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Abstract. Previous studies have established that psyllids (Hemiptera, Psylloidea) contain primary
endosymbionts, designated@arsonella ruddij which cospeciate with the psyllid host. This association
appears to be the consequence of a single infection of a psyllid ancestor with a bacterium. Some psyllids
may have additional secondary (S-) endosymbionts. We have cloned and sequenced the 16S-23S
ribosomal RNA genes of seven representative psyllid S-endosymbionts. Comparison of the S-endosym-
biont phylogenetic trees with those ©f ruddii indicates a lack of congruence, a finding consistent with
multiple infections of psyllids with different precursors of the S-endosymbionts and/or possible hori-
zontal transmission. Additional comparisons indicate that the S-endosymbionts are related to members of
the Enterobacteriacea@as well as to several other endosymbionts and insect-associated bacteria.

Psyllids (Hemiptera, Psylloidea) are insects that utilizebeen established for four species of psyllids that the
plant sap, a diet rich in carbohydrates but deficient inP-endosymbiont consists of a unique lineage within the
essential amino acids [3, 19]. Within the body cavity of gamma-3 subdivision of thé&roteobacteria[14, 26].
psyllids is a structure called a bacteriome, which consist®\mong its unusual properties is a low guanifiecyto-
of a multinucleate syncytial region within which are sine (G+ C) content of the 16S rDNA. In contrast, the
uninucleate cells called bacteriocytes [3, 6]. The latterS-endosymbionts from three psyllid species appear to be
contain vesicles within which are polymorphic bacteriarelated to the members of tHenterobacteriaceagl4,
with a Gram-negative cell wall [7, 29, 31]. These bacte-26]. By using oligonucleotide probes to 16S ribosomal
ria appear to be present in all psyllids and are called th&NA and in situ hybridization, it has been shown that in
primary (P-) endosymbionts. Many psyllids, in addition, the psyllid Anomoneura morithe P-endosymbiont is
have morphologically different bacteria within the syn- located in the bacteriocytes, while the S-endosymbiont is
cytial region, and these are called secondary (S-) endahe syncytial region [14].
symbionts [6, 7, 31]. Since the P-endosymbionts appears We have extended these studies by a phylogenetic
to be present in all psyllids, they must be able to fulfill all analysis of rDNA from 32 species of psyllids [29]. Since
the requirements of the endosymbiotic association. By16S rDNA [about 1.5 kilobases (kb)] does not contain an
analogy withBuchnera the extensively studied endo- adequate amount of information for the differentiation
symbionts of aphids, it is probable that one of the func-between closely related endosymbionts [3] we have used
tions of the P-endosymbionts is the synthesis of essentidgjoth 16S and 23S rDNA (about 4.0 kb). In all cases,
amino acids for the psyllid host [2, 3, 13]. The function following amplification of 16S-23S rDNA by the poly-
(if any) of the S-endosymbionts is not known. merase chain reaction (PCR), we detected bands of 4.0
The phylogenetic affiliation of psyllid endosymbi- kb which correspond to the P-endosymbiont. Phyloge-
onts has recently been studied by molecular methodsetic analysis of the 16S-23S rDNA as well as a host
With the sequence of 16S ribosomal DNA (rDNA), it has gene indicated congruence between the two trees, a result
consistent with a single infection of a psyllid ancestor
Correspondence tdP. Baumanng-mail: pabaumann@ucdavis.edu ~ with a bacterium and subsequent cospeciation of the
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P-endosymbiont and the host [29]. We have given theResults and Discussion
lineage consisting of the psyllid P-endosymbionts the

designationCarsonella ruddii[29]. In the case of 22 Phylogenetic analysesrig. 1(a) presents a phylogenetic

species of psyllids, following amplification by PCR, we tree of the S-endosymbionts based on 16S-23S rDNA as

also detected additional single bands of about 4.3—4.7 k i\e/:lsi?)i %tpfr:erglfgfezs:g::ﬁgg:imctﬁ853§$T3£ 3?b'
which correspond to putative S-endosymbionts [29]. In )

the present study we have determined the nucleotide (n oth 165 an_d 23S IDNA are gvanable (Table 1). '_I'he
sequence of the 16S-23S rDNA of the S-endosymbiont -endosymbionts fqrm two major clusters (A, B) Wh'f:h

of seven representative psyllid species. In addition, tfre related to, but distinct from some of the well-studied

gain a better understanding of the phylogenetic positio embers of thénterobacteriaceagcluster C). Cluster

of the S-endosymbionts, we have sequenced the DNK‘ IS comp_osed of two closely rela_ted strams, while the
flve organisms of cluster B are quite diverse.

stream of the 16S rDNA gene of one S-endosymbiont.
up g ymb Figure 1(b) is a phylogenetic tree based only on 16S

The results of past morphological studies as well as o . .

more recent phylogenetic analyses of insect endosymbf—DNA_‘ The analy3|_s included, in addition to the_S-endo-
onts suggest that the psylli@- ruddi association is an symbionts of psyllids, other related endosymbionts and
example of a common type of endosymbiotic associaﬁorinsect-associated bacteria as well as several other bacte-
which is the result of a single infection and subsequen{Ia within the gamma-3 subdivision dtroteobacteria

cospeciation of the host and the endosymbiont [3, 9, 11Clusters A, B, and C are maintained in _both the 16S and

22, 23]. In a variety of insects, superimposed on thiSfhe 16_8-238 anz_ilyses. CIuster_A contains close_ly related

association may be another one involving S-endosymbiprgamsms and includes species of the bacterial genus
rsenophonugFig. 1b). A. triatominarumis an endo-

onts. Both morphological and molecular studies suggest>e" ; ,
that the S-endgsymgionts are diverse. and the asgs?)ci ymbiont of the triatomine bug that has not been cultured

tions may be the result of multiple infections or horizon- o) A nasoniaecauses a change in the sex ratio of a
tal transmission [1, 3, 6, 15]. parasitic wasp and has been cultured on laboratory media

[17]. A possible relationship betwegxrsenophonusand
Proteus vulgarigFig. 1b) has been previously noted [17,
Materials and Methods 20]. Cluster B, which is composed of rather diverse

General methods.Most of the methods used have been described in©Organisms, contains several preV'OUSIY studied P- and
detail by Thao et al. [29]. These include the isolation of whole psylid S-endosymbionts of insects [12, 18] (Fig. 1b). These
DNA, amplification of endosymbiont 16S-23S rDNA by PCR, cloning include Sodalis glossinidius the S-endosymbiont of

into pBluescript (Stratagene, La Jolla, CA), and nt sequence determitsetse' which has been cultured on Iaboratory media [12]_

nation. The oligonucleotide primers described in [29] were used for the ; ; . ; _
PCR amplification of 16S-23S rDNA from seven representative psyIIidAISO in this cluster and related to S Cmy is the S

species. The 4.3-4.7 kb bands, corresponding to the S-endosymbionc't",ndosymblont of the psyllld\. mori, which has been
were cloned and sequenced. In a previous study [29] we obtained thdcalized to the syncytial space by in situ hybridization
sequence of the 4.0-kb band correspondin@tauddii (P-endosym-  [14]. This cluster also contains the S-endosymbiont of a
biont). The abbreyiations used for the S-_endosymbionts as well as th?nealybug [15], as well as the P-endosymbionts of car-
GenBank accession numbers are given in Table 1. penter ants I:'Qlochmannia [24’ 25] and a weevil [18].
Methods of phylogenetic analysisIn analyses involving 16S-23S  Both clusters A and B are distinct from the S-endosym-

rDNA, the intergenic space between 16S and 23S rDNA was removegyionts of a species of Whitefly and a species of aphid [10,
and the resulting sequences aligned by using Pileup of the GC

package [16]. All analyses were heuristic parsimony searches with™ -
1000 bootstrap replicates with PAUP 4b.1 [28]. Similar methods were AIthOUgh Clusters A and B are strongly Supported

used for analyses involving only 16S rDNA. The accession numbers o0y phylogenetic analyses of both 16S-23S combined
all the sequences used are given in Table 1. (Fig. 1a) and 16S rDNA alone (Fig. 1b), the relationships
The 9.6-kb DNA fragment of S-Gbr. Restriction enzyme and South- P€tween these two clusters and other bacteria within the
ern blot analyses of DNA from Gbr, by using the probe shown in Fig. Enterobacteriaceaare not well resolved on the basis of

4, indicated that upon digestion witkba and EccRl, a prominent ~ 16S rDNA (Fig. 1b). The association with insect hosts
9.3-kb band was present as well as a band of 5.6 kb of lesser intensi%ppears to have arisen separately in ancestors of Clusters

The prominent band correspondedGoruddii, and the other band to : : :
the S-endosymbiont. Following digestion wi¥ba and EcdRl, the Aand B, Slr_]ce these appear to_be_lndependently derived
Gbr DNA preparation was electrophoresed and the 5.6-kb band (Fig. 3;r0m bacteria not associated with insects.

eluted and cloned int¥bd and EcoRI-digested\ZAP (Stratagene) by Comparisons of the phylogeny of S- and P-endosym-
the methods previously described [21]. This fragment was sequence%. ts. Fi 2 th hv tic t b-
and the 3-region was found to be identical to the 16S rDNA of the '9” S. Flgure compgres € phylogeneuc trees o

4.6-kb S-Gbr DNA fragment containing 16S and 23S rDNA, allowing f@ined from an analysis of 16S-23S rDNA from the

assembly of a 9.6-kb sequence (Fig. 3). S-endosymbionts and P-endosymbion@ ¢uddii) of
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Table 1. List of sequences used in this study and their source
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GenBank
Bacterial designation (source of
Abbreviation§ Psyllid specie’ psyllids) 16S-23S 16S 23S Reference
S-Ain Aphalaroida inermis S-endosymbiont (Arizona, USA) AF263556 This study
S-Bco Bactericera cockerelli S-endosymbiont (Arizona, USA) AF263557 This study
S-Boc Blastopsylla occidentalis ~ S-endosymbiont (Arizona, USA) AF263558 This study
S-Cmy Cacopsylla myrthi S-endosymbiont (Malta) AF263559 This study
S-Csc Calophya schini S-endosymbiont (California, AF263560 This study
USA)
S-Gbr Glycaspis brimblecombei  S-endosymbiont (California, AF263561 This study
USA)
S-Hte Heteropsylla texana S-endosymbiont (Arizona, USA) AF263562 This study
Anomoneura mori S-endosymbiont (Japan) AB013087 [14]
Trioza magnoliae S-endosymbiont (South AFQ077607 [26]
Carolina, USA)
Arsenophonus nasoniae M90801 [17]
Arsenophonus triatominarum u91786 [20]
Blochmanniasp. X92550 [24, 25]
X92552
Sodalis glossinidiugS-endosymbiont) M99060 [12]
Endosymbiont ofSitophilus oryzae AF005235 [18]
S-endosymbionAcyrthosiphon pisum M27040 [30]
S-endosymbionAntonina crawii AB030020 [15]
S-endosymbiont oBemisia argentifolii 711926 [11]
Acetobacter intermedius Y14694 Y14680
Aeromonas hydrophila AF099022 X67943
Citrobacter freundii AJ233408 u77928
Escherichia coli AE000474
Erwina carotovora 796091
Klebsiella pneumoniae AJ233420 X87284
Proteus vulgaris X07652
Ruminobacter amylophilus AB004908
Salmonella enterica X80681 u77919
Serratia entomophila AJ233427
Yersinia enterocolytica 747828 u77925

@ Abbreviations used in text.
P Host plant of psyllids given in [29].

psyllids. Previously it has been established that the phy-

Recently it has been shown that the 16S rDN/ASof

logeny of C. ruddii is congruent with that of the psyllid glossinidius(S-endosymbiont) from different species of
host, a finding consistent with vertical evolution of the tsetse is virtually identical, indicating multiple infections

host and the P-endosymbiont [29]. In contrast to thisor horizontal transmission of the same organism [1].
result, the tree obtained for the S-endosymbionts differsAlthough it would appear that the association between
greatly from that obtained foC. ruddii. For exampleC.  the S-endosymbiont and the host is stable, there has been
ruddii Gbr and Boc are closely related but have S-one documented case in which the S-endosymbiont was
endosymbionts from the A and B clusters, respectivelylost from an aphid [8].

Similarly, many conflicts are found between the phylog-

enies ofC. ruddii and S-endosymbionts of the B cluster. Genetic characterization of a 9.6-kb S-Gbr DNA frag-
These results suggest multiple infections of psyllids withment containing 16S-23S rDNAA genetic map of the
ancestors of the S-endosymbionts and/or horizonta®.6-kb DNA fragment from S-Gbr is presented in Fig. 3.
transfer. The geographic source of six of the psyllid The order of the genes is identical to that of the region
species included in this study is similar (Table 1), and itupstream oE. coli rrnG operon [5]. The G+ C content

is possible that S-endosymbionts are occasionally transf the region upstream of 16S-23S rDNA of S-Gbr is
ferred between psyllid species with overlapping geo-40.1 moles%, similar to the @ C content ofP. vulgaris
graphic ranges. to which S-Gbr may be related (Fig. 1a). The amino acid
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16S-23S rDNA S-Gbr 16S rDNA Arsenophonus nasoniae (wasp son-killer trait)
(a) 100 A (b) 1994 — Arsenophonus triatominarum A
S-Hte S-Gbr {symbiont triatomine bug)
S-Hte
S-Bco Proteus vulgaris
74 Sodalis glossinidius (S-endosymbiont of tsetse)
100 ——S-Boc Endosymbiont of Sitophilus oryzae (weevil)
S-Bco
96
— S-Ain B S-Boc '
S-Ain
122 S-Cmy S-Antonina crawii (mealybug) B
100 S-Anomoneurangﬂ)lori
Sy
100 o S-Cmy psyl
S-Csc S-Csc
S-Trioza magnoliae (psylid)
Escherichia coli Blochmmania sp.
(endosymbionts of carpenter ants)
Salmonella enterica _91[_ S-Acyrthosiphon pisum  (aphid)
| C Serratia entomophila
Citrobacter freundi L S-Bemisia argentifolii (whitefy)
. . 59l ssp— Escherichia coli
-Klebsiella pneumoniae " Salmonelia enterica c
. i Citrobacter freundii
Yersinia enterocolytica Klebsiella pneumoniae
— —Erwinia carotovora
100 ChaAeerom onas hydrophyla ——Yersinia enterocolytica
— S
" Aeromonas hydrophyla
Ruminobacter amylophilus

— 50 changes

Fig. 1. Phylogenetic trees resulting from parsimony analyses of (a) 16S-23S rDNA of psyllid S-endosymbionts and related members of the
Enterobacteriaceggb) 16S rDNA of psyllid S-endosymbionts, other related endosymbionts, insect-associated bacteria and other related organisms.
The abbreviation or name, preceded by S-, designates S-endosymbionts. Letters next to vertical lines indicate major clusters. Numbers above or
below nodes are bootstrap percentages from 1000 replicdatesobacter intermediuis the outgroup.

S-endosymbiont C. rudii (P-endosymbiont) D i s Dlt\Z‘NAgM < oA
165-23S 16S-23S $-Gbr e e 2 i <k 9.6 kb
100 46 kb

Xbal 5.6 kb EcoRl

Fig. 3. Genetic map of a 9.6-kb DNA fragment of S-Gbr. Thick lines,

100 structural genes; striped thin line, region used for probe.

100 100

involved in antitermination [4, 27]. In the intergenic
region between 16S and 23S rDNA is a sequence iden-
Fig. 2. Comparisons of the cladograms resulting from parsimon analtical to E. coli tRNA-glu (Fig. 3). These results are in
ys%s 6f the p168-238 rDNA sequgence of psyllic?lJ S- anFc)i P-endo);ymbi-‘rjlg_reem_ent with the results of the phylogenetlc analySlS
onts. Dashed lines indicate associations. Letters next to vertical Iine£F|g- 1) in that the gene order of S-Gbr and the moles %
indicate major clusters observed in Fig. 1a. Numbers above nodes afe + C content are consistent with it being a member of
bootstrap percentages from 1000 replicates. DataCforuddi from the Enterobacteriaceae

[29].

ACKNOWLEDGMENTS

sequence identity of S-Gbr RIuD (23S rRNA pseudouri-This material is based on work supported by National Science Foun-

(protease) to thé&. coli proteins is 78.3%, 54.7%, and ™Moran). and DEB-9978518 (N. A. Moran, P. Baumann) and the Uni-
. . . . versity of California Experiment Station (P. Baumann).

83.0%, respectively. Figure 4 presents the intergenic

sequence betl\(/jvet()ampl_g an_?_ 1dGS rr]Dl:A Conserv;:d se;q Literature Cited

quences CQU e identified which correspond to t e1. Aksoy S, Chen X, Hypsa V (1997) Phylogeny and potential trans-

—35-10 region of the rRNA promoter as well 8xA mission routes of midgut-associated endosymbionts of tsetse. In-

andBoxC The function ofBoxCis not known;BoxAis sect Mol Biol 6: 183-190



304

stop- cipB

TAAATAAAATTAAATTATTAATCTTATTTGAAGAGGTAATATTTGCCTCTTCAATAGTATTATAAGAACTCACTCGCCTTGATTAAAGATCATTATTAGC
AACTAGCATAGATACTATTAATTCAAGGTTAGAGCAATAAATGAGCACTTAAACAGAAAAAATGTAAATAACAGTTGTTAGTTTCAGAAAAGCCCCTATA
ATGCTGACCCGTTAACGCAATTTACTCATCAATTGATGAATAAAAGCGAAARAGGAAAATTAAGGTGAAAAGCGTAATATACGCGACCTCGCGGCCTAGGT
CGCACGCTCTTTAACAATTAATCAGACAATCIGTGTGEGGCACTCGCAAGACATCATCARAAAATATTTGATTTTAAAGTCTTGAAGAGTGACAAAACAGT

TAATTCATATATGAACTAATATGCAGTAACGTTATTTTGGACGGCAGCGGCGAAGGTGGTCAAACATCGGCAAAGCGGGTTGAACAAAAGGGCGTTACGG

BoxA BoxC

TCAGTAAAACATTCTTTGAGCATCAAGCTTTTAAT

165 rRNA-start
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