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ABSTRACT—We investigated the endosymbiotic microbiota of the citrus psyllid Diaphorina citrithat vectors
Liberobacter sp., the causative agent of citrus greening disease. Eubacterial 16S rDNA fragments were
amplified by PCR and cloned from the whole DNA of D. citri. RFLP analysis showed that the PCR products
contained five major sequence types. Nucleotide sequences of the five types were determined and sub-
jected to molecular phylogenetic analysis. The first sequence was a member of the v-Proteobacteria, closely
related to mycetocyte symbionts of other psyllids. The second sequence belonged to the B3-Proteobacteria,
related to Oxalobacter and Herbaspiriflum. The third sequence, belonging to the y-Proteobacteria, showed a
significant similarity to the sequences of Arsenophonus spp., known as endosymbionts of a triatomine bug
and a parasitoid wasp. The fourth sequence was almost identical to the sequences of Liberobacter spp. in
the a-Proteobacteria. The fifth sequence showed a high similarity to the sequences of Woibachia spp. in the
a-Proteobacteria. In situ hybridization experiments using specific oligonucleotide probes confirmed that the
first and second sequences originated from the mycetocyte and syncytium symbionts, respectively. The
presence/ absence of the five endosymbiotic bacteria in adult individuals of D. citri from an Indonesian
natural population was examined by diagnostic PCR analysis. The mycetocyte symbiont and the syncytium
symbiont exhibited 100% infection, whereas the Arsenophonus, Liberobacter and Wolbachia showed partial
infections at a rate of 83.3%, 45.2% and 76.2%, respectively.

strated that endosymbiotic microbes of homopterans are
involved in metabolic processes such as the synthesis of

INTRODUCTION

The Homoptera, including cicadas, pianthoppers, aphids,
e insects, psytlids and others, is an insect group whose
dosymbiotic system with microorganisms is highly devel-
ed. In many cases, the insects possess a large organ, a
Cetome (or a bacteriome), composed of special celis for
dOS)’mbiosis, mycetocytes (or bacteriocytes), in which
>roorganisms are harbored intracellularty (Buchner, 1965).
?‘ZL;SGI homopteran insects live on a nutritionally unbalanced
9 thl;ahnt sap all through. their l.ife, it is bglieved that they
eforth elp Of .endosymblotlc microorganisms to compen-

€ nutritional deficiency. In fact, it has been demon-
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essential nutrients and recycling of nitrogenous wastes
(Baumann et al., 1995; Douglas, 1989; Sasaki et al., 1996;
Dixon, 1998). - -
Psyilids have a large, yellow and bilobed mycetome in
the abdomen. The mycetome is a complex of three types of
cells; many round uninucleated mycetocytes, a syncytial tis-
sue surrounded by them, and an envelope composed of many
flattened cells encasing the whole. The cytoplasm of the
mycetocytes is full of a specific bacterium, called X-symbiont,
primary symbiont, or mycetocyte symbiont. The syncytial
cytoplasm is filled with another type of bacterium, called Y-
symbiont, secondary symbiont, or syncytium symbiont (Profft,
1937; Buchner, 1965; Chang and Musgrave, 1969; Waku and
Endo, 1987; Fukatsu and Nikoh, 1998; Spaulding and Von
Dohten, 1998). The mycetocyte symbionts and the syncytium
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symbionts of psyllids were reported to belong to distinct lin-
eages in the y-Proteobacteria, respectively (Fukatsu and
Nikoh, 1998; Spauiding and Von Dohlen, 1998).

In addition to the mycetome symbionts, many homopter-
ans harbor various types of facultative endosymbiotic micro-
organisms such as Rickettsia in an aphid (Chen and Purcell,
1997), Wolbachia in a planthopper (Hoshizaki and Shimada,
1995), Spiroplasmain a scale insect (Fukatsu and Nikoh, 2000)
and others, making their endosymbiotic microbiota more com-
plex. In psyllids, however, no such endosymbiotic associates
have been reported, except Liberobacter sp., a plant patho-
gen vectored by certain psyllids.

Citrus greening is one of the most severe diseases of
oranges in Asia and Africa, caused by uncultured, gram-nega-
tive, walled, and phloem-limited bacteria, Liberobacter spp.,
belonging to the a-subdivision of the Proteobacteria (Jagoueix
etal., 1994). The disease is transmitted from infected to healthy
plants by psyllids, Diaphorina citriin Asia and Trioza erytreae
in Africa (McClean and Oberholzer, 1965; Capoor etal., 1967;
Schwarz et al., 1970). To control the disease, therefore, it is
important to know the infection rates and dynamics of
Liberobacter sp. in natural populations of the psyllids.

In order to investigate the endosymbiotic microbiota of
the citrus psyllid D. citri that vectors Liberobacter, we ana-
lyzed eubacterial 16S rDNA amplified from the insects which
were collected from a citrus orchard in Indonesia where citrus
greening disease is prevailing. Surprisingly, as many as five
endosymbiotic bacteria were identified from the psyllid, includ-
ing mycetocyte symbiont, syncytium symbiont, Arsenophonus
sp., Wolbachia sp. and Liberobacter sp.

MATERIALS AND METHODS

Materials

Adults of D. citri were collected from the orange trees, Citrus
nobilis, at a citrus orchard at Jatinom, Kiaten district, central Java,
Indonesia. The insects were preserved in glass vials filled with
acetone until molecular and histological analyses (Fukatsu, 1999).

DNA extraction, PCR, cloning, RFLP typing, and sequencing of
16S rDNA

The insects preserved in acetone were subjected to DNA extrac-
tion using QlAamp tissue kit (QIAGEN). For 16S rDNA cloning and
sequencing, DNA was collectively extracted from several tens of in-
sects. For diagnostic PCR, DNA was extracted individually. Fragments
of bacterial 16S rDNA were amplified by PCR using AmpliTaq DNA
polymerase (Perkin Elmer) under the temperature profile of 94°C for
2 min foilowed by 30 cycles of 94°C for 1 min, 50°C for 1 min and 70
°C for 2 min. Primers 16SA1 [5-AGAGTTTGATCMTGGCTCAG-31
and 165B1 [5-TACGGYTACCTTGTTACGACTT-3"] recognize
eubacterial 16S rDNA universally. Primers GOINfwd [5'-GCG-
CGTATGCAATACGAGCGGCA-31 and GOrev [5'-GCCTCGCGA-
CTTCGCAACCCAT-31 are specific to Liberobacter spp. The PCR
product was purified by Geneclean Il kit (BIO 101 Inc.) and cloned
with TA-cloning vector pT7Blue (Novagen) and E. coli JM109 compe-
tent cells (Takara) using ampicillin and X-gal blue-white selection sys-
tem. White colonies that were expected to contain the inserted plas-
mid were directly subjected to PCR using the amplifying primers in
order to check the length of the inserted DNA fragment. If the
expected size of PCR product was obtained, the product was digested

by 4 bases-recognizing restriction endonucleases Hinfl, Rsa, Saug

and Tagl, and electrophoresed in TAE-agarose gels for restricti,
fragment length polymorphism (RFLP) typing of cloned 163 rDNAr
The white colonies identified to contain 16S rDNA clone were ig,
lated and cultured in 1.5 ml LB medium with ampicillin overnight an
subjected to plasmid extraction using QlAprep-Spin Miniprep Ki
(QIAGEN). The purified plasmids, eluted with 30 u! TE buffer, we,
subjected to DNA sequencing as previously described (Fukatg ane
Nikoh, 1998). The 16S rDNA sequences determined in this Study an
deposited in the DDBJ/ EMBL/ GenBank nucleotide sequence data.
bases with the accession numbers AB038366-AB(38370.

Molecular phylogenetic analysis

The 16S rDNA sequences were subjected to muitiple alignmepy
(Feng and Doolittle, 1987; Gotoh, 1993). The final alignment was
inspected and corrected manually. Ambiguously aligned regiong werg
excluded from the phylogenetic analysis. Nucleotide sites that includeq
alignment gap(s) were also omitted from the aligned data set. The
aligned data are available upon request to the corresponding author,
Neighbor-joining trees {Saitou and Nei, 1987) were constructed with
Kimura's two parameter distance (Kimura, 1980) using the program
package Clustal W (Thompson et al., 1994). Maxirmum Parsimony
trees were constructed using the program package PAUP 4 qp
(Swofford, 1999). Bootstrap test (Felsenstein, 1985) was conducteg
with 1000 resamplings.

Diagnostic PCR

Using specific reverse PCR primers, DC16SMycR, DC16SSynR,
DC16STriR, DC16SWolR and DC16SLibR (Table 1A), in combina-
tion with universal forward primer 16SA2 [5'-GTGCCAGCAGCC-
GCGGTAATAC-31, diagnostic PCR detection of 16S rDNA of endo-
symbiotic bacteria was conducted. DNA samples extracted from
individual insects were subjected to PCR using AmpliTag DNA poly-
merase Gold (Perkin Eimer) under the temperature profile of 94°C for
10 min followed by 30 cycles of 94°C for 30 sec, 60°C for 30 sec and
72°C for 1 min. Plasmids containing the cloned 16S rDNA fragment.
of each endosymbiont were used as positive/ negative control samples.
The PCR products were resolved in 1.5 % agarose gels and stained,
with ethidium bromide. ;

Table 1. Specific primers and probes used for detection of the em,
dosymbiotic bacteria of D. citri by diagnostic PCR and in situ hybrid:
ization, respectively. Nucleotide sites responsible for specificity are
indicated.

A. Primers

DC16SMycR
DC16SSynR
DC16STriR
DC16SLibR
DC16SWolR

B. Probes

DIG-DC16SMyc
DIG-DC16SSyn
DIG-DC16STri
DIG-DC16SLib
DIG-DC16SWol

In situ hybridization G’
Specific oligonucleotide probes used in this study. DI
DC16SMyc, DIG-DC16SSyn, DIG-DC16STri, DIG-DC168Lib.a"~
DIG-DC16SWol, whose 5' end is labelled with digoxigenin, aré list
in Table 1B. Histological preparation and in situ hybridizaticn we
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onducted as previously described (Fukatsu and Nikoh, 1998; 2000; a coverslip, and incubated in a humidified chamber at room tempera-

'wkatsu et al., 1998). About 150 ul of hybridization buffer [20 mM ture overnight. After washing with 1xSSC, the tissue section was sub- j
1is-HC! (pH 8.0), 0.9 M NaCl, 0.01% SDS, 30% formamide] contain- jected to detection of bound probe using DIG Nucleic Acid Detection ‘
1970 pmole/ml probe was applied to the tissue section, covered with Kit (Béhringer Mannheim). To confirm the specificity of the hybridiza- ‘ i

943 Arsenophonus sp. (symbiont of psyllid D. citri) I i

1000 Arsenophonus triatominarum (symbiont of T. infestans) [U91786) ‘
Arsenophonus nasoniae (symbiont of N. vitripennis) [M90801]

Proteus vulgaris [X07652)

094 Enterobacter aerogenes [AB004750} :

686 Escherichia coli [AE000452] -

S-symbiont of aphid A. pisum [M27040]

S-symbiont of whitefly B. tabaci [Z! 1926}

S-symbiont of psyllid B. occidentalis {AF077608]}

395 P-symbiont of weevil S. oryzae [AF005235)

[—— 957~ S-symbiont of tsetse G. pallidipes {M99060]

Y-symbiont of pseudococcid A. crawii [AB030020]

Syn-symbiont of psyllid A. mori [ABO13087]
S-symbiont of psyllid T. magnoliae [AF077607)] Y

Buchnera sp. (P-symbiont of aphid A. pisum) [M27039] ‘ ‘

Buchnera sp. (P-symbiont of aphid M. rhois) [M63255]

Cundidatus camponotii (symbiont of ant C. herculeanis) {X92550] ki

Vibrio cholerae [X76337] ' |
S(EE Light emitting symbiont of {ish M. johnsoni [Z19105]
961

Photobacterium phosphorewm |Z19107}
Shewanella putrefaciens [U91549]

996

313

(?D— 739 Myc-symbiont of psyllid D. ¢itri :
NLH_: Myeosymbiont of psvitid L sior | ABOT3086A]
1000 — P-svibiont of psvilid . maonolice [AFO77604) ;
P-symbiont of psyllid B. occidentalis |AFO77605] . §
<05 ] 943 P-symbiont of psyllid P. venusta | AFO77606] E a
997 ‘E— P-symbiont of whitefly B. rabaci [Z11925] ; %
— 1000 Symbiont of whitefly T. vaporariornun {Z11928] ;
751 B-symbiont of pseudococcid A. crawii [ABO30021] i
1000 I—{—‘ Symbiont of mealybug P.maritinus [MOSSVU
Symbiont of mealybug P. longispinus [M6838Y| %
987 — Symbiont of mealybug D. neobrevipes [M68388]) §
Syn-symbiont of psyllid D. citri H

Oxalobacter formigenes [U49757) B
Herbaspirillum seropedicae [AJ238361)
Burkholderia solanacearum [U28225]
Ralstonia eutropha [AF(27407)
Alcaligenes faecalis [D8S008]
Neisseria gonorrhoeae [X07714]
1000  jLiberobacter sp. (symbiont of psyllid D. citri)
Liberobacter sp. [LL22532]
Rhizobium leguminosarum [D14513]
Rhodospirillum rubrum [D30778]
Caedibacter caryophila (symbiont of Paramecium) [X71837)
Holospora ObfflSa (symbiont of Paramecium) [X58198] a
Wolbachia sp. (symbiont of psyllid D. citri)
Wolbachia pipientis (symbiont of mosquito  C. pipiens) [X61768]
577 Ehrlichia risticii [AF036654]

Rickettsia prowazekii [M21789] ..
T Bacillus subtilis [799107) I Gram pOSItlve

999

895
447

lmbig:'a(?@me_nt of the five endosymbiotic bacteria identified from D. citri in 165 rDNA phylogeny of the Proteobacteria. A total of 988
" eSSe°U§|Y aligned nucleotide sites were subjected to the analysis. A neighbor-joining tree is shown, whereas maximum parsimony analysis
“entially the same result. The bootstrap values obtained with 1,000 resamplings are shown at the nodes. The numbers in brackets are

SSio, ) . . ,
"e‘/‘o: Numbers, The sequences determined in this study are shown in bold. The sequences of endosymbionts from other psyllids reported

I | ;
S studies are underlined. |
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tion, the following control experiments were conducted: no probe con-
trol, RNase digestion control, and competitive suppression control
with excess unlabelled probe (Fukatsu et al., 1998). Control experi-
ments with a widely-used general eubacterial 16S rRNA probe, DIG-
EUB338 (Amann et al., 1995), were also conducted.

RESULTS

From the total DNA of D. citri, eubacterial 16S rDNA
sequences were amplified by PCR and cloned. The cloned
DNA fragments were subjected to RFLP analysis. The PCR
product with primers 16SA1 and 16SB1 contained three ma-
jor types of sequences, tentatively designated A-, B- and C-
types. The PCR product with primers GOINfwd and GOrev
was composed of only one sequence species, designated D-
type, which was expected to originate from Liberobacter sp.
The PCR product with primers 16SA1 and GOrev, designated
E-type, was also analyzed because its RFLP profile was
unexpectedly distinct from that of D-type.

Four clones of A-type, three clones of B-type, three clones
of C-type, two clones of D-type and two-clones of E-type were
sequenced. The nucleotide sequences of the same type were
almost identical. The lengths, without the regions of amplify-
ing primers, were 1,457 bases for the A-type, 1,463 bases for
the B-type, 1,465 bases for the C-type, 1,122 bases for the D-
type and 1,185 bases for the E-type.

These sequences were subjected to homology search in
DNA databases. The A-type sequence was a member of the
v-Proteobacteria, closely related to mycetocyte symbionts of
other psyllids. The B-type sequence belonged to the f3-
Proteobacteria, related to Oxalobacterand Herbaspirillum. The
C-type sequence, belonging to the y-Proteobacteria, showed
a significant similarity to the sequences of Arsenophonus spp.,

known as endosymbionts of a triatomine bug and g parasit,
wasp. The D-type sequence was almost identical tg the g,
quences of Liberobacter spp. in the «-Proteobacteria, The
type sequence showed a high similarity to the sequencgg,
Wolbachia spp. in the «-Proteobacteria. Fig. 1 is the phyIOg.
netic positions of the five 165 rDNA sequences in t
Proteobacteria, illustrating the complex endosymbiof
microbiota of D. citri.

To specifically detect these 16S rDNA sequences, high
specific reverse PCR primers for them were designed (Tgy
1A). Using these primers, the presence/ absence of the fiy
endosymbiotic bacteria in 42 field-collected adults of p ¢

Table 2. Diagnostic PCR detection of the five endosymbiotic bagy
ria from field-collected individuals of D. citri. Abbreviations: Myc
type symbiont harbored in the mycetocyte; Syn, B-type symbiont I
calized in the syncytium; Ars, C-type symbiont Arsenophonys St
Lib, D-type symbiont Liberobacter sp., Wol, E-type symbiont Wolbach
sp.; +, detected; -, not detected

Bacteria Myc Syn  Ars Lib Wol No.of (%)
Type (A) (B) (C) (D) (E) Insects

+ 234
+ 38
Infection - 9!

Patterns 11
11.

24
21

No. of
Positive
Insects

Infection 100
Rate (%)

Fig. 2. Insituhybridization of intracellular symbiotic bacteria in the mycetome of D. citri. (A) Probe DIG-DC16SMyc targets the A-type sequen®
in the round mycetocytes. (B) Probe DIG-DC16SSyn targets the B-type sequence in the syncytium. Bar shows 50 um.
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as examined by diagnostic PCR analysis (Table 2). The
. and B-type sequences showed 100% infection. The
her types showed imperfect infection; 83.3% for the C-type
senophonus sequence, 45.2% for the D-type Liberobacter
quence, and 76.2% for the E-type Wolbachia sequence.
1t of 42 individuals examined, 10 possessed all of the five
mbionts whereas the others lacked either of the latter three
cteria.
To demonstrate that these 16S rDNA sequences were
rtainly derived from endosymbiotic bacteria of D. citri,
Joxigenin-labelled specific oligonucleotide probes were de-
ned (Table 1B). The tissue sections of D. citri were sub-
ted to in situ hybridization using these probes. Using the
sbe DIG-DC16SMyc for the A-type sequence, the cytoplasm
uninucleate round mycetocytes arranged at the surface of
ge mycetomes were specifically stained (Fig. 2A). Thus, it
is confirmed that the A-type sequence was derived from a
cterium localized in the mycetocyte. Using the probe DIG-
;16SSyn for the B-type sequence, the large syncytial cyto-
ism at the center of mycetomes surrounded by a number of
icetocytes was specifically visualized (Fig. 2B). Therefore,
vas demonstrated that the B-type sequence certainly origi-
ted from a bacterium harbored by the syncytium. We also
“ducted in sifu hybridization experiments using the probes
3-DC168Tri for the C-type, DIG-DC16SLib for the D-type,
4 DIG-DC16SWol for the E-type (data not shown). The re-
ts were not so convincing as those by DIG-DC16SMyc and
3-DC16SSyn. A relatively small number of tiny round or
omorphic signals were sporadically found in various tis-
38 such as ovary, gut, fat body, muscle, salivary gland and
ers. Since the signals were in general not reproducible and
ered from samples to samples, we could not be confident
e results. Further intensive investigations are needed to
Iress the in vivo distribution of these facultative endosym-
tic microbes.

DISCUSSION

In the present study, we identified five distinct
teobacterial endosymbionts in a natural population of D.
1(Fig. 1 and Table 2); a y-proteobacterium harbored in the
Cetocyte and related to endosymbionts of other psyillids, a
Toteobacterium located in the syncytium of the mycetome,
'PFOteobacterium related to Arsenophorus spp. endosym-
tic to a triatomine bug and a parasitoid wasp, an a-
"eobacterium of the genus Ljberobacter, and an a-
teabacterium of the genus Wolbachia. Hereatter we des-
de them as myc-symbiont, syn-symbiont, Arsenophorus,
®r0bacter and Wolbachia, respectively.

hf?fe have been a number of histological works describ-
{:’:’”093 insects with multiple types of endosymbiotic mi-
)hg;:'sm.s, which are morphologically distinguishable from
c nereﬂ In a variety of cells and tissues (for review, see
ieui t’ 1965). Bgcaus.e most of insect.endosiy.mbionts are
Yooy 0 C'Ulture, identity and taxonomic position of these
9anisms have been unspecified for a fong time. How-

ever, owing to recent innovations in molecular phylogenetics,
many endosymbiotic microorganisms of insects have come
to be identified (Baumann and Moran, 1997). Thus far, two
distinct endosymbiotic microbes in the same host have been
characterized by molecular phylogenetic approaches in aphids
(Unterman et al., 1989; Chen et al., 1996; Chen and Purcell,
1997; Fukatsu et al., 2000), psyllids (Fukatsu and Nikoh, 1998;
Spaulding and Von Dohlen, 1998), whiteflies (Clark et al, 1992),
pseudococcids (Fukatsu and Nikoh, 2000), a bedbug (Hypsa
and Aksoy, 1997), weevils (Campbell et al., 1992; Heddi et
al., 1999), tsetse flies (Aksoy et al, 1995; 1997) and other
insects. In a pseudococcid, even three endosymbiotic bacte-
ria have been identified (Fukatsu and Nikoh, 2000). As far as
we know, this is the first report in which as many as five dis-
tinct endosymbiotic bacteria were definitely identified from the
same insect by a molecular phylogenetic approach. Notably,
however, it is not certain whether this is the full picture of the
endosymbiotic microbiota in D. citri. The possibility cannot be
excluded that we might have failed to detect some minor en-
dosymbiotic components.

In an Indonesian natural population of D. citri, the five
endosymbionts varied in their infection rates (Table 2). The
myc-symbiont and syn-symbiont exhibited 100% infection,
suggesting that they may have some important biological roles
for the host insect. The perfect infection rate may also reflect
the situation that these symbionts are specifically harbored
and integrated in a highly developed mycetomal endosymbi-
otic system (Fig. 2). In contrast, the Arsenophonus,
Liberobacter and Wolbachia exhibited imperfect infection,
suggesting that they are facuitative guest microbes of a com-
mensal or parasitic nature.

In the 16S rDNA phylogeny (Fig. 1), the myc-symbiont of
D. citri formed a monophyletic group with mycetocyte sym-
bionts of other psyllids, suggesting that the myc-symbionts
are highly conserved in psyllids, just as the mycetocyte sym-
bionts Buchnera spp. in aphids. At this stage, it is unknown
whether the myc-symbionts and the host psyllids have co-
speciated as Buchnera and aphids (Moran and Baumann,
1994; Baumann et al.,, 1995). Phylogenetic analysis of the
host psyllids is required to confirm this idea.

In contrast, the syn-symbiont of D. citriwas the first case
of psyllid symbiont that belongs to the B-Proteobacteria, and
did not show any phylogenetic affinity to other insect endo-
symbionts. As for the syncytium symbionts of other psyllids,
Fukatsu and Nikoh (1998) demonstrated that the syn-sym-
biont of Anomoneura mori is a y-proteobacterium related to
endosymbionts of ants and aphids. Spaulding and Von Dohlen
(1998) reported two presumable syn-symbiont sequences, one
from Trioza magnoliae and the other from Blastopsylla
occidentalis, that belong to distinct lineages in the ¥-
Proteobacteria. A significant similarity was found between the
sequences from A. mori and T. magnoliae. Therefore, as far
as examined so far, at least three distant proteobacteriat lin-
eages have symbiosed in the syncytium of psyllids, which
strongly suggests that acquisitions and replacements of syn-
symbiont have occurred repeatedly in the evolutionary his-

i
|
i
!
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tory of psyllids. This evolutionary pattern, conserved
mycetocyte symbionts and variable secondary symbionts,
appears quite reminiscent of that found in aphids (Buchner,
1965; Fukatsu and Ishikawa, 1993; 1998; Moran and
Baumann, 1994; Fukatsu ef al., 1998; 2000).

Biological functions of the mycetome endosymbionts of
psyllids have not been investigated. However, the highly de-
veloped mycetome is conserved in all psyllids ever examined
(Profft, 1937; Buchner, 1965; Chang and Musgrave, 1969;
Waku and Endo, 1987), suggesting that the endosymbionts
may play essential physiological and nutritional roles for the
host psyltids, as has been demonstrated in aphids,
planthoppers and other insects (Douglas, 1989; Baumann et
al.,, 1995; Sasaki et al., 1996; Dixon, 1998). Considering their
evolutionary stability, it appears that the myc-symbionts have
more important roles than the syn-symbionts.

Thus far, only two members of the genus Arsenophonus
have been reported, both of which were endosymbiont of in-
sect. A. nasoniae is known to cause son-killer trait in the para-
sitoid wasp Nasonia vitripennis (Gherna et al., 1991). A.
triatominarumis found in various types of cells and hemolymph
of the triatomine bug Triatoma infestans (Hypsa and Dale,
1997). Here we report the third member of Arsenophonus from
the citrus psyliid D. citri, reinforcing the idea that Arsenophonus
species constitute a bacterial group specialized for endosym-
biotic life in insects. Sex ratios of D. citri with and without the
Arsenophonus may be intriguing in the light of male-killing
effect in the wasp.

Members of the genus Wolbachia, which are widely dis-
tributed among various groups of insects, mites, crustaceans
and nematodes, are one of the most intensively studied facul-
tative endosymbiotic bacteria (O’Neill ef al., 1997). This is the
first identification of Wolbachia in psyllids. The infection rate

of the Wolbachia was pretty high, 76.2% in the D. citri popula-

tion. It has been shown that Wolbachia infection often causes
various sex-related aberrations in their arthropod hosts such
as cytoplasmic incompatibility, parthenogenesis and femini-
zation of genetic males, which can be interpreted as the re-
productive strategy of Wolbachia to increase the frequency of
infected females in populations of the host (O'Neiil et al., 1997).
It is quite interesting but not investigated yet whether the D.
cirti carrying the Wolbachia exhibit such reproductive symp-
toms.

In this study, we first presented the infection rate of
Liberobacter in a natural population of D. citri using a diag-
nostic PCR approach. The infection rate, 45.2%, confirmed
that D. citri can be a threatening vector of the citrus greening
in the area. We expect that the specific primer set for the
Liberobacter developed in this study (Table 1A) will be a use-
ful tool to monitor the invasion and prevalence of the citrus
greening in the field.

Regrettably, we could not surely identify the in vivo local-
ization and distribution of the three facultative endosymbionts,
Arsenophonus, Liberobacter and Wolbachia, in D. citri. Fur-
ther in situ hybridization experiments with a sufficient amount
of materials with and without these microbes are needed to

establish the final conclusion. Particularly we are intereg
in the biology of the Liberobacter. Whether the Liberoba(
is localized in either salivary gland, gut, or body cavity wil
an important point to understand the mechanism of dise;
propagation. Whether the Liberobactercan be vertically try,
mitted to the offspring via ovary or not must be confirm,
Various types of interactions between the Liberobacter
other endogymbionts might occur in the same host inse
Population dynamics of the Liberobacter in the wild popL
tions of D. citrishould be investigated to understand the pro)
gation and transmission of the citrus greening disease.

ACKNOWLEDGMENT

We thank A. Sugimura, S. Kumagai and K. Sato for their tegt
cal and secretarial assistance. This research was supported by
Bilateral Research Cooperation Project “Conservation and Syst;
able Use of Tropical Bioresources” and the Industrial Science ;
Technology Frontier Program “Technological Development of Bigk
cal Resources in Bioconsortia” of the Ministry of International T
and Industry of Japan, and by the Riset Unggulan Terpadu (RUT)
indonesia. S. S. was under the Dissertation Ph.D. Program of Ja
Society for the Promotion of Science.

REFERENCES

Aksoy S, Pourhosseini AA, Chow A (1995) Mycetome endosymbio
of isetse flies constitute a distinct lineage related to Enterobac
riaceae. Insect Mol Biol 4: 15-22

Aksoy S, Chen X, Hypsa V (1997) Phylogeny and potential transn
sion routes of midgut-associated endosymbionts of tse
(Diptera: Glossinidae). Insect Mol Biol 6: 183—190

Amann RI, Ludwig W, Schleifer KH (1995) Phylogenetic identificat
and in situ detection of individual microbial cells without culti
tion. Microbiol Rev 59: 143-169

Baumann P, Moran NA (1997) Non-cultivable microorganisms fr
symbiotic associations of insects and other hosts. Antonie
Leeuwenhoek 72: 3848

Baumann P, Baumann L, Lai CY, Rouhbakhsh D, Moran NA, Cl
MA (1995) Genetics, physiology and evolutionary relationsh
of the genus Buchnera: intracelluiar symbionts of aphids. Ar
Rev Microbiol 49: 55-94

Buchner P (1965) Endosymbiosis of animals with plant microorg
isms. Interscience, New York.

Campbell BC, Bragg TS, Turner CE (1992) Phylogeny of symbit
bacteria of four weevil species (Coleoptera: Curculionidag) bas
on analysis of 16S ribosomal DNA. Insect Biochem Mol Bio
415-421

Capoor SP, Rao DG, Viswanath SM (1967) Diaphorina citri Kuway
vector of the greening disease of citrus in India. Indian J A¢
Sci 37: 572-576

Chang KP, Musgrave AJ (1969) Histochemistry and ultrastructure
the mycetome and its ‘symbiotes’ in the pear psylla, Psylia pyric
Foerster (Homoptera). Tissue and Cell 1: 597-606

Chen DQ, Purcell AH (1997) Occurrence and transmission of facu
tive endosymbionts in aphids. Curr Microbiol 34: 220-225

Chen DQ, Campbell BC, Purcell AH (1996) A new Rickettsia frof
herbivorous insect, the pea aphid Acyrthosiphon pisum (Harf
Curr Microbiol 33: 123-128

Clark MA, Baumann L, Munson MA, Baumann P, Campbell BC, Duf
JE, Osborne LS, Moran NA (1992) The eubacterial endosy
bionts of whiteflies (Homoptera: Aleyrodoidea) constitute @
eage distinct from the endosymbionts of aphids and mealyby




Curr Microbiol 25: 119-123

Dixon AFG (1998) Aphid Ecology. Cha'prr?ar? &'Hall, Longan,

pouglas AE (1989) Mycetocyte symbiosis in insects. Biol Rev 64:

409-434 _ o _

 Felsenstein J (1985) Conﬁdencg limits on phylogenies: an approach

using the bootstrap. Evolution 39: 783-791

Feng DF. Doolittle RF (1987) Progresglve sequence alignment as a

prerequisite to correct phylogenetic trees. J Mol Evol 25: 351—

360

Fukatsu T (1999) Acetone preservation: a practical technique for

molecular analysis. Mol Ecol 8: 1935-1945

Fukatsu T, Ishikawa H (1993) Occurrence of chaperonin 60 and
chaperonin 10 in primary and secondary bacterial symbionts of
aphids: implications for the evolution of an endosymbiotic sys-
tem in aphids. J Mol Evol 36: 568-577

Fukatsu T, Ishikawa H (1998) Differential immunohistochemical visu-
alization of the primary and secondary intracellular symbiotic
bacteria of aphids. Appl Entomol Zooi 33: 321-326

¥ Fukatsu T, Nikoh N (1998) Two intracellular symbiotic bacteria from

the muiberry psyliid Anomoneura mori(Insecta, Homoptera). Appl

Environ Microbiol 64: 3599-3606

' Fukatsu T, Nikoh N (2000) Endosymbiotic microbiota of the bamboo

pseudococcid Antonina crawii (Insecta, Homoptera). Appt Environ

Microbiol 66: 643—650

' Fukatsu T, Watanabe K, Sekiguchi Y (1998) Specific detection of in-

' traceliular symbiotic bacteria of aphids by oligonucleotide-probed

in situ hybridization. Appl Entomol Zool 33: 461—-472

- Fukatsu T, Nikoh N, Kawai R, Koga R (2000) The secondary endo-
symbiotic bacterium of the pea aphid Acyrthosiphon pisum (in-
secta, Homoptera). 66: in press

Gherna RL, Werren JH, Weisburg W, Cote R, Woese CR, Mandelco
L. Brenner DJ (1991) Arsenophonus nasoniae gen. nov., sp. nov.,
the causative agent of the son-killer trait in the parasitic wasp
Nasonia vitripennis. Int J Syst Bacteriol 41: 563565

Goioh O (1993) Optimat alignment between groups of sequences
and its application to multiple sequence alignment. Comput. Appl
Biosci 9: 361-370

Heddi A, Grenier AM, Khatchadourian C, Charles H, Nardon P (1999)
Four intracellular genomes direct weevil biology: Nuclear, mito-
chondrial, principal endosymbiont, and Wolbachia. Proc Natl Acad
Spi USA 96: 68146819

Hoshizaki S, Shimada T (1995) PCR-based detection of Wolbachia,

Cytoplasmic incompatibility microorganisms, infected in natural

Populations of Laodelphax striatelius (Homoptera: Delphacidae)

N central Japan: Has the distribution of Wolbachia spread re-

cently? Insect Mol Biol 4: 237243

s“a v, Da'e C (1997) In vitro culture and phylogenetic analysis of

t«ﬁ?dldatus Arsegophonus triatominarum,” an intracellular bac-
m from the triatomine bug, Triatoma infestans. Int J Syst

Bacteriol 47: 11401144

Hyp

Endosymbiotic Microbiota of the Citrus Psyliid 989

Hypsa V, Aksoy S (1997) Phylogenetic characterization of two
transovarially transmitted endosymbionts of the bedbug Cimex
lectularius (Heteroptera: Cimicidae). Insect Mol Biol 6: 301-304

Jagoueix S, Bové JM, Garnier M (1994) The phloem-limited bacte-
rium of greening disease of citrus is a member of the a subdivi-
sion of the Proteobacteria. Int J Syst Bacteriol 44: 379-386

Kimura M (1980) A simple method for estimating evolutionary rate of
base substitutions through comparative studies of nucleotide
sequences. J Mol Evol 16: 111-120

McClean APD, Oberholzer PCJ (1965) Citrus psylla, a vector of the
greening disease of sweet orange. S Afr J Agric Sci 8: 297—-298

Moran N, Baumann P (1994) Phylogenetics of cytoplasmically inher-
ited microorganisms of arthropods. Trends Ecol Evol 9: 15-20

O'Neill SL, Hoffmann AA, Werren JH (1997) Influentia! Passengers:
Inherited Microorganisms and Arthropod Reproduction. Oxford
University Press, Oxford. )

Profft J (1937) Beitrdge zur Symbiose der Aphiden und Psylliden. Z
Morphol Okol Tiere 32: 289—326

Saitou N, Nei M (1987) The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol Biol Evol 4: 406—425

Sasaki T, Kawamura M, Ishikawa H (1996) Nitrogen recycling in the
brown planthopper, Nilaparvata lugens: Involvement of yeast-
like endosymbionts in uric acid metabolism. J Insect Physiol 42:
125-129

Schwartz RE, McClean APD, Catling HD (1970) The spread of citrus
greening disease by the citrus psylla in South Africa.
Phytophylactica 2: 5960

Spaulding AW, Von Dohlen CD (1998) Phylogenetic characterization
and molecular evolution of bacterial endosymbionts in psyllids
(Hemiptera: Sternorrhyncha). Mol Biol Evol 15: 1506—1513

Swofford DL (1999) PAUP™*: Phylogenetic Analysis Using Parsomony
version 4.0b2. Sinauer Associates, Sunderland, Massachusetts.

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improv-
ing the sensitivity of progressive multiple sequence alignment
through sequence weighting, positions-specific gap penalties and
weight matrix choice. Nucleic Acids Res 22: 4673~ 4680

Unterman BM, Baumann P, McLean DL (1989) Pea aphid symbiont
relationships established by analysis of 16S rRNAs. J Bacteriol
171: 2970-2974

Waku Y, Endo Y (1987) Ultrastructure and life cycle of the symbionts
in @ homopteran insect, Anomoneura mori Schwariz (Psylfidae).
App! Entomol Zool 22: 630-637

(Received February 24, 2000 / Accepted April 25, 2000)




