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Spiralin is the most abundant protein at the surface of the plant pathogenic mollicute Spiroplasma citri and
hence might play a role in the interactions of the spiroplasma with its host plant and/or its insect vector. To
study spiralin function, mutants were produced by inactivating the spiralin gene through homologous recom-
bination. A spiralin-green fluorescent protein (GFP) translational fusion was engineered and introduced into
S. citri by using an oriC-based targeting vector. According to the strategy used, integration of the plasmid by
a single-crossover recombination at the spiralin gene resulted in the expression of the spiralin-GFP fusion
protein. Two distinct mutants were isolated. Western and colony immunoblot analyses showed that one mutant
(GII3-9a5) did produce the spiralin-GFP fusion protein, which was found not to fluoresce, whereas the other
(GII3-9a2) produced neither the fusion protein nor the wild-type spiralin. Both mutants displayed helical
morphology and motility, similarly to the wild-type strain GII-3. Genomic DNA analyses revealed that GII3-9a5
was unstable and that GII3-9a2 was probably derived from GII3-9a5 by a double-crossover recombination
between plasmid sequences integrated into the GII3-9a5 chromosome and free plasmid. When injected into the
leafhopper vector Circulifer haematoceps, the spiralinless mutant GII3-9a2 multiplied to high titers in the
insects (1.1 � 106 to 2.8 � 106 CFU/insect) but was transmitted to the host plant 100 times less efficiently than
the wild-type strain. As a result, not all plants were infected, and symptom production in these plants was
delayed for 2 to 4 weeks compared to that in the wild-type strain. In the infected plants however, the mutant
multiplied to high titers (1.2 � 106 to 1.4 � 107 CFU/g of midribs) and produced the typical symptoms of the
disease. These results indicate that spiralin is not essential for pathogenicity but is required for efficient
transmission of S. citri by its insect vector.

Spiroplasma citri is a plant pathogenic bacterium belonging
to the class Mollicutes, a group of wall-less organisms phyloge-
netically related to low-G�C-content gram-positive bacteria
(47). Plant pathogenic mollicutes belong to two taxonomically
distinct groups, phytoplasmas and spiroplasmas, and are asso-
ciated with several hundred diseases affecting a wide variety of
plants, including fruit trees, ornamentals, vegetables, and
grapevine (34, 43, 44). Phytoplasmas and spiroplasmas are
restricted to the phloem sieve tubes and are transmitted from
plant to plant by sap-feeding leafhoppers or psyllids. However,
while phytoplasmas have not been cultured so far, spiroplas-
mas, and in particular S. citri, have been cultured since 1970
(40, 41). S. citri was first isolated from sweet orange (Citrus
sinensis) trees affected by stubborn disease, but it infects many
plant species other than citrus, including the Madagascar per-
iwinkle Catharanthus roseus, in which it induces stunting, leaf
yellows, and wilting. S. citri is transmitted from plant to plant
by the phloem-feeding leafhoppers Circulifer haematoceps and
Circulifer tenellus (11). S. citri is the most studied plant molli-
cute (5, 6, 7, 9). As a result of the development of genetic tools
such as plasmid vectors (27, 38, 39, 51), transposon mutagen-
esis (19), and gene inactivation through homologous recombi-

nation (15, 23, 37), genetic studies led to the identification of
genes involved in motility (25) and pathogenicity (20). In par-
ticular, it was shown that fructose utilization is a key factor of
spiroplasmal pathogenicity (22, 9). However, the interactions
of S. citri with the host plant and with its insect vector are still
poorly understood. In particular, the spiroplasma components
involved in these interactions are still to be discovered.

In the cell-wall-free mollicutes, like in walled bacteria, sur-
face proteins are thought to play a key role in the interactions
of the bacteria with the environment and/or the infected hosts.
They are of primary importance in adherence, invasion, and
interaction with the host immune system, and they may also
display structural, transport, or enzymatic functions (13, 26, 36,
49). In most plant mollicutes, a single surface protein is im-
munodominant, and this protein forms the major portion of
semipurified cell membrane preparations (1, 2, 4, 53). In spi-
roplasmas, spiralin is such an immunodominant surface pro-
tein and accounts for up to 20 to 30% of the total protein mass
of the bacterium (50). Spiralin was the first mollicute protein to
be expressed by gene cloning in Escherichia coli (35), and the
amino acid sequence has been determined by gene sequencing
(14). Spiralin is a lipoprotein of 26 kDa which is conserved
among spiroplasmas (8, 17). The preprotein possesses a typical
signal peptide sequence upstream of a cysteine residue, a
highly conserved central region, an �-helix, and two repeated
sequences, which are thought to be specific to the spiroplasma
species (17). The mature protein is anchored in the outer
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leaflet of the membrane lipid bilayer by an N-acylcysteine,
while the entire polypeptidic chain is exposed to the outer
medium (10, 28). The function of spiralin is unknown. How-
ever, because of its abundance and its location at the cell
surface, spiralin is a good candidate to be one of the spiro-
plasma proteins involved in the interactions of the bacterium
with its two hosts, the insect vector and the plant. With the aim
to study spiralin function, S. citri mutants were produced by
spiralin gene disruption and tested for their ability to be trans-
mitted by the leafhopper vector and to produce symptoms in
infected plants. The results showed that spiralin is not essential
for pathogenicity but is required for efficient transmission of S.
citri by its insect vector.

MATERIALS AND METHODS

Bacterial strains and plasmids. S. citri strain GII-3 was originally isolated from
its leafhopper vector C. haematoceps, which was captured in Morocco (46). This
strain was shown to be phytopathogenic by transmission to periwinkle (C. roseus)
through injection to the leafhopper vector C. haematoceps. Spiroplasmas were
grown at 32°C in SP4 medium (48) from which fresh yeast extract was omitted.
Transformation of S. citri by electroporation was performed as previously de-
scribed (45). E. coli TG1 [supE hsd�5 thi �(lac-proAB) F�(traD36 proAB� lacIq

lacZ�M15)], an EcoK� derivative of JM101, was used as the host strain for
cloning experiments and for plasmid propagation. Plasmids pC2 and pSD4 have
been described elsewhere (27). Plasmid pGUF6 was obtained by inserting suc-
cessively the spiralin and green fluorescent protein (GFP) genes into pSD4. The
spiralin gene was amplified from S. citri genomic DNA with primer pair SR5-
SR8, and the 1.1-kbp fragment, restricted with BamHI and BglII, was inserted
into the BamHI site of pSD4 to yield pMS4. The 0.8-kbp GFP gene, amplified
from pGFPuv (Clontech Laboratories, Inc., Palo Alto, Calif.) with primer pair
GFP1-GFP2 and restricted with BglII, was then inserted into the BamHI site of
pMS4 to yield pGUF6. The translational fusion of GFP at the 3�end of the
spiralin gene was confirmed by sequencing the 1.8-kbp XbaI-EcoRI fragment
containing the spiralin-GFP gene fusion. The construction of pCL15 is described
in Results.

DNA isolation, Southern blot hybridization, and PCR amplification of DNA.
Purification of plasmid DNA, cloning experiments, and DNA manipulations in
E. coli were performed by standard procedures (42). S. citri genomic DNA was
prepared from 10-ml cultures (approximately 1010 cells) with the Wizard
genomic DNA purification kit from Promega Biosciences Inc. (San Luis Obispo,
Calif.). Total DNA from insects was isolated essentially as described by Maixner
et al. (31), using a cetyltrimethylammonium bromide extraction method. Probes
for Southern blot hybridizations were generated by PCR in the presence of

digoxigenin–11-dUTP (Roche Diagnostics, Meylan, France). Hybridization was
performed at 42°C in 5� SSC buffer (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) containing 50% formamide, 0.02% sodium dodecyl sulfate, 0.1%
N-lauroylsarcosine, 1.5% blocking reagent, and 200 �g of denatured salmon
sperm DNA per ml, with 50 ng of denatured probe. After washing under stan-
dard stringent conditions, hybridization signals were detected with antidigoxige-
nin–alkaline phosphatase conjugate and CDP-Star as the substrate, according to
the manufacturer’s instructions. Amplification was carried out in a 50-�l reaction
mixture containing 5 to 20 ng of target DNA and 2.5 U of Taq DNA polymerase
(Invitrogen SARL, Cergy Pontoise, France) or Vent DNA polymerase (New
England Biolabs, Inc., Beverly, Mass.) with the buffer recommended by the
supplier. Amplification was achieved in over 35 cycles, each consisting of 45 s at
95°C, 45 s at the annealing temperature, and 1 min at 72°C. The annealing
temperature was set according to the melting temperatures of the primers used
for amplification. Primer sequences are listed in Table 1.

Western immunoblotting, colony blot immunoassay, and immunofluores-
cence. Spiroplasma cells from a 50-ml culture were collected by centrifugation
and washed three times in HS buffer (8 mM HEPES [pH 7.4], 280 mM sucrose).
Proteins were solubilized in 0.25 ml of solubilization buffer and separated by
electrophoresis through a sodium dodecyl sulfate–15% polyacrylamide gel ac-
cording to standard procedures (42). Proteins were electroblotted to nitrocellu-
lose in transfer buffer containing 25 mM Tris base, 190 mM glycine, and 20%
methanol. The nitrocellulose sheet was saturated in TBS (50 mM Tris-HCl [pH
7.4], 200 mM NaCl) containing 1% nonfat dry milk for 2 h and incubated
overnight with the primary antibody. After three washes in TBS containing 0.2%
Triton X-100 and two additional washes in TBS, polypeptides reacting with the
primary antibody were visualized by using a goat anti-rabbit or a rabbit anti-
mouse immunoglobulin G–alkaline phosphatase conjugate with 5-bromo-4-
chloro-3-indolylphosphate and 1-nitroblue tetrazolium chloride as chromogenic
substrates. For direct colony blotting, nitrocellulose filters (0.45-�m pore size)
were gently placed on spiroplasma colonies on the surface of agar plates. After
10 min, the filters were carefully removed and treated as described above for
Western blots. Immunofluorescence assays were carried out as described previ-
ously (33). Both thin sections of spiroplasma-infected plants and spiroplasma
cultures were probed with the anti-GFP (polyclonal) and antispiralin (monoclo-
nal) primary antibodies.

Experimental transmission assay. Microinjection of S. citri cultures into C.
haematoceps leafhoppers and transmission to periwinkle plants were carried out
as previously described (18, 20). Briefly, the injected insects were caged on young
periwinkle plants (12 insects per plant, five plants per spiroplasma strain) for a
2-week transmission period. Culture of S. citri from plants and insects and
transmission through Parafilm membranes have also been described previously
(18, 20). For transmission through Parafilm membranes, leafhoppers were in-
jected with S. citri cultures and caged on healthy periwinkle plants for 2 weeks to
allow the spiroplasmas to multiply. The insects were then transferred to small
cages (five insects per cage) in which a Parafilm membrane separated the insects

TABLE 1. Nucleotide sequences and positions of primers used in this study

Primera Sequenceb Position GenBank
accession no.

GFP1 5�-TAGCAGATCTAAAATGAGTAAAGGAGAAGAAC-3� 286–307 U62636
GFP2 5�-TCGGAGATCTGTTGGAATTCATTATTTGTAGAG-3� 994–1026 U62636
SB2 5�-GTGAAGCACCAGTTTCTGAACC-3� 4184–4205 AF012877
SR5 5�-GGTCAGATCTAGCCAGAATTAAAAGTTAGTG-3� 4141–4171 AF012877
SR8 5�-AAGTTCGGATCCTGCTTTTGGTGGTGC-3� 5184–5210 AF012877
SR12 5�-GTGTATCAGCTGTCGGAAC-3� 4513–4531 AF012877
SR14 5�-TGTCGGATCCACATCAGTGGTTGCATGTAAT-3� 4523–4553 AF012877
SR16 5�-CTTTTTGATCTGAATAGTTTCCCGCATCAC-3� 5068–5097 AF012877
SR17 5�-TGTCGGAACAAGATCTGTGGTTGCATGTAAT-3� 4523–4553 AF012877
SR23 5�-CTTGTGAATCACCACCAGATG-3� 5380–5400 AF012877
SR24 5�-GCAAGTCAAGCGGGAC-3� 4069–4084 AF012877
TET8 5�-GGAGAAATCCCTGCTCGGTG-3� 1957–1976 X56353
CJ6 5�-CAATTACCAACCATGTTAGC-3� 3576–3595 U89875
CJ8 5�-GGTTAGTAATGCTGATCGC-3� 2328–2346 U89875
U 5�-GTAAAACGACGGCCAGT-3� 379–395 L09137
R 5�-GGAAACAGCTATGACCATG-3� 461–479 L09137

a Primers GFPn, SB2 and SRn, Tet8, CJn, and U and R refer to GFP, the spiralin gene of S. citri, the tetM gene of Tn916, the scm1 gene of S. citri, and the universal
and reverse primers of pUC19, respectively.

b Restriction sites used for cloning are underlined.
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from the culture medium (18, 20). When feeding through the membrane, in-
fected leafhoppers injected S. citri cells into the medium. After 24 h at 20°C, the
culture medium was removed from the cages and plated on solid SP4 medium for
CFU counts.

RESULTS

Transformation of S. citri GII-3 with pCL15. To construct
the targeting vector pCL15, the spiralin-GFP translational fu-
sion was amplified from pGUF6 with primers SR17 and GFP2.
After restriction with BglII, the 1,403-bp fragment was inserted
into the BamHI site of pC2 to yield pCL15 (Fig. 1). In this
plasmid construct, the 5�-truncated spiralin gene lacks the tran-
scription promoter, the ribosome binding site, and the se-
quences corresponding to the first 18 amino acids of the signal
peptide, including the ATG initiation codon. According to this
strategy, the spiralin-GFP fusion protein can be expressed only
after the plasmid has integrated into the chromosome through
a single-crossover recombination at the spiralin gene. As a
result of plasmid integration, the recombinant chromosome
possesses a deletion copy of the spiralin gene (which cannot be
expressed) and a spiralin-GFP gene fusion, the transcription of
which is driven by the chromosomal spiralin gene promoter
(Fig. 1). No wild-type spiralin can be produced by such a
transformant. Transformation of S. citri GII-3 with pCL15
yielded tetracycline-resistant colonies at an efficiency of 1.2 �
102 transformants/�g of DNA. Twelve individual transfor-
mants were grown in the presence of tetracycline and subcul-
tured for 15 passages. During passaging, integration of the
plasmid into the host chromosome was checked by Southern
blot hybridization of genomic DNAs with the spiralin probe
(Fig. 2). At the fifth passage, all five clones tested were found
to contain free pCL15 as revealed by the 7.2-kbp fragment
hybridizing with the spiralin probe. Accordingly, the 5.6-kbp
chromosomal spiralin fragment was also detected (Fig. 2a). At
the ninth passage, plasmid integration at the spiralin gene was

revealed, in clone 9, by the presence of the expected two EcoRI
fragments of 9.2 and 3.8 kbp hybridizing with the spiralin probe
(Fig. 2b, lane 3) and the absence of the 5.6-kbp signal corre-
sponding to the wild-type fragment. At this stage however, free
plasmid (7.2-kbp signal) was still detected (Fig. 2b, lane 3). In
contrast, after five additional passages, no free plasmid was
detected (Fig. 2b, lane 4). Surprisingly, while the 9.2-kbp frag-
ment was still present, the 3.8-kbp fragment was replaced by a
6.1-kbp signal. Therefore, the ninth passage of clone 9 was
propagated for five additional passages, without tetracycline to
cure the free plasmid, and then plated on tetracycline agar
medium to select recombinants. The resulting subclones dis-
played two types of hybridization profiles, one type (GII3-9a5)
with the expected EcoRI fragments of 9.2 and 3.8 kbp (Fig. 2c,
lane 2) and the other (GII3-9a2) with two fragments of 9.2 and
6.1 kbp (Fig. 2c, lane 1).

Immunodetection of the spiralin-GFP fusion protein in mu-
tant GII3-9a5. To determine whether the spiralin-GFP fusion
protein was expressed in the S. citri transformants, proteins
were separated by polyacrylamide gel electrophoresis and
probed with antibodies directed against GFP or spiralin (Fig.
3). As shown by the immunoblots, GII3-9a5 did produce the
fusion protein, which reacted with both anti-GFP and antispi-
ralin antibodies (Fig. 3, lanes 3). Interestingly, GFP epitopes
were also detected by direct immunoblotting of GII3-9a5 col-
onies and by immunofluorescence (data not shown), indicating
that the fusion protein and, in particular, GFP epitopes were
exposed at the spiroplasma cell surface. However, because of a
Gly3Cys mutation at position 33 of the GFP sequence, no
spontaneous fluorescence of spiroplasma cells was observed.
As expected, the 50-kDa fusion protein was also detected with
the antispiralin monoclonal antibody (Fig. 3b, lane 3). How-
ever, most of the translation products were detected as de-
graded or nonterminated polypeptides, which did not react

FIG. 1. Partial restriction maps of plasmids pC2 and pCL15 and schematic representation of pCL15 integration by recombination at the spiralin
gene. O, S. citri oriC; p, spiralin gene promoter; spi, spiralin gene; � spi, 5�-truncated spiralin gene; gfp, GFP gene; tetM, tetM gene of Tn916; B,
BamHI; E, EcoRI; H, HindIII, P, PstI; V, EcoRV. Arrowheads indicate direction of transcription.
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with the anti-GFP antibodies (Fig. 3, lanes 3). GII3-9a5 pro-
duced no wild-type spiralin (Fig. 3b, lane 3). Unexpectedly,
proteins from GII3-9a2 did not react with anti-GFP and anti-
spiralin antibodies, indicating that neither the fusion protein
nor the wild-type spiralin was produced (Fig. 3, lanes 2).

Spiralin gene region of mutant GII3-9a2. To understand
why GII3-9a2 did not produce spiralin, the spiralin gene region
was characterized by Southern blot hybridizations with spira-
lin-, tetM-, and oriC-specific probes; PCR with various combi-
nations of primers; and sequencing of PCR fragments. As
shown in Fig. 2c, mutant 9a2 contained two EcoRI fragments
of 9.2 and 6.1 kbp hybridizing with the spiralin probe. Inter-
estingly, these two fragments were also found to hybridize with
the tetM probe (Fig. 4b, lane 2), whereas a single copy of the
tetM gene was present in GII3-9a5 (Fig. 4b, lane 3). Similar
results were obtained when DNAs were digested with PstI (Fig.
4b, lanes 4 and 5). The whole set of results (those in Fig. 4a and
b and others not shown) led us to establish the map presented
in Fig. 4c. Because such a rearrangement was unexpected, this
map was further confirmed by PCR with primer pairs SB2-
SR16, SR24-U, R-SR23, and SR12-SR16 and by sequencing
the R-SR23 and SR24-U amplification products. Figure 5
shows that the 9.2-kbp EcoRI fragment of GII3-9a2 is identical

to that of GII3-9a5 (see also Fig. 2c). In contrast, the 6.1-kbp
EcoRI fragment does not carry the spiralin-GFP gene fusion
but instead carries a fragment containing the tetM gene, the
oriC, and the truncated copy of the spiralin gene fused to GFP,
identical to that of plasmid pCL15. As indicated by this map,
the occurrence in GII3-9a2 of two truncated copies (lacking
the 5� end sequences) of the spiralin gene clearly explains why
this mutant did not produce spiralin.

Helicity, motility, and growth of mutants GII3-9a2 and
GII3-9a5. The isolation and growth of GII3-9a2 and GII3-9a5
in SP4 medium proved that spiralin was not essential for the
spiroplasma to grow in vitro. In addition, dark-field microscopy
observation of spiroplasma cultures revealed that cells of GII3-
9a2 and GII3-9a5 still displayed helical morphology and mo-
tility characteristic of the wild-type strain GII-3. Mutant GII3-
9a5, however, showed a higher proportion of elongated cells
than GII-3. As indicated by the growth curve presented in Fig.
6, the spiralinless mutant GII3-9a2 grew in vitro at approxi-
mately the same rate as the wild-type strain GII-3, at least
during the first 48 h. Within 72 h, the spiroplasma titer reached
109 CFU/ml, a titer that was not significantly different from
that of GII-3 (1.7 � 109 CFU/ml). In agar medium, the fact
that GII3-9a2 formed fuzzy colonies similar to those of the

FIG. 2. Southern blot hybridization between EcoRI-restricted DNA extracted from pCL15 transformants and the spiralin probe. (a) Lane 1,
purified pCL15; lanes 2 to 6, DNAs from five individual clones extracted at the fifth passage. (b) Lane 1, purified pCL15; lane 2 DNA extracted
from untransformed cells; lanes 3 and 4, DNAs extracted from clone 9 after 9 and 14 passages, respectively. (c) DNAs extracted from two individual
subclones isolated from the ninth passage of clone 9. Lane 1, subclone 9a2; lane 2, subclone 9a5. Sizes are indicated in kilobase pairs.

FIG. 3. Western immunoblotting of total proteins from S. citri GII-3, GII3-9a2, and GII3-9a5. Proteins were probed with anti-GFP (a) or
antispiralin (b) antibodies. The arrows indicate positions of spiralin and spiralin-GFP fusion protein.
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wild-type strain strongly suggested that motility was not af-
fected. In contrast, GII3-9a5 grew at a lower rate and formed
smaller colonies (data not shown). In vitro propagation of
GII3-9a5 proved this mutant to be unstable, leading to sub-
clones which did not produce the spiralin-GFP fusion protein.

Transmission and pathogenicity of mutants GII3-9a2 and
GII3-9a5. To determine whether the absence of spiralin had an
effect on the transmissibility and/or pathogenicity of S. citri,
experimental transmission assays were carried out. Spiroplas-
mas were transmitted to periwinkle plants through injection to
the leafhopper vector C. haematoceps as described in Materials
and Methods. After the 2-week transmission period, the in-
sects were removed and symptom production was monitored
for at least 12 weeks. In the experiments of Table 2, we com-
pared four spiroplasma strains, including the two spiralin mu-
tants, GII3-9a2 and GII3-9a5, as well as two control strains, the
wild-type strain GII-3 and strain GII3-11c1, in which the
pCL15 plasmid had integrated at the oriC rather than at the
spiralin gene (data not shown). Strain GII3-11c1, like S. citri
GII-3, did produce spiralin. In the case of the control strains
(both GII-3 and GII3-11c1), each plant developed severe
symptoms within 2 weeks after transmission, showing that the
presence of pCL15 sequences in the GII3-11c1 chromosome
did not affect its transmission and pathogenicity. In contrast, in
the case of the spiralin mutants, only one or two plants out of
five showed symptoms, while the others did not. In addition,
symptoms were produced with a delay of 2 to 7 weeks com-

pared to those induced in the plants infected by the control
strains. As shown in Table 2, two independent experiments
yielded similar results. These data suggested that in the case of
the spiralin mutants, very few spiroplasma cells were intro-
duced into the plants by the leafhoppers. Therefore, depending
on whether the number of spiroplasmas injected into the plants
was above or below the threshold required to induce infection,
plants developed or did not develop symptoms. Accordingly,
spiroplasmas could be cultured only from symptomatic plants
and not from plants without symptoms. In these experiments,
the low transmission efficiencies of the mutants could not be
explained by the inability of the mutants to multiply in the
insects. As indicated in Table 2, the spiroplasma titer of the
spiralin mutant GII3-9a2 (2.8 � 106 CFU/insect), was not
significantly different from those determined for the control
strains (1 � 106 and 1.9 � 106 for GII-3 and 7.5 � 105 and 1.2
� 106 for GII3-11c1). In addition, these titers were signifi-
cantly higher than the minimum value (104 to 105 CFU/insect)
required for efficient transmission under our experimental con-
ditions (18). Interestingly, despite the delay of symptom ap-
pearance, the plants infected by the spiralin mutants developed
severe symptoms (leaf yellowing and deformation, stunting)
that were undistinguishable from those produced by the wild-
type strain. In addition, the spiroplasma titers in symptomatic
plants (ranging from 1.2 � 106 to 1.4 � 107 CFU/g of midribs)
were not significantly different from those of the control strains
(ranging from 4.5 � 106 to 1.2 � 107 CFU/g of midribs).

FIG. 4. (a and b) Southern blot hybridization between restricted DNA extracted from S. citri GII-3, GII3-9a2, or GII3-9a5 and the spiralin (a)
or tetM (b) probe. (a) Purified pCL15 (lanes 1 and 4) and genomic DNAs from GII-3 (lanes 2 and 5) and GII3-9a2 (lanes 3 and 6) were restricted
by HindIII plus PstI (lanes 1 to 3) or EcoRV plus PstI (lanes 4 to 6). (b) Purified pCL15 (lanes 1 and 6) and genomic DNAs from GII3-9a2 (lanes
2 and 4), and GII3-9a5 (lanes 3 and 5) were restricted by EcoRI (lanes 1 to 3) or PstI (lanes 4 to 6). Sizes are indicated in kilobase pairs. (c) Partial
restriction map and gene organization of the spiralin gene region of GII3-9a2. The map is not to scale. Thick arrows indicate positions of primers.
For abbreviations, see the legend to Fig. 1.
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However, because of the delay of infection, stunting of GII3-
9a2-infected plants was less pronounced than that observed for
the control strains (Fig. 7). To further confirm that symptom
expression was due to the multiplication of the spiralin mutant,
spiroplasmas were isolated from symptomatic plants and char-
acterized by Southern blot hybridization. In the case of GII3-
9a2, the hybridization profiles were identical to those of the
spiralin mutant injected into the insects, indicating that no
contaminants and no revertants were present in these plants

(data not shown). In addition, the absence of spiralin in the
spiroplasmas isolated from GII3-9a2-infected plants was con-
firmed by Western and colony immunoblotting. In the case of
GII3-9a5, the detection of additional hybridizing fragments
indicated the presence in the plant of a mixed population,
which probably occurred because of the GII3-9a5 instability.
These variants were also shown not to possess spiralin.

To further study the ability of the spiralin mutants to be
transmitted by the insect vector, infected leafhoppers were
subjected to tests involving transmission through a Parafilm
membrane. Leafhoppers were infected through injection of S.
citri GII-3 and spiralin mutants GII3-9a2 and GII3-9a5. After
2 weeks on healthy periwinkles to allow spiroplasma multipli-
cation, the insects were transferred to small cages and fed
through a Parafilm membrane on spiroplasma-free culture me-
dium for 24 h. At the end of the transmission period, the
number of spiroplasmas cells injected by the insects into the
medium was determined as CFU by plating on SP4 agar me-
dium. The results of two independent experiments are pre-
sented in Table 3. In the case of S. citri GII-3, all cages yielded
positive cultures, whereas only 3 out of 10 (experiment 1) and
1 out of 4 (experiment 2) were positive for GII3-9a2. In the
case of the spiralin mutant, the average number of CFU trans-
mitted per insect was roughly 100 times less than that of S. citri
GII-3 (0.2 versus 22 in experiment 1 and 0.1 versus 19 in
experiment 2). These results clearly indicated that despite mul-
tiplication to a high titer in the insect, the spiralinless mutant
GII3-9a2 was poorly transmitted compared to the wild-type

FIG. 5. Partial restriction maps and gene organization of the spiralin gene regions of S. citri GII-3, GII3-9a5, and GII3-9a2 and schematic
representation of double-crossover recombination between pCL15 and the chromosome of GII3-9a5. The maps are not to scale. Thick arrows
indicate the positions of primers. For abbreviations, see the legend to Fig. 1.

FIG. 6. Multiplication of S. citri GII-3 and GII3-9a2 in SP4 me-
dium.
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strain. For mutant GII3-9a5 the results are more difficult to
analyze, as this mutant proved to be unstable, leading to a mixed
population of cells harboring different genotypes (see above).

DISCUSSION

In this study, two S. citri mutants were generated by disrupt-
ing the spiralin gene through homologous recombination, and

characterized. Mutant GII3-9a5 was obtained through a single-
crossover recombination between a spiralin-GFP translational
fusion carried by the targeting plasmid pCL15 and the spiralin
gene present in the chromosome. Even though most of the
translation products were detected as truncated or nontermi-
nated polypeptides, this mutant produced detectable amounts
of the full-length spiralin-GFP fusion protein. Interestingly
enough, the detection of GFP epitopes by direct immunoblot-
ting of colonies and immunofluorescence of intact spiroplasma
cells labeled with anti-GFP antibodies strongly suggested that
the fusion protein, like the wild-type spiralin, was exposed at
the cell surface, probably anchored in the membrane by the
N-acylated cysteine of the spiralin moiety. Thus, this work
illustrates the feasibility of expressing foreign epitopes at the
cell surface of a mollicute through fusion with the major sur-
face lipoprotein.

Mutant GII3-9a2, which has no spiralin, was obtained for-
tuitously during isolation of GII3-9a5. Comparison of the spi-
ralin gene regions of these mutants led to the conclusion that
GII3-9a2 probably arose from GII3-9a5 through a double-
crossover recombination between free pCL15 and pCL15 se-
quences carried by the GII3-9a5 chromosome. The occurrence
of such a recombination event implies that free plasmid is
present in cells having plasmid sequences integrated into their
chromosomes. In previous studies, we have shown that S. citri
oriC plasmids with minimal oriC sequences exert less incom-
patibility than those with large oriC fragments and are there-
fore maintained as free plasmids for many generations. Con-
sequently, copies of free plasmid are still detected after the
plasmid has integrated into the host chromosome (27; S. Duret
and J. Renaudin, unpublished data). In agreement with these
observations, the presence of free pCL15 was indeed detected
in cells of clone 9 at the ninth passage (Fig. 2b, lane 3), from
which mutants GII3-9a2 and GII3-9a5 were derived. Never-
theless, because the frequency of recombination in S. citri is
very low (15, 32), the selection of a double-crossover recom-
bination event can be explained only if it confers a strong
selective advantage to the resulting mutant. In this particular
case, the selective advantage of GII3-9a2 over GII3-9a5 might

FIG. 7. Symptoms induced in periwinkle plants infected by S. citri
GII-3, GII3-9a2, and GII3-11c1. Plants were photographed 7 weeks
after transmission.

TABLE 2. Experimental transmission of S. citri GII-3, GII3-9a2,
GII3-9a5, and GII3-11cl to periwinkle (C. roseus) through injection

to the leafhopper vector C. haematoceps

Expt Inoculant Plant Living
insectsa

CFU/
insectb Symptomsc CFU/g of

midribsd

1 SP4 medium P1 5 �
P2 4 � NDe

P3 8 � ND

GII3 (wild type) P1 6 1 � 106 � 5.7 � 106

P2 4 � ND
P3 2 � ND

GII3-9a2 (�spi) P1 10 2.8 � 106 � (2) 1.2 � 106

P2 12 �
P3 1 �
P4 9 �
P5 7 � (4) 2.3 � 106

GII3-9a5 (spi-gfp) P1 9 4.9 � 105 � (7) 7.3 � 105f

P2 10 �
P3 4 �
P4 7 �
P5 12 �

GII3-11c1 (ori) P1 5 7.5 � 105 � 4.5 � 106

P2 7 � 5.3 � 106

P3 10 � ND
P4 11 � ND
P5 2 � ND

2 SP4 medium P1 8 �
P2 1 ND
P3 5 ND

GII3 (wild type) P1 7 1.9 � 106 � 1.2 � 107

P2 7 �
P3 6 �

GII3-9a2 (�spi) P1 7 2.9 � 106 �
P2 4 �
P3 11 � (3) 1.4 � 107

P4 5 �
P5 9 �

GII3-11c1 (ori) P1 6 1.2 � 106 � 1 � 107

P2 9 � ND
P3 9 � 9.5 � 106

P4 9 � ND
P5 9 � 8.5 � 106

a Number of living insects at the end of the 2-week transmission period. All
plants were initially subjected to infection by 12 injected insects.

b Average of four independent determinations, each from a group of five
insects taken at the end of the transmission period.

c Numbers in parentheses indicate the delay (in weeks) in symptom appear-
ance compared to that for the control strain GII-3.

d Spiroplasma titers were determined at 6 (experiment 1) or 7 (experiment 2)
weeks posttransmission.

e ND, not done.
f In this plant, spiroplasma titers were 2.2 � 102 and 7.3 � 105 CFU/g of

midribs at 8 and 16 weeks posttransmission, respectively.
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be the loss of GFP, the expression of which seems to be toxic
for the spiroplasma. Mutant GII3-9a5, producing the spiralin-
GFP fusion protein, displayed elongated cells and formed
smaller colonies in agar plates, suggesting altered cell division.
In addition, this mutant proved to be unstable during propa-
gation, leading to subclones, none of which expressed the GFP
epitopes. Also in agreement with a possible toxicity of GFP,
several attempts to express GFP in S. citri were unsuccessful
because of GFP gene deletions (S. Duret and J. Renaudin,
unpublished results).

Spiralin is the most abundant membrane protein of S. citri.
However, the isolation of an S. citri mutant that does not
possess spiralin proved that this surface lipoprotein is not es-
sential for cell survival. Because the whole polypeptide is ex-
posed at the cell surface (10), it is thought that spiralin is more
likely involved in the interactions of the spiroplasma with its
environment than in structural features (such as morphology)
of the spiroplasma cell. Indeed, studying GII3-9a2 showed that
the lack of spiralin had no significant effect on the growth,
motility, or helical morphology of S. citri. Furthermore, the
appearance of severe symptoms in GII3-9a2-infected periwin-
kles indicated that spiralin is not essential for pathogenicity. In
previous studies, the reversion of S. citri mutants (obtained
through either transposition or targeted gene disruption) to
the wild-type phenotype has made pathogenicity tests more
difficult to analyze (20, 22). Interestingly, the fact that GII3-9a2
lacked sequences of the 5� end of the spiralin gene precluded
the possible occurrence of recombination events leading to a
wild-type phenotype. Accordingly, no spiralin-producing rever-
tants were detected in GII3-9a2-infected plants.

In nature, S. citri is transmitted in a propagative manner by
the phloem-feeding leafhoppers C. haematoceps and C. tenellus
(21, 30). For transmission to occur, the ingested spiroplasmas
must infect gut epithelial cells, where they multiply before
crossing into the hemocoel. Spiroplasmas continue to multiply
in the hemolymph and then invade other organs, including the
salivary glands, from which they are injected into the phloem
via salivary secretions during insect feeding (16, 30). There-
fore, the ability of S. citri to be transmitted relies on its ability
to multiply in the insect tissues and to cross physical barriers
such as the intestinal epithelium and the salivary gland mem-
branes. Experimental transmission of GII3-9a2 to periwinkle
through injection to the leafhopper vector showed that, despite
its ability to multiply to a high titer in the insect, the spiralinless
mutant was poorly transmitted. As further documented by
insect feeding through Parafilm membranes, transmission of

the spiralinless mutant was 100 times less efficient than that of
the wild-type strain GII-3. Due to the small number of spiro-
plasmas introduced into the plants by the leafhoppers, symp-
toms were delayed for several weeks compared to infection
with S. citri GII-3 or GII3-11c1, and some plants even failed to
develop symptoms. As expected, no spiroplasma could be cul-
tured from these asymptomatic plants. These results are rem-
iniscent of previous observations showing that the progressive
loss of transmissibility, due to extensive passaging in vitro, was
associated with a significant reduction of the spiralin content
(S. Beistero and J. Renaudin, unpublished results). These data
suggest that the absence of spiralin dramatically reduces the
ability of the spiroplasma to invade the salivary glands or its
ability to survive in the insect saliva. However, the molecular
mechanisms by which spiralin is involved are unknown.

In pathogenic mycoplasmas, adhesion to host cell mem-
branes is the first step in the initiation of infection and is
mediated by surface proteins called adhesins (26, 36). Trans-
mission of S. citri by its leafhopper vector also involves adher-
ence and invasion of insect host cells (30). Based on virology
studies on transmission of luteovirus by aphids (24, 29), it was
hypothesized that leafhopper transmission is mediated by rec-
ognition of specific spiroplasma membrane proteins, which
leads to a process of receptor-mediated endocytosis (16). Re-
cently, an adhesion-related protein (SARP1) has been charac-
terized (3, 52). However, the involvement of SARP1 in trans-
mission of S. citri by its insect vector has not been documented.
In this respect, spiralin, which is the most abundant surface
protein, might function as a ligand to interact with insect pro-
tein receptors, allowing the spiroplasma to cross cellular bar-
riers. Therefore, it would be of interest to determine whether
spiralin specifically interacts with proteins from the leafhopper
vector C. haematoceps. Alternatively, spiralin might have a
protecting role. Recently, a model in which spiralin could form
a protein “carpet” covering most if not all lipids of the spiro-
plasma outer membrane bilayer was proposed (12). Such a
protection of the spiroplasma membrane by spiralin might be
crucial for spiroplasma survival in the insect tissues. If so, the
spiralinless mutant should be more sensitive to degrading en-
zymes than the wild-type strain. These two hypotheses are
currently being investigated. However, the finding that the
spiralinless mutant GII3-9a2 displayed residual transmissibility
suggests that spiroplasmal components other than spiralin are
also involved in transmission of S. citri by its leafhopper vector.
Indeed, very recent studies in our laboratory (A. Boutareaud,
J. L. Danet, M. Garnier, and C. Saillard, submitted for publi-

TABLE 3. Transmission of S. citri GII-3, GII3-9a2, and GII3-9a5 through Parafilm membranes

Expt Strain Spiroplasma titer in insects
(CFU/insect)

No. of caged
insects

No. of cages with
positive culture/total

Spiroplasmas inoculated
into medium

CFU CFU/insecta

1 GII-3 1.6 � 106 40 8/8 891 22
GII3-9a2 1.1 � 106 50 3/10 11 0.2
GII3-9a5 1.5 � 106 50 3/10 19 0.4

2 GII-3 9 � 105 19 4/4 358 19
GII3-9a2 1.9 � 106 20 1/4 2 0.1

a Ratio of total number of CFU to total number of insects fed in the cages.
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cation) suggest that a lipoprotein similar to solute binding
proteins of ABC transporters might also be involved.
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matériel végétal et d’insectes provenant de pays circum méditerranéens et du
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