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A Novel Bacteroidetes Symbiont Is Localized in Scaphoideus titanus, the
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Flavescence dorée (FD) is a grapevine disease that afflicts several wine production areas in Europe, from
Portugal to Serbia. FD is caused by a bacterium, “Candidatus Phytoplasma vitis,” which is spread throughout
the vineyards by a leathopper, Scaphoideus titanus (Cicadellidae). After collection of S. fitanus specimens from
FD-contaminated vineyards in three different areas in the Piedmont region of Italy, we performed a survey to
characterize the bacterial microflora associated with this insect. Using length heterogeneity PCR with univer-
sal primers for bacteria we identified a major peak associated with almost all of the individuals examined (both
males and females). Characterization by denaturing gradient gel electrophoresis confirmed the presence of a
major band that, after sequencing, showed a 97 to 99% identity with Bacteroidetes symbionts of the “Candidatus
Cardinium hertigii” group. In addition, electron microscopy of tissues of S. titanus fed for 3 months on
phytoplasma-infected grapevine plants showed bacterial cells with the typical morphology of “Ca. Cardinium
hertigii.” This endosymbiont, tentatively designated ST1-C, was found in the cytoplasm of previtellogenic and
vitellogenic ovarian cells, in the follicle cells, and in the fat body and salivary glands. In addition, cell
morphologies resembling those of “Ca. Phytoplasma vitis” were detected in the midgut, and specific PCR
assays indicated the presence of the phytoplasma in the gut, fat body and salivary glands. These results
indicate that ST1-C and “Ca. Phytoplasma vitis” have a complex life cycle in the body of S. titanus and are

colocalized in different organs and tissues.

Europe represents the main wine-producing area in the
world. In this area, Flavescence Dorée (FD), an insect-borne
plant yellow disease of grapevine, causes major concerns (2, 4,
8, 9, 26). Direct control strategies against the etiological agent
of FD are indeed not available. In 1967, Japanese scientists
reported that plant pathogen phytoplasmas (previously termed
mycoplasma-like organisms) were the probable causes of plant
yellow diseases (13). FD is caused by a bacterium lacking a cell
wall, which has recently been proposed as “Candidatus Phyto-
plasma vitis” (15, 16, 21, 29, 32). The insect vector of FD is
Scaphoideus titanus, a leathopper (Hemiptera: Cicadellidae)
that is widespread in vineyards. S. titanus transmits the bacte-
rium by inoculating it into the phloem of the plant while feed-
ing on the lymph. The control of FD is a high priority in
European wine producing areas and is currently achieved
through the destruction of infected vineyards and by extensive
insecticide treatments against S. titanus. These control strate-
gies have obvious economic and ecological impacts, and the
treatment of vineyards with insecticides is incompatible with
organic production.

In recent years there has been an increasing interest in the
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potential use of biological control agents (5, 6, 33, 37).
Through the study of microorganisms associated with insects,
different biocontrol strategies might be developed, first
through the exploitation of microorganisms which are patho-
genic to the insect (37). A further possible strategy is the
exploitation of symbiotic microorganisms, with the aim of re-
ducing vector competence (5). This reduction of the capacity of
an insect to vector a disease agent could be based on micro-
organisms that naturally interfere with the presence of the
pathogen (e.g., the unharmful Rickettsia peacocki, whose pres-
ence in the tick Dermacentor andersoni appears to reduce the
prevalence of Rickettsia rickettsii [3]) or could be achieved
through the genetic manipulation of insect symbiotic microor-
ganisms. Microorganisms which possess the capacity to spread
into insect host populations (e.g., by inducing cytoplasmic in-
compatibility [CI]) are particularly promising, since they could
also be exploited to “hitch” a desired genetic trait (43). More
in general, microorganisms that manipulate host reproduction,
such as those belonging to the genera Wolbachia and Car-
dinium, offer intriguing clues for the development of future
control strategies of insect populations and insect-vector com-
petence (43, 44). In the field of insect-borne grapevine dis-
eases, promising results toward control strategies based on
symbiotic bacteria (symbiotic control) have been obtained in
the sharpshooter Homalodisca coagulata, the vector of Pierce’s
disease caused by Xylella fastidiosa (10). It has been recently
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TABLE 1. Insects sampled, their origin, and prevalence of “Ca. Phytoplasma vitis” and ST1-C endosymbiont as determined by
specific PCR assays

Vineyard

AR Insect ID?
(province)

Grapevine cultivar(s)®

Insect no. and type? “Ca. Phytoplasma vitis™ ST1-C endosymbiont®

Boglietto (At) 1, 7, 8%, 13, 18, 70, 73%, Barbera, Dolcetto,

74,75, 92, 93, 116, 156, Cortese
244*, 251*, 393
Vignale (Al) 125, 131, 136, 145, 146, Nebbiolo

149, 152, 153, 154, 223,
225, 227%, 228%, 229,
230, 231, 233, 234, 236,
237, 238, 263, 270, 278,
307, 328, 338, 340, 344,
346, 348, 350, 367*, 369,
374*, 377, 378, 379, 381,
382, 390, 428, 431, 437

176, 187, 196*, 352, 357,
386, 396

S. Giorgio (At) Nebbiolo, Rouchet

Valleandona (At) 449, 452, 453, 455, 456, Barbera

457, 458, 460, 461, 462,

463, 464, 466, 467, 468,

469, 471, 472**, 473,

474, 475, 476, 477
S. Damiano (At) 439, 440, 441, 447, 451 Dolcetto
Viarigi (At) 478 Grignolino
Tortona (Al) 445 Cortese
Laboratory plants 480, 481, 482, 483, 484, Barbera

485

16 (F, 4; M, 0; N, 12)

44 (F, 25; M, 16; N, 3)

0/16 (F, 0/4; M, 0/0; N,
0/12)

15/16 (M, 0/0; F,
4/4; N, 11/12)

13/44 (F, 9/25; M, 4/16;
N, 0/3)

42/44 (F, 25/25; M,
14/16; N, 3/3)

7 (F, 5; M, 2) 0/7 (F, 0/5; M, 0/2) 6/7 (F, 4/5; M, 2/2)
23 (F, 14; M, 9) 6/23 (F, 4/14; M, 2/9)  22/23 (F, 13/14; M,
9/9)
(F, 5) 1/5 (F, 1/5) 4/5 (F 4/5)
(F, 1) 0/1 (F, 0/1) 1/1 (F, 1/1)
(F, 1) 0/1 (F, 0/1) 1/1 (F, 1/1)
(F, 3; M, 3) 2/6 (F, 2/3; M, 0/3) 6/6 (F, 3/3; M, 3/3)

“ At, Asti; Al, Alessandria.

? Individuals marked with single and double asterisks were used in the first LH-PCR and PCR-DGGE screening and for cloning and sequencing, respectively. ID,

identification number.
¢ Plant cultivars in the sampled vineyard.

4 Numbers indicate the individuals sampled for each category: M, males; F, females; N, nymphs-neanides.
¢ Number of individuals positive for the specific PCR assay with respect to the number of total individuals tested. M, males; F, females; N, nymphs.

shown that cell-to-cell signaling controls the insect vector
foregut colonization by Xylella fastidiosa, and hence it could be
a good target for the disease control (30).

A prerequisite for the development of future strategies for
the symbiotic control of insect populations and insect-vector
competence is the identification of insect-associated microor-
ganisms whose characteristics appear promising. These char-
acteristics include the presence of the symbiont in organs that
also host the pathogen and its potential to spread rapidly into
the host populations. Despite the economic impact of FD on
European wine production, no studies have thus far been pub-
lished on the bacterial community associated with its vector S.
titanus. In addition, the life cycle of the FD phytoplasma and its
distribution throughout the body of the insect vector are not
known.

We describe here a symbiont of S. fitanus, found during a
survey of bacteria stably associated with this insect. Our results
show that this endosymbiont and “Ca. Phytoplasma vitis” have
a partially overlapping colonization pathway in the insect body,
colocalizing in the fat body and salivary glands.

MATERIALS AND METHODS

Insect collection. A total of 118 S. fitanus individuals (69 females, 34 males,
and 15 nymphs) were collected between 2002 and 2004 in vineyards with heavy
symptoms of FD from seven different areas in the Piedmont region (Table 1).
Fifteen insects recovered in Tortona and Valleandona were taken to the Dipar-
timento di Valorizzazione e Protezione delle Risorse Agroforestali laboratory of
the University of Turin and caged on FD-symptomatic grapevine plants (cultivar
Barbera) in the greenhouse for a maximum period of 3 months. Insects were
preserved frozen or in ethanol or acetone.

Insect dissection, TEM, and DNA extraction. Male and female individuals of
S. titanus were killed with ethyl acetate. The 20 insects to be studied by trans-
mission electron microscopy (TEM) were dissected with sterile scalpels and
small pliers in a sterile saline solution. The following insect parts were isolated:
salivary glands, gut, fat bodies, and ovaries. These samples were fixed in 0.1 M
cacodylate buffer (pH 7.2) containing 2.5% glutaraldehyde for 3 h at 4°C. The
samples were then washed and postfixed in 1% OsO, in 0.1 M cacodylate buffer
(pH 7.2) for 1.5 h at 4°C. Successively all samples were dehydrated in ethanol and
embedded in Epon 812. Thin sections (80 nm) were stained with uranil acetate
and lead citrate and examined under a Zeiss EM900 transmission electron
microscope (7, 35).

Fifteen S. titanus individuals were also dissected, and total DNA was extracted
(from the salivary glands, the intestine, the fat bodies, and the ovaries). DNA
extraction was performed according to a method previously described by Doyle
and Doyle (14).

Molecular techniques to study the microflora in S. fitanus. Microflora associ-
ated with S. titanus was characterized by using two methods independent from
bacteria cultivation.

A preliminary screening of the bacterial population associated with adult
insects was performed by length heterogeneity PCR (LH-PCR) (34, 39). For
LH-PCR, purified DNA was amplified by using the forward primer 27F (5'-AG
AGTTTGATCCTGGCTCAG-3') and the reverse primer 338R (5'-GCTGCCT
CCCGTAGGAGT-3') (34). Both primers are considered specific for bacteria.
The 27F primer was labeled at its 5" end with the phosphoramidite dye 6-FAM.
The reaction mixture contained 1X PCR buffer (Pharmacia, Milan, Italy), 2.5
mM MgCl,, 0.10 mM deoxynucleoside triphosphates, 0.5 uM concentrations of
each primer, 5% dimethyl sulfoxide, 1 U of Tag polymerase (Pharmacia), and 50
ng of DNA extracted from the whole insect in a final volume of 50 pl. Initial
denaturation at 95°C for 5 min was followed by 35 cycles of 95°C for 1 min,
annealing at 55°C for 45 s, and extension at 72°C for 2 min. A final extension at
72°C for 10 min was added.

The amount of PCR product was estimated on an agarose gel, and 3 pl of the
product was added to 0.8 wl of 500 ROX-labeled internal size standard (Applied
Biosystems, Monza, Italy) and 15 pl of deionized formamide. Samples were
denatured at 95°C for 8 min and placed into an ice bath for 5 min. LH-PCR
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fragments were loaded on an ABI Prism 310 capillary electrophoresis system and
run in denaturing conditions using POP-4 running polymer. Samples were run
for 40 min at 15 kV. The injection time of each sample was 5 s at 15 kV. The
LH-PCR data were analyzed with Genescan 3.1.2 software (Applied Biosys-
tems), and a threshold of 50 fluorescent units was used, corresponding to three
times the value of the highest peak detectable in the PCR-negative control run
in the same conditions.

For denaturing gradient gel electrophoresis (DGGE) analysis, the primers
GC357f, containing a 40-bp GC clamp (5'-CGCCCGCCGCGCCCCGCGCCC
GGCCCGCCGCCCCCGCCCCCCTACGGGAGGCAGCAG-3'), and 907r
(5'-CCGTCAATTCCTTTGAGTTT-3") were used to amplify the 16S rRNA
gene as previously described (36). Polyacrylamide gels (7% of a 37:1 acrylamide-
bisacrylamide mixture in 1X Tris-acetate-EDTA [TAE] buffer), with a gradient
of 40 to 60% denaturant (100% denaturing polyacrylamide was defined as 7 M
urea) and 40% formamide according to the method of Muyzer et al. (28), were
made with a gradient maker (Bio-Rad, Milan, Italy) according to the manufac-
turer’s guidelines. Gels were run for 15 h at 110 V in 1X TAE buffer at a constant
temperature of 60°C in a D-Code electrophoresis system (Bio-Rad). The gels
were stained for 30 min in 1X TAE buffer containing SYBR Green (Molecular
Probes, Leiden, The Netherlands). Visualization and digital image recording was
performed with GelDoc 2000 apparatus (Bio-Rad) by using the Diversity Data-
base software (Bio-Rad).

Sequencing of DGGE bands. DGGE bands were excised from the gel by using
a sterile blade, transferred to 50 wl of MilliQ water, and frozen at —20°C until
reamplification. Prior to amplification the bands in the Tris-EDTA were eluted
at 37°C for 6 h. Reamplification was done by using the primers 357f (without GC
clamp) and 907r and 9 pl of the eluted DNA fragments as a template. The
following protocol was used: initial DNA denaturation at 94°C for 4 min, fol-
lowed by 30 cycles at 94°C for 30 s, 64°C for 1 min, and 72°C for 1 min, with a
final extension step at 72°C for 7 min. PCR products were purified by using a
QIAquick PCR Purification Kit (QIAGEN, Milan, Italy) according to the man-
ufacturer’s instructions. Purified products were then sequenced with the 357f
primer by using a DYEnamic ET Terminator Cycle Sequencing Kit (Pharmacia)
and an ABI 310 automated sequencer (Applied Biosystems). The resulting se-
quences were compared to the sequence database at the National Center for
Biotechnology Information by using BLAST (http://www.ncbi.nlm.nih.gov
/BLAST) (1).

Additional sequence of the 16S rRNA of ST1-C endosymbiont was extended
by two additional specific PCRs as follows. From the sequence of the DGGE
bands, two primers were designed to amplify the regions outside the 5" and 3’
ends of the fragment, as explained below. The specificity of the primers was
evaluated by aligning the selected sequence in the National Center for Biotech-
nology Information database by using BLAST. Hence, the two primers named
Endo F1 (5'-GTACAGGAGCAAAAAAGCC-3") and Endo R3 (5'-AGTTAA
AGACCAGTAAGCT-3") were used in combination, respectively, with the re-
verse primer 1495R (5'-CTACGGCTACCTTGTTACGA-3") and the forward
universal primer 27F (5'-AGAGTTTGATCCTGGCTCAG-3’) to amplify with
specific reactions the flanking regions at the 5’ and 3’ end of the DGGE frag-
ment. After amplification the fragments were sequenced and aligned with the
original sequence from the DGGE fragment. The final sequence was then used
for analyzing the phylogenetic position of the bacterium.

“Ca. Phytoplasma vitis” 16S rRNA gene was amplified by PCR test with the
primer pair fAY-rEY (~300 bp) (25, 27) or a specific nested PCR previously
described, with primer pair R16F2n-R16SR2 for the first round of PCR and
R16[V]F1/R16[V]R1 (22). The obtained fragments were hence sequenced.

Phylogenetic analysis. 16S rRNA sequences of ST1-C endosymbiont and of
the putative phytoplasma were subjected to BLAST analysis and aligned with
close relatives, as well as with other unrelated bacterial sequences. Alignment
with the corresponding 16S rRNAs was performed by using software available at
the Ribosomal Database Project website (11); secondary structure was taken into
account when this was done. Phylogenetic analyses were performed by using
Jukes and Cantor distance estimation with the TREECON 1.3b package (40). A
50% majority rule bootstrap consensus tree (1,000 replicates) was generated.
Gaps were treated as a fifth base.

Prevalence of ST1-C endosymbiont and “Ca. Phytoplasma vitis” in S. titanus
populations. The alignment of ST1-C 16S rRNA sequence with related bacterial
sequences was used to design primers that specifically target a fragment of the
new sequence. During the process of designing primers, regions in which there
was high variability were chosen, and the BLAST program was used to examine
the number of mismatches that candidate primers had with all other known 16S
rRNA sequences, in order to avoid potential amplification from other bacteria.
The forward and reverse primers were Endo F1 and Endo R3, respectively. Endo
F1 and Endo R3 had no matches with any bacterial or invertebrate sequences in
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GenBank at the time of checking and correspond to positions 443 to 465 and to
positions 751 to 770, respectively, in the 16S rRNA sequence of Escherichia coli
strain K-12 (accession number AE000452). They amplify a 305-bp fragment of
the newly discovered sequence. For searching “Ca. Phytoplasma vitis,” the
nested PCR previously described was used (22, 23). A total of 103 S. titanus
individuals, including those examined by DGGE and LH-PCR, were screened by
PCR. A further 15 individuals were dissected as described above, and each organ
or body part was then analyzed by PCR. PCR amplifications were performed in
50 l of buffer (10 mM Tris-HCI [pH 8.3], 50 mM KCl, 1.5 mM MgCl,, 0.001%
gelatin) containing each deoxynucleotide triphosphate at a concentration of 0.12
mM, 0.6 pM concentrations of each primer, 1 U of Tag polymerase (Perkin-
Elmer), and 1 pl of DNA sample. The cycling conditions were as follows: 94°C
for 4 min; five cycles of 94°C for 1 min, 50°C for 45 s, and 72°C for 1 min; 30 cycles
of 94°C for 45 s, 55°C for 45 s, and 72°C for 1 min; and 7 min at 72°C.
Nucleotide sequence accession number. The nucleotide sequence of ST1-C
endosymbiont 16S rRNA gene was deposited in the EMBL nucleotide sequence
database (GenBank/EMBL/DDBJ) under the accession number AM042540.

RESULTS

Characterization of the bacterial community associated
with S. fitanus. LH-PCR was used to survey the diversity of the
bacterial community associated with S. fitanus. This technique
uses universal bacterial primers to amplify a defined portion of
the 16S rRNA gene, including two variable regions, and can
discriminate different bacterial species basing on length poly-
morphisms between different 16S rRNA genes. We initially
surveyed 10 insects recovered in three different areas of Pied-
mont using as a template for LH-PCR the DNA extracted
from the whole insect. Interestingly, we found one of the dom-
inant peaks (345 bp) in the profiles obtained from the whole
insect DNA conserved in almost all of the individuals exam-
ined, suggesting a stable bacterial association with the insect
(Fig. 1). The bacterial community associated with S. titanus was
then analyzed by DGGE of a longer portion (about 600 bp) of
the 16S rRNA gene. Some variability was again observed in the
community profiles among different individuals. A band,
named ST1, with a high intensity was found to be associated
with almost all of the individuals examined (Fig. 2).

Phylogeny of bacteria associated with S. titanus. The se-
quence of the major band ST1 shared by almost all of the
samples analyzed by DGGE (Fig. 2) was 99% identical to a
bacterium in the phylum Bacteroidetes associated with the tick
Ixodes scapularis. By using a combination of universal primers
for the domain Bacteria at the 5’ and 3’ ends of the 16S rRNA
gene and two primers specific for the sequence of the ST1 band
in the DGGE profile, almost the entire sequence of this 16S
rRNA gene was obtained. This sequence (named ST1-C) was
used to construct a phylogenetic tree including the most-re-
lated sequences found in the public database (Fig. 3A). The
nearly complete ST1-C sequence was confirmed to be closely
related to that of a bacterium associated with the tick Ixodes
scapularis (98% identity). The ST1-C sequence was in a branch
of the neighbor-joining tree with sequences derived from en-
dosymbionts of several species of the genus Brevipalpus, in-
cluding the feminizing symbiont of B. phoenicis (41, 42), and of
other acarine genera such as Metaseiulus, Oppiella, and Petro-
bia (17, 42). A group of sequences in another branch of the
neighbor-joining tree closely related with the ST1-C sequence
included endosymbionts of Encarsia pergandiella (44), Aspidio-
tus paranerii (42), and Plagiomerus diaspidis (46). All of these
sequences were grouped with “Ca. Cardinium hertigii,” an
endosymbiont of Encarsia wasps (96% identity with ST1-C
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FIG. 1. Example of electropherograms revealing part of the bacterial community. LH-PCR profiles were obtained from DNA extracted from
whole insects recovered from FD-affected vineyards in Piedmont, Italy. Numbers refer to the individuals reported in Table 1. The peaks with a
length compatible to that of ST1-C endosymbiont are indicated with arrows.

sequence) (44, 45). Sequences related to these endosymbionts
have never been previously associated with S. titanus or other
leafhoppers (46).

Few other bacteria were found from DGGE fingerprinting
of S. titanus. Among these, several y-Proteobacteria, 3-Pro-
teobacteria, and Bacteroidetes were found in many of the sam-
ples. Among y-Proteobacteria, several sequences were associ-
ated with the genus Asaia. Bacteria of this genus have been
described as epiphytic and associated with different plant spe-
cies (18). Other sequences affiliated with the y-Proteobacteria
were homologous to the genus Stenotrophomonas. Species in
this genus have been detected in feces or associated with in-
sects such as Collembola (12). In this genus the species S.
maltophilia has been described for its capacity to produce chiti-
nases (19). Chitin is a common polymer in the insect body and
may be used by these bacteria as growth substrate. Among
Bacteroidetes, besides the ST1-C, a sequence related to the

374 251 8 367 386 244 227 73 196 228

>Qi'l~i~'!

FIG. 2. DGGE patterns on a 7% polyacrylamide denaturing gel (40
to 60% urea and formamide) obtained from DNA extracted from
whole insects recovered from FD-affected vineyards in Piedmont, Italy.
Numbers over the lanes refer to the individuals reported in Table 1.
The arrowhead indicates ST1 band identified by sequencing as ex-
plained in the text.
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FIG. 3. Phylogenetic trees showing the phylogenetic positions of ST1-C endosymbiont (A) and “Ca. Phytoplasma vitis” (B) 16S rRNA genes.
The trees were built without an outgroup sequence. The numbers at each node represent percentages of bootstrap replications calculated from
1,000 replicate trees. The scale bar represents the sequence divergence.

genus Chriseobacterium was detected. It was not possible to
find an evident and clear correlation among specific sequences
and the sex, the age, or the origin of the insect.

By using primers specifically designed for the amplification
of “Ca. Phytoplasma vitis,” it was possible to obtain the ex-
pected fragment from one of the insects examined (Table 1).
The amplified fragments were sequenced and showed 98%
nucleotide identity with the “Ca. Phytoplasma vitis” (Fig. 3B).
Restriction analysis with Tacl restriction enzyme showed that
it belongs to the 16SrV subgroup C (data not shown). Frag-
ments with homology to this bacterium were not identified in
PCR-DGGE profiles.

Localization of a bacterial endosymbiont and “Ca. Phyto-
plasma vitis” in adult S. tifanus. Different organs of individuals
of S. titanus fed on grapevine plants with strong symptoms of
FD and in which a phytoplasma was diagnosed by PCR were
examined by TEM (Fig. 4). Many different bacterial morpho-
types were observed in the gut of the S. fitanus in contrast with
the low diversity observed by LH-PCR and DGGE analysis
(data not shown).

TEM examination of the ovaries showed numerous bacteria

in both oocytes and follicle cells (Fig. 4A). Morphological
analysis of these bacterial cells revealed a two-layered enve-
lope (an outer cell wall and an inner plasma membrane) and a
brush-like array of microfilament-like structures that appear to
be characteristic of the symbiont. This parallel array of tubes
extended from the cytoplasmatic membrane into the cytosol of
the bacterium (Fig. 4B). This structure was the same as that
described in the tick Ixodes scapularis symbiont (20) and in
“Ca. Cardinium hertigii,” a bacterial endosymbiont of Encarsia
pergandiella (44, 45). Bacterial cells with this typical morphol-
ogy were found in the follicle cells and developing oocytes of
both the previtellogenic and the vitellogenic phases (Fig. 4A
and B). No other bacterial morphotypes were found in all of
the ovarian cells examined. Cells with the same morphotypes
of “Ca. Cardinium hertigii,” including the same brush-like
structure in the cytoplasm (45), were also found in the salivary
glands (Fig. 4C) and fat bodies of S. fitanus adults (Fig. 4D).

TEM analysis also showed many small (0.25 to 0.5 pum)
spherical cells with a triple-layered membrane resembling the
typical morphotype of “Ca. Phytoplasma vitis” (Fig. 4E). These
cells were found in the midgut (Fig. 4E), suggesting that the
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FIG. 4. Transmission electron micrographs showing the putative ST1-C and “Ca. Phytoplasma vitis” in different organs or tissues of Scaph-
oideus titanus. (A) ST1-C (arrows) in follicle cells (fc) and in the egg (e). (B) Details of panel A showing three ST1-C cells with the typical brush-like
structure (arrowheads). (C) ST1-C in the salivary glands (arrowhead). (D) ST1-C in the fat body showing transverse (arrow) and tangential
(arrowhead) sections of the brush-like structure. (E) Cells of “Ca. Phytoplasma vitis” in the lumen of the midgut.

phytoplasma enters the intestine of S. titanus and, probably,
through the hemolymph arrives to the salivary glands. Phyto-
plasma cells were never found associated with the ovary cells.

Prevalence of ST1-C endosymbiont and “Ca. Phytoplasma
vitis” in S. fitanus. A wider collection of 103 individuals (in-
cluding those analyzed by DGGE and LH-PCR) of S. titanus
recovered in different years from different areas in Piedmont
was screened by specific PCR assays to evaluate the prevalence
of ST1-C endosymbiont and “Ca. Phytoplasma vitis” in popu-
lations of S. fitanus and in the insect tissues (Table 1).

ST1-C endosymbiont was found in 97 of the 103 field-col-

lected individuals (minimal field infection rate, 94.2%), includ-
ing six field-collected individuals that were fed in the labora-
tory on plants with heavy symptoms of the phytoplasmosis. Of
the 58 females examined, 55 (94.8%) were found to be positive.
Of the 30 individual males tested, 28 were also positive (93.3%),
confirming that the Bacteroidetes endosymbiont is not restricted to
the ovaries but colonizes other nonsexual tissues. Fourteen of the
15 nymphs tested (93.3%) were positive. Direct sequencing of
PCR products obtained from four adults (two males and two
females) showed they were identical to the ST1-C 16S rRNA.

Of 103 individuals (minimal field infection rate, 21.4%),
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TABLE 2. Prevalence of “Ca. Phytoplasma vitis” and ST1-C endosymbionts in different organs or tissues of S. titanus as determined by
specific PCR assays

“Ca. Phytoplasma vitis

e ST1-C endosymbiont®

Insect type

fnseet 1D and no.” Salivary Intestine . Ovaries Salivary Intestine Fat bodies Ovaries
glands bodies glands
440, 445, 447, 451, 452, 15 (F, 11, 2/15 (F, 2/15 (F, 2/15 (F, 0/11 (F, 14/15 (F, 15/15 (F, 15/15 (F, 11/11 (F,
455, 464, 466, 467, M, 4) 1/11; 1/11; 1/11; 0/11) 10/11; 11/11; 11/11; 11/11)
468, 469, 471, 472%, M, M, M, M, 4/4) M, 4/4)
473, 478 1/4) 1/4) 4/4)

“ Refer to Table 1 for sample origins. Individual marked with an asterisk was used in PCR-DGGE screening and for cloning and sequencing. ID, identification

number.

® Numbers indicate the individuals sampled for each category: M, males; F, females.
¢ Number of individuals positive for the specific PCR assay with respect to the number of total individuals tested. M, males; F, females.

including field-collected individuals, fed in the laboratory on
plants with heavy symptoms of the FD, 22 yielded positive
results in the nested PCR assay on the 16S rRNA gene specific
for the “Ca. Phytoplasma vitis” (Table 1). The identity of the
fragment was confirmed by direct sequencing of the PCR frag-
ment from two individuals. A total of 16 of the 58 females
(27.6%) and 6 of the 30 males (20%) were positive, whereas
none of the nymphs tested gave detectable amplification sig-
nals. Among the different vineyards Vignale showed the high
percentage (29.5%) of insects infected by “Ca. Phytoplasma
vitis.”

Fifteen adults (eleven females and four males) were dis-
sected, and specific PCR analyses for ST1-C endosymbiont and
“Ca. Phytoplasma vitis” 16S rRNA genes were performed with
DNA extracted from the different organs (Table 2). ST1-C
endosymbiont was detected in the fat bodies, intestine, and
salivary glands of all of the four adult males analyzed. All of
the 11 females were positive for the fat bodies, ovaries, and
intestines, while 14 of the 15 tested (93.3%) were positive for
the salivary glands. “Ca. Phytoplasma vitis” was detected in 1
of the 11 female and in 1 of the 4 male fat bodies, ovaries, and
intestines analyzed, while it was not detected in the ovaries of
any of the insects analyzed (neither females nor males).

DISCUSSION

Our study of the bacterial diversity associated with S. titanus
was initiated by using methods independent from cultivation
and based on length (LH-PCR) and sequence (DGGE) poly-
morphisms of the 16S rRNA gene, using total DNA extracted
from the whole insect body. We found a low microbial diversity
with both LH-PCR and DGGE that used primers targeting
different regions of the 16S rRNA gene. The diversity profiles
obtained with each of the methods indicated that a single
sequence predominated in the bacterial microflora. This is in
contrast to the results obtained with TEM analysis of the insect
intestinal lumen that showed a rather morphologically heter-
ogeneous bacterial population (results not shown). This con-
tradictory result has two possible explanations: (i) the method
for extracting the DNA from the insect body did not efficiently
lyse all of the bacteria living in the insect or (ii) it reflects the
dominance of a single type of bacterium associated with S.
titanus. Indeed, by using stronger cell lysis protocols, we were
able to obtain a higher number of peaks in the LH-PCR pro-
files (data not shown). However, under these conditions we

found one of the dominant peaks (345 bp) conserved among
almost all of the insects examined, indicating that a specific
bacterium colonizes the insect body.

BLAST and phylogenetic analyses of almost the entire 16S
rRNA gene sequence initially derived from the main band
present in the DGGE profiles placed it among the homologous
sequences of members of phylum Bacteroidetes. Thus, there is
evidence that S. titanus harbors a dominant bacterium, the
ST1-C endosymbiont, belonging to the Bacteroidetes phylum.
ST1-C endosymbiont showed the highest level of 16S rRNA
nucleotide sequence identity with a bacterium associated with
the tick 1. scapularis (20) (Fig. 3A). The best-characterized
bacterium affiliated with ST1-C is “Ca. Cardinium hertigii,” an
endosymbiont of the parasitoid wasp Encarsia pergandiella
(45). The level of 16S rRNA gene identity (96%) between
ST1-C and “Ca. Cardinium hertigii” suggests that the bacte-
rium associated with S. titanus may represent a separate spe-
cies from “Ca. Cardinium hertigii.” “Ca. Cardinium hertigii”
and related bacteria are characterized by a peculiar brush-like
structure attached to the inner membrane (44, 45), which we
also observed by TEM in the intracellular bacteria present in
different tissues of S. titanus (see discussion below). Since mo-
lecular phylogenetic analysis placed ST1-C among a group of
bacteria that show the peculiar brush-like structure of “Ca.
Cardinium hertigii,” we can assume that the bacteria observed
by TEM with the same brush-like structure putatively corre-
spond to ST1-C.

In our study, bacteria with the typical brush-like structure of
the ST1-C endosymbiont were initially observed in the ovaries
of §. titanus females. However, the presence of “Cardinium-
like” bacteria was not restricted to the ovaries: it was also
detected in the fat body and the salivary glands of both females
and males. These findings suggest that ST1-C (i) is transovari-
ally transmitted to the insect progeny; (ii) has a complex life
cycle in the insect body, colonizing different and rather sepa-
rate tissues; and (iii) possibly has an important role in the
biology of S. titanus. These hypotheses are supported by the
high prevalence of ST1-C in the populations of S. fitanus. A
minimal field infection rate of 94.2% was found by PCR, with
very similar values in the males and females.

The possible types of interactions between arthropods and
bacterial endosymbionts are (i) parasitism (the bacteria harm
the hosts), (ii) commensalism or transient mutualism (the bac-
teria benefit the hosts or cause no harm, but are not necessary
for host survival), (iii) reproductive parasitism (the bacteria do
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not harm the hosts in the normal sense but cause reproductive
alterations, such as skewed sex ratios), and (iv) obligatory
mutualism (e.g., the bacteria provide essential compounds to
the hosts) (31).

Bacteria phylogenetically related to “Ca. Cardinium herti-
gii” or showing its typical brush-like structure have been ob-
served in insects and acarines (both mites and ticks) (20, 46).
As is the case for Wolbachia (38), these bacteria have been
shown to be associated with a variety of reproductive alter-
ations, including parthenogenesis, feminization of genetic
males, and CI (44, 45). In S. titanus, no data are currently
available that indicate any bias in the sex ratio. In addition,
since our survey indicates that the prevalence of ST1-C is
similar in males and females, we cannot predict a role of this
bacterium as a sex-determining factor. The very high preva-
lence of ST1-C in females and males of different populations of
S. titanus could be the result of a selective sweep of the bac-
terium. We could thus hypothesize that ST1-C diffused into the
S. titanus population through a selective sweep caused by CI, as
occurs for Cl-inducing Wolbachia (38). Alternatively, the in-
teraction between the bacterium and S. fitanus may be mutu-
alistic. If the mechanism underlying the interaction between
ST1-C and S. titanus could be clarified and the occurrence of
CI demonstrated, a potential target for developing future con-
trol strategies against FD could arise, similar to the case of
Wolbachia (see, for example, reference 43). Also, the demon-
stration of a mutualistic interaction between ST1-C and S.
titanus would perhaps offer a new target for the development
of novel control strategies. An intriguing aspect of the associ-
ation between ST1-C and S. titanus is the fact that this bacte-
rium has been detected in the salivary glands, an ideal place to
interact with saliva-transmitted agents such as “Ca. Phyto-
plasma vitis.”

“Ca. Phytoplasma vitis” was found by a specific PCR test in
more than 21% of the S. titanus individuals analyzed. The
analysis of the different organs of the insects indicated that
“Ca. Phytoplasma vitis” is present in the intestines, the fat
body, and the salivary glands. These results support a biolog-
ical cycle of the FD phytoplasma in S. fitanus similar to that
described in studies on the laboratory model Euscelidius var-
iegatus (24). In this model, the phytoplasma is acquired by the
insect from FD-infected plants and, after multiplication in the
insect body, passes to other tissues to reach the salivary glands,
from which it is reinoculated in plants. In the intestine of S.
titanus, presumably the first organ where the phytoplasma
grows after infection, cells with a morphology strongly resem-
bling that of “Ca. Phytoplasma vitis” were observed by TEM.
The PCR study on the prevalence of ST1-C and “Ca. Phyto-
plasma vitis” in S. fitanus indicated that the two bacteria coexist
in the same insect individuals and in the same organs: the
intestine, the fat body, and the salivary glands. The colocaliza-
tion of the two bacteria in the same host tissues makes it
possible to study the potential interactions between these bac-
teria in the insect body and makes ST1-C an interesting can-
didate for the symbiotic control of the FD agent, e.g., through
a paratransgenesis approach (5, 10, 33).
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