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Genome reduction has been widely studied in obligate intracellular bacterial mutualists
of insects because they have, in comparison to closely-related, nonhost-associated
bacteria, extremely small genomes. Pentatomid stinkbugs also maintain bacterial
symbionts, yet they are extracellular, residing within host-derived crypts, and are
transmitted to offspring outside of the host’s tissues, which exposes them to the
external environment. In this review, we explore how the multiphasic lifestyle of stinkbug
symbionts (e.g., on the surfaces of eggs in various matrices during transmission
and inside host-derived tissues during much of the host’s life), in contrast with the
solely intracellular lifestyle of many insect endosymbionts, may impact their genome’s
architecture, size and content. Furthermore, we demonstrate how additional stinkbug
symbiont genomes are needed to more fully explore these questions and the potential
value of the stinkbug-symbiont system in understanding genome evolution and reduction
in the absence of intracellularity.
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Introduction

Insects spanning many species-rich groups, including aphids, cicadas, cockroaches, and whiteflies,
maintain mutualisms with intracellular bacteria that are essential to their growth and development
(Moran et al.,, 2008). Typical characteristics of these bacterial partners are that they are not
cultivable by classical methods, maternally transmitted to offspring (with one reported exception;
Watanabe et al., 2014), and have highly reduced, A4+T% biased genomes (Moran and Bennett,
2014). Among the most likely contributors to this latter phenotype of obligate endosymbiotic
lifestyles are (1) the oft-observed absence of genes encoding DNA repair and recombination
functions in endosymbiont genomes (Wernegreen, 2002); (2) relaxed purifying selection due to the
stable intracellular conditions (Nikoh et al., 2011); (3) repeated vertical transmission of small, clonal
populations with limited-to-no opportunities for gene exchange with other bacteria (Wernegreen,
2002; Batut et al., 2014) and (4) loss of genes not essential for a strictly intracellular lifestyle (Mira
etal., 2001), many of which can be >4500 nt in length and their loss can contribute significantly to
genome size shrinkage (Kenyon and Sabree, 2014).

The abundance of genomes for bacteria occupying a wide array of habitats facilitates
comparative analyses that can reveal habitat-specific genomic characteristics. Given genomic
evolutionary trends observed with intracellular insect symbionts, we are interested in examining
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if similar characteristics of an obligate host-bacterial mutualism
would be observed in insects that harbor symbionts in specialized
tissues but transmit them to offspring by alternative modes of
inheritance (Hosokawa et al., 2005, 2012a,b; Prado and Almeida,
2009a; Bansal et al., 2014; Bistolas et al., 2014). Phytophagous
stinkbugs are useful exemplars in that they harbor bacterial
symbionts in modified sections of their midgut, called crypts
or caeca, and employ a variety of extracellular intergenerational
transmission strategies. In this mini-review, we will detail what
is known about the genomic architecture and content of stinkbug
bacterial symbionts in the context of alternative intergenerational
transmission strategies.

Who Are the Stinkbugs?

“Stinkbug” is the common name given to members of the family
Pentatomidae (Hemiptera) due to the production of noxious
secretions from abdominal glands. However, the name has been
applied to members of the Pentatomoidea superfamily (including
Cydnidae, Acanthosomatidae, Scutelleridae, Plataspidae,
Urostylidae, Parastrachiidae, and Tessaratomidae) and even
to members of the more general infraorder Pentatomorpha
(including members of the superfamilies Lygaeoidea, Coreoidea,
and Pyrrhocoroidea). Symbionts from members of these
groups have been demonstrated to undergo genome reduction
(Hosokawa et al., 2010; Nikoh et al., 2011; Kenyon et al., 2015).
The present mini-review will focus on the primary extracellular
gammaproteobacterial gut symbionts of the Pentatomoidea and
mention more distant members for comparative purposes.

Transmission Strategies

The means for reliable transgenerational transmission is
necessary for the evolution of stable host-symbiont mutualisms.
Stinkbug symbionts are not transmitted to offspring during
oogenesis, as observed in obligate intracellular symbionts
(e.g., aphid-Buchnera, cockroach-Blattabacterium, carpenter ant-
Blochmannia), but rather they are deposited either on or
proximal to the surfaces of eggs, outside of the insect, and
await their consumption by newly emerged nymphs to complete
their transmission. While intracellular symbionts have shown
to be housed in specialized bacteriomes (Moran et al.,, 2008)
located inside or adjacent to the reproductive system where they
have access to nascent oocytes (Matsuura et al., 2012), stinkbug
symbionts are restricted to the posterior section of the midgut
(Prado and Almeida, 2009a). As the gammaproteobacterial
primary symbionts have not been reliably detected in the ovaries
(see Matsuura et al, 2014 for suggestive evidence) of female
pentatomids, the only way for symbionts to be acquired by each
generation is through infection of midgut tissues following their
consumption by nymphs.

Horizontal (e.g., between nest mates) or vertical (e.g., mother
to offspring) transmission of gut symbionts has been observed
in insect orders including the Blattodea (Ohkuma, 2008) and
Hymenoptera (Anderson et al., 2012) in the form of trophallaxis
(exchange of gastric contents) between individuals (Sabree et al.,
2012). This method can minimize exposure of symbionts, namely

strict anaerobes, to the environment and ensure receipt of
viable microbes. However, some or all elements of sociality
(e.g., gregariousness, multigenerational colonies, maternal care,
brood care) are also necessary but not present in many insect
groups. While some stinkbug species are regarded as sub-social
for their display of behaviors such as gregariousness and alarm
pheromones (Eurydema rugosa, E. pulchra, and Nezara viridula
Megalotomus quinquespinosus, Alydus eurinus, A. pilosulus,
Dysdercus intermedius; Bell and Cardé, 1984), maternal egg
guarding and food provisioning (Adomerus triguttulus, Sehirus
cinctus, Canthophorus niveimarginatus, Parastrachia japonensis;
Filippi et al., 2009) and paternal egg guarding (Lopadusa augur
and Edessa nigropunctata; Requena et al., 2010), gut symbiont
transmission through trophallaxis has been recorded only in
Brachypelta atterima (Hosokawa et al., 2012a), and Pyrrhocoris
apterus (Kaltenpoth et al., 2009).

The most common method for stinkbug symbiont
transmission, even in species exhibiting maternal guarding
of the nymphs, is through egg smearing, which consists
of females smearing egg masses with symbiont-containing
secretions immediately following egg deposition. Upon hatching,
nymphs consume the maternal secretions and the symbiont
traverses the gastric tract and colonizes rows of tissues comprised
of crypts in the distal midgut (Prado et al, 2006; Kikuchi
et al., 2009, 2012; Prado and Almeida, 2009b; Kaiwa et al.,
2010; Kobayashi et al., 2011; Hosokawa et al, 2013; Bauer
et al, 2014). In this case, the symbiont is exposed to the
environment outside the insect for ~1-3 weeks with only the
maternal secretions to protect it. After the nymphs hatch, the
symbiont must also be able to survive the passage through
the immature nymph’s digestive system up to the last section
of the midgut where it colonizes the crypts. Through this
strategy, vertically transmitted symbionts experience distinct
habitats (e.g., maternal secretions-egg surface-gastric tract-distal
midgut) that vertically transmitted intracellular symbionts do
not. It is expected that this multiphasic lifestyle would select
for genes that would not be essential for intracellular symbionts
(e.g., cell wall biosynthesis) (Moran and Bennett, 2014). This
has been evidenced for Candidatus “Pantoea carbekii” and
for the symbiont of Plautia stali, which are transmitted by
this means, whose sequenced genomes reveal the presence of
genes involved peptidoglycan and cell wall biosynthesis that are
not usually present in intracellular mutualists (Kenyon et al.,
2015). However, it cannot be conclusively determined that taxa
exposed to these distinct habitats will experience habitat-specific
selection of loci, given that few complete genomes of extracellular
symbionts are currently available. Specifically, as extracellular
mutualists have a different transmission strategy, exactly how
this exposure to the environment affects genome reduction is
currently unknown. Sampling more genomes from symbionts
that use this strategy can show if the retention of these genes
is a common trend and if the genome reduction for these
extracellular mutualists reaches a limit because of this exposure.

Plataspid stinkbugs employ a variation on external symbiont
transmission that involves production of symbiont capsules
that consist of a cuticle-like envelope surrounding a resin-like
matrix that contains symbiont cells (Hosokawa et al., 2005).
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The envelope and matrix protect symbiont cells from exposure.
Capsules are placed on the apex of each egg, compelling nymphs
to consume the capsule and its symbiont infusion as it emerges.
This strategy is highly specialized in that the host organism
has had to develop a specialized system for the protection
of the symbiont during the vertical transmission phase. The
different secretions involved in the capsule are produced in
different regions of the midgut and are stored until oviposition,
and capsule-based transmission is unique to members of the
Plataspidae family (Hosokawa et al., 2005). While this is similar
to trophic egg production, which is where infertile eggs are laid
along with fertile eggs to be eaten by the nymphs upon hatching
for nutritional purposes, capsules are produced by different
mechanisms. Urostylid stinkbugs use a variation on capsule-
based symbiont transmission where the symbiont is embedded
in a voluminous gel like substance or “jelly” that covers the eggs
and provides a food source for nymphs during the winter (Kaiwa
etal.,, 2014).

Evolution of the symbiont capsule and jelly structures suggests
that reduced environmental exposure provides higher fitness for
the host-symbiont association, highlighting that transmission
is critical for the symbiotic relationship. These protective
structures may also protect the symbionts from contamination
by environmental bacteria that could jeopardize the fidelity of
the transmission if competing environmental microorganisms
are allowed to replace the symbiont. Also, exposure to UV
radiation or desiccation may affect the symbionts before they
are able to reach their new hosts or reduce their titers below
infective levels. On the other hand, horizontal symbiont transfer
among stinkbugs has been speculated to happen due to symbiont
cross contamination between eggs of different species in clades
where clear host-symbiont coevolution is not evident (Kikuchi
et al., 2009). This is especially important when considering that
symbiont transfers may grant their new hosts the ability to exploit
different plant resources (Hosokawa et al., 2007).

Coevolution

In most reported cases, stinkbug symbionts are well-integrated
into the growth and development their host. Aposymbiotic
individuals commonly display lower fitness parameters such as
longer periods between molts (Kikuchi et al., 2009), reduced
size (Hosokawa et al., 2006), and lower progeny survivorship
(Taylor et al., 2014) (see Table 1). While there are examples
in which aposymbiotic insects do not display reduced fitness
in comparison to their symbiotic counterparts (Prado et al,
2006; Prado and Almeida, 2009b), it is possible the measured
parameters or laboratory conditions, such as a particular diet,
would not detect the impact of the loss. Nevertheless, host
physiological and behavioral investments in the maintenance of
the symbiont support the general hypothesis that the relationship
is mutually beneficial. This is further evidenced by a range of
traits developed specifically to harbor and stably inherit these
symbionts, including organs such as the midgut crypts in most
pentatomids, the lubricating organ and further modified isolated
midgut crypt in Acanthosomatidae (Kikuchi et al., 2009) and
certain pentatomids (Hayashi et al., 2015); secretions such as

the symbiont capsule in Plataspidae (Nikoh et al., 2011), and
the nutritional symbiont jelly in Urostylidae (Kaiwa et al,
2014); and even behaviors such as pre-hatching mucus secretion
in Parastrachiidae (Hosokawa et al, 2012a) and nymphal
aggregation or wandering in relation to symbiont acquisition
(Hosokawa et al., 2008). Additionally, benefits for the symbiont
likely include a regulated and isolated environment, free from
host defenses (Futahashi et al., 2013) with a continued provision
of nutrients and protection from invasion of competing bacteria.

On a smaller scale, the coevolution of insect symbiont can
be evidenced through examples where vertical transmission is
stricter. In most cases of simple egg smearing, symbiont and host
are consistently grouped as corresponding monophyletic groups
at the genus level (Bansal et al., 2014; Matsuura et al., 2014), or
even subfamily level (Bistolas et al., 2014) even when sampled
from distinct geographic locations. However, at the family level
this tendency is not always maintained (Hosokawa et al., 2012b).
When symbionts are not inherited but are reacquired from the
environment, no such tendencies are evidenced (Kikuchi et al.,
2011). However, stricter methods of transmission show a more
consistent relationship between host and symbiont phylogeny in
the form of co-cladogenesis (Hosokawa et al., 2006; Kikuchi et al.,
2009).

Genome Reduction

The <1 Mb genome is commonly observed for intracellular
obligate endosymbionts (Moran and Bennett, 2014). Intracellular
residence under stable environmental conditions results in
relaxed purifying selection that subsequently facilitates mutation
fixation and accumulation. Additionally, the loss of DNA repair
and recombination mechanisms (as evidenced by a survey of
complete genomes), erroneous DNA replication and successive
genetic bottlenecks with each generation also contribute to
dramatic losses of genes nonessential for the maintenance of
the mutualism (Kenyon and Sabree, 2014). The abundance of
genomes for endosymbionts of insect for which life history
information is available, clear habitat conditions (e.g., consistent
intracellular localization) and host demands (e.g., phytophagy
and low assimilable nitrogen) are strongly correlated with
endosymbiont gene content (e.g., maintenance of essential amino
acid biosynthesis pathways). Drawing similar conclusions for the
crypt-dwelling, extracellular symbionts of stinkbugs is limited by
the paucity of available genomes.

Currently, complete sequences for four primary bacterial
symbionts of stinkbug are available: the unnamed symbiont of P.
stali (Kobayashi et al., 2011); Megacopta punctatissima symbiont,
Candidatus “Ishikawaella capsulata” (Nikoh et al., 2011); H. halys
symbiont, Candidatus “Pantoea carbekii” (Kenyon et al., 2015);
and Urostylis westwoodii symbiont, Candidatus “Tachikawaea
gelatinosa” (Kaiwa et al, 2014). Both L capsulata and T.
gelatinosa have considerably reduced genomes (0.7 and 0.75 Mb,
respectively) that largely reflect genic repertoires observed in
intracellular symbionts. During intergenerational transmission,
these symbionts are ensconced in host-derived structures
(capsules and jelly, respectively) that may significantly reduce
the symbiont’s exposure to the external environment, and thus
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TABLE 1 | Summary of primary gammaproteobacterial gut symbionts of stink bugs.

Host insect Host insect Symbiont Symbiont Genome Nutritional Symptoms of References
species family transmission size (Mb) benefits aposymbiotic hosts
Nezara viridula Pentatomidae Egg smear n.a. n.a. n.a. High nymphal Tada et al., 2011
mortality
Acrosternum hilare  Pentatomidae Egg smear n.a. n.a. n.a. Prolonged Prado and Aimeida,
development, lower 2009b
survivorship
Murgantia Pentatomidae Egg smear n.a. n.a. n.a. Prolonged Prado and Aimeida,
histrionica development 2009b
Eurydema rugosa Pentatomidae Egg smear n.a. n.a. n.a. Prolonged Kikuchi et al., 2012
and E. dominulus development,
different color, lower
weight
Halyomorpha halys ~ Pentatomidae Egg smear Candidatus 1.2 Amino acids and Lower progeny Taylor et al., 2014;
“Pantoea vitamins survivorship and Kenyon et al., 2015
carbekii” prolonged
development
Plautia stali Pentatomidae Egg smear Unnamed 3.8 Vitamins (A, E, Fewer individuals Abe et al., 1995;
(Plautia stali Carotene) reaching adulthood Kobayashi et al., 2011
symbiont)
Cantao ocellatus Scutelleridae Egg smear n.a. n.a. n.a. n.a. Kaiwa et al., 2010
Eucorysses grandis  Scutelleridae Unconfirmed n.a. n.a. n.a. n.a. Kaiwa et al., 2011
egg smearing
Elasmotethus, Acanthostomatidae Egg smear?® Candidatus 0.9* n.d. Fewer individuals Kikuchi et al., 2009
Acanthosoma, “Rosenkranzia reaching adulthood,
Sastragala, clausaccus” prolonged
Lindbergicoris development,
different color
Parastrachia Parastrachiidae Egg smear just  Candidatus 0.85* Uric acid recycling  High mortality during ~ Kashima et al., 2006;
Jjaponensis before hatching  “Benitsuchiphilus overwintering Hosokawa et al., 2010,
tojoi” diapause in 2012a
adulthood
Megacopta Plataspidae Capsule Candidatus 0.75 Amino acids and Lower body size, Fukatsu and
punctatissima and “Ishikawaella vitamins different color, Hosokawa, 2002;
M. cribaria capsulata” prolonged Nikoh et al., 2011
development
Urostylis Urostylididae Jelly Candidatus 0.70 Amino acids and High nymphal Kaiwa et al., 2014
westwoodi “Tachikawaea vitamins mortality, lower body
gelatinosa” sizeP

aUses a closed midgut crypt and modified organs for transmission of symbiont.
bSymptoms of individuals without access to nutritional “jelly” which provides both nutrition and symbiont cells.
n.a., not available; n.d., not determined; *, approximate genome size as determined by pulsed field gel electrophoresis.

these bacteria may require fewer genome-encoded products
to maintain their viability while awaiting nymphal uptake.
Conversely, P. carbekii and P. stali’s show great differences
in genome size despite their identical transmission strategy
and their host’s phylogenetic closeness, which may indicate
different ages of their symbiotic relationships with their hosts.
With the exception of the P. stali symbiont, the genomes

from all of the stinkbug symbionts lack genes involved in
DNA replication and repair, which is a characteristic shared
with intracellular symbiont genomes. It is common in both
intra- and extra-cellular symbionts that amino-acid and vitamin
synthesis pathways are selectively lost or retained according
to the hosts diet (phytophagy) (Kaiwa et al., 2014; Kenyon
et al., 2015), which suggests a similar condition in which the
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host exerts a positive selection for symbiont genes involved
in the production of nutrients they cannot obtain from their
diets. Extreme genome reduction (genomes smaller than <0.25
Mb) has only been observed in obligate intracellular symbionts
(McCutcheon and Moran, 2011; Moran and Bennett, 2014), yet
moderately reduced genomes (0.7-1.2 Mb) are observed in their
extracellular counterparts when compared to free-living relatives,
namely Pantoea ananatis and E. coli (Table 1; Kenyon et al.,
2015). Additional characteristics stinkbug symbionts share with
intracellular symbionts are A+T%-bias (with symbiont genomes
between 69 and 75%, excluding P. stali’s symbiont) and high
rates of sequence evolution (Hosokawa et al., 2013; Kenyon and
Sabree, 2014; Moran and Bennett, 2014).

While some intracellular symbionts have lost genes involved
in canonical ATP synthesis, the available extracellular symbiont
genomes have retained them. Host-generated ATP present
within bacteriocyte cytoplasm is likely sourced by intracellular
symbionts for their energetic needs (Moran and Bennett,
2014) while crypt-dwelling symbionts may not have access to
and therefore must retain these pathways. Additionally, genes
involved in lipid and cell wall biosynthesis tend to be missing
in intracellular symbionts, and loss of these is probably enabled
by the presence of the host cell membrane that provides
the missing protective and transport functions (McCutcheon
and Moran, 2011). However, these genes remain present in
P.carbekii and P. stali’s symbiont and absent in I. capsulata, which
might correspond to the ex vivo experience of these symbionts
on egg surfaces during intergenerational transmission while I.
capsulata may receive sufficient ex vivo protection by the capsule
that alleviates the need for de novo production of these cell
wall components (Nikoh et al., 2011). Although extracellular
stinkbug symbionts do not reside within the host cells, they are
often the sole occupants of elaborate specialized host-derived
structures, which reflect a significant adaptation and investment
of physiological resources for supporting the mutualism.

Given the dynamic life histories of stinkbug symbionts and
relatively minimal amount of time needed to generate complete
bacterial genomes, these organisms provide an exemplary
opportunity to study the effects of genome reduction in
extracellular symbionts. While the vertical transmission method
is reliable enough for strict mutualisms to develop, it is possible
that new, competing microorganisms can occasionally replace
the symbiont and start the association anew. As a result, different
stinkbug symbionts display different degrees of association and
reliance on their hosts (Prado and Almeida, 2009b). This is
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