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ABSTRACT 

Bressan, A., Sémétey, O., Arneodo, J., Lherminier, J., and Boudon-
Padieu, E. 2009. Vector transmission of a plant-pathogenic bacterium in 
the Arsenophonus clade sharing ecological traits with facultative insect 
endosymbionts. Phytopathology 99:1289-1296. 

The planthopper Pentastiridius leporinus (Hemiptera: Cixiidae) is the 
major vector of a nonculturable plant-pathogenic γ-3 proteobacterium 
associated with a disease of sugar beet called syndrome “basses 
richesses” (SBR). The bacterium, here called SBR bacterium, belongs to 
the Arsenophonous clade, which includes mostly insect-associated 
facultative symbionts. Assays using field-collected planthopper nymphs 
and adults were carried out to investigate the interaction of SBR 
bacterium with the insect vector and its transmission to sugar beet. Field-
collected planthoppers showed a percentage of infection that averaged 
from 57% for early instar nymphs to near 100% for late instar nymphs 
and emerging adults. SBR bacterium was persistently transmitted by 

emerging adults. Root-feeding nymphs were able to inoculate SBR 
bacterium to sugar beet. The bacterium was transmitted vertically from 
infected parental females to their respective offspring with an average 
frequency of 30%. Real-time polymerase chain reaction assays on 
dissected planthopper internal organs revealed a high concentration of the 
bacterium within male and female reproductive organs and within female 
salivary glands. SBR-like bacteria were observed through transmission 
electron microscopy in the cytoplasm of different insect organs including 
ovaries, salivary glands, and guts with no evidence for cytological 
disorders. SBR bacterium seems to share common ecological traits of 
insect-transmitted plant pathogens and facultative insect endosymbionts 
suggesting it may have evolved primarily as an insect-associated 
bacterium. 

Additional keywords: “Candidatus Phlomobacter fragariae”, Cixius 
wagneri, phloem-limited bacteria. 

 
The syndrome “basses richesses” (SBR) is an emerging disease 

of sugar beet (Beta vulgaris L.) in eastern France associated 
primarily with a phloem-restricted bacterium, here called SBR 
bacterium. The bacterium infects systemically roots and foliages 
(12–14) and reduces the content of sugar in affected roots. Early 
symptoms of SBR are yellowing and incurvation of old leaves and 
new growth of central leaves which appear chlorotic, lanceolated, 
and asymmetrical. Roots have normal size but they contain brown 
vascular bundles and their sugar content suddenly decreases in the 
beginning of September (12–14). 

Phylogenetic studies based on sequences obtained from the 16S 
rRNA and spoT-spoU-recG genes have demonstrated that SBR 
bacterium is a member of the γ-3 proteobacteria and shares high 
sequence homology with bacteria in the Arsenophonus clade 
(29,33). The latter clade includes mostly insect-associated bac-
teria infecting, among others, hemipterans such as whiteflies 
(6,37), psyllids (19), planthoppers (29), as well as dipterans (8) 
and hymenopteran wasps (16). Arsenophonus bacteria are re-
ported to colonize insect host-haemocoel (8,16,17,19). 

SBR bacterium is closely related but distinct from the phloem-
restricted plant pathogen, “Candidatus Phlomobacter fragariae” 
(29), which is the main causal agent of marginal chlorosis disease 
of strawberry (11,39). In France, diseases caused by these two 
pathogens have different geographical distributions: SBR disease 
occurs in eastern France while marginal chlorosis disease of 
strawberry occurs in western France (9,32). In addition, “Ca. 
Phlomobacter fragariae” has been detected in strawberry in Japan 
(34), and SBR bacterium has been detected in sugar beets in 
Hungary (O. Sémétey, unpublished data) and strawberry affected 
by marginal chlorosis-like symptoms in Italy (36). 

In eastern France, SBR bacterium is spread to sugar beets by a 
planthopper vector, Pentastiridius leporinus (Hemiptera: Cixiidae) 
(12,13,30,31,33). “Ca. Phlomobacter fragariae” is spread to plants 
by means of another cixiid planthopper, Cixius wagneri (China) 
(9). Furthermore, we have shown that planthoppers from a popu-
lation of C. wagneri captured from sugar beet fields in eastern 
France were infected by and transmitted SBR bacterium to sugar 
beet seedlings (5). 

No information is available on how these plant-pathogenic γ-3 
proteobacteria are transmitted by and interact with their cixiid 
planthoppers. As mentioned above, a phylogenetic study has 
shown that these bacteria are closely related to secondary (also 
called facultative) symbionts of insects (33). In general, secon-
dary symbionts colonize insect host haemocoel, where they in-
vade various cells and tissues. They are maternally transmitted to 
the progeny through egg-infection although they maintain the 
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potential of being transferred horizontally within and between 
species (26,28,37). Facultative symbionts, including Arseno-
phonous bacteria, influence insect fitness in different ways. Some 
behave as mutualists as they benefit their insect hosts (19) and 
others are parasitic, such as those that manipulate host repro-
duction (16). 

In Europe, planthoppers in the family Cixiidae are reported as 
vectors of stolbur phytoplasmas (38), a group of cell wall-less, 
phloem-restricted parasites of plants affiliated to the class Molli-
cutes (10). Phytoplasmas are transmitted by phloem-sucking 
insect vectors in a propagative fashion (20), which implies a latent 
period between acquisition and inoculation phases and the reten-
tion of the infectivity. In general, insects acquire phytoplasmas by 
feeding on phloem tissue of infected plants. It has been shown for 
a few leafhopper vectors, that after ingestion, phytoplasmas move 
into epithelial cells of the midgut and after intracellular multipli-
cation, they enter the haemocoel through the gut epithelium base-
ment membrane (22). Once in the hemolymph, phytoplasma cells 
may infect a variety of insect internal organs, including Mal-
pighian tubules and fat bodies. However, successful transmission 
is achieved when phytoplasma cells reach and multiply within the 
salivary glands and get discharged with the saliva during insect 
feeding (22,23). In some cases, phytoplasmas have been shown to 
be transmitted maternally from infected females to their progenies 
(18,35). 

P. leporinus has also been shown to transmit stolbur phyto-
plasma to sugar beet in eastern France (14). However, field sur-
veys have demonstrated that the phytoplasma has a marginal role 
in the etiology of SBR disease compared with SBR bacterium 
(32). Additionally, in previous studies, populations of P. leporinus 
were only marginally infected by the phytoplasma (5,12,31). 

In France, the planthopper produces a single generation per 
year and spends most of its life cycle as underground nymphs 
feeding on host plant roots (3,4,12,30). Insects occur in sugar beet 
fields and on a cereal crop rotated thereafter, which in most cases 
is wheat (Triticum sp.) (3,4). While adults colonize, breed, and lay 
eggs on sugar beets, subterranean nymphs spend the first phase of 
their development feeding on sugar beet roots, and after comple-
tion of the winter diapauses, they develop feeding on winter 
wheat sown after sugar beet harvest. Thus, adults emerge from 
wheat fields from the middle of June through the end of July and 
migrate to colonize neighboring and newly sown sugar beets 
where they settle to feed and reproduce (3,4). Adult planthoppers 
are suspected to be infective (e.g., able to inoculate the bacterium) 
soon after emergence and maintain their potential to inoculate 
SBR bacterium by feeding on sugar beet foliage for their entire 
life span (30). Since eggs hatch soon after being laid, emerging 
nymphs can feed on SBR-infected sugar beet roots throughout the 
summer time until crop harvest and would have the potential of 
spreading the bacterium from plants infected by the parental 
generation and thus contributing to the spreading of the disease 
while the adult flight is over. 

We have carried out a series of experiments attempting to ex-
amine the relationship between SBR bacterium and P. leporinus. 
Because of the difficulty of rearing P. leporinus in controlled 
conditions, we used field insects collected either as adults or as 
young nymphs during the sugar beet growing period or as late 
instar nymphs from wheat roots on the same plots in the follow-
ing spring. To ensure planthoppers were infected by SBR bac-
terium, sampling was conducted in an area with a high pressure of 
SBR disease (31,32). In addition, we used previously developed 
diagnostic polymerase chain reaction (PCR) procedures to detect 
SBR bacterium in individual insects (31) and inoculated plants 
(32). We attempted to analyze the evolution of the frequency of 
SBR bacterium infection during the life cycle of the planthopper; 
the possible transmission of SBR bacterium by nymphs; the reten-
tion of infectivity by emerging adults; and the vertical trans-
mission of the pathogen to the insect progeny. Furthermore, using 

a quantitative PCR assay, we analyzed the distribution of the 
bacterium in internal insect organs and attempted to obtain ultra-
structural evidence of bacterial colonization through transmission 
electron microscopy (TEM) observations. 

MATERIALS AND METHODS 

Insect sampling. Nymphs and adults of P. leporinus were 
collected in 2005 and 2006 from three fields cultivated to sugar 
beet and rotated with wheat. Selected fields were located near 
Chissey village (47°01′ North, 5°42′ East) in the Jura Department 
(Franche-Comté Region, France). The area experienced high 
pressures of the SBR disease in the previous years (32). In 
accordance with the life cycle of the planthopper (3,4,12,30), 
subterranean nymphs were collected within the sugar beet 
plantings as early instars (second-to-third) in September before 
sugar beet harvesting. For sampling, randomly selected soil 
removals containing plant roots were dug out with a spade, put in 
a basket, and disaggregated by hand; identified nymphs were 
collected from soil, confined into tube vials, and transported to a 
greenhouse facility for biological assays. Post-diapausing fourth-
to-fifth instar nymphs were similarly collected in June of the 
following season from the soil of wheat crops that followed the 
sugar beet plantings. Adults that emerged from the wheat fields 
were sampled with a D-Vac aspirator (Ventura, CA) before migra-
tion to newly sown sugar beet fields. Planthoppers retained in 
vacuum meshes were segregated from other insect species, put 
onto caged sugar beet seedlings, and transported to a green- 
house facility for biological assays. To analyze the possible 
vertical transmission of SBR bacterium to the progeny, females 
supposed to be gravid were collected as previously described on 
the second half of July after migration to newly planted sugar beet 
fields. 

Detection of SBR pathogens in insects and plants. Proce-
dures for DNA purification and diagnostic PCR assays for detec-
tion of stolbur phytoplasma and of SBR bacterium in insects and 
test plants were as previously described (5,31,32). For detection 
of stolbur phytoplasma in planthoppers, amplification was per-
formed with a direct PCR procedure using primers Stol11f3/ 
Stol11r2 (5). For specific detection of SBR bacterium in insects, 
we used Alb1/Oliv1 primer pair designed to amplify the internal 
transcribed spacer region between the 16S and 23S rRNA genes 
of the bacterium. PCR products show a typical fingerprint (31). 
PCR conditions were as previously described (31). For the 
detection of stolbur phytoplasma in sugar beet seedlings we used 
a nested PCR with Stol11f2/Stol11r1 as the first pair of primers, 
then Stol11f3/Stol11r2 as the second pair of primers. PCR con-
ditions were as previously described (5). For specific detection of 
SBR bacterium in sugar beet seedlings we used primers pairs 
Fra5/rp1 following similar PCR conditions described earlier (32). 
Positive and negative controls were included for all amplification 
runs and were as previously described (5). 

Transmission assays. Sugar beet test plants were potted 50- to 
80-day-old seedlings (cv. Brigita) maintained in an insect-proof 
greenhouse. Transmission assays were performed in a greenhouse 
with natural light and temperature (26 ± 5°C). Sugar beet 
seedlings were caged with mesh-ventilated PVC cylinders during 
inoculation tests with planthoppers (either nymphs or adults). 
Inoculation access periods (IAPs) varied according to the experi-
ments conducted and are reported hereafter. From each caged 
plant, planthoppers were removed at the end of the given IAP and 
stored at –20°C. Exposed plants were sprayed and drained with 
Imidacloprid (Admire, Bayer CropScience) and transferred to an 
insect-proof glasshouse for 3 to 4 months for symptom develop-
ment. Each assay included sugar beet seedlings not exposed to 
insects as negative controls. Plants were periodically observed for 
SBR symptoms, which have been described elsewhere (13,32). 
All sugar beet seedlings and planthoppers used for transmission 
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assays were tested individually for the presence of stolbur 
phytoplasma and SBR bacterium. 

Transmission by nymphs. To analyze whether nymphs trans-
mitted SBR bacterium, 5 to 10 field-collected second-to-third instar 
nymphs were confined on the soil of caged potted sugar beet seed-
lings and allowed to feed on plant roots for an IAP of 30 days. 

Retention of infectivity. To assess the persistence of SBR bac-
terium transmission by infected specimens, batches of two (2) 
emerging adults, males or females collected at the beginning of 
the flight activity from wheat fields were confined to sugar beet 
seedlings. At the end of an IAP of 3 days, living insects were 
transferred to new healthy seedlings whereas dead insects were 
removed from the cages and stored at –20°C. Planthoppers were 
serially transferred every 3 days until all insects died. 

Vertical transmission. Supposedly gravid females collected in 
sugar beet fields were singly confined to caged potted healthy 
sugar beet seedlings. Soil in the pot was covered with a 10-mm-
thick sponge pad under which females could creep to lay eggs in 
dark spots. Cages were inspected daily for eggs laid on underside 
of sponge pad interfacing with the soil. Eggs generally appeared 
in groups of 20 to 35 kept together by waxy filaments. To ensure 
that hatching nymphs (F1) would not feed on sugar beets where 
the parental female had fed, all eggs from each nest were 
periodically collected from soil and moved to mesh-ventilated 
PVC-cylinders maintained in a dark chamber (23 ± 1°C, light  
16 h, dark 8 h). After oviposition, parental females were stored at 
–20°C within 1.5-ml tubes while hatching nymphs (F1) were 
supplied twice a week with pieces of healthy sugar beet taproot 
produced from healthy potted seedlings. For transmission assays, 
cohorts of surviving offspring at the stage of emerging adults 
issued from individual parental females were transferred sepa-
rately from the rearing boxes to caged healthy sugar beet seed-
lings for an IAP of 20 to 25 days. At the end of the inoculation 
period, insects were collected from caged plants and frozen at  
–20°C within 1.5-ml tubes. 

Infection of field-collected planthoppers with SBR bac-
terium and stolbur phytoplasma. Field-collected planthoppers 
issued from three developmental categories (pre-diapausing 
second-to-third instar nymphs, post-diapausing fourth-to-fifth 
instar nymphs, and emerging adults) were tested individually for 
the presence of stolbur phytoplasma and SBR bacterium. Plant-
hoppers collected from the three sampled fields were considered 
as independent replications and one-way analysis of variance 
(ANOVA) followed by a Tukey test for pairwise multiple com-
parisons was adopted to compare the mean proportion of plant-
hoppers infected by SBR bacterium across the three develop-
mental insect categories. Mean proportions of SBR bacterium 
vertically transmitted to the insect progeny were also included for 
statistical comparison. ANOVA was performed by SigmaStat 
version 3.5 (Systat Software, Inc.) after proportions were 
transformed as arcsine. 

Distribution and abundance of SBR bacterium within P. 
leporinus internal organs. To analyze the distribution and rela-
tive abundance of SBR bacterium within planthopper bodies, 
sugar beet field-collected males and females were confined singly 
to healthy sugar beet seedlings for an IAP of 7 days. Insects were 
then stored individually in separate tubes at –80°C. Planthoppers 
successful in transmitting the SBR bacterium were dissected in a 
drop of Ringer solution (pH 7.2, Merck, Darmstadt, Germany) 
under a stereomicroscope by using thin forceps and pins. The 
midgut, entire Malpighian tubules, bacteriomes, and reproductive 
organs were dissected from abdomens. To isolate planthopper 
salivary glands, the head plus prothorax were pulled out from the 
meso and methathorax and then salivary glands were separated 
from the head of each insect. Dissected organs were individually 
rinsed in phosphate-buffered saline (PBS) and the DNA was 
extracted with a DNeasy Blood and Tissue Kit (Qiagen GmbH, 
Germany) following a protocol supplied by the manufacturer. For 

quantitative PCR, we used a relative quantification with SYBR 
green I. SBR bacterium were quantified based on the accumu-
lation of spoT PCR product relative to the planthopper 18S rRNA 
PCR product. Specific primers were manually designed based on 
the nucleotide sequence of the spoT gene of SBR bacterium, 
whose sequence was provided by X. Foissac (29; INRA Bor-
deaux, France). Forward and reverse primers were Spotf_SBR: 5′-
CCTATTAGAACTTCACAAGTGCAGG-3′ and Spotr_SBR:  
5′-AGGCAATTCGATAATTCTACCTTCG-3′, respectively. We 
selected the 18S rRNA gene from P. leporinus as reference gene 
that was obtained from sequencing the entire gene using primers 
and PCR procedures as described by Cryan (7). Primers, designed 
on the basis of obtained sequences, were 18Sf_Penta: 5′-TTC-
GTATTGCGACGTTAGAGGTG-3′ and 18Sr_Penta: 5′-GTATC-
TGATCGCCTTCGAACCTC-3′, respectively. Primers specificity 
was first tested in conventional PCR assays using DNA samples 
extracted from insects and sugar beets that had been previously 
tested for the presence of SBR bacterium by earlier described 
diagnostic PCR procedures (5,31,32). PCR conditions were the 
same for both assays and included a predenaturation step at 94°C 
for 3 min, followed by 35 cycles at 94°C for 30 s, 60°C for 30 s, 
and 72°C for 30 s. The final extension step was at 72°C for 5 min. 
Obtained amplicons were sequenced to confirm they originated 
from the SBR bacterium spoT gene and from P. leporinus 18S 
rRNA. Sequencing was performed by MWG GmbH (Ebersberg, 
Germany). Specificity was also tested with the melting curve 
obtained in real-time PCR assay. 

Real-time PCR assays were conducted in an IQ Bio-Rad 
thermocycler. Reactions were carried out in a final volume of  
20 µl using qPCR MasterMix plus for SYBR green I (Eurogentec, 
Seraing, Belgium), primers were used at a final concentration of 
0.25 µM. Seventy-five nanograms of DNA template was added to 
each reaction tube. Standard curves for target and reference genes 
were generated for each amplification run by using serially 
diluted DNA templates. Samples were run in duplicate. PCR 
cycling conditions were 50°C for 2 min, 95°C for 10 min, 40 
cycles of 95°C for 20 s, 60°C for 1 min followed by melting curve 
analysis from 60 to 95°C. Crossing threshold values were 
calculated using Bio-Rad iCycler software. Relative SBR bac-
terium concentration was expressed as the ratio between target 
(spoT) and reference genes (18S rRNA) in each sample (dissected 
organ). Differences in the concentration among internal organs 
analyzed (midgut, Malpighian tubules, bacteriomes, salivary 
glands, and reproductive organs) were evaluated with the Kruskal-
Wallis test. Pairwise comparisons of homologous male and 
female organs were tested for differences in the bacterial concen-
tration adopting a Mann-Whitney U test. 

For TEM analysis, ovaries, guts, and salivary glands from four 
field-collected females were dissected under a stereomicroscope 
in a drop of PBS, transferred to a fixative solution containing 
glutaraldehyde 3%-formaldehyde 2% in phosphate buffer, and 
processed as previously described (1). The remaining parts of 
each insect body that was not processed for TEM and included 
the head capsule, thorax with appendages, and remaining part of 
the abdomen were combined and processed for detection of SBR 
bacterium with PCR assay. Procedures for DNA isolation and 
PCR detection were as previously described (31). 

RESULTS 

Detection of SBR pathogens in insects and plants. We were 
unable to detect through specific PCR assays stolbur phytoplasma 
in any of the 357 planthoppers collected from the fields and tested 
individually, or from any sugar beet seedlings used for trans-
mission assays. However, as specified hereafter, the same DNA 
templates isolated from planthoppers or sugar beet seedlings often 
reacted positively when tested through diagnostic PCR assays for 
SBR bacterium. 
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Transmission assays. Transmission by nymphs. Transmission 
results of SBR bacterium by field-collected nymphs are reported 
in Table 1. One sugar beet seedling exposed to five nymphs and 
two seedlings exposed to 10 nymphs each, expressed foliar and 
tap root SBR symptoms. Detection of SBR bacterium was 
confirmed by PCR in the three latter plants and in one sugar beet 
seedling fed-inoculated with five nymphs that did not show SBR 
symptoms. No symptoms or detection of SBR bacterium were 
obtained from four non-insect-exposed sugar beets used as 
control. In PCR assays, 14 out of 22 nymphs (64%) collected 
from sugar beet seedlings at the end of the IAP tested positive for 
SBR bacterium (agarose gels not shown). 

Retention of infectivity. Figure 1 reports results on the retention 
of infectivity of SBR bacterium by field-collected females and 
males that were serially transferred (every three days) to healthy 
sugar beet seedlings. Males displayed shorter longevity than 
females and were less efficient in transmitting SBR bacterium to 
test plants (7/29) than did females (33/51). These proportions 
were statistically different when using a Chi-square test (χ2 = 

12.17; df = 1, P < 0.001). However, similar infection rates for 
SBR bacterium were obtained when analyzing individual males 
and females by diagnostic PCR assays. In fact, all 16 males and 
14 females analyzed in PCR assays were positive for SBR bac-
terium. Some individual females (e.g., number 3, 4, 5, and 7; Fig. 
1) were able to transmit SBR bacterium persistently and retained 
the inoculation ability for most of their life span, which in a few 
cases lasted for over 30 days. SBR bacterium were detected by 
diagnostic PCR assays on leaf tissues collected from seedlings 
showing SBR symptoms, whereas the bacterium were not de-
tected by PCR assays on those seedlings that did not express SBR 
symptoms and from eight nonexposed sugar beet seedlings used 
as a negative control. 

Vertical transmission. Results of vertical transmission assays 
are shown in Table 2. Despite a high death rate of nymphs main-
tained in captivity, adults were obtained from F1 progenies in 
sufficient number to conduct transmission assays. SBR bacterium 
was detected in PCR assays in seven of eight parental females 
(Table 2). Five individuals from F1 generation issued from the 
noninfected female tested negative. The sugar beet on which these 
individuals had fed did not develop symptoms and tested negative 
by diagnostic PCR assays for SBR bacterium. Conversely, SBR 
bacterium was detected in all F1 progenies of infected females. 
Proportion of infected offspring varied from cohort to cohort and 
ranged from 7 to 50% with an average of 30% (Table 2). SBR 
symptoms appeared in plants inoculated with F1 progenies. SBR 
bacterium was also detected by diagnostic PCR assays in those 
plants expressing SBR symptoms (Table 2) showing that verti-
cally acquired bacteria were transmissible and pathogenic to 
plants. No symptoms of SBR were obtained from four non-
exposed sugar beet seedlings, and these tested negative in PCR 
assays. 

Infection of field-collected planthoppers with SBR 
bacterium. Out of the 357 field-collected planthoppers tested 
with PCR, 270 planthoppers (75.6%) reacted positive for SBR 
bacterium. Figure 2 reports the mean proportion of infected plant-
hoppers for the developmental categories considered: second-to-
third instar nymphs, fourth-to-fifth instar nymphs, and emerging 
adults. Additionally, Figure 2 reports the mean proportion of 
planthoppers that vertically acquired SBR bacterium from in-
fected parental females (above results). According to the results of 
vertical transmission, an average of 30% offspring acquired SBR 
bacterium from infected parental females. Field-collected nymphs 
had much higher percentage of infection than those expected by 
vertical transmission and averaged from 57% for early instar 
nymphs collected in the autumn to near 100% for old post-dia-
pausing nymphs collected the following spring. Emerged adults 
had a similar percentage of infection as that obtained for late 
instar nymphs (Fig. 2). Means were significantly different when 
compared with ANOVA (F = 33.8; df = 3, 12, P < 0.001). Except 
for old instar nymphs versus emerging adults, and for vertical 

Fig. 1. Transmission of the syndrome “basses richesses” bacterium to sugar
beet seedlings by groups of two males or females of field-collected Penta-
stiridius leporinus planthoppers serially transferred every 3 days to new
healthy seedlings. Each box represents an inoculated seedling with the actual
number of planthoppers that fed on it. Gray is for seedlings that expressed
symptoms of syndrome “basses richesses”, white is for seedlings that escaped
to bacterial infection. Polymerase chain reaction assays confirmed the pres-
ence or absence of syndrome “basses richesses” bacterium in inoculated plants
showing symptoms. 

TABLE 2. Vertical transmission of syndrome “basses richesses” (SBR) bac-
terium by Pentastiridius leporinus 

 PCR detection of SBR 
bacterium on planthoppers 

Test plants inoculated  
by F1 generation 

Parental 
female 

Parental 
femalea 

F1 generation 
positive/tested (%) 

PCR 
detectiona 

SBR 
symptomsb 

1 + 2/7 (28) + + 
2 + 3/13 (23) + + 
3 + 3/8 (37) + + 
4 + 2/4 (50) + + 
5 – 0/5 (0) – – 
6 + 2/30 (7) – – 
7 + 4/12 (33) + + 
8 + 4/10 (40) + + 

a +/–, positive/negative for polymerase chain reaction (PCR) detection. 
b +/–, presence/absence of symptoms. 

TABLE 1. Transmission of syndrome “basses richesses” (SBR) bacterium by 
field-collected second-to-third instar nymphs of Pentastiridius leporinus 

 
Seedling 

No. of nymphs 
per seedling 

PCR detection of 
SBR bacteriuma 

SBR symptoms 
on test plantb 

1 5 + – 
2 5 – – 
3 5 + + 
4 10 – – 
5 10 + + 
6 10 + + 

a +/–, positive/negative for polymerase chain reaction (PCR) detection. 
b +/–, presence/absence of symptoms. 
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transmission versus second-to-third instar nymphs which did not 
differ statistically in average (P > 0.05), all other multiple pair-
wise comparisons differed statistically (P < 0.05) with a Tukey 
test. 

Distribution and abundance of SBR bacterium within P. 
leporinus internal organs. Preliminary tests conducted with 
conventional PCR assays using DNA isolated from SBR-infected 
or healthy planthoppers and sugar beets showed that primers pairs 
Spotf_SBR-Spotr_SBR and 18Sf_Penta-18Sr_Penta designed for 
quantitative PCR were specific for the bacterium and for the 
planthopper, respectively. Sequencing of the obtained amplicons 
produced sequence readings with 100% identity for SBR bac-
terium spoT gene and P. leporinus 18S rRNA. Specificity was 
also confirmed by melting curves analysis obtained at the end of 
the real-time PCR assays. We quantified the titer of SBR bac-
terium within organs dissected from a total of six females and 
seven males that were able to inoculate SBR bacterium to sugar 
beet seedlings. Results are shown in Figure 3. The higher con-
centration of the bacterium occurred within male and female 
reproductive organs and within female salivary glands. Significant 
differences were observed when the Kruskal-Wallis test was 
applied (H = 36.5; df = 4, P < 0.001). Reproductive organs were 
the most significantly infected when compared with bacteriomes 
and to Malpighian tubules (P < 0.05); however, as probably 
caused by the reduced number of assayed specimens (replica-
tions), no significant differences were obtained when reproductive 
organs were compared with salivary glands or guts (P > 0.05). No 
significant difference in the concentration of SBR bacterium was 
obtained by comparing homologous organs from males and fe-
males (P > 0.05; Mann-Whitney test), except for salivary glands 
that were significantly more infected in females than in males  
(P = 0.008; Mann-Whitney test). 

Portions of four female bodies processed for TEM observations 
resulted positive for SBR bacterium in PCR assay (agarose gel 
not shown). TEM observations revealed the presence of cyto-
plasmic rod-shaped bacteria, approximately 0.3 µm in diameter 
and at least 2 to 2.5 µm in length, in the different organs from all 
females analyzed. Bacteria were similar in morphology to those 
previously described in phloem tissues of SBR-infected sugar 
beets (13), and to those described for the genus Arsenophonous 
(8,17). They were localized in the salivary gland acini (Fig. 4A) 
as well as in the lumen and in epithelial cells of the digestive tube 
(Fig. 4B). The highest density was observed in the ovarian folli-
cular epithelium and germarium of each analyzed female (Fig. 

4C). No cytological disorders of host tissues colonized by the 
bacteria were noticed. 

DISCUSSION 

Our results showed that SBR bacterium has a complex inter-
action with its insect vector P. leporinus. Confirming previous 
findings (5,31,32), we showed that the majority of adults col-
lected in fields from SBR-affected areas were infected by the 
bacterium. However, early and pre-diapausing instar nymphs 
collected in the autumn had lower frequencies of infection (57%) 
compared with that of post-diapausing nymphs or migrant adults 
at spring time for which bacterial infection reached near 100%. 
We have shown that SBR bacterium can be vertically transmitted 
to the progeny of infected females, with an average of 30% of 
offspring carrying SBR bacterium. Thus, vertical transmission 
rates obtained in our experiments cannot explain the high propor-
tion of infected planthoppers found in sugar beet fields (5,31,32). 
Our data suggest that most of planthoppers acquire SBR bac-
terium by feeding as nymphs from roots of infected plants (14). 
Differences between the rate of infection in pre- and post-dia-
pausing nymphs suggest that acquisition by feeding is gradual 
over the season and may also occur late in autumn when SBR 
bacterium reaches high titers within plants. It is unclear whether 
post-diapausing nymphs can also acquire the pathogen by feeding 
on sugar beet tap root debris that in some cases remain over a 
long period in soils and can be found in the following growing 
season among wheat roots. 

Emerging adults, active in spreading the disease to new sugar 
beet plantings (3,30), retain the potential of transmitting the 
pathogen for most of their life span. Females were more efficient 
in transmitting the bacterium than males that showed a discon-
tinuous transmission pattern. This may be caused by the low titer 
of SBR bacterium within male salivary glands as detected in real-
time PCR or by a different feeding behavior of males compared to 
females. However, to date there is no information published on 
the feeding behavior of P. leporinus or of other cixiid plant-
hoppers. We have also shown that naturally infected subter-
raneous nymphs, including those that acquired SBR bacterium 
vertically from infected parental females, have the potential to 
inoculate the pathogen to sugar beet plants. In some unreported 
cases, field-collected adults experienced a high and sudden 
mortality when transferred within the potted sugar beet seedlings 
under the established greenhouse condition. In others, the possi-
bility to collect planthopper nymphs in sufficient number was 
limited by their subterraneous habits. These factors have limited 

Fig. 2. Mean proportion with respective standard deviation of syndrome 
“basses richesses” bacterium detected by polymerase chain reaction in 
individual Pentastiridius leporinus collected at various moments in the season
as second-to-third instar nymphs (53 tested), fourth-to-fifth instar nymphs (72
tested), or emerging adults (148 tested) from three fields rotated with sugar
beet and wheat crops. Mean proportion of vertical transmission was obtained
from experiment summarized in Table 2. 

Fig. 3. Mean concentration with respective standard deviation of syndrome
“basses richesses” bacterium within Pentastiridius leporinus male and female 
organs. Concentration is reported as ratio between accumulation of spoT and 
18S rRNA polymerase chain reaction products targeting syndrome “basses 
richesses” bacterium and Pentastiridius leporinus DNAs, respectively. 
Statistic analyses are reported in the text. 
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our possibility to establish experiments with larger sample sizes 
or conduct more replications when testing for the persistence of 
transmission and the inoculativity of SBR bacterium by nymphs. 
Thus, a more accurate understanding on the transmission of SBR 
bacterium will benefit from further assays conducted under dif-
ferent environmental conditions. 

According to results obtained through real-time PCR and TEM 
observations, SBR bacterium invades the insect haemocoel of 
both males and females where it colonizes in several internal 
organs. The higher bacterial titers were detected within female 
salivary glands and male and female reproductive organs. The 
latter finding can explain that SBR bacterium is vertically trans-
mitted to descendants of infected planthopper females. However, 

thus far we do not have explanation why vertical transmission is 
incomplete. 

In other studies, we have undertaken extensive observations on 
the microbial community living within P. leporinus haemocoel 
(1,2). Based upon a library of eubacterial 16S rRNA gene se-
quences obtained from DNA isolated from P. leporinus, we 
identified three bacteria other than SBR bacterium, i.e., a Wol-
bachia bacterium and two primary endosymbionts (2). TEM 
observations revealed that a bacterium with morphological fea-
tures of the order Rickettsiales, which was suspected to be 
Wolbachia, resided within insect cell nucleus (1). In addition, 
both primary endosymbionts had highly derived morphology and 
were confined within specialized organs (2) resembling the 
bacteriomes described by Moran and Telang (24). In the present 
study, SBR bacterium was recognized in TEM of insect organs on 
the basis of the bacterial morphology first described within the 
phloem of SBR-infected sugar beets (13), and to those described 
within the clade Arsenophonus (8,17). Thus, SBR-like bacteria 
could be distinguished from the other three symbiotic bacteria 
based upon their differential morphology and distribution. 
Interestingly, no cytological abnormalities were noticed in insect 
tissues infected by SBR-like bacteria. 

Both techniques adopted in this research to localize and 
quantify SBR bacterium have some possible downsides. For in-
stance, salivary glands and reproductive organs are made up of 
larger cells compared to other insect organs and this may have 
yield to a lower amount of 18S rRNA product in real-time PCR 
overestimating bacteria from those organs. The identification of 
SBR bacterium by TEM was solely based upon cell morphology 
which does not provide warranties about the real identity of the 
bacterium, whose morphology is similar to other γ-3 proteobac-
teria. To data, no antibodies are available for SBR bacterium and 
this limit the possible application of any immunolabeling assays. 
Thus we are exploring the possibility to further investigate the 
relationship between SBR bacterium and its insect vector by 
using fluorescence in situ hybridization (FISH) assays adopting 
probes to hybridize specifically with 16S rRNA sequence of the 
bacterium. Hopefully this technique will permit us to analyze the 
possible presence of SBR bacterium with planthoppers, including 
the foreguts, which are reported in literature as a major retention 
site for insect-transmitted xylem-limited bacteria and viruses. 

Because SBR bacterium was consistently detected in nymphs 
and adults of P. leporinus over its whole life span, in comparison 
with the short cycle of sugar beet crop, the bacterium seems to 
spend most of its life cycle in association with the insect rather 
than within the plant. In fact, sugar beet is cultivated on a spring-
autumn basis, sowed by March and harvested in October. A likely 
scenario based on outcomes from our experiments and previous 
reports (3,13,14,32) assumes that planthoppers inoculate plants 
from the end of June through July, after migration to sugar beet 
crops. SBR bacterium can be acquired by nymphs hatched from 
eggs laid close to sugar beet roots, either through vertical mater-
nal transmission or during feeding on tap roots of plants infected 
by the parental generation. Thus, SBR bacterium would reside 
roughly for 3 to 4 months (July to October) within sugar beets 
and almost for the whole year including the winter season, within 
planthoppers. Because of vertical transmission, SBR bacterium 
would have the potential to survive multiple years without being 
transmitted to plants. This is important when emergence of a new 
disease focus is considered, since no other cultivated or wild plant 
could be found infected with SBR bacterium in the areas con-
cerned by SBR disease (12,31). 

SBR bacterium shows common ecological traits with both 
arthropod-specialized secondary symbionts (26; e.g., near fixation 
in insect host populations, vertical transmission, distribution 
within insect reproductive organs, absence of apparent cytological 
damage to colonized insect host cells) and plant-pathogenic 
phloem-restricted bacteria obligatorily transmitted by insect vec-

 

Fig. 4. Transmission electron micrographs of ultrathin sections of Penta-
stiridius leporinus internal organs infected by syndrome “basses richesses”-
like bacteria (arrows). A, Salivary gland cell. B, Midgut. N, nucleus; Cy,
cytoplasm; Mv, microvilli (in longitudinal and transversal section). Note a 
syndrome “basses richesses”-like bacterium in the lumen (arrowhead). C,
Ovarian follicular epithelium cell. 
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tors (20,21). Hence, our data suggest that P. leporinus is the pri-
mary host for SBR bacterium. In accordance to this hypothesis, 
SBR bacterium is phylogenetically placed within the Arseno-
phonus clade, which contains mostly bacteria described as secon-
dary symbionts of insects (6,8,19,37). 

It is clear from earlier reports that SBR bacterium is pathogenic 
to plants (5,13,32). However, it has not been investigated how the 
bacterium might affect the fitness of its insect host. Arsenophonus 
bacteria can cause a range of phenotypic effects spanning from 
manipulation of insect host reproduction to mutualism (26). For 
instance, Arsenophonus nasoniae induces male killing in the wasp 
Nasonia vitripennis, a parasitoid of several fly species (16); how-
ever, SBR bacterium does not seem to cause sex-ratio distortion 
as P. leporinus populations have a balanced sex ratio (12,30). Other 
studies have suggested that Arsenophonus caused adaptation of 
whiteflies to specific host plants (6) or displayed a potential protec-
tive role to parasitoid attack of an invasive psyllid in California (19). 

It should be examined if SBR bacterium confers a selective 
advantage to infected planthoppers. Although in certain cases, 
planthoppers from the genus Pentastiridius have been found to 
colonize disturbed and ruderal habitats (27), it is still unclear how 
P. leporinus successfully colonized sugar beet and wheat fields 
only in eastern France where it can establish very large popu-
lations (3,5,12,30). The success of the planthopper is probably 
associated with the ability to survive the crop rotation, and in 
particular the change of host plant. In fact, if a species can not 
overwinter in the same field after harvesting, it will rapidly come 
to near extinction in agricultural systems. Thus, it is possible that 
SBR bacterium provides infected planthoppers with a selective 
advantage to colonize and live between sugar beet and wheat 
crops. Such an advantage would account for the high infection 
rate with the bacterium of P. leporinus populations living in the 
cropping system. 

Similar to Arsenophonus bacteria that are secondary symbionts 
of insects, and to phloem-restricted prokaryotes transmitted 
obligatorily by insect vectors (20), SBR bacterium also has the 
potential of being transmitted and hosted by species of insects 
other than P. leporinus. In fact, in a previous study (5) we have 
obtained evidence of SBR bacterium transmission by specimens 
of another planthopper cixiid, C. wagneri that were collected 
from heavily SBR-affected sugar beet fields. We suggested that C. 
wagneri planthoppers were able to acquire SBR bacterium by 
feeding from SBR-infected plants (5). Nevertheless, in another 
previous survey we failed to detect SBR bacterium within 24 
other hemipterous insects collected from a SBR-affected sugar 
beet area (31), which may suggest that the bacterium is specific to 
cixiid planthoppers. 

This is the first study that focuses on the relationship between a 
plant pathogenic bacterium in the Arsenophonus clade and its 
insect vector. Although several aspects have been investigated, 
outcomes from our research bring up new questions that need to 
be addressed in order to understand factors that drive the 
emergence and epidemiology of plant diseases associated with 
such prokaryotes. Among the many questions, we think it is 
important to understand how SBR bacterium might affect the 
insect host fitness, how root feeding specialization might favor the 
acquisition of phloem-restricted pathogens, what mechanisms 
regulate vertical transmission, and whether SBR bacterium could 
be sexually transmissible, since literature has reported sexual 
transmission of both secondary bacteria of aphids (25) and a plant 
virus in whiteflies (15). 
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