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Abstract

Bacteria confined to intracellular environments experience extensive genome reduction. In extreme cases, insect endo-
symbionts have evolved genomes that are so gene-poor that they blur the distinction between bacteria and endosym-
biotically derived organelles such as mitochondria and plastids. To understand the host’s role in this extreme gene loss,
we analyzed gene content and expression in the nuclear genome of the psyllid Pachypsylla venusta, a sap-feeding insect
that harbors an ancient endosymbiont (Carsonella) with one of the most reduced bacterial genomes ever identified.
Carsonella retains many genes required for synthesis of essential amino acids that are scarce in plant sap, but most of
these biosynthetic pathways have been disrupted by gene loss. Host genes that are upregulated in psyllid cells housing
Carsonella appear to compensate for endosymbiont gene losses, resulting in highly integrated metabolic pathways that
mirror those observed in other sap-feeding insects. The host contribution to these pathways is mediated by a combi-
nation of native eukaryotic genes and bacterial genes that were horizontally transferred from multiple donor lineages
early in the evolution of psyllids, including one gene that appears to have been directly acquired from Carsonella. By
comparing the psyllid genome to a recent analysis of mealybugs, we found that a remarkably similar set of functional
pathways have been shaped by independent transfers of bacterial genes to the two hosts. These results show that
horizontal gene transfer is an important and recurring mechanism driving coevolution between insects and their
bacterial endosymbionts and highlight interesting similarities and contrasts with the evolutionary history of mitochon-
dria and plastids.
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Introduction
One of the most well-documented patterns in genome evo-
lution is the reduction in genome size and gene content ex-
hibited by obligately intracellular bacteria (Andersson and
Kurland 1998; Moran and Wernegreen 2000; McCutcheon
and Moran 2012). This pattern can largely be explained by
a combination of relaxed functional constraint on redundant
or superfluous genes (Andersson et al. 1998), inefficient pu-
rifying selection in a host-restricted environment (Moran
1996), and a mutational bias favoring deletions over insertions
(Mira et al. 2001; Kuo and Ochman 2009). However, extreme
cases of genome reduction involving the loss of seemingly
essential genes remain puzzling. In particular, many nutri-
tional endosymbionts in sap-feeding insects maintain ge-
nomes that are less than 200 kb in size and that have lost
genes thought to be essential for basic cellular processes, in-
cluding the primary symbiotic role of these bacteria—the
biosynthesis of amino acids that are lacking in their hosts’
diets and that cannot be made by animals (Nakabachi et al.

2006; McCutcheon et al. 2009b; McCutcheon and Moran
2010; McCutcheon and von Dohlen 2011; Bennett and
Moran 2013). The first example of such extreme genome
reduction was found in Candidatus Carsonella ruddii (hereaf-
ter referred to as Carsonella), a vertically transmitted gamma-
proteobacterial endosymbiont that is present in all psyllids
(Hemiptera: Sternorrhyncha) examined to date (Thao et al.
2000). Gene loss appears to be an ongoing process in this
endosymbiont with observed Carsonella genome sizes rang-
ing in size from 158 to 174 kb across different host species
(Nakabachi et al. 2006, 2013; Sloan and Moran 2012). These
tiny genomes lack many widely conserved genes involved in
DNA replication, transcription, and translation, and most of
their essential amino acid biosynthesis pathways are incom-
plete (Tamames et al. 2007). Similar to other nutritional en-
dosymbionts in sap-feeding insects, Carsonella is sequestered
within bacteriocytes, specialized host cells found in an ab-
dominal organ known as the bacteriome (Buchner 1965;
Fukatsu and Nikoh 1998).
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The exceptional gene loss observed in Carsonella suggests
three possible mechanisms (none of which are mutually
exclusive). First, modification of highly conserved cellular pro-
cesses or selection for multifunctional proteins could have
allowed the endosymbiont to dispense with otherwise
“essential” genes (McCutcheon 2010; Kelkar and Ochman
2013). Second, as commonly observed in sap-feeding insects,
the presence of additional endosymbionts may compensate
for gene losses (Wu et al. 2006; McCutcheon et al. 2009a;
McCutcheon and Moran 2010; Lamelas et al. 2011;
McCutcheon and von Dohlen 2011; Nakabachi et al. 2013).
There is evidence supporting a role for other endosymbionts
in some psyllids. For example, the loss of Carsonella genes
necessary for arginine and tryptophan biosynthesis in the
Eucalyptus-feeding psyllid Ctenarytaina eucalypti appears to
be offset by a second bacterial endosymbiont that retains
these genes (Sloan and Moran 2012). However, some psyllids,
including hackberry-feeding species in the genus Pachypsylla,
lack additional symbiotic partners (Thao et al. 2000) but still
maintain Carsonella strains with highly reduced genomes that
have lost genes required for synthesis of some essential amino
acids (Nakabachi et al. 2006). Finally, missing Carsonella genes
may have been functionally replaced by host-encoded pro-
teins, including pre-existing eukaryotic homologs (Wilson
et al. 2010; Price et al. 2011) and/or genes of bacterial origin
acquired by horizontal gene transfer (HGT) (e.g., Nowack and
Grossman 2012).

Here, we focus on the last of these three potential mech-
anisms to address the question of whether Carsonella has
followed a similar trajectory as the evolution of mitochondria
and plastids from bacterial progenitors, in which genetic con-
trol was largely shifted from the endosymbiont (organelle) to
the host (nuclear) genome through a combination of direct
gene transfer and functional gene replacement. Recent func-
tional genomic analyses in two sap-feeding insects, aphids and
mealybugs, have supported the prediction that host genomes
play a central role in endosymbiont metabolism and provided
evidence that both insects have acquired multiple genes of
bacterial origin, many of which are now preferentially
expressed in bacteriocytes (Nakabachi et al. 2005; Nikoh
and Nakabachi 2009; Nikoh et al. 2010; Hansen and Moran
2011; Poliakov et al. 2011; Macdonald et al. 2012; Husnik et al.
2013). The pea aphid endosymbiont Buchnera aphidicola has
maintained a (relatively) intact genome with a 641 kb chro-
mosome containing almost 600 protein-coding genes
(Shigenobu et al. 2000), and none of the horizontally acquired
bacterial genes in the pea aphid genome appear to be in-
volved in core metabolic pathways in Buchnera (Nikoh et al.
2010). In contrast, the betaproteobacterial endosymbiont Ca.
Tremblaya princeps from the citrus mealybug has a tiny
genome (139 kb) even by the standards of obligately intracel-
lular bacteria, and it has the notable distinction of harboring
another bacterial endosymbiont nested within its own cells
(von Dohlen et al. 2001; McCutcheon and von Dohlen 2011).
Most of the inferred metabolic pathways in the citrus mealy-
bug bacteriome involve a patchwork of gene products
encoded in different symbiotic compartments, including
more than 20 genes of bacterial origin in the host genome,

many of which appear to directly complement Tremblaya
gene losses (Husnik et al. 2013). Interestingly, there is no ev-
idence that any of the HGT events in aphids or mealybugs
involve the direct transfer of functional genes from their re-
spective obligate endosymbionts, contrasting with the mas-
sive gene movement from mitochondria and plastids to the
nucleus during the history of eukaryotic genome evolution
(Timmis et al. 2004). Instead, genes appear to have been ac-
quired from other insect-associated bacteria, such as
Arsenophonus, Cardinium, Rickettsia, Sodalis, Serratia, and
Wolbachia (Nikoh and Nakabachi 2009; Nikoh et al. 2010;
Husnik et al. 2013). However, the pea aphid genome does
contain two small, nonfunctional fragments of Buchnera
DNA, indicating that genetic transfer to insects from their
obligate endosymbionts is possible (Nikoh et al. 2010).

By analyzing genome-wide patterns of host gene expres-
sion in the hackberry petiole gall psyllid Pachypsylla venusta,
we show that extreme genome reduction in Carsonella and
Tremblaya has involved a number of striking evolutionary
parallels, including independent HGT events affecting the
same functional pathways. Although multiple bacterial line-
ages have acted as HGT donors, we find that psyllids have
acquired at least one gene directly from Carsonella.

Results

Identification of Preferentially Expressed Genes in the
Psyllid Bacteriome by mRNA-Seq

Deep strand-specific sequencing of polyadenylated tran-
scripts (mRNA-seq) in P. venusta nymphs isolated from hack-
berry galls was used to broadly identify and characterize
psyllid genes. Furthermore, by comparing expression levels
between the bacteriome and the rest of the insect body, we
identified dramatic differences in host gene expression (fig. 1).
After quality filtering, we obtained between 14.3 and 20.9
million Illumina read pairs for each of three replicate
mRNA-seq libraries derived from isolated P. venusta bacter-
iomes and three corresponding libraries derived from the re-
maining body tissues (table 1). Despite the polyA selection
step employed during library construction to isolate eukary-
otic mRNAs, we also recovered some Carsonella sequences
(an average of 7.75% and 0.05% of reads in bacteriome and
body libraries, respectively), reflecting the extremely AT-rich
nucleotide composition of the Carsonella genome
(Nakabachi et al. 2006). After excluding reads with identical
or near-identical matches to the Carsonella genome (see
Materials and Methods), de novo assembly of the combined
sequence data from all six libraries generated 142,684 tran-
scripts that were grouped into 80,904 “subcomponents.” In
principle, these subcomponents can be interpreted as distinct
genetic loci, but transcriptome assembly artifacts and assem-
bly fragmentation can inflate the identified number of sub-
components. Gene expression estimates (measured in
transcripts per million) were highly repeatable among biolog-
ical replicates, with sets of bacteriome and body libraries both
exhibiting intraclass correlation coefficients of 0.98. A total of
11,947 transcripts (8.4%) were identified as differentially ex-
pressed between the bacteriome and the rest of the body
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with a false discovery rate of less than 0.001 (of which 6,848
were upregulated in the bacteriome and 5,099 were down-
regulated). More than half of these transcripts exhibited a
difference in expression of greater than 100-fold between
the two tissue categories.

Integration between Host and Endosymbiont
Metabolic Pathways Facilitates Amino Acid
Biosynthesis in Psyllids

Previous analyses have summarized gene content in the
Carsonella genome from P. venusta (Nakabachi et al. 2006;
Tamames et al. 2007). Although these studies found that the
Carsonella genome is highly enriched for genes involved in
amino acid biosynthesis, many pathways appear to be incom-
plete or absent altogether (summarized in fig. 2).

Host genes that were upregulated in the bacteriome
appear to complement many of the pathways that are miss-
ing or incomplete as a result of gene loss in Carsonella
(Nakabachi et al. 2006), confirming that the bacteriome is
highly active in the synthesis of both essential and

nonessential amino acids (fig. 2 and table 2). The overall pat-
tern of gene expression in the psyllid bacteriome exhibited
numerous similarities to that in bacteriomes of related sap-
feeding insects (Hansen and Moran 2011; Macdonald et al.
2012; Husnik et al. 2013). Similar to aphids and mealybugs, the
psyllid genome contains genes encoding glutamine synthe-
tase (GS, EC 6.3.1.2) and glutamine oxoglutarate aminotrans-
ferase (GOGAT, EC 1.4.1.13), both of which were upregulated
in the bacteriome, with GS being expressed at exceptionally
high levels. The GS/GOGAT cycle provides a means of recy-
cling free ammonia (NH3) into glutamine and glutamate,
which are used as amino group donors in many of the
amino acid biosynthesis pathways. The ability to recycle am-
monia is presumably important for sap-feeding insects, given
the limits on nitrogen quantity and quality in their diets
(Lamb 1959; Douglas 2006). A few nonessential amino acids
including asparagine often represent the main source of ni-
trogen in phloem sap (Fukumorita and Chino 1982; Weibull
et al. 1986; Sandström and Pettersson 1994). Therefore, the
activity of asparaginase (EC 3.5.1.1), which was highly upregu-
lated in the psyllid bacteriome, is likely a primary source of
ammonia for the GS/GOGAT cycle (Macdonald et al. 2012;
Husnik et al. 2013).

Similar to the endosymbionts of many phloem-feeding
insects (Hansen and Moran 2013), Carsonella has lost the
genes necessary for production of ornithine, a substrate in
the arginine biosynthesis pathway, and for catalyzing the ter-
minal transamination reaction in the synthesis of phenylala-
nine (aspC) (Nakabachi et al. 2006). Two psyllid genes that
were highly expressed in the bacteriome, encoding delta-
1-pyrroline-5-carboxylate synthase (P5CS, EC 2.7.2.11/
1.2.1.41) and ornithine aminotransferase (OAT, EC 2.6.1.13),
potentially provide an alternative pathway to synthesize or-
nithine from glutamate. Similarly, the psyllid genome contains
an aspartate aminotransferase (AAT, EC 2.6.1.1) gene that was
highly upregulated in the bacteriome and likely acts as a re-
placement for aspC. In both cases, these observations mirror
expression patterns in mealybugs and/or aphids (Hansen and
Moran 2011; Macdonald et al. 2012; Husnik et al. 2013). Psyllid
genes involved in biosynthesis of the nonessential amino acids
proline, serine, and tyrosine were also highly expressed and
upregulated in the bacteriome (fig. 2 and table 2).

Although, in most cases, the apparent complementarity
between the psyllid and Carsonella genomes provided a clear
hypothesis for reconstructing complete amino acid biosyn-
thesis pathways (fig. 2), a handful of Carsonella gene losses

FIG. 1. Differential gene expression between psyllid bacteriome and re-
maining body tissues. Each point represents a Trinity subcomponent
(“gene”), with the x axis indicating overall gene expression and the y axis
indicating differential expression between tissue types. Genes identified
by edgeR as being significantly upregulated or downregulated in the
bacteriome are in red.

Table 1. Summary Statistics for mRNA-Seq Libraries.

Replicate Tissue Type Illumina Read Pairs (Millions) Carsonella Library
Contamination (%)

Raw Sequence Quality Filtered Carsonella Filtered

1 Bacteriome 22.3 14.7 13.5 7.64
Body 31.8 20.9 20.9 0.08

2 Bacteriome 21.5 14.3 13.2 7.66
Body 28.5 18.5 18.5 0.03

3 Bacteriome 29.3 19.3 17.8 7.94
Body 31.6 20.9 20.9 0.04
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remain difficult to explain. The most conspicuous involve the
absence of the entire histidine and tryptophan pathways.
These losses must have occurred since the divergence of
Pachypsylla from other psyllid lineages because both path-
ways are retained in other hosts (Sloan and Moran 2012;
Nakabachi et al. 2013). We found no evidence that any of
the corresponding genes have been transferred to the host
genome or functionally replaced by insect genes, suggesting
that the gall-forming Pachypsylla species must acquire suffi-
cient levels of histidine and tryptophan from their diet.
Carsonella also lacks scattered genes in other amino acid
pathways, including argD (lysine), aroE (phenylalanine/tyro-
sine), and ilvH (branched-chain amino acids). However, in
each of these cases, the rest of the pathway is widely con-
served in Carsonella strains from other psyllids, suggesting
that gene loss may have been offset by other enzymes—
either from the host or the endosymbiont—that have yet
to be identified. This interpretation is supported by the oc-
currence of similar or identical gene losses in endosymbionts
from related sap-feeding insects (Hansen and Moran 2013).

The metabolic pathways related to cysteine and methio-
nine also remain uncertain. Carsonella retains an enzyme that
catalyzes the conversion of homocysteine into methionine
(metE) but lacks the rest of the methionine biosynthesis

pathway. Similar to aphids and mealybugs, the psyllid
genome contains a gene related to cystathionine gamma-
and beta-lyases (CGL and CBL, EC 4.4.1.1/4.4.1.8) that was
very highly expressed in the bacteriome (fig. 2 and table 2).
It has been hypothesized that this gene may catalyze consec-
utive steps in converting cysteine to homocysteine via a
cystathionine intermediate, providing the necessary substrate
for endosymbiont-mediated synthesis of methionine (Wilson
et al. 2010; Hansen and Moran 2011; Husnik et al. 2013).
However, although recent metabolic analysis confirmed
that aphid host cells can generate homocysteine from
cystathionine, there was no evidence that they convert cys-
teine into cystathionine (Russell et al. 2013). Psyllids also differ
from aphids and mealybugs in an important respect.
Although the enzymatic machinery necessary to reduce sul-
fate and synthesize cysteine from serine is still present (in
symbiont or host) in both aphids and mealybugs,
Carsonella has lost all genes in this pathway, and we found
no evidence that they have been functionally replaced by host
genes. For these reasons, it is unlikely that methionine is syn-
thesized from cysteine in psyllid bacteriomes. Instead, methi-
onine biosynthesis likely depends on the availability of
cystathionine. Interestingly, this compound may also be
used as a substrate for CGL/CBL to produce cysteine
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FIG. 2. Inferred amino acid biosynthesis pathways in the Pachypsylla venusta bacteriome. For each host-encoded gene, the fold increase in expression
relative to the rest of the body is shown with absolute bacteriome expression in transcripts per million (TPM) shown in parentheses.
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(fig. 2), but the ultimate source of cystathionine is not readily
apparent. There are also alternative hypotheses to consider,
for example, that sap-feeding insects obtain cysteine and/or
methionine by processing dietary glutathione and S-methyl-
methionine, respectively, which are often found in plant
phloem (Akman Gündüz and Douglas 2009; Wilson et al.
2010).

The activity of CGL/CBL may also play a role in isoleucine
biosynthesis by providing a source of the precursor 2-oxobu-
tanoate from homoserine and/or cystathionine (Poliakov
et al. 2011; Husnik et al. 2013; Russell et al. 2013). If this is
the case, it could compensate for the fact that the endosym-
bionts of mealybugs, aphids, and psyllids have all lost the
threonine dehydratase (TDH, EC 4.3.1.19) encoded by ilvA,
which catalyzes the production of 2-oxobutanoate from thre-
onine. Previous analyses had suggested that the loss of ilvA
could be offset by the presence of a host-encoded TDH, but
this hypothesis was undermined by findings that the native
insect gene is not upregulated in the bacteriome in either
aphids or mealybugs (Hansen and Moran 2011; Husnik
et al. 2013). We found that the orthologous TDH gene in
P. venusta was modestly downregulated (6-fold) in the bac-
teriome relative to the rest of the body, but we also identified
a second gene with strong homology to serine/threonine
dehydratases (SDH/TDH, EC 4.3.1.17/4.3.1.19) that is not pre-
sent in aphids or mealybugs. Although this gene has not been
previously identified in insects, it is present in other animal
lineages (supplementary fig. S1, Supplementary Material
online), suggesting that it has been independently lost from
multiple insect lineages. This SDH/TDH gene was highly

expressed and upregulated (116-fold) in the psyllid bacter-
iome, suggesting that it may functionally replace ilvA in the
isoleucine biosynthesis pathway (fig. 2 and table 2). It is also
possible that the enzyme uses serine as a substrate, which
could provide an additional source of pyruvate as input for
the leucine/valine pathway. Either reaction would contribute
to the pool of free ammonia available for the GS/GOGAT
cycle.

Although the inferred metabolic pathways in the psyllid
bacteriome resemble those in related sap-feeding insects,
there are some clear contrasts, such as the loss of cysteine
biosynthesis genes and the presence of an additional SDH/
TDH gene (see earlier). In addition, ilvE, which encodes a
branched-chain aminotransferase (BCAT, EC 2.6.1.42), has
been lost from the endosymbiont genomes in aphids and
mealybugs. This enzyme catalyzes the terminal step in the
synthesis of isoleucine, leucine, and valine. In both aphids and
mealybugs, a host BCAT gene is upregulated in the bacter-
iome, likely compensating for the loss of ilvE in the endosym-
bionts. This functional replacement may enable host
regulatory control of the branched-chain amino acid biosyn-
thesis pathways (Wilson et al. 2010). In Carsonella, however,
ilvE is retained, and the overall expression level of the
host-encoded BCAT gene was essentially unchanged in the
bacteriome relative to the rest of the psyllid body (<2-fold
difference). Therefore, control over the terminal step in
branched-chain amino acid synthesis appears to be retained
by Carsonella. Interestingly, however, the length distributions
of host BCAT transcripts differed between the bacteriome
and the rest of the body. We found that antisense expression

Table 2. Host-Encoded Amino Acid Biosynthesis Genes that Are Upregulated in the Bacteriome.

Enzyme Name EC Trinity
Subcomponent

Bacteriome Expression

TPM (FPKM)a Fold Changeb FDR

Asparaginase 3.5.1.1 comp113172_c2 118 (93) 327.4 2E-151

Aspartate aminotransferase AAT 2.6.1.1 comp115799_c6 270 (165) 265.8 2E-124

Serine/threonine dehydratase SDH/TDH 4.3.1.17/4.3.1.19 comp108647_c2 1000 (788) 166.1 1E-144

Argininosuccinate lyase ASL-1c 4.3.2.1 comp116240_c1 162 (127) 145.5 6E-95

Argininosuccinate lyase ASL-2 4.3.2.1 comp113612_c8 38 (30) 141.8 4E-87

Phosphoserine phosphatase PSP 3.1.3.3 comp107672_c1 1608 (1266) 55.8 6E-108

Delta-1-pyrroline-5-carboxylate synthase P5CS 2.7.2.11/1.2.1.41 comp116236_c0 1044 (822) 35.3 1E-77

Phenylalanine 4-monooxygenase PAH 1.14.16.1 comp115765_c0 690 (542) 33.3 5E-75

Glutamine synthetase GS 6.3.1.2 comp104503_c0 3712 (2923) 31.0 3E-102

Phosphoglycerate dehydrogenase PGDH 1.1.1.95 comp106096_c1 769 (605) 22.4 7E-63

Chorismate mutase CM 5.4.99.5 comp113157_c6 308 (242) 13.2 2E-64

Cystathionine gamma/beta lyase CGL/CBL 4.4.1.1/4.4.1.8 comp111121_c10 1714 (1350) 12.9 2E-64

Phosphoserine aminotransferase PSAT 2.6.1.52 comp111308_c2 657 (517) 11.3 1E-57

Pyrroline-5-carboxylate reductased P5CR 1.5.1.2 comp115632_c0 135 (107) 7.9 1E-35

Glutamine oxoglutarate aminotransferase GOGAT 1.4.1.13 comp114372_c4 51 (40) 4.2 6E-19

Ornithine aminotransferase OAT 2.6.1.13 comp110483_c0 271 (213) 2.3 1E-07

NOTE.—FDR, false discovery rate; TPM, transcripts per million.
aTPM is used throughout as a preferred measure of gene expression (Li et al. 2010; Wagner et al. 2012), but, for comparative purposes, the commonly used FPKM statistic
(fragments per kb per million fragments mapped) is reported in parentheses.
bFold change is measured relative to expression in the rest of the body.
cThe ASL-1 locus appears to have been broken into two contigs by the Trinity assembler. Most of the gene is found in comp116240_c1, but the 30-end is in comp106522_c3.
dThe P. venusta genome contains a second copy of P5CR (comp111126_c4: sequences 7, 8, 9, and 14), which was very highly expressed in the bacteriome. However, edgeR did
not identify it as upregulated because of the expression data from additional sequences that were included within the same Trinity subcomponent.
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at the 50-end of the host BCAT coding sequence was upre-
gulated more than 200-fold in the bacteriome (supplemen-
tary fig. S2, Supplementary Material online). The amount of
sense-strand transcripts from the corresponding region was
highly reduced in the bacteriome, whereas the rest of the gene
was expressed at a slightly higher level in the bacteriome than
the insect body (supplementary fig. S2, Supplementary
Material online). The functional consequences of antisense
expression and variable transcript lengths in BCAT are not
clear, but this example illustrates the value of strand-specific
expression data. Conventional RNA-seq data would likely
have led to the misinterpretation that the BCAT gene is
highly upregulated in the psyllid bacteriome.

The P. venusta Genome Contains Many Functional
Genes of Bacterial Origin

Most of the host genes predicted to compensate for genome
reduction in Carsonella are native animal genes that appear to
have been co-opted to mediate this symbiotic relationship.
However, two genes in the inferred amino acid biosynthesis
pathways do not have identifiable orthologs in other insects
and appear to have been acquired by HGT (fig. 2). The first of
these is the gene coding for chorismate mutase (CM, EC
5.4.99.5), which catalyzes a key step in the phenylalanine bio-
synthesis pathway. Bacteria typically contain a bifunctional
CM-prephenate dehydratase enzyme (PheA, EC 5.4.99.5/
4.2.1.51) that catalyzes the two successive reactions that con-
vert chorismate into the immediate precursor of phenylala-
nine. The pheA gene is retained in Carsonella, but it has lost
the CM domain. We identified a CM gene that is encoded in
the P. venusta genome and highly expressed in the
bacteriome—a clear case of HGT because CM is not normally
found in animals. Interestingly, this psyllid gene does not
appear to be derived from pheA and instead belongs to a
distinct family of monofunctional CMs with a scattered dis-
tribution in bacteria (TIGR01806, CM_mono2). The only
other documented cases of CMs in animals (found in phyto-
parasitic nematodes) also involve bacterial HGT from this
monofunctional group (Lambert et al. 1999; Jones et al.
2003). Second, the P. venusta genome contains two divergent
copies of a gene encoding argininosuccinate lyase (ASL, EC
4.3.2.1), which is responsible for the terminal step in the ar-
ginine biosynthesis pathway. Although this enzyme is present
in many insects, it has not been identified previously in
Hemiptera, and Blast searches found that the P. venusta
ASLs are most similar to the bacterial ArgH. Quantitative
polymerase chain reaction (qPCR) using cDNA from multiple
tissues confirmed that the expression of both ASL gene copies
is highly upregulated in the P. venusta bacteriome (fig. 3). In
contrast, qPCR amplification of genomic DNA found that the
genomic copy number was essentially constant across tissues
(fig. 3), as expected for genes in the insect genome.

To determine whether these cases were representative of a
broader history of HGT from bacteria to psyllids, we screened
all assembled P. venusta transcripts for evidence of a bacterial
origin. After excluding cases of probable bacterial contamina-
tion in our sequencing libraries (see Materials and Methods),

we identified seven additional examples of bacterial HGT
(table 3). The functional pathways affected by HGT in
P. venusta mirror earlier observations in the citrus mealybug
(Husnik et al. 2013), but the specific genes that were trans-
ferred differ between the two insects (table 4). The parallel
history of these HGT events suggests that the transferred
genes have an important function, but, in some cases, their
specific roles are not immediately obvious. For example,
P. venusta has acquired the gene coding for riboflavin
synthase (ribC), but we found it to be expressed at very low
levels. Furthermore, the genomes of both the psyllid and
Carsonella appear to lack the rest of the genes in the riboflavin
biosynthesis pathway. The findings from a recent genomic
analysis of endosymbionts in the Asian citrus psyllid
Diaphorina citri may provide some insight into the history
of the ribC transfer (Nakabachi et al. 2013). In addition to
Carsonella, D. citri harbors a second bacteriome-associated
endosymbiont (Ca. Profftella armatura). The highly reduced
Profftella genome retains all the genes in the riboflavin bio-
synthesis pathway with the exception of ribC. We found that
ribC was transferred to the psyllid genome prior to the diver-
gence between Pachypsylla and Diaphorina and that it is still
present in D. citri (see later). Therefore, the ribC transfer may
reflect an ancient complementarity in riboflavin biosynthesis
with an endosymbiont that has since been lost in the
Pachyspylla lineage.

Most identified genes of bacterial origin in the P. venusta
genome were preferentially expressed in the bacteriome,
often by more than an order of magnitude (table 3), suggest-
ing that they play important roles in mediating the symbiosis
with Carsonella. However, two genes exhibited modestly
higher expression in the body. One of these, ydcJ, is a con-
served bacterial gene, but its function remains unclear even in
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FIG. 3. Quantitative PCR analysis of ASL gene expression (cDNA) and
genomic copy number (genomic DNA) in bacteriome, head, and body
tissues from Pachypsylla venusta. Abundance values were normalized to
the psyllid nuclear gene encoding the ribosomal protein (Rp)L18e. Error
bars represent one standard error.
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well-studied bacterial model systems. The other, mutY,
encodes a DNA mismatch repair enzyme that prevents G:C
to T:A transversions caused by mispairings involving the
oxidatively damaged base 8-oxo-G. Although mutY homologs
are widespread in eukaryotes, they have been lost in insects
(Jansson et al. 2010). Therefore, P. venusta may have reac-
quired the ability to perform mutY-dependent repair of
8-oxo-G damage in its genome by means of HGT, although
we found that this gene was only expressed at low levels
(table 3).

Draft Genome Assembly of P. venusta Confirms
Presence of Bacterial Genes

Data from the P. venusta genome project were used to verify

that genes of interest identified by mRNA-seq are actually

located in the psyllid genome. Sequencing of P. venusta ge-

nomic DNA produced an initial draft assembly with a total

contig length of 371.9 Mb and a total scaffold length of

701.8 Mb (including estimated gaps), which is consistent

with an earlier genome size estimate of 724 Mb for this species

Table 3. Bacterial Genes in the Psyllid Genome.

Name Description Trinity Subcomponent Bacteriome Expression Top Blast Hit

TPM (FPKM) Fold Change FDR

ORF AAA-ATPase-like comp111207_c2 235 (185) 168.5 5.E-124 ZP_04700017:
Rickettsia
(Alphaproteobacteria)

RSMJ 16S rRNA methyltransferase comp107791_c0 23 (18) 152.8 2.E-66 YP_003019747:
Pectobacterium carotovorum
(Gammaproteobacteria)

ASL-1 Argininosuccinate lyase, argH-like comp116240_c1 162 (128) 145.5 6.E-95 ZP_09288859:
Halomonas sp. GFAJ-1
(Gammaproteobacteria)

ASL-2 Argininosuccinate lyase, argH-like comp113612_c8 38 (30) 141.8 4.E-87 ZP_09187732:
Halomonas boliviensis
(Gammaproteobacteria)

ORF AAA-ATPase-like comp115390_c0 127 (100) 113.0 1.E-113 ZP_04700042:
Rickettsia
(Alphaproteobacteria)

CM Chorismate mutase comp113157_c6 308 (242) 13.2 2.E-64 ZP_11190527:
Pseudomonas sp. R81
(Gammaproteobacteria)

RIBC Riboflavin synthase comp97442_c1 2 (2) 4.2 4.E-04 YP_001453245:
Citrobacter koseri
(Gammaproteobacteria)

ORF Ankyrin repeat domain protein comp113863_c0 10 (8) 2.7 2.E-07 ZP_03335207:
Wolbachia
(Alphaproteobacteria)

MUTY A/G-specific adenine glycosylase comp106533_c0 2 (2) �2.2 1.E-03 ZP_11310983:
Bacillus bataviensis
(Firmicutes)

YDCJ Conserved hypothetical protein comp111380_c3 14 (11) �3.0 1.E-11 YP_001237396:
Bradyrhizobium sp. BTAi1
(Alphaproteobacteria)

NOTE.—FDR, false discovery rate; TPM, transcripts per million.

Table 4. Bacterial Genes Transferred to Psyllid and Mealybug Genomes.

Functional Classification Pachypsylla venusta (Psyllid) Planococcus citri (Mealybug)

Amino acid synthesis/metabolism argH, cm cysK, dapF, lysA, tms1

rRNA methyltransferase rsmJ rlmI

Riboflavin synthesis ribC ribA, ribD

AAA-ATPase Two genes One gene

Ankyrin repeat domain protein One gene One gene

Peptidoglycan synthesis/metabolism — amiD, ddlB, mltB, mraY, murABCDEFG

Biotin synthesis — bioA, bioB, bioD

Other ydcJ Glutamate-cysteine ligase-like protein, type III
effector, urea amidolyase
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(Nakabachi et al. 2010). Contig and scaffold N50s for the
assembly were 1.85 and 157.7 kb, respectively. The assembly
confirmed that the putative genes of bacterial origin are
encoded in the insect genome. Despite the fact that insects
were sampled from geographically disparate locations for
genome and transcriptome sequencing (Tucson, AZ, and
Austin, TX, respectively), the HGT candidates from the tran-
scriptome (table 3) were all verified to be present in the draft
genome assembly. They also contained introns with typical
insect sequence motifs at splice sites (Mount et al. 1992) and
were found in large scaffolds (21–1,353 kb) that contained
characteristic insect genes and/or repetitive elements.

Genes of Bacterial Origin Were Acquired from Diverse
Donor Lineages Including Carsonella Prior to the
Major Diversification of Psyllids

Blast and phylogenetic analyses both indicated that diverse

bacterial lineages acted as sources of HGT into the psyllid

genome (table 3 and fig. 3; supplementary fig. S3,

Supplementary Material online). As observed in aphids and

mealybugs (Nikoh and Nakabachi 2009; Nikoh et al. 2010;

Husnik et al. 2013), many genes appear to be derived from

groups with well-known insect-associated bacteria, including

Rickettsia and Wolbachia. Despite substantial amino acid

ZP 09674518 Paenibacillus dendritiformis
ZP 10910100 Oceanobacillus sp.

YP 001036612 Clostridium thermocellum
YP 004883465 Oscillibacter valericigenes

YP 004200790 Geobacter sp.
ZP 01311369 Desulfuromonas acetoxidans

ZP 01453446 Mariprofundus ferrooxydans
WP 018069241 Rhizobium leguminosarum

ZP 10317812 Hydrocarboniphaga effusa

ZP 10790539 Psychrobacter sp.
ZP 11628515 Moraxella catarrhalis

ZP 04720442 Neisseria gonorrhoeae
ZP 10383153 Sulfuricella denitrificans

ZP 10030331 Burkholderia sp.
ZP 10592349 Herbaspirillum sp.
ZP 21938304 Bordetella holmesii

ZP 13096611 Comamonas testosteroni
CCG18856 Taylorella asinigenitalis

ZP 01916584 Limnobacter sp.
ZP 16430881 Sutterella wadsworthensis

ZP 09693251 gammaproteobacterium HIMB55.
ZP 05705953 Cardiobacterium hominis

ZP 10754485 gamma proteobacterium
EEZ79899 uncultured SUP05 cluster bacterium

ZP 09785274 endosymbiont of Bathymodiolus sp.
ZP 05103390 Methylophaga thiooxidans
ZP 08817522 endosymbiont of Tevnia jerichonana

YP 004514568 Methylomonas methanica
ZP 08932643 Thioalkalimicrobium aerophilum
ZP 21240237 Wohlfahrtiimonas chitiniclastica

ZP 01128303 Nitrococcus mobilis
YP 003899325 Halomonas elongata
Q1QSV4 Chromohalobacter salexigens

ZP 10776442 Halomonas sp.
ZP 09288859 Halomonas sp. GFAJ-1
ZP 09187732 Halomonas boliviensis

YP 007660770 Portiera aleyrodidarum TV
Pachypsylla venusta ASL-1

Pachypsylla venusta ASL-2
YP 008350782 Carsonella ruddii DC

YP 006587469 Carsonella ruddii HC
YP 006587087 Carsonella ruddii CE

YP 802573 Carsonella ruddii PV
ZP 07264267 Pseudomonas syringae
ZP 06063480 Acinetobacter johnsonii

ZP 11170883 Alcanivorax hongdengensis
ZP 10114712 Beggiatoa alba

ZP 01166713 Neptuniibacter caesariensis
ZP 01306382 Bermanella marisrubri
YP 004314010 Marinomonas mediterranea
ZP 01113247 Reinekea blandensis

ZP 09505359 Alteromonas sp.
ZP 01103210 Congregibacter litoralis

ZP 09160335 Marinobacter manganoxydans
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FIG. 4. Phylogenetic analysis of argH-derived ASL genes in Pachypsylla venusta. Bootstrap values are indicated for nodes with �50% support. The
terminal branch for Carsonella ruddii PV was scaled to half its length to improve readability.
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sequence divergence (35%), the two argH-derived ASL genes
in the P. venusta genome appear to be closely related and,
therefore, the result of repeated transfers from the same
source or a single transfer and subsequent duplication
within the psyllid genome (fig. 4). Blast searches against the
National Center for Biotechnology Information (NCBI) nr
database found that these genes are most similar to homologs
within the Halomonadaceae, which includes Carsonella and
its sister lineage Ca. Portiera aleyrodidarum, the obligate en-
dosymbiont of whiteflies (Spaulding and von Dohlen 1998;
Sloan and Moran 2013). Unlike most bacterial genes in the
P.venusta genome, a copy of argH is still present in the
Carsonella genome (Nakabachi et al. 2006), and phylogenetic
analysis placed the host-encoded genes in a monophyletic
group with Carsonella, providing strong evidence that they
were acquired directly from Carsonella (fig. 4). Although the
branch lengths are long for the psyllid/endosymbiont se-
quences and the statistical support for some of the phyloge-
netic relationships is weak, it is unlikely that the placement of
these sequences within the Halomonadaceae is a long-branch
artifact given the divergent nucleotide compositions of the
genomes involved. Although the psyllid and endosymbiont
sequences are very AT-rich, the rest of the genomes in this
family are GC biased. None of the other examples of HGT
were clearly derived from Carsonella or the Halomonadaceae,
although the high level of sequence divergence in transferred
genes precluded unambiguous taxonomic assignment in
some cases.

To assess the timing of bacterial HGT events in psyllids, we
searched available genomic/transcriptomic data from two
other psyllids, the Asian citrus psyllid (D. citri) and the
potato psyllid (Bactericera cockerelli). With a single exception,
the identified genes of bacterial origin in the P. venusta
genome are also present in both D. citri and B. cockerelli.
Only the Wolbachia-derived ankyrin repeat domain protein
does not appear to be shared with the other psyllids. Because
the divergences between these species span some of the
deepest splits in the psyllid phylogeny (Thao et al. 2000),
the identified HGT events must have occurred before the
radiation of the major psyllid lineages. However, none of
the transfers appear to be shared with aphids, mealybugs,
or whiteflies, indicating that they took place after the diver-
gence of the superfamilies within the suborder
Sternorrhyncha. Therefore, the establishment of Carsonella
in a common ancestor of psyllids roughly 150 to 200 Mya
(Rasnitsyn and Quicke 2002) seems to have coincided with a
burst of bacterial HGT events.

Discussion

Parallelism in the Evolution of Metabolic Systems in
Sap-Feeding Insects

The metabolic interactions between the psyllid P. venusta and
its obligate endosymbiont Carsonella exhibit remarkable sim-
ilarities to those in related sap-feeding insects. The parallels
are particularly strong with the citrus mealybug, which har-
bors an endosymbiont that, like Carsonella, maintains one of
the most reduced bacterial genomes ever identified. The host

genomes in both insects have independently acquired bacte-
rial genes in a largely identical set of functional categories,
including amino acid biosynthesis/metabolism, riboflavin bio-
synthesis, and rRNA methylation (table 4). The parallelism
between aphids and mealybugs also extends to many of
the inferred phylogenetic sources of bacterial HGT and the
upregulation of existing eukaryotic genes in the bacteriome.
However, there are also clear differences between the insect
groups. Notably, we did not find any evidence that the psyllid
genome had acquired peptidoglycan biosynthesis genes, sup-
porting the hypothesis that the abundant transfer of pepti-
doglycan genes to the citrus mealybug genome is related to
the regulation of the unique nested endosymbiosis in that
host (Husnik et al. 2013). Overall, the striking similarities in the
histories of HGT in psyllids and mealybugs outweigh the dif-
ferences and suggest that HGT may be an important force in
facilitating the extreme genome reduction observed in many
endosymbionts of sap-feeding insects. Recent evidence that
HGT has also shaped amino acid biosynthesis pathways in
trypanosomatids and their endosymbiotic bacteria suggests
that this may be a more widespread phenomenon in eukary-
otes (Alves et al. 2013). The independent origins of nutritional
endosymbionts in numerous insects with highly specialized
diets (Moran et al. 2008), combined with the impending flood
of data from insect genome sequencing initiatives (Robinson
et al. 2011), should provide an exciting opportunity to identify
the basic biological mechanisms that promote or constrain
HGT in these symbiotic consortia.

The Functional Significance of Host Acquisition of
ASL from Carsonella

In some cases (e.g., CM), the function of host genes of bac-
terial origin can be readily inferred because no other genes
with equivalent activity can be identified in either the host or
endosymbiont genomes. However, the function of the argH-
derived ASL genes found in the P. venusta genome is more
ambiguous. We identified two divergent copies in the host
genome in addition to the copy that is still retained in the
Carsonella genome (Nakabachi et al. 2006). There are various
potential explanations involving subfunctionalization and/or
neofunctionalization for the maintenance of multiple gene
copies. For example, it is possible that the terminal enzymatic
step in the arginine biosynthesis pathway occurs in parallel in
the distinct cellular compartments within psyllid bacteriomes
for reasons related to arginine transport or regulation.
However, multiple lines of evidence suggest that one or
both of the host-encoded copies have taken over the ances-
tral role of Carsonella argH in arginine biosynthesis. First, both
host copies are highly upregulated in the bacteriome relative
to the rest of the body (fig. 3 and table 3). Second, an earlier
analysis of the amino acid sequence of the Carsonella argH
gene concluded that it is no longer functional as an ASL
because of the loss of key catalytic residues (Tamames et al.
2007). Third, argH is retained and under purifying selection in
all sequenced Carsonella genomes, even those in which the
arginine pathway is otherwise disrupted and replaced by the
presence of a second endosymbiont (Sloan and Moran 2012).
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This strongly suggests that the gene has evolved a function
that is independent of arginine biosynthesis. Fourth, the loss
and functional replacement of endosymbiont enzymes cata-
lyzing the terminal steps of amino acid biosynthesis pathways
has been a recurring theme in sternorrhynchan insects
(Hansen and Moran 2013). All these points suggest that the
host-encoded genes now control the final step in arginine
biosynthesis and that the Carsonella ArgH has adopted a
new function, as observed for ASLs that have evolved a struc-
tural role as crystallins in the lenses of bird eyes (Piatigorsky
et al. 1988).

Endosymbiotic Gene Transfer and Comparisons to
Organelle Genome Evolution

Regardless of the function of the host-encoded ASL genes in
psyllids, they represent an exception to the emerging pattern
of bacterial HGT in sap-feeding insects. These genes appear to
represent the first documented case in which an insect di-
rectly acquired a functional gene from its primary endosym-
biont. In contrast, dozens of identified transfers in aphids,
mealybugs, and now psyllids originated from other bacterial
sources (Nikoh et al. 2010; Husnik et al. 2013). Given that gene
transfer from organelle genomes to the nucleus has been a
major mode of evolution in the history of eukaryotes (Adams
and Palmer 2003; Timmis et al. 2004) and that functional
transfer from primary endosymbionts can occur, why are
such transfers so rare in sap-feeding insects? Below, we con-
sider multiple potential explanations, all of which may play
some role.

First, it is possible that there is an ascertainment bias and
direct transfers are actually more common than currently
recognized. Extreme nucleotide compositions and rapid evo-
lution of protein sequences can make it difficult to identify
genes in obligate endosymbionts. For example, despite the
reduction of the Carsonella genome to a small set of the most
essential and widely conserved genes, some Carsonella genes
still lack detectable homology to any known protein se-
quences (Tamames et al. 2007). Therefore, the level of diver-
gence in genes transferred from obligate endosymbionts may
make it difficult to confidently assign their phylogenetic
origin. We found that long branches made it difficult to pin-
point a specific HGT donor lineage for a number of the bac-
terial genes in the psyllid genome (supplementary fig. S3,
Supplementary Material online). Notably, many of the most
highly upregulated genes in the bacteriomes of sap-feeding
insects lack detectable homology with any known protein
sequences (supplementary table S1, Supplementary
Material online; Hansen and Moran 2011; Shigenobu and
Stern 2013). For these reasons, we believe the identified
genes of bacterial origin likely represent a conservative esti-
mate of the amount of HGT that has occurred in psyllids.

There may also be legitimate barriers to transfer that re-
strict gene movement from primary endosymbionts to their
hosts. Borrowing from the literature on reproductive isola-
tion, we can loosely classify these barriers as either
“pre-zygotic” or “post-zygotic.” Barriers that prevent the
physical movement of DNA to the host genome would be

analogous to prezygotic isolation. For example, the “limited
transfer window” hypothesis holds that rates of plastid DNA
transfer to the nucleus are lower in species with a single
plastid per cell because plastid lysis and the release of its
DNA into the cytoplasm would result in cell death in these
species (Barbrook et al. 2006). The obvious example in sap-
feeding insects is that, unlike organelles and bacteria that act
as reproductive manipulators (e.g., Wolbachia), primary en-
dosymbionts are only present in germline cells for a small
fraction of the host life cycle (Buchner 1965; Nikoh et al.
2010). Because DNA transfers must occur in germline cells
to be evolutionarily meaningful, there may be limited oppor-
tunities for movement of DNA from primary endosymbionts
to the host genome. This may explain why only two small
pseudogene fragments of Buchnera DNA were found in the
pea aphid genome (Nikoh et al. 2010) in contrast to the
veritable bombardment of organelle and bacterial DNA
that occurs in the nuclear genomes of some eukaryotes
(Huang et al. 2003; Dunning Hotopp et al. 2007).

Genes from primary endosymbionts may also face unique
“post-zygotic” barriers that prevent them from being retained
and becoming functional even after DNA is integrated into
the host genome. Transferred DNA sequences must clear a
number of hurdles to be functionally expressed, such as ac-
quiring eukaryotic-specific promoters and regulatory ele-
ments (Rand et al. 2004). Although these hurdles apply to
HGTs from any bacterial donor, genes from primary endo-
symbionts may face additional challenges related to their ex-
treme sequence divergence. For example, their highly biased
codon-usage may be poorly suited for translation by host
machinery. Some insect endosymbionts even have a modified
genetic code (McCutcheon et al. 2009b; McCutcheon and
Moran 2010; Bennett and Moran 2013), posing a further bar-
rier to transfer, but this is not the case in aphids, mealybugs, or
psyllids. In addition, protein sequences in primary endosym-
bionts are so degenerate that they often require massive coex-
pression of chaperones for proper folding (Moran 1996;
Poliakov et al. 2011), which may not be available in the
host environment. Therefore, gene transfers from ancient en-
dosymbionts with long histories of mutation accumulation
may be less likely to be tolerated by selection.

The inferred timing of HGT events in psyllids exhibits in-
teresting similarities and contrasts with the history of organ-
elle genome evolution in eukaryotes. For example, almost all
the identified transfer events occurred before the divergence
of the major psyllid lineages. This is reminiscent of the massive
gene transfer early in the evolution of mitochondria and plas-
tids, which subsequently slowed or stopped entirely in some
eukaryotic lineages (Gray et al. 1999). However, in groups with
ongoing gene loss in organelle genomes, functional transfer to
the nucleus continues to be the dominant mode of evolution
(Adams and Palmer 2003). This does not appear to be the
case in the psyllid-Carsonella system, as we found no evidence
that recent losses of endosymbiont genes (e.g., in the histidine
and tryptophan biosynthesis pathways) have been function-
ally replaced by bacterial HGT to the host. Regardless, it is
clear that genes distributed across two or more genomic
compartments mediate many of the metabolic pathways at
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the heart of the relationship between sap-feeding insects and
their nutritional endosymbionts. This raises fundamental bio-
logical questions about how these pathways are coordinated.
In particular, even in the best-studied insect-endosymbiont
systems, we still know remarkably little about which
compounds are being moved between endosymbionts and
the host cytoplasm (e.g., metabolites, proteins, or RNAs) and
how they are being moved.

Our understanding of the early stages of eukaryotic
genome evolution may merit additional scrutiny in light of
the evidence that HGT from numerous bacterial lineages was
involved in establishing ancient endosymbiotic relationships
in sap-feeding insects. Although it is easy to imagine that the
thousands of genes of bacterial origin in eukaryotes are over-
whelmingly derived from the bacterial progenitors of mito-
chondria and plastids (Weeden 1981; Marcotte et al. 2000;
Timmis et al. 2004), phylogenetic analyses have painted a
more complex picture. Many genes of apparent bacterial
origin in eukaryotic nuclear genomes do not specifically
group with the Alphaproteobacteria or Cyanobacteria as
would be expected if they were derived from organelle ge-
nomes (Karlberg et al. 2000; Gabaldón and Huynen 2007;
Suzuki and Miyagishima 2010). Phylogenomic analysis of en-
dosymbiotic gene transfer involving secondary acquisition of
plastids from endosymbiotic algae has produced similar evi-
dence for multiple gene donors (Curtis et al. 2012). It is, there-
fore, conceivable that a significant fraction of early HGT
events associated with the establishment of endosymbiotic
organelles in eukaryotes originated in bacterial lineages other
than the progenitors of mitochondria and plastids (Huang
and Gogarten 2007; Szklarczyk and Huynen 2010; Gray and
Archibald 2012). For example, recent evidence supports the
controversial hypothesis that the establishment of plastids
from a cyanobacterial ancestor also involved intracellular bac-
teria from the Chlamydiales (Ball et al. 2013). Our findings
lend plausibility to the notion that genes from multiple bac-
terial lineages may have been responsible for forging eukary-
otic chromosomes.

Materials and Methods

Psyllid Collection and Dissection

Petiole galls containing P. venusta nymphs (third and fourth
instar) were collected with leaves still attached from a single
hackberry tree in Austin, TX, on September 20, 2012, and
stored at 4 �C for approximately 2 weeks. Prior to dissection,
the galls were left out overnight inside plastic bags to equil-
ibrate to room temperature. Individual psyllids were dissected
with insect mounting pins in 100ml of Qiagen RNAprotect
Bacteria Reagent to isolate the bacteriome from the rest of
the insect body. Both male and female nymphs were used. In
total, 72 nymphs were dissected and divided into three pools
of 24 individuals each, which were used for RNA extraction
and transcriptome sequencing. Separate collections of hack-
berry petiole galls containing fifth-instar nymphs were also
made from a population in Tucson, AZ, in October 2006 and
2011 and used for qPCR analysis and whole-genome sequenc-
ing, respectively.

RNA Extraction and Illumina Sequencing

Pooled samples of dissected bacteriomes and corresponding
psyllid bodies were centrifuged for 5 min at 13,000� g to
pellet tissue, and the RNAprotect supernatant was removed.
RNA was extracted from pelleted tissue using TRI Reagent
Solution (Invitrogen) following manufacturer’s instructions.
Each RNA sample was run on an Agilent 2100 Bioanalyzer
with an RNA Nano 6000 Chip to verify RNA quality and
estimate quantity. Each pool of 24 psyllids yielded an average
of 3.3 and 58.2mg of total RNA from the bacteriomes and
bodies, respectively, and 1mg from each sample was used for
constructing Illumina mRNA-seq libraries. Polyadenylated
RNA transcripts were enriched from total RNA with two
rounds of selection on Dynabeads Oligo(dT)25 (Invitrogen).
RNA was fragmented to a mean size of approximately 120 nt,
and first-strand cDNA synthesis was performed with random
hexamers and SuperScript III Reverse Transcriptase
(Invitrogen). Strand specificity was achieved by replacing
dTTP with dUTP in the nucleotide pool for second-strand
cDNA synthesis, which was performed with DNA polymerase
I (New England Biolabs). Following ligation of library adapters
(Parhomchuk et al. 2009), cDNA fragments were treated with
uracil-DNA glycosylase (New England Biolabs) to remove ura-
cils introduced during second-strand synthesis so that library
fragments produced in the subsequent amplification step
were all derived from first-strand cDNA. Library amplification
was performed with eight cycles of PCR using the KAPA Bio
HiFi polymerase and barcoded primers. The six resulting li-
braries were multiplexed and sequenced on a single lane of a
2� 76 bp paired-end run on an Illumina HiSeq 2000.

Transcriptome Assembly, Annotation, and Differential
Expression Analysis

Paired-end Illumina reads were trimmed to remove low-qual-
ity regions and adapter sequences using Trimmomatic v0.22
(Lohse et al. 2012) with the following parameters:
ILLUMINACLIP:2:40:15 LEADING:20 TRAILING:20
SLIDINGWINDOW:4:20 MINLEN:40. As a result of a mechan-
ical failure that occurred during cycle 40 of the second read in
the Illumina sequencing run, there was an increased error rate
at the ends of the second reads. Therefore, all second-read
sequences were truncated to a length of 39 bp. To identify
sequences derived from contaminating Carsonella transcripts,
all reads (prior to truncation) were mapped to the Carsonella
genome using SOAP v2.21 (Li et al. 2009), allowing for a max-
imum of three mismatches and a single indel of up to 3 bp.
Read pairs were excluded if one or both sequences mapped to
Carsonella. The resulting data sets from each of the 6 libraries
were combined in a single de novo transcriptome assembly
performed with Trinity r2013-02-25 (Grabherr et al. 2011). To
identify homologous genes in other species, each assembled
transcript was searched against the NCBI nr database (down-
loaded March 3, 2013) using NCBI-BlastX v2.2.27 + (Altschul
et al. 1997) with a maximum E value of 1e-6 and a maximum
of 25 target sequences. In addition, specific proteins of inter-
est from the pea aphid genome (International Aphid
Genomics Consortium 2010) were searched against the
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assembled transcriptome with NCBI-TBlastN + . Amino acid
biosynthesis pathways were reconstructed manually, using
the EcoCyc database (Keseler et al. 2013) and published anal-
yses in related insects as a guide (Wilson et al. 2010; Hansen
and Moran 2011; Poliakov et al. 2011; Husnik et al. 2013).

To identify genes that were differentially expressed
between the bacteriome and the rest of the psyllid body,
reads from each library were mapped on to the Trinity
assembly with bowtie v0.12.8 (Langmead et al. 2009) and
analyzed with RSEM v1.2.3 (Li and Dewey 2011) and edgeR
v2.4.6 (Robinson et al. 2010), using the run_RSEM_align_n_
estimate.pl and run_DE_analysis.pl scripts distributed with
Trinity (Grabherr et al. 2011; Haas et al. 2013). The three
bacteriome libraries and three body libraries were treated as
biological replicates in this analysis. Intraclass correlation co-
efficients among replicate libraries were calculated with the irr
package in R v2.15.2.

Identification of Genes of Bacterial Origin

To identify psyllid genes of bacterial origin, the output from
BlastX searches against the NCBI nr database for each tran-
script was analyzed with MEGAN v4.70.4 (Huson et al. 2011)
with the following parameters: min support = 5; min
score = 50; top percent = 10; win score = 0; and min complex-
ity = 0.3. After the exclusion of duplicate sequences from the
same Trinity subcomponent, MEGAN assigned 152 assem-
bled transcripts to one of the nodes within the Bacteria clade
in the NCBI taxonomy. The Blast hits from each of these
transcripts were individually inspected to remove spurious
assignments and likely contaminants. Many sequences were
excluded because they exhibited essentially perfect identity
with Carsonella or other common bacteria. The filtering of
bacterial-like sequences from eukaryotic genome and tran-
scriptome assemblies may be an important source of bias in
underestimating the frequency of HGT (Dunning Hotopp
et al. 2007). However, our exclusion of identical and near-
identical hits should only preclude identification of extremely
recent transfers. Furthermore, sequences matching Carsonella
were almost completely restricted to bacteriome samples,
providing evidence that these excluded sequences were con-
taminants rather than the result of very recent transfers.
Sequences derived from rRNA genes were also excluded be-
cause they were expected to be expressed at high levels by
contaminating bacteria. After manual filtering, this analysis
produced a list of genes putatively acquired by horizontal
transfer from bacteria (table 3). Further phylogenetic analysis
of candidate genes was performed with RAxML v7.4.4
(Stamatakis 2006), using an LG + gamma substitution
model, as identified by ProtTest v2.4 (Abascal et al. 2005).
For each analysis, 100 bootstrap replicate searches were
performed.

Pachypsyllya venusta Genome Sequencing and
Assembly

As part of the pilot phase of the i5k arthropods genomics
initiative, we generated Illumina sequence data for an initial
draft assembly of the P. venusta genome. Genomic DNA was

isolated with the Qiagen Blood and Tissue DNeasy Kit from
fifth-instar P. venusta nymphs (mixed sexes) collected from
Tucson, AZ, on November 21, 2011. Extracted DNA was used
to generate Illumina sequencing libraries with a range of dif-
ferent insert sizes according to standard protocols. Paired-end
libraries with target insert sizes of 180 bp and 500 bp were
generated with DNA isolated from a single insect each. Mate-
pair libraries with target insert sizes of 3 kb and 8–10 kb were
generated from pooled DNA samples derived from 6 and 20
individual insects, respectively. All four libraries were se-
quenced on an Illumina HiSeq 2000 (2� 100 bp runs). The
three smaller insert libraries were sequenced to 40�coverage
and the 8–10 kb mate-pair library was sequenced to 20�
coverage. The resulting sequence data were assembled with
ALLPATHS-LG v35218 (Gnerre et al. 2011) with the minimum
contig length set to 300 and the “haploidify” option enabled.
The assembly was incrementally improved with Atlas-Link
and Atlas-Gapfill (https://www.hgsc.bcm.edu/software/, last
accessed January 16, 2014). Select transcript sequences de-
rived from mRNA-Seq data were mapped to the draft
genome assembly with NCBI-BlastN + .

Identification of Bacterial HGTs Shared with Other
Psyllids and Sternorrhynchan Insects

To determine whether observed genes of bacterial origin were
the results of ancient HGT events, we searched for the pres-
ence of these genes in two distantly related psyllids
(Bactericera cockerelli and D. citri). The Diaci1.1 genome as-
sembly for D. citri and the 0074-L04-B02 transcriptome as-
sembly for B. cockerelli were obtained from http://psyllid.org/
(last accessed January 16, 2014). Related copies of P. venusta
genes in B. cockerelli and D. citri were identified with NCBI-
TBlastN searches, and orthology was assessed by comparing B.
cockerelli and D. citri hits with the top hits in the NCBI nr
database. We also searched sequenced genomes and tran-
scriptomes from related lineages of sap-feeding insects, in-
cluding the pea aphid Acyrthosiphon pisum (International
Aphid Genomics Consortium 2010), the citrus mealybug
Planococcus citri (Husnik et al. 2013), and the whitefly
Bemisia tabaci (Wang et al. 2010, 2012).

Quantitative PCR

Real-time qPCR was performed using the Roche LightCycler
system as described previously (Nakabachi et al. 2005) with
both cDNA and genomic DNA templates. Primers were
designed to amplify the P. venusta genes encoding ASL-1
and ASL-2 as well as the ribosomal protein (Rp)L18e,
which was used for normalization (supplementary table S2,
Supplementary Material online). Pachypsylla venusta nymphs
were dissected in phosphate-buffered saline (pH 7.4), and
three different tissue types were used for amplification: 1)
bacteriomes, 2) heads, and 3) whole bodies (without bacter-
iomes). The three tissue types were derived from pools of six,
five and one individual(s), respectively. Analyses were per-
formed with five biological replicates and three technical
replicates.
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Data Access

Raw Illumina reads from P. venusta are available from the
NCBI SRA for both the RNA-seq (SRA099681) and genomic
data sets (SRA093597, SRA093598), and assembled transcript
sequences are available from the NCBI TSA database
(GAOP00000000). Assembled genomic sequences are avail-
able from the NCBI (BioProject PRJNA167476) and the BCM-
HGSC i5k pilot website (http://www.hgsc.bcm.tmc.edu/con
tent/i5k-hackberry-petiole-gall-psyllid, last accessed January
16, 2014).

Supplementary Material
Supplementary figures S1–S3 and tables S1 and S2 are avail-
able at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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