequencing of some of these bacterial consortia,
along with their hosts, demonstrated a high level of
metabolic complementarity between the endosym-
bionts and even a dependency of T. princeps on the
import of translational machinery from its bacte-
rial resident.27,144–146 A common feature of these
co-obligatory endosymbioses is that, once the sec-
ondary endosymbiont is fixed as obligate, there is
further gene loss and an evolutionary acceleration
of its co-obligate bacterial partner (Fig. 3). This can
be explained by the new selective pressures imposed
by a new player on the already-present symbiont,
namely gene redundancy.

Within the hemipteran suborder Auchenorrhyn-
cha, there is a very ancient dual endosymbiotic
system (presumably established over 270 Mya) in
most extant families: Sulcia muelleri plus a Betapro-
teobacteria, named the BetaSymb lineage (see
Ref. 47). Although various genus names have been
proposed to designate the different betaproteobac-
terial secondary associates (Nasuia, Vidania, and
Zinderia) on the basis of phylogenetic analyses, it
has been suggested that all three putatively origi-
nated from a single “beta symbiont” infection.147

Additionally, Sodalis-like tertiary associates have
also been found within the Cercopoidea superfam-
ily coexisting with both Sulcia and Zinderia. It is
also important to note that the smallest endosym-
biont genomes have been found within those housed
by insects within these suborders, such as the
144-kb genome of Hodgkinia cicadicola46 and the
tiny 112-kb genome of Nasuia deltocephalinicola,47

co-obligate endosymbionts of the cicada Dicero-
procta semicincta and the leafhopper Macrosteles
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BA

Figure 3. Gene loss associated with the complementation of an obligate endosymbiont. Maximum likelihood phylogenetic recon-
struction of Buchnera (A) and Tremblaya (B) genomes on the basis of single-copy conserved genes, as calculated by OrthoMCL.169

The genus or species name for each endosymbiotic lineage is displayed under the branch leading to it. In parentheses is shown the
number of CDSs calculated to be present in the ancestor of each endosymbiotic lineage, according to Manzano-Marin et al.50 (A)
and Husnik and McCutcheon146 (B). Arrows emanating from branches in the tree represent CDS losses in each lineage, with those
harboring obligate secondary endosymbionts marked with a red box and lettering. Endosymbiotic clades that have an obligate
secondary associate are grouped with a red-dotted box. BMp, Bua, and BAk refer to Buchnera from Mizus persicae, Uroleucon
ambrosiae, and Acyrthosiphon kondoi, respectively. Strain names were used for Tremblaya.

quadrilineatus, respectively. These tiny genomes
demonstrate the drastic consequences of co-obligate
associations, driving genome reduction to the
extreme.

Replacement
We can consider Buchner as the first author to
propose the replacement of an endosymbiont.18 His
studies of the aforementioned Auchenorrhyncha
(based on his student H. J. Müller’s work) led
him to propose that one symbiotic association was
ancestral to the suborder, with different host lineages
acquiring and losing additional symbionts during
the radiation of this clade.148,149 This resulted in a
mosaic of different symbiont combinations across
modern subfamilies and tribes. Recent molecular
studies have refined the hypothesis:47,150–152 while
the almost universal presence of Sulcia and the wide-
spread presence of BetaSymb indicate that these two
were coresident in the common ancestor of Auchen-
orrhyncha, there is evidence for multiple replace-
ments by Hodgkinia, Sodalis-like, and Baumannia
bacteria in the Cicadoidea and within the Cer-
copoidea and the Cicadellinae, respectively.47 These
symbionts have evolved a metabolically similar
repertoire3,150 and, in the case of Baumannia134,151

and Hodgkinia,46,152 a drastically reduced genome.
Symbiont replacement of the primary and only

endosymbiont from an insect has been observed in

both Curculionidae (weevils)153,154 and Aphididae
(aphids).156 In the case of weevils, phylogenetic and
microscopic studies have shown that there was an
original infection by a Nardonella symbiont in their
common ancestor, followed by symbiont replace-
ment by, for example, a Sodalis bacterium in the
genus Sitophilus153,154 and Curculioniphilus buch-
neri in the genus Curculio.155 In Sitophilus weevils,
the sequencing of its primary obligate endosym-
biont (S. pierantonius) has revealed characteristics
congruent with the proposed recent acquisition of
this symbiont, including a large genome, an abun-
dance of insertion sequences, and a high level of
pseudogenization.104 Regarding symbiont replace-
ment in aphids, the substitution of Buchnera by a
yeast-like symbiont was first described in the Cerat-
aphidini aphid Tuberaphis styraci156 and later molec-
ularly characterized in other monophyletic aphids
within this tribe.157 Surprisingly, the loss of Buchn-
era has been accompanied by a loss of the bacteri-
ome, and thus the symbiont resides in the hemocoel
and fat body of its host. The sequencing of the yeast-
like symbiont from the aphid Cerataphis brasiliensis
revealed, as expected, that the symbiont was able to
synthesize the essential nutrients that are generally
supplied by Buchnera in other aphids,158 corrob-
orating the functional replacement of the original
primary endosymbiont.
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In summary, endosymbionts in this very
advanced stage of genome reduction hold drasti-
cally reduced, gene-dense genomes, are generally
housed within specialized cells (bacteriocytes), and
have developed an intricate metabolic complemen-
tation with their host. Their genomes are fragile,
and further gene losses can have a strong impact on
their symbiotic role, leading to symbiont replace-
ment or complementation. Host shifts to richer
diets can also trigger further genome reduction,
as proposed for Carsonella in psyllids61 or Weste-
berhardia in ants.159 Also, horizontal gene transfers
from unrelated bacteria are readily detectable in the
hosts, facilitating further genome reduction27,146,160

and even enabling host–symbiont interactions.161

If the symbiont successfully survives to this stage,
functional transfer of informational genes from its
genome to the host nucleus can lead to the bacterial
associate turning into an organelle, similar to what
triggered the establishment of an Alphaproteobac-
terium and a Cyanobacterium as the mitochondrion
and chloroplast organelles, respectively.

Perspectives

With the continuous sequencing and analyses of
endosymbiotic systems from diverse taxa, we are
discovering exciting and unique relationships. In
particular, the discovery of symbionts belonging to
a unique genus that are present in contrastingly dif-
ferent stages of genome reduction is shedding light
on genome reduction and its link to phenotypic
traits. Such examples include Arsenophonus,115,162

Coxiella,163–165 Serratia,50,60,62,82,92,166 and
Sodalis67,81,104 symbionts. Particularly, Coxiella
and Serratia symbionts from ticks and aphids,
respectively, offer the unique opportunity to dissect
the genome-reduction process within a single
symbiotic lineage and closely related hosts (ticks or
aphids).

However, several key questions remain unan-
swered. These are related to the origin and evolu-
tion of the symbiosis and to the ultimate fate of the
endosymbionts. Regarding origin, as yet we do not
know which specific changes occur in a free-living
bacterium to trigger its transition to an endosym-
biont. Another unanswered question is why some
microorganisms become intracellular whereas oth-
ers remain extracellular (ectosymbionts or exosym-
bionts), as well as the role played by the hosts

in this outcome. In general, eukaryotes, including
some insects, harbor a rich intestinal microbiota
participating in many host functions,167 indicating
that the extracellular route is more abundant on
the phylogenetic scale than the intracellular one.
However, they are not necessarily alternative routes,
and, for example, in cockroaches, both intracellular
and extracellular systems coexist.124,167,168 Regard-
ing the evolution of the symbiotic association, the
determining factors behind the genotypic and phe-
notypic changes undergone by the endosymbionts
in the different stages of genome reduction have
yet to be determined. The genome-reduction stages
proposed in this review are by no means definite,
and we expect that further research into symbiotic
systems in diverse animals will expand and even blur
the lines separating each stage.

Regarding the ultimate fate of the endosym-
bionts, we have presented extreme cases of genome
reduction and shown that they are dependent both
on their hosts and on the presence of additional
endosymbionts. This raises some important ques-
tions: What do these organelle-like entities repre-
sent? What roles do they play in the evolution of
eukaryotes? What changes does the host’s immune
system undergo to allow bacterial accommodation?
In this review, we have extensively described the
profound transformations experienced by a bac-
terium on becoming an intracellular endosymbiont.
However, more in-depth research should now focus
on the host, exploring the host-derived factors that
could promote the endosymbiont’s genomic reduc-
tion and lifestyle changes. Finally, the integration
of all these branches of knowledge will have a great
impact on synthetic biology, enabling us to learn
how these microorganisms can be manipulated and
transformed, mainly those that are still culturable.
In doing so, we would be able to reprogram their
genomes for specific studies.

In the near future, research should tackle all the
above-mentioned and ambitious research properly.
It will be necessary to (1) undertake more system-
atic study into the genomics and other omics of both
eukaryotes and their intra- and extracellular sym-
bionts, (2) study the molecular biology of the host’s
tolerance mechanisms for endosymbionts, and (3)
set up experimental studies to ascertain how a stage 1
or potential mutualist symbiont is altered by a forced
continuous association with a particular host.
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[Corrections added on November 23, 2016, after first
online publication: Multiple reference citations were cor-
rected throughout the article. On page 7, “[ . . . ] symbiont
of the pigeon louse fly),79” was changed to “[ . . . ] symbiont
of the pigeon louse fly),80”; on page 8, “[ . . . ] relative to
DNA deletion.62” was changed to “[ . . . ] relative to DNA
deletion.92”; on page 17, “[ . . . ] refined hypothesis:47,147,150”
was changed to “[ . . . ] refined hypothesis:47,150,152”; “[ . . . ]
and Aphididae (aphids).155” was changed to “[ . . . ] and
Aphididae (aphids).156”; “[ . . . ] proposed for Carsonella in
psyllids60” was changed to “[ . . . ] proposed for Carsonella
in psyllids61”; on page 18, “[ . . . ]Serratia,49,59,61,82,91,166” was
changed to “[ . . . ]Serratia,50,60,62,82,92,166”; and “Sodalis71,80,103”
was changed to “Sodalis67,81,104”.]
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