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ABSTRACT

Navas-Cortés, J. A., Landa, B. B., Mercado-Blanco, J., Trapero-Casas, J.
L., Rodriguez-Jurado, D., and Jiménez-Diaz, R. M. 2008. Spatiotemporal
analysis of spread of infections by Verticillium dahliae pathotypes within
a high tree density olive orchard in southern Spain. Phytopathology
98:167-180.

The development of Verticillium wilt epidemics in olive cv. Arbequina
was studied from November 1999 to May 2003 in a drip-irrigated,
nontillage orchard established in a soil without a history of the disease at
Cérdoba, southern Spain. Disease incidence measured at 1-month-in-
tervals increased from 0.2 to 7.8% during this period. Verticillium dahliae
infecting the trees was characterized as defoliating (D) or nondefoliating
(ND) pathotypes by a specific, multiplex-polymerase chain reaction
(PCR) assay. Of the symptomatic trees, 87.2 and 12.8% were infected by
the D or ND pathotypes, respectively. Dynamics of disease incidence
were described by a generalized logistic model with a multiple sigmoid
pattern. In the fitted model, the infection rate was highest in the winter to
spring period and decreased to minimum values in the summer to fall
period. Binary data of disease incidence was analyzed for point pattern
and spatial correlation, either directly or after parsing them in contiguous
quadrats. Overall, ordinary runs analysis indicated a departure from ran-

domness of disease within rows. The binomial index of dispersion, inter-
class correlation, and Taylor’s power law for various quadrat sizes
suggested aggregation of diseased trees within the quadrat sizes tested.
Spatial analysis by distance indices showed a nonrandom arrangement of
quadrats containing infected trees. Spatial pattern was characterized by
the occurrence of several clusters of infected trees. Increasing clustering
over time was generally suggested by stronger values of clustering index
over time and by the increase in the size of patch clusters. Significant
spatial association was found in the clustering of diseased trees over time
across cropping seasons; however, clustering was significant only for
infections by D V. dahliae, indicating that infections by the D pathotype
were aggregated around initial infections. The number and size of clusters
of D V. dahliae-infected trees increased over time. Microsatellite-primed
PCR assays of a representative number of V. dahliae isolates from dis-
eased trees indicated that the majority of infecting D isolates shared the
fingerprinting profile with D V. dahliae isolated from soil of a naturally
infested cotton field in close proximity to the orchard, suggesting that
short distance dispersal of the pathogen from this soil to the olive orchard
may have occurred.

Additional keywords: Olea europaea.

Knowledge of the spatiotemporal pattern and spread of plant
diseases (i.e., the arrangement of diseased plants relative to each
other on a time basis [14]) in susceptible crops may provide
valuable information about the nature and role of inoculum
sources for development of epidemics, and thus contribute to
designing adequate strategies for plant disease management. This
knowledge may be particularly relevant for Verticillium wilt of
olive (Olea europaea L.) in southern Spain, caused by the soil-
borne fungus Verticillium dahliae Kleb., because of the increasing
importance and distribution of the disease and occurrence of a
highly virulent defoliating (D) V. dahliae pathotype in irrigated
olive orchards during the last decade (23,33,42).

Verticillium wilt affects olive throughout its range of cultivation
(23), causing severe yield losses and tree mortality (26). In Spain,
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the disease was first reported in experimental fields near Cérdoba,
Andalusia, southern Spain in 1980, and during the last 20 years it
has spread throughout that area as well as to other regions in
Spain (6,40,42). Several factors might have accounted for the
increasing spread of the disease, such as new olive orchards being
established in irrigated soils infested by the pathogen or close to
other V. dahliae-infected crops, such as cotton, and/or the use of
V. dahliae-infected olive planting material (40,42,47).

Severity of attacks by V. dahliae on olive strongly depends on
virulence of the pathogen isolates (here defined as the amount of
disease caused in a host genotype). V. dahliae isolates infecting
olive can be classified into defoliating (D) or nondefoliating (ND)
pathotypes, based on their ability to cause defoliation or no
defoliation of green leaves from shoots and twigs (28,40). These
two pathotypes can be differentiated in infected plants by means
of specific polymerase chain reaction (PCR) markers (33).
Infections by the D pathotype can be lethal to the plant, whereas
olive trees infected by the ND pathotype eventually can show
complete remission from symptoms (23,33,40). Differential viru-
lence of V. dahliae isolates also occurs in upland cotton (Gossy-
pium hirsutum L.), with isolates from cotton and olive showing
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cross-virulence (40,43). In Spain, the D pathotype was first
reported infecting cotton in a restricted area of intensive cultiva-
tion at the southern part of Andalusia in 1981 (2). This pathotype
has now appeared to distant cotton- and olive-growing areas all
over Andalusia (8), but has not yet been reported in other olive
growing areas in northern Spain or other countries in the
Mediterranean Basin, except Greece (11) and Israel (25).

Fig. 1. A, Aerial overview of the olive orchard used in the study. Dots indicate
olive trees that were first diseased by November 1999 and infected by either
the defoliating (D, circles) or nondefoliating (ND, triangle) Verticillium
dahliae pathotypes. B, Symptoms associated with infections by D V. dahliae.
Note the intense defoliation of diseased trees and large number of fallen green
leaves. C, Symptoms associated with infections by ND V. dahliae. Note olive
branches with dried, necrotic leaves that remain attached to the symptomatic
branch.
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Little is known about the epidemiology of Verticillium wilt of
olive caused by D or ND V. dahliae pathotypes. In Cérdoba,
southern Spain, disease in 1-year-old olive plants of highly sus-
ceptible cv. Picual developed earlier and faster for the D patho-
type compared with the ND pathotype (27). In Israel, Verticillium
wilt developed from mid winter to the end of spring, with disease
incidence and severity decreasing during summer and fall, in
4-year-old ‘Picual’ olives irrigated with saline water and pre-
sumably infected by the ND pathotype (26). Dispersal of patho-
gen propagules may occur with the movement of infested soil by
furrow and flood irrigation (48), machinery and wind (10), or
V. dahliae-infected olive leaves (41,49,50) and plant refuse from
V. dahliae-infected cotton on olive crops (43). Dispersion of
V. dahliae in infected leaves may be of particular importance for
D V. dahliae because infections by this pathotype induce exten-
sive and early drop of infected green leaves (23,41). Leaves from
D or ND V. dahliae-infected olive trees may harbor the pathogen
and contribute to increase the number of microsclerotia in soil
(41,49,50).

Description of the spatiotemporal characteristics of Verticillium
wilt epidemics in olive may provide valuable information on
pathogen dissemination and epidemic progress, but these studies
are lacking both for the D and ND V. dahliae pathotypes on
olives. Several methods are available for the description of spatial
disease patterns that fall into two general classes: point-pattern
(31) and correlation-based analyses (32,38,53,54), which quantify
spatial pattern on different scales (i.e., within and between quad-
rats) (31). The combination of such methods provides efficient
tools for epidemic quantification and examines epidemics at
multiple spatial scales (16,31). It has been proved that this method
can successfully describe epidemics in several pathosystems
(1,9,37,44) but it has not been used for the study of Verticillium
wilts in woody crops.

While conducting an experiment on the efficiency of water use
in a high-plant density olive orchard at Cérdoba, southern Spain,
newly developed V. dahliae infections were observed in three
trees in close mutual proximity,with subsequent disease spread
within the orchard. This olive orchard was established in a field
site that did not have a history of susceptible crops to, or a record
of, Verticillium wilt. The aim of this study was to examine the
temporal, spatial, and spatiotemporal dynamics of Verticillium
wilt in this orchard and to assess the effect of V. dahliae patho-
types on the spatiotemporal dynamics of Verticillium wilt
epidemics in olive.

MATERIALS AND METHODS

Experimental site. The study was done in a 4.6-ha flat,
uniform plot of sandy loam soil, located at the IFAPA Alameda
del Obispo Agricultural Research Station, Coérdoba, southern
Spain (37.5°N, 4.8°W, altitude 110 m) from 1999 to 2003 (Fig.
1A). To the best of our knowledge, the plot had not been planted
to V. dahliae-susceptible crops and had no history of Verticillium
wilt in the 15 years previous to olive plantation. The trees were
established on July 1997 with nursery-propagated 1-year-old olive
plants (cv. Arbequina) on their own roots, at a spacing of 3.5 m x
7 m (408 trees per hectare) which is a commonly used density for
modern intensive olive plantations in the area of the study.
‘Arbequina’ olives are extremely susceptible and susceptible to D
and ND V. dahliae, respectively, under controlled conditions (28).
The orchard was drip irrigated (two drippers per tree located 10 to
20 cm apart from the trunk) to fully satisfy tree water demand.
The orchard was managed using no-tillage practices and weed
control was achieved with glyphosate herbicide treatments
between rows.

Disease assessment and isolation of V. dahliae from symp-
tomatic plants and soil. Incidence of Verticillium wilt (percentage
of diseased trees) in the orchard was determined at 1-month-
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intervals by visual observation of symptoms on trees along the
rows throughout the entire plot. The location of each diseased tree
was mapped on a column-row diagram every assessment date.
Infections by V. dahliae were confirmed by means of isolations
using four stem fragments sampled from each of four young
symptomatic branches per symptomatic tree. Tissues were
washed under running tap water, then surface disinfested in 0.5%
NaOCl for 2 min and dried between sterile filter paper. Pieces, 5
to 10 mm long of disinfested tissues were plated onto water agar
amended with aureomycin (1 liter of distilled water, 20 g of agar,
30 mg of aureomycin) and were incubated at 25°C in the dark for
7 days. Pure cultures of isolates were further used for the
molecular pathotyping of V. dahliae isolates. The identification of
V. dahliae isolates was determined based on morphology of
conidiophores and microsclerotia formed on plum lactose yeast
extract agar (45).

In addition, soil of a field plot located approximately 100 m
away from the ‘Arbequina’ orchard (Fig. 1A) was sampled and
five V. dahliae isolates were obtained using the wet sieving
method (46). This field plot was frequently cropped to cotton
until 1997 for studies on the epidemiology and control of cotton
Verticillium wilt, and D V. dahliae has become more prevalent in
soil relative to the ND pathotype throughout the years of cotton
cultivation (J. Bejarano-Alcdzar, personal communication).

Molecular pathotyping and genetic variability of V. dahliae
isolates. Mycelia for DNA extraction were obtained from
colonies of V. dahliae isolates actively growing on a film of sterile
cellophane layered over a plate of fresh potato dextrose agar
(PDA) (250 g of unpeeled potatoes, 20 g of agar, and 20 g of
glucose per liter of distilled water) and incubating for 5 days at
25°C with a 12-h photoperiod of fluorescent and near-UV light at
36 pE-m2s7!. Mycelia growing on the cellophane surface were
harvested, lyophilized, and stored at —20°C. DNA of the isolates
was purified using the DNeasy Plant mini Kit (Qiagen, Hilden,
Germany). The extracted DNA was checked for quality on
agarose gel, quantified using the Quant-iT DNA Broad Range
fluorometric assay kit (Molecular Probes, Inc., Leiden, The
Netherlands) and a Tecan Safire fluorospectrometer (Tecan Spain,
Barcelona, Spain) according to manufacturer’s instructions, and
diluted in sterile water to a final concentration of 25 to 50 ng/ul.

V. dahliae isolates were further characterized to species and
pathotype by multiplex PCR assay using three primers, DB19/
DB22/espdefO1 (33). The use of these three primers in a single
PCR assay yields a polymorphic amplicon of 539 or 523 bp
which are specific to V. dahliae and differentially associated with
D and ND V. dahliae, respectively. PCR amplifications and gel
electrophoresis were conducted as described previously (33).

A sample of approximately 50% of the total V. dahliae isolates
obtained during the study was used to determine the genetic
variability within populations of V. dahliae D and ND isolates
infecting olive in the orchard by means of microsatellite-primed
PCR (MP-PCR) assays. The sampled isolates were representative
of those obtained from the 141 infected trees distributed across
the orchard during the years of study. MP-PCR assays were done
as described by Ma et al. (29) using the M13 repetitive core
sequence (5'-GAGGGTGGCGGTTCT-3’). The reaction mixture
(25 ul total volume) consisted of 20 ng of fungal genomic tem-
plate, 1.0 uM each microsatellite primer, 0.2 mM each dNTP,
2.0 mM MgCl2, 1x Ecogen Taq polymerase buffer (166 mM
[NH;],SO,, 670 mM Tris-HCI, pH 8.8, 0.1% Tween-20) and
0.75 units of EcoTaq polymerase (Ecogen, S.R.L., Barcelona,
Spain). The following PCR run parameters were used: an initial
preheat for 3 min at 95°C, followed by 35 cycles of denaturation
at 94°C for 1 min, annealing at 50°C for 1 min, and extension at
72°C for 1.5 min, with a final extension at 72°C for 10 min.

All PCR assays were performed with an iCycler thermal cycler
(BioRad, Madrid, Spain). Amplification products were separated
by electrophoresis in 1.5% TAE buffer for 5 h at 80 V, stained

with ethidium bromide, visualized, and photographed under UV
light. Reactions were repeated twice and always included negative
controls (no DNA) and positive controls (template DNA from
mycelia of cotton V. dahliae isolates representative of the ND
[isolate V-176I] and D [isolate V-138I] pathotypes [2]). MP-PCR
patterns were digitalized, converted, and normalized with 1-kb
gene-ruler DNA ladder (Fermentas, St Leon-Rot, Germany), and
compared with Bionumerics 4.5 software (Applied Maths, Kort-
rijk, Belgium). A band-matching algorithm (band-matching toler-
ance of 0.75%) was selected to calculate pair-wise similarity
matrices with the Dice coefficient. Cluster analysis of similarity
matrices was performed by the unweighted pair group method
using arithmetic averages (UPGMA).

Temporal analysis. A generalized logistic model of multiple
sigmoid pattern was fitted to the observed disease incidence
progress data, as described by Hau et al. (19). Time, measured in
days after first symptoms appearance, was used as the indepen-
dent variable. In this model, we assumed that the multiple sig-
moid curve is the result of four consecutive and overlapping
growth processes. Then, the curves can be approximated by the
sum of four simple growth functions, one for each crop season.
For the logistic equation, the sum is given by

yu(@® =pi/{1 +expl=(pi2+ pist)]} + pai/{1 + expl— (P22 + p23t)]} +
pail{1 + expl—(psn2+ p33t)]} + par/{1 + exp[~(par + past)]}

This combined equation has three parameters for each of the
four phases. The parameters pi1, p21, P31, P41 are the upper asymp-
totes, P12, P22, P32, Paa are related to the initial level of disease, and
P13> P23s P33» Pa3 are the rate of each of the four phases equivalent
to each of the four cropping seasons in the study (19). Regression
analyses were conducted using the least-squares program for
nonlinear models procedure of SPSS Software (version 12.0;
SPSS Inc., Chicago, IL). The coefficient of determination (R?),
the mean square error, standard errors associated with the param-
eter estimates, confidence intervals of predicted values, and the
pattern of the standardized residuals plotted against either pre-
dicted values or the independent variable were used to evaluate
the appropriateness of the model to describe the data.

Spatial pattern analyses. Spatial maps of Verticillium wilt
incidence at each assessment date were obtained using binary data
by performing a semivariance analysis that was followed by a
kriging of the data by the block method using GS + 7.0 (Gamma
Design Software LLC, Plainwell, MI).

Analyses of spatial pattern were performed at three levels of
spatial scale as described elsewhere (1,9,37,44).

Correlation-based spatial analyses. For the first level of
spatial scale, the occurrence of aggregation between adjacent
diseased trees was determined using ordinary runs analyses, a
unidirectional test that assess aggregation within columns or rows
in a population matrix of diseased plants (31). Analyses were
performed using disease incidence data collected on individual
trees at each assessment date. The percentage of rows with aggre-
gated patterns of disease was calculated (32). The level of sig-
nificance was determined using a standard Z test statistic to
compare the number of runs observed with the number of runs
expected under a null hypothesis of randomness. A number of
observed runs significantly lower than the expected number of
runs under the hypothesis of randomness were considered as an
indication of spatial aggregation (32).

Point-pattern spatial analyses. For the second level of spatial
scale, data were examined for the occurrence of aggregation at
various quadrat sizes. The average of these quadrat counts pro-
vides information on the incidence of disease, as well as on the
variation of disease incidence data of these quadrat counts (21,
22). Disease incidence data for each assessment date were
partitioned into quadrats of 2 (2 x 1), 4 (2 x 2), 8 (2 x 4), and 16
(4 x 4) olive trees. When data are expressed as disease incidence,
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the beta-binomial distribution can be used to determine the
occurrence of aggregation (22,31). Randomness between quadrats
was thus assessed via beta-binomial analysis, which regards the
probability of a plant being diseased as a beta-distributed variable
(22). The beta-binomial index of dispersion (Iz) was used to test
for within-quadrat randomness of Verticillium wilt-diseased trees
at each quadrat size (31). /; is defined as the ratio of the observed
variance (Vo) to the expected binomial variance (vy;,) for a ran-
dom distribution of binary data (31). For the beta-binomial index,
a large index of dispersion (/g > 1) combined with a small prob-
ability (P < 0.05) suggests aggregation of symptomatic plants
(31). The C(a) test was used to test for the null hypothesis of
randomness with the alternative hypothesis of over dispersion
described by the beta-binomial distribution (22,30). The beta-bi-
nomial and binomial distributions were fitted to disease incidence
data for each assessment date using the computer program BBD
(30). Randomness within quadrat was also assessed by the inter-
class correlation (k), which measures the tendency of the plants
within a sampling quadrat to have a similar disease status. k is
related to the index of dispersion (/) by k = (/g — 1)/(n — 1), where
n is the quadrat size (13). When the value of k value is close to
zero, the beta-binomial distribution approaches the binomial
distribution, which is indicative of a random spatial arrangement.
Conversely, as the value of k increases, spatial aggregation also
increases (13).

The binary form of Taylor’s power law was used as an assess-
ment of over dispersion across all disease assessment dates and
allowed us to determine if the degree of heterogeneity was related
to disease incidence. The binary power law (21) relates the ob-
served variance of diseased trees within quadrats (v, to the
expected binomial variance (v;,). In this case, log (vyps) = log(A) +
blog(vpin), in which log (A) and b are the intercept and the slope of
the regression line, respectively. A random spatial pattern is
suggested when both A and b are equal to 1. Conversely, a
constant level of aggregation occurs for all the incidence values
when b = 1 and log (A) > 1. When b > 1, the degree of aggrega-
tion varies according to incidence. The parameters log (A) and b
were estimated by linear regression using the least squares
method, and the significance of the relationship between 10g (Vyps)
and log (vp,) was determined by the F test. The equality of
parameters b and A to unit was assessed by the 7 test using the
estimate of the parameter and its standard deviation.

SADIE. In the third level of spatial scale, the strength and
directionality or orientation of aggregation among quadrats
containing Verticillium wilt-diseased olive trees were examined
with spatial analysis by distance indices (SADIE) as described by
Perry et al. (36). Although SADIE is a correlation-based spatial
analysis, it also takes into account the inherent heterogeneity
within the dataset like those in the point-pattern based methods.
Similarly to the analyses described above, SADIE analysis was
applied to the total Verticillium wilt incidence, as well as to
disease incidence induced by either D or ND V. dahliae sepa-
rately. Descriptions of SADIE analyses have been presented
previously (36,53,54). Briefly, the SADIE analysis uses the co-
ordinates (location) of the quadrats and the counts of individuals
(i.e., diseased trees) per quadrat to quantify the spatial pattern in
the sampled population. This is done by measuring the minimum
total effort that individuals must expend to reach arrangements in
which individuals are spaced as regularly as possible. This effort
is represented by the distance to regularity (D,) and its associated
probability P, (proportion of randomized samples with distance to
regularity as large as, or larger than, the observed value of D,).
The degree of nonrandomness is quantified by comparing the
observed spatial pattern with rearrangements obtained after
random permutations of the individuals among the quadrats. An
overall index of aggregation (/,) is given by I, = D, /E,, where E,
is equal to the mean distance to regularity of the randomized
samples. Patterns of aggregation are indicated by I, values: aggre-
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gated if I, > 1, spatially random if /, = 1, and regular if /, < 1. The
red-blue extension of SADIE was used to measure and map the
degree of pattern locally (36). The organization of clusters into
patches (neighborhoods of units with counts larger than the
average density of m) or gaps (neighborhoods of units with counts
of <m) can be analyzed by computing a dimensionless index of
clustering from randomizations for each sampling unit (quadrat)
(36). The index v; measures the degree to which the unit con-
tributes to a patch, whereas v; is defined similarly but for a gap
and takes by convention a negative value. As a rule, values of v;
larger than 1.5 and those of v; smaller than —1.5 indicate units as
members of a patch or a gap, respectively (1.5 times the expected
values of v; = 1 or v; = —1 for random arrangements). Maps and
contour plots were drawn from those values. Each map was
parsed into quadrats and the number of patch and gap clusters,
their location, and their size for each assessment date were
analyzed using SADIE software (Rothamsted Research Institute,
Rothamsted, UK) (36). A total of 5,967 randomizations were
performed for each individual analysis.

Spatiotemporal analysis. The spatial association between
pairs of time periods was analyzed using SADIE as described by
Winder et al. (51). Local association was investigated using the
index X; based on the similarity between clustering indices of two
given time periods. Overall spatial association X was calculated
as the mean of individual local values. Significance of X, was
tested by randomizations, with cluster indices reassigned amongst
the quadrats after allowance for small-scale spatial autocorre-
lation in the cluster indices from either population (51). The
maximum number of 9,999 randomizations was performed and a
two-tailed test was used to assess significance. For this test, a null
hypothesis of no association was used (51). Local association was
calculated for each of the six possible combinations of pairs of
consecutive crop seasons over the period of the study from the
year 1999 to 2003. In addition, the association between the spatial
pattern of incidences of infections of olive trees by the D or ND V.
dahliae pathotypes was determined for each cropping season.

RESULTS

Verticillium wilt symptoms development and dynamic of
epidemics. Percentage of positive isolation of V. dahliae from
symptomatic trees ranged from 8 to 100%, being characterized to
pathotype by a multiplex PCR assay in all cases. Both infections
by D or ND V. dahliae pathotypes occurred in ‘Arbequina’ olive
trees in the orchard of the study. Only three trees were symp-
tomatic in November 1999, equivalent to 0.17% disease inci-
dence. These trees were close to each other and located at the
north-central zone of the orchard (Fig. 1A). Over time, diseased
trees subsequently appeared distributed across the entire orchard
reaching a total number of 141 (7.83% disease incidence) by July
2003. Of the diseased trees, 123 (87.2%) and 18 (12.8%) were
infected by D or ND V. dahliae, respectively. Only one pathotype
was found infecting a given symptomatic olive tree. Symptoms in
trees infected by the D pathotype developed from late fall to early
winter and consisted of early drop of green, infected leaves that
eventually gave rise to complete defoliation and necrosis of
branches (Fig. 1B). Conversely, two characteristic syndromes,
designated apoplexy (or acute form of the disease) and slow
decline (or chronic form), developed in trees infected by the ND
pathotype. Apoplexy developed mainly by late winter and was
characterized by a quick dieback of olive twigs and branches
where leaves turned light-brown, rolled back toward the abaxial
side, dried up and remained attached to the symptomatic shoots
(Fig. 1C). Slow decline occurred in springtime, by the time of
flowering, and consisted mainly of flower mummification and
necrosis of inflorescences, together with necrosis of leaves on
symptomatic shoots that fell off except for leaves located at the
distal end of shoots.



The highest number of newly diseased trees (39%) appeared
during the first cropping season (1999/2000) following the first
detection of Verticillium wilt in the orchard. Most of infections by
ND V. dahliae occurred during this first season, with only 4 out of
the total 18 ND V. dahliae-infected trees becoming symptomatic
during the time period of 2001/2002. Conversely, symptomatic
trees infected by D V. dahliae continued to appear during the four
cropping seasons of the experiment (Fig. 2A). The increase in
disease incidence over time across the 1999 to 2003 period was
adequately described by the generalized logistic model of multiple
sigmoid pattern both for infections by D or ND V. dahliae as well
as for the total number of infections (R? > 0.98) (Fig. 2). Overall,
the apparent infection rate in the fitted model was highest in the
late winter to early spring period, decreased with time to
minimum values in the summer to fall period, and increased again
thereafter (Fig. 2B). The maximum apparent infection rate by the
ND pathotype was slightly delayed with respect to that by the D
pathotype. This temporal pattern of disease increase was indicated
by distinct waves across the four cropping seasons in the deriva-
tive function of the disease incidence progress curves for the total
number of infections as well as for infections by D V. dahliae
(Fig. 2B). However, the curve of increase of infections by ND V.
dahliae presented only two waves in the derivative function
(cropping seasons 1999 to 2000, and 2001 to 2002), with no
further growth phases in the second and fourth cropping seasons
(Fig. 2B). The estimates for the upper asymptote (parameters pi;
to pi4 in the logistic equation) for each of the four cropping
seasons were respectively: 3.28, 0.82, 1.66, and 2.01 for the total
number of infected trees; 2.45, 0.82, 1.62, and 1.89 for those
infected by the D pathotype; and 0.78, 0.00, 0.22, and 0.00 for
those infected by the ND pathotype. Similarly, the estimates for
the rate of disease incidence increase (parameters p;; to ps4 in the
logistic equation) for each of the four cropping seasons were
respectively: 0.029, 0.032, 0.019, and 0.017 for the total number
of infected trees; 0.026, 0.032, 0.019, and 0.017, for those
infected by the D pathotype; and 0.035, 0.000, 0.026, and 0.000
for those infected by the ND pathotype.

Genetic variability of V. dahliae isolates. Results from cluster
analysis of MP-PCR fingerprintings grouped V. dahliae isolates
from olive trees into three distinctive groups (Fig. 3). The D
isolates were divided in two main groups (Groups I and II) and
comprised five main clusters based on a similarity score of
59.4%. Most D isolates analyzed (89%) were in Group II and
belonged to a single genotype (i.e., shared the same fingerprinting
profile; similarity score 96.5%) though they were obtained from
trees located across the orchard (Fig. 3).This fingerprinting was
identical to that obtained for soil V. dahliae isolates sampled from
the plot frequently cropped to cotton (isolates V-985, V-987, and
V-988) (Fig. 3) that were characterized as members of the D
pathotype by the specific—PCR assay (data not shown). Group I
contained the reference isolate V-138I of the D pathotype and five
tree isolates of the D pathotype that were of different genotype
(Fig. 3). Interestingly, these isolates originated from trees that
were among those that first showed severe wilt and defoliation in
the first years (1999 and 2000) of the study. Group III included all
olive isolates of the ND pathotype and the reference isolate V-
1761 of the ND pathotype that differed much in their finger-
printings among themselves and with D pathotype isolates.

Spatial pattern analyses. Ordinary runs. Ordinary runs
analysis indicated aggregation of Verticillium wilt-diseased trees
in 84.8 and 66.7% of the 33 assessment dates for within- and
across-rows, respectively (data not shown). Across-row aggrega-
tion of diseased trees was not detected until mid May of 2000,
6 months after appearance of symptoms. Later on, aggregation of
diseased trees increased from 2.8 to 8.3% of rows by the end of
the experiment (Table 1). Across-row aggregation of diseased
trees increased from 2.1 to 6.3% from December 1999 to No-
vember 2001, but decreased thereafter to 4.2% of rows by May

2002, and was nil during the last cropping season, 2002 to 2003.
Except for that later period for which no within-row aggregation
was identified, the proportion of aggregation of Verticillium wilt-
diseased trees within rows often exceeded that across rows
(Table 1).

The next level of aggregation examined was the association of
disease status within quadrats of various sizes.

Binomial index of dispersion. The values of the /3 index of
dispersion suggested significant spatial aggregation of Verticil-
lium wilt-diseased trees for different quadrat sizes over time
(Table 1). When significant heterogeneity occurred, it generally
included quadrat sizes from 2 x 2 to 4 x 4 trees; however, the
intensity of that heterogeneity varied among assessment dates. In
particular, most of the significant values of Iz were found for
disease assessments made from May 2001 till the end of the
experiment in May 2003. The /; index of dispersion generally
increased over time as well as with the increase in disease inci-
dence and quadrat size (Table 1, Fig. 4). An exception to this
trend occurred for quadrat size 2 x 2 for which /3 tended to
decrease from 2001 (Table 1).

Intraclass correlation. Results of analysis of intraclass corre-
lation index (k) were in agreement with those using the I index of
dispersion in indicating an aggregated spatial structure of
Verticillium wilt-diseased olive trees for most of the disease
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Fig. 2. Temporal progress of Verticillium wilt of olive during four consecutive
cropping seasons in southern Spain fitted with a multiple generalized logistic
model. A, Observed (symbols) and predicted (lines) disease progress curves
for the total disease incidence and for incidence of trees infected by either the
defoliating or the nondefoliating pathotypes of Verticillium dahliae. B,
Derivatives of the cumulative disease progress curves.
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assessment dates and quadrat sizes tested (Table 1). Also, results
of the intraclass correlation index showed a positive relationship
between aggregation of diseased trees and disease incidence
except for disease assessments made during the fourth cropping
season, 2002 to 2003 (Table 1, Fig. 4). Values of k became
smaller as quadrat size increased; indicating less interclass
correlation at higher quadrat sizes (Table 1, Fig. 4).

Binary power law. The binary form of Taylor’s power law
using data from all disease assessment dates gave a good descrip-
tion of the relationship between the observed and binomial
variance, (R* = 0.99 to 0.97) (Fig. 4). Estimated slopes and inter-
cepts generally increased with quadrat size and were significantly
(P < 0.001) greater than 1 for all quadrat sizes, indicating a
moderate but significant pattern of aggregation of symptomatic
trees which varied as a function of disease incidence (Fig. 4).

Relationship between quadrat size and intraclass correla-
tion index and SADIE index of aggregation. Figure 5 shows k
for each quadrat size over all levels of disease incidence. Positive
k values decreased approximately linearly with the natural loga-
rithm of quadrat size for most cases (Fig. 5A). Coefficient of
variation of estimates of k across quadrat size for each level of
disease incidence ranged 5.8 to 244.7 (mean value 64.63 + 7.68).
In contrast, the estimates of the SADIE index of aggregation (/,)
for each level of disease incidence were relatively invariant, to
variation in the quadrat size used, especially for quadrat sizes 2
(2 x 1) and 4 (2 x 2) (Fig. 5B). The coefficient of variation of
estimates of I, across quadrat size for each level of disease
incidence ranged 0.6 to 6.5 (mean value 3.21 £ 0.28) (Fig. 5B).
Consequently, quadrat size 2 x 2 was selected for further analyses.

Spatial pattern of Verticillium wilt diseased trees. The
spatial pattern of Verticillium wilt-diseased olive trees in the
orchard over time is illustrated in Figure 6. Diseased trees were

initially scattered without discernible pattern over the entire
orchard, but from late-winter 2000 to the end of the experiment,
newly diseased trees appeared more frequently adjacent to those
diseased previously, thereby forming distinct foci of disease
patches throughout the field. Most of diseased trees were located
in two bands at the south-eastern and central-western side of the
orchard (Fig. 6).

Spatial arrangement of quadrats with infected trees. SADIE
analysis successfully calculated the distance to regularity (D,) and
the distribution of distances to regularity under randomizations
for all data sets; however this analysis detected nonrandomness
less frequently than point pattern analyses (Tables 1 and 2).
Overall, significant aggregation was detected using the pooled
disease incidence data in 2003 only. Nonetheless, when data were
analyzed separately according to the infecting V. dahliae patho-
type, olive trees infected by the D pathotype showed a significant
aggregation in 2003 only, whereas those infected by the ND
pathotype were nonaggregated; results for the ND pathotype may
have been influenced by its low overall incidence (Table 2, Fig. 6).

The index of aggregation (/,) calculated with the incidence of
total infections (total disease incidence) and the incidence of
infections by the D pathotype indicated that aggregation of quad-
rats with diseased trees was significant only for the disease assess-
ment made from December 2002 until the end of the experiment
in May 2003 (data not shown). Computation of the indices of
clustering for patch (v;) and gaps (v;) was congruent with these
results. Overall, I, and v; values increased with time and con-
sequently P, values decreased, indicating an intensification of
clustering from one cropping season to the next. Thus, SADIE
analysis suggested a random pattern of distribution of Verticillium
wilt-diseased olives until October 2002, but a significant aggre-
gated pattern (I, = 1.41 to 1.75; P, < 0.05) for disease assessments
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Fig. 3. Cluster analysis of genomic fingerprinting patterns generated by microstelite polymerase chain reaction (MP-PCR) analysis using the M13 repetitive core
sequence primer of representative defoliating (D) and nondefoliating (ND) Verticillium dahliae isolates. Each isolate is labeled by the location of the diseased
olive tree from which isolated (C, column; R, row, and B, branch of the tree). V. dahliae isolates V-985, V-987, and V-988 were obtained from soil sampled from a
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made from December 2002 through the end of the fourth
experimental cropping season in May 2003 (Table 2, Fig. 7). The
intensification of clustering was also indicated by a general
increase in size of the main patch clusters. Often, there was a
large patch cluster and one to several smaller ones. The size of the
main patch cluster remained constant during the first two
cropping seasons (1 quadrat, 4 trees, 49 m?), but from July 2002
to May 2003 that size increased from 3 to 11 quadrats (44 trees,
539 m?) when trees infected by D or ND V. dahliae were analyzed
jointly, and from 3 to 12 quadrats (48 trees, 588 m?) when only
the D-infected trees were considered (Table 2).

Patch clusters often extended in the direction across rows, and
in some cases shared a boundary with one edge of the plot, in
particular with the south-eastern edge. The second order patch
clusters (i.e., biggest sized path cluster excluding main cluster)
were generally much smaller, extending the total disease
incidence from 1 quadrat in spring of 2001 to 2 and 7 quadrats in
that of 2002 and 2003, respectively. Interestingly, the size of
second order patch clusters of D V. dahliae-infected trees at the
end of the experiment was 10 quadrats, (i.e., 3 quadrats higher
than that observed for the incidence of total infections) (Table 2).
Centroids of the second order patch cluster were located up to 40
m from the main clusters, with slight differences between the total
incidence of infections and the incidence of infections by D V.
dahliae only, preferentially along rows; however, centroids of
smaller order patch clusters could be located as far as 196 m from
the main cluster centroid. The strongest clustering was detected
for the disease assessments made from December 2002 to the end

of May 2003 (Fig. 8). Such clustering was essentially related to a
strong contrast between very large patches of infections defined
by main and second order clusters located mainly at the eastern
side of the orchard and large, sparse areas with diseased trees
located on the central-western side and no or few small clusters in
the rest of the orchard (Fig. 7).

Similarly to the increase in I,, during the first two cropping
seasons, 1999 to 2000 and 2000 to 2001, the number of patch
clusters defined by the total number of infections or only by D V.
dahliae-infected trees increased only from 1 to 4 patch clusters
that covered 0.2 to 1.2% of the plot (data not shown). Conversely,
during the last two cropping seasons, 2001 to 2002 and 2002 to
2003, the number of, and area covered by patch clusters including
total infections, increased more rapidly to reach 10 patch clusters
and 2.8% of the orchard area by spring 2002, and 33 path clusters
and 13.9% (2,940 m?) of that area by May 2003. However, when
only the trees infected by ND V. dahliae were considered the
number of, and area covered by, patch clusters was nil or
accounted for only two clusters covering 0.5% of the area during
the last two crop seasons (Table 2, Fig. 8). On the other hand, the
number of patch clusters including olive trees infected by the D V.
dahliae increased from 2 in the spring of 2001 to 6 in 2002 and
29 in 2003. During those same time periods, the area covered by
patch clusters with trees infected by D. V. dahliae was 0.7, 2.1,
and 13.7% of the orchard area, respectively (Table 2, Fig. 8).

Spatiotemporal analysis. Strong significant spatial associa-
tions (P < 0.05) were found when maps of spatial aggregation of
Verticillium wilt-diseased trees were compared among successive

TABLE 1. Disease incidence, ordinary runs, binomial dispersion index (D), and interclass correlation (k) analyses for Verticillium wilt of olive in southern Spain

Ordinary runs®

Dispersion index (D)¢

Interclass correlation (k)¢

Date of Disease Within Across Quadrat Quadrat Quadrat Quadrat Quadrat Quadrat Quadrat Quadrat
assessment? incidence (%) row row size ] x2 size2x2 size2x4 sizedx4 size ] X2 size2x2 size2x4 sized x4
11/24/99 0.167 0 0 1.00 1.00 0.99 0.98 -0.001 -0.001 -0.001 -0.001
12/17/99 0.444 0 0.021 1.00 0.99 0.97 0.94 -0.004 -0.004 -0.004 -0.004
01/25/00 0.556 0 0.021 1.00 0.99 0.97 0.93 -0.004 -0.005 -0.005 -0.005
03/03/00 1.333 0 0.021 0.99 1.05 1.09 1.16 -0.012 0.017 0.012 0.011
04/11/00 1.944 0 0.042 0.98 1.01 0.99 1.03 -0.018 0.002 -0.001 0.002
05/11/00 3.000 0.028 0.063 1.01 1.03 1.03 1.02 0.010 0.009 0.004 0.001
06/14/00 3.056 0.028 0.063 1.01 1.02 1.02 1.00 0.008 0.008 0.002 0.001
09/20/00 3.167 0.028 0.063 1.01 1.02 1.04 1.00 0.006 0.005 0.005 0.001
11/30/00 3.333 0.028 0.063 1.00 1.05 1.06 1.04 0.003 0.015 0.008 0.003
12/14/00 3.444 0.028 0.063 1.00 1.04 1.07 1.08 0.001 0.012 0.010 0.005
02/01/01 3.667 0.056 0.063 1.03 1.05 1.10 1.10 0.029 0.018 0.015 0.007
03/13/01 3.944 0.056 0.063 1.05 1.09 1.18" 1.19 0.052 0.031 0.025 0.013
05/21/01 4.111 0.056 0.063 1.05 1.14* 1.21" 1.25" 0.046 0.046 0.029 0.017
06/26/01 4.222 0.028 0.063 1.04 1.13° 1.21* 1.24° 0.043 0.043 0.030 0.016
10/08/01 4.333 0.028 0.063 1.07* 1.15" 1.23" 1.33" 0.069 0.050 0.033 0.022
11/12/01 4.833 0.028 0.063 1.05 1.13* 1.23" 1.29" 0.052 0.043 0.034 0.020
12/17/01 5.167 0.028 0.042 1.04 1.10" 1.17" 1.24" 0.042 0.033 0.024 0.016
01/17/02 5.444 0.028 0.042 1.06 1.12° 1.19" 1.25" 0.056 0.041 0.027 0.017
02/18/02 5.500 0.056 0.042 1.05 1.12* 1.20" 1.25" 0.054 0.039 0.029 0.017
04/01/02 5.667 0.083 0.042 1.05 1.10 1.217 1.23" 0.049 0.034 0.030 0.016
05/02/02 5.833 0.083 0.042 1.07* 1.11* 1.20" 1.22 0.065 0.037 0.029 0.014
06/04/02 6.056 0.083 0 1.06 1.09 1.18" 1.18 0.058 0.031 0.026 0.012
07/12/02 6.389 0.083 0 1.07* 1.09 118" 1.16 0.067 0.028 0.026 0.010
10/10/02 6.778 0.056 0 1.06 1.06 1.15 1.19 0.055 0.018 0.021 0.012
10/25/02 7.000 0.083 0 1.07* 1.07 1.18 1.21 0.066 0.025 0.026 0.014
12/02/02 7.333 0.083 0 1.06 1.05 117" 1.26" 0.056 0.016 0.024 0.018
01/27/03 7.389 0.083 0 1.05 1.05 1.16" 1.24* 0.055 0.015 0.023 0.016
03/10/03 7.500 0.083 0 1.05 1.05 117" 1.28" 0.051 0.018 0.025 0.019
05/28/03 7.833 0.083 0 1.07* 1.06 118" 1.27° 0.074 0.020 0.026 0.018

4 Bold data indicate disease assessment made at the end of each crop season.

b Values shown for each assessment date are the proportion of the number of test rows with significant aggregation (P = 0.05) divided by the total number of rows

tested.

¢ Binomial index of dispersion (D) values for the indicated quadrat size by assessment date for Verticillium wilt symptomatic trees. Values presented for each
assessment date are D (=observed variance/binomial variance). Significances (*) were calculated using the C(a) statistic. Values of D not significantly different
from 1 (0.95 > P > 0.05) indicate that the pattern of symptomatic trees is indistinguishable from random. A large (>1) D and a small P (<0.05) suggest rejection

of Hy (random pattern) in favor of H, (aggregated pattern of symptomatic trees).

d Interclass correlation (k) is related to the Index of dispersion (D) by k = (D — 1)/(n — 1),where n is the quadrat size. Positive values of k indicate aggregation of

disease.
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time periods irrespective of the V. dahliae pathotype infecting a Spatial association between spatial patterns of distribution
tree (Table 3). This indicates that the new patches of diseased of olive trees infected by the D and ND V. dahliae pathotypes.
trees appearing over time were mainly a result of coalescence A nonsignificant (P > 0.05) association was found when the
among preexisting ones or were located in their proximity, thus spatial pattern of trees infected by the D pathotype by springtime

causing no significant (P 2> 0.05) modification of the spatial distri- of each cropping season in the study was compared with that of
bution of the diseased trees even with increasing values of disease trees infected by the ND pathotype (Table 3, Fig. 7). Thus, a
incidence and number and size of patch clusters (Fig. 7). random distribution was found for trees infected by ND
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Fig. 4. Binomial index of dispersion, intraclass correlation and Binary Taylor’s power law for four quadrat sizes based on disease incidence of Verticillium
dahliae-infected olive trees in southern Spain. Each data point represents a disease assessment date. For the binomial index of dispersion, open circles and closed
circles represent disease assessments with random and aggregated patterns, of infected olive trees (P < 0.05), respectively. For the intraclass correlation index,
positive values indicate aggregation of infected olive trees. For the Binary Taylor’s power law, the solid lines represents the relationship log(vops) = log(A) + b
log(vpin) fitted to the data by least squares-regression. A parameter value followed by an asterisk indicates that the parameter is significantly different (P < 0.05)
from O (intercept, A) or 1 (slope, b), R? = coefficient of determination. The dashed lines represent the binomial line when observed variance = binomial variance.
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V. dahliae, whereas trees infected by D V. dahliae showed an
aggregated pattern. Also, the extent of clustering of trees infected
by the D pathotype increased gradually over time, whereas no
increase occurred in the clustering of trees infected by the ND
pathotype (Fig. 7).

DISCUSSION

In this study, use of temporal and spatial analyses of Verticil-
lium wilt epidemics in olive, together with DNA fingerprinting
(MP-PCR) of V. dahliae isolates infecting the trees, allowed us to
track the spread of genotypes of the pathogen throughout an olive
orchard and infer possible sources of inoculum for development
of Verticillium wilt epidemics. To our knowledge, this is the first
time that temporal and spatial analyses techniques are used to
quantify the development of Verticillium wilt epidemics in olive.

To achieve our aims, we used several correlation-based and
point pattern analyses for the characterization of the spatial
pattern of Verticillium wilt epidemics in an experimental, high
tree-density olive orchard at southern Spain over four consecutive
cropping seasons. Each of those spatial analyses provided dis-
crete, but complementary, information about the spatial pattern of
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level (range and mean = standard error).

distribution of Verticillium wilt-diseased olive trees in the
orchard, and consequently provided a global view of the disease
expansion process. This approach, first proposed by Madden and
Hughes (31), proved efficient for describing spatial dynamics in
several pathosystems characterized by systemic or local infections
(1,9,16,38,44).

In our study, descriptions of Verticillium wilt epidemics in olive
trees were based on a seemingly simple annual infection cycle
that gave rise to sigmoid-shaped curves of disease incidence
increase over an annual cropping season, and polyetic epidemics
over the sequence of four cropping seasons in the study (Fig. 2).
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Fig. 6. Kriging estimate maps based on Verticillium wilt incidence in olive
trees in southern Spain in the spring of each of 2000, 2001, 2002, and 2003
crop seasons. Axes show distances in meters of olive trees with y axis in the
direction of rows of trees. The darker the shading the higher the disease
incidence.
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The biological and ecological characteristics of pathogen life
cycles and diseases are the primary determinants of the spatial
pattern of epidemics (7). In this present study, spatial pattern
analyses were used and interpreted to generate hypotheses about
the putative origin of primary inoculum for epidemics and further,
about within-field dispersal of pathogen propagules and spatial
pattern of diseased plants.

For the majority of disease assessment dates, a degree of
aggregation was detected among diseased trees by ordinary runs
analysis (Table 1). These findings indicate that the status of a
diseased tree influences the status of immediately adjacent trees,
such an influence being stronger within rows compared with that
between them. The next level of spatial scale examined was the
association of diseased trees within quadrats of various sizes.
Interpretation of both the beta-binomial index of dispersion D and
the intraclass correlation k values suggests a significant non-
random spatial structure (i.e., aggregation) of diseased trees that
occurred for most disease assessments and quadrat sizes over time
as disease incidence became higher than 0.04 (occurring in June
2000), almost 2 years after symptoms were observed in the first
diseased trees (Table 1, Fig. 3). In general, when aggregation was
indicated at more than one quadrat size the significant D values
increased and k values decreased as quadrat sizes became larger
(Fig. 5A). This is in agreement with previous reports (13) which
demonstrate the explicit dependence of these two variables. Con-
versely, there was no significant change in the estimates of the
SADIE index of aggregation with quadrat size (Fig. 5B). Esti-
mated parameters of the binary form of Taylor’s power law
indicated an overall aggregation of Verticillium wilt-infected
trees, with b > 1 for all quadrat sizes examined, suggesting that
aggregation at individual assessment dates was predicted to
depend on disease incidence (22).

Primary inoculum for Verticillium wilt of olive can be either
soilborne microsclerotia or V. dahliae structures in infected seeds
or planting material (35,47). In our study, the distribution of
Verticillium wilt-diseased olive trees in the orchard followed
aggregated patterns, similarly to that described for diseases
caused by other soilborne pathogens (7). An aggregated pattern of
diseased plants may correspond to an aggregated distribution of
the pathogen in the primary source of inoculum, but also results
from secondary infections by the spread of inoculum from pri-
mary foci to healthy plants (15). For V. dahliae, as a typical

monocyclic pathogen at one season scale (15), the spatial distri-
bution of soilborne microsclerotia (3,5,24,52) as well as their
amount (4,18,34) at planting play a critical role in the spatial
patterns of diseased plants and wilt development in many crops.

Potential means for V. dahliae dispersal within and across olive
orchards include the dispersal of pathogen propagules in soil by
furrow and flood irrigation or machinery, as well as dispersal of
leaves and refuse from V. dahliae-infected olive and cotton crops
(10,23,41,47,48-50). In our study, we hypothesize that the source
of inoculum for infections by the ND V. dahliae within the olive
orchard could be either infected planting material or resident
inoculum existing in soil prior to planting. This was based on the
observation that a very low (1%) incidence occurred of olive trees
infected by the ND pathotype, with the infected trees being
distributed singly along the orchard except for two trees (Table 2,
Figs. 7 and 8), and neither increase of disease incidence nor
patchiness were detected over time (Fig. 7). Moreover, the num-
ber of trees infected by the ND pathotype represented only 12.8%
of the total V. dahliae-infected trees, and attacks by ND V. dahliae
were observed almost exclusively during the first of four cropping
seasons in the study. Thereafter, only four new olive trees became
infected by ND V. dahliae. The nonaggregated spatial distribution
of the ND V. dahliae-infected trees, low disease incidence, and 28
months time span from planting to first symptom expression in
November 1999, suggest that inoculum of the ND pathotype may
have been introduced into the field with nonsymptomatic, infected
planting material. That three different genotypes were identified
among ND V. dahliae isolates assayed by MP-PCR, together with
lack of increase in patch size for trees infected by this pathotype,
support further this interpretation.

It is possible that the observed epidemic arose from V. dahliae
inoculum present in the orchard before tree establishment.
However, resident ND inoculum in the orchard soil prior to
planting would have been likely to be at extremely low inoculum
density because of the long history of the orchard being free from
V. dahliae hosts. Given this, the role of such ND inoculum in
initiating disease and sustaining its increase is doubtful. This
latter interpretation is supported by results of Lépez-Escudero and
Blanco-Lépez (27) who observed no disease after 32 months that
1-year-old extremely susceptible ‘Picual’ olive plants were trans-
planted in microplots artificially infested with 10 propagules per
gram of soil of ND V. dahliae. In contrast, Levin et al. (26) found

TABLE 2. Spatial analysis by distance indices (SADIE) of the incidence of Verticillium wilt of olive at southern Spain at different assessment dates for the total

disease incidence as well as for two Verticillium dahliae pathothypes

Index of aggregation® Index of clustering® Patchd Gap
Date of assessment?® 1, P, V; P Vi P N Area (%) N Area (%)
Total
06/14/00 0.913 0.6784 0.908 0.6903 -0.916 0.6621 1 1(0.2) 13 47 (10.9)
06/26/01 0.911 0.6812 0.926 0.6456 -0.912 0.6856 3 3(0.7) 14 35(8.1)
07/12/02 1.029 0.3375 1.045 0.2963 -1.033 0.3219 8 12 (2.8) 17 54 (12.5)
05/28/03 1.721 0.0015 1.679 0.0015 -1.707 0.0012 33 60 (13.9) 19 155 (35.9)
Nondefoliating pathotype
06/14/00 1.040 0.3320 1.021 0.3858 -1.035 0.3499 0 0(0.0) 12 92 (21.3)
06/26/01 1.040 0.3320 1.021 0.3858 -1.035 0.3499 0 0(0.0) 12 92 (21.3)
07/12/02 1.093 0.2413 1.073 0.2561 -1.096 0.2129 2 2(0.5) 12 98 (22.7)
05/28/03 1.093 0.2413 1.073 0.2561 -1.096 0.2129 2 2(0.5) 12 98 (22.7)
Defoliating pathotype
06/14/00 0.932 0.5958 0.952 0.5654 -0.931 0.6243 0 0(0.0) 14 61 (14.1)
06/26/01 0.914 0.6755 0.932 0.6117 -0.915 0.6630 2 3(0.7) 13 38(8.8)
07/12/02 1.025 0.3556 1.064 0.2685 -1.026 0.3397 6 9(2.1) 14 73 (16.9)
05/28/03 1.747 0.0010 1.794 0.0007 -1.730 0.0012 29 59 (13.7) 17 156 (36.1)

4 Analyses were performed for all disease assessment dates made at 1-month intervals; however, to simplify, only those from disease assessments made at the end

of each crop season are shown.

b ], is the overall index of aggregation and P,, is the proportion of the 5,967 randomizations larger than Dr (the moves to regularity of the observed data). The null
hypothesis of spatial randomness is P, < 0.05 in favor of the alternative hypothesis of aggregation.
¢ V;and V; correspond to the average values of the indices of clustering v; (patch) and v; (gap) computed for each quadrat, respectively. P values correspond to the

proportion of randomized V; and V; that exceed the observed values.

d Patchiness and gapiness indicate the number of cluster and are occupied by patch and gap clusters, respectively.
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that 22% of ‘Picual’ trees were severely infected by, putatively,
ND V. dahliae 18 to 21 moths after planting in a soil that had been
cropped to Verticillium wilt-susceptible vegetables for 30 years
and thus was presumably highly infested by the pathogen. There-
fore, a resident inoculum density of ND V. dahliae of significance
for initial Verticillium wilt development was not likely to have
occurred in the olive orchard of the study, but cannot be
completely ruled out, because of the three initially identified
infected trees, two were infected by the D pathotype, but one by
the ND pathotype.

Other potential means for inoculum dispersal of soilborne
V. dahliae would include movement of infected plant parts or
infested soil particles. These types of dispersal should result in
newly infected plants being spread within as well as across rows
in an orchard and the appearance of expanding new local or
distant clusters of those plants giving rise to a measurable rate of
disease incidence increase. In our research, both the multiyear
increase in the incidence of trees infected by D V. dahliae to-
gether with within-row aggregation of them fit into the charac-
teristics pointed out above. Moreover, we hypothesize that disease
increase and aggregation was due to successful infections of new
trees by V. dahliae inocula provided through dispersal of infected
green leaves fallen from trees infected with the D pathotype (41).
The higher within-row aggregation of diseased trees could be due
to lower distance between adjacent olive trees in a row, 3.5 m,
compared to 7 m distance between adjacent rows.

Our hypothesis is based on the potential of leaves fallen from
diseased olive trees as the source of inoculum indicated by (i) the

large numbers of D V. dahliae-infected leaves falling from
Verticillium wilt-diseased olive trees. An average of 5,580 leaves
per month fell from each of 10 infected trees assayed in the
orchard during the period of November 2001 through May 2002,
of which an average 67.7% were infected by the pathogen (50);
and (ii) the infected leaves proved capable of causing disease to 7-
month-old ‘Arbequina’ olives grown in sterile, potted soil artifi-
cially infested with chopped leaves and incubated under natural
conditions in the orchard (D. Rodriguez-Jurado and R. M.
Jiménez-Diaz, unpublished data). A similar relationship with dis-
ease was shown for V. dahliae-infected maple (Acer platanoides)
(20) and European ash (Fraxinus excelsior) (39). For olive trees,
inoculum for infections could be either conidia or microsclerotia
of the pathogen produced on the fallen, infected leaves (41,49,
50). D. Rodriguez-Jurado and R. M. Jiménez-Diaz (unpublished
data) found that conidia and mycelia of V. dahliae survived for up
to 6 weeks when those leaves were placed onto the soil surface
underneath olive trees in the orchard, and large numbers of
microsclerotia formed in leaves buried for 3 months in moist soil
under drip-irrigated trees. Other authors have reported that
conidia of V. dahliae were capable of surviving up to 2 weeks in
soil which may be sufficient time for infection of nearby plants
(17). Efficiency for infection of olive roots by inocula derived
from the infected, fallen leaves may be enhanced by moist
conditions provided by drippers locate close to the trunk as well
as by availability of susceptible roots in the proximity of inocula.
Ferndndez et al. (12) found that root density of drip-irrigated
‘Manzanillo’ olives was higher in the direction along the line of

Nondefoliatin
06/ 26/ 2001

B

06 /14 /2000

Defoliatin

§

Distance within rows (m)

e

atho

R TE R T

th e

Total disease incidence

e |

Yoy St . R = :
i S O

incidence
07 /12 [ 200,

05/28 /2003

=]
9,
o
@
3
Q
@

C
0

Distance across rows (m)

Fig. 7. Map of clustering indices computed with the spatial analysis by distance indices (SADIE) software for the number of Verticillium dahliae-infected trees in
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Fig. 8. Temporal progress of number and area covered by path clusters from
spatial analysis by distance indices (SADIE) software for Verticillium wilt of
olive during four consecutive cropping seasons in southern Spain for the total
disease incidence as well as for trees infected by either the defoliating or the
nondefoliating pathotypes of Verticillium dahliae. A patch cluster is defined
when the clustering index v; > 1.5. Each data point represents a disease
assessment date.

drippers (i.e., along row) than in the perpendicular direction (i.e.,
across rows). A high density of fine roots (<0.5 mm in diameter)
occurred within 20 cm soil depth within 1 m from the trunk,
which corresponded with the zones wetted by the irrigation bulbs
and where large numbers of fallen leaves were located.

Defoliation from olives trees infected by the D pathotype was
extensive during the late winter to early spring period, being
almost nil from trees infected by the ND pathotype. The fallen
leaves can be easily dispersed by wind and thus can infest soils
free of the pathogen or increase the inoculum density in those
being already infested. Both the shorter distance between adjacent
trees and higher root density within rows compared with those
between trees across rows could have favored the spread of
infected leaves to the neighboring tree and therefore contribute to
the slightly higher aggregation of D V. dahliae-infected trees
within rows and the increase in the patch size (Table 1, Fig. 7).
Also, the positive relationship between aggregation of diseased
trees and disease incidence is consistent with the hypothesized
short distance dispersion of infected, fallen leaves. Nevertheless,
those leaves may also be dispersed to longer distances and act as
primary inoculum for new disease foci thus increasing the number
of patches over time. In our study, new diseased foci of D V.
dahliae-infected olives were detected as far as 196 m from the
main patch cluster (Fig. 7).

We believe that dispersal of pathogen inocula in surface water
can be considered of lesser importance and restricted to surface
rain water because of the use of a uniform, flat plot drip irriga-
tion. Conversely, dispersal of inoculum by human activities in-
cluding movement of machinery and equipment with infested soil
and/or infected fallen leaves mainly through mechanical opera-
tions of neighboring infested plots should be considered of
importance. This means of dispersal could be responsible for the
introduction of the D pathotype into the orchard of the study from
a field plot in close proximity that was repeatedly cropped to
cotton or vegetable crops susceptible to Verticillium wilt until
2 years prior to the olive planting. This plot is infested with a high
inoculum density of D V. dahliae (J. Bejarano-Alcdzar, personal
communication). The olive orchard and cotton plots are located
approximately 100 m apart in the Agricultural Research Station of
the study and share the use of operators, machinery, and equip-
ment that move across paths connecting the two plots. Likely,

TABLE 3. Associations between pairwise combinations of incidence of Verticillium wilt of olive at southern Spain by SADIE association index (X;)* among

different disease assessment dates

Date of assessment

06/14/00 06/26/01 07/12/02 05/28/03

Date of assessment” X, P X, P X, P X, P
Total
06/14/00 0.7498 <0.0065 0.5848 <0.0065 0.4142 <0.0065
06/26/01 0.7000 <0.0065 0.5444 <0.0065
07/12/02 0.6893 <0.0065
Nondefoliating pathotype
06/14/00 1 0 0.7068 <0.0001 0.7068 <0.0001
06/26/01 0.7068 <0.0001 0.7068 <0.0001
07/12/02 1 0
Defoliating pathotype
06/14/00 0.6094 <0.0001 0.5454 <0.0001 0.4352 <0.0001
06/26/01 0.6469 <0.0001 0.5009 <0.0001
07/12/02 0.7162 <0.0001
Nondefoliating vs.

defoliating pathotypes
06/14/00 0.0183 0.3353
06/26/01 -0.0418 0.6841
07/12/02 0.1055 0.0745
05/28/03 0.0228 0.3814

2 X, is the overall level of association between the two Verticillium dahliae pathotypes at each assessment date after correcting for spatial autocorrelation in the

expected values through the Dutilleul adjustment.

b Analyses were preformed for all disease assessment dates made at 1-month intervals, however to simplify; only those from disease assessments made at the end

of each crop season are shown.
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infested soil from this plot was introduced into the olive orchard
some time before the establishment of the olive planting. The
inoculum density of the pathotype in the orchard resulting from
the incoming infested soil must have been fairly low since one
microsclerotia of D V. dahliae per gram of soil or less gave rise to
a 24-month incubation period for disease to develop in extremely
susceptible ‘Picual’ plants grown in artificially infested micro-
plots (27), which is about the time (28 months) from planting to
appearance of first diseased ‘Arbequina’ trees in the orchard of
the study.

After the introduction of infested soil, mechanical operations
performed mainly when preparing the field soil for olive planting
might have extended locally the introduced inoculum. Thereafter,
the field was managed under no tillage, so that additional move-
ment of soil within the field plot would be of little importance.
Further, in early stages of the epidemic (i.e., first two cropping
seasons) the spatial distribution of D-infected trees should reflect
the spatial distribution of pathogen propagules in soil. Thereafter,
additional localized dispersion of the pathogen to neighboring
trees must have occurred by means of infected, fallen leaves. This
gave rise to an increased number of disease patches, but more
importantly an increase of patch size, by infections of neigh-
boring trees and/or coalescence of those previously established
(Figs. 7 and 8). Moreover, few pathogen genotypes must have
been dispersed across the orchard since the majority (89%) of D
V. dahliae isolates from infected olives were of the same genotype
(i.e., shared the same MP-PCR fingerprinting profile); and this
fingerprinting was identical to that obtained for V. dahliae isolates
from soil of the nearby plot frequently cropped to cotton. The low
percentage (11%) of D isolates belonging to different genotypes
may also indicate an external introduction of those isolates in
infected trees at the time of the planting as may have occurred for
ND isolates.

That root growth might have played some role in the spatio-
temporal increase of the disease within the orchard, through an
increase in the encounters between root tissues and V. dahliae
microsclerotia in soil, cannot be disregarded. However, we con-
sider this of minor significance compared with the proposed role
of infected, fallen leaves, because of the large amount of inocu-
lum that they provide in close proximity to the newly growing
roots (12) and the likely low resident inoculum density in the soil.

In summary, results of this study demonstrated that severe
Verticillium wilt epidemics in newly established high tree-density,
irrigated olive orchards could occur within a relatively short
period of time even in soils without a history of V. dahliae. Our
results also demonstrate that V. dahliae D and ND pathotypes that
infect olives have different modes of dispersion and originate
different disease spatial patterns. Infections by the D pathotype
are of greater concern because the pathogen can spread rapidly,
local as well as over relatively long distances, by windblown
infected leaves fallen early and in large numbers from diseased
trees. In addition, the different sources of primary inoculum
suggested for infections of the trees strengthen the need that care
should be taken to avoid both introduction of the pathogen in
infected planting material and/or in soil from infested, neigh-
boring fields.
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