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Swapping symbionts in spittlebugs: evolutionary
replacement of a reduced genome symbiont
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Bacterial symbionts that undergo long-term maternal transmission experience elevated fixation of
deleterious mutations, resulting in massive loss of genes and changes in gene sequences that
appear to limit efficiency of gene products. Potentially, this dwindling of symbiont functionality
impacts hosts that depend on these bacteria for nutrition. One evolutionary escape route is the
acquisition of a novel symbiont with a robust genome and metabolic capabilities. Such an
acquisition has occurred in an ancestor of Philaenus spumarius, the meadow spittlebug (Insecta:
Cercopoidea), which has replaced its ancient association with the tiny genome symbiont Zinderia
insecticola (Betaproteobacteria) with an association with a symbiont related to Sodalis glossinidius
(Gammaproteobacteria). Spittlebugs feed exclusively on xylem sap, a diet that is low both in
essential amino acids and in sugar or other substrates for energy production. The new symbiont
genome has undergone proliferation of mobile elements resulting in many gene inactivations;
nonetheless, it has selectively maintained genes replacing functions of its predecessor for amino-
acid biosynthesis. Whereas ancient symbiont partners typically retain perfectly complementary sets
of amino-acid biosynthetic pathways, the novel symbiont introduces some redundancy as it retains
some pathways also present in the partner symbionts (Sulcia muelleri). Strikingly, the newly
acquired Sodalis-like symbiont retains genes underlying efficient routes of energy production,
including a complete TCA cycle, potentially relaxing the severe energy limitations of the xylem-
feeding hosts. Although evolutionary replacements of ancient symbionts are infrequent, they
potentially enable evolutionary and ecological novelty by conferring novel metabolic capabilities to
host lineages.
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Introduction

Symbioses with bacteria have been a key driver of
eukaryotic evolution, enabling expansion into new
ecological niches and species diversification.
Among the most prominent evolutionary radiations
dependent on symbiosis are sap-feeding insects,
such as aphids, psyllids, cicadas and spittlebugs.
All have intimate associations with maternally
transmitted bacterial symbionts that provision
essential nutrients and thereby enable dietary
specialization on phloem or xylem sap of vascular
plants (Baumann, 2005; Moran, 2007). Although
such cases illustrate a role of symbiosis in ecological

innovation, reliance on symbionts can eventually
become an evolutionary liability. The small popula-
tion sizes and asexuality of maternally transmitted
symbionts result in the accumulation of mildly
deleterious mutations, each of small effect but
cumulatively resulting in lowered functionality
and fitness (Moran, 1996). Among the most extreme
examples of deteriorating genomes are those found
in insect symbionts (Moran, 2007; McCutcheon and
Moran, 2010, 2012; Bennett and Moran, 2013). Up to
90% of ancestral genes and associated metabolic
capabilities may be lost, and retained genes show
extensive sequence changes that reflect fixation
of mutations deleterious to gene function. For
example, symbiont gene products exhibit thermal
instability (Lambert and Moran, 1998; van Ham
et al., 2003; Baumann, 2005; Moran, 2007), and the
resulting heat sensitivity of symbionts can affect
hosts, in which reproduction fails when symbionts
are eliminated by heat (Moran, 1996; Dunbar et al.,
2007). Furthermore, obligate symbiont lineages
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cannot regain lost functions as they do not incorpo-
rate foreign genes through the lateral gene transfer
processes that are frequent in most bacteria (Tamas
et al., 2002; Moran, 2007; Moran et al., 2008;
McCutcheon and Moran, 2010, 2012; Bennett and
Moran, 2013).

Hosts such as sap-feeding insects have evolved
obligate dependence on symbionts despite dwind-
ling symbiont capabilities and tolerances. Replacing
an ancestral symbiont with a new one is a potential
solution: symbiont services, such as essential
amino-acid biosynthesis, are ubiquitous capabilities
in bacteria. But, as a result of host–symbiont
coadaptation, symbiont cells are intimately involved
in host development (for example, Braendle et al.,
2003; Koga et al., 2012) such that their sudden
removal causes lethal developmental disruption.
Nonetheless, several cases are known in which an
insect host lineage has acquired a new symbiont,
which has entirely replaced an ancestral one (for
example, Lefèvre et al., 2004; Conord et al., 2008;
Toenshoff et al., 2012; Toju et al., 2013) or has
persisted along with the ancestral symbiont while
assuming a subset of its functions (for example,
Lamelas et al., 2011).

Most sap-feeding insects of suborder Auchenor-
rhyncha host two symbionts, Sulcia muelleri
(Bacteroidetes) and a partner that varies among host
groups (Moran, 2007; McCutcheon and Moran,
2010; Bennett and Moran, 2013). In each case, the
paired symbionts show strikingly complementary
sets of genes related to production of essential
amino acids (the 10 protein amino acids that are
required nutrients for animals). For example, most
spittlebugs (Cercopoidea) are host to Sulcia plus
Zinderia insecticola (Betaproteobacteria) (Koga
et al., 2013), and genome sequences of symbionts
of the spittlebug Clastoptera arizonana indicate that
Zinderia can produce tryptophan, methionine and
histidine, exactly complementing Sulcia’s ability to
produce the other seven essential amino acids
required by the hosts, which consume only xylem
sap (McCutcheon and Moran, 2010). However, in the
meadow spittlebug (Philaenus spumarius) and
closely related species (tribe Philaenini), Zinderia
has been replaced by a Sodalis-like symbiont
(hereafter SLs, Gammaproteobacteria) (Koga et al.,
2013). Because both Sulcia and SLs are present in all
populations of P. spumarius sampled, and because
each occupies a specialized bacteriocyte type, they
are inferred to be obligate symbionts for their host,
similar to the dual symbionts in other groups of
Auchenorrhyncha that show complementary sets of
biosynthetic pathways for nutrient provisioning
to hosts (McCutcheon and Moran, 2007, 2010;
McCutcheon et al., 2009). P. spumarius ingests the
main transpiration xylem stream from a variety of
plant species and prefers plants with high amino-
acid content in the xylem fluid (Wiegert, 1964;
Horsfield, 1977; Hoffman and McEvoy, 1985;
Malone et al., 1999). This diet lacks not only

essential amino acids but also sugar or other
abundant energy substrates; nonessential amino
acids, primarily glutamine and asparagine, contain
the primary energy content (Brodbeck et al., 1990).
Energy demands are heightened further, because
xylem is under strong negative pressure in plant
shoots (Raven et al., 2005), and P. spumarius must
use powerful muscles to extract its food.

A symbiont replacement event, such as that in
P. spumarius, presents the possibility of expanded
host functionality, as free-living bacteria possess
many more metabolic capabilities than anciently
associated obligate symbionts. Alternatively, the
new symbiont may quickly shed genes conferring
any capabilities beyond those of its predecessor,
resulting in re-establishment of the same division of
labor between symbiont types, though possibly with
improved efficiency. The case of the SLs in the
Philaenini presents a relatively recent case of
symbiont replacement, providing a snapshot of
how a bacterial genome changes following establish-
ment of symbiosis, how tasks of different symbionts
are sorted out during the evolution of the new
partnership and whether metabolic capabilities may
be expanded in the process. To address these
questions, we have sequenced and analyzed the
genomes of the paired Sulcia and SLs symbionts of
P. spumarius and compared with those of paired
Sulcia and Zinderia, the ancestral symbiont types in
spittlebugs.

Materials and methods

Detailed procedures and DNA oligomer sequences
are available as supporting online materials.

Insect materials
Individuals of the P. spumarius were collected at the
Yale University West Campus (West Haven, CT,
USA), Berkeley (CA, USA) and Dublin (Ireland)
for this study. DNAs of seven spittlebug species,
Cosmoscarta heros, Aphrophora quadrinotata,
Philaenarcys bilineata, Neophilaenus lineatus,
Mesoptyelus fasciatus, Philaenus maghresignus
and Philaenus tesselatus, were the same as those
used in a previous study (Koga et al., 2013).

Genome sequencing and data analyses
DNA was extracted from three individuals collected
in West Haven, CT, USA using Proteinase K
treatment and phenol extraction. A 300-bp shotgun
library was constructed with the extracted DNA and
was subjected to high-throughput sequencing from
both ends (2� 100 bp) using Genome Analyzer IIx
(Illumina, San Diego, CA, USA) at the Yale Center
for Genome Analysis. The obtained paired reads
were assembled and analyzed using the CLC
Genomics Workbench 5.5 (CLC Bio, Aarhus,
Denmark). Genes were annotated using MiGAP
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(Sugawara et al., 2009), KAAS (Moriya et al., 2007)
and MetaCyc (Caspi et al., 2008). Insertion sequence
(IS) finder (Siguier et al., 2006) was used to identify
ILs. Circular graphs of the genomic data were drawn
using CIRCOS ver. 0.61 (Krzywinski et al., 2009).

Cloning and sequencing of IS1 in SLs
The entire sequence of IS1 in SLs (IS1SLs) was
obtained by PCR cloning with the primers IS1N5,
IS1N3, IS1N-OF and IS1N-OR and Sanger sequen-
cing essentially as described previously (Koga et al.,
2013).

Copy number of IS1SLs
DNAs for quantitative PCR assay were extracted by
using the DNeasy Blood and Tissue Kit (QIAGEN,
Valencia, CA, USA). Using DNA samples from single
spittlebugs from three localities, the numbers of
IS1SLs and of the single copy gene, groEL,
were estimated using a Mastercycler ep realplex
(Eppendorf, Hamburg, Germany) with SYBR Green
chemistry (Moriyama et al., 2012). Quantifications
of IS1SLs copy numbers were conducted with the
primers IS1N-QF and IS1N-QR while those of groEL
were based on the primers PsSodGroEL-AF and
PsSodGroEL-AR. Reaction mixtures were described
elsewhere (Moriyama et al., 2012), and thermo-
cycling conditions included an initial dena-
turation step for 95 1C for 2 min; 32� cycle regime
of 95 1C for 30 s, 52 1C for 30 s and 72 1C for 30 s and a
melting curve analysis. The copy number of IS1SLs
per genome was estimated by dividing the IS1SLs
copy number by the groEL copy number in each
individual assayed.

Occurrence of IS1 copies in SLs of other spittlebug
species
DNAs of eight spittlebug species were subjected to
PCR with three combinations of primers, IS1N5 and
IS1N3, IS1N-AF and IS1N-AR and IS1N-OF and
IS1N-OR, amplifying different regions of IS1Sln.
The PCR conditions were same as that for cloning of
IS1SLs.

Expression of distinct 16S rRNA genes in the SLs
genome
To determine which copies of SLs 16S rRNA genes
were silenced and which were expressed, we used
reverse transcription restriction fragment length
polymorphism analyses of 16S rRNA expressed in
SLs. Insect specimens were divided into two parts
along the middle line. One half was subjected to
RNA extraction with the combination of TRIzol (Life
Technologies, Carlsbad, CA, USA) and RNeasy kit
(QIAGEN), while DNA was extracted from the other
part with the DNeasy Blood and Tissue Kit (QIA-
GEN). Complementary DNAs (cDNAs) were synthe-
sized with Superscript II (Life Technologies)

according to the manufacturer’s protocol. The cDNAs
and corresponding DNAs were subjected to PCR
with the primers Sod628F and Sod1195R in the
reaction mixture same as that for the cloning of
IS1SLs with a thermo-cycling conditions, including
an initial denaturation step for 95 1C for 2 min; 32�
cycle regime of 95 1C for 15 s, 50 1C for 30 s and 68 1C
for 1 min. The PCR products were digested with
either SacII or NcoI (New England Biolabs, Ipswich,
MA, USA) according to the manufacturer’s protocol.

cDNA cloning of 16S rRNA expressed in SLs
Total RNA of P. spumarius samples, including their
bacteriomes and symbionts, was converted to cDNA
using Superscript II and the primers 16SB1 and
1507R according to the manufacturer’s protocol. The
cDNA was converted to dsDNA form and adenylated
at its 30 ends using the mRNA-Seq Sample Prepara-
tion Kit (Illumina) as directed in the manufacturer’s
protocol. The synthesized double-stranded cDNA
was cloned and sequenced in the same way as that
for the cloning of IS1SLs.

Molecular phylogenetic analyses
Multiple alignments were assembled using
MUSCLE (Edgar, 2004) implemented in MEGA 5.2
(Tamura et al., 2011). Ambiguously aligned regions
and sites, including missing data, were removed
from the multiple alignments before phylogenetic
tree constructions. For the phylogeny of SLs
(Supplementary Figure S5C), multiple alignments
of six protein coding genes, alaS, ffh, pyrG, typA,
uvrB and uvrC, were concatenated and subjected to
a phylogenetic analysis (Engel et al., 2012). All
phylogenetic trees were inferred with maximum
likelihood method using RAxML v7.2.8 (Stamatakis,
2006).

Data deposition
The scaffolds for SLs of P. spumarius have been
deposited at the GenBank/DDBJ/EMB under the
accession nos. BASS01000001–BASS01000562
(562 entries), while the sequences of the complete
genome of S. muelleri and the full-length IS1 are
deposited as AP013293 and AB849119, respectively.

Results and discussion

Sulcia-PSPU genome features
For Sulcia of P. spumarius (Sulcia-PSPU), we
obtained a complete circular genome, based on an
average sequencing depth of B2600� , resulting in a
genome sequence of 285 kilobases (kb) (Table 1). The
Sulcia-PSPU genome is highly similar to the four
previously sequenced Sulcia genomes from different
sap-feeding insects. All have identical chromosomal
arrangement of shared genes (Supplementary Figure
S1), highly reduced gene sets, AT-biased base
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composition and single rRNA operons. Some differ-
ences in gene sets occur among Sulcia genomes,
attributable to different gene loss events during the
diversification of Sulcia lineages (Supplementary
Figure S1). Sulcia-PSPU has no unique gene losses
and has only three genes (gdhA, nusG and map) not

found in any sequenced Sulcia genomes. As
expected, it is most similar to that of the Sulcia
previously sequenced for the spittlebug C. arizonana
(Sulcia-CARI; Figure 1a).

SLs-PSPU genome features
SLs-PSPU genes show high sequence homology to
genes of Sodalis glossinidius, a symbiont from tsetse
fly hosts (Figure 1b), with coding regions showing
nucleotide identities of 90–96%. The genomic
sequence of approximately 1.38 Mb (megabases)
was fragmented into 562 scaffolds (Table 1), which
were recognizable as belonging to the SLs-PSPU
genome based on depth of coverage and close
homology to previously sequenced Sodalis genomes
(see Supplementary Methods for detailed criteria).
These scaffolds represent nearly the complete gene
repertoire of SLs-PSPU, based on the presence of
203 of a defined set of 205 single copy genes
commonly present in gammaproteobacterial gen-
omes (Lerat et al., 2003). The fragmentation of the
assembly primarily resulted from the presence of a
large number of IS elements corresponding to nine
IS types; four of these IS types have close sequence
similarity to IS elements previously identified in the
S. glossinidius genome, which also contains many
more IS elements than do most bacterial genomes
(Belda et al., 2010) (Figure 2). One abundant type,
in the IS1 family, is most similar to copies in
S. glossinidius and also related to elements in
Escherichia coli strains (Supplementary Figure S2A).
This element (IS1SLs) is present at many locations

Table 1 Features of the genomes of SLs-PSPU and Sulcia-PSPU

Feature SLs-PSPU Sulcia-PSPU

Number of scaffolds 562 (607 contigs) 1 (completed)
Genome size (megabases) 1.38a 0.285
Average coverage 266� 2985�
GþC% 54.2% 20.9%
Number of intact ORFs 1027 252
Number of rRNA operons X2b 1
Number of tRNAs 37 30
Insertion sequencesc IS1, IS5, IS10 and

IS110
Not found

Phages and prophagesc Enterobacteria phage
Mu, Burkholderia
phage BcepMu,
Salmonella phage
ST64B

Not found

Abbreviations: IS, insertion sequence; ORF, open reading frame;
SLs, Sodalis-like symbiont; Sulcia-PSPU; Sulcia of P. spumarius.
aTotal length of combined scaffolds and an approximate estimate of
the total length of unique sequence. Because of multicopy IS
elements, the actual chromosome size is likely somewhat larger.
bNo full-length rRNA genes were assembled. However, we identified
two 16S rRNA loci of Sodalis-like symbiont from the species,
indicating that this symbiont of the species harbors at least two
rRNA loci.
cAccording to the classification of IS elements and phages found in S.
glossinidius by Belda et al. (2010).

Figure 1 Comparison of genomes of the two P. spumarius symbionts (upper half in a and b) with previously sequenced genomes of
related bacterial species (lower half in a and b). (a) Genome of Sulcia muelleri-PSPU compared with that of S. muelleri-CARI, showing
arrangement and orientation of open reading frames, GC content, and GC skew. The two Sulcia genomes are completely syntenic except
for a few genes present in one and not the other. (b) Genome of SLs-PSPU compared with that of Sodalis glossinidius, including its three
plasmids. The innermost graph of SLs-PSPU shows concatenated scaffolds arranged according to position in the S. glossinidius genome;
scaffolds are distinguished by colors and homology to sequences in the S. glossinidius is indicated by lines of the same color.
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in the SLs-PSPU genome but includes only one copy
in the S. glossinidius genome, indicating many
transpositions in the SLs lineage following its
divergence from the lineage leading to S. glossinidius
(Figure 2). Using a full-length reconstruction of
IS1SLs (767 bp) as a query to search the assembly for
the SLs-PSPU genome, homologous sequences were
found to be represented on 235 of 562 scaffolds,
mostly on the terminal regions, indicating that
copies of IS1SLs contributed to the fragmentation
of the genomic assembly (Supplementary Figure S3).
Other IS types were present on ends of many
other scaffolds. Copy numbers of multicopy IS
elements could not be determined directly from

the assembly. Using quantitative PCR to estimate
copy number for IS1SLs for individual P. spumarius
from different localities, we found averages ranging
from 277 to 1062 IS1SLs copies per genome
(Supplementary Figure S2E), indicating that the
elements are still actively transposing and are
creating diversity among SLs genomes within
P. spumarius populations. The sequenced SLs
genome came from a population with an average of
277 copies of IS1SLs per SLs genome, close to the
number of scaffolds on which IS1 sequences were
present. Copies of IS1SLs were also detected from
some other members of Philaenini that host a SLs
(Supplementary Figure S2F).

Genomic evidence for SLs as an evolutionary recent
symbiont acquisition
The genomic features of SLs-PSPU resemble those of
other symbionts that have undergone relatively
recent genome reduction and still retain many
pseudogenes and IS copies; previous examples
include S. glossinidius and related symbionts in
grain weevils (Plague et al., 2008; Clayton et al.,
2012) and Serratia symbiotica, a facultative
symbiont of aphids (Burke and Moran, 2011).
Although the overall length of scaffolds for
SLs-PSPU is 1380 kb, the chromosome is likely
somewhat larger because assemblies of multicopy
IS elements collapsed into fewer copies. Nonetheless,
SLs has a far smaller genome than do closely related
symbionts, S. glossinidius (4.5 Mb) and the grain
weevil symbiont SOPE (4.2 Mb), both of which are
reduced compared with Sodalis HS (5.2 Mb), a free-
living relative putatively representative of a genome
similar to that of non-symbiotic ancestors of SLss
(Clayton et al., 2012). The SLs-PSPU genome
contains at least 173 pseudogenes (containing 25
disrupted by an IS sequence). This is an under-
estimate, as smaller, highly degraded pseudogenes
would not be recognized.

Full-length sequences for rRNA genes were not
retrieved from the genome assembly for SLs-PSPU,
and sequencing of cloned PCR products for 16S
rRNA revealed that this reflected the occurrence of
two divergent rRNA sequences for different operon
copies in SLs-PSPU strains from P. spumarius
and from other species in the tribe Philaenini
(Supplementary Figure S4A), resulting in fragmented
assemblies. Previously, a similar case of rRNA
operon divergence was observed in the related grain
weevil symbionts, in which alternative copies
within a genome were more divergent than those
present in symbiont strains in different host species
(Dale et al., 2003). Highly reduced symbiont
genomes typically contain only a single copy of
rRNA genes (McCutcheon and Moran, 2012), and
the divergence of rRNA operons may represent an
evolutionarily transitional stage during the elimina-
tion of excess rRNA gene copies (Smith et al., 2013).
Indeed, we found that one copy is transcriptionally
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Figure 2 Sequences of SLs-PSPU that are derived from IS
elements and phages, showing their relative locations in the
S. glossinidius genome. A concatenated representation of scaf-
folds derived from SLs-PSPU is shown at the top with each
scaffold in a different color. IS elements and phages identified
within the S. glossinidius genome and identified by Belda et al.
(2010) are shown with gray bands on the bar representing the
S. glossinidius genome. Among them, those showing significant
similarities to the SLs scaffolds are labeled with their name and
colored as indicated at the bottom of the figure. Names of IS
elements and phages proposed by Belda et al. (2010) were
adopted. In the legends, the family name of the IS elements are in
parentheses. Portions of ISsgl8 (IS1 family) are present as a single
copy in the S. glossinidius genome but found on 235 scaffolds in
the SLs-PSPU genome.
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silenced (Supplementary Figures S4B and C) and
represents a pseudogene.

Evolutionary succession of symbiotic partners in
spittlebugs
Auchenorrhyncha appear to be derived from a
Permian-age ancestor in which Sulcia was paired
with a betaproteobacterial symbiont ancestral to
Zinderia (Bennett and Moran, 2013; Koga et al.,
2013). Sulcia was retained in a large proportion of
descendant lineages, whereas the betaproteobacterial
symbiont was more often lost and replaced by
new symbionts, including Hodgkinia cicadicola
(Alphaproteobacteria) in cicadas (Cicadoidea),
Baumannia cicadellinicola (Gammaproteobacteria)
in sharpshooters (Cicadellidae: Cicadellinae) and
SLs in P. spumarius and close relatives. Where it has
been retained, in some planthoppers (Fulgoridae),
leafhoppers (Cicadellidae: Deltocephalinae), and
spittlebugs (Urban and Cryan, 2012; Bennett and
Moran, 2013; Koga et al., 2013), the betaproteo-
bacterial symbiont appears to have a highly degenerate
genome. For example, the Zinderia-CARI genome
contains only 202 protein-coding genes, exhibits
extreme divergence of protein and rRNA sequences,
the most extreme AT nucleotide bias (13.5% GþC)
yet reported, and an altered genetic code in which
TGA encodes tryptophan rather than Stop
(McCutcheon et al., 2009). Recently the betaproteo-
bacterial symbiont of deltocephaline leafhoppers,
Nasuia deltocephalinicola, was shown to have the
smallest genome (112 kb) sequenced to date with the
same altered genetic code (Bennett and Moran,
2013). Based on molecular phylogenies, Nasuia
and Zinderia belong to the same symbiont clade,
and they are proposed to have descended from an
ancestral symbiont infecting a shared ancestor
of leafhoppers (Cicadellidae) and spittlebugs
(Cercopoidea) (Urban and Cryan, 2012; Bennett
and Moran, 2013; Koga et al., 2013). Both lack many
genes for energy production (Bennett and Moran,
2013), supporting elimination of these genes before
the divergence of Nasuia and Zinderia, and before
the acquisition of SLs by an ancestor of Philaenini
(Figure 4).

The evolutionary transition from Sulciaþ
Zinderia to SulciaþSLs probably included a stage
in which Sulcia, Zinderia and SLs coexisted.
Indeed, some modern spittlebugs do contain
SulciaþZinderiaþSLs (Koga et al., 2013). In P.
spumarius, the SLs is housed in a bacteriocyte type
that is distinct from that housing Zinderia (Koga
et al., 2013). As Sodalis strains are widespread as
maternally transmitted facultative symbionts of
many insect hosts (Snyder et al., 2011), an ancestor
of the SLs may have initially colonized an ancestor
of P. spumarius and other Philaenini as an opportu-
nistic symbiont, then evolved to become an obligate
mutualist, enabling the complete elimination of
Zinderia. The confinement of each symbiont to

distinct bacteriocyte types is likely key for their
ability to coexist within a host, without competitive
exclusion.

Implications of SLs acquisition for the symbiotic
metabolism of P. spumarius
The inferred symbiotic metabolism of P. spumarius,
in which SLs replaces Zinderia, shows striking
differences from that inferred for C. arizonana,
which hosts Sulcia plus Zinderia. The largest
change in inferred metabolic capabilities comes
from the addition of novel pathways present in
SLs, which though having a reduced genome still
retains many more genes than are present in either
Zinderia or the related Nasuia. Sulcia-PSPU and
Sulcia-CARI are largely similar in encoding path-
ways for production of seven essential amino acids
(leucine, valine, isoleucine, phenylalanine, argi-
nine, threonine and lysine) from nonessential amino
acids such as aspartate and glutamate. However,
Sulcia-PSPU does show one important difference
from Sulcia-CARI: Sulcia-PSPU possesses gdhA,
encoding glutamate dehydrogenase, which catalyzes
the production of 2-oxoglutarate from glutamate.
This gene is one of only the three genes intact in
Sulcia-PSPU but absent from other Sulcia, although
small fragments showing sequence homology still
remain at the same chromosomal position in
Sulcia-CARI (Supplementary Figure S5A). As
further evidence that the gene is retained from
ancestral Sulcia rather than acquired through
horizontal gene transfer, a phylogenetic tree shows
that the most closely related sequences are from
Blattabacterium species (Supplementary Figure S5B),
cockroach symbionts that are the closest sequenced
relatives of Sulcia.

For amino-acid biosynthesis, SLs acquisition has
resulted in some redundancy of functions between
paired symbionts of P. spumarius. Sulcia and
Zinderia of C. arizonana show perfect comple-
mentarity of genes corresponding to enzymatic steps
in the production of essential amino acids, with
Zinderia encoding intact pathways for production of
methionine, histidine and tryptophan (McCutcheon
and Moran, 2010). SLs-PSPU also shows some
complementarity with Sulcia: it retains these
three pathways, thus replacing the lost Zinderia
functions, and has lost all genes for steps in the
production of four amino acids (valine, isoleucine,
leucine and phenylalanine) for which Sulcia retains
biosynthetic pathways (Figure 3a). However, in
contrast to the Zinderia–Sulcia partnership, SLs-PSPU
and Sulcia-PSPU show some redundancy in amino-
acid biosynthetic abilities; both symbionts retain
genes underlying the synthesis of arginine, lysine
and threonine.

SLs-PSPU retains many other genes not present in
Zinderia. These include genes underlying F-type
ATPase and pathways for production of cofactors
(biotin, folate, flavin, vitamin B6, ubiquinone,
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glutathione, heme, thiamine), fatty acids, phospho-
lipids, purine and pyrimidine nucleotides, terpe-
noids and components of the bacterial cell wall
(Supplementary Table S1). Genes underlying steps
in the TCA cycle are retained, indicating capability
for producing energy from carbon skeletons derived
from sugar or from amino-acid catabolism. Xylem
sap lacks sugar, and amino acids are the primary
energy substrates available for use by xylem-feeding
insects (Brodbeck et al., 1990). We hypothesize that
the Sulcia-encoded glutamate dehydrogenase
(GdhA) enables the generation of 2-oxoglutarate
from glutamate and that this enters the SLs-PSPU
as a substrate in the TCA cycle, providing a major
source of ATP for the symbiotic system (Figure 3b).
This possibility would depend on availability of
excess glutamate, while glutamine and asparagine
comprise most amino acids in the xylem (Brodbeck

et al., 1990). Glutamate could be provided by
SLs PSPU, which retains intact gltBD, encoding
glutamate synthase, the enzyme that catalyzes the
production of glutamate from glutamine. In
sequenced relatives of SLs PSPU (S. glossinidius,
Sodalis HS and SOPE of grain weevils), gltBD is
absent or fragmented (Supplementary Figure S5C),
but it is intact in SLs PSPU. These genes are
also lacking from Zinderia-CARI and Nasuia
(Bennett and Moran, 2013), supporting their early
loss from the genome of the betaproteobacterial
partner of Sulcia, and suggesting that the acquisition
of SLs conferred the capability to produce glutamate
using glutamine, one of the most abundant organic
molecules in the diet (Wiegert, 1964).

Thus, we hypothesize that the unique retention of
gltBD in SLs PSPU and of gdhA in Sulcia PSPU may
enable a novel route for exploiting relatively

Figure 3 Reconstruction of symbiont-based metabolism in P. spumarius showing reactions for which SLs and Sulcia possess intact
genes. (a) Pathways for amino-acid biosynthesis and energy production. (b) Hypothesized movement of molecules between
compartments for SLs and Sulcia, showing route for production of glutamic acid used for producing TCA cycle intermediates.
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abundant nonessential amino acids for energy
production (Figure 4). Earlier studies on host plant
utilization by P. spumarius show that it preferen-
tially feeds on plants that are nitrogen fixers,
particularly those that transport nitrogen in the
xylem in the form of glutamine and asparagine
(Thompson, 1994, 2004). In the xylem of studied
hosts of P spumarius, amino acids comprise 98% of
organic matter, and glutamine and asparagine
comprise B75% of these amino acids (Wiegert,
1964). Thus, efficient use of these amides for energy
production is likely key for using the main xylem
transpiration stream as a sole food source. This
added route for extracting energy may have
expanded the niche of P. spumarius and other
members of the Philaenini containing the SLs
(Koga et al., 2013); this is among the most ecologi-
cally successful groups of spittlebugs, in terms of
abundance and geographic and host plant ranges
(Weaver and King, 1954; Thompson, 1994).
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