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Abstract Aphids harbor primary endosymbionts, Buchnera aphidicola, in specialized
cells within their body cavities. Aphids and Buchnera have strict mutualistic relation-
ships in nutrition exchange. This ancient association has received much attention from
researchers who are interested in endosymbiotic evolution. Previous studies have found
parallel phylogenetic relationships between non-galling aphids and Buchnera at lower tax-
onomic levels (genus, species). To understand whether relatively isolated habitats such as
galls have effect on the parallel relationships between aphids and Buchnera, the present
paper investigated the phylogenetic relationships of gall aphids from Pemphigus and al-
lied genera, which induce pseudo-galls or galls on Populus spp. (poplar) and Buchnera.
The molecular phylogenies inferred from three aphid genes (COI, COII and EF-1α) and
two Buchnera genes (gnd, 16S rRNA gene) indicated significant congruence between
aphids and Buchnera at generic as well as interspecific levels. Interestingly, both aphid and
Buchnera phylogenies supported three main clades corresponding to the galling locations
of aphids, namely leaf, the joint of leaf blade and petiole, and branch of the host plant.
The results suggest phylogenetic conservatism of gall characters, which indicates gall
characters are more strongly affected by aphid phylogeny, rather than host plants.

Key words codivergence, gall, parallel evolution, phylogenetic conservatism

Introduction

Bacterial symbionts play important roles on the diversi-
fication and evolution of many insect groups. Some en-
dosymbionts provide their hosts with essential nutrients,
especially insect hosts that feed on plant sap (Moran &
Telang, 1998; Baumann et al., 2013). About 10%–20 %
of insect species depend on intracellular bacterial mutual-
ists for their viability and reproduction (Douglas, 1989).
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Such endosymbionts (also called P-endosymbionts) live
inside insect specialized cells and undergo maternal trans-
mission to developing eggs or embryos (Buchner, 1965;
Moran et al., 2008). With the establishing long-term,
mutualistic processes, consistent with this stable trans-
mission, the phylogenies of P-endosymbionts may match
those of their insect hosts (Munson et al., 1991a; Moran
et al., 1993; Thao et al., 2000; Spaulding & von Dohlen,
2001; Baumann & Baumann, 2005; Rosenblueth et al.,
2012). To date, the cospeciation of hosts and symbionts
from various environments has been analyzed to disclose
their symbiotic history (Aanen et al., 2002; Noda et al.,
2007; Liu et al., 2013).

Aphids are plant sap-feeding insects that harbor primary
endosymbionts, Buchnera aphidicola, in specialized cells
within their body cavity. Buchnera can provide their aphid

C© 2014 Institute of Zoology, Chinese Academy of Sciences
301



302 L. Liu et al.

hosts with essential amino acids poorly represented in the
plant phloem sap (Moran et al., 2003; Baumann et al.,
2013). The mutualistic relationship between aphid and
Buchnera is a well-known example of symbiosis. This
ancient association, which evolved from about 80–150
million years ago (Moran et al., 1993), has received much
attention from researchers who are interested in symbiotic
evolution.

Considerable phylogenetic congruence observed at
deeper evolutionary levels (e.g., distantly related taxa)
may not adequately expose the biological processes un-
derlying them (Moran et al., 1993; Baumann et al., 1999;
Clark et al., 2000; Funk et al., 2000), because the hor-
izontal transfer of symbionts occurs more easily among
closely related hosts (Jousselin et al., 2009). In studies
of distantly related taxa, evolutionary congruence may be
overestimated when the horizontal transfer could not be
detected (Chen et al., 1999; Wernegreen & Riley, 1999).
Thus, most studies on aphid–Buchnera relationships have
been focused on lower taxonomic levels (Clark et al.,
2000; Funk et al., 2000; Wernegreen et al., 2001; Jous-
selin et al., 2009; Peccoud et al., 2009a, b; Liu et al., 2013).
Previous studies usually support parallel phylogenies
and cospeciation between aphids and Buchnera. How-
ever, previous studies were performed only for several
aphid groups, including Uroleucon spp., Brachycaudus
spp., Mollitrichosiphum spp. and Acyrthosiphon pisum
(Clark et al., 2000; Funk et al., 2000; Jousselin et al.,
2009; Peccoud et al., 2009a, b; Liu et al., 2013).

Pemphigini belongs to the aphid subfamily Erioso-
matinae, together with Eriosomatini and Fordini (Black-
man & Eastop, 1994; Remaudière & Remaudière, 1997;
Nieto Nafria et al., 1998). The life cycle of Pemphigini is
mostly of the holocyclic-heteroecious type, that is, they
typically infest Populus as woody primary hosts on which
sexual reproduction occurs, as well as herbaceous plants
such as Graminaceae as secondary hosts on which asex-
ual parthenogenesis occurs (Ghosh, 1984; Zhang et al.,
1999). Most Pemphigini species are gall makers that in-
duce pseudo-galls or galls only on their woody primary
hosts (Ghosh, 1984; Zhang et al., 1999; Zhang & Qiao,
2007a). The gall traits are highly species specific and show
great variation in shape, size, structure and galling-site.
Galls form relatively isolated habitats, provide improved
nutrition and better protection against natural enemies to
the inducer and its offspring (Cornell, 1983; Price et al.,
1986; Price et al., 1987; Inbar et al., 2004; Koyama et al.,
2004; Zhang & Qiao, 2007a, b; Miller et al., 2009). Con-
sidering that previous studies on aphid–Buchnera relation-
ships mainly sampled non-galling aphid groups, Pemphig-
ini species provide an opportunity to understand whether
relatively isolated habitats (i.e., galls) have effect on the

parallel relationships between Buchnera and closely re-
lated aphid species with the same host plant group (i.e.,
Populus spp.) and overlapping geographical distributions.

In this study, we chose gall-forming aphid species
from Pemphigus and its allied genera (Pemphigini) that
have different galling locations on poplars and investi-
gated their phylogenetic relationships with Buchnera. The
molecular phylogenies were inferred based on three aphid
genes (COI, COII and EF-1α) and two Buchnera genes
(gnd, 16S rRNA gene), and the congruence between these
phylogenies was then tested. The evolutionary relation-
ships among Pemphigus and its allied genera as well as
the gall evolution are also discussed.

Materials and methods

Taxon sampling

Forty-one samples representing 15 gall-forming species
from Pemphigus and allied genera, which were collected
from galls located on leaf, joint of leaf blade and peti-
ole, as well as branches of poplars, were used in this
study. We chose two aphid species, namely Phloeomyzus
passerinii (Phloeomyzinae) and Chaitophorus populeti
(Chaitophorinae), which also feed on poplar, as outgroups
for the aphid phylogeny. Escherichia coli, Salmonella
enterica and Klebsiella pneumoniae, which are closely
related to Buchnera aphidicola (Munson et al., 1991b),
were selected as outgroups for the bacteria phylogeny. The
aphid samples used in this study are listed in Table S1.
All the voucher specimens (individuals from which DNA
were extracted, as well as their gall mates) preserved in
95 % or 100 % ethanol were deposited in the National Zo-
ological Museum of China, Institute of Zoology, Chinese
Academy of Sciences, Beijing, China.

Data collection

Total DNA, including Buchnera genome, was extracted
from single aphids using the DNeasy Tissue Kit (Qiagen,
Germantown, MD, USA). Five gene fragments were am-
plified, including the Buchnera genes 16S rRNA gene
and gluconate-6-phosphate dehydrogenase (gnd) gene,
and the aphid mitochondrial cytochrome c oxidase sub-
units I and II (COI/COII) genes, and the nuclear elon-
gation factor 1α (EF-1α) gene. All polymerase chain
reaction (PCR) primers used in this study are listed in
Table 1. PCRs contained 3 μL total DNA, 3 μL 10×
EasyTaq DNA Polymerase Buffer (+Mg2+) (TransGen
Biotech, Beijing, China), 2.0 U EasyTaq DNA polymerase
(TransGen Biotech), 6.0 mmol/L each deoxynucelotide
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Table 1 Primers used for aphid and Buchnera gene amplification and sequencing.

Gene Primers (5′–3′) References

16S rRNA gene 8–30: AGAGTTTGATCATGGCTCAGATTG
1507–1484: TACCTTGTTACGACTTCACCCCAG

van Ham et al. (1997)

gnd BamHI: CGCGGATCCGGWCCWWSWATWATGCCWGGWGG
ApaI: CGCGGGCCCGTATGWGCWCCAAAATAATCWCKTTGWGCTTG

Clark et al. (1999)

COI LepF: ATTCAACCAATCATAAAGATATTGG Foottit et al. (2008)
LepR: TAAACTTCTGGATGTCCAAAAAATCA

COII 2993+: CATTCATATTCAGAATTACC Stern (1994)
A3772: GAGACCATTACTTGCTTTCAGTCATCT Normark (1996)

EF1α EF3: GAACGTGAACGTGGTATCAC von Dohlen et al. (2002)
EF2: ATGTGAGCAGTGTGGCAATCCAA Palumbi (1996)

triphosphate (dNTP: TransGen Biotech), 6 pmole each
primer, and were brought to a final volume of 30 μL with
double-distilled water. PCR conditions were as follows:
an initial denaturation at 95 °C for 4–5 min, followed by
35 cycles of 95 °C for 30–60 s; annealing temperatures
(depending on the primer sets) for 1 min; extension at
72 °C for 1–2 min; final extension at 72 °C for 7–10 min.
The annealing temperatures of each specific primer set
were used as follows: 52 °C for COI, 42 °C for COII, 51 °C
for EF-1α, 65 °C for 16S rRNA gene, and 55 °C for gnd.
PCRs were visualized using 1 % agarose gel electrophore-
sis and purified using a DNA Fragment Purification kit
(Labest, Beijing, China). Some products were cloned into
plasmid vectors to obtain sufficient template for DNA se-
quencing. PCR products and clones were sequenced on
an ABI 3730 automated sequencer (Applied Biosystems,
Foster City, CA, USA). All sequences acquired in this
study have been deposited in GenBank under the acces-
sion numbers given in Table S1.

Raw sequences were assembled and corrected by Seq-
manII (version 5.01, 2001; DNAstar Inc., Madison, WI,
USA). All DNA sequences for each fragment were aligned
in MEGA 5.05 (Tamura et al., 2011) using default pa-
rameters and then adjusted by eye to correct for spuri-
ous insertions/deletions. For EF-1α, only coding regions
were used in phylogenetic analysis. The introns were
removed by using GT-AG rule and by comparing with
the complementary DNA (cDNA) sequence of Epipem-
phigus niisimae (GenBank accession no. DQ499607).
Some ambiguous sites from COII, EF-1α, gnd, 16S
rRNA gene, which contained many gaps, were removed.
The sequences of Buchnera outgroups, Escherichia coli,
Salmonella enterica and Klebsiella pneumoniae, were ob-
tained from GenBank (16S rRNA gene, accession no.
J01859, DQ153191, X87276; gnd, accession no. U00096,
U14495, CP000964).

Phylogenetic analysis

Before combining gene fragments, we used 100 repli-
cates of the partition homogeneity test (PHT) (Farris et al.,
1994) as contained in PAUP* 4.0 (Swofford, 2002), to es-
timate congruence between datasets. The results of PHT
showed that the sequence data sets for COI+COII (P =
0.6), COI+COII+EF-1α (P = 0.05) and gnd+16S rRNA
gene (P = 0.3) were congruent and could therefore be
combined in the following analyses.

To assess the relative stability of trees, we used two tree
construction methods: maximum likelihoods (ML) and
Bayesian. These analyses were conducted for aphid (COI,
COII, EF-1α and the combined datasets of COI+COII,
COI+COII+EF-1α) and Buchnera (gnd, 16S rRNA gene
and gnd+16S rRNA gene) datasets independently. The
most appropriate models of evolution were selected in-
dependently for each dataset using the AIC (Posada &
Buckley, 2004) in jModeltest (Posada, 2008).

ML analyses were implemented in PAUP*4.0, and com-
pared with results of RaxML (Stamatakis et al., 2005)
and PhyML (Guindon & Gascuel, 2003). ML conducted
in PAUP*4.0 under heuristic searches used tree bisection
reconnection (TBR) branch-swapping and associated pa-
rameters estimated by jModelTest. ML bootstrap values
were computed by repeating the same ML heuristic search
on 100 pseudo-replicates. PhyML and RAxML were run
by applying the optimal substitution model obtained from
jModelTest and estimating all model parameters. Branch
support was assessed by bootstrap analysis with 1 000
replicates.

Bayesian analyses were implemented in MrBayes 3.0
(Larget & Simon, 1999) for the single and combined
datasets. In the concatenated analysis the data were parti-
tioned by gene, where each partition had its correspond-
ing model. Substitution model parameters were unlinked
among partitions, and rate priors were set to variable to
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allow differing substitution rates among partitions. For
each dataset, Bayesian analyses consisted of two inde-
pendent runs, each with four chains, run for one mil-
lion generations sampling every 100 generations. The
first 25 % of trees generated were then discarded. Af-
ter the summarizing consensus tree was assigned, the
posterior probabilities were accordingly obtained. Finally,
Shimodaira–Hasegawa (SH) tests were used to compare
alternative topologies obtained during the various analy-
ses (Shimodaira & Hasegawa, 1999), as implemented in
PAUP.

Test of phylogenetic congruence

Several methods for testing codivergence hypotheses
are available, most of which are reviewed in Paterson and
Banks (2001), Stevens (2004) and De Vienne et al. (2013).
Two representative methods were used to analyze the host-
symbiont interactions in the present study: TreeMap 1.0
(Page, 1994) and Jane 4.01(Conow et al., 2010) programs.

TreeMap 1.0 (Page, 1994) is a tree-based program that
reconciles two trees using four types of events (i.e., cospe-
ciation, host-switching, duplication and sorting events)
to test whether more cospeciation events are present
than would be expected by chance. According to the
requirement of TreeMap that each parasite should have
a corresponding host but not every host has to have a
corresponding parasite, we deleted outgroups from the
Buchnera and aphid trees. We input the best pruned
ML trees of aphid (COI+COII+EF-1α) and Buchnera
(gnd+16S rRNA gene) combined analyses. Both ex-
act search and heuristic search algorithms were imple-
mented to find optimal reconstructions. Randomization
tests with the proportional-to-distinguishable search were
conducted with 1 000 random Buchnera trees to test
whether the two phylogenies contain more cospeciation
events than expected by chance.

Jane runs faster than TreeMap and is more precise in
estimating the cophylogeny events (Keller-Schmidt et al.,
2011). As these two programs are using different heuris-
tics models, we complemented the analysis with Jane 4.01
to compare the solution results. According to Charleston’s
cost scheme (Charleston, 1998), the event cost used here
were zero for a codivergence event, one for duplication
and host switching, and two for sorting events. We per-
formed analyses with 500 generations and population size
of 100. Significant matching of host and bacterial phylo-
genies was tested by computing the costs of 100 replicates
with random tip mapping and random parasite methods
and comparing the resulting costs to the cost of the origi-
nal associations.

Results

Phylogenetic relationships among Pemphigus and allied
genera

The detail attributes of nucleotide sequences are sum-
marized in Table 2. In the analyses of the three single
genes, COI, COII and EF-1α, all the obtained topolo-
gies grouped aphid samples into clades corresponding to
species of the current classification. For each single gene,
ML and Bayesian analyses produced similar topologies
that were not significantly different using the likelihood-
based SH test. However, in both analyses, branch sup-
port was relatively weaker for the relationships higher
than generic level. Consequently, the analyses of the in-
dividual genes are not presented here. The monophyly
of Epipemphigus as well as Thecabius plus Epipemphi-
gus was supported in all analyses (ML/BI>95). However,
the monophyly of Pemphigus was not recovered in all the
analyses. Pemphigus matsumurai and P. sinobursarius oc-
cupied the basal position. The rest of Pemphigus species
clustered together and then clustered with Thecabius and
Epipemphigus. In the COI, COII trees, P. bursarius was
closely related to P. tibetensis, and then clustered with
P. borealis. However, the lack of resolution for the rela-
tionship of Pemphigus species in EF-1α trees was espe-
cially noticeable. The only difference among COI, COII
and EF-1α trees was the position of Thecabius, which
grouped with Epipemphigus in COI and COII analyses,
but formed a weaker clade with some Pemphigus species
in the EF-1α tree (ML/BI: 67/0.55).

ML and Bayesian analyses for the two combined
datasets (COI+COII, COI+COII +EF-1α) showed al-
most identical topologies for each dataset. Also, the
topologies of each combined dataset analyses were highly
congruent, and enhanced the phylogenetic resolution
when compared to those of COI, COII and EF-1α. As
shown by the tree of the COI+COII combined analysis
(Fig. S1), Epipemphigus and Thecabius clustered together
with relatively high statistical support values. The genus
Pemphigus was always polyphyletic. P. matsumurai and
P. sinobursarius grouped together and occupied a basal
position. The rest of Pemphigus species formed a clade
and then grouped with the genera Epipemphigus + The-
cabius. The only difference between the two combined
data analyses was that P. bursarius clustered with P. ti-
betensis and then grouped with P. borealis in COI+COII
analyses (Fig. S1), but positioned as sister to P. tibetensis
+ P. borealis in COI+COII+EF-1α analyses (Fig. S2).
Finally, the SH test determined that there was no signif-
icant difference between the topology of the COI+COII
and COI+COII+EF-1α trees (P = 0.215) based on the
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Table 2 Characters and evolutionary models of DNA sequences and the datasets used in phylogenetic analyses.

Aligned Parsimony Nucleotide
No. of Variable AIC best

Alignment sequence informative p-distance composition
samples site model

length (bp) site (T:C:A:G)

aphid COI 36 657 135 (20.6 %) 115 (17.5 %) 0.064 41.1:14.6:34.4:10.0 TIM2+I+G
COII 39 704 167 (23.7 %) 120 (17.1 %) 0.063 39.9:12.3:40.7:7.2 TIM2+G
EF-1α 33 762 54 (7.1 %) 48 (6.3 %) 0.022 25.7:21.8:28.0:24.4 TIM2+G
COI+COII 30 1361 270 (19.8 %) 221 (16.2 %) 0.063 40.5:13.4:37.6:8.5 TIM2+I+G
COI+COII+EF-1α 30 2123 323 (15.2 %) 269 (12.7 %) 0.048 35.2:16.4:34.2:14.2 GTR+I+G

Buchnera gnd 33 828 250 (30.2 %) 221 (26.7 %) 0.102 34.7:11.2:38.2:15.9 TIM1+G
16S rRNA 32 1339 67 (5.0 %) 56 (4.2 %) 0.016 21.6:21.3:28.4:28.7 GTR+I+G
gnd+16S rRNA 29 2167 311 (14.4 %) 277 (12.8 %) 0.049 26.6:17.5:32.1:23.8 GTR+I+G

analysis of COI+COII dataset, as well as when
COI+COII +EF-1α dataset was used (P = 0.118).

Phylogenetic relationships among Buchnera

For the phylogenetic analyses of the two individual
datasets (gnd and 16S rRNA gene), the branch support
values were insufficient to resolve relationships between
genera, but major species were highly supported, similar
to the results obtained in aphid single gene analyses. We
used the ‘Buchnera-aphid species name’ to represent the
Buchnera of corresponding aphid species in the present
study (Liu et al., 2013). ML and Bayesian analyses for 16S
rRNA gene and gnd fragments showed similar topologies,
respectively. The monophyly of Buchnera-Epipemphigus
and Buchnera-Thecabius was supported robustly in both
16S rRNA gene (Fig. S3) and gnd (Fig. S4) analyses.
A conspicuous finding in the 16S rRNA gene and gnd
trees is that the members of Buchnera–Pemphigus could
not form a monophyletic clade. Two major clades were
identified based on 16S rRNA gene analyses: Buchnera–
Epipemphigus and Buchnera–Thecabius clustered to-
gether, while the second clade consisted of Buchnera–P.
borealis, Buchnera–P. tibetensis, Buchnera–P. bursarius,
Buchnera–P. sp. 1 and Buchnera–P. sp. 2. The samples of
Buchnera–P. matsumurai and Buchnera–P. sinobursarius
grouped together and adopted a basal position. However,
in the gnd trees, Buchnera–P. matsumurai + Buchnera–
P. sinobursarius grouped with Buchnera–Epipemphigus
and Buchnera–Thecabius.

ML and Bayesian analyses for gnd and 16S rRNA gene
combined dataset (Fig. 1) showed identical topologies,
and similar to those of 16S rRNA gene. The only topo-
logical difference between these trees was that the com-
bined dataset reconstructed Buchnera–Thecabius to be
sister to the remaining Buchnera–Pemphigus clade (in-
cluding Buchnera–P. borealis, Buchnera–P. tibetensis,

Buchnera–P. bursarius, Buchnera–P. sp. 1 and Buchnera–
P. sp. 2), and then grouped with Buchnera–Epipemphigus.
These topological differences were not significant by SH
tests (ML vs. Bayesian topology, P = 0.166).

Phylogenetic congruence analyses

TreeMap found 642 optimal reconstructions with
18 cospeciations, 1–8 duplications, 0–7 host switches and
15–33 sorting events. The probability of obtaining the ob-
served number of cospeciation events cannot be explained
as a result of random establishments of host–parasite as-
sociation (P < 0.01). Results obtained in Jane (Fig. 2)
corroborated this finding, which also showed significant
levels of cospeciation in the aphid–Buchnera association
(P < 0.01, in both permutation tests). Fourteen cospeci-
ations, one duplications, 13 host switches and two loss
events were identified.

Discussion

Phylogenetic congruence between Buchnera and their
aphid hosts

The phylogenies of Buchnera and galling aphid species
from Pemphigus and its allied genera were generally con-
gruent. This confirms and expands previous evidence of
parallel evolution between aphids and Buchnera (Clark
et al., 2000; Funk et al., 2000; Wernegreen et al., 2001;
Jousselin et al., 2009; Peccoud et al., 2009a, b; Liu
et al., 2013). The Buchnera phylogeny reflected major
features of the aphid phylogeny, including the monophyly
of Epipemphigus, and P. borealis + P. tibetensis were
the sister group with P. bursarius. These relationships
are congruent with those presented by Zhang and Qiao
(2007a), who used molecular data (COI and EF-1α) and
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more species to infer the phylogenetic relationships within
Pemphigini. However, the genus Pemphigus appeared as
polyphyletic in all analyses based on Buchnera and aphid
sequences. P. matsumurai + P. sinobursarius were placed
at a distant position with the other Pemphigus species.

The slight incongruence between analyses based on
Buchnera and aphid combined datasets were concentrated
at the genera Epipemphigus and Thecabius. Although the
sister relationship of Epipemphigus and Thecabius indi-
cated in the aphid-based topologies was not recovered in
the Buchnera tree based on combined datasets, it was re-
ally supported by the analyses based on 16S rRNA gene.
However, relationships in the Buchnera tree based on com-
bined data are consistent with those obtained in Zhang and
Qiao (2007a). In addition, both TreeMap and Jane analy-
ses detected a significant pattern of cophylogeny between
the aphid lineages and their Buchnera symbionts. These
results support the view that topological congruence be-
tween aphid and Buchnera trees are not due to chance
alone. The strong cospeciation signal detected between
Buchnera and aphid species from Pemphigus and allied
genera could be indicative of a specialized interaction.
Buchnera could follow the radiation of aphids and diver-
sified in parallel with their hosts. Although Jane analysis
(Fig. 2) evidenced 13 host switches, 11 of them occurred
at the intraspecies level. As the obtained aphid species re-
produced asexually, and they are living in the gall which
rules out the influence of parasitic wasps, we infer that the
horizontal transfer cannot happen at the intraspecies level.
Two other host switches were the Buchnera with ancestor
nodes of P. matsumurai + P. sinobursarius, Epipemphi-
gus + Thecabius, Epipemphigus + Thecabius and that of
the rest of the Pemphiginus species. However, the support
values of these two switching events are quite low (P <

50 %). In addition, if the host switches occurred at the
ancestor period, the aphid–Buchnera phylogenies should
show significant incongruence. Therefore, as Clark et al.
(2000) and Jousselin et al. (2009) mentioned, we suggest
that the slight conflict between host and symbiont trees in
our study may be due to potential influence of method-
ological artifacts, such as the inadequacy of the models
of evolution or limited taxon sampling, as well as lack of
adequate signal for certain nodes.

The effect of isolated habitats on aphid–Buchnera
relationship

Ecological factors are important to the associated or-
ganisms (Guay et al., 2009; Anbutsu & Fukatsu, 2011).
Ecological factors such as feeding sites and living habi-
tats of aphid hosts may have effect on the aphid–Buchnera

relationship. For instance, if the aphid hosts have frequent
ecological and behavioral contact and overall biological
similarity, the potential for horizontal transmission could
be maximized (Funk et al., 2000). Moreover, different
parts of the plant have different nutrition-distribution pat-
terns (Pich et al., 1994; Ma et al., 2002). Some previ-
ous studies suggested that the galls located more closely
to the plant vascular system may absorb more nutrition
(Nyman et al., 1998, 2000; Zhang & Qiao, 2007a, b).
Some researchers also found that photosynthesis rate of
galls were higher than those of non-gall tissues of the
same organ (Fay et al., 1993; Huang et al., 2011), which
indicates that gall tissue is more nutritious than non-
gall tissue (Koyama et al., 2004). Therefore, non-galling
aphids and galling aphids with relatively isolated habi-
tats may have experienced different selection pressures
and have different phylogenetic relationships with their
nutritional partner Buchnera. However, the present study
indicates obvious phylogenetic congruence between gall-
forming aphids and Buchnera. This rules out the regular
occurrence of horizontal transfer of Buchnera between
closely related aphid species with the same host plants
and overlapping geographical distributions. In addition,
it appears that different ecological niches and relatively
isolated habitats may have no obvious effect on the evo-
lutionary relationships of aphids and Buchnera.

The phylogenetic conservatism of gall characters

Three major clades (Fig. S2) were identified, which
correspond to gall types and gall locations. The clade C,
including P. matsumurai and P. sinobursarius, was placed
at the basal position. These two species induce true galls
on the joint of leaf blade and petiole with tissue lignifi-
cation and smaller cubage inside (Zhang & Zhong, 1979;
Zhang & Qiao, 2007a). Clade B included five species of
Pemphigus. Most of them can induce true-galls with thick
walls on the twig (Zhang & Zhong, 1979; Zhang & Qiao,
2007a). Clade A includes Thecabius and Epipemphigus,
which often form pseudo-galls on leaves of Populus which
shapes as a rolling leaf or appears as slight tissue ligni-
fication and has a primary exit (Zhang & Zhong, 1979;
Zhang et al., 1995; Zhang & Qiao, 2007a).

The present phylogeny showed the conservatism of gall
characters on aphid phylogeny, which supported the hy-
pothesis that gall characters are more affected by aphids
rather than their host plants (Stern, 1995; Inbar et al.,
2004; Sano & Akimoto, 2011). The association between
gall morphology and gall inducers’ phylogeny is similar to
that described in thrips (Crespi & Worobey, 1998), wasps
(Stone & Cook, 1998) and sawflies (Nyman et al., 2000).
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Some previous studies on the potential mechanisms of
gall formation demonstrated that insect genotype, rather
than plant genotype, determine the variation in gall for-
mation (Crego et al., 1990; Dodson, 1991; Höglund et al.,
2012). In addition, the selection of galling-site, which
is determined by the fundatrix of aphid species, was con-
firmed by previous researches (Inbar & Wool, 1995; Inbar,
1998; Wool, 2004). These evidences indicate that insect
gall form is determined primarily by the insects, and gall
characters represent extended insect phenotypes (Stern,
1995; Stone & Cook, 1998; Stone & Schönrogge, 2003;
Chen & Qiao, 2012). However, to clarify the evolutionary
trend of gall characters in Pemphigini on Populus, more
taxa need to be investigated in the future.
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Table S1 Collection information for aphid samples used
in this study and sequence GenBank accession numbers.

Fig. S1 ML tree obtained from the analysis of the mito-
chondrial combined dataset (COI/COII). Bootstrap values
from maximum likelihood analysis (50 % and greater) are
shown above the branches, and the posterior probabilities
of Bayesian analysis (BI) (50 % and greater) are shown
below.

Fig. S2 Aphid phylogenetic tree based on max-
imum likelihood analysis of the combined dataset
(COI/COII/EF-1α). Bootstrap values from maximum
likelihood analysis (50 % and greater) are shown above the
branches, and the posterior probabilities of Bayesian anal-
ysis (BI) (50 % and greater) are shown below. See text for
the gall types and gall locations of each of the clade A–C.

Fig. S3 Bayesian phylogenetic tree of Buchnera recon-
structed from 16S rRNA gene sequences. Buchnera sam-
ples are indicated as names of their aphid hosts. Values
above and below branches are bootstrap values of max-
imum likelihood analysis and posterior probabilities of
Bayesian inference. Only nodes supported by 50 % or
greater are shown. A dash (-) marks the bootstrap values
of those nodes that were lower than 50 %.

Fig. S4 Bayesian phylogenetic tree of Buchnera recon-
structed from gnd sequences. Buchnera samples are indi-
cated as names of their aphid hosts. Values above and be-
low branches are bootstrap values of maximum likelihood
analysis and posterior probablities of Bayesian inference.
Only nodes supported by 50 % or greater are shown.
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