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Abstract A major quantitative trait locus (QTL) con-
trolling resistance to Pierce’s disease (PD) of grape,
caused by the bacterium Xylella fastidiosa (Xf), was
identified on a Vitis linkage map and denoted as
‘Pierce’s disease resistance 1’ (PdR1). Placement of the
locus was accomplished by evaluating a family of full-
sib progeny from a cross of two PD-resistant inter-
specific hybrids with resistance inherited from Vitis
arizonica. Resistance was measured under greenhouse
conditions by direct quantification of Xf numbers in
stem tissues as well as by evaluation of disease
symptoms based on leaf scorch and a cane maturation
index (CMI). A large QTL (LOD 17.2) accounting for
72% of the phenotypic variance in bacterial numbers
was localized to linkage group 14 of the male parent
F8909-17. The approximate 95% confidence interval
around the QTL peak extended 5.7 cM when using
composite interval mapping. The other disease evalu-
ation methods (leaf scorch and CMI, respectively)
placed the resistance QTL to the same region on
linkage group 14, although at wider 95% confidence
intervals (6.0 and 7.5 cM), lower peak LOD scores
(11.9 and 7.7) and accounting for less phenotypic
variance (59 and 42%). This is the first report of an
Xf resistance QTL mapped in any crop species. The
relevance of the markers located in the region span-
ning the QTL will be discussed, addressing their use-
fulness for the development of PD-resistant grape
cultivars.

Introduction

Pierce’s disease (PD) of grapevines, caused by the bac-
terial pathogen Xylella fastidiosa (Xf), is a severe prob-
lem for grape cultivation throughout the southern areas
of North America (Hewitt 1958; Loomis 1958; Perry
et al. 1974; Goheen et al. 1979; Jimenez 1985; Halbrooks
and Mortensen 1989). The European bunch grape Vitis
vinifera, from which the majority of wine, table grape
and raisin production is derived, is highly susceptible to
PD, and its cultivars succumb to the disease within 1–
5 years after infection.

Over a dozen American Vitis species are native to the
regions where PD is endemic, and resistant genotypes
from these wild species have been utilized in the par-
entage of many grape cultivars grown in the southeast-
ern United States (Mortensen et al. 1977; Overcash et al.
1981; Mortensen 1988; Halbrooks and Mortensen 1989).
Although different strains of Xf have been identified and
defined by the species and agricultural crops that they
differentially infect (Hopkins and Purcell 2002), there is
no published evidence of grape-specific strains that can
infect some resistant cultivars but not others, indicating
that resistance in these American Vitis species sources
appears to be relatively durable. Although there are
readily available and reliable sources of resistance, the
acreage planted with these PD-resistant V. vinif-
era · Vitis spp. hybrids has remained relatively small
and their acceptance has been limited by their reduced
fruit quality in comparison to pure V. vinifera. The
development of high-quality PD-resistant cultivars will
be facilitated by increased understanding of the genes
controlling resistance, allowing a more precise intro-
gression of the trait into domesticated backgrounds.

Two studies have focused on the genetics of resistance
to PD. In the first study, resistance derived from V.
aestivalis ssp. smalliana, V. simpsonii and V. shuttle-
worthii was evaluated under field conditions and native
disease pressure (Mortensen 1968). Leaf scorch symp-
toms, plant vigor and longevity measured over a 5-year
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period determined whether a genotype was resistant or
susceptible. Segregation ratios of progeny derived from
controlled crosses were used to analyze the inheritance
of PD resistance. Mortensen concluded that resistance
was dominant to susceptibility and suggested that
complementary gene action among three independent
genes could best explain the results.

In a second study, we investigated the inheritance of
PD resistance from the southwestern species V. arizonica
by evaluating a 4·4 factorial mating design under
greenhouse conditions (Krivanek et al. 2005b). Tests of
simple Mendelian segregation ratios and complex seg-
regation analysis (CSA) strongly indicated the existence
of a major gene with a dominant allele controlling the
PD resistance inherited from a V. arizonica/V. candicans
genotype collected near Monterrey in north-central
Mexico. Another source of resistance, inherited from a
V. arizonica accession from Baja California, did not fully
fit the single gene/dominant allele model and results
suggested that this resistance was potentially inherited in
a polygenic manner.

The objective of this investigation was to conduct a
quantitative trait locus (QTL) analysis to place the V.
arizonica/V. candicans ‘Monterrey’ major resistance lo-
cus on a molecular linkage map. In addition, mapping of
the quantitative loci from the V. arizonica ‘Baja Cali-
fornia’ and potential minor loci inherited from V. ari-
zonica/V. candicans ‘Monterrey’ was also attempted.
Heritability estimates for three diseases resistance eval-
uations were calculated and compared. Our research fits
within the broader objective of discovering resistance-
linked markers for use in a marker-assisted breeding
program for accelerating the development of high-
quality PD-resistant wine, table and raisin cultivars.

Materials and methods

Plant material

The female parent of the mapping family D8909-15 is a
PD-resistant selection from a cross of V. rupestris ‘A. de
Serres’ · b42-26 (a V. arizonica from Baja California,
Mexico) (Krivanek et al. 2005a, b; Krivanek and Walker
2005). The pollen parent F8909-17 is a PD-resistant
selection from a cross of V. rupestris ‘A. de
Serres’ · b43-17 (a V. arizonica/V. candicans genotype
from Monterrey, Mexico) with resistance equivalent to
that of D8909-15. The grandparent ‘A. de Serres’ is
highly susceptible to PD. The progeny derived from
D8909-15 · F8909-17 was designated as the 9621 family
consisting of about 200 individuals, from which a subset
of 116 progeny was previously used to construct a
linkage map of Vitis (Doucleff et al. 2004). Of these
progeny, 73 were still available for further disease eval-
uation while the reminder were not strong enough for
propagation or had died in the field (which was under no
PD pressure). This study used a second randomly se-
lected subset of 137 genotypes from the 9621 family,

including the 73 progeny that had already been geno-
typed. Segregation and heritability analyses of PD
resistance utilized all 137 genotypes, whereas the QTL
analysis was performed on 73 progeny for which both
marker data and PD resistance information were avail-
able.

The genotypes of the 9621 family along with the
susceptible grandparent ‘A. de Serres’ were propagated
as herbaceous cuttings from grapevines in the University
of California, Davis, CA, vineyards and prepared for
inoculation as outlined previously (Krivanek et al.
2005a). Briefly, rooted plants were grown for 6 weeks,
pruned to the basal two buds and allowed to re-grow so
as to ensure uniform shoot development. Actively
growing plants were watered twice per day for 5 min
using 1.9 l/h emitters and fertilized with a 25%
Hoagland’s solution (Sigma-Aldrich Ltd, St. Louis,
MO) via the drip system. Once the main shoot reached
60 cm, lateral and apical shoot tips were removed every
3 weeks on average to facilitate light penetration and air
circulation.

Experimental design

Plants were Xf inoculated and the number of genotypes
with four, three and two inoculated replicates was 116,
15 and 6 genotypes, respectively. The individual potted
plants of each genotype served as the experimental unit
and they were distributed randomly on greenhouse
benches in a randomized complete block design. Blocks
were chosen based on the greenhouse bench position
and, in the case of bacteria quantification, on sample
runs. Each block included a water-inoculated negative
control. Due to the unequal number of replications, the
statistical design was treated as unbalanced.

Disease evaluation

The ‘Stags Leap’ isolate of Xf was prepared and plants
were inoculated, as previously described (Krivanek et al.
2005a), 6 weeks after the plants were cut back. Control
plants were inoculated with ddH2O in a similar manner.
Three methods of quantitatively measuring the extent of
disease progression were employed at 16 weeks post-
inoculation. The mean percentage area of scorch on four
leaves above and nearest to the point of inoculation
(POI) was recorded. The degree of cane maturation and
necrosis development, designated as the cane maturation
index (CMI; 0–6 scale), was also measured as previously
described (Krivanek et al. 2005a). The CMI scores were
evaluated on the stem from the POI to 40 cm above the
POI. Finally, Xf populations were measured with a
previously described, quantitative ELISA procedure
(Krivanek and Walker 2005). Absorbance readings were
measured from extracts of stem tissue samples taken
10 cm above the POI and the values were converted to
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cells/ml concentrations using a standard calibration
curve derived from a dilution series of bacteria added to
healthy stem extract and included on each microtiter
plate. All predicted values were reported as cells/ml;
however, since the buffer volume to sample weight ratio
was 10:1, the cells/ml concentrations equate to one-tenth
the cells/g of sample.

Statistical analyses of disease resistance data

The bacteria number, CMI and leaf scorch datasets
were evaluated using the statistical procedure MIXED
of the software package SAS version 8 (SAS Institute,
Cary, NC, USA), treating the variables genotype and
block of the experimental design as fixed factors. Due
to the unbalanced nature of the design the Satterwaith
method was used for estimating degrees of freedom for
all analyses. In order to evaluate the quality of the
disease resistance data for statistical analysis, the
residuals (or data remaining after removal of this
model) were assessed for the assumption of normal
distribution and homogeneous variances. First, residu-
als were analyzed for homogeneous variances by run-
ning the ANOVA procedure with genotype as the sole
class factor and selecting Brown and Forsythe with the
‘hovtest’ option. For visual evaluation, residuals were
plotted with the GPLOT procedure. To evaluate the
residuals for normal distribution the MIXED proce-
dure was run with genotype and block as fixed factors,
creating an output file of the residuals from the model
and then using the Shapiro–Wilk test from the ‘normal’
option within the UNIVARIATE procedure. Visual
assessment of residual distribution was also assessed
using the ‘histogram’ and ‘QQplot’ options. After
running these quality tests, bacteria numbers were
natural log transformed and outlying data points from
the datasets removed. Finally, as the data were
unbalanced, block-adjusted means for each genotype
were calculated using the ‘lsmeans’ option of the
MIXED procedure.

Prior to estimating variance components, which are
required for heritability calculations, the negative con-
trols and susceptible control were removed from each of
the data sets in order to base the estimates strictly on the
9621 genotypes. Estimates were made under a random
model in the MIXED procedure by treating genotype
and block as random factors. The ‘covtest’ option of the
MIXED procedure was used to report the genetic vari-
ance (rg

2) and experimental error variance (re
2) and

respective error terms as listed under the ‘Covariance
Parameter Estimates’.

Broad-sense heritability (H2) estimates were calculated
on a single-plant basis via the equation:H(plant basis)

2 = rg
2/

(rg
2 + re

2) (Fehr 1991) and on a genotype mean (entry
mean) basis via the equation: H(mean basis)

2 = rg
2/

(rg
2 + (re

2/r)) (Hallauer and Miranda 1988; Fehr 1991),
where the term r refers to the average number of replicates
for each genotype in the unbalanced design. Approximate

standard errors of theH2 estimates were calculated using
S.E.(H(plant basis)

2 ) = S.E.(rg
2)/(rg

2 + re
2) and S.E.(H(mean

basis)
2) = S.E.(rg

2)/(rg
2 + (re

2/r)), respectively, where the
term S.E.(rg

2) refers to the square root of the variance of
the genetic variance estimate (Hallauer and Miranda
1988; Nyquist 1991).

QTL analysis

A reference genetic map was constructed based on 116
individuals using only the framework markers segregat-
ing in a 1:1 manner in a previously published map
(Doucleff et al. 2004). A total of 105 markers from the
female map and 111 markers from the male map were
selected. The original parental framework maps, con-
structed with an average confidence level of 93 and 96%,
had map lengths of 756 and 1,082 cM and mean marker
spacing of 8.7 and 11.7 cM for the female andmale maps,
respectively. No gaps between markers of larger than
30 cM exist on the female map. On the male map, three
gaps of larger than 30 cM were present. After the first
QTL analysis run, three additional simple sequence re-
peat (SSR) markers, VMC6e1, VMC5b3 and VMC6c10,
were added to the linkage map. Those markers were
developed by the Vitis Microsatellite Consortium, and
linkage information from an additional map (Riaz et al.
2004) indicated that they were localized on the same
linkage group where a significant QTL was identified.
Segregation data for these markers were obtained in the
same manner as the original markers (Doucleff et al.
2004) for a subset of 87 progeny. Marker order and map
distances were calculated using the two-way pseudo-test
cross strategy (Grattapaglia and Sederoff 1994) in concert
with the computer program JoinMap 3.0 (VanOoijen and
Voorrips 2001) using the Kosambi function.

Initial QTL analyses were performed using the
interval mapping option (Lander and Botstein 1989)
within the computer package MAPQTL 4.0 (Van Ooijen
et al. 2000). The quantitative measurements of PD
resistance: leaf scorch, CMI scores and stem Xf popu-
lations based on the SAS calculated lsmeans for 73
individuals were used for three separate analyses. The
criterion for detecting a significant QTL was based on a
logarithm of the odds ratio (LOD) threshold of 3.0 (Van
Ooijen 1999).

Upon identification of a region with a significant
QTL effect, further analysis was conducted using com-
posite interval mapping with the ‘MQM’ option within
MAPQTL. The marker located closest to the peak of the
major QTL in each analysis was used as a cofactor in
order to localize potential QTL elsewhere in the genome
and to more precisely define the position of the QTL
identified as significant with interval mapping (Zeng
1994). Confidence intervals for the location of significant
QTL were estimated at the 95% level by identifying
boundaries to either side of the composite interval
mapped QTL at which the LOD score was 2 less than
the peak (Lander and Botstein 1989).
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Results

Statistical analyses of PD resistance data

To achieve homogeneous variances and normally dis-
tributed residuals in the ELISA data set, the cells/ml
concentrations were natural log transformed and 13
outliers out of 563 data points (2.3%) were removed.
From the CMI dataset, 12 outliers out of 563 data
points (2.1%) were removed. No outliers were identified
in the leaf scorch data set. The Brown and Forsythe
(BF) variance homogeneity test resulted in P values of:
P=0.34, P<0.01 and P=0.07 for the leaf scorch, CMI
and Xf population data sets, respectively. The significant
test on the CMI data set was due to the high proportion
of genotypes (45) with scores of 0, without which the BF
test was not significant (P=0.08). The Shapiro–Wilk test
was run for normally distributed residuals and the
resulting W statistic for leaf scorch and the Xf popula-
tion data sets were not significant (W=1.0, P=0.40 and
W=0.99, P=0.09, respectively), indicating normally
distributed residuals. While the W statistic for the CMI
residuals was significant (P<0.01), visual assessment of
the distribution and the high W statistic itself (W=0.97)
showed no dramatic deviation from normality. The ef-
fects of genotype and block when treated as fixed factors
were found to have highly significant (P<0.0001) effects
on Xf bacteria numbers, CMI and leaf scorch scores.

Broad-sense heritability, a direct measure of envi-
ronmental effects on phenotypic variance, was calcu-
lated for PD resistance using 137 genotypes and
estimated individually for each of the three PD evalua-
tion methods. On a genotype mean basis, the estimates
were relatively high ranging from 0.80 to 0.95, with the
Xf population measurements producing the highest
heritability (Table 1). Broad-sense heritability on a
single-plant basis was considerably lower for each of the
evaluation methods, ranging from 0.51 to 0.83 (Table 1).

Frequency distributions for the 137 genotype subset
of the 9621 family for each disease evaluation method
are presented in Fig. 1a–c. The frequency distributions
of the subset used for QTL analysis are also included in
the respective figures. For reference, the susceptible
grandparent ‘A. de Serres’ was evaluated in this study
and had values of 13.3 natural log (cells/ml), 6.0 and
100% for mean stem Xf populations, CMI and leaf
scorch scores, respectively. The resistant female parent
D8909-15 was evaluated previously for CMI and leaf
scorch (Krivanek et al. 2005a) and for stem bacteria

numbers (Krivanek and Walker 2005) under similar
screening conditions and had scores of 10.2, 0.4 and
34%, for respective disease evaluations. Respective
scores for the resistant male parent F8909-17 in a sep-
arate unpublished study were 10.1, 0.0 and 60%. The
segregation pattern of the 9621 progeny (Fig. 1) with
distinctive bimodal or trimodal patterns of distribution,
skewing towards resistance relative to that expected with
a normal distribution and presence of susceptible
genotypes in a family derived from a resistant by resis-
tant cross suggest that the resistance is controlled by a
dominant allele at a major locus with some phenotype
modification due to environmental or minor gene effects.

QTL analysis

A significant QTL controlling PD resistance was iden-
tified at the middle-upper end of linkage group 14 of the
male parent F8909-17. The linkage group was denoted
according to the reference map of the International
Grape Genome Program (Riaz et al. 2004). Analysis
based on stem bacteria numbers, leaf scorch and CMI
scores gave maximum LOD scores for the QTL of 17.2,
11.9 and 7.7 and markers at the peak of the QTL ex-
plained 72, 59 and 42% of the total phenotypic variance
for the three disease evaluation methods, respectively.

This QTL localized at overlapping locations when
using any of the three disease evaluation methods and in
each case placed between the SSR markers VMC6e1 and
VMC5b3 (Fig. 2). SSR marker order was consistent
with that reported by Riaz et al. (2004). Using interval
mapping, approximate 95% confidence intervals for the
QTL extended 10.5, 11.0 and 21.5 cM, respectively, for
the three disease evaluation methods, around the peak of
the QTL. The marker closest to the peak was chosen as a
cofactor and further evaluation with composite interval
mapping narrowed the confidence interval to 5.7, 6.0
and 7.5 cM, respectively (Fig. 2). Further analysis with
composite interval mapping gave no clear indication of
there being any other QTL, and therefore the locus at
this position was denoted as ‘Pierce’s disease resistance
1’ (PdR1).

Other than the PdR1 locus on linkage group 14, no
additional loci with significant LOD scores could be
identified within the male parent linkage map. In addi-
tion, no significant QTL was identified on linkage group
14 of the female parent D8909-15 or on any other
linkage group of the female genome when using any of
the three disease evaluation methods.

Discussion

We have placed a major Pierce’s disease resistance
locus, which accounts for 72% of the total phenotypic
variance as measured by bacterial quantification, to a
specific region on a Vitis genetic linkage map. The
locus was designated PdR1, and to our knowledge this

Table 1 Broad-sense heritability (H2) of PD resistance and
respective standard errors based on three evaluation methods

Disease evaluation
method

H2 genotype
mean basis

H2 single-plant
basis

Xf populations 0.95±0.12 0.83±0.11
Cane maturation index 0.90±0.12 0.72±0.10
Leaf scorch 0.80±0.12 0.51±0.08
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is the first report of markers linked to an Xf resistance
gene in any crop species. These results are in agreement
with our previous study of the inheritance of PD
resistance within a related genetic population
(Krivanek et al. 2005b), which concluded that resis-
tance-derived V. arizonica/V. candicans genotypes col-
lected from Monterrey, Mexico, is controlled by a
dominant allele at a major locus. The dominance of the
resistance to susceptibility is also in agreement with the
study focused on V. aestivalis and V. shuttleworthii
populations (Mortensen 1968). The genetic model
proposed by Mortensen to explain PD resistance is,
however, different from our V. arizonica/V. candicans
‘Monterrey’ resistance. The disparity is likely reflective
of different PD resistance mechanisms or genetic
systems across distinct Vitis species. Indeed, the Vitis
species studied by Mortensen are phenotypically
different and geographically isolated from V. arizonica.

The use of ELISA in this study for quantification of
Xf numbers in stem tissues proved to be an effective tool.
The method was more powerful at mapping PD resis-
tance than were leaf scorch or CMI scores as judged by
an increase in the LOD measurement, smaller 95%
confidence interval and greater percentage of the phe-
notypic variance explained when bacterial quantification
was compared with the other two methods. ELISA has
been effectively utilized in other studies for quantitative
measurements of fungal, bacteria and virus populations
(Adlerlieste and Van Eeuwijk 1992; Ikuta et al. 2000;
Meyer et al. 2000) and in one study the technique was
used to assess virus accumulation in plant tissues in
order to map a QTL responsible for virus resistance in
rice (Albar et al. 1998). We have also utilized ELISA to
accurately distinguish previously characterized geno-
types of variable field resistance (Krivanek and Walker
2005).

The use of clonal replication for mean disease eval-
uation measurements allowed for environmental and
genetic effects to be distinguished and effectively raised
the broad-sense heritability of resistance relative to the
estimate based on single plants when using any of the
three evaluation methods. Broad-sense heritability esti-
mates based on genotype means of Xf populations in
stem tissue were estimated at 0.95 in this study, indi-
cating that approximately 5% of the total phenotypic
variance was due to environmental variation. An addi-
tional 72% of the phenotypic variation was accounted
for by the effects of the PdR1 locus. Therefore an
approximate estimation of the effects of minor second-
ary or modifying genes is estimated at 23%.

The inability to detect any major QTL in the female
parental genotype D8909-15 in this study or to fit the
inheritance of resistance to a single gene/dominant allele
model in a previous study (Krivanek et al. 2005b) leads
us to hypothesize that resistance in the female parent (as
inherited from the Baja California V. arizonica b42-26)
is controlled by minor genes in a genetic model distinc-
tive from the V. arizonica/V. candicans ‘Monterrey’
resistance source.
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The inability to detect minor resistance loci in either
parent in this study may be due to various possibilities.
First, the modest family size utilized for the analysis
would inhibit detection of minor resistance QTL and in
future studies a larger family should prove more useful in
the detection of the smaller effect QTL. Another poten-
tial reason for the lack of detection of other loci with
significant effects on PD resistance may be due to gaps
within the genetic linkage maps utilized in the QTL
analysis. Three gaps of larger than 30 cM are present in
the male map and while no distances between markers
larger than 30 cM exist on the female map, three gaps of
greater than 20 cM exist. If an important QTL existed
within these areas, such distances would potentially effect
their detection, particularly when using a small mapping
family. In future studies, increased marker density should
mitigate such potential deficiencies for QTL detection.

Finally, the inability to detect minor resistance QTL
may be due to the low information content of loci-
controlling resistance given the dominance and segre-
gation of resistance in both parents. The dominant
nature of markers (or loci-controlling traits of interest) is
not a problem under the pseudo-test cross strategy when
only one parent is heterozygous, and it is similar to a
backcross scenario where markers in progeny (whether

dominant or co-dominant) are fully informative with
respect to meiosis in the heterozygous parent (Mather
1951). The problem arises when a dominant locus or
marker is heterozygous in both parents. This mapping
situation is similar to that under an F2 scenario whereby
progeny have a maximum information content of only
25% with respect to meiosis in either heterozygous
parent (Mather 1951). Three of the four resulting F2
genotypes with the dominant allele will have the same
phenotype and these progeny are useless for identifying
meiotic recombinations. Progeny homozygous for the
null or susceptible allele are useful for mapping, but this
occurs in only one quarter of the family, thus explaining
the reduced information content. In future evaluations
of mapping families derived from a resistant by resistant
cross, a more extensive or sole use of co-dominant
markers would be advisable.

Molecular markers identified in the region surround-
ing the QTL peak of PdR1 will be validated by a bulk
segregant analysis and incorporated into an active grape-
breeding program held at UC Davis. Backcross
introgression via molecular markers to more precisely
introgress resistance alleles into more agriculturally
acceptable backgrounds has been accomplished success-
fully in other crops (Young and Tanksley 1989) by effec-
tively breaking linkage drag or negative associations of
undesirable traits to the trait of interest. The same strat-
egymay not be directly employed in a species such asVitis
in which the cultivars are highly heterozygous and often
susceptible to inbreeding depression. However, the tech-
nique should be very effective at precisely introducing the
PdR1 resistance allele into a quality V. vinifera back-
ground by backcrossing at each generation to different
high-quality V. vinifera cultivars. Molecular markers
linked to the resistance allele will also serve to preferen-
tially remove susceptible genotypes from breeding pop-
ulations so that larger numbers of resistant progeny can
be evaluated for fruit traits in the field, thus increasing the
effectiveness of selection in traditional breeding pro-
grams. Marker-assisted selection using additional mark-
ers identified in the region surrounding the QTL peak of
PdR1 has already begun to produce immediate benefits
toward accelerating the development of PD-resistant
wine, table and raisin cultivars of high fruit quality.

The major gene nature of the PdR1 locus makes it an
excellent candidate for further characterization via map-
based cloning and eventual gene sequencing. Sequence
analysis of the grapevine resistance gene and potential
Xf avirulence genes will provide a wealth of information
on the interaction of xylem-limited pathogens with their
host crop plants. The nature of the interaction between
the host and a bacterial pathogen that does not contact
living cells suggests that the resistance mechanism is not
due to a typical hypersensitive response and therefore is
of particular research interest. A cloned PD resistance
allele would also be useful for genetic engineering
strategies at combating the disease in many agricultural
crops, and efforts at map-based cloning the PdR1 locus
are currently under way.
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