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1 | INTRODUCTION

| Dolores Rodriguez-Jurado?

Abstract

Survival, germination, olive colonization, and water-use efficiency (WUE) impair-
ments by Verticillium dahliae could be influenced by cultivar susceptibility or irrigation,
and this could modify the irrigation-pathogen-disease relationship. In this study, the
combined effects of irrigation and cultivar susceptibility on Verticillium wilt (VW) de-
velopment were modelled by the temporary assessment of V. dahliae propagules (total
inoculum density, density of micropropagules, and sclerotia in wet and air-dried soil;
ID, MpD, S,,D, and S,D, respectively), root (RCI) and shoot (SCI) colonization indexes,
and WUE. The relationship of disease severity to the measured parameters was then
explored. Under controlled conditions, plants of cultivars ‘Picual’ and ‘Frantoio’ were
irrigated to a high and low rate by varying drip-irrigation frequencies: daily, twice
weekly, and a combination of daily for 11 days and then twice weekly. Disease se-
verity and colonization parameters were higher in ‘Picual’, while WUE was higher
in ‘Frantoio’. However, high rate and twice weekly and combination treatments sig-
nificantly increased disease incidence and reduced time-to-symptoms-onset only in
‘Picual’, while high rate reduced WUE and increased relative ID, MpD, and S, D in both
cultivars. Irrigation did not affect SCI, but a higher RCI was found at high rate dur-
ing the development of symptoms in ‘Picual’. By using classification trees to examine
parameters—disease severity relationships, it was possible to determine the degree to
which VW was affected by irrigation and/or cultivar susceptibility. MpD was the best
indicator for VW detection at any time, WUE was best before symptoms developed,

and RCI, total ID, and S D after symptoms developed.
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Andalusia, mainly due to the prevalence of the defoliating pathotype

of the fungus and of the extremely susceptible olive cultivar, ‘Picual’

Verticillium wilt (VW) of olive, caused by Verticillium dahliae, is one (Jiménez-Diaz et al., 2012; Loépez-Escudero & Mercado-Blanco,
of the most destructive fungal diseases affecting olive worldwide 2011; Montes-Osuna & Mercado-Blanco, 2020). VW requires in-
and the primary phytopathological problem for olive cultivation in tegrated disease management mainly based on the use of more
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resistant cultivars coupled with other measures before and after
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planting (Lépez-Escudero & Mercado-Blanco, 2011). These mea-
sures include risk assessment and choice of planting site, and farming
practices that mitigate the disease and reduce the levels of pathogen
in the soil, such as the use of biological antagonists, soil solarization,
and efficient irrigation (Jiménez-Diaz et al., 2012; Montes-Osuna &
Mercado-Blanco, 2020). In this regard, there are irrigation schedules
that can increase the population of V. dahliae in the soil, and create
favourable conditions for the infection of the plant and the onset of
disease (Pérez-Rodriguez, Alcantara, et al., 2015; Pérez-Rodriguez,
Orgaz, et al., 2015; Santos-Rufo et al., 2017, 2018). However, there
are very different outcomes to irrigation experiments depending on
the type of inoculum (natural or artificial), the methodology followed
to define irrigation treatments (gravimetric or volumetric), and the
environmental conditions where plants are grown (natural environ-
mental, microplot, or field conditions). Thus, the mechanisms by
which irrigation affects VW severity are still unknown, even though
almost 40% of the olive groves in Andalusia are currently irrigated
(MAPA, 2019).

Concerning the effect of irrigation intervals and/or rates on VW
incidence and severity, Santos-Rufo et al. (2017) found—by using ar-
tificial inoculum, a gravimetric method (by pot weight) to determine
irrigation treatments, and maintaining plants under natural environ-
mental conditions—that daily irrigation events (2.05 + 0.05 days per
irrigation event) of cv. ‘Picual’ led to greater reductions in the disease
incidence (DI) and area under disease progress curve than the weekly
and daily during some periods and otherwise weekly frequencies
(7.40 + 0.20 and 5.95 + 0.05 days per irrigation event, respectively),
regardless of the irrigation rate (defined here as range of soil water
content). Other disease parameters, such as mortality and incidence
of plants recovered from the disease, did not differ between treat-
ments under mentioned conditions. However, these results contrast
with those of Pérez-Rodriguez, Alcantara, et al. (2015) obtained in
microplots with naturally infested soil when four irrigation frequen-
cies (determined by a volumetric method) were studies for three olive
cultivars with differing levels of disease resistance. These authors
indicated that DI, mortality, and area under the disease progress
curve increased more in ‘Picual’ plants subjected to a daily irrigation
schedule (unknown days per irrigation event, with the possibility of
not being purely daily) than to either weekly or biweekly schedules,
or in plants subjected to a water deficit. Also, time-to-symptom ex-
pression, expressed as weeks from planting until 50% of the plants
were affected, was drastically reduced (almost 40 weeks) in plants
subjected to a daily irrigation schedule with respect to other treat-
ments. Therefore, it seems that frequency of irrigation exerts more
influence on VW than irrigation rate, which is supported by the ab-
sence of irrigation rate effect in the whole olive orchards surveyed
at Guadalquivir Valley (Spain) reported by Pérez-Rodriguez, Orgaz,
etal. (2015). Nevertheless, both the DI at first year and the incidence
of infected plants at the end of the trial by Santos-Rufo et al. (2017)
were affected by the irrigation rate, with higher values in plants ir-
rigated to high (field capacity) than to low (65% field capacity) irri-
gation rate. Other factors related to the effect of water on plant or

plant-pathogen interaction are likely to play a role in disease devel-
opment. This was confirmed by Pérez-Rodriguez et al. (2016) under
field conditions, with natural inoculum and irrigation treatments
determined by a volumetric method. In this study, area under the
disease progress curve was greater on most of the recording dates
in the daily compared with biweekly and dryland-rainfed treatment,
but mortality varied with the experimental field, and DI and time to
symptom expression was scarcely different between treatments. On
the other hand, irrigation treatments that led to greater V. dahliae in-
fections and visible symptoms reported by Santos-Rufo et al. (2017),
also reduced water-use efficiency (WUE) of biomass production by
the same proportion under the same conditions (Santos-Rufo et al.,
2018). Although this could explain how these treatments increase
the incidence of the disease, only ‘Picual’, which is the most suscep-
tible olive cultivar to VW (Lépez-Escudero et al., 2004; Rodriguez
Jurado, 1993) was evaluated in these conditions. Thus, there could
be cultivar-specific mechanisms underlying the irrigation treatments
that increase the disease rates. Pérez-Rodriguez, Alcantara, et al.
(2015) evaluated the influence of irrigation on Arbequina (moder-
ately susceptible) and ‘Frantoio’ (tolerant) cultivars, and irrigation
frequency did not seem to influence the disease progress, with low
disease rates reported for both cultivars. These authors did not eval-
uate WUE, and it was only evaluated at the end of the trial in ‘Picual’
(Santos-Rufo et al., 2018). Thus, a hypothesis worth exploring could
be related to how efficiently olive plants use water throughout the
VW development depending on the susceptibility of cultivars, as
has been studied in other pathosystems (Ploetz et al., 2015). Also,
it is hypothesized that irrigation (through its influence on the patho-
gen in the soil and on the plant) could have a different effect on the
colonization process of olive tissues by V. dahliae before symptoms
develop compared to when trees are colonized and show wilt. To
the best of the authors’ knowledge, the influence of irrigation at this
point remains unknown.

It is known that the increase in microsclerotia (size = 35 and
<150 pm), estimated after drying soil at room temperature for
4 weeks, is greater in the wet zones around the drippers than in
the dry zones out of them (Lépez-Escudero & Blanco-Lépez, 2005).
However, the number of mentioned propagules does not differ be-
tween irrigation treatments under the above-mentioned conditions
follows by Pérez-Rodriguez, Alcantara, et al. (2015) and Pérez-
Rodriguez et al. (2016). According to Isaac et al. (1971), V. dahliae
may exist in soil as conidia, mycelium, or their resting structures (mi-
crosclerotia), so an isolation technique should distinguish between
these propagules and estimate their relative proportions within the
soil. By estimating these proportions in artificially infested soils,
Santos-Rufo et al. (2017) found that the area under the progress
curve of the fraction of V. dahliae propagules >20 um was higher
(for two and a half years) when soil was at 65% of field capacity than
at field capacity. However, irrigation events to maintain soil at field
capacity (specifically at weekly or daily during some periods and
otherwise weekly), increase the quantity of propagules in wet soil,
other than the above-mentioned fraction >20 um, named as “mi-
cropropagules”, presumably by increasing sclerotium germination
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(Santos-Rufo et al., 2017). Germination rate and number of germinat-
ing hyphae are positively correlated with the size of the microscle-
rotia in soil that have been air dried and remoistened (Ben-Yephet
& Pinkas, 1977; Farley et al., 1971). Thus, irrigation events other
than daily maintaining soil at field capacity, which increase VW inci-
dence and severity and reduce the fraction of V. dahliae propagules
>20 um (Santos-Rufo et al., 2017), favour the presence in soil of mi-
crosclerotia greater in size, but in a lower amount. Microsclerotia
(35-150 pum) density of 3.33 and 10.0 propagules per gram of air-
dried soil, resulted in not significantly different final VW incidence of
47.2% and 63.8%, respectively, for ‘Picual’ olive trees after 2.5 years
(Léopez-Escudero & Blanco-Lépez, 2005). Smaller and less persistent
propagules than microsclerotia, although not quantified in air-dried
soil, could play a part as an infective structure affecting olive trees
(Santos-Rufo et al., 2017). Thus, the analysis of wet rather than air-
dried soil could enable the estimation of less persistent propagules
in addition to microsclerotia. These micropropagules, not previously
quantified in relation to VW epidemics, are propagules of the fun-
gus with size 2 1 and <20 um collected from wet soil, among the
fraction >20 um, by filtering over a series of tandem filters using a
Millipore analytical filter holder connected to a high suction pump
and sonication (Santos-Rufo et al., 2017). This methodology enables
estimation of the relative proportions of less (21 and <20 pm; mi-
cropropagules mainly composed of conidia and mycelium) and more
(220 pum; mainly composed of microsclerotia) persistent propagules
in the sample and was based on the modified filtration technique of
Rodriguez-Jurado and Bejarano-Alcazar (2007). A similar approach
was follows by Isaac et al. (1971) in artificially infested soils, success-
fully separating conidia and microsclerotia by using filter papers of
differing pore sizes (1 and =5 um pore size for retaining conidia and
microsclerotia, respectively).

However, even following a similar trend, neither micropropa-
gules, nor the fraction >20 um, correlate with the incidence of V.
dahliae-infected olives, as well as the incidence and intensity of visi-
ble symptoms (Santos-Rufo et al., 2017). Similarly, it was impossible
to establish a relationship between the amount of V. dahliae in soil
and VW incidence over time (by years) in ‘Picual’ olive plants trans-
planted into microplot soil artificially infested with given densities of
microsclerotia of defoliating V. dahliae (Lopez-Escudero & Blanco-
Lopez, 2007). It seems that, as has been studied in various herba-
ceous hosts of this pathogen, the inoculum density is not a unique
parameter indicator of the potential development of VW, with this
relationship variably influenced by diverse environmental factors
such as soil texture (Harris & Yang, 1996). Irrigation frequency and
rates influence the development of VW in olive, and so these fac-
tors could also affect the relationship between VW severity and V.
dahliae in soil. Considering olive cultivar, V. dahliae pathotype, and
soil temperature as factors, Calderdn et al. (2014) studied the rela-
tionship between several stress-related parameters and VW sever-
ity as a basis for disease risk prediction in olive. Machine-learning
algorithms such as tree decision were required for the study of this
relationship. The complexity of studying the relationship between V.
dahliae in soil and VW severity over time considering olive cultivar,
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irrigation frequency, and rates as factors, could make it even more
necessary.

The objectives of this study were to model (a) the combined ef-
fects of irrigation regimes (rate and frequency) and olive cultivar
susceptibility on the onset and development of VW, with an assess-
ment of sclerotium survival and germination in soil, and colonization
and water-use impairments by V. dahlige in the host before, during,
and after symptoms develop; and (b) how VW severity is related
to levels of more and less persistent V. dahliae propagules in the
soil, root, and shoot colonization by the pathogen, and olive WUE.
These research objectives were based on the hypothesis that a ho-
listic approach, accounting for the temporary effects of water and
cultivar susceptibility on the disease cycle of V. dahliae, would help
to explain why some irrigation schedules exalt the virulence of VW

more than others.

2 | MATERIAL AND METHODS

2.1 | Irrigation experiment with potted plants
growing in soil infested by V. dahliae

A pot experiment was set up with susceptible and tolerant olive
cultivars and V. dahliae defoliating isolate combinations, under op-
timal conditions for disease development (growth chamber set at
24 + 1°C, 65%-70% relative humidity (RH), and a photoperiod of 14 h
per day of fluorescent light at 290 pmol/m2/s) for a total of 120 days.

The plants used were 3-month-old rooted olive plants of cv.
‘Picual’, which is the most widely cultivated in Spain and highly sus-
ceptible to the defoliating pathotype of V. dahlige (Lépez-Escudero
et al., 2004; Rodriguez Jurado, 1993), and ‘Frantoio’, which is wilt
tolerant (Lopez-Escudero et al., 2004; Martos-Moreno et al., 2006).
Plants were provided by La Conchuela S.L. (Villarrubia, Cordoba,
Spain).

The highly virulent V. dahliae isolate VO161, classified as a de-
foliating pathotype (Morafio Moreno et al., 2011), was used in this
study. This single-spore isolate belongs to the culture collection of
the Area of Crop Protection, IFAPA “Alameda del Obispo” Centre
(Cordoba, Spain). The culture was refreshed on water agar amended
with chlorotetracycline (CWA), subcultured on potato dextrose agar
(PDA), and multiplied in a cornmeal-sand substrate (CSS). The inocu-
lum was prepared by placing colonized PDA plugs in flasks contain-
ing the autoclaved CSS and incubated. Inoculum density in CSS was
determined by dilution plating on CWA as described by Santos-Rufo
et al. (2017).

Olive plants were transplanted from their original substrate in
plastic pots (1 L) containing autoclaved potting soil (sieved loam
and peat and supplemented with basal nutrients) with 20% (wt/
wt) CSS colonized by V. dahliae (Santos-Rufo et al., 2017). Then,
a volume of sterile distilled water equivalent to that required to
achieve either field capacity or 65% of field capacity was added;
referred to here as high and low rate, respectively. As a control,
plants treated in the same way were transplanted into pots with a
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similar amount of soil mixed with pathogen-free CSS and watered

t Patho\l'ogy

to field capacity or 65% of field capacity. Total weight per pot was
recorded immediately after transplanting (weights at the beginning
of trial). ‘Picual’ and ‘Frantoio’ olive plants in infested and nonin-
fested soil (72 of each cultivar in infested soil and 48 of each as
controls, for both high and low rates) were subjected to three drip-
irrigation frequencies: daily, twice weekly, and a combination of
daily and twice weekly (combination treatment). Irrigation was per-
formed by applying sufficient amounts of water to compensate for
the amounts lost through transpiration and evaporation, thereby
maintaining the soil water content of the pots at either high or low
rate. The mean amount of water required was determined by re-
cording daily (for daily treatments), or every 3-4 days (for twice
weekly treatments), the total weight of two pots per treatment.
In the combination treatment, plants were irrigated twice weekly
except at the beginning of experiment, when they were watered
daily for 11 days.

The irrigation system was composed of six secondary polypro-
pylene tubes controlled by an automatic head unit programmer
connected to six valves (one valve provided the same irrigation
treatment to infested and noninfested soils for ‘Picual’ and ‘Frantoio’
plants) bearing one 1.3 L/h compensating dripper per pot. Plants
were fertilized weekly (equally for all treatments) with 50-60 ml per
pot of Hoagland’s nutrient solution.

The experimental design was a 2 x 2 x 3 x 2 factorial combi-
nation of treatments arranged in a split-split-split-plot completely
randomized design with four replications. Each replication consisted
of four (V. dahliae-free soil) or six (V. dahliae-infested soil) pots (one
plant per pot). Four out of the six inoculated plants were used purely
for disease assessment, while the remaining two, plus one from the
disease assessment group upon termination of the experiment, were
used for measurements taken before, during, and after symptom
onset, as explained below. The main plot was fungal soil infestation
(infested and noninfested soil), the subplot was the rate or range of
soil water content (low and high), the sub-subplot was the irrigation
frequency (daily, twice weekly, and combination frequency) and the
sub-sub-subplot was the cultivar (‘Picual’ and ‘Frantoio’). The full ex-

periment was repeated twice.

2.2 | Assessment of symptom development

Incidence and severity of symptoms were assessed at 3- to 4-day
intervals throughout the duration of the experiment. Symptom se-
verity was assessed according to the percentage of the aerial part
affected by chlorosis, green defoliation, wilt, necrosis, and/or death
of each individual plant, using a rating scale from O to 4 (Rodriguez
Jurado, 1993). At the first appearance of symptoms, three fallen
leaves per plant were tested for the presence of V. dahliae, following
the procedure described by Santos-Rufo et al. (2017). Leaves were
thoroughly washed under running tap water before sectioning peti-
oles and five representative pieces of the total length. Pieces were
then surface-disinfected, rinsed with sterile distilled water, plated

onto CWA, and incubated. V. dahliae was identified by microscopic
observations.

Disease progress curves were obtained from accumulated dis-
ease intensity index (0%-100%; Santos-Rufo et al., 2017) scores over
time in days from the date of inoculation. The nonlinear form of the
Gompertz model was evaluated for goodness of fit to disease in-
tensity index progress data using nonlinear regression analyses. The
Gompertz equation was as follows: disease intensity index (t) = K
exp[-B exp(-rt)], where K = asymptote parameter, B = constant of
integration, r = relative rate of disease increase, and t = time of dis-
ease assessment in days after inoculation. The coefficient of deter-
mination (R?), mean square error, standard errors associated with the
parameter estimates, confident intervals of predicted values, and
pattern of standardized residuals plotted against either predicted
values or the response variable were used to evaluate how well the
models describe the data.

Survival curves were obtained from survival times, or the day on
which a plant showed symptoms minus the day on which plants were
inoculated. The disease score was transformed into binary data, with
a disease severity below 0.25 on the 0-4 scale corresponding to O,
and a disease severity equal to or higher than 0.25 corresponding
to 1. This transformation allowed us to apply the survival analysis
statistical protocols. Kaplan-Meier estimates were analysed using
parametric regression models, and four different distributions (lo-
gistic, log normal, Gaussian, and Weibull) were used. As it is a para-
metric fit, two parameters of the distribution were estimated for the
model. One is the scale of the model, and the other is referred to as
location or shape, which is the centre of the distribution (Schandry,
2017).

To further assess disease development, five additional variables
associated with disease progression and survival were explored.
These variables were (a) the final DI (percentage of affected plants);
(b) the disease intensity index assessed at the end of the experiment;
(c) the area under the disease progress curve of disease intensity
index plotted against time (3-4 days) relative to the maximum pos-
sible area (0%-100%; Campbell & Madden, 1990); (d) the rate of
disease increase (rho [p]] parameter) of the Gompertz function fit-
ted to disease intensity index progress data; and (e) the time-point
when 50% of the population are estimated by a survival fit (loca-
tion parameter) to have experienced the event (onset of symptoms).
The overall effects of experimental V. dahliae-infested treatment
combinations on these parameters were explored to determine the
amount of variability explained by the main factors in the study (i.e.,
irrigation rate, frequency, and cultivar) using mixed effects models.
Final DI and intensity index were arcsine-transformed before anal-
yses. Experiments and blocks were considered as random effects.
Irrigation rate, frequency, cultivar, and their interactions were con-
sidered fixed effects. Upon finding significant interactions of irriga-
tion frequencies and cultivar, the whole data set was divided into
two subsets according to the cultivar. The effects of irrigation fac-
tors were then tested by performing an analysis of variance on each
of the subsets. Tukey's honestly significant difference test was used
for all pairwise comparisons among treatments.
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2.3 | Assessment of sclerotium survival and
germination in soil, and colonization and water-use
impairments by V. dahlia in the host

The densities of the pathogen in the soil, extent of stems and roots
colonized by V. dahliae, and WUE were assessed before, during, and
after symptom expression in another group of plants (two out of
the six inoculated plants per replication, plus one from the disease
assessment group upon termination of the experiment). The dates
selected for the assessments before, during, and after symptom
expression were 12, 40, and 120 days post-soil infestation (DPI),
respectively.

Propagule levels of V. dahliae in the soil were estimated in air-
dried soil (dried at room temperature for 4 weeks at 22-27°C and
30%-35% RH), and wet soil (stored at 4°C in closed polythene bags
for a maximum of 48 h). Two or three (upon termination of exper-
iment) 20 g soil samples were collected (one per pot), thoroughly
mixed, and assayed for total inoculum density (ID), wet soil sclero-
tia (not mentioned as microsclerotia, normally used in the V. dahliae
literature, due to fact that the size of propagules was considered
including micropropagules as a type of propagules) density (S, D),
micropropagule density (MpD), and air-dried soil sclerotia density
(S4D). The methods used to estimate total ID and S D were direct
plating of diluted wet soil and impaction plating of pulverized dry
soil, respectively (Butterfield & DeVay, 1977; Santos-Rufo et al.,
2017). To estimate S, D and MpD, samples of 2 g per pot were sub-
jected to the filtration technique described by Rodriguez-Jurado
and Bejarano-Alcazar (2007), slightly modified (Santos-Rufo et al.,
2017). Different sized propagules of V. dahliae were collected using
a 47 mm-diameter Millipore analytical filter holder connected to a
high suction pump. Briefly, each sample inmediately after collec-
tion (stored at 4°C for a maximum of 48 h) was suspended in 100 ml
sterile distilled water; particle fractions were then collected by fil-
tering over a series of tandem Sefar-Nitex nylon filters (Sefar Head-
quarter) of 20 and 1 um pore size and a diameter of 47 mm. The
residue retained in each filter was immediately resuspended in 10 ml
sterile distilled water by sonication for 6 min, and 1 ml of the suspen-
sion was distributed on each of five plates of modified sodium polyp-
ectate agar (MSPA) before the suspension was either diluted (1:10)
one to three times, or not diluted, and plated on MSPA. Colonies of
V. dahliae developing on the medium, presumably originating from
microsclerotia (20 um pore size filter; more persistent propagules;
220 um), and conidia and mycelium (1 um pore size filter; less per-
sistent propagules; <20 and 21 um), were then quantified to de-
termine sclerotia density (S, D) and micropropagule density (MpD),
respectively. Colony-forming units (cfu) on MSPA were counted
under the microscope and expressed per g of dry soil (cfu/g dry).
For each block, inoculum densities estimated at each sampling time
(12, 40, and 120 DPI) were related to the initial values (O DPI) and
expressed as a percentage. These relative inoculum densities were
the soil inoculum parameters assessed in the study.

In planta quantification of V. dahliae was assessed by isolations
of the fungus in CWA. For each plant, randomly chosen tissues were
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treated as mentioned, and three 5 mm-long pieces of each of eight
randomly selected roots, and twenty 5 mm-long pieces of debarked
woody aerial tissues were incubated. At each time-point during the
experiment, 176 pieces were plated per treatment, and a total of
6336 pieces were plated over the entire experiment. Data from
pathogen isolation from the stem and roots were used to calculate
the stem and root colonization indexes (SCI and RCI, respectively) as
follows: SCI/RCIl = ¥ Ni/Nj x 100, where N; is the number of plated
stem or root pieces yielding V. dahliae colonies and Nj is the total
number of stem or root pieces plated.

To investigate differences in plant water uptake efficiency, the
total biomass was determined at the beginning for all plants, and
then at the same times and in the same pots where colonization in-
dexes and relative densities of the pathogen were estimated. Plants
were removed from the soil, the roots were washed free of soil,
and the total biomass was recorded. Absolute biomass, which was
calculated by subtracting the biomass at the beginning of the ex-
periments from that at each date assessed, was divided by the cu-
mulative amount of water used throughout the experiment for each
treatment, and WUE was determined for each plant.

These parameters were analysed to test the (fixed) effects of
factors, and also to assess the consistency of these effects over the
three DPIs assessed (12, 40, and 120 DPI). SCI and RCI data were
square root-transformed before analyses. Experiments and rep-
licates were considered as random effects. Fungal soil infestation
(only considered for the analysis of WUE data), irrigation rate, fre-
quency, cultivar, DPI, and their interactions were considered fixed

effects.

2.4 | Assessment of the relationship between
measures of VW severity and V. dahlia soil inoculum,
colonization, and olive WUE

The overall response of experimental treatment combinations to
disease, soil inoculum, colonization, and WUE parameters was first
explored by cluster analyses. The purpose of this analysis was to
establish functional groups of correlated experimental treatments
at each sampling time. Then, the relationship between the classes
of disease intensity index and relative total ID, S, D, S;D, and MpD,
V. dahliae RCI and SCI, and olive WUE was estimated using six differ-
ent linear and nonlinear machine learning algorithms: logistic regres-
sion, linear discriminant analysis, k-nearest neighbours, classification
and regression trees, Gaussian naive Bayes, and support vector ma-
chines. These algorithms were fitted to the above-mentioned pa-
rameters as explanatory variables, and disease intensity index class
was the response variable, taking the lowest disease intensity index
class as the reference category. The data set was partitioned 4:1 into
training and test sets, and 10-fold cross validation was used to es-
timate the accuracy of the models, with precision as a parameter
for scoring. The best learned classifier was then evaluated on the
test set and used to identify the groups that were homogeneous in
terms of disease intensity index. The results were summarized as a
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final accuracy score, a confusion matrix, and a classification report,
which are common performance measurements for machine learn-
ing classification of severity classes in several plant diseases (Fenu
& Malloci, 2021).

2.5 | Software

The nonlinear, survival, mixed effects models and cluster analyses
were conducted in R (http://www.R-project.org) with the pack-
ages nlme (Pinheiro et al., 2021), survival (Therneau, 2020), Ime4
(Bates et al., 2015), and cluster (Maechler et al., 2019), respectively.
Machine-learning algorithms were implemented using the v. 0.19.1
of the Python (https://www.python.org/psf/) library Scikit-learn
(Pedregosa et al., 2011).

3 | RESULTS

3.1 | VW onset and development

The most common qualitative symptoms in inoculated plants
consisted of chlorosis partially or completely affecting the leaf,
colour change of the leaf from intense green to matt green,

defoliation of green, matte, or chlorotic green leaves, and/or

shortening of internodes at the distal end of the stem of the
plant.

Time-to-symptom onset, assessed by survival statistical proto-
cols, showed that the best survival regression fit (the model with the
lowest AIC score) was produced when the lognormal distribution was
used in both cultivars (Figure 1c,d). On the other hand, the disease
intensity index progress over time for cv. ‘Picual’ was adequately
described by the Gompertz model (R? > 0.95; root mean square
error < 0.3972; Figure 1a). However, the experiment did not provide
sufficient precision to fit curves of disease progression for ‘Frantoio’
to any model (Figure 1b). For cv. ‘Picual’, the increase in disease in-
tensity index became asymptotic (disease intensity index > 28.0%)
at all irrigation treatments except for low rate-daily frequency (dis-
ease intensity index = 16.1%) and high rate-daily frequency-irrigated
(disease intensity index = 18.0%) plants. Analyses performed on the
intrinsic rate of disease progression (rho parameter of the Gompertz
model fitted to temporal disease intensity index progress) showed
that this parameter was significantly higher on average for plants
irrigated with the combination frequency (p = 0.89) than the mean
value for the other irrigation frequencies (0.34 and 0.45 for the daily
and twice weekly irrigation frequencies, respectively; Table 1).

Type lll tests of fixed effects from the mixed-model analysis
showed significant effects of olive cultivar, irrigation frequency,
and the interaction of irrigation frequency and cultivar on area

under disease progress curve of VW (data not shown). The effects

—— HRDF --e- HRDtWF ---4&-- LRtIWF
cr--4-o HRtIWF —-—- LRDF -—-o—-- | RDtWF
45 10 | Cv- Frantoio
é 36 § 8
= =y
é 27 ..? 6 .oco .
2 § FIGURE 1 Progress of Verticillium wilt
Q
€ 48 = 4 . QA intensity index (a, b) and Kaplan-Meier
o % N %ﬁ“"‘m:m: estimates of survival (c, d) fitted with
_g 9 9 2 nmnggin T om0 Gompertz model and survival regression
o a " eee o AA analysis to log normal distribution,
ww-ﬂﬂ Waasst (b) respectively, in ‘Picual’ (a, ¢) and ‘Frantoio’
0 0 (b, d; no fits with Gompertz model were
0 20 40 60 80 100 120 0 20 40 60 80 100 120 f R .

c c ound for progress of Verticillium wilt
ﬁ% % intensity index) olive cultivars. The plants
= 1.0 z 1.0 were grown in soil artificially infested
S 5 with Verticillium dahliae and irrigated to
§ 0.8 g 0.9 two rates of soil water content (high and
; .2 low; HR and LR, respectively) at three
— 3 irrigation frequencies (daily, twice weekly,
E 0.6 E 0.8 and daily/twice weekly; DF, tWF, and
‘§ § DtWEF, respectively) over 120 days under
= 2 growth chamber conditions. Each point
04 07
5 5 represents the mean of data from two
S & S repeated experiments, each comprising
§ 0.2 Cv. Picual Yl & 0.6 Cv. Frantoio 16 pots with one plant per pot. Grey lines
< 0 20 40 60 80 100 120 ¥ 0 20 40 60 80 100 120 represent the Kaplan-Meier estimates
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and black lines the resulting fitted curves
for the survival analyses
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TABLE 1 Disease parameters in a trial where olive cultivars ‘Picual’ and ‘Frantoio’ were grown in soil artificially infested with Verticillium
dahliae and irrigated to two ranges of soil water content at three irrigation frequencies over a period of 120 days under growth chamber

conditions
‘Picual’ ‘Frantoio’

Range of soil Irrigation Exp Exp

water content frequency AUDPC? DI? DII? P (location)® AUDPC DI DIl (location)

High Daily 6.3¢ 36.5 19.8 0.54 107.3 Aa 1.6 12.5 29 293.7
tWeekly 12.3 67.7 34.1 0.47 96.2 Aa 2.0 9.4 1.0 353.0
Daily-tWeekly ~ 21.9 65.6 41.6 0.98 84.1 Aa 14 30.2 6.0 187.4
mean 13.5 56.6 A 31.8 0.66 95.9 1.7 17.4 3.3 244.4

Low Daily 29 19.8 14.7 0.15 151.2 Ab 0.7 12.5 8.3 220.6
tWeekly 8.3 42.7 26.6 0.42 103.9 Aab 0.3 15.6 4.3 218.3
Daily-tWeekly ~ 18.6 54.2 39.1 0.81 77.0 Aa 3.7 30.2 29 152.2
mean 9.9 389B 26.8 0.46 110.7 1.6 19.4 3.5 261.6

Mean Daily 4.6b 28.1b 17.2b 0.34b 129.2 1.1 12.5b 3.1la 257.2
tWeekly 10.3 ab 55.2a 30.4 ab 0.45b 100.1 1.2 12.5b 2.6a 290.5
Daily-tWeekly ~ 20.3a 59.9a 40.3a 0.89 a 80.6 2.6 30.2a 4.5a 165.8

Abbreviations: AUDPC, area under disease intensity index progress curve; DI, disease incidence; DI, disease intensity index.

?Severity of wilt symptoms of each individual plant was determined twice every week for 120 days and used to calculate relative AUDPC. DI and DIl

are, respectively, the disease incidence and the disease intensity index.

PRate of disease increase parameter of the Gompertz function fitted to disease progress data.

‘Time-point where 50% of the population are estimated by a survival log normal fit to have experienced the event (onset of symptoms).

dValues are the mean of four replications (six plants per replication). Different upper case or lower case letters in the same column indicate significant
differences between values for ranges of soil water content or irrigation frequencies, respectively, according to Tukey test (p < 0.05).

of irrigation factors were then analysed separately for each cultivar.
Disease severity, area under disease progress curve, and disease in-
tensity index for the susceptible cultivar ‘Picual’ was higher for the
combination treatment (daily/twice weekly) compared with the daily
irrigation frequency (Table 1; Figure 1a). The twice weekly irriga-
tion frequency was generally intermediate between the daily and
combination frequency treatments. This result was also supported
by the probability of when 50% of the plants expressed symptoms
(Figure 1c; Table 1 [exp(Location) parameter]). Fifty percent of plants
were estimated to show VW symptoms at 77 days in the combina-
tion frequency compared with 151 days in the daily frequency at low
irrigation rate, and 84 days from the combination frequency com-
pared with 107 days for the daily frequency at the high irrigation
rate. However, irrigation frequency was not different for these same
parameters for the resistant ‘Frantoio’. DI was similar in the twice
weekly (55%) and the combination (60%) frequencies and higher
than daily (28%) irrigation frequency in ‘Picual’, while in ‘Frantoio’, DI
was higher in the combination (30%) frequency than either the daily
(13%) or twice weekly (13%) irrigation frequencies (Table 1).

3.2 | Soil inoculum, colonization, and
WUE parameters

Time or DPI effects were significant (p < 0.05) in all V. dahliae soil
inoculum parameters (Table 2; Figure 2). A generalized decline was
found for initial high-level densities of V. dahliae estimated in wet

soil, as has been cited in other similar V. dahliae-olive experiments
(Jiménez Diaz et al., 2009). Initial total ID, MpD, and S, D values
ranged, according to treatments, from 0.7 to 9.2 x 107, from 0.2 to
3.2 x 10%, and from 0.8 to 6.1 x 10° cfu/g dry, respectively, reaching
final mean relative values (in both soils where ‘Picual’ and ‘Frantoio’
were grown) from 45.8%, 2.1%, and 31.5% to 67.9%, 73.9%, and
82.9%, respectively, according to treatments (Figure 2a-f). However,
the relative levels of persistent propagules in air-dried soil (relative
S4D; initial values ranged, according to treatments, from 3.9 to
6.2 x 10 cfu/g dry, as has been cited by Calderén et al. (2014), in
a similar experiment) followed a different pattern over time in both
‘Picual’ and ‘Frantoio’ soils, with a marked increase during symptom
development (40 DPI), before slightly decreasing to final mean rela-
tive values of 43.8%-92.4% at 120 DPI, according to treatments
(Figure 2g,h). As shown by type Il tests, the interaction irrigation
rate x frequency x cultivar x time was significant (p < 0.05), or al-
most significant (p < 0.08), for these parameters (Table 2). However,
soil inoculum parameters were not significantly different for the cul-
tivar factor (p > 0.05), but the interaction irrigation frequency x cul-
tivar did turn out to be significant (p < 0.05), or almost significant
(p = 0.069-0.085). Mean relative inoculum parameters were simi-
lar in soils daily irrigated regardless of the cultivar, although these
parameters were higher (cv. ‘Picual’) or lower (cv. ‘Frantoio’), when
this soil was twice weekly- or daily/twice weekly-irrigated, respec-
tively. Irrespective of irrigation frequency and olive cultivar factors,
relative inoculum parameters estimated in wet soil (total ID, S D,
and MpD) were significantly higher at high rate (70.1%, 76.7%, and
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FIGURE 2 Relative density of total inoculum (a, b) and less (c, d) and more (e-h) persistent propagules of Verticillium dahliae in infested
soil irrigated to two rates of soil water content (high and low; HR and LR, respectively) at three irrigation frequencies (daily, twice weekly,
and daily/twice weekly) over 120 days under growth chamber conditions. Densities were calculated at 3 days post-soil infestation (DPI; 12,
40, and 120 DPI) as colony-forming units (cfu) per g dry soil and related to their initial values by dividing the number of propagules at each
sampling time by the number of propagules at the beginning (0 DPI), expressed as a percentage (a, b) total inoculum density (ID) in wet soil;
(c, d) density of less persistent propagules (micropropagules; MpD) of size < 20 um and 21 um, in wet soil; (e, f) density of more persistent
propagules (sclerotia; S D) of size > 20 um in wet soil; (g, h) sclerotia density (S,D) in air-dried soil. Left panels (a, c, e, g) correspond to soil
where cultivar ‘Picual’ was grown and right panels (b, d, f, h) to soil where cultivar ‘Frantoio’ was grown. Each point represents the mean of
data from two repeated experiments, each comprising four pots with one plant per pot

83.1%, respectively) than at low rate (66.7%, 66.6%, and 78.2%, re- from 0.0% to 0.5%, 0.5% to 5.2%, and 0.0% to 7.2%, and SCI values
spectively; Table 2; Figure 2). ranged from 0.0% to 0.0%, 5.0% to 15.0%, and 6.9% to 10.3% at 12,

Verticillium dahliae colonization exhibited different trends to 40, and 120 DPI, respectively; Figure 3a,c) than in ‘Frantoio’ (RCI
those of soil inoculum (Figure 3). Analysis showed that RCI and values ranged from 0.0% to 0.5%, 0.0% to 2.6%, and 0.4% to 1.3%,
SCI of VW were significantly higher in ‘Picual’ (RCI values ranged and SCI values ranged from 0.0% to 0.0%, 0.0% to 5.0%, and 0.4%
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FIGURE 3 Root (a, b) and shoot (c, d) colonization indexes (RCI and SCI, respectively) in ‘Picual’ (a, c) and ‘Frantoio’ (b, d) cultivar olive
plants grown in soil artificially infested with Verticillium dahliae and irrigated to two rates of soil water content (high and low; HR and LR,
respectively) at three irrigation frequencies (daily, twice weekly, and daily/twice weekly; DF, tWF, and DtWF, respectively) over 120 days
under growth chamber conditions. Colonization indexes were assessed at 3 days post-soil infestation (DPI; 12, 40, and 120 DPI). Each bar
represents the mean of data from two repeated experiments, each comprising four pots with one plant per pot

to 1.6% at 12, 40, and 120 DPI, respectively; Figure 3b,d; Table 3).
However, the effects of irrigation rate and frequency on these pa-
rameters were identical in ‘Picual’ and ‘Frantoio’ (Table 3). Time
effects and time x cultivar interaction were significant (p < 0.05)
for both RCI and SCI parameters (Table 3). No other interactions
were significant for SCI (p > 0.05), suggesting that this parameter
varied similarly with time regardless of irrigation factors. On the
other hand, time x irrigation frequency interaction was significant
for RCI (p < 0.05), as well as the triple interactions time x irrigation
frequency x cultivar and time x irrigation rate x cultivar (Table 3) in
that the difference among irrigation factors and cultivar varied with
time: differences in the mean were generally greater at 40 (at time
of symptom onset) than at 12 and 120 (before and after symptom
onset) DPI, with higher RClI values at high than at low rate found at
this date (Figure 3a,b).

Water-use efficiency was not significantly different (p > 0.05)
between V. dahliae-inoculated and control plants in this study (data
not shown), but the effects of time and the interaction time X irriga-
tion rate were significant (data not shown; p < 0.05). At high rate, no
differences were found between WUE estimates at different sam-
ple times, whereas a strong decline was found after 12 DPI at low

rate (Figure 4). All other interactions with time were not significant
(data not shown; p > 0.05) except for time x irrigation frequency
(data not shown; p < 0.05). On the other hand, the simple effect of
cultivar and most of the double and triple interactions significantly
affected WUE (data not shown). This parameter declined after 12
DPI at low rate in both cultivars regardless of whether V. dahliae was
present in the soil or not; however, this was most pronounced in
‘Picual’, in which WUE was 40% lower at low than high rate by 40
DPI (Figure 4).

3.3 | Relationships among disease, soil inoculum,
colonization, and WUE parameters

The hierarchical cluster analysis yielded four functional groups (A
to D) among the 36 experimental treatment combinations (two
rates of soil water content x three irrigation frequencies x two cul-
tivars x three DPIs; Figure 5). Group A comprised four experimen-
tal treatments with a high level of disease intensity index, including
‘Picual’ plants that were high rate-twice-weekly-, high rate-daily/
rate-twice-weekly-, and low rate-daily/

twice-weekly-, low
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TABLE 3 Type lll tests of fixed effects from the mixed-model analysis of the root and shoot colonization indexes by Verticillium dahliae
estimated at 12, 40, and 120 days post-soil infestation in a trial where olive cultivars ‘Picual’ and ‘Frantoio’ were grown in soil artificially
infested by the pathogen and irrigated to two ranges of soil water content at three irrigation frequencies over a period of 120 days under
growth chamber conditions

RCI SCI

Effect df . im df e, F p>F F p>F

Range of soil water content (R) 1 248 0.17 0.6838 0.24 0.6281
Irrigation frequency (F) 2 248 2.52 0.0825 1.08 0.3408
RxF 2 248 1.39 0.2503 0.31 0.7310
Cultivar (C) 1 248 9.31 0.0025 47.86 <0.0001
RxC 1 248 1.02 0.3124 0.04 0.8447
FxC 2 248 0.14 0.8683 0.05 0.9554
RxFxC 2 248 1.29 0.2766 0.08 0.9202
Days post-soil infestation (DPI) 2 248 14.89 <0.0001 24.81 <0.0001
R x DPI 2 248 2.75 0.0659 0.62 0.5401
F x DPI 4 248 3.74 0.0057 0.98 0.4211
R x F x DPI 4 248 1.86 0.1177 0.98 0.4195
C x DPI 2 248 3.17 0.0436 12.15 <0.0001
Rx C x DPI 2 248 3.55 0.0301 0.27 0.7652
Fx C x DPI 4 248 2.93 0.0217 0.40 0.8089
Rx Fx CxDPI 4 248 0.83 0.5091 0.23 0.9209

Note: Root and stem colonization indexes (RCI and SCI, respectively) were calculated as follows: SCI/RCI = ¥ Ni/Nj %100, where N; is the number of
plated stem or root pieces yielding V. dahliae colonies and Nj is the total number of stem or root pieces plated.

V. dahliae-free soil V. dahliae-infested soil
7
6
5
4 3
[e]
C
o
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1
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L
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FIGURE 4 Water-use efficiency ; 6
(WUE) of biomass production in ‘Picual’
and ‘Frantoio’ cultivar olive plants grown 5
in Verticillium dahliae-infested and V. -
dahliae-free soils, irrigated to two rates 4 §
of soil water content (high and low; HR 3 :9;.
and LR, respectively) at three irrigation
frequencies (daily, twice weekly, and 2
daily/twice weekly; DF, tWF, and DtWF,
respectively) over 120 days under 1
growth chamber conditions. Each point
0

represents the mean of data from two
repeated experiments, each comprising
four pots with one plant per pot
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FIGURE 5 Dendrogram derived from cluster analysis of 36 experimental treatment combinations in a trial where the effect of irrigation
was assessed on Verticillium wilt of olive, and heat map representation of the disease, Verticillium dahliae colonization, soil inoculum, and
water-use efficiency (WUE) parameters for the different sampling dates. The 10 parameters selected for the heat map representation
were related to visual Verticillium wilt reaction (three parameters): final disease incidence (DI), final disease intensity index (DIl), and area
under disease intensity index progress curve (AUDPC); to V. dahliae colonization (two parameters): shoot (SCI) and root (RCI) colonization
index; to V. dahliae soil inoculum (four parameters): relative total inoculum density (ID) in wet soil, density of less persistent propagules
(micropropagules; MpD) of size < 20 um and 21 um in wet soil, density of more persistent propagules (sclerotia; S, D) of size > 20 um in wet
soil, and sclerotia density (S,D) in air-dried soil; and related to plant water use (one parameter): WUE of biomass production. Agglomerative
cluster analyses were performed based on the Spearman correlation matrix calculated from values of the different parameters using the
Ward method. Clusters of experimental treatment combinations, depicted in different shades of grey, were estimated on the basis of

the average silhouette width according to the Mantel statistic. In the heat map, in each column, cells represent the relative value of each
parameter for each experimental treatment combination of two rates of soil water content (RWC; high and low; HR and LR, respectively),
three irrigation frequencies (IF; daily, twice weekly, and daily/twice weekly; DF, tWF, and DtWF, respectively), two olive cultivars (cv; ‘Picual’
and ‘Frantoio’; Pi and Fra, respectively) and 3 days post-soil infestation (DPI; 12, 40, and 120 DPI) from two repeated experiments

twice-weekly-treated at 120 DPI. In general, treatments with a se-
vere disease reaction were associated with intermediate to high col-
onization index values, low relative levels of total ID, MpD, and S D,
intermediate relative levels of S;D, and low levels of WUE. Group
B included five experimental treatments with a moderate level of
disease intensity index but very high colonization index values. It
included all cv. ‘Picual’-irrigation treatments at 40 DPI except for low
rate-daily frequency. This group of treatment combinations exhib-
ited intermediate values for relative total ID, MpD, and S D, high
relative levels of S,D and low levels of WUE. Group C comprised
10 experimental treatments associated with a low disease reaction
and an intermediate value of SCI and low levels of RCI indexes. The
treatments included low rate-daily frequency in cv. ‘Frantoio’ at 120
DPI, high rate-daily frequency in cv. ‘Picual’ at 120 DPI, and ‘Picual’-
low rate-daily frequency and ‘Frantoio’-low rate-daily/twice-weekly
combinations at 40 DPI. The low levels of disease intensity index and
the intermediate or low colonization index values observed in treat-
ment combinations within this group was associated with low rela-

tive levels of total ID, MpD, and S, D and moderate values of relative

S4D and WUE. Group D was made up of the remaining 17 treatments
with no visual symptoms, very low values of SCI and low levels of
RCI, including all cultivar and irrigation treatment combinations at
12 DPI and combinations of all irrigation treatments in cv. ‘Frantoio’
at 40 DPI with the exception of low rate-daily/twice-weekly-treated
plants. High values of soil inoculum parameters, except for rela-
tive SyD with intermediate values, and WUE were exhibited for this
group of plants (Figure 5).

Classification and regression trees yielded the highest accu-
racy (>83%) in classifying very low, low, moderate, and severe dis-
ease intensity index classes with the V. dahliae colonization, soil
inoculum, and WUE parameters in this study. Mean accuracies of
k-nearest neighbours, Gaussian naive Bayes, linear discriminant
analysis, support vector machines, and logistic regression were,
respectively, 76.1%, 75.2%, 71.3%, 69.0%, and 64.0% (data not
shown). Classification and regression trees algorithm was then
used to determine the thresholds of V. dahliae colonization, WUE,
and soil inoculum parameters that discriminated between disease
intensity index classes (Figure 6). This was performed using the
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FIGURE 6 Pruned classification tree for predicting Verticillium wilt (VW) intensity index classes (very low, low, moderate, and severe)

in olive based on Verticillium dahliae soil inoculum (relative density of total inoculum and of micropropagules; ID and MpD, respectively),
colonization (shoot and root colonization index; SCl and RClI, respectively) and water-use efficiency (WUE) parameters. The histogram for
each node represents the percentage of plants in each VW intensity index class. For each terminal (decision) node, the most prevalent

VW severity class is indicated showing feature distributions as overlapping stacked-histograms, one histogram per target class. Leaf size is
proportional to the number of samples in that leaf. Data include a training set (80%) from a data set (288 plants) comprising all experimental
combinations of rate of soil water content, irrigation frequency, olive cultivar, and days postinoculation from two repeated experiments

TABLE 4 Classification report of a decision tree classifier
directly run on the test set to estimate the relationship between
the classes of Verticillium wilt intensity index in olive and the
Verticillium dahliae soil inoculum, colonization, and water use
efficiency of biomass production parameters

Precision Recall F1 score Support

Class?

Very low 1.00 0.96 0.98 27

Low 0.76 0.94 0.84 17

Moderate 0.71 0.71 0.71 7

Severe 0.50 0.29 0.36 7
Accuracy = = 0.84 58
Macro average 0.74 0.73 0.73 58
Weighted average 0.84 0.84 0.83 58

Note: The data set (288 plants) was partitioned 4:1 into training and test
sets, including relative values of each parameter for each experimental
treatment combination of range of soil water content, irrigation
frequency, olive cultivar, and days post inoculation from two repeated
experiments.

Verticillium wilt intensity index classes in olive.

XGBoost library for Python (Chen & Guestrin, 2016). The pruned
tree generated by classification and regression trees contained five
parameters (relative MpD, total ID and S D, RCI, and WUE) with 13
terminal nodes (Figure 6). The relative soil inoculum parameter MpD
was the main factor (i.e., first splitting parameter) that differentiated
between plants in the severe disease intensity index class and those
in moderate, low, and very low affected classes, with a relative MpD
threshold of 64.3%.

The selected tree was validated with the test set for an indepen-
dent final check on the accuracy of the model. With the test sets, the
confusion matrix indicated that few errors were made for the very
low, low, and moderate classes, but some more errors were made for
the severe class (data not shown). This was confirmed by the classi-
fication report, which showed a precision of 100.0%, 76.0%, 71.0%,
and 50.0% for the classes very low, low, moderate, and severe, re-

spectively, with a mean F1-score of 84.0% (Table 4).

4 | DISCUSSION
We demonstrated the potential capabilities of machine learning
techniques for studying the influence of irrigation on VW in most of
the points of the disease cycle of V. dahliae in olive. Although such
influence has been well reported (Pérez-Rodriguez, Alcantara, et al.,
2015; Pérez-Rodriguez et al., 2016; Pérez-Rodriguez, Orgaz, et al.,
2015; Santos-Rufo et al., 2017), the resulting evidence has been
contradictory (Montes-Osuna & Mercado-Blanco, 2020). In this
research, the effect of differential irrigation treatments—based on
the resistance level of olive cultivars to VW—was assessed by their
influence on the pathogen and on the plant simultaneously. Other
factors affecting the disease (e.g., soil texture, fertilization schedule,
and age of plantation) were not considered in this study, and thus, all
the findings shown here must be taken with caution in the choice of
an irrigation schedule for VW-diseased olive orchards.

Symptoms in affected plants were identical to those previously
described in similar inoculations with the D V. dahliae pathotype
(Calderdn et al., 2014; Jiménez-Fernandez et al., 2016). Severe foliar
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respectively, but their reactions varied when subjected to differ-
ing irrigation treatments, as has been reported under microplot
and natural environmental conditions in ‘Picual’ (Pérez-Rodriguez,
Alcantara, et al. 2015; Santos-Rufo et al., 2017). However, time-to-
symptom onset (survival time) was similarly reduced in ‘Picual’- and
‘Frantoio™-low rate-daily/twice-weekly treatments (almost 75 and
69 days shorter, respectively) compared with ‘Picual’- and ‘Frantoio’-
low rate-daily frequency treatments (one of the less symptomatic
ones), showing a great impact of irrigation in the early stages of the
infection processin comparison with cultivar susceptibility. Although
it would have been interesting to assess how cultivar susceptibility
affects disease development, the experiment did not provide suffi-
cient precision to fit curves of disease progression for ‘Frantoio’ to
any model, either in this study or in the study by Pérez-Rodriguez,
Alcantara, et al. (2015). However, while no significant differences
in any disease parameters were detected in cv. ‘Frantoio’ subjected
to different irrigation treatments in the study by Pérez-Rodriguez,
Alcantara, et al. (2015), irrigation frequency significantly affected D
in both cultivars in this study, also suggesting a significant influence
of irrigation, compared with cultivar susceptibility, after symptom
onset.

Average initial total ID, MpD, and S, D levels, quantified in wet
soil, tended to decrease continuously over time. In the case of total
ID, this finding coincided with results previously reported under
similar conditions (Gémez-Galvez & Rodriguez-Jurado, 2018). By
contrast, the average inoculum level of more persistent pathogen
propagules quantified in dried soil (S;D) followed a different pat-
tern over time, partially coinciding with results previously reported
(Santos-Rufo et al., 2017), with a marked increase as symptoms
develop (40 DPI). In addition, although RCI values of inoculated
‘Picual’ plants did not display a clear maximum during the course
of sampling, SCI tended to be higher at 40 DPI, as found in a
DNA quantification assay for root-dip inoculated ‘Picual’ plants
(Mercado-Blanco et al., 2003). However, RCI values of inoculated
‘Frantoio’ plants were (with some exceptions) higher at 40 DPI,
but no clear maximum was found for the SCI parameter during the
course of sampling; conversely, very high values were found when
assessing this parameter after 3 months of growing in infested soil
(Jiménez-Fernandez et al., 2016). Consistent with our findings, it is
interesting to note that irrespective of the cultivar susceptibility,
higher RCI values were found at high than at low rate as symp-
toms developed (40 DPI). Thus, irrigation rate had a similar effect
on the olive root colonization by V. dahliae as symptoms develop
compared to when trees are colonized and show wilt, as the DI
parameter was also higher at high than low rate at the end of the
experiment. By contrast, there was a strong influence of cultivar
susceptibility on WUE, compared with irrigation, as symptoms de-
velop. Regardless of V. dahliae infection, this parameter declined
after 12 DPI at low rate in both cultivars, but this was most pro-
nounced in ‘Picual’, in which WUE was 40% lower at low than high
rate by 40 DPI, as reported by Ploetz et al. (2015) for avocado
cultivars that differed in susceptibility to laurel wilt. In that study,

WUE declined in all cultivars after inoculation when plants were
treated with standard irrigation practices (presumably at low rate);
however, it was most pronounced in the most susceptible cultivar
(Ploetz et al., 2015).

A multivariate hierarchical cluster analysis confirmed the re-
sults of the mixed-model analysis, highlighting a clear effect of
time, followed by cultivar, among several interactions with irriga-
tion treatments and time. The analysis led to the creation of four
functional groups which were associated with very low, low, mod-
erate, and severe disease classes, as reported in a study evaluating
the effects of soil temperature on olive cultivars with different
susceptibility to VW (Calderdn et al., 2014). However, while lo-
gistic regression yielded the lowest accuracy in classifying these
disease intensity index classes with the V. dahliae soil inoculum,
colonization, and WUE parameters under the above-mentioned
conditions of this study (below 64.0%; data not shown), it was
chosen as the best predictor to discriminate among disease se-
verity classes by stress-related parameters (accuracy of 76.6%) in
the study by Calderdn et al. (2014). Between six different linear
and nonlinear algorithms assessed in this study, classification and
regression trees yielded the highest classification accuracy with
the training set (data not shown) and was then used to determine
the thresholds of V. dahliae colonization, WUE, and soil inoculum
parameters that discriminated between disease intensity index
classes. This algorithm was also used to determine the thresholds
of stress parameters that discriminated between disease severity
classes in the study by Calderdn et al. (2014), reaching a similar
mean Fl-score with the test set (85.1%) to the value obtained in
this study (84.0%). According to classification and regression trees,
the soil inoculum parameter MpD could be a good indicator for dis-
ease detection at both early and advanced stages of V. dahliae in-
fection. These results obtained under growth chamber conditions
are in line with those obtained under natural environmental con-
ditions, where it was reported that the density of micropropagules
or propagules of low persistence in the soil played a part in disease
development, though no correlation was found with final disease
parameters (Santos-Rufo et al., 2017). At the second level, plants
with a mean disease intensity index of 35.4% (severely affected)
were separated from plants with a mean disease intensity index of
0.3% (very low disease intensity index) according to an RCl thresh-
old of 2.9%. Plants below this threshold with a relative S D in soil
>80.03% and WUE < 3.41% were severely affected, while plants
with a higher WUE threshold had very low disease intensity index.
In general, WUE values higher than 3.41% were registered before
symptom onset (12 DPI), so this parameter could be considered a
good indicator in the early stages of V. dahliae infection. In addi-
tion, plants with RCI above 2.9%, relative total ID value > 63.5%,
and relative S,D > 38.42% were severely affected and those with
a lower relative S D value exhibited moderate symptoms (mean
disease intensity index = 6.9%). Pearson correlation revealed a
significant relationship between WUE and AUDPC under natural
environmental conditions (r = 0.83; p < 0.05; Santos-Rufo et al.,
2018), and between the progress of relative S D and RCl over time
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in this study (r > 0.63; p < 0.05; data not shown), which could par-
tially explain their high explanatory power. However, although RCI
was one of the most important parameters in the tree classifier
(i.e., second splitting parameter), neither this parameter nor rela-
tive S,D could clearly distinguish between low (mean disease in-
tensity index = 4.6%)/very low classes and severe classes, which
means that RCl and relative S;D are only suitable as indicators for
disease detection in advanced stages. On the other hand, very
low, low, and moderate VW classes separated by a relative MpD
in soil 28.3% were divided into two groups by relative total ID.
Plants grown in soil with relative total ID > 79.5% (threshold mainly
reached before symptom onset, at 12 DPI) were directly classified
as very low, which rules out relative total ID as a good indicator for
early stages of V. dahliae infection. Plants grown in soil with a rela-
tive total ID threshold in the range 64.6%-79.5% (threshold mainly
reached during symptom onset, at 40 DPI) and RCI > 0.8% had a
moderate disease intensity index, while plants grown in soil with
a lower relative total ID value were scarcely affected (low class).
There are irrigation schedules that can increase the population
of V. dahlige in the soil and create favourable conditions for the
infection of olive plant and the development of VW (Santos-Rufo
et al., 2017, 2018), so it is important to uncover the mechanisms in
the disease cycle of the pathogen through which irrigation generates
such increases. In this study, ‘Picual’ plants were more susceptible to
these irrigation schedules than ‘Frantoio’ plants, even though irriga-
tion with low rate and daily frequency treatments benefited both
cultivars. Soil inoculum, colonization, and WUE parameters were
able to detect the degree to which VW was exalted by irrigation
and/or cultivar susceptibility. Density of micropropagules, which is
related to sclerotium germination, was the best indicator for VW
detection before, during, and after symptoms develop. Other pa-
rameters can only be used before symptoms develop (WUE) or after
symptoms develop (root colonization indexes, relative total inocu-
lum density, and density of sclerotia in air-dried soil). By providing
a better understanding of the relationships between irrigation, VW,
and olive cultivar, these results will be useful for those seeking to
optimise the use of irrigation in an integrated approach to VW man-

agement in olive.
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