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Summary

Little was known about which of the most commonly used commercial wine, raisin and table grape varieties were sources of X. fastidiosa infection, and no studies have documented explicitly the role that sharpshooter behavior plays in mediating PD spread.  The main goal of this study was to generate important information on the response of commercial grape varieties to X. fastidiosa infection and the ensuing consequences for PD spread by the glassy-winged sharpshooter (GWSS, Homalodisca vitripennis).  Work towards achieving this goal was performed during the three-year period of this project.  We are pleased to report that despite the labor-intensive nature of this project, we have been successful in achieving our objective of comparing various economically important grape varieties in their susceptibility to X. fastidiosa infection in relation to its transmissibility by GWSS, only part of one of the original Objectives (proposed in 2007) was not completed, but we hope to continue long-term efforts on that topic.  In addition to reports and presentations made to stakeholders and academics, this project resulted in one published manuscript, another accepted, one in preparation to be soon submitted, and contributed with half of the data to a fourth paper in press; all in peer-reviewed journals.  In this report we focus on the results of our research, methodological details can be found in peer-reviewed manuscripts listed at the end of this report or can be requested from the PI via email.  Many figures and ext from published/accepted manuscripts were used here, as those were obtained through this project and best describe the results.  They also include more detailed analyses of the results.  Lastly, we would be glad to provide any clarifications and further information if requested.
Objectives

These were the originally proposed Objectives.  Objectives 1 and 2 were completed, Objective 3 was performed in the greenhouse, and field experiments for this goal are pending.

1. measure the relative levels of susceptibility in several important California grapevine cultivars 

2. measure GWSS discrimination against infected vines and X. fastidiosa transmission rate in different grape varietals

3. measure over-winter recovery from infection for different grape cultivars

Publications resulting from this work in peer-reviewed journals

Rashed, A., Killiny, N., Kwan, J. and Almeida, R.P.P. 2011. Background matching behavior and pathogen acquisition: Plant site preference does not predict bacterial acquisition efficiency of vectors. Arthropod-Plant Interactions 5: 97-106.

Daugherty, M.P., Rashed, A., Almeida, R.P.P. and Perring, T.M. 2011. Vector preference for hosts differing in infection status: sharpshooter movement and Xylella fastidiosa transmission. Ecological Entomology, in press.

Rashed, A., Daugherty, M.P. and Almeida, R.P.P. 2011. Grapevine cultivar susceptibility to Xylella fastidiosa does not affect vector transmission success. Environmental Entomology, accepted.

Rashed, A., Kwan, J., Barraff, B., Killiny, N., Daugherty, M.P. and Almeida, R.P.P. Relative susceptibility of Vitis vinifera genotypes to Pierce’s disease: A categorization based on infection level and symptom severity. In preparation.

Intellectual property issues

None we are aware of.

How this work and its results will help contribute to solving the PD problem in California

This work resulted in many research findings that will contribute to solving the PD problem in California, although two of those are of immediately relevant to stakeholders and researchers.  First, we found that GWSS uses visual cues to select plants and tissues within plants, including avoidance of Pierce’s disease symptomatic grapevines.  These findings can be incorporated into vector management strategies that could take advantage of color, such as barrier crops composed of plants with various leaf colors.  In addition, the fact that GWSS discriminates against symptomatic plants indicates that once symptoms have appeared on plants this vector will avoid them, reducing the chances of it being a source of X. fastidiosa for disease spread.  In this case, secondary disease spread within vineyards, assumed to be important in regions where GWSS is a vector, would be small after disease symptoms are present on vines.  The second important component of this work is that GWSS transmission of X. fastidiosa from several grapevine varieties was consistently low, despite the fact that varieties differed on their susceptibility to the bacterium.  This differs from transmission using the blue-green sharpshooter under similar conditions, where transmission efficiency was consistently high among varieties.  We had previously noticed that GWSS is an inefficient vector of X. fastidiosa to grapevines, but this study confirmed that observation for a large number of grape genotypes.  This indicates that suppressing vector populations is an important component for efficient Pierce’s disease management where GWSS is present, regardless of variety, something that has been more recently observed empirically in Temecula Valley.  As a contrast, control of the blue-green sharpshooter in Napa Valley does not result in significant decrease in Pierce’s disease incidence.  Connecting both findings, it is possible that varieties that take longer for symptoms to develop, which could be infected but would still be selected visually by GWSS, would have higher incidence of Pierce’s disease over time, compared to varieties that show symptoms earlier and are not chosen by the vector.  In summary, the work provides support to disease control strategies that suppress vector populations.  It also highlights the importance of vector behavior on disease spread, indicating that avoidance of symptomatic plants can have an impact on the seasonality of X. fastidiosa transmission in the field.  This would be a variety dependent phenomenon, and could have a large impact on the rate of secondary spread observed in the field.

Report structure and major research findings

This report could be structure in different ways, as all the work to be described here is interconnected and directly associated with the central question in our proposal, which proposed that grape varieties varied in their susceptibility to X. fastidiosa infection, and that this variability would affect pathogen transmission by the GWSS.  In addition, GWSS could vary depending on the degree of PD symptom expression on different varieties, which would affect their behavior and potentially increase or decrease overall transmission efficiency.  For example, more susceptible varieties could express symptoms earlier, but if GWSS discriminated against PD symptoms there would be less disease spread in such vineyards compared to others planted with varieties that would take longer for symptoms to be expressed yet could harbor large pathogen populations, resulting in more disease spread.  However, until this project begun, we did not know much about GWSS behavior in relation to healthy/diseased plants.  Thus, we start this report with studies addressing GWSS behavior and plant tissue preference, moving later to measurements of varietal susceptibility to X. fastidiosa and transmission experiments.  We note that comparisons with another X. fastidiosa vector, the blue-green sharpshooter (BGSS, Graphocephala atropunctata), were often used to test if observations with GWSS were unique to this species or could be generalized to another important vector species.  As mentioned above, much of the text here is the similar or equal to that of published material, as it best summarizes our results and has already been through peer-review.  The report is divided into 4 sections, major research findings are listed below, but are not discussed as that is done in the different sections of this report.

I. Vector behavior and within-grapevine tissue preference

a. GWSS and BGSS prefer to alight on colors matching their body color, presumably to reduce predation.  

b. GWSS acquired and inoculated more X. fastidiosa cells than the BGSS, but no differences were observed if corrections were made for insect head size.  

c. Quantitation of vector-inoculated X. fastidiosa cells was performed for the first time.

II. Vector host choice – symptomatic versus asymptomatic plants

a. GWSS and BGSS do not discriminate between healthy and infected but asymptomatic grapevines; they do discriminate against symptomatic plants.

b. This is primarily a visual response, as painted healthy plants mimicking disease symptoms were less preferred than those paints as healthy controls.

Sections I and II clearly show that GWSS and BGSS use visual cues as an important decision tool to select host plants and where within plants they would prefer to remain. This visual behavior could be exploited for insect management and monitoring.  It also has important implications for PD epidemiology

III. Grapevine cultivar susceptibility to X. fastidiosa infection

a. Framework was devised to study grapevine susceptibility to X. fastidiosa infection and Pierce’s disease symptom development

b. Variation in bacterial populations within plants and symptom development were observed among ten grape cultivars tested.

c. Although differences found somewhat reflect observations made under field conditions, we encourage similar studies in the field as differences may be more easily detectable than in a greenhouse setting.

IV. GWSS transmission of X. fastidiosa to grape cultivars of economic importance

a. As previously reported, GWSS transmission efficiency to grapevines is lower than the BGSS.

b. No statistical differences in transmission efficiency were observed among 14 tested varieties, although rates ranged from zero to 33%.

c. It is possible that existing variations among cultivars in relation to GWSS feeding behavior and X. fastidiosa multiplication are not large enough to result in detectable differences in transmission rate under greenhouse conditions.

In summary, GWSS uses visual cues to orient itself and make host choice decisions.  These include plant tissue coloration and clear avoidance of PD-symptomatic grapevine tissue.  This does not mean that other cues are not used, but this work clearly shows that visual cues are very important for GWSS orientation.  However, existing differences in grape cultivar susceptibility to X. fastidiosa (bacterial multiplication and symptom development) did not affect GWSS transmission efficiency under the experimental conditions used.  The variability observed could be more pronounced in the field, where differences may be more easily detectable.  The avoidance of symptomatic plant material and overall low transmission efficiency by the GWSS among several cultivars are two important results that must now be incorporated into disease ecology models and management strategies, as we have previously shown that both parameters impact PD spread.

I. Vector behavior and within-grapevine tissue preference

Summary

Many insect-borne pathogens are heterogeneously distributed within their host: therefore vector within-plant distribution may be a predictor of its exposure to pathogens. In this study, we set out to quantify plant tissue preference, in the context of background matching, and investigated its effect on acquisition of a bacterial pathogen by different species of leafhopper vectors. The two green-colored species, Graphocephala atropunctata (blue-green sharpshooter) and Draeculacephala minerva (green sharpshooter) preferred green plant tissue and artificial background whereas the brown-colored Homalodisca vitripennis (glassy-winged sharpshooter), preferred brown stem tissue and backgrounds. While within-plant feeding site did not predict either the acquisition success or the number of the acquired plant-pathogenic Xylella fastidiosa cells by the vectors, an 86% mortality of 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. Contrary to previous assumptions, pathogen acquisition efficiency 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. 

Introduction

Although extensive color and size variation exist among sharpshooter leafhopper species, studies are lacking which examine the precise function of color patterns and their potential effect on the transmission efficiency of X. fastidiosa. Here, we evaluated the background matching behavior 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 was first reported on a range of hosts including citrus trees (Sorensen and Gill 1996; Hopkins and Purcell 2002) in southern California 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 color (Purcell 1976). The green-colored D. minerva is abundant in moist habitat of grasses and weedy plants in California (Purcell and Frazier 1985). In addition to differences 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 by G. atropunctata, while D. minerva tends to exploit the basal stem tissue (Daugherty et al. 2010). 

X. 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 suggested that X. fastidiosa transmission 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 2003b). Thus, it is possible that differences among sharpshooter species in transmission efficiency 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). Thus to test this, one must show that the acquisition efficiency of the vector species is affected by feeding-site. In this paper the term ‘acquisition efficiency’ is a factor of both acquisition rate (or the proportion 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. vitripennis are selective in their landing site within grapevines. We note differences in head size between G. atropunctata and H. vitripennis (Fig. 1).  Second, in an artificial arena we investigated whether plant tissue preference can be explained by background matching in the three tested species. In the case of background matching, sharpshooters are expected to be selective for backgrounds that closely match their body-color. Finally, we conducted both in planta and in vitro no-choice feeding trials to evaluate whether bacterial acquisition efficiency is linked to the plant tissue where feeding occurs. 
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Results

Within-host plant tissue preference 

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

H. 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 background (t = 2.44, df = 29, P = 0.021; Fig. 2a). During the observation periods, insects frequently moved to different colored areas as well as to the top of the cage. Although H. vitripennis showed a tendency to visit the brown-colored background more frequently than the green-colored background, this difference was not statistically significant (Z = -1.32, P = 0.18; Fig. 2b).

G. atropuncata 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 significant (t = 1.15, df = 39, P = 0.254; Fig. 1a). The frequency of visits by G. atropunctata 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. 1b). Similar to G. atropunctata, D. minerva chose the green background as its first landing site more frequently 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. 1a). D. minerva also visited the green background more frequently compared to the brown background (Z = 3.10, P = 0.002; Fig 2b). 
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Acquisition efficiency from plant tissue

The overall bacterial acquisition rate by H. vitripennis was significantly higher than G. atropunctata (Wald X12 = 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 stem tissue (X12 = 43.7, P < 0.001; Table 1). No species effect was detected when dead insects were removed from the acquisition rate analysis (Wald X12 = 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 stem (N = 18; out of 100), though the difference was not significant (Wald X12 = 2.40; P = 0.121). The vector species-by-feeding site interaction was of borderline statistical significance (Wald X12 = 3.57; P = 0.058). Excluding dead individuals from our analysis diminished the effect of feeding site in either vector species (Wald X12 = 0.06; P = 0.803). 

Table 1. Number of vector species, their acquisition rate and the observed mortality on leaves and stems

	Vector Species
	Plant tissue
	Total No. 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


Analysis of variance indicated that the pathogen acquisition level by H. vitripennis was significantly more than 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 1µg 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 woody stem (Fig. 3). 
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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 mix (diet solution with bacteria) was not different from that of G. atropunctata (N = 13 out of 20) (X12 = 0.41, P = 0.52; Fig. 4a). 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 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 G. atropunctata (t = 2.21, df = 12, P = 0.047; Fig. 4b). A correction 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).
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Discussion

Background matching functions as a protective trait for diurnal feeders against visual predators (Endler 1981; Ruxton et al. 2004). This adaptive trait may also play the same role in sharpshooter leafhoppers as it has been previously suggested by Purcell and Frazier (1985). Background choice may potentially govern sharpshooter exposure to pathogen as they choose to stay on plant tissues containing different bacterial populations. In this study we showed that the three tested leafhopper species were selective in their choice of plant tissue preferring to alight on the backgrounds that closely matched their forewing coloration. Their efficiency 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 background matching behavior 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 protective function of the background matching behavior in leafhoppers.

Sharpshooter leafhoppers are polyphagous and exploit numerous hosts ranging from weedy to woody plant species (e.g. Hewitt et al 1946; Purcell 1976; Mizell et al 2008). Host switching is one of the behaviors, which has evolved in sharpshooters as a mean to obtain essential nutrients for somatic maintenance and reproduction from the poor nutritional content of the xylem sap (Andersen et al. 1989, 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 vectors choice of host-plant. Background matching behavior may rather explain leafhoppers plant tissue preference following 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, reflected by the failure of G. atropunctata to feed on the stem tissue was supported by its 86 % mortality. Likewise, H. vitripennis may associate brown coloration with stem tissue- their preferred feeding site on grapevines (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 young and smaller branches (Zimmermann 1983). This is in spite of their ability to feed and survive 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 to this vector species (Mizell and French 1986). Therefore, the ability to feed on the woody stem may be condition-dependent. Furthermore, woody stem may provide the relatively large-sized H. vitripennis with better protection from predators at distance via concealment on a dark and rough surface. There, they also have the opportunity to behaviorally evade an approaching predator, by moving quickly behind the stem. This evasive behavior is performed 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 G. atropunctata. 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 analysis resulted in a non-significant species effect. G. atropunctata needs to feed frequently as it would die within day-long starvation periods under greenhouse conditions (unpublished data). H. vitripennis acquired significantly more bacterial cells than G. atropunctata, regardless of the plant tissue they were feeding on. The non-significant feeding-site by species interaction, however, needs to be interpreted 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. Subsequently, H. vitripennis inoculated a greater number of cells (‘inoculation level’) into our 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, the transmission efficiency is independent from the number of X. fastidiosa in G. atropunctata heads. Likewise, Jackson and colleagues (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 transmission 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 insect head following a 24-hour retention period (Fig 3). Estimated cell numbers in the heads were within the same range as those reported by Killiny and Almeida (2009b), from whose data a generation time of 7-8 hours for X. fastidiosa inside G. atropunctata can be estimated. 

 Our findings, however, do not undermine previous studies on X. fastidiosa transmission, which suggested that the transmission efficiency is a factor of the plant tissue where acquisition occurs (Almeida and Purcell 2003b; 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. atropunctata and H. vitripennis may result from differences between their feeding site preferences as well as their probing behaviors (see Backus et al. 2005) during the inoculation stage. It should be acknowledged that X. fastidiosa transmission is rather complex and it may be simplistic to assume that evaluating acquisition and/or inoculation levels per se are enough to explain transmission efficiencies of different vectors. For example, bacterial strain and its interactions with host (Prado et al. 2008) and/or the number of the inoculation events by vectors (Daugherty et al. 2009) are factors that can influence the 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.  

X. fastidiosa attaches to the leafhoppers’ foregut while they feed on an infected host plant (Almeida and Purcell 2006). H. vitripennis is a larger sharpshooter compared to 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 feed on plant tissue that matches their forewing coloration, but this behavior had no effect on the bacterial acquisition level by the different vectors on the host plant. Our in vivo experiments suggested that bacterial acquisition level might be size related. Subsequent in vitro experiments in the absence of plant host, and under controlled condition, 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 possibility of a link between pathogen acquisition level and transmission efficiency where certain ecological and environmental constrains may alter bacterial population growth or vector behaviors. More studies are necessary for the evaluation of vector interactions with host plants at both mechanical and biochemical levels during the inoculation process.   

II. Vector host choice – symptomatic versus asymptomatic plants

Summary

Epidemiological theory predicts that vector preference for hosts differing in infection status (i.e. healthy or infected) affects disease dynamics. Numerous studies have documented strong vector preference for or discrimination against infected hosts. However, the significance of these behaviors for pathogen transmission and spread has been poorly described. We conducted a series of choice assays to evaluate orientation preference, feeding preference and movement rates of an important group of vectors, the sharpshooter leafhoppers, based on host infection status for the generalist plant pathogen, Xylella fastidiosa. Sharpshooters did not discriminate between healthy versus infected-but-asymptomatic grapevines, but they oriented preferentially to healthy grapevines more frequently than either symptomatic vines or those artificially colored to mimic disease symptoms. These results suggest that sharpshooters discriminate against infected grapevines, which are likely to be of poorer quality, with visual cues playing a role in host selection. Preference by these vectors may affect pathogen acquisition, which could affect disease spread in the field.  We note that an additional component of this work, not presented here, was done in collaboration with Drs. Daugherty and Perring at UC Riverside.  They performed similar experiments under field conditions, which yielded similar results.  Because the work was complementary (greenhouse studies at Berkeley and field studies at Riverside) we decided to publish it as a collaborative effort – paper accepted.

Introduction

Sharpshooter vectors of X. fastidiosa show orientation and feeding preference for different grapevine varieties, which may contribute to observed differences in transmission efficiency among varieties (Purcell, 1981). These insects also show fine-scale preferences for feeding sites, which in conjunction with heterogeneous infection levels in plants underlies differences in X. fastidiosa transmission efficiency among sharpshooter species (Daugherty et al., 2010a). However, it is not well known whether sharpshooters exhibit preference based on infection status. The only observations thus far come from South American sharpshooters on citrus which show mixed results – one species exhibited no preference whereas the other discriminated against X. fastidiosa infected seedlings (Marucci et al., 2005). Given that X. fastidiosa disease symptoms mimic water stress (McElrone et al., 2003; Daugherty et al., 2010b), which is known to curtail sharpshooter feeding (Andersen et al., 1992), sharpshooters might be expected to discriminate against infected plants. If so, symptoms should reduce pathogen acquisition and spread. Thus, the expectation is that X. fastidiosa diseases should induce qualitatively different patterns of vector preference, due the degenerative nature of the pathogen (Purcell 1997), relative to plant viruses that increase attractiveness (Eigenbrode et al., 2002; Medina-Ortega et al., 2009) or alternate between increasing and decreasing attractiveness over time (Werner et al., 2009). However, no studies have estimated X. fastidiosa transmission in a choice setting. Therefore, it is unclear to what extent differences in behavior underlie ensuing patterns of Pierce’s disease spread by different sharpshooter species.  We conducted a suite of behavioral assays to evaluate sharpshooter preference associated with hosts differing in infection status, and whether it differed among vector species. 
Results

Latent infections

Sharpshooters did not differentiate between healthy and infected-but-asymptomatic vines. The likelihood that first visits were to infected vines did not differ significantly between the two vector species (χ12 = 0.069, P = 0.7934). G. atropunctata first oriented to infected plants in 12 of 30 replicates (40%), and H. vitripennis oriented to infected plants in 13 of 30 replicates (43%). The pooled proportion of first visits that were to infected plants, 0.417, did not differ significantly from 0.5 (P = 0.1225).

Symptomatic and asymptomatic field cuttings

As in the previous trial, the two sharpshooter species did not differ significantly in the proportion first visiting the symptomatic versus asymptomatic field-collected cuttings (χ12 = 0.290, P = 0.5904). However, both species were less likely to alight on the symptomatic plant. G. atropunctata first oriented to symptomatic plants in 11 of 35 replicates (31%), and H. vitripennis oriented to symptomatic plants in 6 of 24 replicates (25%). When the two species were pooled, the proportion of sharpshooters that first visited symptomatic cuttings was 0.288, which is significantly less than 0.5 (P = 0.0008). 

Simulated symptoms

The mean peak reflectance (± SE) for the green paint (n = 2) and healthy leaf (n = 5) were recorded at 530.7 (± 7.9) and 551.9 nm (± 1.6), respectively (Fig. 1). Mean peak reflectance of the red paint (n = 4), orange paint (n = 3), and Pierce’s disease leaf-scorch region (n = 7) were 598.7 (± 2.18), 591.5 (± 5.1), and 592.3 nm (± 4.6), respectively (Fig. 1). Thus, the painting treatments were reasonable reproductions of diseased foliage.    


There was no significant difference in first visitation rate between the two vector species (χ12 = 0.161, P = 0.6883). As in the previous trial, both sharpshooter species were less likely to alight on plants painted to look symptomatic. G. atropunctata first oriented to red and orange (i.e. symptomatic) plants in 13 of 40 replicates (32%), and H. vitripennis oriented to symptomatic plants in 9 of 32 replicates (28%). Together, the proportion of vectors that first visited symptomatic plants, 0.306, was significantly less than 0.5 (P = 0.0006). 

Figure 1. Reflectance profiles of a healthy grapevine leaf or scorched region of Pierce’s disease symptomatic leaves compared to a) green, or b) orange and red paint treatments. Measurements made at 5 nm increments between 200 and 800 nm.  

Discussion

For vector-borne pathogens, it is becoming increasingly apparent that disease dynamics are contingent on behavioral decisions made by vectors at the scale of the individual host (Daugherty et al., 2010a), host population (McElhany et al., 1995), and host community (Kilpatrick et al., 2006). In this study we focused on vector behavior at the population scale, evaluating the preference of leafhopper vectors based on host infection status. The results indicate that this important group of vectors, including the invasive H. vitripennis, consistently avoids diseased hosts during both orientation and feeding. Ultimately, this discrimination against infected hosts may affect transmission by reducing vector exposure to the pathogen.     

Studies of vector preference often show initial attraction to infected hosts, which stem from pathogen-induced changes in host phenotype (Baker, 1960; Eigenbrode et al., 2002; Medina-Ortega et al., 2009; Mauck et al., 2010). Yet other studies have demonstrated avoidance of infected hosts (Blua & Perring, 1992; Jennersten, 1988; Altizer et al., 1998). In the orientation preference trials we conducted, the two sharpshooter species tested, G. atropunctata and H. vitripennis, behaved similarly. Neither vector appeared to distinguish between healthy and infected-but-asymptomatic plants. Thus, X. fastidiosa infection, alone, does not appear to be sufficient to elicit an orientation preference from the vectors. However, the sharpshooters were up to three times more likely to first choose asymptomatic versus Pierce’s disease symptomatic cuttings collected from the field, and were similarly more likely to first choose grapevines painted to look healthy over those with symptomatic coloration. Collectively, these results suggest that sharpshooters discriminate against grapevines exhibiting Pierce’s disease symptoms, in a manner similar to pollinator avoidance of flowers infested with anther smut fungi (Jennersten, 1988; Altizer et al., 1998). 

Many insects use visual and/or olfactory cues for orientation and host selection (Prokopy & Owens, 1983; Hardie, 1989; Fereres & Moreno, 2009). Understanding the role of pathogen-mediated effects on host-plant morphology and physiology is important in vector-borne pathogen systems as these changes can manipulate host-plant palatability and profitability to vectors (Hodge & Powell, 2008), and subsequently, affect pathogen distribution (Fiebig et al., 2004). Leafhoppers are known to use visual cues for orientation purposes and previous studies indicated their attraction to bright yellow wavelengths (Patt & Setamou, 2007; Fereres & Moreno, 2009). The results of the orientation preference trials suggest that sharpshooters avoid leaf colors associated with Pierce’s disease symptoms. However, we did not evaluate explicitly the role of chemosensory cues in vector host preference (Eigenbrode et al., 2002). Therefore, the possibility exists for these vectors that olfaction may function as a synergistic stimulator in conjunction with visual cues (Patt & Setamou, 2007). 


Studies of aphid-borne plant viruses suggest that feeding preference based on infection status may be an inherent feature of the transmission mode. The spread of non-persistent viruses, whose transmission requires relatively short feeding periods, should be favored by increasing the attractiveness of infected hosts to vectors then encouraging them to disperse by reducing the nutritional quality of infected hosts (Mauck et al., 2010). Conversely, because persistent viruses require extended feeding periods for transmission, spread is favored by arresting vectors through increased nutritional quality of infected hosts (Eigenbrode et al., 2002; Medina-Ortega et al., 2009). Xylella fastidiosa transmission biology is analogous to persistent viruses in that once the pathogen is acquired by adult sharpshooters it is maintained for the duration of the insect’s life, albeit in the foregut (Severin 1949). In addition, like persistent viruses, feeding periods on the order of several hours to days are required for efficient sharpshooter transmission of X. fastidiosa (Daugherty & Almeida, 2009). G. atropunctata efficiency after 1 h acquisition access period resulted in only 30% transmission success, whereas transmission rates given periods of 24 h or more were approximately 90% (Purcell & Finlay, 1979). However, there is no evidence that this pathogen manipulates positively either the attractiveness or nutritional quality of infected plants for sharpshooters. Instead, in our field experiment we found that all three vector species tested showed similar patterns of feeding preference, with all three spending more time on healthy grapevine canes. Sharpshooter discrimination against symptomatic grapevines appears to be a general behavior of this group of vectors, one which is consistent with other pathogens that reduce host quality (Jennersten, 1988; Blua & Perring, 1992). As xylem sap-feeding insects, sharpshooters must process many times their body weight (up to 1000 times – Mittler, 1967) in plant fluid each day. More severe xylem tension associated with water stress impinges on their ability to do so (Andersen et al., 1992). Thus, it is plausible that plants infected with X. fastidiosa are perceived by sharpshooters as poor quality hosts because they exhibit physiological traits that are consistent with increased water stress (Daugherty et al., 2010b). It is worth considering, however, whether such discrimination against infected hosts varies among host species. Sharpshooters, particularly H. vitripennis, and X. fastidiosa are notable for having broad host ranges; upwards of 300 and 100 species, respectively (CDFA, 2011; Purcell, 2011). Pathogen infection level and symptom severity differ among these host species (Hill & Purcell, 1995; Purcell, 1997). Therefore, attempts to understand whether these alternate hosts act as pathogen reservoirs should consider how sharpshooters respond to infection in these host species. 


It is important to note that the effects of pathogen infection on host phenotype may not be consistent over time. For example, shortly after inoculation Zucchini yellow mosaic virus infected plants are higher-quality hosts for aphids than are healthy hosts, but weeks later they are of significantly lower quality (Blua & Perring, 1992). Such trends in quality may drive changes in vector preference over time. For example, aphid emigration from Potato leafroll virus infected plants at different times post inoculation was similar to that from healthy plants at early and late timescales, but was significantly higher at intermediate timescales (Werner et al., 2009). Our experiments evaluated sharpshooter preference at a single time point – generally at low and high extremes of the disease state. Therefore it is not possible to determine from this study whether sharpshooter preference switches as disease progresses. However, Pierce’s disease is a chronic, degenerative disease that disrupts xylem sap transport, plant growth, and fruit production (Purcell, 1997; Krivanek et al., 2005). At later disease stages vector discrimination against symptoms is likely to be more pronounced, which should reduce pathogen spread (MP Daugherty, unpublished data). But we don’t expect to see qualitative shifts in the trajectory of sharpshooter preference for host infection status over a gradient of disease severity.


We found substantial individual variation in the amount of time sharpshooters spent on infected grapevine canes in the field trial, ranging from 0 to nearly 97% of censuses. This is notable because those individuals that spent less time on infected plants tended to acquire the pathogen at a lower frequency. This result needs further testing, but it is interesting because it provides the link between vector behavior and disease epidemiology that is postulated by various models (Kingsolver, 1987; McElhany et al., 1995; Sisterson, 2008), yet which has been largely untested in studies of vector behavior. Although it may be safe to assume that a vector-host contact equates to a transmission event in the case of highly efficient vectors, for less efficient vectors this is not necessarily the case. For relatively less efficient vectors the “quality” of a contact moderates acquisition or inoculation success. Sharpshooter transmission of X. fastidiosa, for example, depends strongly on the duration of feeding and frequency of unique probes (Daugherty et al., 2009). Therefore simply noting vector preference in the absence of transmission provides an incomplete metric of the epidemiological significance of vector behavior in certain pathosystems. This link between individual preference and transmission has been documented for pollinator-associated fungal pathogens. In those systems bees tend to avoid infected flowers, but individuals that visited infected flowers more often were more likely to pick up fungal spores (Altizer et al., 1998). Thus these results support the prediction that greater vector residency on infected hosts promotes greater pathogen acquisition. This is likely to be a general phenomenon for pathosystems in which transmission efficiency requires protracted feeding. Other studies of vector behavior need to consider transmission, because differences in behavior may explain differences in transmission efficiency among vector species. 

Sharpshooter transmission of X. fastidiosa is highly context dependent, with several ecological factors underpinning variation in transmission efficiency (Almeida & Purcell, 2003; Daugherty & Almeida, 2009; Lopes et al., 2009). Species-dependent transmission rates may stem from innate differences in their perception of the quality of host species or differences in preferred feeding sites within a host (Daugherty et al., 2010a). Thus, we expected the differences in sharpshooter movement rates and feeding site preferences in the current study to drive differences in acquisition rates among the vectors. Although G. atropunctata, the vector that moved with the greatest frequency and had the strongest preference for leaf tissue, was marginally more efficient at acquiring X. fastidiosa than were the two Homalodisca spp., the difference was not significant. This result contradicts the general view of G. atropunctata being the most efficient vector of X. fastidiosa to grapevines in the Western U.S. (Almeida & Purcell, 2003) - 2 to 4 fold more efficient over a range of conditions than is the invasive H. vitripennis (Daugherty & Almeida, 2009). However these previous efficiency tests were conducted under no-choice conditions. Under conditions where choice is possible, which is arguably more representative of field conditions than are no-choice bioassays, such differences among species appear to be depressed. 

Epidemiological models predict that the extent to which vectors are attracted to and retained on infected hosts determines the likelihood or severity of disease outbreaks (Kingsolver, 1987; McElhany et al., 1995; Sisterson, 2008). Unlike vector-borne plant viruses that facilitate attraction to infected hosts (Medina-Ortega et al., 2009; Mauck et al., 2010), and increase retention on infected hosts (Eigenbrode et al., 2002), X. fastidiosa reduced vector preference during both orientation and feeding phases. Under most conditions, particularly in the early phases of an outbreak (McElhany et al., 1995), this consistency in response should constrain pathogen transmission and spread (Kingsolver, 1987). The invasion of H. vitripennis into Southern California precipitated Pierce’s disease outbreaks on a scale much greater than native sharpshooters appear to have caused (Almeida et al., 2005). Yet, given the similarity in preference we observed among sharpshooter species, vector preference for infection status is not likely to contribute appreciably to differential Pierce’s disease incidence caused by native versus invasive sharpshooters. Instead, the impact of the invasive H. vitripennis, which is not a more efficient vector (Almeida & Purcell, 2003; Daugherty & Almeida, 2009), is likely to be tied to some other aspect of its ecology. 

III. Grapevine cultivar susceptibility to X. fastidiosa infection
Summary

In this study, we quantified infection level and symptom severity in 10 commonly used grapevine cultivars in California vineyards. These cultivars are also widely used in other key viticultural regions across the globe. Based on the observed relationship between cultivar infection level and symptom severity, each genotype was categorized in one of the four suggested classes of susceptibility/tolerance across three different incubation times.  We note that this section is still undergoing heavy revision (including terminology, double-checking results, etc) and should be considered as preliminary, results were interpreted with this caveat in mind.  
Introduction

Host-plants may vary considerably in their susceptibility to X. fastidiosa infection. For instance, plum and coffee plants appear to be more susceptible and higher proportion of their xylem vessels become colonized by X. fastidiosa compared to the relatively less susceptible citrus host (Alves et al 2004). In grapes, all Vitis vinifera genotypes are known to susceptible to X. fastidiosa infection, more so than other Vitis spp. (Fritschi et al. 2007). In spite of their high susceptibility, V. vinifera cultivars exhibit variation both in their degree of symptom development and the extent of which they become colonized by the pathogen  (Hewitt et al. 1942; Purcell 1974; Raju and Goheen 1981; Krivanek et al. 2005). Previous studies confirmed that within V. vinifera, among-cultivar variations in symptom severity is a response to differences in bacterial populations and the rate of xylem occlusion along the stem tissue (Fry and Milholland 1990; Newman et al. 2003; Krivanek et al. 2005; Baccari and Lindow 2011). 

In our study, “susceptibility” primarily reflects X. fastidiosa populations (hereafter, ‘infection level’) within an infected host. We use the term “tolerance” to describe the ability of the infected host in minimizing the extent of which symptoms appear. Establishing a classification of susceptibility/tolerance for V. vinifera cultivars, however, is challenging as both terms are comparative and both depend on the subset of cultivars that are being evaluated in a given study. This would also make between-study comparisons a difficult task as in addition to differences between pools of evaluated cultivars differences in experimental conditions can greatly influence bacterial populations and symptom severity (Feil and Purcell 2001; Daugherty et al. 2009).    

The importance of an objective quantification for susceptibility and tolerance for V. vinifera cultivars became more evident, when recent studies revealed: i) the relationship between host infection level and vector transmission efficiency (Hill and Purcell 1997), and ii) vector preference to feed on asymptomatic hosts (Daugherty et al 2011). Vector exposure to higher bacterial populations can increase the probability of a successful acquisition event, and subsequently, increase its transmission efficiency (Hill and Purcell 1997; Daugherty et al 2010). Alternatively or in addition, vector preference for asymptomatic host (Daugherty et al 2011) means that ‘highly-tolerant’ genotypes - which host high bacterial populations and yet exhibit limited disease symptom - may function as pathogen source for vineyards containing more susceptible cultivars. Here we studied the susceptibility of ten grapevine cultivars to X. fastidiosa infection, by measuring pathogen populations within plants and scoring for the presence of Pierce’s disease symptoms.
Results

Relative cultivar categorization

We used mean symptom score and mean infection level of our 10 tested cultivars to distinct 4 categories within X (symptom score), Y (infection level) arenas for each of the three incubation times (Fig 1a). In this scheme cultivars will be placed in any of the 4 categories based on their average infection level and symptom score relative to the overall means for infection level and symptom severity. The four categories are: 

Category 1: Cultivars with lower than average infection levels (low susceptibility) and lower than average symptom scores (tolerant) 

Category 2: Cultivars with higher than average infection levels (susceptible) yet lower than average symptom score (tolerant)

Category 3: Cultivars with higher than average infection levels (susceptible) and higher than average symptom scores (intolerant)

Category 4: Cultivars with lower than average infection levels (low susceptibility) and higher than average symptom scores (highly intolerant) 

Infection level and symptom severity

Infection level varied significantly among the 10 evaluated cultivars (F9, 156.8 = 7.57; P < 0.001) and was influenced by the incubation time (F2, 158.6 = 20.08; P < 0.001). Incubation time-by-cultivar interaction was non-significant (F18, 143.6 = 1.35; P < 0.001). Cultivars Chardonnay, Chenin blanc, Cabernet sauvignon, Flame seedless, Rubired, Thompson seedless, and Zinfandel showed an increase in their petiole infection levels on week 12, which was followed by a significant reduction on week 16. Separate regressions, for each incubation period, indicated no correlation between symptom severity and infection levels among evaluated grape cultivars on weeks 8 and 16 post-inoculation (Week 8: T = 1.19, P = 0.26; week 16: T = 1.48, P = 0.17; Fig 1b,d). This correlation was significant on week 12 post-inoculation (T = 3.62, P = 0.007; Fig 1c). Overall, however, symptom severity was independent from grapevine infection level (F1, 348.7 = 0.11; P < 0.16). Barbera and Thompson seedless were the 2 cultivars with the highest infection levels. Pair-wise comparisons confirmed that the overall infection levels of these cultivars are significantly higher than the rest of the tested V. vinifera genotypes (Tukey: all Ps < 0.032- with the exception of Thompson seedless and Chardonnay: P = 0.090).    

Cultivars varied significantly in their symptom severity (F9, 163.4 = 8.37, P < 0.001; Fig 1b-d), and again, incubation time had a significant effect (F2, 158.6 = 36.88, P < 0.001; Fig 1). Cultivars showed significant variability in symptom development across the three incubation times as revealed by the significant cultivar-by-incubation time interaction (F18, 142.6 = 5.29, P < 0.001; Fig 1). Overall, while Rubired and Cabernet sauvignon showed the least symptoms Thompson seedless and Barbera were the 2 cultivars with the highest symptom scores. 

We did not detect a significant difference between infection levels at +10-cm and +70-cm from the point of inoculation across the evaluated cultivars on week 16 (F1, 156.07 = 3.11, P < 0.070; Fig 2). However, cultivars were statistically different in infection levels at different location within the plants as revealed by the significant petiole location-by- cultivar interaction (F9, 149.3 = 3.12, P = 0.001; Fig 2).

Fig. 1. Categorization on Vitis vinifera cultivars based on their infection level and symptom severity. Schematic representation of the 4 established categories (a). Mapping of the 10 evaluated cultivars based on their infection level and symptom severity in the three incubation times; b) week 8,  c) week12, and d) week 16. X and Y error bars represent ±1 se.


Infection susceptibility and disease tolerance

Most of the evaluated cultivars did not show a consistent pattern of susceptibility/tolerance, as they were place in different categories in different incubation times (Fig 1 a). With the exception of Rubired (on week 8) and Merlot (on week 16) no other grapevine cultivar was placed in category 2 (highly tolerant). Cultivars Thompson seedless and Barbera were classified as susceptible and intolerant across three incubation times (Fig 1 b-d). Flame seedless and zinfandel were placed in category 4 on weeks 8 and 16  (Fig 1b, d) but were classified as category 1 in week 12 (Fig 1 c). Cultivar Chenin blanc showed low susceptibility and tolerance to infection as time progressed (Fig 1b-d). Although, Cabernet sauvignon was in the category 1 on weeks 8 and 12, it appeared highly intolerant on week 16 (category 4).

Fig. 2. Infection levels of the petioles removed from +10 and +90-cm above the point of inoculation for each tested cultivar. Error bars represent ±1 se.
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Over-winter recovery of Grapevine cultivars from Xylella fastidiosa infection

To compare recovery rate of grapevine cultivars from X. fastidiosa infection, 10 seedlings of the five cultivars Cabernet Franc, Zinfandel, Chardonnay, Cabernet Sauvignon, and Pinot Noir were mechanically inoculated by Temecula strain of X. fastidiosa in August 2010. Two non-inoculated controls were included for each variety. Inoculated plants were tested for X. fastidiosa infection using PWG culturing. Inoculation success was recorded to be: 90% for Cabernet Franc and Cabernet Sauvignon, and 100% for Pinot Noir.  The rate of successful inoculation was recoded to be only 60% for both Zinfandel and Chardonnay, resulting a in a relatively low sample size for these 2 seedling cultivars. In November, successfully inoculated plants were placed on outdoor benches located at the Oxford Tract greenhouse facility of the University of California, Berkeley. 

After winter, plants were brought back into the greenhouse on April 10 2011. They were grown for 2-months in the greenhouse before being tested for X. fastidiosa presence.  Bacterial detection was done by culturing (PWG medium).Recovery Rate (RR) was calculated by dividing the number of plants that tested negative in the Spring, by the number of plants per seedling cultivars (plants that tested positive in November of 2010).
A significant variation was observed in recovery rates among evaluated grapevine cultivars (X22 = 10.13, P = 0.038- note: 20% of the expected freqs. < 5). While Pinot Noir had the lowest recovery rate (RR= 0.1), Zinfandel was the cultivar with the highest rate of recovery (RR= 0.83). Recovery rates for Cabernet Sauvignon, Chardonnay and Cabernet Franc were 0.55, 0.33, and 0.45, respectively. 

Discussion
The 10 grapevine cultivars tested in this study showed variability in their susceptibility to infection as well as in their tolerance to Pierce’s disease symptoms. We did not detect a correlation between infection levels and symptom severity among tested cultivars. In an attempt to classify our evaluated cultivars based on their susceptibility and also tolerance to infection, we established a 4-category characterization based on the correlation between symptom severity and infection level. Most of the tested cultivars were placed in more than one category across 3 incubation times. Over-winter recovery rate from X. fastidiosa infection varied significantly among the 5 tested seedling cultivars. 

Seven of the 10 evaluated cultivars showed an increase in infection levels up to week 12, followed by a significant reduction on week 16. Small signaling molecules called Diffusible Signaling Factor (DSF), its concentration of which is cell density-dependent (Chatterjee et al 2008), mediate cell-cell communication in X. fastidiosa. An initial increase in bacterial population results in elevated DSF levels within an infected xylem cell, consequently promoting the ‘adhesive’ state of X. fastidiosa suitable for xylem colonization. Because bacterial population increases within the xylem, competition for attachments site and for limited nutritional contents of the xylem sap increases (Purcell and Hopkins, 1996). As resources become exhausted, pathogen cells are expected to die, which results in a decrease in DSF concentration. This promotes the ‘planktonic’ (motile) state of the X. fastidiosa which is capable of moving through pit membrane of the xylem cells and spreading throughout the host plant systemically (Chattarjee et al 2008). This process explains both the observed increase in bacterial populations in the first few weeks of incubation and the subsequent reduction in bacterial populations on week 16. 

If a later reduction in bacterial population at, and around, the point of inoculation would promote planktonic state of the pathogen then one may expect that bacterial populations increase systematically and axially due to their enhanced mobility. Our bacterial quantifications of petioles sampled at +90-cm above the point of inoculation, however, did not support this pattern. Indeed the two most susceptible cultivars, Barbera and Thompson seedless, had higher bacterial populations around the point of inoculation than at about 90-cm above. This observation indicates that bacterial movement within the vascular system may not be the only aspect that determines disease severity in an infected host (Hopkins 1989; Chattarjee et al 2008).

Furthermore, although previous studies have shown a relationship between symptom severity and infection level among Vitis spp. (Fritschi et al 2008), within V. vinifera this relationship was inconsistent across the incubation times- and absent overall. This clearly indicates that the susceptibility and also tolerance of a V. vinifera genotype varies over time, a phenomenon that makes it difficult to establish an objective measure of susceptibility/tolerance. 

Several studies have shown that Chardonnay is a highly susceptible genotype to X. fastidiosa infection under both field and greenhouse conditions (Raju and Goheen 1981; Krivanek and Walker 2005; Fry and Milholland 1990). Similarly, in this study, the infection level in Chardonnay followed that of Barbera and Thompson seedless, and overall, proved to be one of the most susceptible cultivars to X. fastidiosa infection. Chardonnay was categorized as susceptible (category 3; week 8) and highly susceptible (category 4; week 12), though was placed in the low susceptibility category (category 1) in week 16. Likewise, in a summer greenhouse study Thompson seedless and Chardonnay were as susceptible cultivars (Rashed et al, 2011). Flame seedless a field-susceptible cultivar (A.H. Purcell, personal communication) was placed in category number 4 on weeks 8 and 16, but showed low susceptibility on week 12 post-inoculation. With the exception of Rubired (week 8) and Merlot (week 16) none of the V. vinifera cultivars appeared to fall into category number 2 as highly tolerant genotypes.

 Raju and Goheen (1981) categorized Zinfandel as one of the more susceptible and Chenin blanc as the least susceptible cultivar among 25 tested genotypes. In our study Zinfandel was one the least susceptible cultivars along with Rubired and Merlot as it showed both low infection levels and low symptom severity. Chenin blanc, on the other hand, was categorized as susceptible and highly susceptible, on weeks 8 and 12, respectively. This cultivar, however, was mapped onto category number 1 (least susceptible) on week 16. It has been shown that bacterial population growth is influenced by environmental variability (Daugherty et al. 2009; Feil and Purcell 2001). Among-study differences in experimental conditions may, at least partially, explain the existing inconsistencies. Moreover, both susceptibility and tolerance are relative terms and direct between-study comparisons may vary depending on the pool of cultivars that are being evaluated. Studies on susceptibility and tolerance of grapevines to Pierce’s disease should not be generalized to all viticultural localities. Instead, independent studies must be conducted in the geographical location of interest, with the set of available and/or preferred cultivars.    

One may argue that a reduction in bacterial population may be a seasonal response, perhaps triggered by physiological changes in plants. Although, experiments were performed in the greenhouse, with sufficient temperature and lighting, we believe that this would be a strong possibility. Our over-winter recovery rate experiment provides evidence that bacterial populations are affected by environmental factors including plant physiological changes during cold season, even in locations with relatively mild winters. Our results also provided support for the contention that cultivars vary significantly in their rate of recovery.

X. fastidiosa is heterogeneously distributed within infected grapevines (Hopkins 1981), and therefore, our quantification of infection levels based on a single petiole may not be an accurate representation of infection level for the whole grapevine. In infected grapevines petioles harbor higher bacterial population than the stem (Krivanek et al 2005). Moreover, recent studies indicated that infection level of the stem tissue in infected vines better reflects among-cultivar variations in susceptibility to X. fastidiosa infection (Krivanek and Walker 2005; Krivanek et al 2005). Although we acknowledge that quantification of the infection levels in the stem tissue may better reflect among-cultivar differences in susceptibility to infection, our quantitative PCR approach using petiole samples was sensitive enough to detect significant differences among V. vinifera genotypes. 
In sum, the lack of overall correlation between infection level and symptom severity among cultivars was most likely due to the observed variations in their response to X. fastidiosa infection overtime. This study echoes the importance of genotype-by-environment interactions at the level of host in a vector-borne plant pathogen system. Differential susceptibility of grapevine genotypes to bacterial infection is not only important economically as would be a predictor for the extent of damage inflicted by the bacterium to the affected host, but also important from the epidemiological aspect of the disease (McElhany et al 1995; Sisterson, 2008). For example, changes in plant attractiveness (Blua & Perring, 1992) and nutritional quality (Mauck et al., 2010) can affect vector host choice behavior and consequently influence pattern of pathogen distribution (Daugherty et al. 2011). Moreover, Bacterial populations with in the plant directly affect vectors’ exposure to the pathogen and thus can increase transmission rate by the vector (Hill and Purcell 1997; Daugherty 2010). In a recent study we should that in grapevines sharpshooters show a distinct preference for asymptomatic hosts and that their host choice is not influence by the bacterial presence (Daugherty et al 2011). The observed variability in symptom development among grapevine genotypes and across incubation times indicates the importance of phonological studies among vectors, host genotypes, and bacterial populations within source plants. 
IV. GWSS transmission of X. fastidiosa to grape cultivars of economic importance

Summary

Previous studies suggest that host plant genotype may influence disease dynamics due to differences in susceptibility to the pathogen and, therefore, subsequent vector transmission efficiency from these plants. We tested this hypothesis using the pathogenic bacterium Xylella fastidiosa, the etiological agent of Pierce’s disease in grapevines, and its leafhopper vector Homalodisca vitripennis. Pathogen infection level and transmission efficiency among several widely cultivated red and white wine, table and raisin grape cultivars, were compared with the expectation that vector transmission rate would differ among cultivars, because of underlying differences in susceptibility to infection. The 14 grapevine genotypes evaluated showed significant differences among cultivars in the populations of X. fastidiosa that developed in petioles. Flame seedless hosted the highest bacterial populations, between 1.81 to 2.05 times higher than the least susceptible cultivars Merlot, Crimson seedless, Grenache Noir, and Rubired. Although the transmission rate of X. fastidiosa by H. vitripennis varied substantially (zero to 33%), it was not significantly different among cultivars. These results suggest that either the relationship between vine infection level and transmission is weaker than previously reported or innate differences in vector preference among cultivars confounded any effects of vine susceptibility to infection.
Introduction

Grape species (Vitis spp.) show variation in their resistance to X. fastidiosa infection, with V. vinifera being among the most susceptible (Fritschi et al. 2007).  Despite their relatively high susceptibility to bacterial infection (Krivanek and Walker 2005), cultivars of V. vinifera also exhibit differences in Pierce’s disease symptom severity (e.g. Hewitt et al. 1942; Purcell 1974; Raju and Goheen 1981; Krivanek et al. 2005), a progressive phenotypic signal of the host infection level (Fry and Milholland 1990; Alves et al. 2004; Krivanek and Walker 2005). Transmission efficiency of X. fastidiosa by sharpshooter vectors is also a function of infection level of the source plant (Hill and Purcell 1997). The role of infection level becomes even more pronounced in the absence of severe symptoms (i.e. relatively tolerant cultivars and/or early season infections) because the vector exploits resources indiscriminately; sharpshooter leafhopper vectors tend to visit asymptomatic vines more often than symptomatic ones (Daugherty et al. 2011). Differential susceptibility of V. vinifera cultivars is associated with differences in bacterial populations and the rate of xylem-occlusion in the stem tissue (Fry and Milholland 1990; Krivanek et al. 2005; Baccari and Lindow 2011). Likewise, in this study, bacterial population level within tissue of the infected grapevine was used as a measurement of host ‘susceptibility’. Cultivar susceptibility may affect the rate at which vectors are exposed to X. fastidiosa infection and, subsequently, their transmission rate. This contention is supported by the observed low transmission efficiency in almond, which maintains relatively low infection levels compare to grape and alfalfa hosts (Lopes et al. 2009). Recent evidence appears to support Hill and Purcell’s (1997) conclusion by demonstrating a tendency for greater exposure to X. fastidiosa at feeding sites to positively affect vector acquisition and overall transmission efficiency (Daugherty et al. 2010). 

Although substantial evidence indicates variation in susceptibility to X. fastidiosa among different V. vinifera cultivars, no study to date has evaluated how this among-cultivar variability may impact pathogen transmission efficiency by H. vitripennis. Here, a greenhouse study was conducted to estimate within-host X. fastidiosa populations, at two incubation times, in 14 commonly used V. vinifera cultivars. Then, H. vitripennis transmission success was evaluated for each of the cultivars, in relation to their observed infection levels. This allowed examining whether any potential among-cultivar variation in transmission efficiency of X. fastidiosa by H. vitripennis is determined by host genotype susceptibility to bacterial infection. 
Results

Xylella fastidiosa infection level in Vitis vinifera cultivars

ANOVA results revealed a significant variation in X. fastidiosa populations within petioles of V. vinifera cultivars (F13, 148 = 2.72, P = 0.002). Bacterial populations were not significantly affected by incubation time (F1, 148 = 0.14, P = 0.70), and there was not a significant interaction between genotype and incubation time (F13, 148 = 1.71, P = 0.06). Further Tukey comparisons revealed that the overall significant cultivar effect (Fig. 1) was driven by differences in bacterial populations between Flame seedless and cultivars Rubired (P = 0.002), Grenache Noir (P = 0.008), Crimson seedless (P = 0.009), and Merlot (P = 0.04). These four cultivars (Group a in Table 1) were the least susceptible to X. fastidiosa infection. Flame seedless (Group c in Table 1) proved to be the most susceptible among the 14 evaluated V. vinifera cultivars. The remaining 9 cultivars (Group b in Table 1) formed an intermediate statistically homogenous subset. Red and white wine, and raisin/table grapevines cultivars evaluated in this study showed differential susceptibility to X. fastidiosa infection, as confirmed by a separate model (F2, 159 = 5.61, P = 0.004; Fig. 1). Post hoc comparisons revealed that, overall, table/raisin grapes had significantly higher infection levels than red wine cultivars (Tukey HSD, P = 0.005). 

Table 1. Grapevine cultivars and number of replicates for the susceptibility experiments and transmission trials. Cultivars are listed based on infection levels in ascending order.

	Cultivar
	FPIS
	Infection level

statistical subsets**
	Infection level trials (No. of plants/sampling date)
	Transmission trials (No. of plants across sampling dates)

	
	Clone selection*
	
	
	

	Rubired
	BKN A R17.00 10.00
	a
	14
	20

	Grenache Noir
	NYL C R11.00 24.00
	a
	13
	33

	Crimson seedless
	NYL D R4.00 3.00
	a
	13
	23

	Merlot
	NYL C R11.00 1.00
	a
	10
	24

	Cabernet Sauvignon
	NYL D R20.00 9.00
	b
	14
	27

	Pinot Noir
	NYL C R13.00 17.00
	b
	9
	22

	Syrah
	NYL H R4.00 5.00
	b
	14
	25

	Barbera
	NYL D R8.00 6.00
	b
	10
	21

	Colombard
	BKN B R9.00 9.00
	b
	9
	23

	Ruby seedless
	BKN B R17.00 4.00
	b
	13
	21

	Chardonnay
	NYL D R18.00 5.00
	b
	10
	19

	Red Globe
	NYL I R2.00 5.00
	b
	12
	19

	Thompson seedless
	NYL C R1.00 21.00
	b
	8
	23

	Flame seedless
	NYL E R9.00 8.00
	c
	13
	28

	 
	Total
	162
	357


*   The presented coding system is used by Foundation Plant Services of University of California, Davis (FPIS) to label plant material

** Cultivars were placed in three statistically distinct subsets (Tukey HSD) based on petiole infection levels. Grape cultivars labeled by similar letters belong to the same homogeneous subset. 

Fig. 1. Xylella fastidiosa infection levels (estimated cell No./µg total DNA) within petioles of 14 different grapevine cultivars measured 8 (empty bars) and 12 (filled bars) weeks post-inoculation. Error bars represent ±1SE.
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Transmission experiments

The rate of a successful X. fastidiosa transmission by H. vitripennis did not depend on grapevine genotype (Wald X132= 8.55, P = 0.80; Fig. 2), incubation time (Wald X12= 1.42, P = 0.23; Fig 2), or infection level (Wald X12= 0.03, P = 0.86; Fig. 3). Although statistically non-significant, transmission rates showed variation among genotypes. While Ruby seedless had the highest rate of transmission (33%), no successful transmission was reported for cultivars Barbera, Grenache Noir, Pinot Noir, and Rubired (Fig. 2). A separate logistic model revealed a significant variation in transmission efficiency of X. fastidiosa among economic categories (Wald X22 = 9.25, P = 0.010), with table/raisin cultivars having the highest rates of transmission (mean: week 8= 7%; week 12= 16.4%; Fig. 2).

Similar to the experiment with the STL strain of X. fastidiosa, no difference in transmission rates was detected among the seedlings of three tested cultivars, Cabernet Sauvignon, Pinot Noir and Cabernet Franc, inoculated with the Temecula strain of the bacterium (X22=1.12, P = 0.57).

Fig. 2. Xylella fastidiosa transmission rates by Homalodisca vitripennis for 14 different grapevine cultivars 8 (empty bars) and 12 (filled bars) weeks post-inoculation.
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Fig. 3. Relationship between Xylella fastidiosa infection level (estimated cell No./µg total DNA) in source plants and Homalodisca vitripennis transmission rate, across all grapevine genotypes and incubation times. Because the response variable is binary, the figure was created by ranking according to infection level then calculating a mean acquisition rate for groups of 25-34 consecutive vectors, based on natural breaks in infection level. The dashed line denotes the fit of the logistic regression to the raw data.

Discussion
Xylella fastidiosa transmission success by H. vitripennis vectors was compared among several grapevine cultivars in relation to their bacterial infection levels and incubation time. 

Overall, V. vinifera cultivars showed a significant degree of variability in their susceptibility to infection, an expected outcome supported by previous studies (Raju and Goheen, 1981; Krivanek and Walker 2005; Krivanek et al. 2005; Fry and Milholland 1990). Yet, host infection level was not a predictor of a successful transmission event by H. vitripennis. 

Chardonnay has been previously shown to be one of the relatively susceptible grapevine cultivars (Raju and Goheen 1981; Krivanek and Walker 2005; Fry and Milholland 1990). Similarly, in the present study Chardonnay was among the four most susceptible genotypes.  Merlot and Cabernet Sauvignon, on the other hand, were reported as relatively ‘tolerant’ cultivars in Raju and Goheen (1981), since they harbored lower bacterial populations in their petioles compared to other tested cultivars including Pinot Noir and Chardonnay. A similar trend was observed in our study, as bacterial populations in Merlot and Cabernet Sauvignon were lower than both Chardonnay and Pinot Noir. Statistically, however, Cabernet Sauvignon, Pinot Noir, and Chardonnay were placed in the same category. Unlike Raju and Goheen (1981) who reported the highest X. fastidiosa populations in Colombard, using ELISA, this cultivar’s infection level based on quantitative PCR was lower than that of Chardonnay and Thompson seedless. Moreover, anecdotal observations indicate that Thompson and Flame seedless, the two most susceptible genotypes in this study, are relatively ‘field resistant’ cultivars (A.H. Purcell, personal communication).  Inconsistencies may have resulted from differences in the bacterial strains and/or from environmental variation, more particularly, thermal fluctuations, which can interact with both the bacterial and the host genotype (see Feil and Purcell 2001). It is important to note that among study comparisons of cultivars’ degree of susceptibility might not provide fully comparable results, as ‘susceptibility’ (or ‘resistance’) is a relative term that depends on the subset of the cultivars being evaluated in a given study under a defined set of conditions.  Grouping cultivars based on their economic use indicated that red wine genotypes (N= 7), overall, had lower infection levels than table/raisin grape cultivars (N=5). Although differences in infection levels between table and red wine cultivars may be relevant to differences in their biochemical properties (e.g. variations in phenolic groups; Cantos et al. 2002), more studies with a wider range of cultivars are required to confirm that such a pattern is nonrandom.

Baccari and Lindow (2011) demonstrated that differences in bacterial population and movement between resistant (vars. Roucaneuf and Tampa) and susceptible (vars. Cabernet Sauvignon and Chenin Blanc) V. vinifera genotypes were more pronounced in the stem tissue rather than petioles. Structural differences between the larger stem xylem and the more narrow and clustered vessels of petioles have been proposed to explain this existing variation (Krivanek and Walker 2005; Baccari and Lindow 2011). Analysis of X. fastidiosa populations in petioles, however, was sensitive to differences in infection levels of the evaluated cultivars. Indeed, the quantitative PCR approach for estimating the infection levels had previously been proposed as an essential tool for distinguishing susceptible and resistant genotypes (Krivanek and Walker 2005). Despite the observed overall significant variation in bacterial populations, 9 out of 14 evaluated cultivars formed a homogeneous subset. It should be acknowledged that quantifying infection levels in the stem tissue can provide a higher resolution picture (Krivanek and Walker 2005; Baccari and Lindow 2011), in particular within V. vinifera, where differences in bacterial populations are expected to be smaller than among different Vitis species. Such within-plant variability in pathogen distribution may be important when vector transmission is being considered, as it may have a large impact on X. fastidiosa transmission efficiency (Daugherty et al. 2010).

More susceptible genotypes of V. vinifera can potentially have an incremental role in X. fastidiosa spread; higher X. fastidiosa populations in a host-plant can result in higher transmission rates, probably because vectors are more likely to probe into infected vessels while feeding (Hill and Purcell 1997). This expectation was not supported by this greenhouse study, as there was no significant difference in bacterial transmission rates by H. vitripennis among cultivars harboring different bacterial populations. This finding was not consistent with that of Purcell (1981) who reported a small but significant variation in transmission efficiency of X. fastidiosa by G. atropunctata among 11 European grape cultivars. Bacterial populations in the source plants were not evaluated by Purcell (1981). In that study, the observed among cultivar differences in transmission efficiency ranged from 80 to 100%; here it ranged from 0 to 33%. Homalodisca vitripennis is known to be a less efficient vector of X. fastidiosa compared to G. atropunctata on grapevines (Almeida and Purcell 2003; Daugherty and Almeida 2009), and our results are consistent with those findings.  Regardless, the overall transmission rate on grapevines varied little in studies with both efficient and inefficient vector species.

The observed low transmission efficiency of X. fastidiosa by H. vitripennis was also confirmed by a smaller set of experiment using the Temecula isolate of the pathogen, and seedlings of the Cabernet Franc, Pinot Noir, and Cabernet Sauvignon cultivars. Although the overall pattern indicated that vector transmission efficiency was higher in table/raisin grapes than the red wine grape cultivars the existence of a true effect needs to be evaluated with more varietals in each economic groups. As discussed for pathogen-grapevine interactions, it may be possible that vector-grapevine interactions are also influenced by among-genotype differences in biochemical properties (Cantos et al. 2002). 

In addition to the fact that low transmission frequency can constrain statistical power to detect a difference, other factors can explain the lack of among-cultivar differences in H. vitripennis transmission of X. fastidiosa. The estimation of X. fastidiosa cell numbers within source plants based on a single petiole may not be an accurate representation of host infection levels, as this pathogen is heterogeneously distributed within grapevines (Hopkins 1981). As mentioned above, differences in infection levels may be better reflected in the stem tissue (e.g. Baccari and Lindow 2011), which H. vitripennis shows a preference to feed on (Redak et al. 2004; Rashed et al. 2011). Thus, H. vitripennis’s preference for feeding on stem tissue, which has lower bacterial populations (Krivanek and Walker 2005), or potential differences in feeding rates due to preference for certain grape cultivars (Purcell 1981), may have contributed to the overall observed non-significant correlation between source plant infection level and transmission rate. Direct observations of feeding behavior on different varietals, which were not made in the current study, may be an important avenue of future research for understanding how plant genotype affects pathogen transmission.  

Although transmission of X. fastidiosa is known to be influenced by the host infection level (Hill and Purcell 1997), there has been no evidence indicating larger X. fastidiosa populations in vectors contributes to their transmission efficiency (Almeida and Purcell 2003; Hill and Purcell 1995; Jackson et al. 2008; Daugherty et al. 2009). This may be because only a small number of cells are required for a successful inoculation of a healthy host (Hill and Purcell 1995), as highlighted by the absence of a required latent period for transmission (Almeida et al. 2005). Vector host-choice behavior could also be a factor, but in the present study bacterial incubation time within source plants ranged from 8 to 12 weeks and the infected grapevines were not showing severe disease symptoms. Asymptomatic yet infected hosts may play an important role in the rate of pathogen spread since X. fastidiosa vectors appear not to discriminate against them, whereas they seem to avoid symptomatic plants (Marucci et al. 2005; Daugherty et al. 2011). The use of plants that had been infected relatively recently and showed little to no symptoms may better reflect conditions in the field, especially for secondary infections that may happen during summer and fall (Hopkins and Purcell 2002).

The estimation of bacterial transmission rate by H. vitripennis was based on a single vector per grapevine. Indeed, H. vitripennis individuals tend to aggregate on their host, a behavioral function currently under investigation (Mizell et al, unpublished data). As the number of H. vitripennis on a plant increases, the possibility of a successful inoculation event increases proportionally (Daugherty and Almeida 2009). Likewise, the number of infectious G. atropunctata on a host plant has proven to be correlated with both the proportion of infected plants and their infection level (Daugherty et al. 2009). Importantly, however, the observed rates of infection and transmission in greenhouse experiments may differ from those observed under field conditions, as it has been shown for X. fastidiosa and other systems (Hooks et al. 2009; Purcell 1981). Environmental factors, such as temperature, have proven to affect X. fastidiosa transmission rate by H. vitripennis (Daugherty et al. 2009). In our study, although all the transmission experiments were performed in the greenhouse, average daily temperatures varied between 17 and 26 °C. Such a variation is also expected under natural circumstances in the field, especially in northern California. 

Overall, there was no evidence that V. vinifera genotype or populations of X. fastidiosa that developed in host petioles influenced pathogen transmission rate by H. vitripennis. This finding questions the existence of a strong relationship between infection level of the V. vinifera genotypes and transmission efficiency of associated vectors, potentially because differences in pathogen populations may not be large enough to result in higher transmission rates. Such correlation may be detectable, for example among Vitis spp., where differences in the infection levels are more pronounced (Krivanek and Walker 2005).  Future studies should incorporate as much as possible current knowledge on the impact of X. fastidiosa and vector heterogeneous distribution within plants on transmission efficiency to address this question in more detail.

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).





The observed sharpshooters’ behavior towards different colors 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 colors. 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.








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.








