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Summary

Knowledge of intraspecific variation in symbioses
may aid in understanding the ecology of widespread
insects in different parts of their range. We investi-
gated bacterial symbionts of Adelges tsugae, a pest
of hemlocks in eastern North America introduced
from Asia. Amplification, cloning, and sequencing of
bacterial 16S rDNA, in situ hybridizations, and elec-
tron microscopy revealed that A. tsugae harbours up
to five bacterial phylotypes, according to population.
Three Gammaproteobacteria species are maternally
transmitted. The first, designated ‘Ca. Pseudomonas
adelgestsugas’ resides in the haemocoel, and was
detected in all populations except Taiwan. The
second phylotype, ‘Ca. Serratia symbiotica’, resides
in bacteriocytes of populations on Tsuga sieboldii in
Japan and in E. North America. The third phylotype,
designated ‘Ca. Annandia adelgestsuga’, clustered
within a lineage of several insect endosymbionts that
included Buchnera aphidicola. It was detected in bac-
teriocytes in all populations, and in salivary glands of
first instars. Two Betaproteobacteria phylotypes were
detected in some Japanese T. sieboldii and eastern
North America populations, and were observed only
in salivary glands with no evidence of maternal trans-
mission. Our results support the ideas that symbiont

gain and loss has been volatile in adelgids, and that
symbionts may help to trace the source of invasive
species.

Introduction

Over two decades of studies have documented the
remarkable diversity of heritable bacterial symbionts in
insects, including members of the plant-sap-feeding Ster-
norrhyncha (Hemiptera) (Baumann, 2005; 2006). Mutual-
istic bacterial residents of insects fall broadly into two
categories: obligate mutualists required by hosts for
normal development (primary symbionts), and facultative
mutualists not required for host reproduction (secondary
symbionts) (Moran et al., 2008). In most Sternorrhyncha,
obligate symbionts are confined to specialized host cells
(bacteriocytes) typically composing a large organ (bacte-
riome) (Buchner, 1965; Baumann, 2005). Dietary studies,
gene sequencing, and genomics have described the
indispensible role of these mutualists in supplementing
nitrogen-poor diets of phloem- and xylem-feeding insect
hosts, with genomes reduced to functions essential for the
partnership (Douglas et al., 2001; Wernegreen, 2002;
Moran et al., 2008), and genomic complementarity in
protein synthesis and DNA replication between partners
(McCutcheon and Moran, 2010; Wilson et al., 2010;
Hansen and Moran, 2011; McCutcheon and von Dohlen,
2011). Phylogenetic reconstructions show repeated pat-
terns of ancient infection and co-diversification between
sternorrhynchan hosts and obligate symbiont lineages
(Baumann, 2005; Moran et al., 2005; Gruwell et al.,
2007). In contrast, facultative mutualists of Sternorrhyn-
cha invade several cell types, including bacteriocytes, and
play roles in host fitness not related to nutrition (Moran
et al., 2008; Oliver et al., 2010). Their presence in hosts is
variable and can be shared by unrelated host lineages
(Oliver et al., 2010).

Knowledge of the identity, distribution and functions of
heritable symbionts is clearly central to building a holistic
comprehension of host–insect ecology and evolution.
Such knowledge may be especially important for under-
standing and combating the virulence of pest species.
While primary bacteriome symbionts typically are univer-
sal within host lineages and their genomes relatively
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stable (Tamas et al., 2002), certain mutations with large
effects on host fitness have been measured on an eco-
logical timescale (Dunbar et al., 2007). Some obligate
symbionts are directly implicated in the pest status of their
host (Hosokawa et al., 2007). Facultative symbionts, in
particular, are demonstrated to affect host ecology in
ways that may increase the probability of successful
establishment and spread of introduced pests in novel
environments (Oliver et al., 2010). In aphids, different
strains of facultative associates confer varying levels of
tolerance to high temperatures (Russell and Moran,
2006), resistance to parasitoids (Oliver et al., 2005), and
resistance to fungal pathogens (Scarborough et al.,
2005). Similar interactions may operate in other Sternor-
rhyncha (e.g. Hansen et al., 2007). Facultative symbionts
may broaden the host-plant range of pest species
(Tsuchida et al., 2004; 2011), alter defensive behaviour
(Dion et al., 2011), and possibly facilitate virus transmis-
sion by insect vectors (van den Heuvel et al., 1994; Morin
et al., 1999). Other direct impacts of facultative symbionts
on fitness may increase the invasive potential of pests
(Himler et al., 2011). Clearly, information on the identity
and distribution of symbionts in insect pest species could
be critical for the success of control programmes. Moreo-
ver, information on symbiont composition and genetic
diversity from populations in native and introduced ranges
could help to trace the source of pest introductions (e.g.
Stenger et al., 2010), from which potential biological
control agents could be discovered.

Adelges tsugae Annand (Sternorrhyncha: Aphidoidea:
Adelgidae), the hemlock woolly adelgid, is a devastating
insect pest of hemlocks (Tsuga canadensis and T. caro-
liniana) in eastern North America. Originally introduced
from Japan, A. tsugae was first discovered in the eastern
USA in the 1950s; since the 1980s it has been considered
a severe threat to the health and sustainability of eastern
hemlock forests (Souto et al., 1996; McClure and Cheah,
1999; Spaulding and Rieske, 2010). Molecular phyloge-
netic studies using host genes have implicated a particu-
lar population in southern Honshu, Japan as the source
of the A. tsugae introduction to eastern North America
(Havill et al., 2006). Much of the research, development
and management efforts to stem the spread of A. tsugae
in North America and mitigate damage to hemlocks have
focused on physical, chemical and biological control (e.g.
Orwig, 2008; Costa, 2010; Grant et al., 2010; Ross et al.,
2010; Joseph et al., 2011), and breeding for resistance
(Olsen and Bentz, 2010); however, additional research on
A. tsugae biology is needed to develop novel approaches
for management.

Early light microscopy studies established that Adelgi-
dae harbour symbiotic bacteria within an abdominal bac-
teriome (Profft, 1937; Buchner, 1965; Steffan, 1968). Until
recently, however, no adelgid bacterial associates had

been studied with modern methods. Shields and Hirth
(2005) conducted preliminary investigations of A. tsugae
endosymbiont ultrastructure, noting four bacterial forms
located variously in bacteriocytes, oocytes/eggs, and
the haemocoel. Recently, Toenshoff and colleagues
(2012a,b) investigated bacterial endosymbionts of four
Adelges species complexes with microscopy and molecu-
lar methods. All Adelges harboured two species of intra-
cellular, maternally inherited bacteria, localized to the
bacteriomes; residents were either a Betaproteobacteria
and a Gammaproteobacteria, or two species of Gamm-
aproteobacteria. Phylogenies of Gammaproteobacteria
were mostly unresolved, so that relationships of several
endosymbionts to other bacteria were uncertain. Betapro-
teobacteria endosymbionts were related to Burkholderia
species, most closely to symbionts of Rhizopus fungi.
Toenshoff and colleagues (2012a,b) interpreted their
results as suggesting a pattern of multiple symbiont acqui-
sitions and replacements during adelgid evolution.

Investigations of additional adelgid taxa are needed to
understand the full evolutionary history of endosymbiosis
in this lineage. For pest species, symbiont information
could help to confirm the source of invasive populations
and contribute to developing potential biological control
strategies (Shields and Hirth, 2005). The goals of this
study were to identify, localize and characterize the diver-
sity of bacterial associates of A. tsugae using molecular
methods and microscopy. Multiple populations from the
natural and introduced ranges of A. tsugae were sampled
to document presence and diversity of symbionts among
geographic locations, and to provide further evidence
for southern Japan as the source of the eastern North
America infestation. The possible roles of the symbionts in
the mutualistic relationship with their host insects, and
their contributions to a further understanding of endosym-
biosis in Adelgidae are also discussed.

Results

Molecular identification, phylogenetics, and population
distribution of endosymbionts

Bacterial 16S rRNA genes amplified from A. tsugae
samples yielded five distinct types of sequences. All types
belonged to members of Gammaproteobacteria and Bet-
aproteobacteria, according to GenBank BLAST and RDPII
Classifier searches. Sequences of the first type, desig-
nated gamma-A symbiont (GS-A) were most similar
(~ 95% pairwise identity) to Pseudomonas spp. (e.g.
P. aeruginosa). Sequences of the second type, designated
gamma-B (GS-B) were most similar (99%) to a secondary
symbiont of aphids (Aphididae), ‘Candidatus Serratia sym-
biotica’, specifically, strains from Cinara cupressi and
other members of ‘Ca. S. symbiotica’ ‘cluster A’ (Lamelas
et al., 2008; Burke et al., 2009). The third type, gamma-C
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(GS-C), was most similar (88–90%) to the aphid primary
endosymbiont, Buchnera aphidicola, and endosymbionts
of several heteropterans and beetles. Two additional types
were members of the Betaproteobacteria: one type, BS-1
was similar (99%) to free-living Burkholderia spp. and a
Burkholderia symbiont of Riptortus true bugs (Hemiptera:
Alydidae), and the other type, BS-2 was most similar (98%)
to free-living Janthinobacterium spp., Oxalobacteraceae,
and Massilia spp. in the Burkholderiales.

Phylogenetic analysis of the Gammaproteobacteria
data set, including insect endosymbionts and free-living
bacteria, placed the A. tsugae endosymbionts with confi-
dence in three unrelated lineages (Fig. 1). The GS-A sym-
biont was placed in a well-supported cluster with several
free-living Pseudomonas spp. [BI (Bayesian Inference)
posterior probability (PP) = 1.0, maximum-likelihood boot-
strap support (maximum-likelihood, ML) = 92%]. The
GS-B symbiont was placed with high support (PP = 1.0,

Fig. 1. Phylogeny of selected Gammaproteobacteria, showing relationships of A. tsugae endosymbionts to other insect endosymbionts and
free-living bacteria. The 50% consensus topology from the Bayesian analysis is shown. A. tsugae symbionts are highlighted in grey; other
adelgid endosymbionts are in bold; free-living bacteria are underlined. Numbers associated with branches indicate Bayesian posterior
probabilities/maximum-likelihood bootstrap percentages.
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ML = 100%) with ‘Ca. S. symbiotica’ ‘cluster A’ sequences
(Lamelas et al., 2008; Burke et al., 2009). This cluster
formed the sister to a group including ‘cluster B’ ‘Ca.
S. symbiotica’ (Lamelas et al., 2008; Burke et al., 2009)
plus two previously discovered Adelges endosymbionts,
‘Ca. Ecksteinia adelgidicola’ and ‘Ca. Gillettellia cooleyi’;
the latter two species were well-supported sister taxa. The
GS-C symbiont was placed with high support (PP = 1.0,
ML = 78%) in a clade containing Buchnera aphidicola rep-
resentatives and symbionts of Pentastirini planthoppers.
Within this clade, GS-C was sister to Buchnera aphidi-
cola; however, BI support (PP = 0.75) and ML support
(51%) for this relationship were low. The exact positions of
the other previously recognized Adelges endosymbionts
were not certain, although each was placed with confi-
dence within a larger lineage. ‘Ca. Steffania adelgidicola’
was firmly placed within a large lineage of insect symbi-
onts, closest to a secondary symbiont from potato psyllid
(Bactericera cockerelli), Sodalis glossinidius from tsetse
fly, and ‘Ca. Moranella endobia’ from mealybug. ‘Ca.
Profftia virida’ and ‘Ca. P. tarda’ were well-supported
sister taxa, and placed with high support within a lineage
including several free-living bacteria plus secondary sym-
bionts of aphids and whiteflies.

Phylogenetic analyses of the individual Gammaproteo-
bacteria symbiont data sets from A. tsugae revealed
population-level associations and genetic structure in
some, but not others. The GS-A symbiont was present in
all populations and most samples, except for Taiwan
(Fig. 2A). Genetic variation among populations was low
(~ 99.7% pairwise identity, except for the divergence of
Chinese samples from all others at ~ 97% similarity).
Despite the low variation, symbiont sequences were gen-
erally clustered with respect to population and host–insect
relationships (Fig. 2 inset). W. North American samples
from T. heterophylla were nested within an unresolved
cluster of Japanese samples from T. sieboldii; these in
turn were nested within an unresolved cluster of E. North
American samples, with the exception that one T. sieboldii
sample was identical to all but one E. North American
sample. Sister to the preceding samples was a clade of
Japanese samples from T. diversifolia. All North American
and Japanese samples clustered in a basal split with
the Chinese samples. The GS-B symbiont was detected
only in T. sieboldii and E. North American populations
(Fig. S1). Sequence variation was low (99.9% identity)
and phylograms revealed no phylogenetic structure by
population; however, some T. sieboldii and E. North

Fig. 2. Maximum-parsimony phylograms of Gammaproteobacteria symbionts GS-A and GS-C.
A. GS-A (‘Ca. Pseudomonas adelgestsugas’) sequences from all populations except Taiwan, which yielded no amplifications of that phylotype.
Identical eastern North American and one Osaka T. sieboldii samples are highlighted in grey.
B. GS-C (‘Ca. Annandia adelgestsuga’) sequences amplified from all populations. Numbers on branches indicate the inferred substitutions
along the branch. GenBank accessions are indicated in brackets. Inset: Relationships of A. tsugae populations inferred from mitochondrial
DNA, simplified from Havill and colleagues (2006).
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American sequences were identical. The GS-C symbiont
was found in all populations sampled, including Taiwan
(Fig. 2B). GS-C also exhibited low genetic variation: all
sequences from W. North America, E. North America, and
T. sieboldii were identical. Samples from T. diversifolia
had one nucleotide difference from the former. Chinese
and Taiwanese samples formed a basal split with the
former samples.

Phylogenetic analyses of the Betaproteobacteria data
set placed the two sequence types from A. tsugae into
two lineages (Fig. 3). The BS-1 sequences clustered
within a lineage of Burkholderia spp. that included a sym-
biont from the heteropteran bug, Riptortus. BS-1 was
detected in only two samples, both from Osaka; these
sequences formed independent lineages within a Bur-
kholderia subclade (Fig. 3). The BS-2 sequences were
amplified only from one W. North American sample, three
E. North American samples, and two T. sieboldii samples,
and exhibited low genetic variation (99% pairwise iden-
tity). BS-2 sequences were placed in a lineage including
Janthinobacterium spp. and Massilia spp.; their combined

lineage was sister to a psyllid (Diaphorina citri) symbiont.
Japanese and E. North American samples formed a well-
supported monophyletic group sister to Massilia sp.; the
W. North American sample was placed outside that
lineage. Previously discovered ‘Ca. Vallotia spp.’ symbi-
onts of other Adelges spp. (Toenshoff et al., 2012a) com-
posed a well-supported lineage within Burkholderia, but
were not closest relatives of sequences from A. tsugae.

FISH detection and localization of endosymbionts

Fluorescent in situ hybridization (FISH) experiments with
the general eubacterial probe, 1507r, produced signal in
the haemocoel, bacteriocytes, and salivary glands of first-
instar stages, and in haemocoel and bacteriomes of later
stages (Fig. S1). In some samples, the signal within bac-
teriomes was restricted to central regions or cells, but in
the sample from W. North America, entire bacteriocytes
were probed (Fig. S1). This indicates that 1507r did not
universally probe all bacteria in A. tsugae (specifically, the
major bacteriome resident, GS-C; below).

Fig. 3. Phylogeny of Betaproteobacteria
showing relationships of BS-1 and BS-2
sequences from A. tsugae to selected insect
endosymbionts and free-living bacteria.
Topology shown is the 50% consensus of
post-burn-in trees from Bayesian analysis.
BS-1 and BS-2 were amplified only from
Japanese T. sieboldii, and North American
populations; other populations yielded no
Betaproteobacteria. Sequences amplified from
A. tsugae are highlighted in grey; other
adelgid endosymbionts are in bold; free-living
bacteria are underlined. Numbers associated
with branches indicate Bayesian posterior
probabilities/maximum-likelihood bootstrap
percentages.
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FISH with GS-A-specific probes yielded signal in the
haemolymph, only (Figs 4 and S3). Positive probing was
observed in all populations tested. Rod-shaped bacteria
were detected in eggs, both in vivo and post-oviposition,
indicating vertical transmission of this symbiont. Popula-
tions of the GS-A symbiont reached high densities within
older insect stages, almost completely filling the body
cavity in these stages.

Hybridizations with the GS-B probes indicated that this
symbiont resided within the bacteriome, but appeared to
be restricted to central cells or cell regions of the bacte-
riome (Fig. 5). The GS-B symbiont was not detected
within eggs in vivo, but was observed within bacteriocytes
clustered at one pole of the egg, strongly suggesting
vertical transmission (Fig. 5A, inset). Consistent with
the PCR results, GS-B probing was never observed in
samples other than T. sieboldii and E. North American
populations.

Hybridizations performed with the GS-C-specific probes
yielded positive probing in all populations tested (Figs 6
and S4). Experiments with first-instar stages detected
GS-C in the bacteriomes or salivary glands, or in both
of these organs early in development (Fig. 6A and B;
Fig. S4A–C and F). In later developmental stages
(second instar and older), GS-C appeared to be absent
from salivary glands (Fig. 6C and D; Fig. S4D and E).
Probing within gravid females revealed signal from GS-C
bacteria clustered at one pole of the egg (Fig. 6C), and

experiments on freshly laid eggs revealed clusters of bac-
teria within the egg (Fig. S4A), confirming vertical trans-
mission of GS-C. Older instars with fully developed
bacteriomes revealed unprobed areas in the central
regions, presumably where GS-B resides (Fig. S4E).
Samples from W. North America, however, where GS-B
was not detected, showed all bacteriocytes completely
filled with GS-C (Figs 6D and S4F).

Double hybridizations with both GS-B- and GS-C-
specific probes showed more clearly the pattern of GS-B
endosymbionts situated in central regions or cells of the
bacteriome, surrounded by regions or cells completely
filled with GS-C symbionts (Fig. 7).

FISH experiments with BS-1- and BS-2-specific probes
produced signal in the salivary glands, only (Fig. 8).
Numerous attempts to detect these bacteria within other
regions of the insect, including the bacteriome, failed to
yield signal. In addition, positive probing occurred in the
first-instar stage only. Numerous attempts to demonstrate
vertical transmission of these bacteria by probing within
eggs also failed to detect positive signal.

Transmission electron microscopy

We observed three distinct morphological forms of bac-
terial endosymbionts from immature and adult develop-
mental stages and generations of A. tsugae (Fig. 9),
which corresponded in form and location within bacteri-

Fig. 4. Laser-scanning confocal images of A. tsugae after FISH with the GS-A-specific probe GANA 1118r (labelled with A-568), indicating
GS-A (‘Ca. Pseudomonas adelgestsugas’; in red) are found only extracellularly in the haemocoel.
A. Eastern North America sample from T. canadensis (third instar); inset: high magnification of bacteria.
B. Japanese sample from T. sieboldii adult; inset: egg infected with bacteria indicating transovariole transmission.
Green = autofluorescence from insect tissue. b, bacteriome; e, egg.
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ome or haemocoel to the three gammaproteobacterial
species identified above. This work confirmed earlier,
preliminary observations (Shields and Hirth, 2005). The
morphological form corresponding to GS-C resided
within bacteriocytes, mostly those in peripheral regions
of the bacteriome; they were 2.1–2.9 mm in diameter and
densely packed within bacteriocytes (Fig. 9). Symbionts
had a typical Gram-negative cell wall consisting of an
inner cytoplasmic membrane (12–20 nm thickness) and
an outer membrane (19–27 nm); each was surrounded
by a third symbiosome membrane (13–19 nm), which
appeared to be tightly bound to the cell wall. GS-C was
found in all developmental stages and oocytes, except
ovipositing and post-oviposition adults, which lacked
intact bacteriocytes. Some bacteriocytes contained
only GS-C; others also contained GS-B. GS-B were
observed in some bacteriocytes, alone or in conjunction
with GS-C (Fig. 9). Where the two bacteria coexisted in
bacteriocytes, they were segregated in different areas
of the cell, but no membrane boundaries appeared
to separate them. GS-B were coccoid, 2.3–3.1 mm in
diameter, and many exhibited a central area of dense
cytoplasm (Fig. 9). GS-B were also surrounded by a cell
wall and symbiosome membrane similar to those enclos-
ing GS-C; they were less densely packed in
bacteriocytes than GS-C. GS-B were often seen in

bacteriocytes with disrupted cell membranes; they were
also found in oocytes, eggs, and all other developmental
stages of E. North American A. tsugae, except oviposit-
ing and post-oviposition adults; they were never
observed in W. North American samples. GS-A were
found exclusively in the haemocoel of A. tsugae. They
were bacilliform, varying from 8.7 to 16.6 mm in length
and 1.5–2.3 mm in diameter. Each bacterium was
enclosed by two membranes of the cell wall (both
12–21 nm in width). GS-A was found in all developmen-
tal stages and oocytes.

Proposed names for Adelges tsugae endosymbionts

Based on its low genetic distance to other endosymbionts
and the biological attributes described here, for GS-C
we propose a new ‘Candidatus’ name (Murray and
Stackebrandt, 1995), ‘Ca. Annandia adelgestsuga’, in
honour of P. N. Annand, who described A. tsugae and
other adelgids in the early 20th century (Annand, 1924;
1928). Because the GS-A symbiont was clearly nested
within a lineage of Pseudomonas, we propose the name
‘Ca. Pseudomonas adelgestsugas’. As GS-B was placed
confidently within the ‘Ca. Serratia symbiotica’ clade, we
refer to this endosymbiont as ‘Ca. Serratia symbiotica’
from A. tsugae.

Fig. 5. Laser-scanning confocal images of A. tsugae after FISH with the GS-B-specific probe GaB1119r (labelled with A-568) indicating GS-B
(‘Ca. Serratia symbiotica’; in red) are located within bacteriocytes, typically in central cells or regions.
A. Japanese sample from T. sieboldii fourth-instar/adult; inset (upper left): (‘Ca. S. symbiotica’ in bacteriocytes (arrow) clustered at one pole of
an egg, suggesting the initiation of transovariole transmission; inset (lower right): high magnification of ‘Ca. S. symbiotica’ in the bacteriome.
B. Eastern North America sample from T. canadensis (third instar) showing ‘Ca. S. symbiotica’ occupying whole and partial bacteriocytes
(arrows).
Green = autofluorescence from insect tissue. b, bacteriocyte/bacteriome; e, egg; n, bacteriocyte nucleus.
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Discussion

Physical locations and phylogenetic affinities of
A. tsugae Gammaproteobacteria endosymbionts

Evidence from 16S gene sequences, in situ localizations,
and transmission electron microscopy documents that
Asian and North American populations of A. tsugae
harbour up to three species of symbiotic bacteria belong-
ing to the Gammaproteobacteria. All are transmitted from

mother to offspring through eggs. One symbiont, ‘Ca.
Annandia adelgestsuga’, is universal in all populations
sampled, while another, ‘Ca. Pseudomonas adelgest-
sugas’, is present in all but the Taiwan population.
However, we were able to analyse only one Taiwan
sample; therefore, this finding must be tested with addi-
tional samples. The third symbiont, ‘Ca. S. symbiotica’,
is present only in E. North American and Japanese
T. seiboldii populations. The universal ‘Ca. Annandia

Fig. 6. Laser-scanning confocal images of A. tsugae after FISH with the GS-C-specific probe GamC 440r (labelled with A-568), indicating
GS-C (‘Ca. Annandia adelgestsuga’; in red) are harboured in bacteriocytes, are transmitted to eggs, and invade salivary glands in early
instars.
A–C. Japanese samples from T. sieboldii.
A. First-instar stage showing ‘Ca. A. adelgestsuga’ within bacteriocytes of the bipartite bacteriomes; probing not evident in the salivary gland.
B. First-instar stage showing ‘Ca. A. adelgestsuga’ in the salivary gland.
C. Adult stage with bacteriocytes packed with ‘Ca. A. adelgestsuga’; some bacteria have infected one pole of an egg (arrow).
D. Western North American sample, third-instar stage showing ‘Ca. A. adelgestsuga’ occupying all regions of all bacteriocytes; no probing is
evident in salivary glands.
Green = autofluorescence from insect tissue. b, bacteriocyte/bacteriome; e, egg; s, salivary gland.
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Fig. 7. Laser-scanning confocal images of A. tsugae after dual FISH with GS-B-specific probe GamB 1119r (labelled with A-647, in blue) and
GS-C specific probe GamC 440r (labelled with A-568, in red) on samples from eastern North America.
A. Third-instar stage showing bipartite bacteriome with probed bacteria; the salivary gland is unprobed. ‘Ca. Annandia adelgestsuga’ is more
numerous and in more peripheral bacteriocyte regions/cells; GS-B (‘Ca. S. symbiotica’) less numerous and in central regions of the
bacteriocytes.
B. High magnification of the bacteriome, illustrating central location of ‘Ca. S. symbiotica’ with respect to ‘Ca. A. adelgestsuga’ within
bacteriocytes and bacteriome.
Green = autofluorescence from insect tissue. b, bacteriocyte/bacteriome; s, salivary gland.

Fig. 8. Laser-scanning confocal images of A. tsugae samples from T. sieboldii (Osaka) after FISH with Betaproteobacteria-specific probes
(labelled with A-568).
A. First-instar stage probed with BS-1 mix (BetaA 454r, BetaA 1003r), indicating BS-1 in the salivary gland; insets: higher magnifications of
salivary glands.
B. First-instar stage probed with BS-2 mix (BetaB 454r, BetaB 1003r), indicating BS-2 in the salivary gland.
Green = autofluorescence from insect tissue. s, salivary gland.
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adelgestsuga’ is housed intracellularly within bacterio-
cytes of the bacteriome, and in salivary glands of the
A. tsugae first developmental stage. The bacilliform ‘Ca.
P. adelgestsugas’ is free-living in the haemocoel and
never contained in host insect cells. ‘Ca. S. symbiotica’ is
located within bacteriocytes but in comparatively low
numbers; when present, it occupies central bacteriocytes,
sometimes sharing bacteriocytes with ‘Ca. A. adelgest-
suga’ but never intermingled. This curious central concen-
tration of ‘Ca. S. symbiotica’ in the bacteriomes is also
observed in Cinara cedri aphids (Gomez-Valero et al.,
2004), in which ‘Ca. S. symbiotica’ has become
co-obligate with Buchnera (Lamelas et al., 2011). Notably,
this arrangement is also observed in ‘Ca. Ecksteinia adel-
gidicola’ of A. piceae, in which interior cells occupied by
this symbiont are multinucleated (Toenshoff et al., 2012b).
The significance of this arrangement is as yet unclear.

Phylogenetics of gammaproteobacterial symbionts
revealed relatively close relationships of A. tsugae endo-
symbionts to other insect endosymbionts; however, none
of the A. tsugae symbionts was most closely related to
those previously reported from other Adelges species.
Based on its genetic similarity to ‘Ca. Serratia symbiotica’
facultative mutualists of aphids, ‘Ca. S. symbiotica’ of
A. tsugae was possibly acquired in the Japanese T. sie-
boldii population through horizontal transfer from aphids,

and subsequently introduced with hosts into eastern
North America.

‘Ca. P. adelgestsugas’ belongs to a lineage of mostly
free-living Pseudomonas spp.; this genus is apparently
without precedence as symbionts of Sternorrhyncha,
although Paederus beetles harbour a Pseudomonas sym-
biont (Kellner, 2002). The only other hints of Pseu-
domonas occurrence in Sternorrhyncha are unpublished
sequences in GenBank that were reported as isolated
from bacteria within Sitobion miscanthi aphids in China
(GenBank Accessions HM156660, HM156661).

The sister relationship of ‘Ca. Annandia adelgestsuga’
to Buchnera aphidicola, the primary endosymbiont of
aphids, is notable, as Adelgidae and Aphididae are two of
three major lineages within Aphidoidea (the third aphidoid
lineage, Phylloxeridae, does not contain bacteriome-
associated primary endosymbionts (Vorwerk et al., 2007;
Medina et al., 2011). It is tempting to speculate that the
association of this bacterial lineage with aphidoid insects
might date to the common ancestor of Aphididae and
Adelgidae, inferred from fossils to be ~ 150–170 Ma
(Heie, 1987; Heie and Pike, 1996; Grimaldi and Engel,
2005). However, we abstain from this interpretation for
now, because although ‘Ca. A. adelgestsuga’ and Buchn-
era are sister taxa (Fig. 1), their relationship is not statis-
tically supported by BI and only weakly supported by ML.

Fig. 9. Transmission electron micrograph of
eastern North America A. tsugae
bacteriocytes and adjacent haemocoel,
showing ultrastructure and locations of three
forms of bacteria: bacilliform GS-A (‘Ca.
Pseudomonas adelgestsugas’) cells (A) living
extracellularly in the haemolymph; loosely
packed, light-staining coccoid GS-B (Ca.
Serratia symbiotica’) cells (B) contained within
central bacteriocytes; tightly packed,
dark-staining GS-C (Ca. Annandia
adelgestsuga’) cells (C) housed intracellularly
in peripheral bacteriocytes. n, nucleus.
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If the Buchnera and ‘Ca. A. adelgestsuga’ symbionts had
in fact co-evolved from a most recent common ancestor,
then we would expect this to be reflected in strong support
for their relationship, as has been found in other studies of
insect–bacterial co-evolution (Munson et al., 1991; Clark
et al., 2000; Sauer et al., 2000; Thao et al., 2000;
Spaulding and von Dohlen, 2001).

Gammaproteobacteria endosymbiont population
structure, obligate versus facultative status, and origins
of the eastern North American A. tsugae infestation

Population-level relationships of Gammaproteobacteria
symbionts of A. tsugae supported the conclusions based
on host insect genes with regard to cryptic species within
what is currently called A. tsugae, and with respect to the
Asian source of the A. tsugae invasion in E. North
America (Fig. 2) (Havill et al., 2006; Foottit et al., 2009).
As found for A. tsugae genes, ‘Ca. A. adelgestsuga’
sequences from China and Taiwan and ‘Ca. P. adelgest-
sugas’ from China were distinctly divergent from
Japanese and North American populations; in ‘Ca.
P. adelgestsugas’, genetic differences were on the order
of those observed between distinct bacterial species. For
both ‘Ca. P. adelgestsugas’ and ‘Ca. A. adelgestsuga’
sequences, Japanese populations from T. seiboldii were
identical or one substitution different from E. North Ameri-
can samples (W. North American sequences, however,
were also identical to J-Ts and E. North America). In the
more variable ‘Ca. P. adelgestsugas’ sequences, the
Ad06-04 sample from Takatsuki, Osaka, on the island of
Honshu, was identical to E. North American samples and
possibly pinpoints the source of the E. North American
introduction to that population. Japanese samples of ‘Ca.
P. adelgestsugas’ and ‘Ca. A. adelgestsuga’ from T. diver-
sifolia were always divergent from E. North American
samples. In further support of an E. North American intro-
duction from Honshu, sequences of ‘Ca. S. symbiotica’
were recovered only from E. North American and Honshu
T. sieboldii samples.

Long-term, obligate, and vertically transmitted symbi-
onts typically show a pattern of co-speciation with their
insect hosts since the original infection (Moran et al.,
2005). The congruent pattern of relationships in ‘Ca.
P. adelgestsugas’ and ‘Ca. A. adelgestsuga’ symbionts
with those of their host insects is thus consistent with a
history of host–symbiont co-diversification at the popula-
tion and/or species level within the A. tsugae species
complex, and supports a status as obligate symbionts
(with the caveat that ‘Ca. P. adelgestsugas’ has yet to be
found in the Taiwan species). It was surprising, however,
that ‘Ca. A. adelgestsuga’ exhibited less genetic variation
than ‘Ca. P. adelgestsugas’, because the former is
sequestered intracellularly; such an intimate physical

association implies a longer history of association. Long-
term endosymbionts typically show accelerated substitu-
tion rates and A : T nucleotide compositional bias (Moran,
1996; Lambert and Moran, 1998; Spaulding and von
Dohlen, 2001). ‘Ca. A. adelgestsuga’ does exhibit biased
base composition (55.5% A/T) compared with ‘Ca.
P. adelgestsugas’ (48.2% A/T). In addition, the ‘Ca.
A. adelgestsuga’ branch in the Gammaproteobacteria
phylogeny (Fig. 1) is comparatively long, even longer than
the accelerated Buchnera lineage. More surprising is that
‘Ca. P. adelgestsugas’ shows strict co-evolution with its
hosts, because it occurs extracellularly in large numbers
in the haemocoel and thus seems more prone to horizon-
tal transfer, e.g. through parasitoids (as may happen with
facultative symbionts in aphids (Gehrer and Vorburger,
2012). However, Adelgidae apparently lack parasitoid
attackers (Havill and Foottit, 2007), so this might explain
why periodic horizontal transmission apparently has not
occurred. Population structure, rather than physical loca-
tion may in fact have more to do with traits typically
evolved in maternally transmitted endosymbionts.
Genomic changes and rapid evolution seem to be conse-
quences of a long history of association, in which obligate
symbiosis and lack of recombination among variants is
ensured by faithful maternal transmission (Moran, 2007).
The symbiont of plataspid stink bugs (Hemiptera), for
example, exhibits accelerated substitution rates and
reduced genome size even though it is housed extracel-
lularly in the gut and is transmitted externally when
progeny ingest the egg casings (Hosokawa et al., 2006).

The sporadic occurrence of ‘Ca. Serratia symbiotica’
from A. tsugae in only a few Japanese populations on
T. sieboldii and in eastern North America demonstrates
that this symbiont is facultative in A. tsugae. This is con-
sistent with intraspecific, population-level patterns of
cluster A ‘Ca. S. symbiotica’ and other facultative, mutu-
alistic endosymbionts from several aphid species, in
which presence and infection rates may vary widely
across populations (Tsuchida et al., 2006). In contrast,
other representatives of the ‘Ca. S. symbiotica’ lineage in
adelgids, ‘Ca. Ecksteinia’ (in A. piceae) and ‘Ca. Gillettel-
lia’ (in A. cooleyi) were consistently present in host insects
within and among populations (Toenshoff et al., 2012a,b).
While the populations sampled were few, this suggests
these symbionts may hold co-obligate status, as does the
related cluster B member, ‘Ca. S. symbiotica’ from Cinara
cedri.

Hypothesized functions of endosymbionts and possible
contributions to virulence of A. tsugae

The roles that gammaproteobacterial symbionts fulfil in
their coexistence with A. tsugae, and what connection
these functions might have to its virulence in E. North
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America are so far unknown. Yet, some speculation is
possible based on the relationships of these bacteria to
endosymbionts of other insects and their documented
contributions to hosts. Researchers have remarked on the
magnitude of A. tsugae’s effects on hemlocks and its
lethality compared with a co-occurring introduced pest,
elongate hemlock scale (Fiorinia externa) (Radville et al.,
2011; Gómez et al., 2012) with informal speculations that
endosymbionts might play a part in these effects. The
relative toxicity of A. tsugae to hemlock has been attrib-
uted to salivary components (Radville et al., 2011), which
we hypothesize could be regurgitated bacteria (or
their products) from the salivary glands. This hypothesis
makes sense given that the lethality of A. tsugae appears
to be related to induction of a hypersensitive response
and systemic induction of H2O2, which is a well-known
response of plants to pathogens such as bacteria (Dixon
et al., 1994).

The striking presence of ‘Ca. P. adelgestsugas’
cells packed in high numbers in the haemocoel (Fig. 4)
certainly suggests an important function in the bacterial–
insect partnership. Pseudomonas spp. are unprec-
edented as symbionts of Sternorrhyncha. However, a
Pseudomonas sp. symbiont produces a powerful defen-
sive toxin in Paederus beetles (Piel et al., 2004). This
suggests the idea that ‘Ca. P. adelgestsugas’ might play a
defensive role for A. tsugae, with enhanced effectiveness
in a novel geographic region (E. North America), where
predators are naïve and maladapted to a new toxin or
other defence. Another hypothesis is that ‘Ca. P. adelgest-
sugas’ might amplify A. tsugae’s feeding damage. Young
and colleagues (1995) suggested that detrimental effects
of A. tsugae on hemlocks might be due to factors other
than direct feeding, for example, through effects of some
toxin. Feeding by A. tsugae causes dramatic increases
and compositional changes of amino acids in the tree
(Gómez et al., 2012) and the formation of false rings that
inhibit water transport (Gonda-King et al., 2012). Possibly,
‘Ca. P. adelgestsugas’ produces a substance related to
these impacts.

We speculate that ‘Ca. S. symbiotica’ could play a role
in adelgids similar to that in aphids, perhaps contributing
to the successful invasion and spread of A. tsugae on
T. canadensis in E. North America. In aphids, this symbi-
ont is involved in mitigating effects of high temperatures,
in endoparasitoid defence, and in expanding host plant
range (Montllor et al., 2002; Russell and Moran, 2006;
Oliver et al., 2010). The southern Honshu source popula-
tion may be especially adapted to high temperatures
because of the presence of ‘Ca. S. symbiotica’, making
the pest populations in E. North America especially viru-
lent in the south. In addition, invasion of E. North America
involved a host-plant shift (from Tsuga seiboldii to T. ca-
nadensis and T. caroliniana), and perhaps ‘Ca. S. symbi-

otica’ assisted in the transition to these new host plants
through other unknown mechanisms.

We hypothesize that the major bacteriome resident,
‘Ca. A. adelgestsuga’, may fulfil a role in A. tsugae related
to nutrition, as does Buchnera aphidicola and other
obligate symbionts of Sternorrhyncha. As the primary
endosymbiont of aphids, Buchnera supplements the
incomplete diet of its host by overexpressing genes
coding for amino acids that are scarce or absent in its
phloem-sap diet (Moran and Degnan, 2006). In contrast to
aphids, A. tsugae feeds on parenchyma cells of the xylem
rays (Young et al., 1995). These cells might constitute a
more complete diet for A. tsugae than sugar-rich but
nitrogen-poor phloem. What essential nutrients might be
missing from this diet and whether ‘Ca. A. adelgestsuga’
assists in supplying them remains to be studied.

Perhaps the most surprising result of this study was the
presence of ‘Ca. A. adelgestsuga’ in salivary glands of
early developmental stages (Figs 6 and S4). By the
second instar, ‘Ca. A. adelgestsuga’ disappears from the
salivary gland, and presumably is either eliminated there
or migrates to the bacteriome. What function ‘Ca.
A. adelgestsuga’ may perform in the salivary glands is
unknown; however, their location in the settling instar
hints that these bacteria might aid in establishment at a
feeding site.

To our knowledge, the documentation of endosymbi-
otic, and presumably mutualistic, bacteria residing both in
the bacteriome and in the salivary glands (transiently) is
unprecedented in Sternorrhyncha. Given our results,
however, investigations for endosymbionts in salivary
glands of other sternorrhynchans should be pursued. The
claims of Haracsi (1938) hint that the situation in
A. tsugae might be found in other Aphidoidea [although
Buchner (1965) dismissed his findings]: in Pemphigus
aphids, Haracsi observed that the salivary gland and bac-
teriome differentiate during embryogenesis from the same
syncitial tissue, and for a significant part of embryonic
development exist in close proximity to each other. He
suggested that microbes in the salivary gland are the
same as symbionts of the bacteriome. Haracsi thought
that the role of salivary gland symbionts might be to
furnish their insect host’s saliva with enzymes such as
cellulase and hemicellulase to aid in digestion of plant
tissue as well as in gall formation.

Other types of bacteria in various insect hosts have
been documented in salivary glands and other tissues;
these appear to be mostly cases of plant pathogenic
bacteria within insect vectors, or bacteria manipulating
reproduction. Examples include Spiroplasma and Phyto-
plasma plant pathogens (Fletcher et al., 1998; Kwon
et al., 1999; Ammar and Hogenhout, 2005; Marzorati
et al., 2006; Hogenhout et al., 2008), Wolbachia and Car-
dinium (Bacteroidetes) reproductive manipulators (Cheng
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and Aksoy, 1999; Mitsuhashi et al., 2002; Chen et al.,
2005; Marzorati et al., 2006), and Rickettsiae-like organ-
isms of unknown function (Thomopoulos et al., 1991). In
tsetse flies, the secondary endosymbiont, Sodalis, but not
the primary endosymbiont, Wigglesworthia, is found in
salivary glands as well as other tissues (Cheng and
Aksoy, 1999; Aksoy and Rio, 2005). The Sodalis genome
indicates functional adaptations intermediate between a
free-living and mutualistic lifestyle (Toh et al., 2006);
however, its role in salivary glands is unknown.

The Betaproteobacteria BS-1 and BS-2 variants are
more puzzling residents of A. tsugae. BS-1 was more
closely related than BS-2 to the Betaproteobacteria sym-
bionts of other Adelgidae (‘Ca. Vallotia spp.’), but was not
a member of their exclusive lineage and thus does not
share a recent common ancestor (Fig. 3). Both BS-1
and BS-2 were found only in salivary glands, but were
apparently restricted to immature developmental stages
(Fig. 8). Samples from which these bacterial sequences
were PCR-amplified included adult and egg stages,
but these were also mixed with early instars. Despite
repeated FISH experiments on all stages, positive signal
was found only in first instars, and never in bacteriomes or
eggs. Although unlikely, it is possible that these bacteria
are transmitted to eggs in vivo, but in such low numbers
that they were not detected. Given the apparent lack of
cross-generational transmission, it is surprising that
sequences of BS-2 from T. seiboldii on southern Honshu
were identical or nearly so to E. North American and one
W. North American sample. We can hypothesize two pos-
sible scenarios to explain these findings: (i) BS-2 is an
environmental Betaproteobacteria sp. associated with
Tsuga in both Japan and North America, and is acquired
by A. tsugae as it feeds, or (ii) BS-2 was introduced to E.
North America from Japanese populations and has
spread (possibly through feeding) on Tsuga in North
America along with A. tsugae.

The apparently limited incidence of BS-1 (found only in
two Osaka samples) suggests that this bacterium is
perhaps rarely acquired from the environment. The
ecological role of Burkholderia glathei, closest to the
BS-1 NH04-34 sample, is unknown. However, the BS-1
NH04-33 sample was closely related to a Burkholderia
midgut symbiont of the broad-headed bug [Riptortus
pedestris (= R. clavatus)] (Kikuchi et al., 2005). These
bugs acquire Burkholderia symbionts from the environ-
ment in each generation, and symbionts significantly
increase several measures of fitness in their hosts
(Kikuchi et al., 2007). Numerous heteropteran species in
five families of two sister superfamilies harbour a diversity
of Burkholderia midgut symbionts, which are interrelated
with environmental and gall-forming strains (Kikuchi et al.,
2011). Notably, soil-derived pesticide-degrading strains of
Burkholderia can establish symbioses with R. pedestris

experimentally (and naturally with a chinch bug, Cave-
lerius saccharivorus) and confer pesticide resistance to
their hosts (Kikuchi et al., 2012).

Evolutionary patterns of bacterial endosymbiosis in
Adelgidae

Prior to this study, Toenshoff and colleagues (2012a,b)
found that each of four Adelges species complexes
harboured two types of maternally transmitted
bacterial endosymbionts. Three species (A. abeitis/viridis,
A. laricis/tardus, A. cooleyi/coweni) each contained a
Betaproteobacteria and a Gammaproteobacteria inter-
spersed in the same bacteriocytes. A. nordmannianae/
piceae harboured two Gammaproteobacteria, each
located in separate bacteriocytes. Relationships of Bet-
aproteobacteria symbionts (‘Ca. Vallotia spp.’) mirrored
those of their hosts (Havill et al., 2006). Gammaproteo-
bacteria of A. abeitis/viridis and A. laricis/tardus (‘Ca.
Profftia’ spp.) were sister taxa, consistent with their
hosts’ relationships in Adelgidae phylogeny. ‘Ca. Gillettel-
lia cooleyi’ and ‘Ca. Ecksteinia adelgidicola’ from
A. cooleyi/coweni and A. nordmannianae/piceae were
also sister taxa. The position of the second symbiont in
A. nordmannianae/piceae (‘Ca. Steffania adelgidicola’)
was unresolved in their Gammaproteobacteria phylogeny,
which lacked resolution in deeper relationships.

The pattern of endosymbiosis in A. tsugae found here is
most similar to A. nordmannianae/piceae: ‘Ca. Vallotia
sp.’ is absent, and a member of the ‘Ca. S. symbiotica’
lineage is a secondary endosymbiont. Unlike the previ-
ously explored adelgids, however, A. tsugae harbours up
to three vertically transmitted symbionts, and two belong
to novel lineages. In addition, ‘Ca. S. symbiotica’ of
A. tsugae does not share a most recent common ancestor
with ‘Ca. Gillettellia cooleyi’ and ‘Ca. Ecksteinia adelgidi-
cola’ within the ‘Ca. S. symbiotica’ lineage, and thus rep-
resents an independent acquisition of this symbiont. Our
results therefore further support the conclusion that endo-
symbiont evolution in adelgids has been a complex
history of acquisition and replacement of (presumed) obli-
gate and facultative symbionts. Toenshoff and colleagues
(2012a) present one parsimonious evolutionary hypoth-
esis of symbiont infection and replacement, wherein the
ancestor of adelgids was infected by an ancestral ‘Ca.
Vallotia sp.’ and a common ancestor of ‘Ca. Gillettellia’/
‘Ca. Ecksteinia’; in certain lineages, ‘Ca. Vallotia’ was
replaced by ‘Ca. Steffania’ and S. symbiotica by ‘Ca.
Profftia’. Under this hypothesis, our results suggest that
the A. tsugae lineage would have undergone a replace-
ment of ‘Ca. Vallotia’ by ‘Ca. Annandia’, a loss of ‘Ca.
Gillettellia’/‘Ca. Ecksteinia’ and gain of another member of
the ‘Ca. S. symbiotica’ lineage in Japanese populations,
as well as an acquisition of ‘Ca. P. adelgestsugas’. As

Proteobacterial endosymbionts of hemlock woolly adelgid 2055

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology, 15, 2043–2062



Toenshoff and colleagues (2012a) note, several alterna-
tive scenarios are also plausible. A complete history of
bacterial symbiosis in adelgids will be best understood
with information on symbiont composition in additional
species, as well as genomic information to illuminate the
different ages of bacterial–host associations (Toenshoff
et al., 2012b).

Experimental procedures

Taxon sampling, gene amplification, cloning,
and sequencing

Adelges tsugae were sampled from populations in eastern
North America, western North America, Japan, Taiwan, and
China (Table S1). Whole-genomic DNA was extracted from
whole insects using a protein salting-out protocol (Sunnucks
and Hales, 1996). Bacterial small-subunit ribosomal 16S
rRNA genes were amplified from whole-genomic prepara-
tions by polymerase chain reaction (PCR) with the general
eubacterial primers, 10f or 27f (both forward primers) and
1495R (reverse), or in some cases 340f or 341f for the
forward primer (Table S2); multiple forward primers were
used to increase the probability of amplifying all possible
bacteria. PCRs were prepared in 20 ml vols and contained
1 mM dNTPs, 20 mM 10¥ buffer (Roche Diagnostics GmbH,
Mannheim, Germany), 1 mM of each primer, 1 unit of Taq
DNA polymerase (Roche or GenScript Corp., Piscataway),
1 ml of GeneProtein32 (Ambion, Austin), and 20 ng of whole-
genomic DNA. Reaction cycles for the PCRs amplified with
the general eubacterial forward and reverse primers were
94°C for 3′, then 35¥ (94°C 1′, 55°C 1′, 72°C 1′) with a final
extension at 72°C for 10′. A 1500 base pair (bp) band con-
taining the nearly full-length sequence of the 16S rRNA gene
was the target product.

PCR products were cloned using the Topo TA Cloning Kit
(Invitrogen, Carlsbad) according to manufacturer’s instruc-
tions. A PCR analysis was conducted to check for correct-
length inserts (instructions provided with kit) on 10–50
colonies using the vector primers M13 forward and M13
reverse. The resulting PCR products of correct lengths were
purified using an isopropanol-ammonium acetate purification
method prior to sequencing.

16S rRNA products obtained either through general eubac-
terial PCRs and cloning, or through specific PCRs (see
below), were first sequenced with the forward amplification
primer, or M13 forward for cloned products, using the ABI
Prism Terminator Cycle sequencing v2.0 Ready Reaction kit,
or Dynamic ET Terminator Cycle sequencing kit (Amersham
Biosciences, Piscataway) and products were visualized on
an ABI Prism 377 DNA sequencer (Applied Biosystems,
Foster City) or an ABI Prism 3100. Sequences were aligned
with Sequencher 4.1 (Gene Codes Corp., Ann Arbor). Ten to
50 colonies per cloning reaction were assayed. Unique
sequences were identified from alignments of all test
sequences, and single clones or specific PCR products rep-
resenting unique molecules were sequenced fully. Primers for
sequencing were the same as those used for PCR. Additional
internal primers, 341f, 766f, 570r and 810r were used to
obtain complete sequences in both directions (Table S2).

Sequence fragments of endosymbiont rRNA genes were
joined into full-length regions (contigs) with Sequencher. All
unique contigs were entered into nucleotide BLAST searches
in GenBank and to the Classifier analysis tool at the Ribos-
omal Database Project II (RDPII) website to obtain a general
classification of bacterial endosymbiont types. Final
sequences were deposited in the GenBank public database.

Once putative endosymbionts were identified as being
present in certain populations, new samples from these
populations were screened to ascertain the presence of
these bacteria using highly specific bacteria primers (specific
PCRs), thus circumventing the cloning step. Sequences and
orientation of the specific primers used for this screening
method are listed in Table S2. For Betaproteobacteria endo-
symbionts, highly specific primers could not be developed.
However, general Betaproteobacteria-specific primers were
designed and used to preferentially enrich the PCR for bet-
aproteobacterial 16S rRNA gene copies; PCR products were
then cloned. Annealing temperatures for PCRs with specific
primers were varied according to the melting temperature of
the primers.

During initial cloning and sequencing work using primers
340f and 1495r, a three-way chimeric sequence was encoun-
tered, which contained a ~ 450 bp central segment with a
unique bacterial 16S rRNA sequence. Forward and reverse
primers specific to this ~ 450 bp region were designed:
GamC 476f and GamC 847r (Table S2) and were used in
specific PCRs to ascertain the presence of this putative
endosymbiont (later designated ‘GS-C’) in representative
individuals from all populations. Partial 16S rRNA from this
endosymbiont was amplified in two segments: the first was
amplified with general eubacterial forward primer 340f in
combination with specific reverse primer GamC847r, and the
second was amplified using specific forward primer Gam
C476f and the general eubacterial reverse primer 1495r. PCR
products were then purified and sequenced directly. Interest-
ingly, the general eubacterial primers, 8f, 10f and 27f, which
are routinely used to amplify 16S rRNA genes from all line-
ages of Eubacteria, failed to amplify the 5′ end of this endo-
symbiont sequence.

Phylogenetic analysis

After sequence comparisons in GenBank and RDPII,
we determined that A. tsugae endosymbiont sequences
belonged to the Gammaproteobacteria and Betaproteobac-
teria lineages. Sequences with closest matches and other
representative sequences from these lineages were down-
loaded from GenBank to prepare alignments for phylogenetic
analysis. Several data sets were prepared: the first included
single exemplars from three Gammaproteobacteria isolated
from A. tsugae, other gammaproteobacterial insect endo-
symbionts and free-living bacteria. The second included all
sequences of Betaproteobacteria isolated from A. tsugae and
selected betaproteobacterial insect endosymbionts and free-
living bacteria. Each data set of unaligned sequences was
submitted to the CLUSTALW Multiple Sequence Alignment
server at GenomeNet (Kyoto University Bioinformatics
Center; http://www.genome.jp/tools/clustalw/). Short regions
of ambiguous alignment were removed by eye. The resulting
alignments were analysed to determine the relationships of
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A. tsugae endosymbionts to known bacteria and other insect
endosymbionts. Three additional alignments were prepared
consisting of all variants of each gammaproteobacterial
endosymbiont from all sampled populations, and one or more
out-groups. These alignments were used to examine
population-level structure in sequence variation. Because
sequence variation was low, these simple alignments were
compiled using Sequencher.

Phylogenetic analyses were conducted under maximum
parsimony (MP) for single-endosymbiont alignments, and
under BI and ML for the Gammaproteobacteria and Betapro-
teobacteria multi-species alignments. MP analyses were
performed with Paup* 4.0 (Swofford, 2002), with all sites
weighted equally during 500 random-addition heuristic
searches. BI was conducted with MrBayes 3.1.2 (Ronquist
and Huelsenbeck, 2003) using the best-fit model of evolution
(GTR + gamma) as determined with MrModeltest 2.2
(Nylander, 2004). Two separate analyses were run with four
chains (three heated and one cold) for 10 000 000 genera-
tions, sampled every 10 000 generations. Convergence, sta-
tionarity, and appropriate burn-in for each analysis were
assessed with Tracer v1.5 (Rambaut and Drummond, 2009),
and posterior probabilities for each node were calculated
from the collection of post-burn-in trees with MrBayes. ML
bootstrap analyses were performed with GARLI v2.0
(Zwickl, 2006) at the GARLI Web Service, http://www.
molecularevolution.org) using the GTR + gamma model, and
with RAxML 7.0.4 at the CIPRES Science Gateway Black
Box interface (http://phylobench.vital-it.ch/raxml-bb/) using
the GTRCAT model to perform bootstrapping, followed by an
ML search using the GTRGAMMA model (Stamatakis, 2006;
Stamatakis et al., 2008).

In situ hybridization and confocal microscopy

FISH were carried out on E. North American, W. North Ameri-
can, and JP samples. Experiments were performed with oli-
gonucleotide probes designed to be specific to the different
putative endosymbiont sequences amplified from A. tsugae
samples. Specific probes were designed from sequence
alignments compiled from 16S rRNA sequences derived from
all representative populations of A. tsugae as well as other
related Gammaproteobacteria and Betaproteobacteria 16S
rRNA sequences from GenBank, including free-living bacte-
ria and other endosymbionts. Probes were designed from
regions of the 16S rRNA molecule where a secondary struc-
ture model of Escherichia coli 16S rRNA (Fuchs et al., 1998)
indicated that binding should be successful, and where
sequences differed from other bacteria from the same
sample. Probes were named according to their equivalent
positions in the E. coli gene (Table S2).

FISH was conducted on insects of various developmental
stages preserved in acetone and stored at -80°C, or in
95–100% ethanol and stored at -20°C. Fixation and section-
ing methods were adapted from Ausubel and colleagues
(1996), Chapter 14.1–14.2, and Fukatsu and colleagues
(1998). Whole insects were fixed in a 4% formaldehyde solu-
tion, infused in a 0.5 M sucrose solution overnight, then
embedded in Tissue Freezing Medium (Fisher Scientific,
Denver), and frozen at -22°C. Blocks were cut into 12–14 mm
thick serial cryo-sections using a Riechert-Jung Cryocut

1800, in transverse, frontal, or sagittal orientations. Sections
were transferred to Fisherbrand Superfrost Plus slides
(Fisher Scientific) and allowed to air-dry for 45 s to 2 min.

Hybridization methods were adapted from Fukatsu and
colleagues (1998), Komminoth (1996) and Zarda and
Schleifer (1996). After air-drying, the slides were incubated
sequentially in Coplin jars containing 4% formaldehyde in 1¥
PBS (5 min), 3¥ PBS (3–5 min) and 1¥ PBS (3–5 min). For
minute insect sections, the 3¥ and 1¥ PBS steps were occa-
sionally omitted to improve section retention, and excess 4%
formaldehyde solution was simply wiped off the slide. In such
cases, slides were subjected to two washes with probe-free
1¥ hybridization solution (HS) prior to application of the HS as
described below. Slides were processed for FISH within 2 h
of sectioning. Specific probes, as well as the general eubac-
terial primer 1507r, were labelled with Chromatide Alexa-568-
5-dUTP (A-568) (Molecular Probes, Eugene) according to the
manufacturer’s instructions. We also purchased a
manufacturer-labelled Alexa647 GamC_440 (A-647) probe
directly from Molecular Probes for experiments that involved
double probing with the Gamma-C endosymbiont (see
Results). To hybridize probes to bacterial rRNA, room-
temperature sections were bathed in 20 ml of HS without
probe, aspirated, then covered and sealed with PC20 Cov-
erWell incubation chambers (Grace Bio-labs, Bend, OR) con-
taining 20 ml of 1¥ HS with labelled probe. To ensure
specificity, formamide concentration in HS was adjusted for
Tm of the probes. Probes were used singly, as well as in
mixtures to increase the signal in hybridizations. HS with
single probes or mixtures of probes were held at 50 pmol ml-1

total probe concentration. The hybridization was conducted at
42°C for 16 h, after which slides were washed first in 2¥ SSC
(sodium chloride-sodium citrate buffer) and then in 1¥
phosphate-buffered saline (PBS), then mounted with a cov-
erslip in 1¥ PBS. Specificity of hybridization was confirmed
with negative controls: no-probe, RNase digestion, and com-
petitive suppression with excess unlabelled probe (Fukatsu
et al., 1998; von Dohlen et al., 2001). A positive control was
conducted with 1507r labelled with Alexa_568 dUTP. Visuali-
zation of the hybridized probes was achieved on a Bio-Rad
MRC1024 laser-scanning confocal microscope using lasers
with wavelengths of 488 nm, 568 nm, and 647 nm.

Transmission electron microscopy

Fresh, whole insects from populations on T. canadensis from
Connecticut, USA and T. heterophylla from Oregon, USA,
were prefixed in 3% glutaraldehyde, 4% paraformaldehyde
and 2% acrolein in 0.1 M sodium cacodylate buffer overnight,
then postfixed in 2% osmium tetroxide in 0.1 M sodium
cacodylate buffer for 1 h. After ethanol dehydration, samples
were stained with uranyl acetate, dehydrated, and embedded
in Spurr’s resin. Ultrathin sections from the abdominal region
were prepared with an ultramicrotome, mounted on collodion-
coated copper meshes, stained with uranyl acetate and lead,
and examined at 60 kV with a Zeiss 902 transmission elec-
tron microscope.

Acknowledgements

We thank Hitoshi Tsujimoto for molecular laboratory assist-
ance, Joe Shope for assistance with confocal microscopy,

Proteobacterial endosymbionts of hemlock woolly adelgid 2057

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology, 15, 2043–2062

http://www.molecularevolution.org
http://www.molecularevolution.org
http://phylobench.vital-it.ch/raxml-bb/


William Brindley for identification of salivary glands, all col-
lectors listed in Table S1 for samples, Robert Foottit for dis-
cussion, and Kathryn Weglarz and three anonymous referees
for comments on the manuscript. This research was funded
by a USDA-FS Cooperative Agreement (#05-CA-11242343-
026) and the Utah Agricultural Experiment Station; approved
as journal paper #8463.

References

Aksoy, S., and Rio, R.V.M. (2005) Interactions among multi-
ple genomes: tsetse, its symbionts and trypanosomes.
Insect Biochem Mol Biol 35: 691–698.

Ammar, E., and Hogenhout, S.A. (2005) Use of immunofluo-
rescence confocal laser scanning microscopy to study dis-
tribution of the bacterium corn stunt spiroplasma in vector
leafhoppers (Hemiptera : Cicadellidae) and in host plants.
Ann Entomol Soc Am 98: 820–826.

Annand, P.N. (1924) A new species of Adelges (Hemiptera,
Phylloxeridae). Pan-Pac Entomol 1: 79–82.

Annand, P.N. (1928) A Contribution toward A Monograph of
the Adelginae (Phylloxeridae) of North America. Palo Alto,
CA, USA: Stanford Univ. Press.

Ausubel, F.A., Brent, R., Kingston, R.E., Moore, D.D.,
Seidman, J.G., Smith, J.A., and Struhl, K. (eds) (1996)
Current Protocols in Molecular Biology. New York, USA:
John Wiley and Sons.

Baumann, P. (2005) Biology of bacteriocyte-associated
endosymbionts of plant sap-sucking insects. Annu Rev
Microbiol 59: 155–189.

Baumann, P. (2006) Diversity of prokaryote-insect associa-
tions within the Sternorrhyncha (psyllids, whiteflies,
aphids, mealybugs. In Insect Symbiosis. Bourtzis, K., and
Miller, T.A. (eds). Boca Raton, FL, USA: CRC Press, pp.
1–24.

Buchner, P. (1965) Endosymbiosis of Animals with Plant
Microorganisms. New York, USA: John Wiley and Sons.

Burke, G.R., Normark, B.B., Favret, C., and Moran, N.A.
(2009) Evolution and diversity of facultative symbionts from
the aphid subfamily Lachninae. Appl Environ Microbiol 75:
5328–5335.

Chen, W.J., Tsai, K.H., Cheng, S.L., Huang, C.G., and Wu,
W.J. (2005) Using in situ hybridization to detect endosym-
biont Wolbachia in dissected tissues of mosquito host. J
Med Entomol 42: 120–124.

Cheng, Q., and Aksoy, S. (1999) Tissue tropism, transmis-
sion and expression of foreign genes in vivo in midgut
symbionts of tsetse flies. Insect Mol Biol 8: 125–132.

Clark, M.A., Moran, N.A., Baumann, P., and Wernegreen, J.J.
(2000) Cospeciation between bacterial endosymbionts
(Buchnera) and a recent radiation of aphids (Uroleucon)
and pitfalls of testing for phylogenetic congruence. Evolu-
tion 54: 517–525.

Costa, S. (2010) Hemlock woolly adelgid suppression with
aerial application of mycotal fungus in a microfactory for-
mulation: can it work? In Fifth Symposium on Hemlock
Woolly Adelgid in the Eastern United States. Onken, B.,
and Reardon, R. (eds). Asheville, NC, USA: USDA Forest
Service FHTET-2010-07, p. 32.

Dion, E., Polin, S.E., Simon, J.-C., and Outreman, Y. (2011)

Symbiont infection affects aphid defensive behaviours. Biol
Lett 7: 743–746.

Dixon, R.A., Harrison, M.J., and Lamb, C.J. (1994) Early
events in the activation of plant defense responses. Annu
Rev Phytopathol 32: 479–501.

von Dohlen, C.D., Kohler, S., Alsop, S.T., and McManus,
W.R. (2001) Mealybug beta-proteobacterial endosymbi-
onts contain gamma-proteobacterial symbionts. Nature
412: 433–436.

Douglas, A.E., Minto, L.B., and Wilkinson, T.L. (2001) Quan-
tifying nutrient production by the microbial symbionts in an
aphid. J Exp Biol 204: 349–358.

Dunbar, H.E., Wilson, A.C.C., Ferguson, N.R., and Moran,
N.A. (2007) Aphid thermal tolerance is governed by a point
mutation in bacterial symbionts. PLoS Biol 5: 1006–1015.

Fletcher, J., Wayadande, A., Melcher, U., and Ye, F.C. (1998)
The phytopathogenic mollicute-insect vector interface: a
closer look. Phytopathology 88: 1351–1358.

Foottit, R.G., Maw, H.E.L., Havill, N., Ahern, R.G., and Mont-
gomery, M.E. (2009) DNA barcodes to identify species and
explore diversity in the Adelgidae (Insecta: Hemiptera:
Aphidoidea). Mol Ecol Resour 9: 188–195.

Fuchs, B.M., Wallner, G., Beisker, W., Schwippl, I., Ludwig,
W., and Amann, R. (1998) Flow cytometric analysis of the
in situ accessibility of Escherichia coli 16S rRNA for fluo-
rescently labeled oligonucleotide probes. Appl Environ
Microbiol 64: 4973–4982.

Fukatsu, T., Watanabe, K., and Sekiguchi, Y. (1998) Specific
detection of intracellular symbiotic bacteria of aphids by
oligonucleotide-probed in situ hybridization. Appl Entomol
Zool 33: 461–472.

Gehrer, L., and Vorburger, C. (2012) Parasitoids as vectors of
facultative bacterial endosymbionts in aphids. Biol Lett 8:
613–615.

Gómez, S., Orians, C., and Preisser, E. (2012) Exotic herbiv-
ores on a shared native host: tissue quality after individual,
simultaneous, and sequential attack. Oecologia 169:
1015–1024.

Gomez-Valero, L., Soriano-Navarro, M., Perez-Brocal, V.,
Heddi, A., Moya, A., Garcia-Verdugo, J.M., and Latorre, A.
(2004) Coexistence of Wolbachia with Buchnera aphidicola
and a secondary symbiont in the aphid Cinara cedri. J
Bacteriol 186: 6626–6633.

Gonda-King, L., Radville, L., and Preisser, E.L. (2012) False
ring formation in eastern hemlock branches: impacts of
hemlock woolly adelgid and elongate hemlock scale.
Environ Entomol 41: 523–531.

Grant, J.F., Hakeem, A., Wiggins, G., Rhea, R., and Lambdin,
P.L. (2010) Assessment of introduced predator species
against hemlock woolly adelgid on eastern hemlock using
whole-tree canopy enclosures. In Fifth Symposium on
Hemlock Woolly Adelgid in the Eastern United States.
Onken, B., and Reardon, R. (eds). Asheville, NC, USA:
USDA Forest Service FHTET-2010-07, pp. 53–55.

Grimaldi, D., and Engel, M.S. (2005) Evolution of the Insects.
Cambridge, UK: Cambridge University Press.

Gruwell, M.E., Morse, G.E., and Normark, B.B. (2007) Phy-
logenetic congruence of armored scale insects (Hemiptera:
Diaspididae) and their primary endosymbionts from the
phylum Bacteroidetes. Mol Phylogenet Evol 44: 267–
280.

2058 C. D. von Dohlen et al.

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology, 15, 2043–2062



Hansen, A.K., and Moran, N.A. (2011) Aphid genome expres-
sion reveals host-symbiont cooperation in the production of
amino acids. Proc Natl Acad Sci USA 108: 2849–2854.

Hansen, A.K., Jeong, G., Paine, T.D., and Stouthamer, R.
(2007) Frequency of secondary symbiont infection in an
invasive psyllid relates to parasitism pressure on a geo-
graphic scale in California. Appl Environ Microbiol 73:
7531–7535.

Haracsi, L. (1938) Beiträge zur Biologie der Blattläuse. Nat
For Exper 1–4: 47–53.

Havill, N.P., and Foottit, R.G. (2007) Biology and evolution of
Adelgidae. Annu Rev Entomol 52: 325–349.

Havill, N.P., Montgomery, M.E., Yu, G.Y., Shiyake, S., and
Caccone, A. (2006) Mitochondrial DNA from hemlock
woolly adelgid (Hemiptera : Adelgidae) suggests cryptic
speciation and pinpoints the source of the introduction to
eastern North America. Ann Entomol Soc Am 99: 195–203.

Heie, O.E. (1987) Paleontology and phylogeny. In Aphids
Their Biology, Natural Enemies and Control. Minks, A.K.,
and Harrewijn, P. (eds). Amsterdam, the Netherlands: Else-
vier, pp. 367–391.

Heie, O.E., and Pike, E.M. (1996) Reassessment of the taxo-
nomic position of the fossil aphid family Canadaphididae
based on two additional specimens of Canadaphis carpen-
teri (Hemiptera: Aphidinea). Eur J Entomol 93: 617–622.

van den Heuvel, J.F.J., Verbeek, M., and van der Wilk, F.
(1994) Endosymbiotic bacteria associated with circulative
transmission of potato leafroll virus by Myzus persicae. J
Gen Virol 75: 2559–2565.

Himler, A.G., Adachi-Hagimori, T., Bergen, J.E., Kozuch, A.,
Kelly, S.E., Tabashnik, B.E., et al. (2011) Rapid Spread of
a bacterial symbiont in aninvasive whitefly Is driven by
fitness benefits and female bias. Science 332: 254–256.

Hogenhout, S.A., Oshima, K., Ammar el, D., Kakizawa, S.,
Kingdom, H.N., and Namba, S. (2008) Phytoplasmas: bac-
teria that manipulate plants and insects. Mol Plant Pathol
9: 403–423.

Hosokawa, T., Kikuchi, Y., Nikoh, N., Shimada, M., and
Fukatsu, T. (2006) Strict host-symbiont cospeciation and
reductive genome evolution in insect gut bacteria. PLoS
Biol 4: e337.

Hosokawa, T., Kikuchi, Y., Shimada, M., and Fukatsu, T.
(2007) Obligate symbiont involved in pest status of host
insect. Proc R Soc Lond B Biol Sci 274: 1979–1984.

Joseph, S.V., Hanula, J.L., Braman, S.K., and Byrne, F.J.
(2011) Effects of fertilizer and low rates of imidacloprid on
Adelges tsugae (Hemiptera: Adelgidae). J Econ Entomol
104: 868–878.

Kellner, R.L.L. (2002) Interspecific transmission of Paederus
endosymbionts: relationship to the genetic divergence
among the bacteria associated with pederin biosynthesis.
Chemoecology 12: 133–138.

Kikuchi, Y., Meng, X.Y., and Fukatsu, T. (2005) Gut symbiotic
bacteria of the genus Burkholderia in the broad-headed
bugs Riptortus clavatus and Leptocorisa chinensis (Heter-
optera : Alydidae). Appl Environ Microbiol 71: 4035–4043.

Kikuchi, Y., Hosokawa, T., and Fukatsu, T. (2007) Insect-
microbe mutualism without vertical transmission: a stink-
bug acquires a beneficial gut symbiont from the
environment every generation. Appl Environ Microbiol 73:
4308–4316.

Kikuchi, Y., Hosokawa, T., and Fukatsu, T. (2011) An ancient
but promiscuous host-symbiont association between Bur-
kholderia gut symbionts and their heteropteran hosts.
ISME J 5: 446–460.

Kikuchi, Y., Hayatsu, M., Hosokawa, T., Nagayama, A., Tago,
K., and Fukatsu, T. (2012) Symbiont-mediated insecticide
resistance. Proc Natl Acad Sci USA 109: 8618–8622.

Komminoth, P. (1996) Detection of mRNA in tissue sections
using DIG-labeled RNA and oligonucleotide probes. In
Nonradioactive in situ Hybridization Application Manual.
Grünewald-Janho, S., Keesey, J., Leous, M., van Milten-
burg, R., and Schroeder, C. (eds). Mannheim, Germany:
Boehringer Mannheim GmbH, Biochemica, pp. 126–135.

Kwon, M.O., Wayadande, A.C., and Fletcher, J. (1999)
Spiroplasma citri movement into the intestines and salivary
glands of its leafhopper vector, Circulifer tenellus. Phytopa-
thology 89: 1144–1151.

Lambert, J.D., and Moran, N.A. (1998) Deleterious mutations
destabilize ribosomal RNA in endosymbiotic bacteria. Proc
Natl Acad Sci USA 95: 4458–4462.

Lamelas, A., Perez-Brocal, V., Gomez-Valero, L., Gosalbes,
M.J., Moya, A., and Latorre, A. (2008) Evolution of the
secondary symbiont ‘Candidatus Serratia symbiotica’ in
aphid species of the subfamily Lachninae. Appl Environ
Microbiol 74: 4236–4240.

Lamelas, A., Gosalbes, M.J., Manzano-Marin, A., Pereto, J.,
Moya, A., and Latorre, A. (2011) Serratia symbiotica from
the aphid Cinara cedri: a missing link from facultative to
obligate insect endosymbiont. PLoS Genet 7: e1002357.

McClure, M.S., and Cheah, C.A.S. (1999) Reshaping the
ecology of invading populations of hemlock woolly adelgid,
Adelges tsugae (Homoptera: Adelgidae), in eastern North
America. Biol Invasions 1: 247–254.

McCutcheon, J.P., and von Dohlen, C.D. (2011) An interde-
pendent metabolic patchwork in the nested symbiosis of
mealybugs. Curr Biol 21: 1366–1372.

McCutcheon, J.P., and Moran, N.A. (2010) Functional
convergence in reduced genomes of bacterial symbionts
spanning 200 My of evolution. Genome Biol 2: 708–
718.

Marzorati, M., Alma, A., Sacchi, L., Pajoro, M., Palermo, S.,
Brusetti, L., et al. (2006) A novel Bacteroidetes symbiont is
localized in Scaphoideus titanus, the insect vector of fla-
vescence dorée in Vitis vinifera. Appl Environ Microbiol 72:
1467–1475.

Medina, R.F., Nachappa, P., and Tamborindeguy, C. (2011)
Differences in bacterial diversity of host-associated popu-
lations of Phylloxera notabilis Pergande (Hemiptera: Phyl-
loxeridae) in pecan and water hickory. J Evol Biol 24:
761–771.

Mitsuhashi, W., Saiki, T., Wei, W., Kawakita, H., and Sato, M.
(2002) Two novel strains of Wolbachia coexisting in both
species of mulberry leafhoppers. Insect Mol Biol 11: 577–
584.

Montllor, C.B., Maxmen, A., and Purcell, A.H. (2002) Facul-
tative bacterial endosymbionts benefit pea aphids
Acyrthosiphon pisum under heat stress. Ecol Entomol 27:
189–195.

Moran, N.A. (1996) Accelerated evolution and Muller’s rachet
in endosymbiotic bacteria. Proc Natl Acad Sci USA 93:
2873–2878.

Proteobacterial endosymbionts of hemlock woolly adelgid 2059

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology, 15, 2043–2062



Moran, N.A. (2007) Symbiosis as an adaptive process and
source of phenotypic complexity. Proc Natl Acad Sci USA
104: 8627–8633.

Moran, N.A., and Degnan, P.H. (2006) Functional genomics
of Buchnera and the ecology of aphid hosts. Mol Ecol 15:
1251–1261.

Moran, N.A., Tran, P., and Gerardo, N.M. (2005) Symbiosis
and insect diversification: an ancient symbiont of sap-
feeding insects from the bacterial phylum Bacteroidetes.
Appl Environ Microbiol 71: 8802–8810.

Moran, N.A., McCutcheon, J.P., and Nakabachi, A. (2008)
Genomics and evolution of heritable bacterial symbionts.
Annu Rev Genet 42: 165–190.

Morin, S., Ghanim, M., Zeidan, M., Czosnek, H., Verbeek, M.,
and van den Heuvel, J. (1999) A GroEL homologue from
endosymbiotic bacteria of the whitefly Bemisia tabaci is
implicated in the circulative transmission of tomato yellow
leaf curl virus. Virology 256: 75–84.

Munson, M.A., Baumann, P., Clark, M.A., Baumann, L.,
Moran, N.A., Voegtlin, D.J., and Campbell, B.C. (1991)
Evidence for the establishment of aphid-eubacterium
endosymbiosis in an ancestor of four aphid families. J
Bacteriol 173: 6321–6324.

Murray, R.G., and Stackebrandt, E. (1995) Taxonomic note:
implementation of the provisional status Candidatus for
incompletely described procaryotes. Int J Syst Bacteriol
45: 186–187.

Nylander, J.A.A. (2004) MrModeltest v2. Program distributed
by the author. Evolutionary Biology Centre, Uppsala
University.

Oliver, K.M., Moran, N.A., and Hunter, M.S. (2005) Variation
in resistance to parasitism in aphids is due to symbionts not
host genotype. Proc Natl Acad Sci USA 102: 12795–
12800.

Oliver, K.M., Degnan, P.H., Burke, G.R., and Moran, N.A.
(2010) Facultative symbionts in aphids and the horizontal
transfer of ecologically important traits. Annu Rev Entomol
55: 247–266.

Olsen, R.T., and Bentz, S.E. (2010) Breeding novel hemlock
hybrids with resistance to hemlock woolly adelgid. In Fifth
Symposium on Hemlock Woolly Adelgid in the Eastern
United States. Onken, B., and Reardon, R. (eds). Ashe-
ville, NC, USA: USDA Forest Service FHTET-2010-07, pp.
91–92.

Orwig, D.A. (2008) Ecological and management implications
of hemlock logging in Massachusetts. In Fourth Sympo-
sium on Hemlock Woolly Adelgid in the Eastern United
States. Onken, B., and Reardon, R. (eds). Hartford, CT,
USA: USDA Forest Service FHTET-2008-01, pp. 112–113.

Piel, J., Hofer, I., and Hui, D.Q. (2004) Evidence for a sym-
biosis island involved in horizontal acquisition of pederin
biosynthetic capabilities by the bacterial symbiont of
Paederus fuscipes beetles. J Bacteriol 186: 1280–1286.

Profft, J. (1937) Beiträge zur Symbiose der Aphiden und
Psylliden. Z Morphol Oekol Tiere 32: 289–326.

Radville, L., Chaves, A., and Preisser, E. (2011) Variation in
plant defense against invasive herbivores: evidence for a
hypersensitive response in eastern hemlocks (Tsuga
canadensis). J Chem Ecol 37: 592–597.

Rambaut, A., and Drummond, A.J. (2009) Tracer v1.5,
[WWW document]. URL http://beast.bio.ed.ac.uk/Tracer.

Ronquist, F., and Huelsenbeck, J.P. (2003) MRBAYES 3:
Bayesian phylogenetic inference under mixed models. Bio-
informatics 19: 1572–1574.

Ross, D.W., Grubin, S.M., Kohler, G.R., and Wallin, K.F.
(2010) Evaluation of Leucopis species (Diptera: Chamae-
myiidae) from the PNW as potential biological controls for
the hemlock woolly adelgid. In Fifth Symposium on
Hemlock Woolly Adelgid in the Eastern United States.
Onken, B., and Reardon, R. (eds). Asheville, NC, USA:
USDA Forest Service FHTET-2010-07, p. 32.

Russell, J.A., and Moran, N.A. (2006) Costs and benefits of
symbiont infection in aphids: variation among symbionts
and across temperatures. Proc R Soc Lond B Biol Sci 273:
603–610.

Sauer, C., Stackebrandt, E., Gadau, J., Holldobler, B., and
Gross, R. (2000) Systematic relationships and cospecia-
tion of bacterial endosymbionts and their carpenter ant
host species: proposal of the new taxon Candidatus Blo-
chmannia gen. nov. Int J Syst Evol Microbiol 50: 1877–
1886.

Scarborough, C.L., Ferrari, J., and Godfray, H.C.J. (2005)
Aphid protected from pathogen by endosymbiont. Science
310: 1781.

Shields, K.S., and Hirth, R.T. (2005) Bacterial endosymbionts
of Adelges tsugae Annand: Potential targets for biocontrol?
Third Symposium on Hemlock Woolly Adelgid in the
Eastern United States. Onken, B., and Reardon, R. (eds).
Asheville, NC, USA: USDA Forest Service, FHTET-2005-
01, pp. 357–359.

Souto, D., Luther, T., and Chianese, B. (1996) Past and
current status of HWA in eastern and Carolina hemlock
stands. In Proceedings of the First Hemlock Woolly Adelgid
Review. Salom, S.M., Tignor, T.C., and Reardon, R.C.
(eds). Morgantown, WV, USA: USDA Forest Service, pp.
9–15.

Spaulding, A.W., and von Dohlen, C.D. (2001) Psyllid endo-
symbionts exhibit patterns of co-speciation with hosts and
destabilizing substitutions in ribosomal RNA. Insect Mol
Biol 10: 57–67.

Spaulding, H., and Rieske, L. (2010) The aftermath of an
invasion: structure and composition of Central Appalachian
hemlock forests following establishment of the hemlock
woolly adelgid, Adelges tsugae. Biol Invasions 12: 3135–
3143.

Stamatakis, A. (2006) RAxML-VI-HPC: maximum likelihood-
based phylogenetic analyses with thousands of taxa and
mixed models. Bioinformatics 22: 2688–2690.

Stamatakis, A., Hoover, P., and Rougemont, J. (2008) A rapid
bootstrap algorithm for the RAxML web servers. Syst Biol
57: 758–771.

Steffan, A.W. (1968) Evolution und Systematik der
Adelgidae (Homoptera: Aphidina): eine Verwandtschaft-
sanalyse auf vorwiegend ethologischer zytologischer und
karyologischer Grundlage. Zoologica 115: 1–139.

Stenger, D.C., Sisterson, M.S., and French, R. (2010) Popu-
lation genetics of Homalodisca vitripennis reovirus vali-
dates timing and limited introduction to California of its
invasive insect host, the glassy-winged sharpshooter.
Virology 407: 53–59.

Sunnucks, P., and Hales, D.F. (1996) Numerous transposed
sequences of mitochondrial cytochrome oxidase I-II in

2060 C. D. von Dohlen et al.

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology, 15, 2043–2062

http://beast.bio.ed.ac.uk/Tracer


aphids of the genus Sitobion (Hemiptera: Aphididae). Mol
Biol Evol 13: 510–524.

Swofford, D. (2002) PAUP*. Phylogenetic analysis using par-
simony (*and other methods), version 4.0 b 10.

Tamas, I., Klasson, L., Canback, B., Naslund, A.K., Eriksson,
A.S., Wernegreen, J.J., et al. (2002) 50 million years of
genomic stasis in endosymbiotic bacteria. Science 296:
2376–2379.

Thao, M.L., Moran, N.A., Abbot, P., Brennan, E.B., Burck-
hardt, D.H., and Baumann, P. (2000) Cospeciation of psyl-
lids and their primary prokaryotic endosymbionts. Appl
Environ Microbiol 66: 2898–2905.

Thomopoulos, G.N., Neophytou, E.P., and Limberithomopou-
los, S. (1991) Rickettsiae-like structures in the larval
salivary-gland cells of Drosophila auraria. J Morphol 207:
17–21.

Toenshoff, E.R., Gruber, D., and Horn, M. (2012a)
Co-evolution and symbiont replacement shaped the sym-
biosis between adelgids (Hemiptera: Adelgidae) and their
bacterial symbionts. Environ Microbiol 14: 1284–1295.

Toenshoff, E.R., Penz, T., Narzt, T., Collingro, A., Schmitz-
Esser, S., Pfeiffer, S., et al. (2012b) Bacteriocyte-
associated gammaproteobacterial symbionts of the
Adelges nordmannianae/piceae complex (Hemiptera:
Adelgidae). ISME J 6: 384–396.

Toh, H., Weiss, B.L., Perkin, S.A.H., Yamashita, A., Oshima,
K., Hattori, M., and Aksoy, S. (2006) Massive genome
erosion and functional adaptations provide insights into the
symbiotic lifestyle of Sodalis glossinidius in the tsetse host.
Genome Res 16: 149–156.

Tsuchida, T., Koga, R., and Fukatsu, T. (2004) Host plant
specialization governed by facultative symbiont. Science
303: 1989–1989.

Tsuchida, T., Koga, R., Sakurai, M., and Fukatsu, T. (2006)
Facultative bacterial endosymbionts of three aphid
species, Aphis craccivora, Megoura crassicauda and
Acyrthosiphon pisum, sympatrically found on the same
host plants. Appl Entomol Zool (Jpn) 41: 129–137.

Tsuchida, T., Koga, R., Matsumoto, S., and Fukatsu, T. (2011)
Interspecific symbiont transfection confers a novel ecologi-
cal trait to the recipient insect. Biol Lett 7: 245–248.

Vorwerk, S., Martinez-Torres, D., and Forneck, A. (2007)
Pantoea agglomerans-associated bacteria in grape phyl-
loxera (Daktulosphaira vitifoliae, Fitch). Agric For Entomol
9: 57–64.

Wernegreen, J.J. (2002) Genome evolution in bacterial endo-
symbionts of insects. Nat Rev Genet 3: 850–861.

Wilson, A.C.C., Ashton, P.D., Calevro, F., Charles, H.,
Colella, S., Febvay, G., et al. (2010) Genomic insight into
the amino acid relations of the pea aphid, Acyrthosiphon
pisum, with its symbiotic bacterium Buchnera aphidicola.
Insect Mol Biol 19: 249–258.

Young, R.F., Shields, K.S., and Berlyn, G.P. (1995) Hemlock
woolly adelgid (Homoptera: Adelgidae): stylet bundle
insertion and feeding sites. Ann Entomol Soc Am 88: 827–
835.

Zarda, B.A., and Schleifer, K. (1996) Identification of single
cells using DIG-labeled oligonucleotides. In Nonradioactive
in situ Hybridization Application Manual. Mannheim,
Germany: Boehringer Mannheim GmbH, Biochemica, pp.
119–121.

Zwickl, D.J. (2006) Genetic algorithm approaches for the
phylogenetic analysis of large biological sequence data-
sets under the maximum likelihood criterion. PhD Disser-
tation. Austin, TX, USA: The University of Texas at Austin.

Supporting information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Table S1. Collection and voucher information for samples
used in this study. All host genera are Tsuga.
Table S2. Primers and probes used in this study.
Fig. S1. Maximum-parsimony phylogram of Gammaproteo-
bacteria GS-B (‘Ca. Serratia symbiotica’) sequences ampli-
fied from Japanese T. sieboldii populations from the island of
Honshu and from eastern North American populations; all
other samples yielded no amplifications of that phylotype.
Numbers above branches indicate inferred substitutions
along the branch. GenBank accessions are indicated in
brackets.
Fig. S2. Laser-scanning confocal images from FISH with the
general eubacterial probe 1507r (labelled with A-568).
A. Japanese sample from T. sieboldii first-instar stage,
showing probed bacteria (in red) in both the body cavity and
salivary glands. Inset: high magnification of a probed salivary
gland.
B. Same sample as in A, but different insect; no differentiated
bacteriome is visible.
C. Japanese sample from T. sieboldii, fourth-instar or adult
stage, showing probed bacteria in the haemocoel and the
central region of a bacteriome; insets: high magnification of
bacteriome-dwelling bacteria and haemocoel bacteria.
D. Western North America sample from T. heterophylla, third-
instar stage cross-section, showing probed rod-shaped bac-
teria (in red) in the haemocoel and completely filling several
bacteriocytes.
Green = autofluorescence from insect tissue. b, bacteriome,
s, salivary gland, h, haemocoel, n, bacteriocyte nucleus.
Fig. S3. Laser-scanning confocal images of A. tsugae after
FISH with the GS-A-specific probe GANA 1118r (labelled with
A-568), indicating GS-A (Pseudomonas adelgestsugas; in
red) are found only extracellularly in the haemocoel.
A. Japanese sample from T. sieboldii (first instar) showing
rod-shaped bacteria in the posterior body cavity.
B. Western North America sample from T. heterophylla
(second instar).
C. Japanese sample from T. sieboldii egg showing bacteria
free in the posterior cavity and clustered around developing
bacteriome (arrows).
D. Japanese sample from T. diversifolia egg, showing bacte-
ria in the posterior region. Green = autofluorescence from
insect tissue. b, bacteriome; h, haemocoel.
Fig. S4. Laser-scanning confocal images of A. tsugae after
FISH with the GS-C-specific probe GamC440r (labelled with
A-568), indicating GS-C (‘Ca. Annandia adelgestsuga’; in
red) are harboured in bacteriocytes, are transmitted to eggs,
and invade salivary glands in early instars.
A–C, samples from Japan.
A. Sample from T. sieboldii, egg stage, showing ‘Ca.
A. adelgestsuga’ clustered in two regions of one pole; not all

Proteobacterial endosymbionts of hemlock woolly adelgid 2061

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology, 15, 2043–2062



bacteria appear to be contained within discrete bacteriocytes
at this stage (arrow).
B. Sample from T. diversifolia, first-instar stage showing ‘Ca.
A. adelgestsuga’ in both bacteriome and salivary gland.
C. Sample from T. diversifolia, first-instar stage, showing ‘Ca.
A. adelgestsuga’ in bacteriocytes.
D–F, samples from North America.
D. Sample from eastern North America, second-instar stage,
showing ‘Ca. A. adelgestsuga’ in most areas of the bacteri-
ome; some areas are unprobed (arrow).

E. Sample from eastern North America, third-instar stage
showing ‘Ca. A. adelgestsuga’ in most areas of the bacteri-
ome; other areas are unprobed (arrows).
F. Sample from western North America, first-instar stage,
showing ‘Ca. A. adelgestsuga’ in both bacteriome and sali-
vary gland (arrow).
Green = autofluorescence from insect tissue. b, bacteriocyte/
bacteriome, s, salivary gland.
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