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I. PROJECT TITLE
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III. LIST OF OBJECTIVES AND DESCRIPTION OF ACTIVITIES CONDUCTED TO ACCOMPLISH EACH OBJECTIVE

Original objectives in the proposal submitted in 2006 were:

1.  Determine the effect of temperature, vector numbers and time on sharpshooter transmission of X. fastidiosa.

2.  Develop a model to describe sharpshooter transmission of X. fastidiosa as a function of variables that affect efficiency.

3.  Determine if X. fastidiosa colonization of vectors affects their fitness.

When submitted, this was a two year research proposal.  Funding was provided for one year of research.  We accomplished goals proposed for objectives 1 and 2.  We were not able to address objective 3.  We will not provide methodological details here so that we can explore our experimental results.  However, we will be glad to provide all other information as an appendix if necessary.  We are also providing a snapshot of experiments conducted, highlighting what we believe are the most relevant conclusions of the research.  These experiments are interconnected, but we have divided them here to facilitate discussion of the most relevant aspects of the work.

IV. SUMMARY OF MAJOR RESEARCH ACCOMPLISHMENTS AND RESULTS FOR EACH OBJECTIVE

A. Quantitative measures of the effects of vector number and plant access period on transmission
An understanding of transmission biology is critical to predicting Pierce’s disease (PD) epidemiology. However, to date the only quantitative description of X. fastidiosa transmission is that of Purcell (1981). This statistical model predicts the probability a plant becomes infected (P) is a function of vector number (n), inoculation period (t), vector infectivity (i), and inoculation efficiency (E): Pnt = 1-e-niEt. We conducted two controlled greenhouse experiments to estimate the effect of vector number and inoculation period on transmission by the glassy-winged sharpshooter (GWSS) and the blue-green sharpshooter (BGSS). 
For BGSS, both vector number and inoculation access period (IAP) were strongly related to infection rate (Fig. 1a. IAP had a slightly stronger effect than did vector number. Conversely, GWSS was not only less efficient over-all, but there were substantially different effects of vector number and IAP. Number of GWSS strongly increased vine infection rate, while IAP did not (Fig. 1b). BGSS is clearly a more efficient vector of X. fastidiosa than is GWSS, though the mechanism is not known. It may relate to feeding site preference or probing behavior. Regardless, these results suggest that sharpshooter species differ in the relative strengths with which vector number and inoculation period contribute to transmission. For the GWSS, if inoculation occurs it appears to happen soon after (i.e.< 1d) insects encounter healthy vines.
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For the BGSS we also documented the time required for symptoms to first appear in plants. Interestingly, high vector numbers and long inoculation periods hastened the onset of first PD symptoms (Fig. 2). This result suggests that higher vector loads increase not only the likelihood of the plant becoming infected, but also infection levels – presumably because of a higher supply of inoculum (see section C). This is important because higher vine infection levels may increase the chance of vector reacquisition and vine-to-vine spread of the disease.
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B. Meta-analysis of sharpshooter transmission of X. fastidiosa to grapes
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For over 50 years researchers have been conducting the same type of transmission experiments described above for sharpshooters, X. fastidiosa, and grapes. We conducted a meta-analysis of all of these studies to provide an alternative measure of how sharpshooter number, IAP and also acquisition access period (AAP) affect transmission rate. This analysis was conducted for BGSS and GWSS, separately, using logistic regression on transmission data from more than 20 published and unpublished datasets. Overall, the results of this logistic regression analysis support those of the greenhouse experiments described above. 
For the BGSS, the numbers of insects on a plant, length of acquisition and inoculation access periods are positively correlated with transmission rates (Fig 3). Longer acquisition periods, in particularly, increased infection rates. In the case of the glassy-winged [image: image6.emf]Total Xf inoculum Number of positive BGSS Number of positive BGSS
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sharpshooter, only the number of insects on plants was positively associated with transmission rates (Fig 3). This is not surprising based on previous results. We suspect this result occurs because GWSS [image: image7.emf]0 10 20 30 40 50 60
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prefers to feed on woody tissues of grapevines, which tend to have lower X. fastidiosa infection levels. Because the plant access periods are not very long (usually up to 4 days), some insects may feed only in vessels that are not colonized by X. fastidiosa.  Because insects used for various plant access periods in transmission experiments are randomly selected, low acquisition (and consequently inoculation) efficiency will result in increased variation in experiments, as observed.  Therefore, assuming the GWSS is free to choose plant tissue for feeding, the number of insects on plants seems to be a better predictor of PD spread than time spent by insects on plants.  Further detailed studies are needed to pinpoint the biological mechanism why BGSS and GWSS efficiencies differ. Nevertheless, our results document, once again, that rates of X. fastidiosa transmission by these two vectors is different and that plant-vector interactions may be responsible for a large component of this variability.

	
	GWSS
	BGSS

	model
	efficiency constant
	AIC
	efficiency constant
	AIC

	Logistic [N+A+I+A*I]
	--
	149.43
	--
	202.77

	Binomial [1-exp(-cNIA)]
	0.004 
	-20.11
	0.942*
	14.03

	Poisson [1-(1-cA)^NI]
	0.252*
	84.15
	0.203*
	107.87


In addition to estimating the strength of the effect of the three ecological parameters on transmission rate with logistic regression, we compared the overall model fit of the best fit logistic regression model to two more biologically based models described by Purcell (1981) –using model selection criteria. Of the three models fit, the binomial model (described in section A) provided the best fit for both the BGSS and the GWSS (Table 1). These results suggest that this model is the most appropriate for quantifying the sharpshooter-X. fastidiosa transmission process in grapes – a conclusion which supports that hypothesized by Purcell (1981).  
C. Effect of temperature on X. fastidiosa transmission
A study with the GWSS indicated that its survivorship and feeding rates are an increasing function of temperature up to a point (maximum approximately at 30°C), above which mortality greatly increases and feeding stops (Johnson et al. 2006).  Therefore, if transmission is related to feeding rate, sharpshooter transmission efficiency is expected to also be an increasing function of temperature.  We tested this hypothesis with both the GWSS and the GWSS. For GWSS transmission increase linearly with temperature (Fig 4a). BGSS transmission was highly correlated with vector mortality rates, which were substantially higher at the highest temperature, as was transmission (Fig. 4b). This last result, especially, is consistent with the hypothesis that stressed sharpshooters may adjust feeding behavior, thereby affecting transmission. 


D. Relating bacterial inoculum size to vine infection level
The role of X. fastidiosa detection within vectors has been a topic of great interest to PD researchers. The idea is that, by detecting the number of infective insects in a population, one would be able to estimate disease spread risk. However, the only studies conducted that compared X. fastidiosa detection in vectors in relation to its transmission to plants showed that detection by the culturing method is not a reliable indicator of transmission. A study we conducted previously using microscopy demonstrated that that method is reliable, but unfeasible for this purpose. Despite several studies on X. fastidiosa detection within vectors using PCR-based protocols, no results exist on the relationship between detection and transmission to plants.  We optimized a quantitative PCR protocol for detection of X. fastidiosa within sharpshooters and used it to determine the relationships between X. fastidiosa populations in vectors, the number of infective vectors, and pathogen populations within infected grapevines.

We found a positive relationship between the number of X. fastidiosa positive BGSS and likelihood that a plant became infected (Fig 5).  This is the first report demonstrating the reliability of a PCR-based method applied to infer the number of infection events based on the proportion of infective vectors.  However, more interestingly, we also found no relationship between the number of X. fastidiosa cells in insects and the bacterial populations within plants (Fig. 5a). In other words, inoculum size itself is not as important to vine infection level as is the number of infective sharpshooters. This result is noteworthy in that it supports and builds upon the idea that high vector loads increase vine infection rates and infection level.  
From a management perspective, these results suggest that reducing number of infective insects feeding on a plant may lower the number of infection events, resulting in smaller bacterial populations colonizing the host.  Plants infected multiple times would serve as sources before those inoculated once, increase the rate of disease spread within a vineyard.  In addition, if the vine X. fastidiosa-infection recovery phenomenon is associated with bacterial populations, plants infected multiple times would have a lower chance of recovering during winter.
E. Future directions: Modeling the epidemiology of Pierce’s disease
One of the goals of this project was to obtain needed biological data on X. fastidiosa transmission that would be incorporated into ecological models that could assist in the development of PD management practices. The results of the experiments described above provide insights into the process of X. fastidiosa transmission by sharpshooters and they begin to allow us to link transmission to infection dynamics within plants. The ecological determinants of transmission that we have estimated in these experiments will be used, in conjunction with ongoing field experiments in Kern County, to parameterize epidemiological models of PD in California vineyards.
Hill and colleagues (Hill et al. 2006) articulated a hypothesis for PD epidemiology which considers the effects of seasonal acquisition efficiency, seasonal vine recovery, and varietal resistance on vine-to-vine spread.  They hypothesize that low level infections early in the season and high recovery of vines infected late in the season constrain vine-to-vine spread. In effect, there is a temporal window of vulnerability to vine-to-vine spread near the middle of the season. This temporal window occurs because it is the only time of year when efficient glassy-winged sharpshooter acquisition from infected vines can occur with sufficient time for systemic secondary infections to develop so that overwinter recovery is rare.  Thus, seasonal acquisition, seasonal recovery, and grapevine resistance level together weaken the extent to which vine-to-vine spread drives PD epidemics in vineyards where GWSS are established.  Although elements of this hypothesis are supported by previous field and laboratory studies, the field measurements of vine-to-vine spread that are necessary to explicitly evaluate this hypothesis are lacking.  
Our ongoing long-term field experiments in Kern County will provide an explicit test of some elements of this hypothesis described by Hill and colleagues (Hill et al. 2006). In the meantime we have begun to put this hypothesis for PD epidemiology into a mathematical modeling framework. Results so far support the intuition that seasonality in sharpshooter acquisition rates and overwinter recovery can temper PD outbreaks (Fig. 6). However, the degree to which these and other ecological (e.g., vector population size, grapevine varietal resistance level) and environmental (e.g., temperature) factors mediate PD prevalence is not clear. Making precise projections of PD dynamics requires extensive data on plant infection levels, seasonal vector acquisition rates, and overwinter recovery over a range of conditions.
V. PUBLICATIONS OR REPORTS RESULTING FROM THE PROJECT

Almeida RPP and Daugherty MP. 2007. Modeling sharpshooter transmission of Xylella fastidiosa. Pierce’s Disease Research Symposium Proceedings Dec 12-14. pages 112-115.

Almeida RPP and Daugherty MP. 2006. Modeling sharpshooter transmission of Xylella fastidiosa. Pierce’s Disease Research Symposium Proceedings Nov 27-29. page 3.

We are currently analyzing data collected for this project and have started to draft X manuscripts for publication, which will cover the topics listed below.  We hope to submit them to journals by this summer.

1) Quantifying the transmission process for an important pathogen and its vectors: Xylella fastidiosa and sharpshooters in grapes. 
2) Temperature and inoculum supply determine Xylella fastidiosa transmission and grapevine infection dynamics.
3) Modeling the epidemiology of Pierce’s disease: the importance of seasonal sharpshooter acquisition efficiency and overwinter recovery. 
VI. PRESENTATIONS ON RESEARCH

Almeida RPP. 2008. Xylella fastidiosa ecology.  Invited speaker, University of Florida, April.
Daugherty MP and Almeida RPP. 2008. Seasonality drives Pierce’s disease epidemiology in California vineyards. 2008 Pacific Branch meeting of the Entomological Society of America. Napa, CA.
Almeida RPP and Daugherty MP. 2008. Connecting the dots: vector transmission of Xylella fastidiosa and Pierce’s disease epidemiology. 2008 Pacific Branch meeting of the Entomological Society of America. Napa, CA.
Almeida RPP. 2008. Vector transmission of Xylella fastidiosa – from proteins to models. Invited speaker, University of California, Davis, January.

Daugherty MP and Almeida RPP. 2007. Seasonality drives Pierce’s disease epidemiology in California vineyards. 2007 Ecological Society of America annual meeting. San Jose, CA.
Almeida RPP, Daugherty MP and Killiny N. 2007. Biology and ecology of Xylella fastidiosa transmission to plants. PD/GWSS meeting
VII. RESEARCH RELEVANCE STATEMENT

The dynamics of vectored diseases are governed by the interplay of a variety of biotic and abiotic factors. We studied some of these factors that are expected to be important to the epidemiology of PD in California vineyards. We conducted a series of greenhouse transmission experiments to quantify how sharpshooter species, sharpshooter number, inoculation period, and temperature affect transmission of X. fastidiosa to grapes and PD symptom development. For the BGSS, acquisition and inoculation access periods had similarly strong effects on infection rate. Interestingly, larger numbers and longer inoculation periods increased the onset of PD symptoms. However, while the number of GWSS increased infection rate, inoculation period did not. In a final experiment looking at the relationship between temperature and transmission efficiency, high temperature (30oC) resulted in low BGSS survival yet marginally higher infection rate. Moreover, X. fastidiosa concentration in vines was positively related to the number of vectors that tested positive using real-time quantitative PCR. These results suggest that high sharpshooter loads may not only increase transmission rate but also decrease incubation period – presumably because of a larger inoculum. We expect that high vector densities and temperatures will increase the rate of disease cycling, which is particularly relevant to disease prevalence in this system.
Together, these experiments generated necessary information on the biology and ecology of X. fastidiosa transmission previously not available.  Importantly, our findings demonstrate the importance of reducing the load of infective vectors within vineyards, in addition to only reducing the total number of vectors.  Large numbers of infection events may result in host plants harboring larger populations of X. fastidiosa, which in turn will serve as sources of pathogen inoculum earlier in the year.  Our model for PD ecology indicate that the availability of source plants early in a season for vine-to-vine spread can increase disease spread by the glassy-winged sharpshooter.  Thus, we have generated information providing a framework to interpret the importance of different ecological factors on the rate by which vine-to-vine spread may occur under field conditions.

Field experiments pending at Kern Co. will provide needed data that will be used to optimize our forecasting methods.  Together with our results obtained here, and that of others, we will be able to test multiple PD and GWSS management scenarios to limit disease spread.  We envisage this as a tool to provide information on which are the most promising approaches to reduce disease incidence prior to the establishment of experiments to test those out in the field.

VIII. LAY SUMMARY OF CURRENT RESULTS

The transmission of the pathogenic bacteria X. fastidiosa by its sharpshooter leafhopper vectors is a complex process that is likely the most poorly understood aspect of PD.  Nonetheless, this process is fundamental to any scientific understanding of the epidemiology of PD in California vineyards. We conducted research to fill in this knowledge gap on the biology of X. fastidiosa transmission by quantifying some of the ecological factors believed to be important for disease spread.  Our results illustrate how the number of infective insects on a plant, the number of infection events, and temperature affect X. fastidiosa transmission.  We have also begun to use these experiment measurements to parameterize a mathematical model which allows forecasting of the rates of PD spread under different scenarios. This information is critical for developing ecologically sound and economically practical methods of managing PD.
IX. STATUS OF FUNDS

Finished.

X. SUMMARY AND STATUS OF INTELLECTUAL PROPERTY PRODUCED DURING THIS RESEARCH PROJECT

No intellectual property produced.
Table 1. Evaluation of different models fit to the meta-analysis of BGSS and GWSS transmission experiments. Purcell’s (1981) binomial model provided the best fit for both species.





Figure 1. Transmission rate of X. fastidiosa to grapes by the blue-green sharpshooter or glassy-winged sharpshooter as a function of number of vectors (A) or inoculation period (B). 





Figure 2. Infection and Pierce’s disease symptom onset as a function of A) number of BGSS and B) duration of the inoculation period (IAP). Large vector number and long inoculation period speed the onset of symptoms. 








Figure 3. Impact of vector number, inoculation period, and acquisition period on sharpshooter transmission rate. From meta-analysis with logistic regression. Numbers denote regression coefficients. * denotes significant effects. 





Figure 4. A) GWSS and B) BGSS transmission rate as a function of temperature.








Figure 5. Vine infection level as a function of either A) total X. fastidiosa inoculum in vectors or B) total number of infective vectors.





Figure 6. Model simulations showing the effects of seasonal acquisition efficiency and overwinter vine recovery from infection.








