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Abstract
Rhus gall aphids (Fordinae : Melaphidini) have a disjunct distribution in East Asia and North America and
have specific host plant relationships. Some of them are of economic importance and all species form sealed
galls which show great variation in shape, size, structure, and galling-site. We present a phylogeny incor-
porating ten species and four subspecies of Rhus gall aphids based on 1694 base pairs of nuclear elongation
factor-1a (EF1a) and mitochondrial cytochrome oxidase subunit II (COII) DNA sequence data. The results
suggest that Melaphidini is monophyletic and at the genus level, Schlechtendalia, Nurudea, and Floraphis
were each monophyletic. Kaburagia and Meitanaphis were not monophyletic and therefore inconsistent with
the current classification. The North American sumac gall aphid, Melaphis rhois, was most closely related
to the East Asian Floraphis species, although this was poorly supported. The conservation of gall morphol-
ogy with respect to aphid phylogeny rather than their host plants suggests that gall morphology is largely
determined by the aphids. While there is no evidence of strict co-speciation between the aphids and their
primary host plants, switching between recently diverged host plants may be involved in the speciation
process in Melaphidini.
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INTRODUCTION

The Rhus gall aphids (Fordinae : Melaphidini) are a
small group of insects in the Pemphigidae (Hemipter-
a : Aphidoidea). They have complex life cycles with
cyclical parthenogenesis and multiple generations with
alternative hosts. According to the current classification,
Rhus gall aphids are divided into six genera, ten species,
and four subspecies (Zhang et al. 1999). Each species or
subspecies form sealed, sac-like galls which show great
variation in shape, size, structure, and galling-site
(Zhang et al. 2006). The galls have been used for

medicine and chemical purposes for more than two
thousand years because they are rich in tannins. These
products are still important as traditional resources in
China and as commercial exports (Zhang et al. 1999;
Zhang et al. 2008). The intimate relationships between
gall-forming insects and their host plants has attracted
the attention of ecologists and evolutionary biologists
(e.g. Inbar et al. 2004). Although the mechanism of gall
formation remains largely unknown, it has been sug-
gested that insects are more important than host plants
for determining gall morphology (Stern 1995; Crespi &
Worobey 1998). Compared with other groups of gall
forming insects (Price 2005), Rhus gall aphids have a
high diversity of gall morphologies and are therefore a
good model for studying gall evolution and plant-insect
co-evolution. Rhus gall aphids can also contribute to
our knowledge of historical biogeography because of
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they have a disjunct distribution in East Asia and North
America (von Dohlen et al. 2002).

Reconstructing phylogenetic relationships within
Rhus gall aphids has been difficult because of a lack of
a comprehensive sample of the group. Zhang and Chen
(1999) analyzed the phylogeny of Pemphigidae using
morphological and ecological data and found Melaphi-
dini (Schlechtendalini) to be monophyletic, however the
relationships among Kaburagia, Meitanaphis, and
Schlechtendalia were unclear. Zhang and Qiao (2007)
examined the phylogenetic relationships of three genera
of Rhus gall aphids using nuclear EF1a and mitochon-
drial COI genes. Their results suggested that these three
genera are monophyletic and their galls probably
evolved towards a better ability to manipulate their host
plant, induce strong nutrient sinks, and gain high repro-
ductive success. Their analysis did not include the two
additional Asian genera or the monotypic American
genus.

The aim of this study is to reconstruct the phylogeny
of Melaphidini using sequence data from the nuclear
elongation factor-1a (EF1a) and mitochondrial cyto-
chrome oxidase subunit II (COII) genes. Ten species and
four subspecies were included, including the rare
species, Floraphis choui, which produces flower-like
galls, and the North American sumac aphid, Melaphis
rhois. We discuss implications for aphid taxonomy and
gall evolution.

MATERIALS AND METHODS

Gall aphid and their host plants
The Rhus gall aphids are composed of five Asian genera
and a monotypic American genus, Melaphis (Moran
1989; Zhang et al. 1999). Each species or subspecies
induces a characteristic gall on its specific primary host
plant (Anacardiaceae : Rhus) and alternates to distinct
secondary hosts (mosses) (Moran 1989; Zhang et al.
1999). For example, Schlechtendalia chinensis alternates
between Rhus chinensis where horned galls occur and
Plagiomnium maximoviczii for overwintering (Zhang &
Zhong 1983). Nine species and four subspecies of Rhus
gall aphids were collected in China. The North Ameri-
can sumac gall aphid, Melaphis rhois, collected from
Canada, is also included. Collection data are listed in
Table 1. Outgroups were chosen from the Fordini (Pem-
phigidae : Fordinae) which is sister to Melaphidini
based on morphological and molecular data (Zhang &
Qiao 2008). A representative species from Prociphilini
(Pemphigidae : Pemphiginae), Pachypappa marsupialis,
is also included as a more distant outgroup (Zhang &
Qiao 2007) because Pemphiginae is sister to Fordinae
(Zhang & Chen 1999). Insect samples were collected

from nearly mature galls between 2004 and 2007. The
galls were opened in the laboratory and aphids were
transferred to 100% ethanol and stored at -20°C until
DNA extraction. Vouchers of winged aphids were
mounted on microscope slides in Canada balsam and
deposited at the Research Institute of Resource Insects
(Chinese Academy of Forestry, Kunming, China).

DNA extraction, PCR amplifications
and sequencing
Total genomic DNA was extracted from groups of five to
ten aphid individuals derived from the same gall and
preserved in 100% ethanol. Aphids were ground with a
mortar and pestle and incubated at 56°C in 600 mL lysis
buffer (50 mM Tris-HCl PH = 8.0, 100 mM NaCl,
100 mM EDTA, 5% SDS) including 1 mg proteinase K
(Merck, Darmstadt, Germany) for 4 h (Yang et al.
2006). This was followed by a standard phenol/
chloroform/isoamyl alcohol (25: 24: 1) extraction (Sam-
brook & Russell, 1989). PCRs were performed in 50 mL
reactions with 1 ¥ PCR buffer, 2.5 mM MgCl2, 0.5 mM
dNTPs, 2 U Taq DNA polymerase (Promega, Shanghai,
China) and 0.5 mM of each primer. EF1a was amplified
using the published primers EF2 (ATGTGAGCAGT
GTGGCAATCCAA) and EF3 (GAACGTGAACGTGG
TATCAC) (Palumbi 1996). The primers 2993+ (CATT
CATATTCAGAATTACC) (Stern 1994) and A3772
(GAGACCATTACTTGCTTTCAGTCATCT) (Norm-
ark 1996) were used to amplify COII. Amplification
reactions were performed in a PTC-200 programmable
thermal cycler (MJ Research, Watertown, MA, USA).
After an initial denaturing step of 4 min at 95°C, 35
cycles were performed with a denaturing for 1 min at
94°C, an annealing step of 1 min at 51°C, primer exten-
sion for 1 min 72°C, and a final elongation step of
10 min at 72°C. The amplified products were purified
and sequenced in both directions on a CEQ2000XL
capillary automated sequencer (Beckman Coulter,
Brea, CA, USA). Chromatograms were analyzed and
assembled with the program Seqman (DNAStar Inc.
1996). For EF1a, intron splicing junctions were identi-
fied by the GT-AG rule and by comparison with the
cDNA sequence of Pachypappa marsupialis Koch
(GenBank Accession No. DQ005135). Introns were
included in analyses. Sequences were aligned using
CLUSTAL_X version 1.81 (Thompson et al. 1997) and
verified by eye. All new sequences are deposited in
GenBank under accession numbers EU363657 to
EU363680 and FJ215685 to FJ215686 (Table 1).

Phylogenetic analysis
Uncorrected pairwise sequence differences were calcu-
lated with the program MEGA4 (Tamura et al. 2007).
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Phylogenetic trees were reconstructed by Bayesian
analysis (Larget & Simon 1999) using MrBayes 3.1.2
(Ronquist & Huelsenbeck 2003), and maximum parsi-
mony (MP) and maximum likelihood (ML) analyses
using PAUP*4.0 beta (Swofford 2002). Bayesian analy-
ses started with randomly generated trees and four
Markov chains under default heating values and were
run for two million generations with sampling at inter-
vals of 100 generations. A branch-and-bound search
strategy was employed in MP analysis with all charac-
ters treated as equal weights and with gaps treated as
missing data. To ensure that the analyses were not
trapped on local optima, the data set was run three times
independently. For Bayesian and ML analyses, the most
appropriate nucleotide substitution model was evalu-
ated using hierarchical likelihood ratio tests (hLRT)
using ModelTest 3.06 (Posada & Crandall, 1998). The
reliability of the topologies was evaluated using boot-
strap support (Felsenstein 1985) with 1000 replicates
for MP and 500 for ML. A partition homogeneity test
(Farris et al. 1995) with 1000 replicates was performed
in PAUP* to test for incongruence between COII and
EF1a prior to conducting combined analyses.

RESULTS

The COII data set consisted of 671 aligned characters;
of which 506 (75.4%) were constant, 165 (28.9%) were
variable, and 110 (16.4%) were parsimony informative.
This region was highly A+T rich agreeing with previous
studies (Simon et al. 1994; von Dohlen et al. 2002),
averaging 80.3% A+T across the 14 ingroup sequences.
The EF1a data set consisted of 1023 aligned characters;
of which 848 (82.9%) were constant, 168 (16.4%) were
variable, and 101 (9.9%) were parsimony informative.
The base composition of the EF1a coding regions had
an average base composition of 27.8% A, 18.5% C,
22.9% G and 30.8% T. The mean transition to trans-
version ratio (ti/tv ratio) was 2.37 for COII and 3.16 for
EF1a (Table 2).

Mean pairwise sequence divergences among the 14
ingroup taxa was 8.98% for COII (range 0.40–

13.80%), 4.08% for EF1a (range 0.00–6.40%), and
6.11% for the combined data set (range 0.30–8.20%)
(Table 2).

The partition homogeneity test did not indicate sig-
nificant conflict in phylogenetic signal between the COII
and EF1a data sets (P = 0.52) allowing a total of
1694 bp characters to be combined for tree reconstruc-
tion. Trees resulting from analysis of COII and EF1a
separately had similar topologies. Analyses using the
combined data resulted in improved resolution and
nodal support than either gene alone, especially regard-
ing relationships among genera. The 50% majority rule
consensus tree resulting from Bayesian analysis of the
combined data set is shown in Figure 1. Melaphidini
formed a monophyletic group with robust support.
Species from Nurudea, Floraphis, and Schlechtendalia
each clustered into clades with well-supported values
that correspond to the current taxonomy based on aphid
morphology, host plant use, and gall shape. Meitanaphis
and Kaburagia were not monophyletic, but members of
both genera formed a single clade with M. elongallis
sister to the remaining species. The North American
sumac gall aphid, Melaphis rhois was sister to Floraphis
but with low support.

Maximum parsimony analysis of the combined data
set produced two most parsimonious trees (Tree
length = 1329 steps, Retention Index = 0.64, Consis-
tency Index = 0.64) with shared topology, except for the
positions of Kaburagia rhusicola ovogallis and Meitana-
phis microgallis. The ML analysis employed a GTR
model of nucleotide substitution as selected by hierar-
chical likelihood ratio tests (hLRTs). The ML and MP
analyses resolved fewer clades but otherwise agreed with
the topology of the Bayesian tree.

DISCUSSION

Systematics implications of phylogeny
Our analysis suggests that Melaphidini is monophyletic.
Species of Nurudea, Floraphis, and Schlechtendalia each
clustered into groups consistent with the traditional
classification (Zhang & Chen 1999). Remaudiere and

Table 2 Characteristics for tRNA/COII gene and EF1a gene sequences used in this study

Gene
name

Aligned
Sites A% C% G% T%

Constant
sites (%)

Variable
sites (%)

Parsimony
info. sites (%)

Ti : Tv
Ratio

Mean pairwise
distance with
ingroup (% )

Gamma-shape
parameter (a)

EF1a 1023 27.8 18.5 22.9 30.8 848 (82.9) 168 (16.4) 101 (9.9) 3.16 4.08 (0–6.4) 0.30
COII 671 39.9 12.4 7.3 40.4 506 (75.4) 165 (28.9) 110 (16.4) 2.37 8.98 (0.4–13.8) 0.11
EF1a +

COII
1694 32.7 16.0 16.6 34.7 1351 (79.8) 336 (19.8) 215 (12.7) 2.04 6.11 (0.3–8.2) 0.16
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Remaudiere (1997) suggested that Nurudea and Flora-
phis, and Schlechtendalia and Meitanaphis should be
synonymised. These changes were not supported by our
results. Nurudea and Floraphis formed a single clade
with weak support based on COII analysis alone, but
this was not the case for EF1a and the combined data
set. These two genera form similar flower-like galls, but
Nurudea uses R. chinensis as its primary host, and Flo-
raphis uses R. punjabensis var. sinica and R. potaninii.
Furthermore, Nurudea has five antennal segments and
short pterostigmas, while Floraphis has six antennal
segments and extended pterostigmas (Yang et al. 2009).
Likewise, Kaburagia and Meitanaphis did not form a
monophyletic group. Meitanaphis flavogallis and M.

microgallis nested within Kaburagia. Meitanaphis fla-
vogallis and M. microgallis share many characteristics
with Kaburagia such as antennal structure, host selec-
tion, and gall shape, so it seems reasonable to include
them in Kaburagia. According to the results of Zhang
and Qiao (2007), Meitanaphis elongallis is sister to a
clade consisting of Kaburagia and Schlechtendalia. In
contract, our results show that M. elongallis is sister to
Kaburagia plus all the remaining species of Meitanaphis.
Meitanaphis elongallis shows distinct differences in the
ultrastructure of antennal sensilla to Kaburagia and the
other two species of Meitanaphis (Yang et al. 2009).
This suggests that retaining M. elongallis in the genus
Meitanaphis may be appropriate.

Another of our results that contrasts with historic
views is the position of the North American species,
Melaphis rhois. Baker (1920) placed it in the East Asian
genus Schlechtendalia. Tsai and Tang (1946) speculated
further that it may be synonymous with Schlechtendalia
peitan based on their similar morphology and gall types.
Melaphis rhois did not cluster with Schlechtendalia as
expected, rather it was sister to Floraphis with weak
support. The phylogenetic position of M. rhois is there-
fore still not clear and may require additional data.

Gall evolution and host association
Galls can be considered extended phenotypes of the
insects that induce them (Stern 1995; Stone et al. 2002;
Kurosu et al. 2008). Studies of other gall-forming insects
have suggested a close linkage between insect phylogeny
and gall morphology (Stern 1995; Crespi et al. 1998;
Stone & Cook 1998; Nyman et al. 2000). For example,
Stern (1995) suggested that gall morphology is deter-
mined more by the aphids than the host plants in the
Cerataphidini because gall morphology was more con-
served with respect to aphid phylogeny than plant
taxonomy as shown by the existence of host plant
switches where the aphids retained their ancestral gall
morphology.

Although aphid galls have diverse shapes and sizes,
they can be divided into two major groups: single-cavity
and multiple-cavity. Within the Cerataphidini, multiple-
cavity galls probably had a single origin and were
derived from single-cavity galls (Fukatsu et al. 1994;
Stern 1995). In our molecular phylogeny, the four
species forming multiple-cavity galls were not mono-
phyletic. The placement of M. rhois, which forms single-
cavity galls, was also not well-resolved and the
remaining species that form single-cavity galls cluster
into a separate group with weak support values. There-
fore, whether there was a single origin of multiple-cavity
galls in Melaphidini is still not clear.

Figure 1 Bayesian 50% consensus tree of Melaphidini based
on a combined data set of COII and EF1a DNA sequences.
Posterior probabilities are above and maximum parsimony
and maximum likelihood bootstrap values >50% are below
branches. An asterisk indicates a bootstrap value less than
50%. Gall pictures go with select species with arrows are
shown on the right. Absolute scaling among photos was not
maintained.
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As with Cerataphidini, the conservation of gall mor-
phology with respect to aphid phylogeny rather than
their host plants suggests that gall morphology is largely
determined by the aphids. Each primary host plant
species supports both single-cavity and multiple-cavity
galls, except R. glabra which only has single-cavity galls
(Table 1). Rhus chinensis, R. potaninii, and R. punja-
bensis var. sinica each map onto disparate branches of
the aphid phylogeny with single-cavity and multiple-
cavity galls. This suggests multiple host switches by the
aphids but conservation of gall morphology across host
plants.

On the other hand, aphid species within Pemphigidae
are remarkably specific to their primary host plants
which makes host use an important character for taxo-
nomic division (Zhang & Chen 1999). While there is no
evidence of a strict co-speciation between the aphids and
their primary host plants, is may be more likely for
aphids to switch between hosts that are more recently
diverged than those that are not closely related. All of
the primary hosts of Rhus gall aphids are in the subge-
nus Rhus. Rhus potaninii and R. punjabensis var. sinica
are closely related sister species that are part of an
Asian/Hawaiian clade along with R. chinensis, while R.
glabra is part of a separate North American clade (Yi
et al. 2007). Rhus potaninii and R. punjabensis var.
sinica also share a very similar morphology that can
hardly be distinguished by external appearance. Four
aphid taxa that have R. punjabensis var. sinica as a host
and three that have R. potaninii as a host form a recently
derived clade of closely related species. This suggests
that host switching between recently diverged host
plants may be involved in the speciation process in
Melaphidini.

Conclusions and future directions
Like most taxa of aphids, the historic classifications of
Melaphidini are inconsistent because of the reduced and
convergent nature of aphid morphology (Remaudiere &
Remaudiere 1997; Zhang et al. 1999). The generic divi-
sions by Zhang et al. (1999) are mostly supported by
our molecular analysis, but the relationships among
genera, the phylogenetic position of M. rhois, and the
identity of Kaburagia and Meitanaphis are still unclear.
Additional DNA sequence data combined with morpho-
logical and ecological data are needed to further clarify
phylogenetic relationships of Melaphidini, and the tax-
onomy of the group may need to be revisited in future
studies.
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