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Abstract

Sclerotinia head rot (SHR) is one of the most serious constraints to sun-
flower (Helianthus annuus L. var. macrocarpus) production worldwide.
Here, we evaluated the response to SHR in a sunflower inbred panel from
alarge INTA germplasm collection, consisting of 137 inbred lines (ILs).
Field trials were performed over five consecutive seasons using a twice-
replicated randomized complete-block design. Disease incidence, disease
severity, incubation period, and area under disease progress curve for dis-
ease incidence and severity were determined after controlled inoculation
with the pathogen. Statistical analysis using mixed-effect models detected
significant differences among ILs for all variables (P < 0.001). In addition,

principal component analysis (PCA) and distance-based methods were
used to classify the ILs according to their response to SHR, with ILs
ALB2/5261 and 5383 emerging as the most resistant. Broad-sense herita-
bility estimates ranged from 20.64% for disease severity to 10.58% for in-
cubation period. The ample phenotypic variability of our collection, along
with the moderate heritability estimates, highlight the importance of molec-
ular breeding approaches to gain new insights into the genetic basis of sun-
flower resistance to SHR. The exhaustive phenotypic characterization
presented here provides a reliable set of variables to comprehensively eval-
uate the disease and identifies two new sources of resistance to SHR.

Cultivated sunflower (Helianthus annuus L. var. macrocarpus) is
one of the most important oilseed crops, covering 25 million ha
worldwide. The total annual production in the world is about 36
million metric tons, mainly concentrated in the Russian Federation,
Ukraine, the European Union, and Argentina, which is the fourth
largest producer and the third oil exporter (www.sunflowernsa.
com). However, there is a large gap between the potential and actual
yields, mainly due to biotic and abiotic constraints.

Sclerotinia head rot (SHR) is a major disease of sunflower, causing
serious damage to production in almost all the sunflower-growing
areas of the world (Boland and Hall 1994). Achieving control of this
disease is challenging for three main reasons: Sclerotinia sclerotio-
rum (Lib.) de Bary, its etiological agent, is a necrotrophic fungus able
to survive for many years in the soil (Clarkson et al. 2013); it can
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infect a wide host range, from annual plants to woody crops (Boland
and Hall 1994); and effective therapeutic treatments are not yet avail-
able (Van and Miller 2004). In this scenario, the development of re-
sistant lines by pyramiding QTL and candidate genes, using both
classical and molecular breeding tools, appears to be one of the most
promising strategies for crop protection. Until recently, biparental
mapping was the method of choice to establish a link between phe-
notype and genotype and to identify the genomic regions underlying
quantitative variation of complex traits. Nowadays, interest is shift-
ing to the use and mining of germplasm collections, through associ-
ation mapping approaches (Zhu and Salmeron 2007). Regardless of
the breeding approach, phenotyping of traits related to SHR resis-
tance necessarily involves multienvironmental trials with a large
number of individuals.

A key aspect of screening for plant disease resistance is determin-
ing which are the most suitable variables and methods for scoring the
disease. In sunflower, SHR response has usually been evaluated us-
ing variables such as disease severity (proportion of diseased host tis-
sue), disease incidence (number or proportion of diseased plants),
and incubation period (number of days until onset of symptoms)
(e.g., Bert et al. 2002, 2004; Castafio and Giussani 2009; Vear
2004; Yue et al. 2008). Previous studies on SHR have reported dif-
ferent resistance QTL depending on whether disease severity, disease
incidence or incubation period were being considered, suggesting
that each of these variables capture different aspects of resistance
(Yue et al. 2008).

Plant Disease /November 2017 1941


http://www.sunflowernsa.com/
http://www.sunflowernsa.com/
mailto:lia.veronica@inta.gob.ar
https://doi.org/10.1094/PDIS-12-16-1784-RE

From a methodological standpoint, a variety of methods have been
employed for screening sunflower lines and hybrids (Baldini et al.
2002; Castafio et al. 1993; Van and Miller 2004; Vear and Tourvieille
de Labrouhe 1984, 1988). Among them, the application of ascospore
suspensions on the floral surface is one of the most commonly used
testing procedures as it mimics the natural epidemiological cycle
quite closely and allows measurement of resistance throughout the
whole pathogen’s development on the host (Vear and Tourvieille
de Labrouhe 1988).

As with the above mentioned experimental procedures, the develop-
ment of adequate statistical models capable of providing accurate ad-
justed phenotypic means is also critical. Until now, the statistical
analysis of phenotypic data of sunflower resistance to SHR has mainly
relied on analysis of variance (ANOVA) (Baldini et al. 2002; Castaflo
et al. 1993; Mestries et al. 1998; Ronicke et al. 2005; Yue et al. 2008).
However, the classical ANOVA models, based on fixed effects and re-
stricted to the assumptions of independence and homoscedasticity of
the error terms, cannot cope with either incomplete data sets or more
complex scenarios (e.g., incomplete blocks, heteroscedastic and/or
correlated errors). Moreover, the classical models are also inappropriate
when working with non-normally distributed variables. In this context,
estimation and hypothesis testing based on extended and generalized
linear mixed models emerge as the most suitable choice for the analysis
of SHR resistance data.

The Active Germplasm Bank of the Manfredi Experimental Sta-
tion (AGB-IM)-Instituto Nacional de Tecnologia Agropecuaria
(INTA) holds ca. 1,200 accessions of cultivated sunflower, with rep-
resentatives from a broad range of geographic origins, and a large
proportion of locally developed cultivars. This “Argentinean germ-
plasm” has a distinctive genetic constitution and is well adapted to
the highly variable environmental conditions of the sunflower culti-
vation areas of Argentina, i.e., from very hot in the semiarid region of
the Chaco Province to rather cold and humid in the southern Pampas
(Filippi et al. 2015; Moreno et al. 2013).

In seeking to achieve a balance between genetic diversity and local
adaptation, 137 inbred lines (ILs) from the AGB-IM were selected to
develop an association mapping population. This inbred line panel
(ILP) is currently used by the sunflower breeding program of INTA
to detect useful genetic variation for a number of agronomically
important traits, including resistance to SHR (Fusari et al. 2012).
Molecular diversity assessment of this collection revealed the exis-
tence of three different genetic groups, with the maintainer/restorer
status being the most prevalent characteristic associated with group
delimitation (Filippi et al. 2015).

In this study, we used controlled inoculation and replicated field
trials over five years to evaluate resistance to SHR in the 137-line
ILP. The main goals of this work were to evaluate disease response
using a comprehensive set of variables and to identify new genetic
sources of SHR resistance for sunflower breeding.

Materials and Methods

Plant material and experimental field plot design. The sun-
flower ILP used for this study was composed of 137 ILs: 66 ILs from
the sunflower breeding program of INTA for disease resistance, 54
ILs from the sunflower breeding program of INTA for abiotic stress
tolerance, and 17 public ILs of diverse genetic background. The com-
plete list of ILs and their history in sunflower breeding programs is
presented in Supplementary Table S1. For more information about
pedigree, country of origin, and other agronomical characteristics,
see Filippi et al. (2015). All the inbred lines included in this study
are available upon request from the AGB-IM.

Field trials (FTs) were conducted at agricultural experimental sta-
tion (AES) INTA Balcarce (37°50°0” S, 58°1533” W, Province of
Buenos Aires, Argentina) during growing seasons 2009-10 (sowing
date 11 December 2009), 2010-11 (sowing date 6 December 2010),
2011-12 (sowing date 5 December 2011), 2012—13 (sowing date 6
December 2012), and 2013-14 (sowing date 9 December 2013).
The first three and the last two FTs were performed under nonirriga-
tion and irrigation regimes, respectively, with plants being spray-
irrigated daily, at noon, for 20 min.
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To break seed dormancy, seeds were incubated with a solution of
gibberellic acid (GA®) (100 ppm) for 60 min, followed by incubation
at 10°C until sowing. After treatment, seeds were planted by hand in
Typic Argiudoll soil containing 5% organic matter at pH 6.2.

The FTs were conducted in a randomized complete block design
with two blocks. Each experimental unit was one row 9.0 m long
by 0.7 m wide, with a planting distance of 0.25 m, resulting in 36
plants per row.

Fungal isolates. S. sclerotiorum sclerotia derived from naturally
and experimentally infected plants were collected at AES INTA
Balcarce every year and used for ascospore production according
to Escande et al. (2002). Briefly, sclerotia were exposed to —18 + 2°C
for 7 days and then cultivated in humid pasteurized Typic Argiudoll soil
in darkness until germination, followed by incubation at 16°C under con-
tinuous illumination of 2,500 lux. Mature apothecia were collected in
Petri dishes and incubated for 4 h to favor ascospore release. Ascospores
were stored in plastic plates at —18°C until inoculation. To produce inoc-
ulum, the spores were washed from the plates with 10 ml sterile water,
and adjusted to a concentration of 2,500 ascospores/ml with a Neubauer
hemocytometer. Fresh inoculum was prepared at each inoculation date
immediately before use.

Inoculation of inbred lines. All plants were inoculated with the
pathogen at the R5.2 flowering stage of the scale of Schneiter and
Miller (1981). Capitula were inoculated using a portable hand
sprayer with 1 ml of inoculum (2,500 ascospores/ml) following the
method of Tourvieille de Labrouhe and Vear (1984) with minor mod-
ifications (Escande et al. 2002) and immediately covered with paper
bags up to 10 days postinoculation (dpi). To check the efficacy of the
procedure, a susceptible cultivar was simultaneously inoculated with
the tested ILs at all inoculation dates.

Five phenotypic variables were registered: (a) disease incidence
(DI), i.e., the number of plants infected over the number of plants in-
oculated in each row; (b) disease severity (DS), i.e., average propor-
tion of capitulum rotted area of plants inoculated in each row; (c) the
area under the disease progress curve for DI (AUDPCI); (d) the area
under the disease progress curve for DS (AUDPCS); and (e) incuba-
tion period (IP), i.e., average number of days until onset of symptoms
in each row. Evaluations were performed at 14, 17, 21, 24, and 28
dpi. Disease assessments were performed by a single person (C. V.
Filippi) to avoid interrater error.

DI, DS, AUDPCI, AUDPCS, and IP means per year and inocula-
tion date were calculated and plotted relative to global and annual
means, respectively.

Mean, highest, and lowest temperature (°C) and relative humidity
(%) were registered daily by a weather station located 400 m from the
FT. Data can be accessed at http://anterior.inta.gov.ar/balcarce/info/
meteorologia/meteoro2.htm. The mean values of the variables obtained
at the different inoculation dates were correlated with temperature
and relative humidity using Spearman’s rank correlation.

Statistical analysis. Because of the different statistical properties
of the phenotypic variables analyzed, appropriate linear or general-
ized models were chosen accordingly. All statistical analyses were
conducted using InfoStat (Di Rienzo et al. 2014). Models are de-
scribed for each variable below. Random terms are represented using
at least one Latin letter.

Disease incidence. This variable measures the proportion of dis-
eased plants relative to the total number of plants exposed. It can
be treated as a binomial count, with the following model being
considered as suitable:

Log(lwi) =@+ +cj+fi +Afuj + by (€9
= T jki

where 7, represents the probability of a plant becoming infected if
it belongs to the inbred line i, evaluated in field trial j, inoculated at
date k in field trial j, and located in block / in field trial j. The terms A;,
¢j, fig» byj» and Afy refer to the effects of the inbred line 7, field trial j,
inoculation date k at field trial j, and block / within trial j. Finally, Af;;
refers to the interaction between IL and date of inoculation. Common
assumptions for random effects apply.
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Disease severity. The DS was visually quantified, by applying a
diagrammatic scale developed for SHR by the Plant Pathology group
of AES INTA Balcarce (ratio scale 0 to 100%, with 10% intervals).
The generated data were subjected to the square root-arcsine transfor-
mation before being fitted to a GLMM, with Y;;, being the response
variable defined as:

Yijkl=M+Ai+cj+f}k+)\f;jk+by+eijkl (2)

where Y, represents the severity for the inbred line i, evaluated in
field trial j, inoculated at date k in field trial j, and located in block
lin field trial j. All terms have the same meaning as in model (1), ex-
cept for the additional term e that represents the classical normal
error term.

Area under the disease progress curve. The estimation of the area
under the disease progress curve for DI and DS (AUDPCI and AUDPCS)
was carried out based on all data collected at 14, 17, 21, 24, and 28 dpi,
using the formula described in Shaner and Finney (1977):

éxﬁ%fﬁﬂﬂﬂ—n) 3)

where x; is the proportion of diseased plants or proportion of capitu-
lum rotted area at time 7T}, (T;,; — T;) represents the time (days) be-
tween two successive observations, and 7 is the total number of
observations. AUDPCI was estimated using the data from all five FTs,
whereas AUDPCS was estimated using data from the first four FTs, be-
cause of the lack of DS data for all days post inoculation (i.e., 14, 17, 21,
24, and 28 dpi) for the 2013-14 FT. After the normality assumption was
verified, the adjusted means for these variables were obtained by fitting to
model as described above (2).

Incubation period. Adjusted incubation period means were
obtained from a model as described above (2), after the normality as-
sumption was verified.

For all phenotypic variables, means of ILs were subjected to mul-
tiple comparison tests using the DGC procedure (Di Rienzo et al.
2002). Finally, the models described above were refitted, considering
the IL effect as random for estimating the contribution of the geno-
type to the phenotypic variance (i.e., broad-sense heritability, H?).

Principal component and cluster analyses. Principal component
analysis (PCA) was carried out using the standardized adjusted
means of all five evaluated phenotypic variables as implemented in
InfoStat (Di Rienzo et al. 2014).

Cluster assignment and selection of optimal number of clusters
were done using the R package mclust (Fraley and Raftery 2002,
2007). The model was assumed to be a mixture of diagonal, varying
volume and equal shape multivariate normal distributions (VEI
model). In addition, a dendrogram was obtained from a matrix of Eu-
clidean distances calculated from the standardized phenotypic means
using the unweighted pair-group method (UPGMA).

Results

We conducted a 5-year field experiment to evaluate the resistance
of 137 sunflower ILs to S. sclerotiorum. The overall mean of inocu-
lated plants per experimental unit was 15. The number of ILs in-
cluded in each FT was variable: 69 in 2009-10, 69 in 2010-11,
112 in 2011-12, and 137 in 2012-13 and 2013-14.

Controlled inoculation produced the typical disease symptoms.
The lesions increased rapidly during the first weeks of observation
to reach a plateau at 28 dpi, and therefore we selected this time point
as the final stage of the disease.

The FTs showed differences in disease levels, regardless of the
phenotypic variable under analysis. The values of DI, DS, and AUDPCI
were above the overall mean in 2009-10 and 2012-13 and below it in
2011-12 and 2013-14, with values for 2010-11 showing a different be-
havior depending on the variable (Fig. 1A to C). AUDPCS showed the
same pattern as DS, except for the 2009-10 FT, in which the AUDPCS
was below. the overall mean (Fig. 1B and D). In addition, seasons with
lower DI, DS, and AUDPCI had longer IP than those with higher values
(Fig. 1E). DI and DS progress curves are presented in Supplementary
Figs. S1 and S2.

Due to the differences in flowering time among the inbred lines in-
cluded in this study, each FT involved several inoculation dates, with
different sets of lines being inoculated on each date. Figure 2 shows
the behavior of the five phenotypic variables for the set of lines in-
oculated along successive dates relative to the overall mean of the
corresponding FT. Although all inoculation dates were suitable to
produce disease, a number of them showed large deviations from
FT means (Fig. 2). For example, the last five inoculation dates of
2010-11 FT showed DI and AUDPCI levels well below the mean
(Fig. 2A and C). Based on these observations, we included inocula-
tion date as a random effect in our statistical models.

Significant negative correlations were found between temperature
on the inoculation date (maximum, minimum, and mean) and DI, DS,
and AUDPCI, while no correlation was observed with AUDPCS. In
contrast, temperature was positively correlated with IP (Spearman’s
rank correlation test, P < 0.05). No variable was correlated with rel-
ative humidity (Supplementary Table S2).
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Statistical analysis of SHR-related phenotypic variables. The
adjusted means for DI, DS, AUDPCI, AUDPCS, and IP were esti-
mated by applying mixed-effect models (1) and (2) (Supplementary
Table S3a). The overall adjusted mean (and range) at 28 dpi was 0.55
(0.13 to 1) for DI, 0.58 (0.22 to 0.88) for DS, 5.86 (0.92to 11.21) for
AUDPCI, and 4.76 (0.14 to 8.99) for AUDPCS (Fig. 3A to D). The
overall mean of IP was 18.92 dpi, ranging from 14.23 to 24.80 (Fig.
3E). Statistically significant differences were observed among ILs
for all variables (P < 0.001). The DGC test (Di Rienzo et al. 2014)
classified the ILs into two different groups according to DI, DS,
AUDPCI, AUDPCS, and IP, respectively (Supplementary Table S4).

Taken together, the results of the five variables suggest that the ILs
ALB2/5261, 5383, 51084/5429, and 7-1-1 (from the sunflower
breeding program of INTA) and the public IL RK416 are moderately
resistant to SHR. On the other hand, the ILs R459-4, B485-5, R463-
3, R467-3, 5289, 5431, and B481-3 (from the sunflower breeding
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program of INTA) are highly susceptible to SHR. The phenotypic re-
sponse of these ILs was consistent across FTs, with the exception of
1Ls 5383 and 51084/5429 on the 2009—10 FT, which showed DI values
above the FT mean (0.875 and 0.78 versus 0.77), and RK416 on the
2012-13 FT, which showed DI and AUCPCI values slightly above
the FT mean (0.825 versus 0.76 and 8.24 versus 8.1, respectively).

Significant positive correlations were found between the adjusted
means of DI, DS, AUDPCI, and AUDPCS, whereas IP was signifi-
cantly negatively correlated with the other four variables (DI, DS,
AUDPCI, and AUDPCS; Table 1).

The heritabilities of DI, DS, AUDPCI, AUDPCS, and IP for each
FT and across the FTs were estimated by applying random effect mod-
els (Supplementary Table S3b). A broad distribution of H? values was
obtained across FTs, from high heritability estimates (e.g.: DI 2009-10
FT, H? = 96.58%) to values near 0 (e.g.: DS 2011-12 FT, H? = 0.45%).
When all the FTs were considered together, the five phenotypic
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Fig. 3. Frequency histograms of Sclerotinia head rot-related phenotypic variables (n = 137). A, Disease incidence; B, disease severity; C, area under the disease progress curve for
disease incidence; D, area under the disease progress curve for disease severity (data for the 2014-15 field trial is not available); E, incubation period.
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variables under study showed moderate heritability, with DS having
the highest (H? = 20.64%) and IP the lowest values (H? = 10.58%)
(Supplementary Table S5).

Principal component and cluster analyses. A PCA was carried
out using the model-based adjusted means of the phenotypic vari-
ables (Fig. 4). The first two axes explained 74.8 and 14.0% of the to-
tal variation, respectively. All variables were positively correlated
with PC 1, except for IP. AUDPCI showed the highest correlation
with this axis (0.94). All variables were positively correlated with
PC 2, except for DS. DI showed the highest correlation with this axis
(0.59). The ILs are widely scattered throughout the PCA graph. The most
resistant ILs appear on the left of the upper-left quadrant of the PCA
biplot, indicating lower DI, DS, AUDPCI, and AUDPCS and higher
IP. Again, ALB2/5261 and 5383 responded better against SHR, followed
by 51084/5429. The VEI model in the mclust package split the 137 ILs
into six groups. Means and standard deviations of all variables for each
group are provided in Supplementary Table S6.

The Euclidean distances derived from model-based standardized means
varied from 0.19 to 9.35, with an average of 2.78. A dendrogram depicting
the relationships among ILs is provided in Supplementary Fig. S3.

Discussion

Sunflower has extensive phenotypic and molecular diversity that can be
exploited in breeding for SHR resistance. However, evaluation of SHR is a
challenging task that involves the selection of the inoculation method, dis-
ease descriptors, and realistic statistical approaches for modeling the data.
Moreover, knowledge of the heritability of the trait is needed to aid in the
decision-making process for SHR resistance breeding.

Table 1. Spearman’s correlation analysis of Sclerotinia head rot-related
variables. Coefficients (below diagonal) and P-values (above diagonal).*

DI DS AUDPCI AUDPCS 1P
DI 1 <0.0001 <0.0001 <0.0001 <0.0001
DS 0.51 1 <0.0001 <0.0001 <0.0001
AUDPCI 0.9 0.72 1 <0.0001 <0.0001
AUDPCS 0.47 0.85 0.67 1 <0.0001
1P -0.51 -0.77 -0.73 -0.71 1

2DI: disease incidence; DS: disease severity; AUDPCI: area under the disease
progress curve for DI; AUDPCS: area under the disease progress curve for
DS; IP: incubation period.

Controlled inoculation is now recognized as the method of choice
for disease assessment since the degree of SHR infection is affected
by weather conditions and the presence of sclerotia in the soil, two
factors prone to regional and temporal variation (Vear and Tourvieille
de Labrouhe 1984). The ascospore method, developed by Vear and
Tourvieille de Labrouhe (1984), is one of the most employed testing
procedures for screening sunflower lines and hybrids, as it allows mea-
surement of host resistance from the beginning of the infection process.
This method requires a careful determination of the optimal inoculum
concentration since a high inoculum pressure must be applied to ensure
a sufficient number of infected plants. In the present study, SHR pheno-
typic variables showed a wide range of variation indicating that the used
inoculum concentration was adequate to accurately measure disease.

Previous studies investigating the influence of sunflower geno-
types and S. sclerotiorum isolates on SHR response reported that
both variables exerted highly significant effects, while they did not
interact with each other (Thuault and Tourvieille de Labrouhe
1988; Vear 2004). No changes in the resistance ranking of sunflower ge-
notypes were observed when testing S. sclerotiorum isolates with different
levels of aggressiveness. Thus, the authors concluded that breeding and
disease resistance tests with any isolate or population of S. sclerotiorum
should be valid for all areas and many years (Vear 2004). These observa-
tions suggest that sunflower has “horizontal” and “race non-specific” re-
sistance to S. sclerotiorum and that the use of a mixture of spores of
different origins and natural populations is probably the safest way to
ensure the long-term stability of the results (Vear 2004). In the present
work, the inoculation of capitula using a mixture of ascospores derived
from sclerotia found in naturally infected plants allowed a clear dis-
crimination of responses for the five phenotypic variables, i.e., disease
incidence (DI), disease severity (DS), AUDPC incidence (AUDPCI),
AUDPC severity (AUDPCS), and incubation period (IP).

In our experiments, year-to-year differences in temperature on
inoculation dates seem to have been associated with disease oc-
currence. Indeed, temperature on inoculation date was significantly
correlated with four of the phenotypic variables evaluated (i.e., DI,
DS, AUDPCI, and IP), while the inoculation date effect explained
a considerable proportion of random variation in our GLMMs. The
lowest infection levels occurred in 2011-12, which showed the high-
est temperatures (mean maximum and minimum temperatures of
35.6 and 23.3°C, respectively). In contrast, the highest disease levels
occurred during the 2009-10 FT, when temperatures where the
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Fig. 4. PCA biplot based on the matrix of the adjusted means of the Sclerotinia head rot-related phenotypic variables. Points represent inbred lines (ILs). Variables are indicated by
lines extending from the center of the graph. The ILs were colored based on their mclust VEI group assignment. The most resistant ILs are underlined.
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lowest (mean maximum and minimum temperatures of 32 and 21.8°C,
respectively). Taking into account the influence of temperature on the
disease development, Tourvieille de Labrouhe and Vear (1984) recom-
mended that only materials inoculated on the same day should be used
for comparisons between different sunflower accessions. The protocol
of ascospore inoculation requires capitula to be inoculated at the R5.2
stage (Schneiter and Miller 1981), but the high variability in flowering
time of sunflower precludes the simultaneous treatment of a large num-
ber of ILs. In the past, this problem was partially solved by expressing
phenotypic measures relative to a susceptible control inoculated on the
same day (Bert et al. 2002, 2004; Castaiio et al. 1993; Vear 2004). Un-
der this approach, control individuals are planted on staggered dates so
that flowering controls are available throughout the flowering period.
In practice, however, this method is time and resource consuming. In
this work, different GLMM models were tested and applied to estimate
the adjusted means of DI, DS, AUDPCI, AUDPCS, and IP. Using the
mixed model approach, we were able to not only deal with complex data,
but also to solve the problem of different inoculation dates by including
the random effect of the inoculation date in the statistical models. This
precluded the necessity of including controls to adjust the phenotypic
measures and allowed us to test genotype-by-environment interactions
(GE, i.e., the differential genotypic response to different environments).

The DI is regarded as suitable for estimating resistance to fungal
penetration, while the IP and the DS are considered to be a measure
of resistance to the spread of the fungus within the host tissues
(Gentzbittel et al. 1998). DI is relatively objective and easy to obtain,
making it suitable for scoring a large number of data, particularly when
these are collected by non-experts (Madden and Hughes 1995). In turn,
DS is used to characterize fungal diseases affecting specific plant tissues
(Kranz 1988), as it most adequately describes the spatio-temporal dy-
namics in terms of disease increase and spread (Madden and Campbell
1990). Besides the final symptoms, the actual disease progression over
time, as measured by AUDPCI and AUDPCS, is also necessary for a
more in-depth analysis of the disease. AUDPC has gained increasing im-
portance for the measurement of quantitative disease resistance in most
foliar pathosystems (Jeger and Viljanen-Rollinson 2001) and it is cur-
rently applied to soil-borne diseases (Pouralibaba et al. 2015). Indeed,
the analysis of AUDPCI and AUDPCS, in combination with maximum
DI and DS, enabled a more robust characterization of the resistance re-
sponse to rice blast (Long et al. 2000), tomato bacterial wilt (Rivard et al.
2012), apple brown rot (Holb et al. 2012), and Phytophthora crown and
root rot (Foster and Hausbeck 2010).

In this study, individual and combined analyses of the five disease var-
iables revealed that the ILs examined here show a wide range of responses
to SHR, with ALB2/5261 and 5383 appearing as the most resistant. More-
over, we found significant positive correlations among DI, DS, AUDPCI,
and AUDPCs and negative correlations between IP and the other four var-
iables (DI, DS, AUDPCI, and AUDPCS). The correlation coefficients
ranged from moderate to high but did not approach unity, indicating that
the different variables should still be considered as separate dimensions of
the expression space of the disease. The correlation value obtained be-
tween DI and DS (r = 0.55) was similar to that reported for sunflower
by Yue et al. (2008) (r between 0.57 and 0.64). The negative correlation
between IP and DI, DS, AUDPCI, and AUDPCS mentioned above sug-
gests that incubation time is shortened in years favorable for disease de-
velopment, and vice versa. In sunflower, similar correlation values were
reported by Bert et al. (2002) (r between —0.293 and —0.477) and Bert
et al. (2004) (r = 0.55).

In addition to measuring correlations among disease variables,
some authors have investigated the relationship between SHR and
morphological or field characters, as a proxy for disease resistance
(Castafio et al. 1993; Hahn 2002). Hahn (2002) found that the phys-
iological stage does not influence the results of head rot tests. Although
inbred lines showed significant differences for days of flowering, no
correlations were observed between this variable and resistance mea-
sures. These results support the proposals of Castafio et al. (1993) that
taking into account morphological and field characters will not im-
prove the efficiency of breeding programs for sunflower SHR.

Another key aspect in plant breeding is the determination of the
trait’s heritability. Broad-sense heritability (H?) expresses the extent

to which individuals’ phenotypes are determined by the genotypes
(Falconer et al. 1996). In the breeding context, phenotypic selection
would be efficient for high heritability traits, while marker-assisted
selection, via the biparental or the AM approach, appears as the best
option for low heritability traits. In this work, heritability was esti-
mated by pooling data not only from the two replicates of the five
FTs, but also from the two replicates of each FT to obtain a single
mean for each variable. When the results of all FTs were taken to-
gether, the five phenotypic variables showed moderate heritability,
with H? ranging between 20 and 10.58% (DS and IP, respectively).
In turn, when each FT was analyzed separately, H? showed a broader
distribution, varying from high to very low heritability values. The
broad distribution of H? values resulting from the separate analysis
of each FT is similar to the estimates obtained by previous authors
for DI, DS, IP, and other SHR-related phenotypic variables (Bert
et al. 2002, 2004; Mestries et al. 1998; Zubrzycki 2014).

Given that S. sclerotiorum is present in almost all sunflower grow-
ing regions of the world, one of the main goals of SHR breeding is to
ensure the long-term stability and broad usefulness of the desired
characteristics. In the present study, the phenotypic response of the
moderately resistant ILs was consistent across FTs. Moreover, sun-
flower public lines described as resistant by American and French re-
search teams (e.g., Mestries et al. 1998; Yue et al. 2008) behaved as
resistant in our geographic area and with a local inoculum challenge.
In this context, it is expected that SHR results from evaluations per-
formed at AES INTA Balcarce will hold in different environments.

In comparison with previous screenings for SHR resistance in sun-
flower (e.g., Castafio et al. 1993; Hahn 2002; Vear and Tourvieille de
Labrouhe 1988), our phenotypic characterization relies on a larger set
of ILs, new disease variables, and more appropriate and realistic statis-
tical approaches for modeling the data. Despite the fact that no com-
plete resistance was detected, our results reinforce the notion that
different phenotypic variables are required to fully capture disease re-
sponse. In this context, the ILs ALB2/5261 and 5383 emerge as the
best candidates for breeding based on their lower DI, DS, AUDPCI,
and AUDPCS, and their higher IP values. The ample phenotypic var-
iability of our collection, along with the moderate heritability estimates,
highlight the importance of molecular breeding approaches to gain new
insights into the genetic basis of sunflower resistance to SHR.
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