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Abstract

Background: Development of Verticillium wilt in olive, caused by the soil-borne fungus Verticillium dahliae, can be
influenced by biotic and environmental factors. In this study we modeled i) the combined effects of biotic factors (i.e.,
pathotype virulence and cultivar susceptibility) and abiotic factors (i.e., soil temperature) on disease development and ii) the
relationship between disease severity and several remote sensing parameters and plant stress indicators.

Methodology: Plants of Arbequina and Picual olive cultivars inoculated with isolates of defoliating and non-defoliating V.
dahliae pathotypes were grown in soil tanks with a range of soil temperatures from 16 to 32°C. Disease progression was
correlated with plant stress parameters (i.e., leaf temperature, steady-state chlorophyll fluorescence, photochemical
reflectance index, chlorophyll content, and ethylene production) and plant growth-related parameters (i.e., canopy length
and dry weight).

Findings: Disease development in plants infected with the defoliating pathotype was faster and more severe in Picual.
Models estimated that infection with the defoliating pathotype was promoted by soil temperatures in a range of 16 to 24°C
in cv. Picual and of 20 to 24°C in cv. Arbequina. In the non-defoliating pathotype, soil temperatures ranging from 16 to 20°C
were estimated to be most favorable for infection. The relationship between stress-related parameters and disease severity
determined by multinomial logistic regression and classification trees was able to detect the effects of V. dahliae infection
and colonization on water flow that eventually cause water stress.

Conclusions: Chlorophyll content, steady-state chlorophyll fluorescence, and leaf temperature were the best indicators for
Verticillium wilt detection at early stages of disease development, while ethylene production and photochemical reflectance
index were indicators for disease detection at advanced stages. These results provide a better understanding of the
differential geographic distribution of V. dahliae pathotypes and to assess the potential effect of climate change on
Verticillium wilt development.
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Introduction newly cultivated soils or fertile soils [6] previously cropped with
plants susceptible to V. dahliae, such as cotton [5].
Microsclerotia, the long-lasting surviving structures of V.
dahliae, constitute the main potential infective inoculum of the
pathogen in field soils, where it can survive for up to 15 years [7].

Verticillium wilt (VW) of olive (Olea europea L.), caused by the
fungus Verticillium dahliae Kleb., is the most important soil-borne
disease affecting olive trees worldwide [1,2] and can cause severe

vield losses and plant death [3]. The disease was first observed in These structures germinate multiple times in response to root
Italy in 1946 [4] and is now present in many Mediterrancan exudates [8] and favorable soil environmental conditions, forming
countries and in California, USA [I]. In Spain, the spread of hyphae that penetrate the plant root, grow across the root cortex,
Verticillium wilt in olive trees has been associated with the and upon reaching the xylem vessels facilitate the rapid upward
expansion of olive cultivation and changes in cropping practices spread of the pathogen by conidia transported in the transpiration
aimed at increasing yields [5]. Such changes include the use of self- stream [9]. As a result of xylem colonization by the pathogen,
rooted planting stocks to establish high-density plantings, drip water flow decreases, leading to water stress [10]. Infection with V.
irrigation, reduced or no tillage, and high inputs of fertilizer in  dahliae in olive trees has resulted in two main disease syndromes
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-defoliating (D) and non-defoliating (ND), which are induced by
specific D and ND V. dahliae pathotypes, respectively [1,11]. The
D syndrome is characterized by early drop of asymptomatic green
leaves from individual twigs and branches, eventually leading to
complete defoliation and necrosis [1]. These symptoms can
develop from late fall to late spring [11]. Conversely, the ND
syndrome comprises two symptom complexes: (i) apoplexy, a rapid
and extensive dieback of twigs and branches of olive trees without
loss of leaves occurring in late winter, and (ii) slow decline, mainly
characterized by flower mummification and necrosis of inflores-
cences along with leaf chlorosis and necrosis [1], which occurs
during springtime [11]. Infections with the D pathotype can be
lethal to the plant, whereas ND-infected olive trees may eventually
show remission from symptoms [3,12]. D and ND V. dahliae
pathotypes also have different modes of dispersal and produce
different spatial patterns of disease [11]. Infections with the D
pathotype are of greater concern because the pathogen can spread
rapidly over short and relatively long distances through windblown
infected leaves that fall early and in large numbers from diseased
trees [11]. Planting resistant cultivars is the most effective measure
for controlling and limiting the spread of Verticillium wilt [1].
However, the most widely used olive cultivars in Spain (i.e., Picual
and Arbequina) have been found to be highly susceptible and
susceptible to D V. dahliae, respectively, and susceptible and
moderately resistant to ND V. dahliae, respectively, under
controlled conditions in artificial inoculation tests [13].

A recent study on Verticillium wilt in olive trees has shown that
overall disease incidence is related to initial inoculum density in
the soil [14]. However, the development of symptoms in relation
to inoculum density is variable and strongly influenced by
environmental and soil conditions [15]. Soil temperature is a
critical factor for the development of Verticillium wilt and fungal
growth [16]. Using soil tanks, McKeen [17] found that infection of
potato by V. albo-atrum occurred between 12 and 32°C, but
symptom expression was greatest between 20 and 28°C. In
southern Spain, Bejarano-Alcazar et al. [18] reported that the
optimal temperature for in vitro growth of V. dahliae isolates from
cotton ranged from 24 to 27°C in the D pathotype and from 21 to
24°C in the ND pathotype. In China, Xu et al. [19] determined
that the optimal growth temperature for V. dahliae isolates of the
D and ND pathotype was 25°C, although D pathotype isolates can
adapt well to high temperatures and severely infect cotton at
temperatures ranging from 25 to 30°C. In olive plants, develop-
ment of Verticillium wilt is favored by air and soil temperatures
close to the optimal growth range of V. dahlize [12]. In
Mediterranean-type climates, severity of Verticillium wilt attacks
is favored by moderate air temperatures during spring, but high
summer temperatures suppress further development of the disease
[3,11]. Nevertheless, very little is known about the influence of the
physical environment on Verticillium wilt in olive trees, which
limits our understanding of the disease [1].

In plants, water stress caused either by V. dahliae infection or
drought induces stomatal closure, which reduces the transpiration
rate [10]. As a result, evaporative cooling decreases and leaf
temperature increases. In the past, this increase in leaf temper-
ature has been detected early using thermal infrared radiation [20]
recorded by spectrometers at ground level. The visible part of the
spectrum has also been used for early water stress detection based
on indices that use bands at specific wavelengths in which
photosynthetic pigments are affected by stress. An example of such
indices 1is the photochemical reflectance index (PRI), a narrow-
band spectral index [21] that is sensitive to the epoxidation state of
xanthophyll-cycle pigments and to photosynthetic efficiency,
serving as a proxy for water stress detection at leaf level [22].
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Another indicator of water stress is chlorophyll fluorescence
emission, as shown by several laboratory studies that have found it
to be strongly correlated with photosynthesis and other physio-
logical processes [23]. Over the last ten years, scientific interest in
steady-state chlorophyll fluorescence (Fs) (i.e., fluorescence emitted
under constant illumination without saturation flashes) has
increased because measurements of I's do not require high-energy
sources and can be conducted remotely using active or passive
methods [24]. In particular, leaf-level Fs measurements obtained
with instruments known as pulse amplitude modulating (PAM)
fluorometers have been used successfully to detect plant water
stress [24]. In fact, Minolta Corporation developed a portable
chlorophyll meter (SPAD) in the 1990s to take rapid measure-
ments of chlorophyll content in leaves. This instrument uses two
light-emitting diodes (650 and 940 nm) and a photodiode detector
to measure transmission of red and infrared light through plant
leaves. Given that there is a close relationship between leaf
chlorophyll content and the output of the SPAD meter [25], such
measurements have been used to assess stress in crops [25,26],
revealing that water stress levels decrease chlorophyll content in
leaves and consequently SPAD readings.

Leaf-level remote sensing studies have been conducted to detect
and assess diseases in various crops. Most of these studies have
focused on foliar pathogens in annual crops. Leaf temperature has
been shown to successfully detect water stress caused by soil-borne
pathogens, as mentioned above. In fact, Pinter et al. [27] recorded
leaf temperatures 3-4°C higher than those of healthy plants in
sugar beet and cotton crops affected by Pythium aphanidermatum
and Pymatotrichum omnivorum, respectively. Other examples of
leaf temperature measurements for the detection of root diseases
include beans infected by Fusarium solani, Pythium ultimum, and
Rhizoctonia solani [28], soybeans affected by brown stem rot
caused by Phialophora solani [29], and wheat with moderate take-
all symptoms caused by Gaeumannomyces graminis var. tritici
[30]. As regards V. dahliae infection, Nilsson [31] reported that
infected oilseed rape plants exhibited leaf temperatures 5-8°C
higher than those of non-infected plants. Calderén et al. [32]
found increases of 2°C at early stages of Verticillium wilt
development in olive trees under field conditions. Chlorophyll
fluorescence was also found to be a good indicator for detecting
Verticillium wilt at early stages of the disease, while the
photochemical reflectance and chlorophyll indices were good
indicators for detecting the disease at advanced stages [32].

The objectives of this study were (1) to quantify the combined
effects of biotic factors (i.e., pathotype virulence and cultivar
susceptibility) and abiotic factors (i.e., soil temperature) on the
development of Verticillium wilt and olive tree growth and (ii) to
determine the relationship between stress indicators including
several remote sensing parameters and VW severity according to
the hypothesis that thermal, reflectance, and fluorescence mea-
surements are sensitive to physiological changes induced by
infection and colonization by V. dahliae pathotypes.

Materials and Methods

1. Verticillium dabhliae isolates, olive plants, inoculation,
and growth conditions

Olive plants were inoculated with V. dahliae isolates V138 (D)
and V176 (ND), which have been characterized in previous studies
[33] and are deposited in the culture collection of the
Departamento de Proteccion de Cultivos (Crop Protection Depart-
ment) of the Instituto de Agricultura Sostenible (IAS-CSIC) in
Cordoba, Spain. Isolates were stored by covering cultures on plum
extract agar with liquid paraffin and keeping them at 4°C in the

October 2014 | Volume 9 | Issue 10 | e110664



dark. Active cultures of isolates were obtained on chlortetracy-
cline-amended water agar (1 1 of distilled water, 20 g of agar,
30 mg of chlortetracycline) and were further subcultured on
Potato Dextrose Agar (PDA; Difco Laboratories, Detroit, USA).
Cultures on PDA were grown for 7 days at 24°C in the dark.

Eight-month-old plants of olive cvs. Arbequina and Picual were
used. Plants were obtained by micropropagation techniques and
provided by Cotevisa (I’Alcudia, Valencia, Spain). Arbequina and
Picual are olive cultivars grown extensively throughout Spain [34].
Picual plants were inoculated with both V. dahliae pathotypes,
while Arbequina plants were inoculated with the D isolate only.

Inocula of V. dahliae were produced in an autoclaved cornmeal-
sand (CMS) mixture in flasks incubated at 24*1°C in the dark for
6 weeks. Infested CMS substrate was mixed thoroughly with an
autoclaved soil mixture (clay loam/sand/peat at 1:1:1 vol/vol/vol)
at a rate of 1:10 (wt/wt) to reach an inoculum density of
approximately 4x10* CFU/g of soil for each of the V. dahliae
1solates. Non-infested CMS mixed with the autoclaved soil mixture
at the same rate explained above served as control. Plants were
grown 1n soil tanks (Frisol S.A., Cérdoba, Spain) placed inside a
walk-in growth chamber adjusted to 24*1°C, 40 to 70% relative
humidity, and a 14-h photoperiod of fluorescent light at 360 uE
m %5~ ! for 3 months. Pots with soil and plant roots were set
inside the soil tanks at a constant temperature of 16, 20, 24, 28 and
32°C, with a maximum variation of =*=1°C for each of
temperatures. Plants were watered daily as needed and fertilized
weekly with 100 ml of Hoagland’s nutrient solution [35].

The experiment consisted of a three-way factorial treatment
design with pathotype of V. dahliae, olive cultivar, and soil
temperature as factors. For each soil temperature there were ten
and six replicated pots (one plant per pot) for inoculated and non-
moculated plants, respectively, in a completely randomized design.
The full experiment was repeated twice.

2. Disease assessment

Incidence (0= plant showing no disease symptoms; 1 = plant
showing disease symptoms) and severity of symptoms were
assessed at 2- to 3-day intervals throughout the duration of the
experiment, 3 months after inoculation. Disease severity was
assessed by visually observing foliar symptoms in each individual
plant and rating them on a 0 to 4 scale according to the percentage
of foliage with disease symptoms, where 0=0%, 1 =1 to 33%,
2=34 to 66%, 3=67 to 100%, and 4= dead plant [33].
Symptoms cause by the ND pathotype consisted on a dieback of
twigs and branches where leaves turned light-brown, rolled back
toward the abaxial side, dried up and remained attached to the
symptomatic shoots; whereas, those caused by the D pathotype
characterized by early drop of green, infected leaves that
eventually gave rise to complete defoliation and necrosis of
branches. Upon termination of the experiments, colonization of
plant tissues by V. dahliae was determined in each plant by
isolating the fungus on water agar amended with Aureomycin (1 1
of distilled water, 20 g of agar, 30 mg of aurcomycin). For each
plant, six 5-mm-long stem pieces representative of the lower,
middle and upper parts were thoroughly washed under running
tap water for 30 min. The surface of the samples was disinfested in
0.5% NaClO for 1.5 min; next, the samples were rinsed with
sterile water, plated onto the medium, and incubated at 24°C in
the dark for 7 days [11,33]. Colonies of V. dahliae were identified
by microscopic observation of verticillate conidiophores and
formation of microsclerotia. Data from the stem isolations of the
pathogen were used to calculate the intensity of stem vascular
colonization, determined as the percentage of stem pieces from
which the pathogen was isolated.

PLOS ONE | www.plosone.org

Soil Temperature vs. Verticillium Wilt in Olive

3. Disease, stress, plant growth-related parameters, and
data analyses

3.1. Relationship between disease development and
parameters associated with disease progress curves.
Disease progress curves were obtained from accumulated disease
severity 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 severity progress data using nonlinear regression
analyses. In the Gompertz equation, DS(t) = K exp[-B exp(—r t)],
where DS = disease severity, K = asymptote parameter, B =
constant of integration, r = relative rate of disease increase, and t
= time of disease assessment in days after inoculation.

To further assess disease development, four additional variables
assoclated with disease progression were explored. These variables
included (i) the incubation period (IP), established as the time in
days to first symptoms or its reciprocal (IPx = 1/1P); (i1) the final
disease incidence and severity assessed at the end of the
experiment; (iii) the standardized area under the disease severity
progress curve (SAUDPC), calculated using the trapezoidal
integration method standardized by duration of disease develop-
ment in days [36]; (iv) the intrinsic rate of disease increase (rh0)
parameter estimates of the Gompertz model fitted to the disease
severity progress data; and (v) the intensity of stem vascular
colonization determined as the percentage of stem pieces from
which the pathogen was isolated.

3.2. Leaf-level stress-related parameters. In addition to
disease-associated parameters, several stress-related parameters
were measured in six leaves of each of ten (inoculated) and six (non
inoculated, control) plants for each soil temperature and olive
cultivar-V. dahliae pathotype combination. All measurements
were taken at 2-week intervals, starting 20 days after inoculation
until the end of the experiment, and comprised (i) leaf
temperature; (ii) leaf chlorophyll fluorescence; (i) leaf photochem-
ical reflectance index; (iv) leaf chlorophyll content (through SPAD
readings); and (v) ethylene production. For each stress-related
parameter, average daily increase was determined as the
standardized area under the parameter value progress curve over
the observation period, calculated with the trapezoidal method.
Such increase was used to assess the relationship between stress-
related parameters and soil temperature and differences between
experimental treatments in such parameters. Leaf temperature
and steady-state chlorophyll fluorescence measurements were
conducted with the PAM-2100 pulse-amplitude modulated
fluorometer (Heinz Walz GMBH, Effeltrich, Germany). Steady-
state chlorophyll fluorescence was also assessed separately with a
second instrument designed to measure chlorophyll fluorescence
(FluorPen, Photon System Instruments, Brno, Czech Republic). In
addition, measurements of the leaf photochemical reflectance
index [21], calculated as (R570*R53]>/<R570+R531) [37,38,39],
were obtained with a custom-designed instrument to measure the
R531 and R570 spectral bands with a bandwidth of 10 nm
(PlantPen, Photon System Instrument, Brno, Czech Republic).
Leaf chlorophyll content was obtained with the SPAD-502
chlorophyll meter (Minolta Corp., Ramsey, NJ, USA). This
instrument was used preferentially because of the strong relation-
ship between its digital readings and real leat chlorophyll content,
as demonstrated by several authors (e.g., [40,41]). Ethylene
production was determined in the two youngest fully expanded
leaves in the upper part of the plant. Leaves were separated from
the stem and enclosed in 3-ml test tubes containing 50 pl tap
water. Tubes were sealed with rubber caps and incubated in the
dark at 24°C for 24 h. Before sampling, the test tubes were stirred
to favor the diffusion of ethylene gas into the water. Gas samples
were withdrawn from the incubation tubes with a 1 ml gas-tight
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syringe and assayed with a Hewlett Packard gas chromatograph
(Model 5890A), as previously described [42].

3.3. Plant growth-related parameters. At the end of the
experiments, plants were removed from the soil and their roots
were washed free of soil. We measured the weight of fresh roots
and dry and fresh aerial plant parts as well as the length of stems
and shoots of individual plants. For this latter parameter, we
calculated a daily growth rate relative to the initial values.

3.4. Relationship between disease, stress and plant
growth-related parameters, and soil temperature. Three
functions were used to describe the effects of soil temperature on
disease, stress, and plant growth-related parameters for the
different olive cultivar-pathogen pathotype combinations. We
used the following reverse sigmoid function to determine the
relationship between disease incidence, disease severity, and
intensity of stem vascular colonization:

Y1 =f(T)=ak"/(d"+T")

where Y7 is the response of disease-related parameters to soil
temperature (T), @ determines the maximum asymptote, and k is
the half maximum parameter.

For the remaining disease-related parameters and leaf temper-
ature measurements, we used the modified beta function [43]:

Yr=/(T)

-G [(T _ Tmin)/ (T()p[ _ Tmin)] [H(Topt— Tmin)/(Tmax— Topt)]

[(Tmax—T)/(Tmax— Topz)H}

where Yt is the response of disease-related parameters to soil
temperature, and T, and T, are 36 and 8°C, respectively,
which are known maximum and minimum temperatures for
growth of V. dahliae isolates [16,18,19]. The shape parameter (H)
determines the soil temperature range near the optimal soil
temperature (7,,,) at which the response values are close to the
maximum response (G). For the remaining parameters, we used a
Type I combined exponential and power model:

Yr=f(T)=aTtc”

where Yr is the response of the measured variable to soil
temperature, and ¢, b and ¢ are parameters that closely interact to
control the shape of the curve [44].

All regression analyses were conducted using the Marquardt
nonlinear least-squares iterative procedure for nonlinear models
(NLIN) of SAS software (version 9.3; SAS Institute, Cary, NC,
USA). The coeflicient of determination (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 the appropriateness of models to describe
the data [45].

3.5. Relationships between experimental treatments and
disease, stress, and plant growth-related parameters. The
overall response of experimental treatment combinations to
disease, stress, and plant growth-related parameters was first
explored by cluster analyses. To establish functional groups of
correlated experimental treatments, agglomerative clustering
based on the Spearman correlation matrix was performed using
the Ward clustering method [46]. The optimal number of clusters
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was estimated on the basis of the average silhouette width
according to the Mantel statistic. The number of clusters in which
the within-group mean intensity of the link between the objects
(i.e., experimental treatments) and their groups was highest (i.e.,
with the largest average silhouette width) indicated the optimal
cluster number. A dendrogram was then produced representing
the treatment groups identified [46]. A heat map was developed to
visualize the values of the different treatments and parameters
used in the analysis. All cluster analysis calculations were
performed using R software, version 3.0.2 (R Foundation for
Statistical Computing, http://www.R-project.org/) with the clus-
ter [47], gplots [48] and vegan [49] packages.

3.6. Relationship between disease severity classes and
stress-related parameters. Two approaches were used to
assess the ability to discriminate among disease severity classes and
stress-related parameters: logistic regression models and classifica-
tion trees. Logistic models are direct probability models that are
stated in terms of the probability of occurrence of an event (i.e.,
disease severity class) under a given set of conditions (i.e., stress
parameters) [50]. In this study, a multinomial logistic regression
model was fitted to each stress parameter as an independent-
explanatory variable and disease severity class as the dependent-
response variable, using healthy plants as the reference category.
Multinomial models with ordinal responses are an extension of
standard (1.e., binary) logistic regression to regression with three or
more ordered categories [51]. To assess the statistical significance
of each independent variable, each model was compared to the
null model using a likelihood ratio test. The proportion of the
variance explained by each model was evaluated using the
maximum rescaled R? determination coeflicient, and classification
accuracy. This was done by using the LOGISTIC procedure of
SAS software. To assess the combined effects of all stress-related
variables, a multiple logistic regression model was fitted using the
stepwise procedure. The developed model was externally validated
by partitioning of individuals into two samples: the training sample
containing 80% the data of each severity class selected at random
and the testing or validation sample with the remaining 20%. The
logistic model was fitted using the training sample and externally
validated by using the testing sample to assess its classification
accuracy.

Classification trees were used to determine the thresholds of
stress parameters that discriminated between disease severity
classes. The decision tree was obtained by recursive data
partitioning, thereby splitting the data set into increasingly smaller
subsets based on the predictive variables. The optimal tree was
determined using the minimal estimate of cross-validated predic-
tion error for different numbers of splits [52]. Residual mean
deviance and misclassification error rates were used as a measure
of goodness of fit of the selected tree. The analysis was conducted
using the rpart package [53] in the R environment. The selected
tree was validated by dividing the full data set into two parts and
testing for classification accuracy, as described above for the
logistic regression analyses.

Results

1. Verticillium wilt development

Treatment effects. Soil temperature, olive cultivar, and
pathotype of V. dahliae were found to influence the development
of Verticillium wilt in olive. Plants grown in soil infested with the D
pathotype showed typical symptoms of the defoliating syndrome in
the full range of soil temperatures tested, irrespective of the olive
cultivar. Disease incidence, disease severity, and intensity of stem
vascular colonization decreased with increasing soil temperature
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according to a reverse sigmoid model with asymptotic optimal
values in the range of 16 to 28°C and 16 to 24°C for the
interaction of the D pathotype with cvs. Picual and Arbequina,
respectively (Fig. 1A-C). In these two cultivars, no significant
differences (P=0.05) existed between temperatures within the
optimal range regarding levels of disease incidence or intensity of
stem vascular colonization caused by the D pathotype (Fig. 1A-B).
At 32°C, the three disease parameters (i.e., disease incidence,
disease severity, and intensity of stem vascular colonization)
decreased markedly in both cultivars, reaching 40.0%, 1.00 (on a
04 scale), and 44.2% in cv. Picual and 15%, 0.23, and 13.3% in
cv. Arbequina, respectively (Fig. 1A—C). Disease was scarce in cv.
Picual plants grown in soil infested with the ND pathotype and
incubated at 16 to 28°C, and no symptoms were observed at 32°C
(Fig. 1A-C). In this combination, disease incidence and intensity
of stem vascular colonization was highest at 16°C (i.e., 46.7 and
45%, respectively) and decreased steadily with increasing soil
temperature to 5% of stem vascular colonization at 32°C
(Fig. 1C).

Time to symptom expression in olive plants was shortest at
24°C in both cultivars grown in soil infested with D V. dahliae.
Symptoms started to develop 27 to 29 days after planting in cv.
Picual and about 3 days later in cv. Arbequina; yet, symptom
appearance was delayed the most at 20°C, followed by 16, 28,
and 32°C (Fig. ID). Disease development over time was
adequately described by the Gompertz model (R*>0.97; RMSE
<0.7631) for all cultivar-soil temperature combinations involving
the D pathotype (Fig. 2). The increase in disease severity (DS)
became asymptotic (i.e., DS>3 on a 04 scale) at all soil
temperatures except for cv. Picual (DS=1.0) at 32°C and cv.
Arbequina at 28 and 32°C (DS=0.77 and 0.23, respectively).
Nevertheless, disease severity was always significantly greater
(P<<0.05) in cv. Picual than in cv. Arbequina regardless of soil
temperature (Fig. 1C, Fig. 2).

The beta function adequately described the effects of soil
temperature on the reciprocal of the incubation period, the
standardized area under the disease severity progress curve
(SAUDPC), and the intrinsic rate of disease progression (rho
parameter of the Gompertz model fitted to temporal disease
severity progress). Those three disease-related parameters in-
creased within the range of 16 to 24°C and rapidly started to
decrease at 28 and 32°C (Fig. 1D-F). Values of those parameters
were significantly lower (P<<0.05) in Arbequina plants compared
to Picual plants infected with D V. dahliae at all soil temperatures,
except for the incubation period at the extreme temperatures of 16
and 32°C, for which values were similar in the two cultivars

(Fig. 1D-E).

2. Relationship between leaf-level measurements of
stress-related parameters and soil temperature

Similarly to the disease-related parameters described above and
for all olive cultivar-V. dahliae pathotype combinations, leaf
temperature (estimated as the difference between leaf and mean
air temperature) increased with soil temperature according to a
beta model. Leaf temperature increased in the range of 16 to 28°C
soil temperature and decreased at a soil temperature of 32°C
(Fig. 3A). Leaf temperature in Arbequina plants infected with the
D pathotype was 0.03 to 0.64°C higher than that of non-
inoculated control plants at 20 to 32°C soil temperature (Fig. 3A).
Conversely, there were minor differences in the leaf temperature
of Picual plants infected with D or ND V. dahliae, although leaf
temperature was higher in the most susceptible interaction — cv.
Picual/D pathotype (1.47 to 2.29°C) —, decreased in plants
infected with the ND pathotype (1.51 to 2.05°C), and was the
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lowest in control plants (Fig. 3B). Progression of the remaining
four stress-related parameters with soil temperature was well
described by a Type I combined exponential and power function.
The photochemical reflectance index showed different relation-
ships with soil temperature depending on the olive cultivar infected
with D V. dahliae (Fig. 3C-D). Specifically, minimum values were
measured in Arbequina plants grown at 24 and 28°C solil
temperature, while the opposite occurred in Picual plants. Overall,
however, both cultivars exhibited a similar range of PRI values:
0.03 to 0.04 (Fig. 3C-D). In the remaining three experimental
treatment combinations, PRI values were not greatly modified by
soil temperature. Values were highest in Arbequina control plants
(in a range of 0.031 to 0.034), decreased to a range of 0.025 to
0.031 in the cv. Picual/ND pathotype interaction, and were lowest
(0.024 to 0.026) in Picual control plants (Fig. 3C-D). Steady-state
fluorescence also exhibited a different relationship with soil
temperature depending on the olive cultivar. In cv. Arbequina,
steady-state chlorophyll fluorescence values increased with higher
soil temperatures ranging from 16 to 24°C and decreased at 28
and 32°C in both D-pathotype-infected and control plants. Yet,
steady-state chlorophyll fluorescence values were lower in the
control treatment group regardless of soil temperature (Fig. 3D—
E). In cv. Picual, the highest steady-state chlorophyll fluorescence
values were reached at the extreme 16 and 32°C soil temperatures.
In this cultivar, at each soil temperature, steady-state chlorophyll
fluorescence values were highest in control plants and tended to
decrease in plants infected with V. dahliae regardless of the
pathotype (Fig. 3D-E). Infection with the D pathotype had a
strong effect on chlorophyll content estimated with SPAD
readings. Specifically, in both olive cultivars, chlorophyll content
was lowest in D V. dahliae-infected plants grown at 16 to 24°C
(42.4 to 48.0 SPAD units), increased at 28°C (51.3 to 51.8 SPAD
units), and reached the highest levels at 32°C (60.9 to 61.5 SPAD
units). Chlorophyll content values exhibited minor differences
between control plants of both cultivars and Picual plants infected
with the ND pathotype at soil temperatures ranging from 20 to
32°C (59.7 to 66.0 SPAD units), but slightly lower values were
recorded at 16°C (56.7 to 60.4 SPAD units) (Fig. 4A-B). Similarly,
high ethylene production was detected mostly in olive plants
infected with the D pathotype and was particularly higher in plants
grown at 20 to 24°C, and in Picual plants (12.8 to 25.2 pmol g
root fresh weight h™') compared to Arbequina plants. Ethylene
production was always lower and almost constant irrespective of
soil temperature for the remaining treatment combinations,
ranging from 7.4 to 10.4 pmol g~ ' root fresh weight h™' in the
cv. Picual/D pathotype combination and from 4.2 to 9.8 pmol
g~ ! root fresh weight h™' in control plants of both cultivars
(Fig. 4C-D).

Plant growth, estimated by the relative rate of canopy growth
and dry canopy weight, was also strongly affected by the
experimental treatments. The lowest values for both growth
measures were observed in plants infected with the D pathotype of
V. dahliae at a soil temperature ranging from 16 to 24°C. At these
soil temperatures, based on measurements of canopy height at the
beginning and the end of the experiments, Arbequina plants
exhibited a 1.5 to 1.7 rate of canopy growth. The rate of canopy
growth of Picual plants was 1.3 to 1.4 times higher than on
Arbequina plants (Fig. 5A, C). At the same soil temperature levels,
canopy dry weight values exhibited few differences, ranging from
24 to 2.8 g in cv. Arbequina and from 2.3 to 2.5 g in Picual
plants; this parameter was about 75 to 82% lower than in non-
infected control plants (Fig. 5B, D). At a soil temperature of 28°C,
both growth parameters increased by 3.4 cm/day and 3.4 g/day
in cv. Arbequina, and by 2.4 cm/day and 3.4 g/day in cv. Picual.
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Figure 1. Relationship between Verticillium wilt-related parameters and soil temperature. Relationship between Verticillium wilt-related
parameters and soil temperature in olive cvs. Arbequina (Arb) and Picual (Pic) grown in soil infested with the defoliating (D) or non-defoliating (ND)
pathotype of Verticillium dahliae. A. Final disease incidence; B. Overall disease severity (0-4 scale: 0=no symptoms, 4 =dead plant); C. Intensity of
stem vascular colonization determined at the end of the experiment by isolation in growth media; D. Reciprocal incubation period (time to initial
symptoms); E. Standardized area under the disease severity progress curve (SAUDPC); F. Rate of disease increase parameter of the Gompertz function
fitted to disease progress data. Each point represents the mean of data from two repeated experiments, each comprising 10 pots with one plant per
pot. Vertical bars represent the standard error of the mean. Lines represent the predicted model calculated with a reverse sigmoid function (left
panels) or a Beta function (right panels).

doi:10.1371/journal.pone.0110664.g001

At 32°C, maximum growth values were observed in all treatments with the increase in soil temperatures but did so at a lower rate
and both cultivars. Plant growth of Picual plants infected with the than in infected plants. Specifically, soil temperature reduced plant
ND pathotype was about 24 to 36% lower than that of control growth only in the lower soil temperature range of 16 and 20°C,
plants at a soil temperature of 16 and 20°C but minor differences and optimal maximum growth took place at 24 to 32°C (Fig. 5).
were observed when plants grew at a soil temperature range of 24
to 32°C. In control treatments, plant growth tended to increase
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Figure 2. Verticillium wilt disease progress at different soil
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Arbequina and Picual grown in soil infested with the defoliating
pathotype of Verticillium dahliae and incubated at different soil
temperatures. Each point represents the mean disease severity (0-4
scale: 0 healthy, 4 =dead plant) of data from two repeated experiments,
each comprising 10 pots with one plant per pot, at 2-to-3-day intervals.
Solid lines represent the predicted disease progress curve calculated
with the Gompertz function.

doi:10.1371/journal.pone.0110664.g002

3. Relationships between experimental treatments and
parameters related to disease, stress, and plant growth
To further analyze the interactions between V. dahliae
pathotype, olive cultivar, and soil temperature, we performed a
multivariate hierarchical cluster analysis, including all 12 param-
eters related to disease, stress, and growth as response variables.
This analysis led to the creation of four functional groups — A to D
— among the 25 experimental treatment combinations (Fig. 6).
Group A included seven experimental treatments with a severe
disease reaction, including plants infected with the highly virulent
D pathotype grown at optimal soil temperature for Verticillium
wilt development (i.e., 16 to 28°C for cv. Picual and of 16 to 24°C
for cv. Arbequina). Overall, high values of disease severity-related
parameters were associated with high levels of leaf temperature
and ethylene production and low levels of chlorophyll content and
growth-related parameters. In this group, Arbequina plants also
exhibited high and low levels in PRI and steady-state chlorophyll
fluorescence parameters, respectively; Picual plants exhibited the
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opposite pattern. Group B comprised four experimental treat-
ments with a moderate disease reaction. It included Arbequina
and Picual plants infected with the D pathotype and grown at
28°C and 32°C, respectively, and plants in the cv. Picual/ND
pathotype combination grown at 16 or 20°C. This group of
treatment combinations exhibited intermediate values in most of
the parameters included in the study. Group C comprised three
experimental treatments associated with a low level of disease.
Specifically, plants in the cv. Arbequina/D pathotype combination
grown at 32°C, and plants in the cv. Picual/ND pathotype
combination grown at 24 or 28°C. The low Verticillium wilt
development observed in treatment combinations within this
group was associated with moderate values of stress and plant
growth parameters. Group D comprised the remaining eleven
treatments with healthy plants, including asymptomatic Picual
plants inoculated with the ND pathotype grown at 32°C and all
non-inoculated control plants of both cultivars at all soil
temperature levels tested (Fig. 6).

4. Relationship between stress-related parameters and
Verticillium wilt severity classes

A multinomial logistic regression analysis was performed to
determine the relationship between stress-related parameters and
Verticillium wilt severity classes. Logistic regression models fitted
for each variable (Table 1, Fig. 7) exhibited significant differ-
ences between Verticillium wilt severity classes in all stress-
related parameters. When fitted individually, chlorophyll con-
tent, ethylene production, and leaf temperature were the most
explanatory parameters and had the highest correct classifica-
tion rate (i.e., the Verticillium wilt severity class matched the
assigned class with the highest probability) (Table 1, Fig. 7A-E).
Although the PRI and steady-state chlorophyll fluorescence
values were also statistically significant (P<<0.011), their explan-
atory power and correct classification rate was lower (Table 1,
Fig. 7E). In addition, we fitted a multiple logistic model using a
stepwise procedure, selecting a model that included the four
stress parameters with the highest explanatory power (ie.,
chlorophyll content, ethylene production, leaf temperature, and
steady-state chlorophyll fluorescence) but did not include the
PRI. The model explained 98.75% of the total variability and
correctly classified 73.40% of the cases (Table 1, Fig. 7F-I).
Interestingly, 76 (91.6%) of the 83 healthy plants were correctly
classified; of the remaining seven plants, three were classified as
asymptomatic and four were classified as plants with only minor
symptoms (data mot shown), demonstrating the ability of the
model to discriminate between healthy and diseased plants.
Opverall, in the selected model the probability of increase of
Verticillium wilt symptom severity increased with growing leaf
temperature and ethylene production, but the opposite occurred
for chlorophyll content and steady-state chlorophyll fluorescence
values. Figures 7F to I show the predicted probability distribu-
tion curves for the stress parameters included in the model
keeping the remaining three stress parameters constant. The
predicted probability distribution curves corresponding to
Verticillium wilt severity classes from healthy to severely affected
were distinct in all the parameters (Fig. 7). Moreover, chloro-
phyll content values showed distinct curves for all five severity
classes (Fig. 7F), and ethylene production showed distinct
probability curves for all Verticillium wilt severity classes except
for asymptomatic and low symptom severity, which overlapped
(Fig. 7G). Finally, leaf temperature (Fig. 7H) and steady-state
chlorophyll fluorescence (Fig. 7I) showed distinct probability
curves for healthy, asymptomatic, and low symptom severity
classes, but overlapping curves for moderately or severely
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Figure 3. Relationship between stress-related parameters and soil temperature. Relationship between stress-related parameters and soil
temperature in olive cvs. Arbequina (Arb) (left panels) and Picual (Pic) (right panels) grown in sterilized soil (control) or in soil infested with the
defoliating (D) or the non-defoliating (ND) pathotype of Verticillium dahliae. A. Leaf temperature minus air temperature (Tl-Ta); B. Photochemical
reflectance index (PRI); C. Steady-state chlorophyll fluorescence (Fs). Each point represents the mean of data from two repeated experiments, each
comprising 6 pots with one plant per pot, at 2-week intervals. For each parameter, the average daily increase was calculated as the standardized area
under the parameter value progress curve over the observation period. Vertical bars represent the standard error of the mean. Lines represent the
predicted model calculated with a Beta function (leaf temperature minus air temperature) or a Type | combined exponential and power function.
doi:10.1371/journal.pone.0110664.g003
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doi:10.1371/journal.pone.0110664.g004

affected classes. The model was validated using a test data set
containing 20% of the data of the original set that had a correct
classification rate of 76.60% and explained 99.81% of the
variation.

5. Identification of stress-related parameter thresholds
The optimal classification tree fitted to the data had seven
terminal nodes and a discrimination ability of 76.6% (Fig. 8).
Chlorophyll content (44.7%), ethylene production (37.3%), and
steady-state chlorophyll fluorescence (30.4%) were the most
important parameters in the construction of the classification
tree. Leaf temperature and the PRI accounted for a much lower
importance (i.e., 18.5 and 17.7%, respectively). Chlorophyll
content was the main factor (i.e., first splitting stress parameter)
that differentiated between plants in the healthy and low
symptom severity class and those in moderate to severely

PLOS ONE | www.plosone.org

affected classes with a chlorophyll content value <53.8 SPAD
units. At the second level, ethylene and leaf temperature
differentiated between both groups. Specifically, healthy plants
were separated from asymptomatic plants by an ethylene
production threshold of 11.5 pmol g~' root fresh weight h™".
Plants below this threshold with a steady-state chlorophyll
fluorescence >4658 were healthy, while plants with a lower
fluorescence value were asymptomatic. In addition, plants with
ethylene production above 11.5 pmol g~ ' root fresh weight h™"
and a chlorophyll content value >58.5 SPAD units were
asymptomatic and those with a lower chlorophyll content value
exhibited mild symptoms. Moderate and severe Verticillium wilt
classes separated by a chlorophyll content value <53.8 SPAD
units were divided into two groups by leaf temperature: plants
with a leaf temperature >1.9°C, which exhibited severe
Verticillium wilt symptoms, and plants with a lower leaf
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Figure 5. Relationship between plant growth-related parameters and soil temperature. Relationship between plant growth-related
parameters and soil temperature in olive cvs. Arbequina (Arb) (left panels) and Picual (Pic) (right panels) grown in sterilized soil (control) or in soil
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canopy. Each point represents the mean of data from two repeated experiments, each comprising six pots with one plant per pot, at the end of the
experiments. Vertical bars represent the standard error of the mean. Lines represent the predicted model calculated with a Type | power exponential

function.
doi:10.1371/journal.pone.0110664.9005

temperature, which were in turn split in two new groups (i.e.,
plants with moderate Verticillium wilt symptoms and a steady-
state chlorophyll fluorescence value <5670 and plants with
severe Verticillium wilt symptoms and a steady-state chlorophyll
fluorescence value above this threshold). The selected tree was
validated using a test data set containing 20% of the data of the
original set that was found to have a correct classification rate
of 85.11%.

Discussion

The development of Verticillium wilt in various crops has been
related to environmental and soil conditions [16]. Soil temperature
has been found to affect the development of diseases caused by V.
dahliae in different crops [16]. However, no studies have explored
the relationship between Verticillium wilt development and soil
temperature in olive trees. The main objective of this study was to

PLOS ONE | www.plosone.org
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explore the relationship between soil temperature and Verticillium
wilt symptom development, considering the potential influence of
the virulence of V. dahliae pathotypes and the susceptibility of the
host cultivar. We also measured several parameters at leaf level to
assess the stress caused by the pathogen in olive plants at different
soil temperatures and the relationship between such parameters
and disease severity.

In our study, the most favorable soil temperature for
Verticillium wilt development caused by the V. dahliace D
pathotype was 24°C in both olive cultivars, showing the highest
values in the five disease-related parameters measured (i.e.,
incubation period, final disease incidence and severity, standard-
ized area under the disease severity progress curve, intrinsic rate of
disease increase, and intensity of stem vascular colonization). At 16
and 20°C soil temperatures, high values of these parameters were
also observed, although they were lower than those reached at
24°C. At 28 and 32°C, such disease parameters decreased
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temperature, olive cultivar, and non-inoculated control and Verticillium dahliae pathotypes of the study from two repeated experiments.
doi:10.1371/journal.pone.0110664.g006

dramatically, reaching the lowest values at 32°C.. Our results are in dahliae growth were close to 20°C and temperatures higher than
close agreement with most studies on the effect of temperature on 28°C greatly reduced the development of the disease [16].
disease caused by V. dahliae in various host plants [16]. For Temperature also interacts with the expression level of resistance
example, studies conducted in cotton, tomato, and pepper infected of host cultivars. Specifically, severe disease symptoms caused by a
by V. dahliae revealed that the optimal soil temperatures for V. highly virulent isolate can be modified by a temperature of 28°C

Table 1. Results of the multinomial logistic regression models fitted for each variable separately and the multivariate multinomial
logistic regression model fitted with a stepwise method.

LRT test®
Predictor® Chi-square P> Chi-square Max-rescaled R ® Correct classification (%)®
SPAD 423.05 <0.0001 0.8964 59.57
Ethylene 122.30 <0.0001 0.4854 56.38
TI-Ta 26.65 <0.0001 0.1358 49.47
Fs 16.78 0.0021 0.0869 47.74
PRI 13.17 0.0105 0.0888 46.28
SPAD, Ethylene, Tl-Ta, Fs 819.35 <0.0001 0.9875 73.40

2A multinomial logistic regression model was fitted to each of the stress parameters as an independent variable (predictor) and disease severity class as the dependent
variable, using healthy plants as the reference category. To assess the combined effect of all stress-related variables, a multiple logistic regression model was fitted using
the stepwise procedure. SPAD: Chlorophyll content; Ethylene: Ethylene production; TI-Ta: Leaf temperature minus air temperature; Fs: Steady-state chlorophyll
fluorescence.

The likelihood ratio test (LRT), maximum rescaled R? determination coefficient, and correct classification rate were obtained when using the models for prediction.
doi:10.1371/journal.pone.0110664.t001
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Figure 7. Predicted probabilities according to the multinomial logistic regression model with Verticillium wilt severity as the
response variable and stress-related parameters as explanatory variables using healthy plants as the reference category. Left panels
(A to D) represent the predicted probability distribution curves for each stress parameter fitted separately. Right panels (E to 1) represent the
predicted probability for each of the four stress parameters when the other three are fixed. A, F. Chlorophyll content (SPAD value); B, G. Ethylene
production; C, H. Steady-state chlorophyll fluorescence (Fs); D. Photochemical reflectance index (PRI); E, I. Leaf temperature minus air temperature
(TI-Ta). Severity class indicates the severity of Verticillium wilt symptoms from Healthy control plants to Severe symptom development. Data include a
training set of 188 plants selected at random from a total set of 235 plants in two repeated experiments comprising all experimental combinations of
soil temperature, olive cultivars, and non-inoculated control and Verticillium dahliae pathotypes of the study.

doi:10.1371/journal.pone.0110664.9007

and above to reach those of a moderately susceptible cotton
cultivar [16], as occurred in our experiments with Picual plants
infected with D V. dahliae. High temperatures delay germination
of microsclerotia and therefore impair the ability of V. dahliae to
penetrate the plant and cause disease [54,55]. Values reached by
disease-related parameters were higher in cv. Picual than in cv.
Arbequina, as previously found by Loépez-Escudero et al. [13],
who reported that cv. Picual was more susceptible than cv.
Arbequina to the D pathotype. Moreover, stress-related param-
eters showed the highest differences between D-V. dahliae-infected
plants and control plants at 24°C. The reason for this was
probably that 24°C was the most favorable soil temperature for
Verticillium wilt development and consequently that plants at this
soil temperature suffered the highest level of stress. Leaf
temperature was higher in infected plants than in control plants,
and the lowest differences them were recorded at 16 and 32°C soil
temperatures. The higher leaf temperatures observed in infected
plants than in control plants are consistent with the results of
similar studies in oilseed rape plants infected by V. dahliae [31]
and other soil-borne pathogens [26-31]. In potato, infection with
V. dahliae has been found to cause lower stomatal conductance,
lower transpiration, and therefore higher leaf temperature [56]. In
sunflower plants, however, Sadras et al. [57] did not observe
changes in leaf temperature or stomatal conductance due to
infection with V. dahliae.

The photochemical reflectance index was higher in infected
plants than in control plants in the cv. Picual/D pathotype
combination; by contrast, this only occurred at a soil temperature
of 16 and 32°C in the cv. Arbequina/D pathotype combination.
These results are consistent with those obtained by Suarez et al.
[37,38] in trees subjected to water stress. Leaf chlorophyll
fluorescence measurements estimated from steady-state chloro-
phyll fluorescence showed lower values in D pathotype infected
plants of cv. Picual; in the cv. Arbequina/D pathotype combina-
tion, however, steady-state chlorophyll fluorescence values were
higher in infected plants. The opposite trends observed in the two
cultivars for the photochemical reflectance index and steady state
fluorescence to soil temperature showed on Fig. 4C to F could be
due to the differential response of both olive cultivars to infection
by V. dahliae and soil temperature. Specifically, maximum disease
severity and symptom expression is reached when Picual plants are
grown at 20 to 28°C, while at these same soil temperatures discase
severity and symptom expression on Arbequina plants are
moderate or low. This is also supported by the minor differences
showed between cultivars for both stress parameters at extreme
soil temperatures (i.e., 16 and 32°C) where disease symptoms are
low. The decrease in steady-state chlorophyll fluorescence in cv.
Picual/D pathotype infected plants could be also expected
according to previous results obtained with trees under water
stress [39,58]. Depression in photosynthetic activity mainly due to
drought in plants inoculated with wilting fungi has been described
in several pathosystems, including potato infected with V. dahliae
[56], tomato infected with Verticillium albo-atrum [59], and
Quercus ilex infected with Cryphonectria parasitica [60]. Chloro-
phyll content in leaves estimated by SPAD readings was inversely
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correlated with disease severity, as previously found in potato
plants infected with V. dahliae [61]. Similarly, SPAD values
related to chlorophyll content levels were able to indicate a
reduction in photosynthetic activity in tomato plants [25] and
grapevines [24] under water stress.

Ethylene is a plant hormone that acts as a signaling molecule in
basal plant defense responses [62] and is known to increase rapidly
upon V. albo-atrum infecton [63]. In our study, ethylene
production in leaf petioles was greater in infected plants of
susceptible cv. Picual than in those of moderately susceptible cv.
Arbequina. This agrees with the results of Birem et al. [64], who
reported higher levels of ethylene in cv. Picual than in resistant cv.
Frantoio plants due to infection by D V. dahliae. These findings
are also consistent with those of Pegg and Cronshaw [63], who
reported a significant production of ethylene in internodes of a
susceptible cultivar, but low or no ethylene production in a
resistant tomato cultivar following infection with V. albo-atrum.

The most favorable soil temperature for Verticillium wilt
development of the V. dahliae ND pathotype in cv. Picual was
16°C. From that temperature upwards, values of disease incidence
and severity and intensity of stem vascular colonization progres-
sively decreased. These values were much lower than those
reached by the D pathotype, as previously found by Lopez-
Escudero et al. [13], who reported that cv. Picual was more
susceptible to the D pathotype than to the ND pathotype. In
agreement with such findings, the greatest differences in stress-
related parameters between ND pathotype infected plants and
control plants were found at 16°C and decreased with rising soil
temperatures. These differences were lower than those obtained in
the D pathotype, confirming that the lower Verticillium wilt
development in plants infected with the ND pathotype is related to
a lower stress level. In plants infected with the ND pathotype,
however, chlorophyll content and ethylene production showed
similar values to those of control plants, revealing that photosyn-
thesis and ethylene production were not affected by pathogen
infection. In consequence, plant growth parameters of ND-
pathotype-infected plants showed almost no differences when
compared to those of control plants.

According to our results, the optimal soil temperature for D
pathotype infection was in a range of 16 to 24°C in cv. Picual
plants and 20 to 24°C in cv. Arbequina plants. The optimal soil
temperature for ND pathotype development was in a range of 16
to 20°C. Differences found in the optimal temperature range for
disease development for both V. dahlice pathotypes are in
agreement with the optimal mycelial growth for isolates of the D
and ND pathotypes. Indeed, in V. dahliae cotton isolates from
southern Spain, Bejarano-Alcazar et al. [18] estimated that the
optimal temperature for in vitro growth (over a 21 to 30°C range)
was 24 to 27°C for isolates of the D pathotype compared to 21 to
24°C for the ND isolates. In addition, the lower temperature
optimum for the ND pathotype may explain why this V. dahliae
pathotype tends to be geographically restricted to cooler areas of
southern Spain such as Granada and Huelva provinces, whereas
the D pathotype is present in most olive growing areas but is
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Figure 8. Classification tree to discriminate among Verticillium wilt severity classes based on stress-related parameters. Five stress-
related parameters were used: Chlorophyll content (SPAD value), Ethylene production, Steady-state chlorophyll fluorescence (Fs), Leaf temperature
minus air temperature (TITa), and Photochemical reflectance index (PRI). Severity class indicates the severity of Verticillium wilt symptoms from
Healthy control plants to Severe symptom development. For each terminal node the most prevalent Verticillium wilt severity class is indicated. The
histogram for each terminal node represents the percentage of plants in each severity class (where H=Healthy, A=Asymptomatic, L=Low,
M= Moderate and S = Severe symptoms). Data include a training set of 188 plants selected at random from a total set of 235 plants in two repeated
experiments comprising all experimental combinations of soil temperature, olive cultivars, and non-inoculated control and Verticillium dahliae
pathotypes of the study.

doi:10.1371/journal.pone.0110664.9008

particularly prevalent in the warmer areas of the Guadalquivir important parameters. As shown by the logistic regression analysis,
Valley [5]. chlorophyll content was the main factor that differentiated
The relationship between stress-related parameters and Verti- between asymptomatic and low Verticillium wilt severity classes,
cillium wilt severity classes was determined by a multinomial while ethylene production did not distinguish between them.
logistic regression analysis and a tree classification. According to Nevertheless, leaf temperature and steady-state chlorophyll
the multinomial regression models fitted for each parameter fluorescence differentiated between moderate and severe Verti-
separately, significant differences were found among Verticillium cillium wilt classes; by contrast, in the logistic regression analysis,
wilt severity classes in all stress-related parameters. The param- these two parameters distinguished between all Verticillium wilt
eters with the highest explanatory power were chlorophyll content, severity classes except moderate and severe classes. The PRI was
ethylene production, leaf temperature, and steady-state chloro- the parameter with the lowest explanatory power and classification
phyll fluorescence. Predicted probability distribution curves rate in both classification methods. These results obtained at leaf
corresponding to chlorophyll content values were different for all level under controlled conditions confirmed those obtained at leaf
Verticillium wilt severity classes, which made it possible to and canopy levels under field conditions by Calderén et al. [32],
discriminate between each disease severity level, even at early who proved the potential for early detection of V. dahliae infection
stages of V. dahliae infection. However, ethylene production and discrimination among Verticillium wilt severity levels in olive
showed similar probability curves for asymptomatic and initial-low crops using thermal, multispectral, and hyperspectral imagery
symptom development classes, while leaf temperature and steady- acquired with an unmanned aerial vehicle. In that study,
state chlorophyll fluorescence were similar in moderately and temperature and chlorophyll fluorescence were identified as the
severely affected plants. In fact, ethylene production of plants at best indicators to detect Verticillium wilt at initial stages of disease
early stages of Verticillium wilt development did not differ development, while the photochemical reflectance and chlorophyll
significantly from that of plants in the asymptomatic class, while indices proved to be good indicators to detect moderate and severe
leaf temperature and steady-state chlorophyll fluorescence showed Verticillium wilt severity classes under field conditions.
significant differences between plants in such classes. Based on the In conclusion, the optimal soil temperatures for D and ND
results of the multinomial regression models fitted for each pathotype development were 20-24°C and 16-20°C, respectively,
parameter separately, we fitted a multiple logistic regression model with a drastic reduction of Verticillium wilt symptom development
including the four best stress parameters: chlorophyll content, at soil temperatures higher than 28°C. Cv. Picual plants were
ethylene production, leaf temperature, and steady-state chloro- more susceptible to the D than to the ND pathotype and were
phyll fluorescence. The model explained 98.75% of the variance more affected by the D pathotype than Arbequina plants. Stress-
and correctly classified 73.40% of the cases. The optimal related parameters were able to detect the effects of V. dahliae
classification tree had a similar discrimination ability (76.6%), infection and colonization on water flow that eventually cause
revealing that chlorophyll content, ethylene production, steady- water stress effects. Results demonstrated that leaf temperature,
state chlorophyll fluorescence, and leaf temperature were the most physiological indices (i.e., photochemical reflectance, steady-state
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chlorophyll fluorescence, and chlorophyll content), and ethylene
production are related to physiological stress caused by Verticil-
lium wilt. Chlorophyll content, steady-state chlorophyll fluores-
cence, and leaf temperature were identified as the best indicators
to detect Verticillium wilt at early stages of disease development,
while ethylene production and the photochemical reflectance
index were good indicators to detect Verticillium wilt at advanced
stages. In addition, chlorophyll content was the parameter with the
highest explanatory power and correct classification rate in the
classification models used in this study, followed by ethylene
production, steady-state chlorophyll fluorescence, and leaf tem-
perature. These results will be useful to better understand the
differential geographic distribution of V. dahliae pathotypes in
southern Spain found by Jiménez-Diaz et al. [5] and to assess the
potential effect of climate change on the development of
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