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I. PROJECT TITLE

Role of alfalfa in the epidemiology of Xylella fastidiosa in California
II. PRINCIPAL INVESTIGATORS AND COOPERATORS

Principal investigator: Rodrigo Almeida, University of California, Berkeley
Cooperators: Kent Daane, University of California, Berkeley


Russell Groves, University of Wisconsin, Madison

Researcher: Joao Lopes, Universidade de Sao Paulo, Brazil / University of California, Berkeley
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 fate and role of X. fastidiosa in alfalfa.

2. Determine the transmission efficiency of X. fastidiosa strains to/from alfalfa to grape and almond by three sharpshooter vector species.
We originally submitted this as a two year research proposal.  Funding was provided for one year of research; nevertheless, we accomplished all of our original goals.  In fact, we conducted experiments larger than those proposed and were able to add a third objective to this project.  We will not provide methodological details here so that we can explore in more detail the results we obtained.  However, we will be glad to provide additional information as an appendix if necessary.
IV. SUMMARY OF MAJOR RESEARCH ACCOMPLISHMENTS AND RESULTS FOR EACH OBJECTIVE

Fate and role of X. fastidiosa in alfalfa
We studied the biology of 24 X. fastidiosa isolates (grape and almond strains) in alfalfa plants after mechanical inoculation.  Even though alfalfa is a known host of X. fastidiosa, Koch’s postulates were never fulfilled and little is known about the fate of infections in this host.  Furthermore, the impact of infections on the fitness of alfalfa is not known.  The goal of this experiment was to study patterns of X. fastidiosa colonization of alfalfa and the impact of infections on this host.  As alfalfa is a perennial crop harvested successive times in the field, we performed this study over 5 successive cuts under greenhouse conditions.
We obtained data on the rate of successful infections in alfalfa and bacterial populations within plants to determine how X. fastidiosa colonizes alfalfa.  A summary of our data is presented in Table 1.  Overall, results demonstrate that isolates belonging to grape strain groupings colonize alfalfa more efficiently (higher rate of successful infections) and with higher bacterial populations than almond strains.
Table 1. Rate of infection and bacterial concentration of Xylella fastidiosa isolates in plants of Medicago sativa at successive cuttings after mechanical inoculation.

	Inoculation date

Isolate (CA County)
	Host of origin (genetic strain)
	Proportion of infected plants
	Log CFU/g tissue (±SE)

	
	
	1st cut

(8a)
	2nd cut (14)
	3rd cut

(21)
	5th cut

(35)
	1st cut

(8)
	2nd cut

(14)
	3rd cut

(21)
	5th cut

(35)

	03/15/2007
	
	
	
	
	
	
	
	
	

	   Hopland (Mendocino)
	Grape (G)
	6/12b
	1/7
	9/9
	10/14
	6.6±0.5
	8.0
	8.6±0.2
	7.9±0.5

	   Napa silverado (Napa)
	Grape (G)
	5/11
	4/9
	4/9
	4/8
	6.7±0.6
	7.8±0.4
	8.2±0.4
	7.4±1.0

	   STL (Napa)
	Grape (G)
	7/9
	4/8
	4/7
	5/12
	7.2±0.4
	8.7±0.2
	7.6±0.5
	7.0±0.5

	   SN1 (Fresno)
	Alfalfa (?)
	7/9
	6/8
	7/8
	10/13
	8.1±0.5
	8.6±0.2
	7.9±0.3
	8.2±0.3

	   M12 (Kern)
	Almond (A)
	7/9
	5/8
	4/8
	3/12
	6.3±0.4
	7.6±0.2
	7.3±0.5
	6.3±0.4

	   Mock 
	-
	0/14
	0/14
	0/14
	0/14
	-
	-
	-
	-

	03/30/2007
	
	
	
	
	
	
	
	
	

	   Medeiros (Fresno) 
	Grape (G)
	6/6
	6/9 
	6/6
	9/9
	8.1±0.1
	8.6±0.2
	8.4±0.2
	9.5±0.1

	   Conn (Napa)
	Grape (G)
	9/9
	4/8
	4/8
	9/11
	7.3±0.4
	6.5±0.5
	7.4±0.5
	8.8±0.4

	   M23 (Kern)
	Almond (G)
	7/7
	7/7
	6/7
	6/6
	8.0±0.4
	8.8±0.2
	8.6±0.1
	9.3±0.2

	   ALS1 (San Joaquin)
	Almond (?)
	8/8
	8/8
	7/7
	7/8
	7.9±0.2
	8.2±0.2
	8.7±0.2
	9.0±0.2

	   ALS6 (San Joaquin)
	Almond (A)
	7/7
	6/8
	5/7
	7/7
	7.1±0.3
	7.9±0.4
	7.4±0.2
	9.1±0.4

	   Butte (Butte)
	Almond (A)
	9/9
	9/9
	Ctc
	12/13
	8.3±0.2
	7.6±0.3
	-
	9.0±0.2

	   ALS4 (San Joaquin)
	Almond (A)
	7/9
	4/7
	1/8
	4/12
	7.7±0.2
	6.8±0.2
	7.7
	7.4±0.5

	   ALS9 (San Joaquin)
	Almond (?)
	6/9
	5/8
	Ctc
	8/12
	8.0±0.2
	7.6±0.4
	-
	7.0±0.5

	   Mock
	-
	0/7
	0/6
	0/6
	0/11
	-
	-
	-
	-

	04/10/2007
	
	
	
	
	
	
	
	
	

	   Buena Vista (Kern)
	Grape (G)
	9/9
	9/9
	9/9
	10/10
	8.4±0.2
	8.4±0.1
	8.7±0.1
	8.2±0.4

	   Traver (Tulare)
	Grape (G)
	8/9
	9/9
	7/7
	10/10
	8.7±0.0
	8.6±0.1
	8.8±0.2
	8.8±0.3

	   Pavich (Kern)
	Grape (G)
	8/9
	9/9
	9/9
	10/10
	8.3±0.1
	8.6±0.2
	8.2±0.1
	9.2±0.2

	   Baja#5 (Mexico)
	Grape (G)
	6/9
	7/8
	7/9
	6/10
	7.3±0.2
	8.1±0.3
	8.7±0.1
	8.1±0.4

	   Temecula (Riverside)
	Grape (G)
	1/9
	0/8
	2/9
	2/14
	5.2
	-
	8.4±0.5
	8.1±0.2

	   UCLA (Los Angeles)
	Grape (G)
	5/9
	0/9
	1/9
	0/13
	6.3±0.3
	-
	5.7
	-

	   M35 (Fresno)
	Alfalfa (?)
	9/9
	6/8
	6/7
	8/10
	8.3±0.1
	8.6±0.4
	7.6±0.4
	8.2±0.5

	   SJV1 (San Joaquin)
	Almond (?)
	4/9
	2/9
	5/9
	3/8
	6.0±0.2
	7.3±0.5
	7.2±0.6
	7.9±1.1

	   ALS2 (San Joaquin)
	Almond (?)
	6/9
	3/9
	4/9
	5/12
	7.4±0.2
	7.8±0.4
	7.1±0.3
	6.3±0.4

	   Glenn (Glenn)
	Almond (A)
	6/9
	5/8
	1/9
	11/13
	7.9±0.2
	8.4±0.2
	5.3
	7.0±0.4

	   Dixon (Solano)
	Almond (A)
	3/9
	3/9
	1/9
	12/16
	7.5±0.2
	8.3±0.5
	8.0
	7.7±0.5

	    Mock
	-
	0/7
	0/7
	0/7
	0/10
	-
	-
	-
	-


aNumber within parenthesis represents time (weeks) after inoculation.

bNumber of infected plants over the total number inoculated.

cData not obtained due to plate contamination during bacterial isolation.
We also measured several morphological characters for all the plants used in this study.  Those included i) number of stems, ii) plant height, iii) number of nodes, iv) leaflet length, v) leaflet width, vi) fresh plant mass, vii) dry plant mass, and we are now finishing a viii) stable isotope analysis.  These measurements were taken for all isolates/replicates, for all cuts that were analyzed in this study.  We are running complex data analyses on these data and will limit our discussion of those details and much of results; but our analyses will focus on the impact of time (i.e. cut number) on the parameters and the use of principal component analyses to look at which alfalfa characters were more/less affected by X. fastidiosa infection.  The figures below compare a healthy and infected plant and illustrate results obtained for some of those measurements (A and B – relative plant height, C and D – relative plant dry mass; last cut not included). Height and mass of infected plants were progressively reduced with each cutting in relation to healthy controls. Disease symptoms were slower to appear after infection and less severe in comparison with grape disease caused by the same strains.
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Transmission of Xylella fastidiosa strains from/to different host plants by the green sharpshooter
Sharpshooter transmission of X. fastidiosa to alfalfa is a major gap that we addressed, as most of what we know about this topic is based on scattered publications, except for green sharpshooter and blue-green sharpshooter in studies made well before the bacterial nature of and reliable diagnostic aids for the causal pathogen of alfalfa dwarf were available.  To address the importance of alfalfa as a host of X. fastidiosa it is essential to determine how it may serve as a source/sink of the pathogen when sharpshooters are used for dissemination (instead of mechanical inoculation protocols).  As the green sharpshooter is considered, and previously demonstrated, to be the most important vector of X. fastidiosa in areas where alfalfa is widely cultivated in California, it was the species used in these experiments.  Our goal was to i) determine the transmission rate of X. fastidiosa from alfalfa, grape and almond to these same three hosts; and ii) determine if X. fastidiosa strain (grape or almond) was a determinant of transmission efficiency.  Table 2 summarizes our findings.
Some of our findings were particularly interesting.  Most notably, we observed no transmission of the almond strains tested – 0 events out of 122 chances.  Together with our results on the colonization of alfalfa by different X. fastidiosa isolates, these data allow to us to conclude that the importance of alfalfa as a source of the almond strain is negligible.  We have previously shown that almond-group strains do not cause disease in grapevines – whereas grape strains also cause almond leaf scorch.  Our results may also be evidence for some degree of vector-X. fastidiosa specificity.  We will follow up on this hypothesis, which does not match our current view of that aspect of this system.
However, if infected with a grape isolate, alfalfa may serve as a very good reservoir of X. fastidiosa to alfalfa, grape and almonds.  In fact, the green sharpshooter was an efficient vector of the tested isolates from alfalfa to any host used here.  We noted interesting differences in transmission rates in this comparative study, which we interpret as consequence of vector-plant interactions.  In the field, the green sharpshooter is hardly found on grape or almonds, suggesting little preference for those hosts.  But note that of all known vector spp., green sharpshooter is the most prevalent in almond orchards.  That behavior may have resulted in lower transmission rates when insects acquired X. fastidiosa from those host plants.  We are now testing every single individual sharpshooter used in this study (now stored frozen) for the presence of X. fastidiosa in their heads.  The objective is to determine if transmission rates were dependent on the number of individuals carrying X. fastidiosa (affected by host plant during acquisition) or another variable (interpreted as the host plant).

In summary, we demonstrated variability of X. fastidiosa transmission rates by the green sharpshooter, dependent on pathogen strain and host plants used for acquisition and inoculation.  Importantly, our results indicated little if any risk of vector spread of almond strains of X. fastidiosa from alfalfa to almonds.  Threat clearly exists of dissemination of grape strains, which multiply to larger populations within alfalfa.
We also conducted a series of experiments using the glassy-winged sharpshooter as a vector to determine how efficiently different X. fastidiosa isolates were acquired from infected alfalfa plants.  In those tests insects were confined on alfalfa for pathogen acquisition and inoculation occurred on both grape and almond test plants.  We do not present those data due to space limitations, but glassy-winged sharpshooter transmitted grape isolates more efficiently than almond isolates, we interpret those results as transmission rates being dependent on larger populations of grape isolates within alfalfa source plants than almond isolates. 
Table 2. Transmission of X. fastidiosa isolates between different host plants by the green sharpshooter.

	Isolate (host of origin)
	Source planta

(log CFU/g of tissue)
	Replicate
	Test plantb

	
	
	
	alfalfa
	almond
	grape

	Traver (grape)
	Alfalfa 
	I
	4/7c
	4/9
	6/10

	
	(9.0)
	II
	3/10
	1/10
	6/10

	
	
	III
	7/10
	9/10
	8/11

	
	
	Sum
	14/27
	14/29
	20/31

	
	Almond 
	I
	0/9
	0/9
	0/9

	
	(6.4)
	II
	1/9
	1/9
	0/9

	
	
	III
	0/8
	0/8
	0/8

	
	
	Sum
	1/26
	1/26
	0/26

	
	Grape 
	I
	8/10
	2/9
	2/9

	
	(9.0)
	II
	4/11
	0/9
	0/10

	
	
	III
	0/8
	1/7
	0/8

	
	
	Sum
	12/29
	3/25
	2/27

	Dixon (almond)
	Alfalfa 
	I
	0/10
	0/10
	-

	
	(6.3)
	II
	0/10
	0/10
	-

	
	
	III
	0/10
	0/9
	-

	
	
	Sum
	0/30
	0/29
	

	
	Almond 
	I
	0/10
	0/10
	-

	
	(8.1)
	II
	0/12
	0/12
	-

	
	
	III
	0/10
	0/9
	-

	
	
	Sum
	0/32
	0/31
	


aAcquisition access period: 48 h; numbers within parenthesis represent average bacterial concentration in the source plants.bInoculation access period: 48 h (3 insects/test plant). cNo. infected plants over the total inoculated.
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Factors driving X. fastidiosa transmission efficiency – the importance of vector behavior

The studies described above, in addition to review of earlier literature, allowed us to hypothesize that vector preference for different tissues in source plants of X. fastidiosa could be an important factor behind transmission efficiency.  Severin demonstrated that the green sharpshooter was a better vector of X. fastidiosa than the blue-green sharpshooter if acquisition occurred on alfalfa.  The opposite was true when acquisition occurred on grapevines.  Maybe the green sharpshooter feeds on alfalfa tissues with larger X. fastidiosa populations, which would result in higher transmission rates than other vectors on that host plant.  To test this hypothesis we quantified the host tissue preference (choice conditions) by the green, blue-green and glassy-winged sharpshooter on alfalfa plants.  Results show differences in behavior, with the blue-green and glassy-winged sharpshooter preferring new tissues at the tip of plants, compared to the green sharpshooter that preferred basal tissues close to soil.
In this scenario, the green sharpshooter would be a more efficient vector of X. fastidiosa if larger bacterial populations occur at basal portions of the plant compared to apical tissues.  We conducted a study to address this question, by determining how X. fastidiosa colonizes alfalfa in time and space (plant tissues).  Our results are summarized in the tables below for evaluations at 5 and 12 weeks after inoculation.  We essentially show that more samples tested were positive at the base of the plant compared to tissues at the top, and that bacterial populations in those tissues were higher than at the top as well.  Therefore, previous observations that green sharpshooter is a better vector of X. fastidiosa from alfalfa to other hosts may be explained by the fact that this species prefers to feed on tissues with i) larger chance of being infected and ii) larger bacterial populations when infected.
Table 1. Recovery of X. fastidiosa from different parts of alfalfa plants 5 wks after inoculation.
	Isolate (strain)
	Sampling points

	
	Axillary shoot of

inoculated stem-Base
	Adjacent stem
	Tap root

	
	
	Base
	Top
	

	Pavich (G)
	6/10 (7.8)*
	2/10 (5.8)
	0/10
	0/7

	Traver (G)
	10/10 (8.3)
	2/10 (6.4)
	0/10
	1/8 (5.9)

	Dixon (A)
	10/10 (8.3)
	1/10 (7.0)
	0/10
	0/10

	Butte (A)
	1/10 (6.2)
	0/10
	0/10
	0/4


*Proportion of infected samples and bacterial titer (median log CFU/g).
Table 2. Recovery of X. fastidiosa from different parts of alfalfa plants 12 wks after inoculation.
	Isolate (strain)
	Sampling points

	
	Axillary shoot of

inoculated stem
	Adjacent stem
	Tap root

	
	Base
	Top
	Base
	Top
	

	Pavich (G)
	9/9 (8.7)*
	3/9 (4.9)
	3/9 (8.7)
	0/9
	6/9 (5.8)

	Traver (G)
	9/10 (8.7)
	5/10 (6.9)
	4/10 (8.5)
	2/10 (7.2)
	6/10 (6.2)

	Dixon (A)
	8/9 (8.2)
	2/8 (6.0)
	4/9 (8.5)
	1/9 (6.9)
	3/9 (8.5)

	Butte (A)
	6/9 (7.1)
	2/10 (4.7)
	1/10 (7.8)
	0/10
	0/9


*Proportion of infected samples and bacterial titer (median log CFU/g).
As mentioned, transmission experiments in which vectors were allowed to choose on which alfalfa tissue to feed on had already been conducted, showing that green sharpshooter is a more efficient vector under those conditions.  Therefore, we tested X. fastidiosa transmission rates by the green and blue-green sharpshooters from alfalfa to grape by confining insects on the base (large bacterial populations) and top (low populations) of alfalfa plants.  This no-choice experiment confirmed our previous data, demonstrating that insects were more efficient in transmitting X. fastidiosa from alfalfa if confined at the base of plants.
Table 3. Transmission of X. fastidiosa (Traver isolate, grape strain) by GSS and BGSS following acquisition from basal and apical parts of alfalfa source plants (12 wks after inoculation).
	Acquisition sites on alfalfa
	Height
	Transmission to test grapes

	
	
	GSS
	BGSS

	Inoculated stem (axillary shoot)
	Base
	10/15*
	2/10

	
	Top
	1/10
	0/10

	Adjacent stem 
	Base
	1/14
	-

	
	Top
	1/15
	-


*Proportion of infected plants over total inoculated. AAP on alfalfa: 48 h, IAP on grape: 48 h – 3 insects/plant.
Brief summary
Through our experiments we have demonstrated that host plant, X. fastidiosa strain and vector species (behavior) are all important factors determining transmission rates of this pathogen.  Importantly, results also show that these are dynamic interactions.  From an epidemiological perspective, these are a few important points addressed by this study:
i) X. fastidiosa is pathogenic to alfalfa, with the grape strain being more virulent than the almond strain.

ii) alfalfa may be a potential source of the grape strain of X. fastidiosa, but probably not the almond strain. 

iii) vector species that choose to feed at the base of alfalfa stems are more likely to acquire X. fastidiosa, because of the higher frequency and titer of the pathogen in that portion of the plant.
iv) green sharpshooter is an efficient vector of X. fastidiosa from alfalfa to other hosts.  As it does not prefer grape or almond, disease spread will be reduced and limited to areas adjacent to alfalfa fields (gradient situation).  That situation would mimic epidemics in the Central Valley in the late 1930’s and 1940’s.
V. PUBLICATIONS OR REPORTS RESULTING FROM THE PROJECT

Almeida RPP. 2007. Role of alfalfa in the epidemiology of Xylella fastidiosa in California. Pierce’s Disease Research Symposium Proceedings Dec 12-14. pages 231-234.

We are currently analyzing data collected for this project and have started to draft 3 manuscripts for publication, which will cover the topics listed below.  We hope to submit them to journals by this summer.

i) Biology of Xylella fastidiosa colonization of alfalfa. (Objective 1)

ii) Transmission of Xylella fastidiosa strains from/to different host plants by the green and glassy-winged sharpshooter. (Objective 2)

iii) Effect of host plant, Xylella fastidiosa host colonization patterns and vector behavior on transmission efficiency. (New Objective)
VI. PRESENTATIONS ON RESEARCH

None so far.

VII. RESEARCH RELEVANCE STATEMENT

Recent research on X. fastidiosa ecology has not examined the role of alfalfa on disease epidemiology in California. The role of this host plant in the maintenance and spread of X. fastidiosa is poorly understood, despite the fact that in the epidemic of Pierce’s disease (PD) in the Central Valley during the 1940s, PD was much higher near adjacent alfalfa fields having a high incidence of alfalfa dwarf.  We gathered information in this project demonstrating the impact of X. fastidiosa on alfalfa plants, the potential for vector transmission of X. fastidiosa to/from alfalfa, grape and almonds, and how host plant, pathogen strain and vector behavior affect X. fastidiosa transmission.  We showed that the grape strain of X. fastidiosa is more pathogenic to alfalfa than the almond strain, reaching larger populations in alfalfa, which may result in more efficient transmission of this strain if alfalfa is a host plant.  What does that mean for disease spread?  Alfalfa may serve as a good host of the grape strain of X. fastidiosa, but not the almond strain.  However, different vector species transmit X. fastidiosa with different efficiencies from each of the hosts studied.  These results suggest that, in addition to differences in bacterial populations within plants, which have been associated with transmission efficiency, vector behavior is also an important factor determining spread rate.  We explored some hypotheses on this observation, and demonstrate that X. fastidiosa colonization of alfalfa is not uniform (different populations at different parts of the plant) and that insects with feeding preference for tissues with more X. fastidiosa transmit the pathogen more efficiently.  
In summary, alfalfa is a systemic, symptomatic and high titer host of X. fastidiosa, with the grape strain being more pathogenic to alfalfa than the almond strain. Because the grape strain causes both PD and ALS, alfalfa is a potentially important source of the pathogen. Transmission rates to/from alfalfa, grape and almonds depend on several factors, but it seems that the green sharpshooter is more efficient in transmitting the grape strain of X. fastidiosa from any host plant than the almond strain.  Although further experimentation is necessary, our results with GSS suggest little risk of spread of the almond strain of X. fastidiosa when alfalfa is a source of the pathogen.  There is no published information about GWSS occurrence on alfalfa fields, but our behavioral data indicate that alfalfa may not be an important source for acquisition of X. fastidiosa by this vector species as it prefers to feed on tissues with low bacterial populations, potentially leading to low transmission rates.  We show that differences in transmission efficiency are partly due to variability on host tissue preferences by vectors.  On a different topic, we also showed that grape strains of X. fastidiosa differed biologically in relation to their pathogenicity to alfalfa based on the region within California where they were collected.  We are now typing these isolates using different molecular tools to determine if the grape strain is geographically, biologically and genetically divided into different clusters in California.
VIII. LAY SUMMARY OF CURRENT RESULTS

One of our goals was to determine the role of alfalfa as a reservoir of X. fastidiosa for future epidemics of this pathogen in California.  We show that the grape strain colonizes alfalfa more efficiently and is more virulent in this host than the almond strain. The importance of alfalfa as a reservoir of the almond strain seems to be negligible, but it must be remembered that the grape strain causes disease in grape and almonds.  Our results allow us to suggest that the role of alfalfa as a reservoir of X. fastidiosa in epidemics driven by the GWSS may be minimal, as this insect does not occur naturally in high populations on alfalfa and, if so, it prefers to feed on parts of the plant harboring low X. fastidiosa populations, which reduce transmission efficiency.  However, the green sharpshooter may be able to spread the pathogen efficiently from alfalfa to grape and almonds.  But that insect does not prefer those hosts and disease spread would be limited to areas adjacent to alfalfa fields where this vector species occurs.
IX. STATUS OF FUNDS

Finished.
X. SUMMARY AND STATUS OF INTELLECTUAL PROPERTY PRODUCED DURING THIS RESEARCH PROJECT
No intellectual property produced.
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