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site preference does not predict the bacterial acquisition efficiency
of vectors

Arash Rashed • Nabil Killiny • Joyce Kwan •

Rodrigo P. P. Almeida

Received: 25 September 2010 / Accepted: 6 December 2010 / Published online: 24 December 2010

� The Author(s) 2010. This article is published with open access at Springerlink.com

Abstract Many insect-borne pathogens are heteroge-

neously distributed within their hosts: therefore, a vector’s

within-plant distribution may be a predictor of its exposure

to pathogens. In this study, we set out to quantify plant site

preference, in the context of background matching, and

investigated its effect on acquisition of a bacterial pathogen

by its leafhopper vectors. The two green-coloured spe-

cies, Graphocephala atropunctata and Draeculacephala

minerva, preferred green plant tissue and artificial back-

grounds whereas the brown-coloured Homalodisca vitrip-

ennis preferred brown stem tissue and backgrounds.

Within-plant feeding site did not predict either the acqui-

sition success or the number of plant-pathogenic Xylella

fastidiosa cells acquired by the vectors; an 86% mortality

for G. atropunctata was reported on the lignified stem

tissue. Overall, H. vitripennis acquired significantly more

cells than G. atropunctata. A novel artificial diet-based

transmission system was used to further illustrate that the

observed between-species difference in the number of cells

acquired was independent of vector-host plant interactions.

H. vitripennis, a less efficient vector of the bacterium

X. fastidiosa on grapevines, acquired more bacterial cells

than G. atropunctata, possibly due to its larger size. Con-

trary to previous assumptions, pathogen acquisition effi-

ciency by the vectors did not explain their reported

differences in inoculation. Vector interactions with the host

during the inoculation stage should be evaluated as another

determinant of X. fastidiosa transmission efficiency.

Keywords Acquisition efficiency � Background

matching � Plant site preference � Transmission � Vector

behaviour � Vector-borne pathogen

Introduction

Vector host choice (Blua and Perring 1992; McElhany

et al. 1995; Alvarez et al. 2007) and within-host feeding-

site preference (Tsai et al. 2002; Marucci et al. 2004) can

influence patterns of vector-borne pathogen distribution

and disease dynamics (McElhany et al. 1995; Kilpatrick

et al. 2006; Sisterson 2008). Moreover, variations in

feeding behaviour among species may also contribute to

the existing differential transmission efficiency of vectors

(Turell et al. 2001; Daugherty and Almeida 2009) through

governing the degree to which they are exposed to a

pathogen. Differential exposure may result from the het-

erogeneous distribution of pathogens, either temporally or

spatially, among and/or within host species (Dekker et al.

1998; Saracco et al. 2005; Shriram et al. 2005; Kilpatrick

et al. 2006; Tatineni et al. 2008). Furthermore, while

feeding behaviour may affect vector exposure to patho-

gens, it also affects an individual’s exposure to would-be

predators present in the surrounding environment. Such

selection pressure facilitates the evolution of protective

morphological traits and their associated behaviours, which

maximize their adaptive function (Fisher 1930). For

example, whereas adopted movement patterns can maxi-

mize the effectiveness of protective aposematic and

mimetic traits (Chai and Srygley 1990; Hatle et al. 2002;

Sherratt et al. 2004), background matching—a resemblance
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of body coloration to a random sample of the immediate

background (Endler 1984)—is most effective when the

bearer has limited mobility within its specialized homo-

geneous environment (see Cott 1940; Cloarec and Joly

1988; Stamp and Wilkens 1993; Ioannou and Krause

2009). Therefore, it is plausible that evolving protective

traits that increase vectors’ fitness according to their for-

aging and feeding modes may affect their transmission

efficiency.

Limited information exists on the role of within-host

plant site preference in the transmission of vector-borne

pathogens. Most recently, Daugherty et al. (2010) experi-

mentally showed that plant site preference of xylem-sap

feeding sharpshooter leafhopper vectors (Hemiptera:

Cicadellidae) is linked to their efficiency in transmitting the

plant pathogenic bacterium Xylella fastidiosa. X. fastidiosa

attaches to and colonizes the cuticular surface of the vec-

tor’s foregut (Almeida and Purcell 2006) and causes vari-

ous diseases in a wide range of host plants; one of the

prominent examples is Pierce’s disease of grapevines

(Hopkins and Purcell 2002).

Due to the poor nutritional content of the xylem-sap

(Andersen et al. 1992; Mizell et al. 2008), sharpshooter

vectors spend from 1 to several hours continuously

ingesting xylem-sap (Almeida and Backus 2004; Backus

et al. 2005), which consists of more than 98% water and

very low concentrations of carbohydrates (Mizell et al.

2008). Homalodisca vitripennis (Germar), for example,

consumes between 10 and 100 times its dry body-weight

hourly (see Redak et al. 2004). During such lengthy feed-

ing episodes sharpshooters are exposed to a range of visual

predators including jumping spiders (Salticidae), assassin

bugs (Hemiptera: Reduviidae), lizards (Lopez et al. 2003;

Suttle and Hoddle 2006; Fournier et al. 2008), and poten-

tially insectivorous birds (Burger et al. 1999).

Although extensive colour and size variations exist

among sharpshooter leafhopper species, studies are lacking

which examine the precise function of colour patterns and

their potential effect on the transmission efficiency of

X. fastidiosa. Here, we evaluated the background matching

behaviour of three species of sharpshooter leafhoppers,

H. vitripennis, Draeculacephala minerva (Ball), and

Graphocephala atropunctata (Signoret), all of which are

vectors of X. fastidiosa. H. vitripennis in southern Cali-

fornia was first reported on a range of hosts including citrus

trees (Sorenson and Grill 1996; Hopkins and Purcell 2002)

and subsequently caused severe damage in vineyards due

to its role in spreading X. fastidiosa among grapevines

(Hopkins and Purcell 2002). G. atropunctata is found on

riparian woody plants such as grapevines and various

ornamental shrubs of coastal California and is blue-green

in colour (Purcell 1976). The green-coloured D. minerva is

abundant in moist habitat of grasses and weedy plants in

California (Purcell and Frazier 1985). In addition to dif-

ferences in their preferred host range, sharpshooter species

also vary in their within-plant feeding site. In grapevines,

for example, while it has been observed that H. vitripennis

feeds primarily on the stem, G. atropunctata feeds on leaf

blades and petioles (Redak et al. 2004). In alfalfa, the

apical parts of the plant are also the preferred feeding site

of G. atropunctata, while D. minerva tends to exploit the

basal stem tissue (Daugherty et al. 2010).

Xylella fastidiosa is not evenly distributed within its host

plants; in grape, it colonizes leaves and petioles with higher

populations than the stem tissue (Krivanek and Walker

2005). It has also been shown that X. fastidiosa transmis-

sion efficiency depends on the level of infection in

the source plants (Hill and Purcell 1997). Compared to

H. vitripennis, G. atropunctata is a more efficient vector of

X. fastidiosa in grapevines (Purcell and Saunders 1999;

Almeida and Purcell 2003). Thus, it is possible that dif-

ferences among sharpshooter species in transmission effi-

ciency of X. fastidiosa (e.g. Redak et al. 2004) arise simply

due to their differential exposure to the pathogen at their

preferred feeding sites (Daugherty et al. 2010). To test this,

one must show that the acquisition efficiency of vectors is

affected by feeding site. In this paper the term ‘acquisition

efficiency’ is a factor of both acquisition rate (or the pro-

portion of vectors that successfully acquire the pathogen),

and the number of bacterial cells acquired per vector

(hereafter referred to as ‘acquisition level’).

We first tested whether three sharpshooter vectors of

X. fastidiosa—D. minerva, G. atropunctata, and H. vit-

ripennis—are selective in their landing site within grape-

vines. Second, in an artificial arena we investigated

whether plant site preference can be explained by back-

ground matching in these species. In the case of back-

ground matching, sharpshooters are expected to be

selective for backgrounds that closely match their body-

colour. Finally, we conducted both in planta and in vitro

no-choice feeding trials for H. vitripennis and G. atro-

punctata to evaluate whether bacterial acquisition effi-

ciency is linked to the plant site where feeding occurs.

Materials and methods

Experimental insects

A laboratory population of H. vitripennis was initiated with

field-collected insects from Fillmore, CA, in 2009. Multi-

ple tent-shaped, 60 cm 9 60 cm 9 60 cm bugdorms

(BioQuip, Rancho Dominquez, CA, USA) were set up,

each seeded with 90–120 male and female adults. Four to

six large basil (Ocimum basilicum, Lamiaceae) plants were

placed in each of the bugdorms to provide ample feeding
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and oviposition sites for the sharpshooters (basil is a poor

host for X. fastidiosa; RPPA, unpublished data). Plants

were replaced every 2–3 weeks. Field-collected insects

were used in choice experiments within 8 weeks of col-

lection, with the exception of D. minerva. The D. minerva

colony had been maintained in a greenhouse on Bermuda

grass (Cynodon dactylon, Poaceae) since the previous

season. G. atropunctata were collected along Wohler creek

near Forestville, CA, during the summer of 2009. A single

basil plant was placed in each colony. For these two spe-

cies, each insect colony consisted of 40–50 adults con-

tained in a cylindrical mesh cage. Only adult sharpshooters

were used throughout this study. All of the greenhouse

populations were maintained for 3–4 generations before the

acquisition experiments, and were free of X. fastidiosa

before the experiments began, as it is not transovarially

transmitted (Freitag 1951).

Choice experiments

All of the experiments were performed at the Oxford Tract

greenhouse facility of the University of California,

Berkeley. To reduce seasonal and diurnal effects as much

as possible, observations took place between 10:00 and

15:00 for all three species during sunny days between mid-

July and mid-August 2009. Recorded temperatures ranged

from 24 to 31�C. All observations were made from a 2-m

distance to minimize the effect of experimenter presence

on leafhopper behaviour.

Within-host plant site preference

To evaluate sharpshooters’ plant site preference, their

response to 4-month old grapevine cuttings, Vitis vinifera,

was recorded in a 20 cm 9 30 cm 9 50 cm plexiglass

cage. A 20 cm 9 30 cm cardboard sheet was inserted on

top of the pot so that 20 cm of the main shoot (including

2–3 cm of the old cutting below the shoot), with equal

proportions of green (succulent tissue) and brown (lignified

tissue), was exposed to individual insects in each trial.

Leaves were removed (except 2–3 small apical leaves) to

facilitate leafhopper visual evaluation of its landing site on

the shoot. If no choice for shoot colour was made within

the first 15 min of observation, the insect was given

another 15 min and then the final choice was recorded on

minute 30. It was only for H. vitripennis that 33% of the

tested individuals were non-responsive, as they stayed on

cage walls during the 30 min. Both insect and plant were

replaced at the start of each trial and were used only once

in each experiment. Experiments were conducted for the

three sharpshooter species, H. vitripennis, G. atropunctata,

and D. minerva. The experimental subject was always

placed at a 15 cm distance from the plant base through a

cloth sleeve in front of the cage. Sign test was used to

compare the number of landings on green and brown parts

of the plant.

Controlled artificial background

All trials for the background choice experiment were

conducted in a 30 cm 9 30 cm 9 30 cm aluminum mesh

cage. To create the green and brown backgrounds, photos

of a woody stem and a leaf were printed on approximately

22 cm 9 28 cm pages (Photoshop CS; Adobe Systems

Incorporated, San Jose, CA, USA). The two opposite cage

sides were covered with either a solid brown or a solid

green printed sheet. The last side (across from the obser-

vation window) was divided equally between the two

colours. The front side and the top of the cage were left

uncovered to facilitate the observations and to allow nat-

ural light to reach inside the cage. With the exception of a

white square in the center, the bottom of the cage was

covered with equal numbers of alternating brown and green

5 9 5 cm2. The alternated squares on the bottom of the

cage facilitated background selection by the experimental

insects as they would walk around and stay on different

checkers following their introduction onto the arena (and

before jumping onto either side).

Experimental insects were gently placed onto the white

arena in the center of the cage. Each trial in the artificial

background experiment lasted for 15 min. Only 6% of

H. vitripennis were recorded as non-responsive. The time

spent on each background colour, movement frequency and

the first colour choice (the first visited background fol-

lowing introduction into the cage) were recorded. Sign

ranked test was used to compare the first colour choice of

the three test leafhoppers. Nonparametric Wilcoxon

signed-rank was used to compare the frequency of visits to

each of the green and brown backgrounds. The time spent

on each background was analyzed using paired t tests.

The colour reflectances of the artificial backgrounds,

stem and leaf tissue, as well as the three insect species

(forewing coloration) were measured. An Ocean Optics

USB4000 spectrometer (Dunedin, Florida, USA) and a

1000-um reflection probe were used to measure the colour

reflectance of samples placed under a Leica M205FA

microscope. Spectra were recorded at 5-nm intervals from

200 to 800 nm. The peak reflectance for green plant tissue,

G. atropunctata, and D. minerva was recorded at

550–560 nm. Although visually similar to a human

observer, the peak reflectance for the green artificial

background was recorded at 540 nm. The peak reflectance

measurements of H. vitripennis and the brown stem were

recorded between 560 and 580 nm. The peak reflectance of

the brown artificial background was read at two peaks, 560

and 600 nm (the printed brown colour was a mixture of
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purple, yellow and blue pixels when placed under the

microscope).

Pathogen acquisition efficiency

Acquisition efficiency from plant site

Ten V. vinifera grape cuttings (2-month old, var. Ruby

seedless) were mechanically inoculated using 20 ll of

X. fastidiosa (STL isolate) suspended in SCP buffer (Hill

and Purcell 1995). Five months later, petiole samples of all

plants tested positive for the presence of the bacterium,

using Polymerase Chain Reaction (PCR) detection method

(Minsavage et al. 1994). Plants were 7 months old at the

time of our acquisition experiment. They were regularly

pruned to stay between 35 and 40 cm in height. Ten indi-

viduals of each of H. vitripennis and G. atropunctata were

contained on separate leaves of the same plant (5 plants,

in total), using mesh sleeve-cages. Simultaneously, ten

H. vitripennis individuals were caged on the stem of each

plant. Fifty G. atropunctata were caged on the brown stem

tissue of another five infected grape plants (10/plant).

Following a 24-h acquisition access period on infected

plants, all insects were removed, decapitated, and stored at

-80�C for subsequent quantitative real-time PCR analysis.

Only heads were stored since X. fastidiosa is retained in the

insect foregut (Purcell et al. 1979). D. minerva was not

included in the acquisition efficiency experiments on

grapes as previous work has shown they are relatively non-

efficient vectors of X. fastidiosa on grapevines (Purcell and

Finlay 1979).

A generalized linear model with binomial errors was

used to compare the acquisition rates (i.e. ratio of vectors

that acquired the pathogen to vectors that did not) of

H. vitripennis and G. atropunctata on different plant sites.

This analysis was performed both with and without

including the dead sharpshooters. Mortality occurred when

the individuals were unable to feed on plant tissue; here,

mortality was interpreted as no acquisition. The model

included vector species and plant site as factors as well as

the species-by-plant site interaction term. Analysis of

variance (ANOVA) was used to compare the acquisition

levels (i.e. number of X. fastidiosa cell equivalents in each

infectious vector) of H. vitripennis and G. atropunctata.

Log-transformed cell numbers were normally distributed

(Kolmogorov–Smirnov test: P [ 0.15). Levene’s test

confirmed the homogeneity of variances (F3,39 = 0.54,

P = 0.65). Our initial model included vector species, plant,

feeding site (leaf vs. stem), and feeding site-by-vector

species interaction. Plant was removed from our final

model because of its non-significant effect (F1,35 = 0.27;

P = 0.90). The measured head-width of H. vitripennis

(mean (mm): 2.5 (0.07), N = 20) was 1.7 times larger than

that of G. atropunctata (mean (mm): 1.5 (0.22), N = 10).

This number was used as a coefficient to evaluate

any potential vector precibarium (the X. fastidiosa reten-

tion site) size effect on the bacterial acquisition level

(Fig. 1a, b).

Acquisition from and inoculation into artificial diet

Acquisition through an artificial diet system was conducted

following the protocol described by Killiny and Almeida

(2009a). In brief, X. fastidiosa (STL strain) was grown in

XFM-pectin medium at 28�C for 10 days. Then cells were

collected and suspended in a diet solution (optical den-

sity600 = 0.4). Leafhoppers were presented with 100 ll

of the suspension, individually, through a single layer

of parafilm, thinly stretched over a cylindrical plexiglass

feeding-chamber (14 mm 9 20 mm—diameter 9 height)

for 3 h of pathogen acquisition access period. When the 3 h

elapsed, the leafhoppers were transferred onto basil plants

for a 24-h retention period. The following day insects were

carefully removed and aspirated into the feeding chambers

containing diet solution (no bacteria) for another 3-h

feeding period (inoculation period). Heads were stored at

-80�C for quantitative PCR analysis. The acquisition rates

of the two species were compared using Chi-square anal-

ysis. A two sample t test was used to compare the acqui-

sition levels of the two vector species. Log-transformed

acquisition levels were normally distributed (Kolmogorov–

Smirnov test: P [ 0.08). Levene’s test verified the equality

Fig. 1 Head-size comparison and scanning electron microscopy (SEM)

image of the precibarium for, a Homalodisca vitripennis precibarium

and, b Graphocephala atropunctata. SEM images are unpublished

photos obtained in a previous study (Almeida and Purcell 2006)

100 A. Rashed et al.

123



of variances (F1,22 = 1.0; P = 0.32). The absolute num-

bers of cells inoculated into artificial diets were nor-

mally distributed (Kolmogorov–Smirnov test: P [ 0.07).

Levene’s test confirmed that variances were homogeneous

between the two species (F1,12 = 1.42; P = 0.25). All

statistical analyses were performed in SPSS (ver 15).

Quantitative PCR

The X. fastidiosa DNA extraction process was initiated

using protocol described by Daugherty et al. (2009) and

was completed using a commercial protocol (QIAGEN-

DNeasy Blood and Tissue) following the lysis step, to

maximise yield. Cell numbers were estimated based on the

standard curve established by Daugherty et al. (2009). The

absolute quantification was performed with SYBR Green

Mix (Applied Biosystems) on a 7500 real-time thermo-

cycler (Applied Biosystems) according to the protocol

described in Daugherty et al. (2009). We used primers

HL5 and HL6 designed by Francis et al. (2006). In order

to quantify the number of cells inoculated into the diet

solution, in a novel approach, remaining buffer was col-

lected through the parafilm sachet, following the 3-h

insect feeding. The collected buffers were placed in a

boiling water bath for 10 min and then analyzed for the

quantity of X. fastidiosa DNA present, using quantitative

PCR.

Results

Choice experiments

Within-host plant site preference

In 81% of the trials, H. vitripennis alighted on the brown

stem tissue of grape plants (sign test (two-tailed):

P = 0.007, N = 21). In contrast, in 85% of our trials with

G. atropunctata, the insects preferred leaf, petiole and

green stem apex (P = 0.002, N = 20). Likewise, 85% of

the responding D. minerva individuals chose to alight on

leaf, petiole and green stem apex (P = 0.002, N = 20).

Background choice experiments

Homalodisca vitripennis alighted more often on the brown

background than on the green background, as their first

choice of landing site (P = 0.042, N = 30). The total time

that H. vitripennis spent resting on brown background was

significantly longer than the time it spent on green back-

ground (t = 2.44, df = 29, P = 0.021; Fig. 2a). During the

observation periods, insects frequently moved to different

coloured areas as well as to the top of the cage. Although

H. vitripennis showed a tendency to visit the brown-col-

oured background more frequently than the green-coloured

background, this difference was not statistically significant

(Z = -1.32, P = 0.18; Fig. 2b).

Graphocephala atropunctata preferred green as its first

background choice significantly more than the brown

(P = 0.038, N = 40). G. atropuncata also showed a slight

tendency to spend more time on green compared to the

brown background, though this tendency was not signifi-

cant (t = 1.15, df = 39, P = 0.254; Fig. 2a). The fre-

quency of visits by G. atropuncata to the green background

was significantly higher compared to the frequency of the

visits to the brown background (Z = 2.03, P = 0.042;

Fig. 2b). Similar to G. atropunctata, D. minerva chose the

green background as its first landing site more fre-

quently than the brown background (P = 0.022, N = 24).

D. minerva spent significantly more time on the green

background compared to the brown background (t = 3.6,

df = 23, P = 0.001; Fig. 2a). D. minerva also visited the

green background more frequently compared to the brown

background (Z = 3.10, P = 0.002; Fig. 2b).

Fig. 2 The observed sharpshooters’ behavior towards different

colours in artificial background-choice trials. a The amount of time

spent on green (empty bars) and brown (filled bars) backgrounds.

Error bars represent ± 1 SE. b Frequency of visits to each of the two

background colours. Visits to the green background are shown with

empty and visits to brown with filled boxes. Horizontal thick lines
indicate the medians; boxes show the interquartile ranges including

50% of the values; whiskers reflect the highest and the lowest number

of visits; and the circle reflects the out layer
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Pathogen acquisition efficiency

Acquisition efficiency from plant sites

The overall bacterial acquisition rate by H. vitripennis was

significantly higher than that by G. atropunctata (Wald

v1
2 = 4.8; P = 0.027; Table 1). However, the mortality

rate of G. atropunctata was also significantly greater than

the mortality rate of H. vitripennis on the brown stem tissue

(v1
2 = 43.7, P \ 0.001; Table 1). No species effect was

detected when dead insects were removed from the

acquisition rate analysis (Wald v1
2 = 0.06; P = 0.810). The

proportion of individuals that acquired the pathogen was

higher on leaf (N = 25; out of 93) than on the brown stem

(N = 18; out of 100), though the difference was not sig-

nificant (Wald v1
2 = 2.40; P = 0.121). The vector species-

by-feeding site interaction was of borderline statistical

significance (Wald v1
2 = 3.57; P = 0.058). Excluding dead

individuals from our analysis diminished the effect of

feeding site in both vector species (Wald v1
2 = 0.06;

P = 0.803).

Analysis of variance indicated that the pathogen acqui-

sition level by H. vitripennis was significantly greater than

that by G. atropunctata (F1,39 = 5.47, P = 0.02; Fig. 3).

However, the significant effect of vector species on

acquisition level disappeared when the numbers of cells

were multiplied by the head-width coefficient

(F1,39 = 1.26, P = 0.20), or when the acquisition level

was standardized as per 1 lg of head extracted DNA

(F1,39 = 0.49, P = 0.48). Bacterial acquisition level by the

vectors was not influenced by the feeding site, as revealed

by the non-significant vector species-by-feeding site

interaction (F1,39 = 0.01, P = 0.93; Fig. 3). However,

both species showed a tendency to acquire more cells from

leaves and petioles than the lignified brown stem (Fig. 3).

Acquisition from and inoculation into artificial diet

The proportion of H. vitripennis (N = 11 out of 20) that

acquired bacterial cells through feeding on our artificial

solution diet (diet solution with bacteria) was not different

from that of G. atropunctata (N = 13 out of 20)

(v1
2 = 0.41, P = 0.52). Similar to the in vivo experiments,

H. vitripennis acquired significantly more bacterial cells

compared to G. atropunctata (t = 2.46, df = 22,

P = 0.022; Fig. 4a). The significant difference disappeared

Table 1 Number of vector

species, their acquisition rate

and the observed mortality on

leaves and stems

Vector species Plant site Total number

of insects

Acquisition

rate

Mortality rate

Homalodisca vitripennis Stem 50 0.3 0.2

Leaf 50 0.28 0.06

Graphocephala atropunctata Stem 50 0.06 0.86

Leaf 43 0.25 0.13

Fig. 3 Comparison of bacterial acquisition levels by Homalodisca
vitripennis and Graphocephala atropunctata on the leaf (empty bars)

and the stem tissue (filled bars) of grape host

Fig. 4 Comparison of the in vitro transmission efficiency between

Homalodisca vitripennis and Graphocephala atropunctata. a Bacterial

acquisition level through artificial diet, and b the number of cells

inoculated into diet solution

102 A. Rashed et al.

123



as the cell numbers were adjusted for the head size

(t = 1.27, df = 22, P = 0.215). The X. fastidiosa-positive

H. vitripennis also inoculated a greater number of cells into

the buffer solution than did X. fastidiosa-positive G. atro-

punctata (t = 2.21, df = 12, P = 0.047; Fig. 4b). A cor-

rection for the head-size resulted in a non-significant

difference between the number of cells inoculated into the

diet solution by the two sharpshooter species (t = 0.83,

df = 12, P = 0.424).

Discussion

Background matching functions as a protective trait for

diurnal feeders against visual predators (Endler 1984;

Ruxton et al. 2004). This adaptive trait may also play the

same role in sharpshooter leafhoppers as has been previ-

ously suggested by Purcell and Frazier (1985). Background

choice may potentially govern sharpshooter exposure to

pathogen as they choose to stay on plant sites containing

different bacterial populations. In this study we showed

that the sharpshooter leafhoppers were selective in their

choice of plant site, preferring to alight on the backgrounds

that closely matched their forewing coloration. The effi-

ciency of H. vitripennis and G. atropunctata in acquiring

the pathogen, however, was not influenced by that choice.

In assays with artificial backgrounds, the two green-

coloured species, G. atropunctata and D. minerva, alighted

and remained on the green background more often than the

brown background, whereas the reverse occurred for the

brown-coloured H. vitripennis. In his classical background

choice experiments with the European pepper moth, Biston

betularia (Linn.), Kettlewell (1955) used similar artificial

background assays to demonstrate the existence of back-

ground matching behaviour in moths resting on tree trunks.

Shortly after, Sargent (1966) showed that several common

moth species match their backgrounds during the day,

when they are most exposed to visual predators. Future

studies with visual predators are needed to verify the pro-

tective function of the background matching behaviour in

leafhoppers.

Sharpshooter leafhoppers are polyphagous and exploit

numerous hosts ranging from weedy to woody plant spe-

cies (e.g. Hewitt et al. 1946; Purcell 1976; Mizell et al.

2008). Host switching has been proposed to be a behavior

that has evolved in sharpshooters as a means to obtain

essential nutrients for somatic maintenance and reproduc-

tion from the poor nutritional content of xylem sap

(Andersen et al. 1992; Redak et al. 2004; Mizell et al.

2008). Xylem sap quality is also affected by various

environmental variables throughout the season (Mizell

et al. 2008) and thus tissue color per se does not predict

vector choice of host-plant. Background matching behavior

may rather explain leafhopper plant site preference fol-

lowing the initial host selection. G. atropunctata and

D. minerva may associate the perceived green reflectance

with plant tissue that they can pierce through and initiate

ingestion. The failure of G. atropunctata to feed on the

lignified stem tissue was supported by its 86% mortality.

Likewise, H. vitripennis may associate brown coloration

with stem tissue—their preferred feeding site on grape-

vines (Redak et al. 2004). The relatively large body size of

H. vitripennis enables them to afford the energetic cost

associated with extracting sap against the high negative

tension of xylem (see Novotny and Wilson 1997) and

piercing through woody stem tissue, where they have

access to larger xylem vessels than those in young and

smaller branches (Zimmermann 1983). This is in spite of

their ability to feed on succulent tissues. Indeed, it has been

observed that H. vitripennis feeds on the succulent tissue of

peach trees (Prunus persica), which is a poor host for this

vector species (Mizell and French 1987). Therefore, the

ability to feed on the woody stem may be condition-

dependent. Furthermore, the woody stem may provide the

relatively large-sized H. vitripennis with better protection

from predators at a distance via concealment on a dark and

rough surface. There, they also have the opportunity to

behaviourally evade an approaching predator, by moving

quickly behind the stem. This evasive behaviour is per-

formed en masse by this species (Mizell personal

communication).

The feeding site did not influence bacterial acquisition

rate. However, the overall acquisition rate by H. vitripennis

was significantly higher than that by G. atropunctata. The

observed between-species difference was due to the high

mortality of G. atropunctata on the stem tissue. This was

confirmed when removing dead individuals from our anal-

ysis resulted in a non-significant species effect. G. atro-

punctata needs to feed frequently as it dies within day-long

starvation periods under greenhouse conditions (unpub-

lished data). H. vitripennis acquired significantly more

bacterial cells than did G. atropunctata, regardless of the

plant site they were feeding on. The non-significant feed-

ing-site by species interaction, however, needs to be inter-

preted with caution, as the high mortality rate of

G. atropuncata on lignified stem tissue (Table 1) limits the

number of samples for acquisition levels from the stem. Our

overall conclusion of the acquisition levels was confirmed

by the follow-up in vitro acquisition experiments. Subse-

quently, H. vitripennis inoculated a greater number of cells

(‘inoculation level’) into the artificial diet compared to

G. atropunctata. Thus, the observed higher transmission

efficiency of G. atropunctata compared to H. vitripennis in

the grape host (Redak et al. 2004; Daugherty and Almeida

2009) may not be due to their differential exposure to the

pathogen. Hill and Purcell (1995) showed that in grapevines
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transmission efficiency is independent of the number of

X. fastidiosa in G. atropunctata heads. Likewise, Jackson

et al. (2008) suggested that the inoculation level into

Chrysanthemum host was not correlated with the amount of

bacteria within the vector H. vitripennis. These previous

studies in conjunction with our findings suggest that trans-

mission efficiency of X. fastidiosa is probably not a factor of

the acquisition level of the vectors. Indeed only as low as

one hundred cells are sufficient to inoculate a healthy plant

(Hill and Purcell 1995)—a number far less than the

recovered cells from each insect head following a 24-h

retention period (Fig. 3). Estimated cell numbers in the

heads in this study were within the same range as those

reported by Killiny and Almeida (2009b), from whose

data a generation time of 7–8 h for X. fastidiosa inside

G. atropunctata can be estimated.

Our findings, however, do not undermine previous

studies on X. fastidiosa transmission, which suggest that

transmission efficiency is a factor of the plant site where

acquisition occurs (Almeida and Purcell 2003; Daugherty

et al. 2010). Horticultural practices such as regular pruning

of relatively young grapevines (7-month old cuttings) may

have unintentionally manipulated the expected higher

bacterial population in petioles and leaves compared to the

stem (Krivanek and Walker 2005). However, this still does

not explain the observed higher bacterial acquisition levels

by H. vitripennis relative to G. atropunctata—which

seemed to be a factor of vector size, and quite possibly, the

volume of sap ingested.

The differences in transmission efficiency of G. atro-

punctata and H. vitripennis may result from differences

between their plant site preferences as well as their probing

behaviours (see Backus et al. 2005) during the inoculation

stage. It should be acknowledged that X. fastidiosa trans-

mission is rather complex and it may be simplistic to

assume that evaluating acquisition and/or inoculation lev-

els per se are enough to explain transmission efficiencies of

different vectors. For example, the bacterial strain and its

interactions with the host (Prado et al. 2008) and/or the

number of the inoculation events by vectors (Daugherty

et al. 2009) are factors that can influence transmission

efficiency. Moreover, from a biochemical point of view,

higher populations of X. fastidiosa cells in plant tissue

result in elevated levels of diffusible signaling molecules

(DSF), which induce an adhesive phase of the pathogen

(Newman et al. 2004; Chatterjee et al. 2008a)—a crucial

stage for vector colonization (Chatterjee et al. 2008b;

Killiny and Almeida 2009a). Therefore, vector preference

for feeding-sites with high bacterial populations, i.e. leaves

and petioles, may expose them to the adhesive phase of

X. fastidiosa, which may be more important in a successful

transmission than the total number of cells acquired from

and/or inoculated into the host.

Xylella fastidiosa attaches to the leafhoppers’ foregut

while they feed on an infected host plant (Almeida and

Purcell 2006). H. vitripennis is a larger sharpshooter than

G. atropunctata and thus provides about twice as much

surface area in the precibarium for X. fastidiosa cells to

attach and multiply (Fig. 1). The difference in acquisition

levels between the two species disappeared when the

number of cells in G. atropunctata heads was multiplied by

the vector head-size coefficient, and also when bacterial

numbers were quantified in a fixed amount of extracted

DNA from insect heads. Thus, the surface size of the insect

foregut may act as a constraint on the numbers of the cells

that can attach during the feeding and later colonize the

precibarium during retention.

In sum, we showed that the three tested sharpshooters

prefer to alight on plant site that matches their forewing

coloration, but this behaviour had no effect on the bacterial

acquisition level by the different vectors on the host plant.

Our in vivo experiments suggested that bacterial acquisi-

tion level might be size related. Subsequent in vitro

experiments in the absence of plant host, and under con-

trolled conditions, provided support for the contention that

size may be a key factor in determining acquisition and

inoculation levels. Our findings do not rule out the possi-

bility of a link between pathogen acquisition level and

transmission efficiency where ecological and environmen-

tal constraints affect bacterial populations within plants or

vector behaviours. More studies are necessary for the

evaluation of vector interactions with host plants at both

mechanical and biochemical levels during the inoculation

process.
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