Special Report

Effect of Benzothiadiazole on Transmission of X-Disease Phytoplasma by the Vector
Colladonus montanus to Arabidopsis thaliana, a New Experimental Host Plant

Alberto Bressan, Department of Environmental Science, Policy and Management, University of California, Berke-
ley 94720-3114, and Universita di Padova, Dipartimento di Agronomia Ambientale e Produzioni Vegetali, Viale
dell’Universita 16, 35020 Legnaro, Italy; and Alexander H. Purcell, Department of Environmental Science, Policy

and Management, University of California, Berkeley

ABSTRACT

Bressan, A., and Purcell, A. H. 2005. Effect of benzothiadiazole on transmission of X-disease
phytoplasma by the vector Colladonus montanus to Arabidopsis thaliana, a new experimental
host plant. Plant Dis. 89:1121-1124.

Colladonus montanus (Van Duzee), a leathopper vector of X-disease phytoplasma (Xp), effi-
ciently transmitted the pathogen to Arabidopsis thaliana Columbia wild type. During transmis-
sion trials, the phytoplasma was inoculated into 22-, 34-, and 40-day-old plants. Phytoplasma
infections were confirmed by polymerase chain reaction (PCR) using primers specific for Xp.
Symptoms in Xp-positive A. thaliana were overall stunting and reduced or no fruit (silques). All
symptom-free plants were PCR negative. Leathopper nymphs free of Xp that fed on diseased A.
thaliana acquired and transmitted Xp to celery plants, a diagnostic host, causing typical X-
disease symptoms. Foliar spray applications of the plant resistance elicitor benzothiadiazole
(BTH) to A. thaliana 1 week before phytoplasma inoculation significantly reduced phytoplasma
infection, ranging from an infection rate of 73.7% for untreated plants to 50 and 35% for plants
treated with 1.2 and 4.8 mM BTH, respectively. Vector leathoppers survival was significantly
reduced on BTH-treated A. thaliana compared with leathoppers on nontreated plants, suggesting

that systemic acquired resistance in this plant may have some detrimental effect on the leathop-

per C. montanus.
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Phytoplasmas are cell-wall-less mem-
bers of the bacterial class Mollicutes that
are obligate parasites of plants and insect
vectors. Phytoplasmas cause hundreds of
plant diseases, several of which have
worldwide agricultural significance (17).
The plant host range of some phytoplasma
strains may be very wide. This is the case
for X-disease phytoplasma (Xp). Although
X-disease is an economic disease of stone
fruit trees such as cherry and peach
(10,18), the pathogen infects a wide range
of herbaceous plants (3,6,12,14) in both
eastern and western North America.

Using the polyphagous leathopper
(Hemiptera: Cicadellidae) vector Colla-
donus montanus (Van Duzee) (20), Frazier
and Jensen (6) and Jensen (12) experimen-
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tally transmitted the western strain of X-
disease causal agent (then incorrectly as-
sumed to be a virus) from infected celery
to 12 different plant species. Chiykowski
and Sinha (3) reported 17 host species of
an eastern strain of X-disease vectored by
Paraphlepsius irroratus (Say). We have
recorded disease symptoms from numer-
ous other plant species inoculated with
infectious leathopper vectors (A. H. Pur-
cell, unpublished).

The small and fast-growing crucifer
Arabidopsis thaliana has become widely
used in plant genetic studies, and its ge-
nome has been completely sequenced (2).
Moreover, the small-sized and fast-
maturing A. thaliana has numerous eco-
types that are available for researchers. A.
thaliana may provide a useful tool to in-
crease knowledge of molecular details of
plant—phytoplasma interactions (5). To
date, the beet leafhopper-transmitted vires-
cence (BLTV) phytoplasma (5,8) and Spi-
roplasma citri (4,5) are recognized as mol-
licute pathogens of A. thaliana. Because
phytoplasmas have never been cultured,
molecular genetic methods have become
indispensable tools for studies of phyto-
plasma biology and pathology.

Systemic acquired resistance (SAR) is
an inducible resistance mechanism in
plants that provides resistance against a
broad spectrum of plant pathogens: vi-
ruses, fungi, and bacteria. This mechanism
of resistance is activated in several plant
species by natural attacks of pathogens.
Alternatively, chemicals (elicitors) have
been developed to apply directly to plant
tissues (13,15) to activate SAR. To our
knowledge, no data are available on the
effect of SAR on phytoplasma infections.

This report describes our use of the
leafthopper vector C. montanus and Xp-
infected celery as a source of inoculum for
the leathopper, to test A. thaliana as an ex-
perimental host of Xp. Additionally using
the elicitor benzo-(1,2,3)-thiadiazole-7-
carbothioic acid S-methyl ester (BTH), an
inducer of SAR in A. thaliana (15), we
assessed the effect of SAR in the Xp infec-
tion of A. thaliana inoculated by infective
C. montanus.

MATERIALS AND METHODS
Leafhopper rearing and phytoplasma
transmission. The leathopper vector C.
montanus was reared on healthy celery
plants in a greenhouse insectary. Infectious
insects were produced by confining groups
(approximately 100 to 200) of mid-instar
nymphs on celery with symptoms of X-
disease (strain GVX, originally transmitted
to celery by C. montanus from sweet
cherry, Prunus avium L., near Lodi, CA)
for an acquisition access period of 15 days.
Although we hereafter refer to these as
“infectious” insects, it was likely that not
all insects exposed to Xp-infected plants
acquired Xp or became capable of trans-
mitting it to plants even if internally in-
fected by the phytoplasma. About 35 days
later, we transferred the leathoppers to 45-
to 60-day-old healthy celery seedlings to
maintain phytoplasma on plants and to
provide sources for later vector acquisi-
tion. The median latent period of Xp in C.
montanus is 28 to 35 days, depending on
temperature (7). For the transmission trials
(see below) we used cylindrical cellulose
acetate-butyrate plastic cages (5 cm in
diameter and 10 cm high) ventilated with
Dacron organdie windows to singly con-
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fine insects on test plants for an inocula-
tion access period of 2 days. At the end of
each transmission assay, we removed leaf-
hoppers from each plant and recorded
insect survival.

Plants. Seeds of A. thaliana Columbia
wild-type were sowed singly in sterile
potting compost in 5-cm-wide pots and left
in the dark for 4 days at 4°C. Trays with
pots then were maintained under fluores-
cent lights (8 h of light and 16 h of dark-
ness per day) at a temperature of 25 + 2°C.
For 20 days following inoculation with
infectious leathoppers, we maintained the
plants in a heated greenhouse with natural
light and temperature (26 £+ 5°C) to com-
plete the disease incubation period (time
for symptoms to appear). Seeds of celery
were germinated in a sand-peat soil in
plastic pots, maintained in the greenhouse,
and used when the plants were about 45
days old.

Transmission trials and phytoplasma
symptoms in A. thaliana. To test the
pathogenicity of Xp to A. thaliana, we
confined single infectious C. montanus on
each of 16 A. thaliana seedlings for each
of the three separate treatments, using 22-,
34-, and 40-day-old plants for an inoc-
ulation access period of 2 days. Alterna-
tively, infective leafthoppers from the same
acquisition cohort were confined singly on
16 celery seedlings to compare rates of Xp
transmission between two host plant spe-
cies. C. montanus that had never been
exposed to Xp were maintained on nine A.
thaliana plants for the same inoculation
access period as controls to distinguish
symptoms of leathopper feeding damage
from symptoms caused by phytoplasma
infection. For transmission from sympto-
matic A. thaliana plants to celery seed-
lings, we used six suspected X-disease-

Fig. 1. Arabidopsis thaliana plants affected by
X-disease phytoplasma on each side of the
uninfected plant in center. Note stunting and
lack of silques production in infected plants.
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symptomatic A. thaliana as phytoplasma
sources to feed 60 C. montanus nymphs
for an acquisition access period of 7 days,
followed by weekly transfer to celery.
From this group, we tested 18 leathoppers
singly for 7 days of inoculation access on
celery. Plants with the same treatments
were spatially randomized during trans-
mission and during the incubation period.
After inoculation, every 2 days, plants
were checked carefully for possible symp-
toms associated to phytoplasma infection.
Plants with possible symptoms were com-
pared with plant controls that had been
inoculated with noninfectious C. mon-
tanus. We looked for leaf chlorosis and
root necrosis in celery and leaf discolora-
tion, deformation, stunting of the stems,
and tissue necrosis for A. thaliana.

Effect of BTH on phytoplasma trans-
mission. BTH was supplied by Syngenta
Corporation as 50% active ingredient in a
wettable powder formulation. It was di-
luted with sterile water and applied to
upper leaf surfaces to run-off by using a
spray bottle. Elicitor application was made
7 days before phytoplasma inoculation
using infectious leafthoppers. We used 80
30-day-old A. thaliana seedlings in the
transmission trial in four different treat-
ments: 20 plants each were sprayed with a
solution of 1.2 or 4.8 mM BTH, or with
sterile water. These 60 plants were inocu-
lated with infectious C. montanus; a fourth
treatment of 20 plants was mock inocu-
lated with noninfectious insects. We re-
corded C. montanus survival at the end of
the transmission test. To avoid oviposition,
we used only male leafhoppers to inoculate
A. thaliana. After treatments, plants that
were caged with infectious or noninfec-
tious insects were maintained in a random-
ized spatial design as during the previous
trial. Additionally, when plants were
placed in the long-day greenhouse, their
position was changed periodically to elimi-
nate any gradient in light or temperature
that could affect expression of symptoms.
Inoculated plants were observed carefully
every 2 days for possible phytoplasma
symptoms for 8 weeks. As a reference, we
used phytoplasma symptoms in A. thaliana
that were identified during the former ex-
periment.

Polymerase chain reaction. We peri-
odically assayed celery and A. thaliana for
phytoplasma infection by a polymerase
chain reaction (PCR) procedure (19). Ap-
proximately 0.3 g of leaf main veins was
used for DNA extraction. When A.
thaliana plants were used for DNA extrac-
tion, part of the shoots was sampled in
addition to the leaf veins. We extracted
DNA from each sample according to a
protocol (1) as modified by B. C. Kirk-
patrick (University of California, Davis).

DNA from experimentally infected X-
diseased celery and healthy celery plants
were used as positive and healthy controls,
respectively, in all amplifications. A direct

PCR procedure was used with the primer
pairs fP1 and rWXint (19). For specific
detection of Xp, these primer pairs amplify
a region of approximately 1,600 bp in the
16Sr DNA and the adjacent spacer region
of Xp (19). For PCR, each reaction con-
tained 1x PCR buffer (Perkin-Elmer, Well-
sley, MA), 50 ng of template DNA, 0.5 uM
each primer, 150 uM each dNTP, and 1 U
of AmpliTaq DNA polymerase (Perkin-
Elmer) in a final volume of 30 ul. Amplifi-
cation consisted of 30 cycles of denatura-
tion for 1 min at 94°C and annealing for 1
min at 48°C, followed by final extension
for 2 min at 72°C. PCR products were
separated by electrophoresis in 1% agarose
gel stained with ethidium bromide and
observed under UV illumination.

Statistics. Differences among treat-
ments were tested for significance using 2
with Yates correction for continuity, and
level of significance (P) was fixed at 0.05
using Statistica (ver. 6.1; StatSoft Italy,
Padova, Italy).

RESULTS

Symptoms of Xp in A. thaliana. Be-
ginning 35 to 45 days after vector inocula-
tion during the reproductive phase (in-
duced by long days), numerous A. thaliana
plants had pronounced stunting, shortened
internodes, aborted flowers, and fewer and
smaller silques (Fig. 1) without seeds. The
smallest leaves of the central stems of such
plants became yellow, then necrotic. PCR
assays yielded the expected size amplicon
for Xp in 29 symptomatic plants. No am-
plicons were produced from sampled tis-
sues from four healthy control plants in-
oculated with noninfectious leathoppers.
Infected plants died within 6 to 7 weeks
after inoculation.

Transmission of Xp to and from A.
thaliana. The leathopper C. montanus did
not cause noticeable feeding damage on A.
thaliana plants during the transmission
process. In our preliminary experiments,
leathopper females laid eggs on A. tha-
liana, and nymphs’ feeding caused small
chlorotic spots and slight leaf deformation.
For this reason, we used only adult males
for phytoplasma transmission. C. monta-
nus transmitted Xp to 26 of 48 A. thaliana
and 6 of 16 celery seedlings (Table 1).
Very young plants of A. thaliana were
readily infected with Xp using leathopper
transmission, despite low vector survival
(Table 1). There was no evidence that plant
age or plant species (Arabidopsis sp. ver-
sus celery) affected transmission rate or
vector survival (y% P > 0.05). In the acqui-
sition test from diseased A. thaliana, 4 of
18 leathopper nymphs acquired phyto-
plasma and transmitted the pathogen to
celery, which developed typical X-disease
symptoms.

Effect of BTH on the transmission of
Xp to and leafhopper survival on A.
thaliana. BTH applications apparently
reduced the size and modified the growth



of A. thaliana leaves. A lower fraction of
Xp-inoculated plants treated with both
BTH dosages (1.2 and 4.8 mM) became
infected with Xp compared with untreated
plants: 16 diseased plants of 38 inoculated
BTH-treated plants (42%) versus 14 dis-
eased plants of 19 untreated plants (73.7%)
(% = 3.88, df = 1, P = 0.049; Table 2).
With the concentration of 1.2 mM BTH,
the fraction of inoculated plants that be-
came diseased was slightly less but not
statistically significant compared with
untreated plants (50 and 74%, respec-
tively) (x> = 1.31, df = 1, P = 0.252). The
higher dose of BTH reduced the incidence
of phytoplasma infection to 35% when
compared with unelicited plants with 74%
infection (Xz =441, df =1, P = 0.0357;
Table 2). Symptomatic activated A.
thaliana were PCR positive for Xp; no
amplification was obtained when symp-
tomless A. thaliana were assayed by PCR.

C. montanus free of Xp survived longer
than Xp-infected leafthoppers (Table 2): 16
of 20 (80%) versus 18 of 57 (31.6%) for
all BTH treatments combined (32 = 12.18,
df = 1, P = 0.0005). However, the survival
on untreated Arabidopsis of Xp-free in-
sects was significantly different from Xp-
infected leafthoppers with no exposure to
BTH (3> = 4.0, df = 1, P < 0.04). The
lower percentage of Xp-infected leaf-
hoppers that survived on BTH-treated A.

thaliana (24% of 38 insects) was not sig-
nificantly different from the percentage of
Xp-infected leafthoppers that survived on
untreated plants (47% of 19 insects; 3> =
2.28,df = 1, P = 0.13). A concentration of
1.2 mM BTH had a negligible effect on the
insects’ survival (3> = 0.27, df = 1, P =
0.6028), but the higher dose of BTH
caused greater mortality (y? = 6.72, df = 1,
P =0.0095; Table 2).

DISCUSSION

Our results demonstrated that A.
thaliana is a host of Xp. Distinctive symp-
toms were closely correlated with infection
confirmed by PCR assays and by leathop-
per acquisition of the pathogen from in-
fected A. thaliana. The method we used to
produce diseased plants was as efficient as
for other phytoplasmas using short inocu-
lation periods and few leafhopper vectors
per plant. A limiting problem for the use of
A. thaliana is the lengthy 35- to 45-day
incubation period, relative to the short life
cycle of A. thaliana.

Recently, Lherminier et al. (16) ob-
served morphological and cytological
modifications in the phloem tissues of
phytoplasma-infected tobacco activated
with both cryptogein and oligandrin elic-
itines, which prevent the symptoms of
stolbur phytoplasma infection. P protein
plugs and occlusion of pore sites by cal-

Table 1. Transmission of X-disease phytoplasma by Colladonus montanus leathoppers to Arabidopsis

thaliana or celery seedlings*

Infected plantsY

Leafhopper survival

Plant species, age (days) Ratio Percent Ratio Percent
A. thaliana
22 9/16 56 3/16 19
34 10/16 62.5 7116 44
40 7/16 44 11/16 69
22, 34, 40* 0/9 0 6/9 67
Celery
45 6/16 37.5 9/16 56

* Leafhoppers acquired phytoplasma by feeding on infected celery for 15 days, followed by 20 days on
healthy celery, then were confined singly on test plants. Survival is for the 2-day inoculation period

on test plants.

¥ Symptoms on plants and polymerase chain reaction assays used to confirm phytoplasma infection are

described in the text.

z Controls: 9 A. thaliana were chosen (three plants per age) inoculated with noninfectious C. monta-

nus.

Table 2. Effects of benzothiadiazole (BTH) treatments on leafhopper vector transmission of X-phyto-
plasma to and vector survival on Arabidopsis thaliana¥

Infected plants? Leafhopper survival
BTH (mM) Ratio Percent Ratio Percent
0 14/19 a 74 9/19 a 47
1.2 9/18 ab 50 7/18 a 39
4.8 7/20 b 35 2/20 b 10
Uninoculated 0/20 ¢ 0 16/20 ¢ 80

Y BTH or sterile water was sprayed on 30-day-old A. thaliana leaves 1 week before vector transmis-
sion. Leafhoppers acquired phytoplasma by feeding on infected celery for 15 days, followed by 20
days on healthy celery, then were confined singly on test plants. Survival is for the 2-day inoculation
period on test plants. Fractions in the same column followed by the same letter are not significantly
different (32 comparisons, P < 0.05).

2 Symptoms on plants and polymerase chain reaction assays used to confirm phytoplasma infection are
described in the text.

lose occurred in sieve elements of treated
tobacco plants, and these modifications
might have prevented the movement of
phloem-restricted pathogens (16). The
reduced transmission of Xp in BTH-
treated A. thaliana may have been caused
by plants’ acquired resistance to phyto-
plasma colonization and its movement in
the phloem tissues, but it also is possible
that BTH elicited plant responses that in-
hibited vector feeding and, hence, trans-
mission. The reduced survival of C. mon-
tanus on BTH-treated A. thaliana is
consistent with this second possibility.

In our experiment, at least two factors
might have influenced the mortality of C.
montanus. First, Xp might have induced a
premature mortality in the leathoppers, as
previously reported (11). The survival of
Xp-infected insects was lower than nonin-
fected ones on nonactivated A. thaliana
(although the difference was not signifi-
cant). Secondly, SAR induced in A.
thaliana by BTH applications may have
reduced leathopper survival on the treated
plants, as suggested by the lower survival
rates of Xp-infected insects on 4.8 mM
BTH-activated plants than on nonactivated
plants. Some evidence indicates that SAR
has a slight or negligible effect on phyto-
phagous insects such as some cotton pests
(9), but this does not appear to be the case
for the leathopper C. montanus.

The increasing store of genetic data re-
sulting from the adoption of A. thaliana as
a model system has accelerated our under-
standing of plant development and physio-
logical processes at the molecular level.
The susceptibility of A. thaliana to X-
disease and inducible SAR to Xp in A.
thaliana should facilitate molecular and
genetic investigations of plant reactions
and SAR to phytoplasmas.
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