Chinese Journal of Applied Entomology 2016, 53(6): 1274-1287.  DOI: 10.7679/j.issn.2095-1353.2016.159

E 4% /8 Chaitophorus #fH
(F@H: vt EHTERD
53R AL4EE Buchnera BSEL X &

o FMT Exx KB AR

1. 100101
2. 100049
# E [Bm]
Buchnera aphidicola -Buchnera
-Buchnera “ ” [53%] Populus
Salix Chaitophorus
Buchnera
TreeMap Jane  ParaFit [4R] TreeMap Jane
Buchnera ParaFit
[&ig] Buchnera - >>
X8R Buchnera

Study of the evolutionary relationship between Chaitophorus
aphids and their primary endosymbiont Buchnera
(Hemiptera: Aphididae: Chaitophorinae)

YANG Xue"*" JIANG Li-Yun' CHEN Jing"™~ QIAO Ge-Xia"*""

(1. Key Laboratory of Zoological Systematics and Evolution, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101,
China; 2. College of Life Sciences, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract [Objectives] Aphids harbor various symbionts, all of which have a close endosymbiotic relationship with their
hosts. For example, almost all aphids harbor an obligatory primary endosymbiont, Buchnera aphidicola. Due to this almost
universal, obligate, endosymbiotic relationship, Buchnera is an ideal model for studying the evolution of mutualism. This
study tested the parallelism hypothesis between aphids and Buchnera. [Methods] Species from the aphid genus
Chaitophorus, which are monocious and holocyclic on Populus and Salix, were chosen for study. We reconstructed the
phylogenies of Chaitophorus and Buchnera based on different kinds of molecular markers (i.e., mitochondrial and nuclear
genes of aphids and genes derived from Buchnera), using both maximum likelihood and Bayesian methods. The phylogenetic
congruence between aphids and Buchnera was tested with TreeMap, Jane and ParaFit. [Results] TreeMap and Jane analyses
confirmed a significant pattern of cophylogeny between Chaitophorus and Buchnera. ParaFit analyses indicated that their

overall correlation was extremely significant. [Conclusion] Our results provide strong evidence for the parallel evolution of
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Chaitophorus and Buchnera at the intraspecific, and interspecific, and taxonomic levels. In addition, the evolutionary

relationships between Chaitophorus and Buchnera are not affected by host plants.
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110 36 1999 recurvispinus Hille Ris Lambers & Basu
Favret 2016 Buchnera Escherichia coli
Blackman and Eastop 1994 Klebsiella pneumoniae
Salicaceae Populus Salix Salmonella enterica
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Table 1 Information of aphid and bacteria samples used in this study
GenBank
. GenBank accessions
Species .
Voucher  Location Host  CO /tRNA-CO atpD/gnd/trpB
plant /Cytb/EF-1a /16S rDNA
. KX620547/KX645846/ KX620658/KX620694/
Chaitophorus capreae (Mosley, 1841) 21279 KX620588/KX645805 KX620731/KX620629
Chaitophorus indicus 13505 KX620551/KX645850/ KX620662/KX620698/
Ghosh, Ghosh & Raychaudhuri, 1970 KX620592/KX645809 KX620735/KX620633
Chaitophorus inouyei 33090 KX620550/KX645849/ KX620661/KX620697/
Hille Ris Lambers, 1976 KX620591/KX645808 KX620734/KX620632
20003 KX620524/KX645823/ KX620642/KX620671/
Chaitophorus leucomelas Koch, 1854 KX620565/KX645784 KX620709/KX620606
297142 KX620525/KX645824/ KX620643/KX620672/
Chaitophorus leucomelas Koch, 1854 KX620566/KX645785 KX620710/KX620607
28717 KX620526/KX645825/ KX620644/KX620673/
KX620567/KX645786 KX620711/KX620608

Chaitophorus leucomelas Koch, 1854
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4538 1 (Table 1 continued)

GenBank
. GenBank accessions
Species
Voucher Host CO /tRNA-CO atpD/gnd/trpB
plant /Cytb/EF-1a /16S tDNA
31119 KX620527/KX645826/ KX620645/KX620674/
Chaitophorus leucomelas Koch, 1854 KX620568/KX645787 KX620712/KX620609
31213 KX620528/KX645827/ KX620646/KX620675/
Chaitophorus leucomelas Koch, 1854 KX620569/KX645788 KX620713/KX620610
Chaitophorus nigricantis nigricantis 31725 KX620530/KX645829/ KX620648/KX620677/
Pintera, 1987 KX620571/KX645790 KX620715/KX620612
Chaitophorus nigricantis nigricantis 32298 KX620531/KX645830/ KX620649/KX620678/
Pintera, 1987 KX620572/KX645791 KX620716/KX620613
Chaitophorus nigricantis nigricantis 34141 KX620532/KX645831/ KX620650/KX620679/
Pintera, 1987 KX620573/KX645792 KX620717/KX620614
15653 KX620534/KX645833/ -/KX620681/KX620719/
Chaitophorus populeti (Panzer, 1801) KX620575/KX645794 KX620616
17709 KX620535/KX645834/ -/KX620682/KX620720/
Chaitophorus populeti (Panzer, 1801) KX620576/KX645795 KX620617
23661 KX620536/KX645835/ -/KX620683/KX620721/
Chaitophorus populeti (Panzer, 1801) KX620577/KX645796 KX620618
28112 KX620537/KX645836/ -/KX620684/KX620722/
Chaitophorus populeti (Panzer, 1801) KX620578/KX645797 KX620619
33104 KX620538/KX645837/ -/KX620685/-/KX62062
Chaitophorus populeti (Panzer, 1801) KX620579/KX645798 0
Chaitophorus populialbae 16587 KX620539/KX645838/ KX620651/KX620686/
(Boyer de Fonscolombe, 1841) KX620580/KX645799 KX620723/KX620621
Chaitophorus pruinosae 20070 KX620548/KX645847/ KX620659/KX620695/
Narzikulov, 1954 KX620589/KX645806 KX620732/KX620630
Chaitophorus pruinosae Narzikulov, 28773 KX620549/KX 645848/ KX620660/KX620696/
1954 KX620590/KX645807 KX620733/KX620631
Chaitophorus saliapterus 13793 KX620529/KX645828/ KX620647/KX620676/
quinquemacul atus Bozhko, 1976 KX620570/KX645789 KX620714/KX620611
25009 KT237841 /KX645842/ KX620655/KX620690/
Chaitophorus saliniger Shinji, 1929 KT236787 /KT238323" KX620727/KX620625
26680 KX620544/KX645843/ -/KX620691/KX620728/
Chaitophorus saliniger Shinji, 1929 KX620585/KX645803 KX620626
27541 KX620545/KX645844/ KX620656/KX620692/
Chaitophorus saliniger Shinji, 1929 KX620586/KX645804 KX620729/KX620627
30494 KT237859:/KX645845£ KX620657/KT237272"/
Chaitophorus saliniger Shinji, 1929 KT236805 /KT238341 KX620730/KX620628
Chaitophorus truncatus 21332 KX620552/KX645851/ KX620663/KX620699/
KX620593/KX645810 KX620736/KX620634

(Hausmann, 1802)
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#53% 1 (Table 1 Continued)

GenBank
. GenBank accessions
Species
Voucher CO /tRNA-CO atpD/gnd/trpB
/Cytb/EF-1a /16S rDNA
Chaitophorus truncatus 24796 KX620553/KX645852/ KX620664/KX620700/
(Hausmann, 1802) KX620594/KX645811 KX620737/KX620635
. KX620559/KX645858/ -/KX620706/KX620738/
Chaitophorus sp. 1 13647 KX620600/KX645817 KX620641
. KX620560/KX645859/ -/KX620707/KX620739/
Chaitophorus sp. 2 17556 KX620601/KX645818 -
. KX620561/KX645860/ KX620670/KX620708/
Chaitophorus sp. 2 28403 KX620602/KX645819 KX620740/-
. KX620533/KX645832/ -/KX620680/KX620718/
Chaitophorus sp. 3 14280 KX620574/KX645793 KX620615
. KX620540/KX645839/ KX620652/KX620687/
Chaitophorus sp. 4 27417 KX620581/KX645800 KX620724/KX620622
. KX620541/KX645840/ KX620653/KX620688/
Chaitophorus sp. 4 30858 KX620582/KX645801 KX620725/KX620623
Chaitophorus so. 4 31589 KX620542/KX645841/ KX620654/KX620689/
P p- KX620583/KX645802 KX620726/KX620624
. KX620558/KX645857/ KX620669/KX620705/-/
Chaitophorus sp. 5 14070 KX620599/KX645816 KX620640
. KX620554/KX645853/ KX620665/KX620701/-/
Chaitophorus sp. 5 22328 KX620595/KX645812 KX620636
. KX620555/KX645854/ KX620666/KX620702/-/
Chaitophorus sp. 5 27326 KX620596/KX645813 KX620637
Chaitophorus so. S 33181 KX620556/KX645855/ KX620667/KX620703/-/
P p- KX620597/KX645814 KX620638
. KX620557/KX645856/ KX620668/KX620704/-/
Chaitophorus sp. 5 34139 KX620598/KX645815 KX620639
33202 KX620562/KX645861/
Periphyllus diacerivorus Zhang, 1982 KX620603/KX645820
Periphyllus koelreuteriae 27400 KX620563/KX645862/
Takahashi, 1919 KX620604/KX645821
Trichaitophorus 14764 KX620564/KX645863/
recurvispinus Hille Ris Lambers & Basu KX620605/KX645822

Escherichia coli

Klebsiella pneumoniae

Salmonella enterica

V00267 /U00096"/
TW1253%/J01859"

CP015822"/CP000964"/C
P014647"/X87276"

CP012151°/CP015157"/C
P007484"/CP002099"

*

GenBank

* Sequences downloaded from GenBank.
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Table 2 Molecular markers and primers used in this study
Type Gene Primers Sequences (5'-3") References
Co LepF ATTCAACCAATCATAAAGATATTGG Foottit et al., 2008
CO LepR TAAACTTCTGGATGTCCAAAAAATCA Foottit et al., 2008
CO LCO1490 GGTCAACAAATCATAAAGATATTGG Folmer et al., 1994
CO HCO2198 TAAACTTCAGGGTGACCAAAAAATCA  Folmer et al., 1994
tRNA-CO 2993+ CATTCATATTCAGAATTACC Stern, 1994
tRNA-CO  A3772 GAGACCATTACTTGCTTTCAGTCATCT  Normark, 1996
Cytb CP1 GATGATGAAATTTTGGATC Harry et al., 1998
Cytb CP2 CTAATGCAATAACTCCTCC Harry et al., 1998
Cytb CB2 ATTACACCTCCTAATTTATTAGGAAT Jermiin and Crozier, 1994
EF-la EF3 GAACGTGAACGTGGTATCAC von Dohlen et al., 2002
EF-la EF2 ATGTGAGCAGTGTGGCAATCCAA Palumbi, 1996
EF-la EF6 TGACCAGGGTGGTTCAATAC von Dohlen et al., 2002
Buchnera atpD 149-156 CGGGGATCCTGCAGTTTGGWGGWGCW  Clark et al., 1993
GGWGTWGGWAAAAC
atpD 309-308 CGGGGATCCGTCGACGCATCWARATGW Clark et al., 1993
GCAAAWGTWGTWGCWGG
gnd BamHI CGCGGATCCGGWCCWWSWATWATGCC Clark et al., 1999
WGGWGG
gnd Apal CGCGGGCCCGTATGWGCWCCAAAATAA Clark etal., 1999
TCWCKTTGWGCTTG
trpB trpB102F  GG(TA)CC(AG)CATCCCTATCC Rouhbakhsh et al, 1996
trpB trpB582R CC(AT)CCACC(AT)ACACATGC Rouhbakhsh et al, 1996
16S tDNA  8-30 AGAGTTTGATCATGGCTCAGATTG Van Ham et al., 1997
16StDNA  1507-1484  TACCTTGTTACGACTTCACCCCAG Van Ham et al., 1997
PCR 30 uL 20 pL ddH,0O
0.4 uL. Taqg DNA 3 uL 10 x buffer 2.4 uL
dNTPs 0.6 pL ClustalX 2.1
94~95°C Smin 94~95°C 20 s~ Thompson et al. 1997
Smin 42~54°C 30 s~1 min 72°C 45 s~ Gblocks v.0.91b Talavera and Castresana
2min 35~40 72°C 7~10 min 2007 Mega 6.0.6
PCR PCR Tamura etal. 2013
pMDI19-T
3
ABI 3730 Applied BioSystem CO /tRNA-CO /Cytb/EF-la
USA Buchnera atpD/gnd/trpB/16S

1.3 FIRHSERFELEXRERE

SeqMan DNASTAR Inc. 1996

rDNA
Maximum likelihood ML

Bayesian inference BI
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Buchnera BIC
Schwarz 1978 jModelTest 2.1.7

Darriba 2012
CO tRNA-CO
16S rDNA
HRY+I+G TIM3+I+G TIM2+I+G

Cytb EF-la atpD
gnd trpB

Jungles algorithm TreeMap 3.0 Charleston

and Robertson 2002

Jane Charleston
TrNef+G TPM2uf+l+G TPMIluf+G TIM3+G
Charleston 1998
TPM3uf+l RAXML 8.1.20 Stamatakis
etal. 2006 1 000 5
bootstrap Felsenstein 1985
MrBayes 3.2.2 Ronquist and Huelsenbeck
1 000 1 000
2003 100 1
1 0000000 3000000 , Buchnera
25% ParaFit
Posterior probability PP -
14 HWRIRGAXEKE
- 999
TreeMap 3.0
Charleston 2011 Jane 4 Conow etal. 2010
ParaFit Legendre et al. 2002 2 éﬁ%'—ﬁﬁ*ﬁ
Buchnera
2.1 FRSSFE
Buchnera
ML Buchnera
TreeMap Page 1994 3 EF-la  16S rDNA
AT CcO 72.2%
tRNA-CO 78.6% Cytb 75.7% atpD 67.6%
4 gnd 77.0% trpB 70.5%
#3 BTEZLEDHE DNA FFIHHE
Table 3 Characters of DNA sequences used in phylogenetic analyse
Gene  Number of Length of Numbers of Numbers of parsimony Nucleotide composition
sequences  alignments variable sites -informative sites (T:C:AIQ)
CcO 38 658 211 (32.1%) 173 (26.3%) 38.0 1 17.3:34.2:10.5
tRNA-CO 38 769 209 (27.5%) 177 (23.3%) 38.8113.3:39.8: 8.1
Cytb 38 745 234 (31.4%) 201 (27.0%) 41.6 1 15.1 1 34.1:9.2
EF-1a 38 801 83 (10.4%) 63 (7.9%) 26.3:22.0:27.8:24.0
atpD 29 501 87 (17.4%) 71 (14.2%) 3401124 :33.6:19.9
egnd 38 858 294 (34.3%) 236 (27.5%) 37.8:10.3:39.2:12.7
trpB 32 473 154 (32.6%) 124 (26.2%) 30.2 1 13.5:40.3 1 16.0
16S rDNA 36 1404 113 (8.0%) 60 (4.3%) 22.4:20.4:29.2:28.0
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CO tRNA-CO Cytb Buchnera ML BI
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ML BI C.indicus C.inouyei
1 C. populialbae  Chaitophorus sp.
ML Chaitophorus 4 C.truncatus C. nigricantis
saliniger BI Chaitophorus nigricantis + C. saliapterus quinquemacul atus
populeti  Chaitophorus sp. 3 Chaitophorussp. 2 C. capreae

atpD/trpB/gnd/ 16S rDNA

96/0.93-32298

10 34141 | Chaitophorus nigricantis nigricantis
100/1.00 31725

99/1.00 13793 | Chaitophorus saliapterus quinquemaculatus
70/0.95 L1001.00 24796 ‘ Chaitophorus truncatus

i i
—/0.95 100/1.00 )
17556 ‘ Chaitophorus sp.2
21279 | Chaitophorus capreae

98/1.00r31213
100/1.00128717
31119 Chaitophorus leucomelas
6520003
27142

92/91/%3 27417
2130858 Chaitophorus sp.4
94/0.92| 100100 31589
16587

88/1.00|

I Chaitophorus populialbae
85/0.94-34139
99/1,00 52/~ 714070
100100 63/0.77 33181 Chaitophorus sp.5
-22328
97/1.00 27326
13647 | Chaitophorus sp.1
100/1.00 —28773 | Chaitonh .
o 120070 aitophorus pruinosae
M:BSOS | Chaitophorus indicus
— 33090 ' Chaitophorus inouyei
Chaitophorus populeti
100/=
100/1.00 Chaitophorus sp.3
|
78/0.77—30494 . .
| 100/1.00 27541 Chaitophorus saliniger
26680
25009
100/1.00 27400 Periphyllus koelreuteriae
100/~ ’—|— 33202 Periphyllus diacerivorus

14764 Trichaitophorus recurvispinus

0.01
1 EF CO | ARNA-CO Il /Cytb/EF-10 Bt & E R HIREME N E B F AR H
Fig. 1 Aphid maximum likelihood (ML) tree based on the combined CO | /tRNA-CO Il /Cytb/EF-1a dataset
ML >50 >0.70
Values above branches indicate ML bootstrap values (>50) and Bayesian posterior probabilities values (>0.70).



- 1282 - Chinese Journal of Applied Entomology 53
St ~ gricantis nigricanti
1oar b Sy Chaitophorus nigricantis nigricantis @
| Chaitophorus saliapterus quinquemaculatus A
61/0.84 |Chaitophorus truncatus @
122,’(};{?2 ‘Chaitophoms sp2 @
| Chaitophorus capreae @
Chaitophorus sp.4 A
| Chaitophorus populialbae A
Chaitophorus sp.5 A
80/~
| Chaitophorus sp.1 A
93/ Chaitophorus leucomelas A
| Chaitophorus inouyei A
| Chaitophorus indicus A
100/~
Chaitophorus populeti A
100/, , | Chaitophorus sp.3 A
Chaitophorus saliniger @
N 9928773 . .
—9[_20070 Chaitophorus pruinosae A
IM|:Salmoella enterica
100/ e Klebsiella pneumoniae
L Escherichia coli
0.01

2 ET atpD/gnd/trpB/16S rDNA Bt & EE BB EMER Buchnera i A LA

Fig. 2 Buchnera maximum likelihood (ML) tree based on the combined atpD/gnd/trpB/16S rDNA dataset

ML >50

Buchnera

Salix Populus

>0.70

Values above branches indicate ML bootstrap values (>50) and Bayesian posterior probabilities values (>0.70).

Buchnera species are represented by the names of corresponding aphid hosts.
Different host plants (Salix and Populus) are shown by black triangles and circles.

23 MEIRGERERE
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26 46
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P<0.01
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g.ﬁ
1)
: 31213 5 S 131213
Aphid 28717 35 128717 Buchnera
31119 |C.leucomelas § g - -31119
27142 58 27142
20003 .9 20003
32298 35 32298
34141 ‘ ) 23 34141
—e 31725 S8 31725
13793 1< =] 13793
24796 3 24796
21332 |C.truncatus § 21332 o
28403 | €. p 2 2 28403
17556 |~5P- 17556
21279 IC.capreae 21279
27417 27417
[|E30858 Csp.4 : 31589
31589 : 30858
16587 |C.populialbae 16587 o—o
34139 34139
14070 14070
22328 |C.sp.5 22328
133181 27326
27326 33181
13647 1C.sp.1 13647
13505 | C.indicus 13505] ®
33090 1 C.inouyei 33090
28773 | 33104
—® 20070 | -prumnosae 17709
33104 23661
15653 15653
17709 | C.populeti 28112 ®
i 23661 14280
28112 30494 @ P<0.0001
14280 IC.sp.1 27541 ® P<0.001
o % =
5 . : 25009 <0.
26680 C.saliniger 128773 1 P<0.05
25009 20070 - P<0.10

3 TreeMap HfH-Buchnera &% % B HxtLL &
Fig.3 TreeMap comparison of aphid and Buchnera phylogenies
CO /tRNA-CO /Cytb/EF-la
atpD/gnd/trpB/16S rDNA Buchnera
-Buchnera
Left: Maximum likelihood tree of Chaitophorus aphids based on the combined CO
/ARNA-CO /Cytb/EF-1a dataset; right: Buchnera maximum likelihood tree based on the combined
atpD/gnd/trpB/16S rDNA dataset. Solid circles indicate congruence levels between pairs of aphid and Buchnera.

38 37 Buchnera
P=0.05 24 Buchnera << i
P=0.01 -Buchnera Clark et a. 2000 Funk et a. 2000
Wernegreen et al. 2001 Jousselin et al. 2009 Peccoud
Sps etal. 2009a 2009b Liuetal. 2013 2014
3 itig

3.1 EWEYWFHRS Buchnera HEITEUXER Buchnera

3
Buchnera Jane Buchnera

13 14 4 7
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Fig. 4 Cophylogeny of Chaitophorus aphids and Buchnera from Jane

Buchnera Buchnera
Buchnera Buchnera

Buchnera

Chaitophorus nigricantis nigricantis

100 H BI3Y? | Chaitophorus saliapterus quinquemaculatus

Blue and black trees indicate the phylogeny of Buchnera and aphid, respectively. Hollow circles indicate
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