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ABSTRACT PierceÕs disease (PD) of grapevines is caused by a xylem-limited bacterium Xylella
fastidiosa (Wells, Raju, Hung, Weisburg, Mandelco-Paul, and Brenner) that is transmitted to plants
by xylem sap-feeding insects. The introduction of the sharpshooter leafhopperHomalodisca coagulata
(Say) into California has initiated new PD epidemics in southern California. In laboratory experi-
ments, the major characteristics of H. coagulataÕs transmission of X. fastidiosa to grapevines were the
same as reported for other vectors: short or absent latent period; nymphs transmitted but lost
infectivity after molting and regained infectivity after feeding on infected plants; and infectivity
persisted in adults. Adult H. coagulata acquired and inoculated X. fastidiosa in �1 h of access time on
a plant. Inoculation rates increased with access time, but acquisition efÞciency (20% per individual)
did not increase signiÞcantly beyond 6-h access. Estimated inoculation efÞciency per individual per
daywas 19.6, 17.9, and 10.3% for experimentswhere plant accesswas 1, 2, and 4 d, respectively. Freshly
molted adults and nymphs acquired and transmitted X. fastidiosa more efÞciently than did older,
Þeld-collected insects. H. coagulata transmitted X. fastidiosa to 2-yr-old woody tissues of grapevines
as efÞciently as to green shoots. H. coagulata transmitted X. fastidiosa 3.5 mo after acquisition,
demonstrating persistence of infectivity in adults. About half (14/29) of the H. coagulata from which
we failed to culture X. fastidiosa from homogenized heads (with a detection threshold of 265
CFU/head) transmitted the pathogen to grape, and 17 of 24 from which we cultured X. fastidiosa
transmitted.
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Xylella fastidiosa (Wells, Raju, Hung,Weisburg,Man-
delco-Paul, and Brenner) is a gram-negative, xylem-
limited bacterium that causes disease in many crops,
including PierceÕs disease (PD) of grapevines (Vitis
vinifera L.) (Davis et al. 1978). Xylem sap-feeding
insects such as sharpshooter leafhoppers (Cicadelli-
dae: Cicadellinae) and spittlebugs (Cercopidae)
transmit X. fastidiosa (Houston et al. 1947, Severin
1949, 1950).Thebacterium iswidespread in theAmer-
ican tropics and subtropics and also has been reported
fromTaiwan and southeasternEurope (Purcell 1997).
X. fastidiosa has a very broad host range, colonizing
members of at least 28 plant families (Hill and Purcell
1995b). There is no curative treatment for grapevines
with PD. Current control strategies in coastal Califor-
nia are based on preventing entrance of vectors into
vineyards during the spring by spraying riparian veg-
etationwith insecticides, andmanagementof adjacent
vegetation toeliminatehostsofX. fastidiosaandsharp-
shooters (Goodwin and Purcell 1990, Purcell and Feil
2001).

The introduction of Homalodisca coagulata (Say)
into southern California in early 1989 (Sorensen and

Gill 1996) drastically increased the threat of PD and
related diseases to the stateÕs agriculture (Blua et al.
1999). H. coagulata appears to have been responsible
for spreading oleander leaf scorch (also caused by X.
fastidiosa) in the Los Angeles Basin (Purcell et al.
1999). In southern California, grape growers in Te-
mecula Valley detected PD on a limited number of
grapevines in 1997 for the Þrst time in that region, and
associated it with presence of H. coagulata in neigh-
boring citrus groves (Blua et al. 1999). The incidence
of PD increased exponentially so that within 2 yr all
areas of Temecula Valley were affected (Perring et al.
2001, Purcell and Feil 2001). Because it readily feeds
on almond trees, H. coagulata also threatens to in-
crease the importance of almond leaf scorch disease,
whichalso is causedbyX. fastidiosa(Davis et al. 1980).

Virtually all sharpshooters and spittlebugs are vec-
tors of X. fastidiosa (Purcell 1989). Although many
studies have identiÞed vector species, only a few have
determined transmission characteristics. Detailed
transmission studies with Graphocephala atropunctata
(Say), the principal X. fastidiosa vector in coastal
California vineyards, revealed that X. fastidiosa is
transmitted without any latent period (delay after
acquisition) (Purcell and Finlay 1979) and for an in-1 E-mail: purcell@nature.berkeley.edu.
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deÞnite period of time by adults (Severin 1949), but
molting stopsvector transmissionuntil the insects feed
again on infected plant sources (Purcell and Finlay
1979). The lack of latent period and nymphal loss of
infectivity after molting suggest that X. fastidiosa in-
oculumis limited to the foregutof vectors (Purcell and
Finlay 1979). Transmission efÞciency varies with vec-
tor and host plant species (Severin 1949). X. fastidiosa
populations within grape plants directly inßuenced
vector acquisition efÞciency; higher bacterial densi-
ties in acquisition source plants resulted in higher
transmission efÞciencies, although the underlying
mechanisms of this correlation were not identiÞed
(Hill and Purcell 1997). G. atropunctata and other
sharpshooters for which there is information on trans-
mission are in a different tribe (Cicadellini) than H.
coagulata (Proconiini). The proconiine sharpshooters
are larger than the Cicadellini and may differ in be-
havioral aspects (Young 1968), such as a tendency to
often feed onwoody tissues (Turner and Pollard 1959,
Purcell and Saunders 1999).

In coastal California vineyards, X. fastidiosa infec-
tions that persist beyond the year of inoculation occur
primarily during the spring months. In these areas,
inoculations by vectors in summer establish infections
that seldom survive the winter (Purcell 1981). X. fas-
tidiosa appears only aftermid-June (Smart et al. 1998)
in the new vine growth where the sharpshooters pre-
fer to feed (Hewitt et al. 1949, Purcell 1975) in bac-
terialpopulations thatwouldenablevectoracquisition
(Hill and Purcell 1997). Thus, most vine-to-vine
spread of X. fastidiosa by vectors has been postulated
to occur only in summer, but becauseX. fastidiosa that
infect green tissues of grape during summer survive
the followingwinter sopoorly (Purcell 1981), summer
inoculations are least likely to establish chronic dis-
ease. A plausible explanation for the poor over-win-
tering survival of summer infections is that they occur
near the growing tips of new stems of grapevines,
which are severely pruned during winter dormancy.
This winter pruning should eliminate infections that
have not progressed below the point of pruning by the
end of autumn. A major difference observed for H.
coagulata, but not for sharpshooters in the tribe Ci-
cadellini, is thatH. coagulatawill often feed onmature
woody tissues of grapevine, even feeding on dormant
vinesduringwinter(Purcell andSaunders1999).With
this feedingbehavior,H. coagulatamay inoculatevines
at the bases of canes during summer, avoiding the
possibility that pruning will eliminate summer infec-
tions and thus could increase the likelihood that vine-
to-vine spread of X. fastidiosa (summer spread) will
result in chronic PD. In addition, the feeding of H.
coagulataonvinesduringwintermaycontribute toPD
spread if these inoculations establish chronic infec-
tion. The logistic increase of current PD epidemics
because of H. coagulata, as observed in a preliminary
epidemiological study of PD in Temecula Valley (Per-
ring et al. 2001), suggests that dissemination is poly-
cyclic, havingmore than one cycle of pathogen spread
per year (Van der Plank 1963).

Proconiine sharpshooters in Brazil transmit the cit-
rus disease-causing strain of X. fastidiosa very inefÞ-
ciently when compared with cicadelline vector spe-
cies (Krugner et al. 1998). Turner and Pollard (1959)
found that H. coagulata was a vector of phony peach
disease in the southern United States but that it had
the lowest transmission rates of all the vectors tested.
Purcell and Saunders (1999) found that H. coagulata
transmits X. fastidiosa to grapevines. However their
estimatesof transmissionefÞciencywerebasedon few
individuals, and they did not determine the effects of
molting, nor determine whether H. coagulata could
transmit the bacterium persistently. Our objectives
were to describe and quantify the characteristics of
transmission of X. fastidiosa to grape by H. coagulata,
including its ability to transmit X. fastidiosa to woody
stems of grapevines. These characteristics are funda-
mental for future epidemiological analyses that incor-
porate transmission by H. coagulata.

Materials and Methods

Insects, Plants and Experimental Conditions. The
use of Þeld-collected H. coagulata for some experi-
ments was necessary because of difÞculties in rearing
insects in the laboratory, and maintaining colonies for
more than one generation. We collected H. coagulata
adults fromcitrus groves in southeasternKernCo. and
maintained them in a secure greenhouse insectary at
Berkeley, CA. During our Þrst year of collection, no
PD had been reported from surrounding vineyards
since the1950s, sowereasoned that this regionwas the
best area to collect H. coagulata that were free of X.
fastidiosa. Insects were kept in Plexiglas cages with
nylon screening and containing various combinations
of sweet basil [Ocimum basilicum (L.)], European
grape (V. vinifera L.), California mugwort [Artemisia
douglasiana (Besser)], and okra [Abelmoschus escu-
lentus (L.)]. We changed plants frequently to maxi-
mize succulent plant growth on which these insects
preferred to feed. For nymphal transmission experi-
ments and some experiments to determine the effect
of acquisition access period (AAP) ofX. fastidiosa,we
allowed Þeld collected insects to lay eggs and then
transferred nymphs to separate cages as soon as they
hatched to ensure that they were free of X. fastidiosa,
because no transovarial transmission of the pathogen
occurs (Freitag 1951). This method relied on loss of
nymphal infectivity with molting, which was one of
our objectives to conÞrm for H. coagulata, so we also
exposed the molted insects to ÔpretestÕ grape plants
before using them in tests requiring noninfectious
insects. We used seedlings of susceptible grapevine
varieties ÔCabernet sauvignonÕ and ÔPinot noirÕ for all
experiments. Rooted cuttings of the two varieties also
were occasionally used for assays on persistence of
infectivity in adults. For experiments with woody
plants, we used 2-yr-old, rooted cuttings of ÔCabernet
sauvignonÕ. All experiments had greenhouse negative
controls, grapevines fromthe same lots of testedplants
thatwere not exposed to vectors. None of the controls
was positive for X. fastidiosa. We reared, kept, and
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tested all insects in a greenhouse insectary heated and
ventilated to maintain an average temperature of
25�C � 5�C, but episodically reaching 30Ð37�C.

DetectionofX. fastidiosa.Wetestedgrapevine sam-
ples for the presence of the bacterium by culturing,
following the dilution plating method of Hill and Pur-
cell (1995a). Brießy, leaf petioles were surface steril-
ized, cut in small pieces, ground in 2 ml of phosphate
saline buffer with a tissue homogenizer, and two 20 �l
drops of the suspension were spread on modiÞed per-
iwinkle wilt (PWG) solid medium. We identiÞed X.
fastidiosa based on growth rate and colony character-
istics. Periodic samples of our cultures tested by poly-
merase chain reaction (PCR) (Minsavage et al. 1994)
always proved positive forX. fastidiosa.WequantiÞed
populations of X. fastidiosa from insect heads with the
same culturing protocol, but used 1 ml of buffer for
sample homogenization to increase detection sensi-
tivity. Homogenization was done with a Polytron ho-
mogenizer (Brinkmann Instruments, Inc., Westbury,
NY) with a PT-10 generator probe. We calculated the
number of colony forming units (CFU) per head by
plating two 100-fold dilutions in addition to the orig-
inal homogenate. Our threshold for detecting at least
one CFU in an undiluted 20-�l homogenate of an
insect head in 95% of the cultures was 265 CFU. We
calculated this value with the Poisson distribution of
zero for 5% of the cases, assuming a random distribu-
tion of X. fastidiosa within the homogenized 1ml. The
detection threshold for 90% conÞdence was 115 CFU
per sample. H. coagulata heads were obtained from
individuals tested in experiments to study the effects
of inoculation access period (IAP) and AAP on trans-
mission. Because we found positive cultures from all
test plants with deÞnitive PD symptoms on leaves and
stems (Goodwin and Purcell 1990), a few plants in the
experiment to analyze the effect of molting on trans-
mission were only diagnosed by characteristic PD
symptoms, independently assessed by both authors
and at least one other member of our lab.

TransmissionExperiments.The STL grape strain of
X. fastidiosa (American Type Culture Collection
ATCC 700963) was used for all experiments. To min-
imize source plant variability, we pooled three or four
PD-symptomatic grapevines into a single 45 by 75 by
40-cm (width, height, depth) cage, and randomly col-
lectedH. coagulata after various access times, depend-
ing on the transmission experiment. This limited the
number of insects that could be used per single rep-
etition to �50Ð100 individuals per source plant cage if
various access times were to be evaluated during the
same experimental repetition. Insects had access to
entire plants in the tests, except as noted below. We
used voile (Ôbridal veilÕ) sleeve cages (30 by 10 cm) or
cylindrical cellulose acetate-butyrate plastic cages
ventilated with dacron organdy windows to conÞne
the insects on test plants. We used 4 d as a standard
period to attempt to maximize acquisition and inoc-
ulationefÞcienciesbyH. coagulata inourexperiments;
this periodmaximizedefÞciencywhen transmissionof
X. fastidiosa to grapevines was studied with another
vector, G. atropunctata (Purcell and Finlay 1979).

NymphalTransmissionand theEffect ofMoltingon
Infectivity. To determine the effect of molting on
vector transmission of X. fastidiosa, we allowed last
instar nymphs a 4 d AAP on grapevine with PD. We
transferred the insects individually to healthy seed-
lings for an IAP until adult emergence (1Ð21 d) and
checked individuals daily. After molting, the adults
were transferred to another seedling for an IAP of 7Ð9
d. Because of concerns that X. fastidiosa might mul-
tiply in and be acquired from the plants on which
nymphsmolted,wedid a second experiment, inwhich
we successively transferred individual nymphs of var-
ious instars to healthy seedlings every other day,
checking for exuviae during each transfer to deter-
mine if the nymph had molted. After one or two
transfers (2 or 4 d) after a molt, we transferred the
insects to a PD-symptomatic grapevine to allow an
AAP of 2 d on a source of X. fastidiosa, so that insects
had access to one more test plant (in comparison to
the experiment described above) before anothermolt
occurred. These insects were conÞned in clamshell-
type cages (6-cm-long with an i.d. of 2.5 cm) made of
foam (water pipe insulation) with open ends covered
with a nylon mesh (Hill and Purcell 1995a), on the
petiole of a symptomatic leaf and the adjacent stem.

Effect of Time on Transmission Efficiency. We de-
termined X. fastidiosa acquisition and inoculation ef-
Þciencies by testingH. coagulata adults under variable
AAP and IAP, respectively. A total of seven and four
repetitions through time were required for experi-
ments with variable AAP and IAP, respectively, to
obtain aminimumof 30 (AAP) or 46 (IAP) insects per
access period. We tested approximately the same
number of insects per access period for each repeti-
tion of each experiment. We Þrst conÞned H. coagu-
lata to be used in acquisition efÞciency experiments
for 4 d on healthy pretest grapevines to determine if
any individual were naturally infected before trans-
ferring them to a source plant with PD symptoms. We
did not detect any insects as naturally infectedwithX.
fastidiosa and transmitting to any pretest plant (tested
forX. fastidiosa eight ormoreweeks later). One, 6, 12,
24, 48, and 96 h after the AAP began, we transferred
individual insects to grape for 4 d of IAP (n � 30Ð38
per AAP). We used a similar design to determine the
effect of IAP on transmission, this time varying IAP
and using a constant 4-d AAP. The same H. coagulata
individual inoculated more than one plant. To mini-
mize possible circadian (time of day) effects on trans-
mission, we tried to minimize short and long access
periodsbydifferent insects by transferring insects that
had a 12 h IAP to another healthy grapevine for a
subsequent 96 h; the other insects had 1, 6, 24, and 48 h
as an IAP sequence. We tested a total of 46Ð56 insects
for each period. The one and 12 h IAP started at the
same time (0800 hours), thus the 6 h IAP also ran
during the same time period as the 12 h IAP. We also
began experiments with variable AAP at this time of
day.

Persistence of Infectivity. We used young adults
(�1 wk after emergence) to assess the persistence of
infectivity. Seventeen insects had a 4-d AAP on PD-
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symptomatic grape, and then were transferred indi-
vidually to healthy grape seedlings for a 4-d IAP to
check for infectivity. They were then transferred to
mugwort for 2wk.Mugwort is a nonsystemic, low titer
host of X. fastidiosa that should not support vector
acquisition of the bacterium for at least 2 wk (Hill and
Purcell 1995b). They were subsequently transferred
again to two successive test plants for 4-d IAP each.
After these transfers, we kept the insects on healthy
mugwort for 2wk and then transferred them to grape-
vines for 2-d IAP, to avoid reacquisition ofX. fastidiosa
from the plant on which the IAP was occurring. This
sequence was repeated for 7 mo to observe vector
transmission and survival over time, as long as a few
insects remained alive.

2-yr Old Wood Inoculation. We tested the trans-
mission of X. fastidiosa to woody tissues of grapevines
by H. coagulata by caging groups of four insects either
on 2-yr-old woody stems with mature bark or new
green shoots of ÔCabernet sauvignonÕ cuttings (40 and
44 groups, respectively). These groups had a 4-d AAP
on a PD source plant and a 4-d IAP on a healthy
cutting. For each repetition through time of the ex-
periment, we divided the cohort, so that approxi-
mately the same number of groups inoculating wood
also inoculated shoots.

Data Analysis. Mean IAP of insects that did or did
not transmit X. fastidiosa were compared with Stu-
dentÕs t-test (MS Excel 2002). The linear regressions

between transmission as the dependent variable and
plant access period as the independent variable were
calculatedwithMSExcel 2002; transmissionefÞciency
percentageswere transformed intoprobits to linearize
the relationship between access time (logarithmic
scale) and transmission rates. Transmission frequen-
cies to shoots compared with woody tissue and de-
terminationof theeffectofmoltingon infectivitywere
compared by calculating Chi-squared using the Yates
correction for continuity (Agresti andFinlay 1997), as
was the relationship between transmission and detec-
tion of X. fastidiosa in insect heads.

Results

NymphalTransmissionand theEffect ofMoltingon
Infectivity. Nymphal transmission rates and loss of
infectivity were determined in two experiments. In
the Þrst one, in which IAP was governed by the days
to adult emergence (1Ð21 d), the Þfth instars that
transmittedX. fastidiosahadamean IAPof 11.2�1.2d
(mean � SE, range of 1Ð18 d, n � 18). This was not
different (StudentÕs t-test � 0.356; df � 23; P � 0.362)
from the IAP for those that did not transmit (12.1 �
2.8 d, range of 1Ð21 d, n � 7). After adult emergence,
each of the insects was transferred for 7Ð9 d to a fresh
test plant, ofwhich threebecame infected.The insects
that transmitted aftermoltinghad IAPsbeforemolting
of 4, 9, and 14 d.

Fig. 1. Transmission of X. fastidiosa to grape by H. coagulata nymphs sequentially transferred from healthy grapevines
every other day, with occasional 2 d acquisition access period on plants with PierceÕs disease. Each row represents a different
insect; each block represents 2 d of plant access. White blocks, no transmission; black blocks, successful transmission; PD,
acquisition access period on source plant; Molt, molting that occurred on the previous plant (block); Molt?, probable molt
but no exuvia observed.
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Because we obtained transmission after molting
with insects having variable and often lengthy IAPs, in
a second experiment we limited nymphs to only 2 d of
IAP (Fig. 1). Only one H. coagulata out of 19 nymphs
tested did not transmit X. fastidiosa to a test plant at
any time during the experiment. After having AAP on
source plants, insects fed on 179 seedlings (before
molting or after having another AAP after a molt), of
which 102 plants became infected (not eliminating
plants for insects that never transmitted). Nineteen
plants were fed on by infective insects (assumed in-
fective by transmitting to at least one plant after AAP)
after a molt was determined. None of these plants
became infectedwithX. fastidiosa, demonstrating loss
of infectivity after molting (P � 0.0001; 1 df; �2 test).
Four cases of probable but unobservedmolts (labeled
ÔMolt?Õ in Fig. 1), were identiÞed based on length of
time between two molts (usually not longer than
10Ð14 d). In the lastmolt during the experiment, allH.
coagulata emerged as adults, with the exception of
nymphs#6and#8(Þfth instars).Nymphs acquiredX.
fastidiosa in 22 of 27 (81%) opportunities and adults in
10 out of 12 (83%), as determined by at least one
positive plant after acquisition and before a molt. By
eliminating the insects where a probable molts oc-
curred (ÔMolt?Õ in Fig. 1) from the analysis, nymphs
transmitted X. fastidiosa (considering only those that
transmitted at least once after acquisition) in 83% of
opportunities (72/87). The same rate calculated for
adults in this experiment was 67% (20/30).

Effect ofTimeonTransmissionEfficiency. Increase
in AAP was not associated with increases in transmis-
sion efÞciency (Fig. 2: y (probits) � 4.018 � 0.300x
(log time), r2 � 0.289, P � 0.271). The regression
equation for IAPwith transmission ratewas signiÞcant
(y (probits) � 2.991 � 0.831x (log time), r2 � 0.667,
P � 0.047). H. coagulata acquired and inoculated X.
fastidiosawith 1 h of source and test plant access time,
respectively. We observed that transmission rates
were variable among experiments and replicates. For
example, using the 48 h IAP percentages of transmis-
sion as a reference (from experiments with variable
IAP), efÞciencies obtained for three repetitions were
4.8, 45.5, and 60%. Inoculation efÞciency did not in-
crease signiÞcantly from 48 to 96 h (32.6 and 35.3,
respectively). Because the same individual was used
for successive IAPs, we tried to determine if transmis-
sion rates increased for the same insects with longer
IAP. Insects that transmitted with only a few hours of
access did not necessarily transmit with a longer IAP.
Although the 12 h IAP had a lower efÞciency than the
six and 24 h, we know that more of those individuals
were infective, because they also performed the 96 h
IAP(whichwas the IAPwithhighest transmission rate
of all tested).Forone IAPexperiment repetition(with
21Ð27 adults per IAP),weusedH. coagulata adults that
had been collected �2 mo earlier. Transmission rates
for this testwere 5Ð10 times lower than those obtained
in earlier tests that used the same cohort of insects
(summaries of all IAP experiments). Although we
pooled the results from various experiments to obtain
enough insects for the regression equation for both

AAP and IAP effects on transmission, we found that
the repetitions for the IAP experiments should not be
pooled (hypothesis of no difference in effect across
repetitions on different days was rejected using chi-
square test of independence). The driving factor was
the low transmission rate obtained during one exper-
iment with a large number of individuals. Interest-
ingly, by pooling the experiments, our regression
equation was signiÞcant for IAP, whereas by elimi-
nating the repetition with large numbers of nontrans-
mitting insects, the regressionwas not signiÞcant (P �
0.05).

Persistence of Infectivity. H. coagulata transmitted
X. fastidiosa to 5 of 34 plants during the Þrst two
bi-weekly transfers and to 3 of 51 during subsequent
transfers made 1.5Ð2.5 mo after acquisition. Only one
of 17H. coagulata transmitted 3.5moafter the 4dAAP,
the longest persistence period observed. A total of six
different insects transmittedX. fastidiosa at least once.
Eight H. coagulata individuals survived the Þrst 6 mo,
and four for the entire experiment (7 mo), demon-
strating the potential longevity of this species. At the
end of the 7-mo experiment, we observed the insects
excreting honeydew, but usually in lower amounts
compared with 6 mo earlier. These older adults pre-
ferred feeding on leaves of grapevines and mugwort
rather than stems, in contrast to when they were

Fig. 2. H. coagulata transmission ofX. fastidiosa to grape-
vines for various acquisition and inoculation access periods.
Open circles indicate the percentage of H. coagulata that
transmitted after various acquisition access periods and 4 d
of inoculation access. Filled triangles indicate thepercentage
that transmitted after 4 d of acquisition access period and
variable inoculation access periods. Solid line (transmission
probability y (probits) � 4.018 � 0.300 access time x (log
time), r2 � 0.289, P � 0.271) is the regression (N.S. � not
signiÞcant) for H. coagulata acquisition; semidashed line
(transmission probability y (probits) � 2.991 � 0.831 access
time x (log time), r2 � 0.667, P � 0.047) is the regression for
inoculation. Open squares and Þlled diamonds represent the
data points for G. atropunctataÕs acquisition and inoculation,
respectively; long and short dashed lines show, respectively,
regressions of acquisition and inoculation rates by G. at-
ropunctata (Purcell and Finlay 1979).
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young adults, when they preferred stems (data not
shown).

2-yr Old Wood Inoculation. H. coagulata success-
fully inoculated X. fastidiosa into 2-yr-old woody tis-
sues of grapevine. Transmission efÞciency intowoody
stemswas similar to that in young shoots (Table 1). H.
coagulata survived well on 2-yr-old wood despite the
lack of access to green tissues during 4 d IAP (Table
1). We routinely observed in the Þeld H. coagulata
adults feeding on grape stems with scaly bark that
were even older and thicker than the 2-yr old stems
used for these experiments.

DetectionofX. fastidiosa inH. coagulata.Detection
of X. fastidiosa in H. coagulata heads by culturing was
not associated with transmission of X. fastidiosa to
grape (Table 2). Contamination of cultureswith other
bacteria that obscured culturing results for detecting
X. fastidiosa varied among experiments. We also cul-
tured X. fastidiosa from the heads of H. coagulata that
were used as groups or individuals in other transmis-
sion experiments. Pooling all the culture attempts that
were positive for X. fastidiosa (n � 71), the mean
population of X. fastidiosa detected in a H. coagulata
head was 4.4 � 103 CFU/head (range, 2.5 � 101Ð2.5 �
105 CFU/head) estimated by dilution-plating.

Discussion

We found thatH. coagulata transmittedX. fastidiosa
to grapevines in a persistent manner, that nymphs lost
infectivity with molting, and found no evidence of a
latent period. These basic characteristics are the same
asobserved foranothervectorofX. fastidiosa togrape-
vines, G. atropunctata (Severin 1949, Purcell and Fin-
lay 1979). We also found that H. coagulata can inoc-
ulate 2-yr-old woody tissues of grapevines. Although

the numbers tested were low (19 positive out of 40
plants tested), our results clearly established that in-
fection of woody tissues was possible, suggesting that
the vine-to-vine spread of X. fastidiosa by this vector
when inoculatingwoody tissuesmay bemore likely to
persist as chronic infections in subsequent seasons.
Field experiments are needed to conÞrm that this can
occur in vineyards during winter. X. fastidiosa trans-
mission efÞciency byH. coagulatawas lower andmore
variable amongexperiments comparedwith thehighly
efÞcient vector (to grape), G. atropunctata (Purcell
and Finlay 1979).

The threeexceptions in theÞrstmoltingexperiment
where nymphs transmitted X. fastidiosa after molting
probably resulted from the insects acquiring the bac-
terium from the same plant they had inoculated 4Ð14
d earlier. Purcell and Finlay (1979) also had three
cases of nymphal transmission after molting under
similar circumstances. Hill and Purcell (1997) dem-
onstrated thatG.atropunctata canacquireX. fastidiosa
fromplants thatwere insect-inoculated just 4dearlier.
Because the insects were conÞned to small seedlings,
it is plausible that they reacquired the bacteria they
had previously inoculated into the plant. Even so,
transmission was very low (3/18) from grapevines
inoculated only a few days before, consistent with the
conclusions (Hill and Purcell 1997) that plants with
low populations of X. fastidiosa were poor sources.
When we used only 2 d of IAP (Fig. 1) to reduce the
chances of X. fastidiosa reacquisition from test plants,
no case of transmission after amolt was observed. The
cases of probable molt (ÔMolt?Õ) were likely true
molts, because of the loss of infectivity and length of
time between instars.

H. coagulata acquired and inoculated X. fastidiosa
with 1 h of plant access period, further suggesting the
absence of a latent period for transmission. Absent or
short latent period can also be inferred from the tests
with sequential transfers of H. coagulata nymphs. The
same was previously observed with G. atropunctata
(Purcell and Finlay 1979). The lack of evidence for a
latent period also supports the hypothesis that X. fas-
tidiosa does not have to circulatewithin its vector. For
both vector species, acquisition occurred more efÞ-
ciently than inoculation in short periods of time. Ac-
quisition may occur very efÞciently after insects feed
on infected vessels, whereas inoculation that leads to
successful infection may require a speciÞc feeding-
associated behavior by the insect or a required re-
sponse by the plant that occurs less frequently. In the
experiments conducted with H. coagulata, acquisition
of X. fastidiosa did not increase with plant access
periods of �6 h.

In general, nymphs and recently emerged adults
from the molting experiments transmitted more efÞ-
ciently than older adults or adults of unknown age
(IAPandAAPexperiments) thathadbeenmaintained
in the greenhouse insectary longer than 3wk as adults.
We also observed that transmission by adults de-
creased over time in the experiment to assess the
persistence of infectivity. These results suggested that
newly molted insects were better vectors of X. fastid-

Table 1. Transmission of X. fastidiosa to 2-yr-old wood and
shoots of grapevine, with groups of 4 H. coagulata adults per plant

Tissue inoculated

New Shoot 2-yr old wood

No. uninfected plants 15 21
No. infected plants 29a 19a
Avg no. of H. coagulata live after IAP 3.68 2.85

Valueswithin a row followedby the same letter arenot signiÞcantly
different by Chi-square test using the Yates correction for continuity
(� � 0.05).

Table 2. Relationship between X. fastidiosa transmission by H.
coagulata and its detection in insect heads by culturing

H. coagulata head
Transmission to grapea

Negative Positive

Negative culture 15a 14a
Positive culture 7a 17a
Contaminated culture 24 26

Values within a column followed by the same letter are not signif-
icantly different by Chi-square test using the Yates correction for
continuity (� � 0.05). Data of Ôcontaminated cultureÕ were not used
for analysis.

a Number of insects tested.
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iosa than older insects. Because insects collected from
the Þeld used in most experiments had reasonable
transmission rates, insect age alonemaynot have been
the only limiting factor for transmission efÞciency.
The reduction in transmission efÞciency may be a
result of niche competition between X. fastidiosa and
other microbes for the attachment site(s) in vectorsÕ
mouthparts, sites needed for successful transmission.
We cultured various microbes (mostly bacteria) from
about half of H. coagulata heads (ÔContaminationÕ in
Table 2), but have not identiÞed them. Comparable
assay methods failed to detect other bacteria as fre-
quently in G. atropunctata, whichwas amore efÞcient
and consistent vector of X. fastidiosa to grapevines
(Hill and Purcell 1995a, Severin 1950) than H. coagu-
lata. Future transmission experiments with H. coagu-
lata should further test the effect of age and other
related factors (such as other microbes) on vector
efÞciency. We do not know if the different plant
tissues for bacterial acquisition affect efÞciency (dis-
cussed below), but the hypotheses are not mutually
exclusive, andbothplant tissue typeandmicrobes, and
even age-related changes in sharpshooter behavior,
may have contributed to our results.

Transmission rates were much lower for H. coagu-
lata than those determined for G. atropunctata by
various authors (Severin 1949, Purcell and Finlay
1979). Extensive transmission experiments of X. fas-
tidiosa to citrus with 12 vector species in Brazil
(Krugner et al. 1998, J.R.S. Lopes,Universidadede São
Paulo, Piracicaba, SP, Brazil, personal communica-
tion), demonstrated that members of the Cicadellini
transmit with higher efÞciency than Proconiini. Ama-
jormorphological differencebetweenmembers of the
two tribes is size. Proconiines are much larger, with
larger mouthpart structures. The location of X. fastid-
iosa inoculum in vectorsÕ foregut and the inoculation
mechanism(s) are still unknown. There is little pub-
lished information available about sharpshooter prob-
ing behavior except for histological studies (Houston
et al. 1947) and analysis of excrement (Brodbeck et al.
1995). Therefore,we donot know if any speciÞc prob-
ing behavior may be directly related to pathogen in-
oculation. In our second experiment to study nymphal
transmission, nymphs had access to leaf petioles in-
stead of entire plants as in other experiments. These
results suggest that plant tissue where acquisition oc-
cursmay inßuence transmission, but toourknowledge
there are no data comparing acquisition rates of X.
fastidiosa vectors feeding on different tissues.

Detection of cultured X. fastidiosa in the vectorÕs
head was not associated with transmission to plants.
Hill and Purcell (1995a) had a similar result with G.
atropunctata. The culturing method is theoretically
less sensitive than others based on DNA ampliÞcation
(PCR) (Pooler et al. 1997), but our culturing protocol
shouldbe capable of detecting at least oneCFU in 95%
of the cases where there are 265 or more CFU/head
and in 63% of the cases where there are 50 CFU/head
distributed at random in the homogenate (Poisson
distribution). Apparently small numbers of bacteria
were adequate for efÞcient vector transmission, with

no indication that higher populations of X. fastidiosa
in the vectorÕs head increased transmission. This sug-
gests that the area(s) of the foregut necessary for
transmission of X. fastidiosa is very small. Logically
some bacteria must be present in the foregut to be
transmitted to plants. PCR has been used to detect X.
fastidiosa in sharpshooters (Pooler et al. 1997), but not
correlated with transmission of X. fastidiosa by the
same specimens. The PCR detection method may be
more sensitive than culturing but has thedisadvantage
that it does not reveal whether the bacteria detected
are viable. Nonetheless, comparisons of PCR or other
highly sensitive diagnostic methods for bacterial de-
tection with transmission efÞciency of H. coagulata
andother vector speciesmight beuseful in developing
an index to estimate levels of natural infectivity with-
out the extended time commitment and greenhouse
facilities required for transmission tests. Natural in-
fectivity is an important component in relating vector
abundance and activity to PD spread (Purcell andFeil
2001).

PD in California has historically been a monocyclic
disease that occurs along the edges of vineyards.
Chronic disease occurs when sharpshooters (Cicadel-
lini) inoculate shoots of grapevines during the spring
months, whenX. fastidiosa has time tomove basally in
stems to reachwoodyportions of the vinewhere it can
over winter. Current epidemics of PD in California
that are associated with H. coagulata appear to be
polycyclic, with exponential increase early in the ep-
idemic, suggesting that the vine-to-vine phase of X.
fastidiosa spread by H. coagulata creates a large num-
ber of chronic infections.H. coagulata feeds onwoody
tissues of grapevines throughout the year, and trans-
mits X. fastidiosa into stems 2-yr-old or older, most of
which will not be pruned off; thus many inoculations
made in summer and fall may become chronic infec-
tions. Vector-mediated infections of dormant vines by
H. coagulata have not been documented, but our pre-
liminary results indicate that dormant vines can be
infected under laboratory and Þeld conditions (un-
published). This implies that control of H. coagulata
populations in vineyards may need to be maintained
year-round to control PD. Thresholds for control ofH.
coagulata for satisfactory control of PD have not yet
been determined.

The introduction of H. coagulata into California
dramatically changed the epidemiology of PD wher-
ever this insect occurred. Our results suggest that
although H. coagulata is a less efÞcient vector of X.
fastidiosa to grape than G. atropunctata, it has other
characteristics that may make it a more effective vec-
tor in the Þeld. Its propensity to feed on and ability to
inoculate woody tissues may lead to establishing a
higher incidence of chronic infections during summer
and fall (Purcell and Saunders 1999, Purcell and Feil
2001). In addition, H. coagulataÕs dispersal abilities
(Ball 1979, Blua et al. 1999) and its propensity to
aggregate inhighnumbers along cropborders (Blua et
al. 1999)maymandate that strategies for control of PD
(Goodwin and Purcell 1990) must be reconsidered in
the light of this new threat to the grape industry.
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