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INSECTÐSYMBIONT INTERACTIONS

Diversity of Bacterial Symbionts in Populations of Sitobion miscanthi
(Hemiptera: Aphididae) in China

T. LI,1,2 J. H. XIAO,2 Y. Q. WU,1 AND D. W. HUANG2,3

Environ. Entomol. 43(3): 605Ð611 (2014); DOI: http://dx.doi.org/10.1603/EN13229

ABSTRACT Aphids are a group of insects frequently associated with bacterial symbionts. Although
Chinese aphids harbor a high level of species diversity, the associations between Chinese aphids and
bacterial symbionts are less known. In this study, we uncovered the diversity of bacterial symbionts
in a Chinese widespread aphid, Sitobion miscanthi (Takahashi). In this study, we detected the aphid
obligate symbiont Buchnera aphidicola, and two secondary symbionts, Hamiltonella defensa and
Regiella insecticola, with the diagnostic polymerase chain reaction method in S.miscanthi samples. In
addition, symbiotic species of Acinetobacter, Aeromonas, Enterobacter, Pantoea, and Pseudomonas, and
the family Enterobacteriaceae were also found. Geographically, sporadic occurrences were detected
forH. defensa andR. insecticola. Moreover, the infection rates of them vary widely among the infected
populations:H. defensa (5.26Ð95.2%) andR. insecticola (5.26Ð46.7%). Phylogenetic analyses indicated
that the strain of B. aphidicola mirrored the history and divergence of S. miscanthi; however, the H.
defensa and R. insecticola strains were probably experienced horizontal transmission among S. mis-
canthi and its distantly related species.
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The symbiotic associations among insects and bacteria
are common in nature, and it has been reported that
�15% of insect species harbor intracellular bacterial
symbionts (Douglas 1998, Baumann 2005). Almost all
aphids (Hemiptera: Aphididae) harbor an obligate
endosymbiont, Buchnera aphidicola, which provides
essential amino acids to them (Douglas 1998). In ad-
dition, aphids harbor a wide variety of bacteria. The
three main secondary symbionts, Serratia symbiotica
(R type), Hamiltonella defensa (T type), and Regiella
insecticola (U type), occur in many aphid species
(Sandstrom et al. 2001, Haynes et al. 2003, Russell et
al. 2003, Moran et al. 2005).Rickettsia is reported in the
pea aphid, Acyrthosiphon pisum (Harris) (Chen et al.
1996). The bacterium Wolbachia pipientis is known
from several species of aphids (Jeyaprakash and Hoy
2000, Gomez-Valero et al. 2004, Augustinos et al.
2011).

Aphid symbionts confer diverse biological roles on
their hosts, and the compositions of bacterial symbi-
onts have been proposed as another source of genetic
variations in aphids (Russell et al. 2013). To date,
comprehensive bacterial symbiont detections have
been demonstrated in the American, European, and
Japanese aphids; however, there is no such research in
Chinese aphids yet. China is one of the hot spot re-
gions in aphid species diversity, with �1,000 aphid

species having been identiÞed in China, which ac-
count for 25% of the worldwide records (Liu et al.
2009). Previous studies show that the compositions of
bacterial symbionts are divergent among different
aphid geographical populations (Tsuchida et al. 2002,
Najar-Rodriguez et al. 2009). Therefore, the investi-
gation of bacterial community in Chinese aphids can
effectively expand our global views on the species
diversity and geographical distribution pattern of
aphid bacterial symbionts.
Sitobion miscanthi (Takahashi) is one of the most

widespread aphid species in China: it can be found in
most Chinese wheat planting areas (Zhang 1999).
Moreover, S. miscanthi is a member of Macrosiphini,
which frequently contains secondary symbionts (Bu-
chner 1965, Sandstrom et al. 2001). In our previous
study, a new aphid secondary symbiont named as
SMLS (Sitobion miscanthi L type symbiont) and Rick-
ettsiawere detected in S. miscanthi populations. How-
ever, the bacterial community of S. miscanthi has not
been fully investigated. In this study, we screened the
distribution of three main aphid secondary symbionts,
S. symbiotica, H. defensa, and R. insecticola, plus W.
pipientis in 19 geographical S. miscanthi populations.
Furthermore, to uncover other bacterial associations
in S. miscanthi, the restriction fragment length poly-
morphism (RFLP) method was used to distinguish the
16S rRNA gene (16S) amplicons, which were ampli-
Þed with universal primers, in the DNA samples of
nine randomly chosen aphid geographical popula-
tions.
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Materials and Methods

Aphids Sampling and DNA Extraction. The aphid
samples involved in this study were collected from 19
localities, which cover the Chinese main wheat farm-
ing regions (Table 1). One adult aphid was taken
within an area of 10 m2 to avoid repeatedly collecting
the offspring of the same mother. The aphids were
immediately immersed in 95% ethanol and maintained
at �20�C until DNA extraction.

Before DNA extraction, every aphid was initially
washed with 70% ethanol, and then washed several
times with sterile water to remove the possible surface
contaminations. Furthermore, the water for the last
time washing of aphid was subjected to bacterial DNA
extraction, and then ampliÞed with bacterial 16S uni-
versal primers (16SA1 and 16SB1) for bacteria detec-
tion. A few aphids were excluded in the subsequent
experiments because positive results were obtained in
the bacteria detection of their last washing water, and

the remaining aphids were deÞned as effective sam-
ples in this study.

In this study, aphid total DNA was extracted using
EasyPure Genomic DNA Extraction Kit (TransGen,
Beijing, China) following the manufactureÕs recom-
mendations. The aphid elongation factor-1� gene was
ampliÞed and used as a reference to evaluate the
extracted DNA quality, and the low quality DNA sam-
ples were excluded in the following bacterial symbi-
onts detections.
Bacteria Detection and Cloning. Taxon-speciÞc

primers were used to detect the three main aphid
secondary bacterial symbionts plus W. pipientis (Ta-
ble 2). Forward primers T99F and U99F combined
with the reverse primer16SB1 were used to amplify
the 16S of H. defensa and R. insecticola, respectively.
Reverse primers R1135R combined with the forward
primer 16SA1 was used to amplify 16S of S. symbiotica.
Primers 81F and 691R were used to amplify the wsp

Table 1. Wheat aphid, S. miscanthi (Hemiptera: Aphididae), samples, and their symbiont bacteria

Locality
ID

Collection
locality

Code
Total no.

tested
H. defensa R. insecticola

Double
infection

1 Qinghai, Xining XN 17 3 5 1a

2 Xinjiang, Shihezi SHZ 15 1 7
3 Sichuan, Jiangyou JY 15 2 2b

4 Yunnan, Honghe HH 21 20
5 Shaanxi, Yangling YL 22 2
6 Shaanxi, Hanzhong HZ 10
7 Shaanxi, Baoji BJ 20
8 Henan, Zhoukou ZK 22
9 Henan, Luoyang LY 19 1 1 1c

10 Henan, Dengzhou DZ 20
11 Shandong, Taian TA 22
12 Hebei, Baoding BD 18 1
13 Hebei, Shijiazhuang SJZ 18
14 Hubei, Danjiangkou DJK 10
15 Hubei, Zaoyang ZY 21 1
16 Jiangsu, Zhenjiang ZJ 15
17 Jiangsu, Yancheng YC 15
18 Jiangsu, Nanjing NJ 16
19 Anhui, Hefei HF 27

aDouble infection with Rickettsia and R. insecticola.
bDouble infection with R. insecticola and SMLS (S. miscanthi L type symbiont).
cDouble infection with H. defensa and SMLS; a heterogeneous bacteria 16S rRNA gene was ampliÞed in nine populations (SHZ, HH, ZK,

DZ, BD, SJZ, ZJ, YC, and NJ).

Table 2. The primers used in this study to amplify targeted gene fragments from aphids and their bacterial symbionts

Organism Gene Primer name Primer sequence (5�Ð3�) References

Eubacteria 16S rRNA 16SA1 AGAGTTTGATCMTGGCTCAG Fukatsu and Nikoh 1998
16S rRNA 16SB1 TACGGYTACCTTGTTACGACTT Fukatsu and Nikoh 1998

B. aphidicola 16S rRNA Buch16S1F GAGCTTGCTYTCTTTGTCGGCRA Tsuchida et al. 2002
Buch16S1R CTTCTGCGGGTAACGTCACRAA Tsuchida et al. 2002

S. symbiotica 16S rRNA R1135R TCCTTTGAGTTCCCGACTTT Sandstrom et al. 2001
gltA RgltaF GACCAGATCACCCATTTGCT This study

RgltaR TCCAACACCGGGTTCACTAC This study
H. defensa 16S rRNA T99F AGTGAGCGCAGTTTACTGAG Sandstrom et al. 2001
R. insecticola 16S rRNA U99F ATCGGGGAGTAGCTTGCTAC Sandstrom et al. 2001

gltA UgltaF GACAGTAGCATTTGATGTTCTCC This study
UgltaR CACCAGTGACACCACAGAGC This study

W. pipientis wsp wsp 81F TGGTCCAATAAGTGATGAAGAAAC Zhou et al. 1998
wsp 691R AAA AATTAAACGCTACTCCA Zhou et al. 1998

Aphid EF-1� EF1�-F GAACGTGAACGTGGTATCAC Palumbi 1996
EF1�-R TGACCAGGGTGGTTCAATAC von Dohlen et al. 2002
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gene ofW. pipientis.Cycling conditions were 94�C for
4 min, followed by 35 cycles at 94�C for 30 s, 53�C for
45 s, 72�C for 1 min, and a Þnal elongation for 10 min.
Following polymerase chain reactions (PCRs), posi-
tive samples were deÞned as being those that ex-
pressed ampliÞed DNA for a particular bacterium and
had sequences of at least 97% similarity to those pre-
viously documented for the species (Wille and Hart-
man 2009). To detect additional bacterial symbionts,
the bacterial heterogeneous 16S was ampliÞed using
16SA1 and 16SB1 in nine randomly chosen popula-
tions (Table 1). The DNAs were extracted from three
aphids for each population. Cycling conditions were
the same as those used for the diagnostic PCRs, except
that the annealing temperature was 50�C. The DNA of
Aphis glycinesMatsumura infected with S. symbiotica
and W. pipientis, and plasmids containing 16S se-
quences ofH. defensa andR. insecticola,were chose as
templates in the positive controls. Sterile water was
chosen as a template in the negative controls.

PCR products were puriÞed using EasyPure PCR
PuriÞcation Kits (TransGen, Beijing, China). PuriÞed
DNA was cloned with the pEASY-T1 vector (Trans-
Gen, Beijing, China) and transformed into the Esch-
erichia coli TOP10 competent Cell (TransGen, Bei-
jing, China).
RFLP and Sequencing. In this study, the nine clone

libraries were individually performed with RFLP anal-
ysis. The products ampliÞed from positive clones with
the M13F/R (�1.5 kb) were independently digested
with three endonucleases (HaeIII, HhaI, and RsaI;
New England BioLabs, Beverly, MA), and then typed
theclonesusing2.0%agarosegels electrophoresis.The
representative clones were sequenced with the
Sangermethod inBioSuneCompany(Beijing,China).
Chimeric 16S Gene Sequence Identification and
Phylogenetic Analysis. The UCHIME (Edgar et al.
2011) algorithm was used to identify the chimeric
sequences, which was implemented in the Mothur
software (Schloss et al. 2009). Silva alignments pro-
vided by Mothur were used as the reference. Chime-
ras were excluded from further analyses. The closest
relatives of obtained sequences were retrieved in
GenBank using BLASTn searches, and then involved
into the phylogenetic inferring. Multiple sequences
were aligned using the Clustal W method as imple-
mented in MEGA 5.0 with the default parameters
(Tamura et al. 2011). A Bayesian inference phyloge-
netic tree was constructed using MrBayes 3.1.2
(Huelsenbeck and Ronquist 2001, Ronquist and
Huelsenbeck 2003). The best-Þt nucleotide substitu-
tion models were selected using jModelTest 0.1.1
(Guindon and Gascuel 2003, Posada 2008) based on
Akaike information criterion (Akaike 1974). Two in-
dependent runs including four chains were performed
with the initial 1,000,000 generations, and stopped
when the average deviation of split frequencies fell
well below 0.01. Every 100 generations were used to
create a tree, and the initial 25% of the total trees were
discarded. Helicobacter anseris and Rickettsia bellii
were chosen as outgroup.

Results

Specific Bacteria Detection. In total, 343 effective
aphid samples were subjected to the diagnostic PCR
analysis (Table 1). The aphid obligate bacterium B.
aphidicola was detected in all samples (data not
shown). Herein, the infections of H. defensa and R.
insecticolawere detected; however, no infection ofW.
pipientis and S. symbioticawas detected. The infection
rates of H. defensa and R. insecticola in all specimens
were 8.16% (28 of 343) and 4.67% (16 of 343), respec-
tively, and no signiÞcant difference was observed be-
tween them (�2 � 2.5549; df � 1; P � 0.11). Geo-
graphically, both H. defensa and R. insecticola had
sporadic distributional patterns; their infection rates
among localities were 31.6% (6 of 19) and 26.3% (5 of
19), respectively. Furthermore, the infection rates of
both bacteria among the different symbiont infected
aphid populations varied as follows: H. defensa (5.26Ð
95.2%) and R. insecticola (5.26Ð46.7%). And in H.
defensa, the distinctive infection pattern of the Hon-
ghe population was revealed; there were signiÞcant
differencesbetween the infection ratesofHongheand
the other populations (Fisher exact test, P � 0.00).
However, no such differences were observed in R.
insecticola infected populations with the Bonferroni-
corrected P values at a signiÞcance level of 0.05. Com-
bined with our previous research (Li et al. 2011), three
types of double infections were found in several in-
dividuals (Table 1): 0.29% (1 of 343) with Rickettsia
and R. insecticola, 0.58% (2 of 343) with R. insecticola
and SMLS, and 0.29% (1 of 343) with H. defensa and
SMLS.
RFLP Analysis and Chimera Identification. The

24Ð48 positive clones of each clone library, with a total
of 408 positive clones were subjected to RFLP anal-
yses, of which 39 representative clones were distin-
guished and sequenced. In these sequences, 17 were
identiÞed to be chimeras with UCHIME. After chi-
meras and sequences of known symbionts excluded,
Þve new groups of 16S sequences were obtained from
the RFLP analyses, and lumped into four operational
taxonomic units (OTUs) on the basis of a priori cri-
terion of 3% divergence (McCaig et al. 1999; Table 3).
BLASTn searches showed that these OTUs repre-
sented three bacterial families: Pseudomonadaceae,
Aeromonadaceae, and Enterobacteriaceae. OTU1 in-
cluded two sequences with a 0.4% divergence from
each other and a 99% similarity with Pseudomonas
(Pseudomonadaceae) species. OTU2 shared a 99%
similarity with the Aeromonas (Aeromonadaceae)
species. OTU3 shared a 99% similarity with the En-
terobacter (Enterobacteriaceae) species, and OTU4
shared a 99% similarity with species in Enterobacte-
riaceae. In addition, the 16S sequences from other
three bacterial strains (RM1, RM2, and RM3;(RM, R
type primer misampliÞcation) were occasionally am-
pliÞed in the diagnostic PCR analysis using the primers
for S. symbiotica; the three bacterial strains shared
high similarity with species of Pantoea and Acineto-
bacter and family Enterobacteriaceae, respectively.
Moreover, the closest relatives of the OTU4, RM1, and
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RM3 are isolated from the western ßower thrips
(Frankliniella occidentalis (Pergande)), the cabbage
white butterßy (Pieris rapae L.), and the Japanese
honey bee (Apis cerana japonica F.), respectively
(Borlee et al. 2008, Chanbusarakum and Ullman 2008,
Yoshiyama and Kimura 2009).
Phylogenetic Analysis. Using jModelTest, we se-

lected the GTR substitution model with rate variation
among sites (�G) in the Bayesian analysis. In general,
the monophyly of Gammaproteobacteria was robustly
supported (Fig. 1). In the Gammaproteobacteria
clade, the bacterial symbionts were subdivided into
four highly supported large branches: Moraxellaceae,
Pseudomonadaceae, Aeromonadaceae, and Entero-
bacteriaceae. In the Enterobacteriaceae branch, the
multiple strains of B. aphidicola, H. defensa, and R.
insecticola were formed into robustly supported
monophyletic groups, respectively. In the other three
large branches, the symbionts detected in S. miscanthi
all clustered with their closest relatives. Consistent
with previous reports, H. defensa and R. insecticola
shared sibling relationship (Sandstrom et al. 2001).
Strains of B. aphidicola from S. miscanthi were very
similar to those fromSitobionavenae(F.), to the extent
of being indistinguishable, as previously reported
(Choe et al. 2006). In addition, the phylogeny of the
B. aphidicola reßected the evolutionary relationships
among A. pisum, Schizaphis graminum (Rondani) and
Aphis fabae fabae Scopoli. The strains of H. defensa
from S. miscanthi showed little divergence, and they
shared high similarity with the strains from A. pisum,
S. avenae, and Periphyllus bulgaricus (Tashev). Strains
of R. insecticola varied greatly in S. miscanthi. The
strain ofR. insecticola from Xining were clustered with
that from S. avenae, and the remaining strains were
highly similar to those from either Uroleucon solidagi-
nis (F.) or Macrosiphum rosae (L.).

Discussion

In this study, using the 16S gene diagnostic PCR
method, we detected aphid obligate symbiont B.
aphidicola, and two secondary symbionts, H. defensa
andR. insecticola, in the samples of S. miscanthi. In the
detection ofW.pipientis,nothing was yielded with the
wsp gene primers, and we further retested this result
withW. pipientis-speciÞc 16S primers. In a few cases,

the diagnostic PCR of S. symbiotica yield products;
however, these products were not speciÞcally ampli-
Þed with S. symbiotica DNA (i.e., RM1, RM2, and
RM3). In addition, the partial sequences of OUT2 and
OUT4 can also be ampliÞed using the 16S gene diag-
nostic primers for R. insecticola. These nontarget bac-
terial strains and target bacteria belong to the same
bacterial class, and the unspeciÞc ampliÞcations are
probably because of the highly conserved of 3� region
in the diagnostic primers. Herein, we further interac-
tively examined the infections of S. symbiotica and R.
insecticola in S. miscanthiwith gltA gene speciÞc prim-
ers, and no infection of S. symbiotica was found.

Combined with a previous study (Li et al. 2011), we
found four secondary bacterial symbionts in Chinese
S.miscanthi.These symbionts demonstrated divergent
infection patterns among geographical aphid popula-
tions. SMLS is the most widely distributed symbiont,
infecting 103 samples of 14 geographical populations
(Li et al. 2011); however,Rickettsia, H. defensa, andR.
insecticola are only sporadically detected in the sam-
ples. No signiÞcant differences were observed be-
tween the infection rates of H. defensa and R. insec-
ticola in whole samples (P �0.05), but each of them
was signiÞcantly divergent with that of SMLS (SMLS
vs. H. defensa, �2 � 35.2148; df � 1; P � 2.953e�09;
SMLS vs. R. insecticola, �2 � 53.3736; df � 1; P �
2.758e�13). Moreover, in this study, signiÞcant dif-
ferences were also observed among the infection rates
of some H. defensa infected populations. To date, di-
verse ecological functions of secondary symbionts
conferring on aphids have been uncovered, for exam-
ple, they can improve the Þtness of infected aphids
under the stresses of heat shock, parasitoid wasps, and
fungal pathogens (Montllor et al. 2002, Oliver et al.
2003, Scarborough et al. 2005). It means that local
biological or nonbiological environmental selective
pressures can probably inßuence the prevalence of
secondary symbionts in aphid populations. Moreover,
Russell et al. (2013) suggested that the neutral pro-
cesses, such as a genetic drift, founder effects, etc., are
also responsible for divergence of the secondary sym-
biont frequency among aphid geographical popula-
tions. Further investigations are thus necessary to un-
cover the underlying inßuence of environmental
pressures and neutral processes on the prevalence of

Table 3. Other symbionts detected in the wheat pest aphid, S. miscanthi

Name Geographical distributiona
Most similar sequence in
GenBank (accession no.)

Bacterial family Similarity (%)

OTU1Ð1 YC{BD{XJ{DZ Pseudomonas trivialis (GU391473) Pseudomonadaceae 99
OTU1Ð2 HH{ZK{NJ Pseudomonas poae (FJ937922) Pseudomonadaceae 99
OTU2 SJZ Aeromonas sanarellii (FJ230076) Aeromonadaceae 99
OTU3 ZK Enterobacter sp. (EF175731) Enterobacteriaceae 99
OTU4 NJ Enterobacteriaceae (EU029106) Enterobacteriaceae 99
RM1 NJ Pantoea sp. (EU780667) Enterobacteriaceae 99
RM2 XN Acinetobacter sp. (FJ805432) Moraxellaceae 99
RM3 TA Enterobacteriaceae (EU029105) Enterobacteriaceae 99

a The abbreviation of geographical populations are in accordance with that of Table 1; OTU, operational taxonomic unit; RM, R type primer
misampliÞcation.
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Fig. 1. A Bayesian inference tree based on 16S rRNA gene sequences depicting the phylogenetic relationships of the
symbiotic bacteria of wheat pest aphids, S. miscanthi, in China. Numbers near interior nodes indicate Bayesian posterior
probabilities. The NCBI accession numbers followed the species names. The bar indicates the estimated number of
substitutions per site. B. aphidicola � Buchnera aphidicola; H. defensa � Hamiltonella defensa; and R. insecticola � Regiella
insecticola.
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secondary symbionts in Chinese S. miscanthi popula-
tions.

In addition, bacterial phylotypes of the generaAcin-
etobacter, Aeromonas, Enterobacter, Pantoea, and Pseu-
domonas and the family Enterobacteriaceae were de-
tected with RFLP analyses. Although their infection
patterns are not clear, the Pantoea and the Entero-
bacteriaceae phylotypes share high similarity with
those detected in the gut of other insects (Borlee et al.
2008, Yoshiyama and Kimura 2009), which imply their
possible infection tropism in S. miscanthi. Previous
studies have demonstrated that no bacteria-like or-
ganism is observed in the gut of aphids, which feed on
sterile artiÞcial food, and the bacteria inhabiting in
aphid gut will be removed during aphid molt process
(Grenier et al. 1994, Douglas 1998). These Þndings
indicate that these bacterial phylotypes detected with
RFLP analyses in S.miscanthi are probable transient or
opportunistic colonizers.

Besides vertical transmission, bacterial symbionts
also use horizontal transmission to persist their infec-
tions in insect populations. Recently, two routes are
veriÞed to mediate the symbiont horizontal transmis-
sion among insects. Uninfected whiteßy population
can acquire Rickettsia via plants (Caspi-Fluger et al.
2012); in aphids, H. defensa and R. insecticola can be
transferred through the oviposition process of parasi-
toid wasps (Gehrer and Vorburger 2012). In this study,
the phylogenetic analyses with bacterial 16S gene se-
quences show that S. miscanthi and its distant relatives
harbor similar H. defensa and R. insecticola strains,
which indicates that horizontal transfers of these bac-
terial strains may have occurred among different
aphid species. However, further investigations with a
large sample size of aphid species and more gene
fragments of bacterial symbionts are necessary to re-
test this hypothesis.

Although a high diversity of aphid species have
been found in China, their bacterial associations are
still unclear. To our knowledge, this is the Þrst com-
prehensive study on the bacterial symbionts survey of
the Chinese aphid. Furthermore, the origin, transmis-
sion patterns, and biological roles of these S. miscanthi
bacterial symbionts deserve investigation.

Acknowledgments

This project was supported by the Special Fund for Agro-
ScientiÞc Research in the Public Interest of China (grant No.
201103022), and Excellent Young Scientist Foundation of the
Henan Academy of Agricultural Science (grant 2013YQ17).
This project was also partially supported by the National
Natural Science Foundation of China (NSFC; grant 31090253
and 31210103912) and a grant from the National Science
Fund for Fostering Talents in Basic Research (Special Sub-
jects in Animal Taxonomy, NSFC-J0930004).

References Cited

Akaike, H. 1974. A new look at statistical model identiÞca-
tion. IEEE Trans. Automat. Contr. 19: 716Ð723.

Augustinos, A. A., D. Santos-Garcia, E. Dionyssopoulou, M.
Moreira, A. Papapanagiotou, M. Scarvelakis, V. Doudou-

mis, S. Ramos, A. F. Aguiar, P. A. Borges, et al. 2011.
Detection and characterization of Wolbachia infections
in natural populations of aphids: is the hidden diversity
fully unraveled? PLoS ONE 6: e28695.

Baumann, P. 2005. Biology bacteriocyte-associated endo-
symbionts of plant sap-sucking insects. Annu. Rev. Mi-
crobiol. 59: 155Ð189.

Borlee, B. R., G. D. Geske, C. J. Robinson, H. E. Blackwell,
and J.Handelsman. 2008. Quorum-sensing signals in the
microbial community of the cabbage white butterßy lar-
val midgut. ISME J. 2: 1101Ð1111.

Buchner, P. 1965. Symbiosis in animals which suck plant
juices, pp. 210Ð432. In P. Buchnera (ed.), Endosymbiosis
of animals with plant microorganisms. Interscience, New
York, NY.

Caspi-Fluger, A., M. Inbar, N. Mozes-Daube, N. Katzir, V.
Portnoy, E. Belausov, M. S. Hunter, and E. Zchori-Fein.
2012. Horizontal transmission of the insect symbiont
Rickettsia is plant-mediated. Proc. Biol. Sci. 279: 1791Ð
1796.

Chanbusarakum,L., andD.Ullman. 2008. Characterization
of bacterial symbionts in Frankliniella occidentalis (Per-
gande), Western ßower thrips. J. Invertebr. Pathol. 99:
318Ð325.

Chen,D.Q., B.C.Campbell, andA.H.Purcell. 1996. A new
rickettsia from a herbivorous insect, the pea aphid
Acyrthosiphon pisum (Harris). Curr. Microbiol. 33: 123Ð
128.

Choe, H. J., S. H. Lee, and S. Lee. 2006. Morphological and
genetic indiscrimination of the grain aphids, Sitobion ave-
nae complex (Hemiptera: Aphididae). Appl. Entomol.
Zool. 41: 63Ð71.

Douglas, A. E. 1998. Nutritional interactions in insect-mi-
crobial symbioses: aphids and their symbiotic bacteria
Buchnera. Annu. Rev. Entomol. 43: 17Ð37.

Edgar, R. C., B. J. Haas, J. C. Clemente, C. Quince, and R.
Knight. 2011. UCHIME improves sensitivity and speed
of chimera detection. Bioinformatics 27: 2194Ð2200.

Fukatsu,T., andN.Nikoh. 1998. Two intracellular symbiotic
bacteria from the mulberry psyllidAnomoneuramori (In-
secta, Homoptera). Appl. Environ. Microbiol. 64: 3599Ð
3606.

Gehrer,L., andC.Vorburger. 2012. Parasitoids as vectors of
facultative bacterial endosymbionts in aphids. Biol. Lett.
8: 613Ð615.

Gomez-Valero, L., M. Soriano-Navarro, V. Perez-Brocal, A.
Heddi, A. Moya, J. M. Garcia-Verdugo, and A. Latorre.
2004. Coexistence of Wolbachia with Buchnera aphidi-
cola and a secondary symbiont in the aphid Cinara cedri.
J. Bacteriol. 186: 6626Ð6633.

Grenier, A. M., C. Nardon, and Y. Rahbe. 1994. Observa-
tions on the microorganisms occurring in the gut of the
pea aphid Acyrthosiphon pisum. Entomol. Exp. Appl. 70:
91Ð96.

Guindon, S., and O. Gascuel. 2003. A simple, fast, and ac-
curate algorithm to estimate large phylogenies by maxi-
mum likelihood. Syst. Biol. 52: 696Ð704.

Haynes, S., A. C. Darby, T. J. Daniell, G. Webster, F. J. Van
Veen, H. C. Godfray, J. I. Prosser, and A. E. Douglas.
2003. Diversity of bacteria associated with natural aphid
populations. Appl. Environ. Microbiol. 69: 7216Ð7223.

Huelsenbeck, J. P., and F. Ronquist. 2001. MRBAYES:
bayesian inference of phylogenetic trees. Bioinformatics
17: 754Ð755.

Jeyaprakash, A., and M. A. Hoy. 2000. Long PCR improves
Wolbachia DNA ampliÞcation: wsp sequences found in
76% of sixty-three arthropod species. Insect Mol. Biol. 9:
393Ð405.

610 ENVIRONMENTAL ENTOMOLOGY Vol. 43, no. 3



Li, T., J. H. Xiao, Z. H. Xu, R.W.Murphy, andD.W.Huang.
2011. A possibly new Rickettsia-like genus symbiont is
found in Chinese wheat pest aphid, Sitobion miscanthi
(Hemiptera: Aphididae). J. Invertebr. Pathol. 106: 418Ð
421.

Liu, Z., X. L. Huang, Y. L. Jiang, and G. X. Qiao. 2009. The
species diversity and geographical distribution of aphids
in China (Hemiptera, Aphidoidea). Acta Zootax. Sin. 34:
277Ð291.

McCaig, A. E., L. A. Glover, and J. I. Prosser. 1999. Molec-
ular analysis of bacterial community structure and diver-
sity in unimproved and improved upland grass pastures.
Appl. Environ. Microbiol. 65: 1721Ð1730.

Montllor, C. B., A. Maxmen, and A. H. Purcell. 2002. Fac-
ultative bacterial endosymbionts beneÞt pea aphids
Acyrthosiphon pisum under heat stress. Ecol. Entomol. 27:
189Ð195.

Moran, N. A., P. H. Degnan, S. R. Santos, H. E. Dunbar, and
H. Ochman. 2005. The players in a mutualistic symbio-
sis: insects, bacteria, viruses, and virulence genes. Proc.
Natl. Acad. Sci. U.S.A. 102: 16919Ð16926.

Najar-Rodriguez, A. J., E. A. McGraw, R. K. Mensah, G. W.
Pittman, and G. H. Walter. 2009. The microbial ßora of
Aphis gossypii: patterns across host plants and geograph-
ical space. J. Invertebr. Pathol. 100: 123Ð126.

Oliver, K. M., J. A. Russell, N. A. Moran, M. S. Hunter. 2003.
Facultative bacterial symbionts in aphids confer resis-
tance to parasitic wasps. Proc. Natl. Acad. Sci. U.S.A. 100:
1803Ð1807.

Palumbi, S. R. 1996. Nucleic acids II: the polymerase chain
reaction, pp. 205Ð247. In D. M. Hillis, C. Moritz, and B. K.
Mable. (eds.), Molecular systematics. Sinauer, Sunderland.

Posada, D. 2008. jModelTest: phylogenetic model averag-
ing. Mol. Biol. Evol. 25: 1253Ð1256.

Ronquist,F., and J.P.Huelsenbeck. 2003. MrBayes 3: bayes-
ian phylogenetic inference under mixed models. Bioin-
formatics 19: 1572Ð1574.

Russell, J. A., A. Latorre, B. Sabater-Munoz, A. Moya, and
N. A. Moran. 2003. Side-stepping secondary symbionts:
widespread horizontal transfer across and beyond the
Aphidoidea. Mol. Ecol. 12: 1061Ð1075.

Russell, J. A., S. Weldon, A. H. Smith, K. L. Kim, Y. Hu, P.
Lukasik, S. Doll, I. Anastopoulos, M. Novin, and K. M.
Oliver. 2013. Uncovering symbiont-driven genetic di-

versity across North American pea aphids. Mol Ecol. 7:
2045Ð2059.

Sandstrom, J. P., J. A. Russell, J. P. White, and N. A. Moran.
2001. Independent origins and horizontal transfer of bac-
terial symbionts of aphids. Mol. Ecol. 10: 217Ð228.

Scarborough, C. L., J. Ferrari, and H. C. Godfray. 2005.
Aphid protected from pathogen by endosymbiont. Sci-
ence 310: 1781.

Schloss, P. D., S. L. Westcott, T. Ryabin, J. R. Hall, M. Hart-
mann, E. B. Hollister, R. A. Lesniewski, B. B. Oakley,
D. H. Parks, C. J. Robinson, et al. 2009. Introducing
mothur: open-source, platform-independent, communi-
ty-supported software for describing and comparing mi-
crobial communities. Appl. Environ. Microbiol. 75: 7537Ð
7541.

Tamura, K.,D. Peterson,N. Peterson,G. Stecher,M.Nei, and
S. Kumar. 2011. MEGA5: molecular evolutionary genet-
ics analysis using maximum likelihood, evolutionary dis-
tance, and maximum parsimony methods. Mol. Biol. Evol.
28: 2731Ð2739.

Tsuchida, T., R. Koga, H. Shibao, T. Matsumoto, and T.
Fukatsu. 2002. Diversity and geographic distribution of
secondary endosymbiotic bacteria in natural populations
of the pea aphid, Acyrthosiphon pisum. Mol. Ecol. 11:
2123Ð2135.

vonDohlen,C.D.,U.Kurosu,andS.Aoki. 2002. Phylogenetics
and evolution of the eastern Asian-eastern North American
disjunct aphid tribe, Hormaphidini (Hemiptera: Aphidi-
dae). Mol. Phylogenet. Evol. 23: 257Ð267.

Wille, B. D., and G. L. Hartman. 2009. Two species of sym-
biotic bacteria present in the soybean aphid (Hemiptera:
Aphididae). Environ. Entomol. 38: 110Ð115.

Yoshiyama, M., and K. Kimura. 2009. Bacteria in the gut of
Japanese honeybee, Apis cerana japonica, and their an-
tagonistic effect against Paenibacillus larvae, the causal
agent of American foulbrood. J. Invertebr. Pathol. 102:
91Ð96.

Zhang, G. X. 1999. Fauna of agricultural and forestry aphids
of Northwest China, pp. 429Ð433. China Environmental
Science Press, Beijing, China.

Zhou, W., F. Rousset, and S. O. Neill. 1998. Phylogeny and
PCR-based classiÞcation of Wolbachia strains using wsp
gene sequences. Proc. Biol. Sci. 265: 509Ð515.

Received 12 August 2013; accepted 28 March 2014.

June 2014 LI ET AL.: SYMBIONTS IN Sitobion miscanthi 611


