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ABSTRACT: The development and validation of a standard area diagram set (SADs) was proposed in this study to assess the severity of
powdery mildew (Podosphaera xanthii) in watermelon (Citrullus lanatus) leaves. The SADs proposed has twelve levels of severity, varying
from 0.07 to 100%. The SADs were validated by 16 raters who had no previous experience in evaluating plant disease severity. Initially, the
estimation of severity was performed without the use of the SADs in leaves with different levels of severity. In a second moment, the same raters
estimated the disease severity using the SADs proposed. By Lin's concordance correlation analysis, there was an improvement in precision
(coefficient of correlation, r = 0.878 and r = 0.959, without and with SADs, respectively) and accuracy (bias correction factor; C, = 0.830 and
0.982, without and with SADs, respectively) using SADs when compared to the non-use of SADs. The agreement (Lin's concordance correlation
coefficient, p, = 0.734 and 0.952 without and with SADs, respectively) also improved using SADs. Severity estimates inter-rater were more
reliable when using SADs (coefficient of determination, R> = 0.681 without and R*> = 0.864 with SADs; Intra-class correlation coefficient, p =
0.759 and p = 0.928, without and with SADs, respectively). Therefore, SADs improved precision, accuracy and reliability of powdery mildew
severity on watermelon leaves.
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Desenvolvimento e validacio de uma escala diagramatica para avaliar a severidade do
oidio em folhas de melancia

RESUMO: Neste estudo foi proposto o desenvolvimento e validagdo de uma escala diagramatica (ED) para avaliar a severidade do oidio
(Podosphaera xanthii) em folhas de melancia (Citrullus lanatus). A ED proposta possui 12 niveis de severidade, variando de 0,07 a 100%. A
ED foi validada por 16 avaliadores inexperientes em avaliagdo de severidade de doengas de plantas. Inicialmente, as estimativas de severidade
foram realizadas sem o uso da ED em folhas com diferentes niveis de severidade. No segundo momento, os mesmos avaliadores estimaram
a severidade da doenga usando a ED proposta. Pela andlise da correlagdo concordante de Lin, houve melhoria na precisdo (coeficiente de
correlagdo, r = 0,787 e r = 0,959, sem e com o uso da ED, respectivamente) e acurdcia (fator de corre¢do do desvio, C, = 0,830 ¢ 0,982, sem
e com o uso da ED, respectivamente) usando a ED quando comparado ao ndo uso da ED. O coeficiente de correlagdo concordante de Lin, p,
=0,734 ¢ 0,952 sem e com o uso da ED, respectivamente) também melhorou com o uso da ED. As estimativas de severidade tiveram melhoria
na reprodutibilidade quando a ED foi usada (coeficiente de determinagdo, R’=0,681 e R> = 0,864 sem e com o uso da ED, respectivamente,
coeficiente de correlagdo intra-classe, p = 0,759 e p = 0,928, sem e com o uso da ED, respectivamente). Portanto, a ED melhorou a precisao,
acurdcia e reprodutibilidade das estimativas de severidade do oidio em folhas de melancia.

Palavras-chave: avaliacdo de doengas, severidade, Podosphaera xanthii, Citrullus lanatus.

INTRODUCTION

Watermelon (Citrullus lanatus) is one
of the most cultivated fruits in the world. In
2018, the world production exceeds 103 million
tons, with the largest producers China, Turkey,
Iran and Brazil (FAO, 2020). This fruit is the
source of several bioactive compounds, such as
lycopene, B-carotene and other flavonoids, as

well as citrulline, potassium and vitamins A and
C. In particular, lycopene and B-carotene are well
studied for their antioxidant activity in the human
body, combating free radicals and oxidative stress
(SCHWARZ et al. 2008; Qu et al. 2011).

Because of the rusticity, lower capital
investment and the possibility of financial return
in less than 90 days, the exploitation of this crop
is very important for family farmers, especially in
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developing countries, like Brazil. The watermelon
crop is undoubtedly one of the most susceptible to
powdery mildew (DAUGHTREY et al. 2017).

Powdery mildew (Podosphaera xanthii)
is one of the most frequent diseases on watermelon
crop in a hot and dry environment, as it occurs in
semiarid regions. In these regions a complete cycle
of the disease occurs in 7 days, thus, epidemics
can occur rapidly, since it is a polycyclic disease.
Powdery mildew is favored by average temperatures
between 20-27 °C and relative humidity between 50-
70% (DAUGHTREY et al. 2017), typical of semiarid
regions, such as those occurring in the Caatinga
biome from northeastern Brazil.

Damages caused by this disease are
associated with the reduction of plant canopy,
reducing the size and number of commercial
fruits per plant, and reducing the quality of fruit
and storage life (KEINATH & DUBOSE, 2004).
The most adopted control of the disease measure
is the use of site-specific systemic fungicides, but
its overuse can lead to the selection of populations
resistant to fungicides (MCGRATH, 2001).
However, genetic control of plant diseases is most
desired. Watermelon cultivars resistant to powdery
mildew are scarce in Brazil and for the search
for genotypes with some level of resistance it is
necessary to quantify the severity of the disease,
because the resistance in this pathosystem is
horizontal (KIM et al. 2013; GAMA et al. 2015).

Disease measurement is an integral part
of the epidemiology and management of powdery
mildew of watermelon, as well as other plant diseases.
For instance, estimates of disease intensity are
commonly used to evaluate many plant diseases. In
the case of powdery mildew of watermelon, severity
is often the most useful variable to assess, where the
percentage of diseased leaf tissue in relation to the
total leaf area is estimated. It is important to ensure
that estimates of disease severity are accurate, precise
and reliable.

There are various methods to improve
precision, accuracy and reliability of estimates
including the use of standard area diagram set
(SADs). A good SADs should be easy to use, makes
disease assessment more accurate, precise, reliable,
and be applicable under a wide variety of conditions
(BOCK et al. 2016; MADDEN et al. 2007). In studies
published in the plant pathology literature from 1991
to 2017, there is a tendency for the use of original
color photographs (>24% of SADs) to compose the
SADs and the use of a linear distribution to their
ranges (DEL PONTE et al. 2017).

Therefore, the goals of this study were
to develop and validate a SADs to quantify the
severity of powdery mildew on watermelon leaves.
Relationship between disease severity on upper and
lower leaf surfaces was also evaluated.

MATERIALS AND METHODS

For the development of SADs, 150 leaves
with symptoms of powdery mildew were collected in
the susceptible ‘Crimson sweet’ cultivar and plants
from a segregating population between ‘Crimson
sweet’ and accessions from Active Bank Germplasm
of Cucurbitaceae in the Brazilian Northeast from
Embrapa. Leaves sampled showed the maximum
variation in the disease severity in the field.

As powdery mildew occurs on the upper
and lower leaf surface, both were scanned at a
resolution of 300 dpi using a scanner, and after it
was determined the actual severity using the Quant
software (VALE et al. 2003). The severity was
considered as the percentage of area covered by
the structure of the fungus (hyphae, conidiophores
and conidia) and symptoms of leaf necrosis. A
correlation analysis was performed between the
values of real severity of the upper and lower leaf
surfaces, which were highly correlated. Thus, the
SADs was based on data from the upper surface
of the leaves. The twelve proposed severity
diagrams were made with real leaves using a linear
distribution intervals, as proposed in the literature
(NUTTER & ESKER 2006; BOCK et al. 2010;
DEL PONTE et al. 2017) (Figure 1).

The SADs were validated by 16 raters
who had no previous experience in evaluating plant
disease severity. Raters analyzed and estimated the
powdery mildew severity using 40 images of leaves
diseased. Each image was projected for 30 seconds
on a white wall using a PowerPoint presentation. The
length of the projected images was 70 cm. After a
10-min break, the raters analyzed and estimated the
severity of another set of 40 images, this time with the
help of the proposed SADs.

The accuracy, precision and inter-rater
reliability of the estimates with and without the SADs
were calculated as previously described (DOLINSKI
et al. 2017). The statistical analyses were performed
using R software (R CORE TEAM, 2020). The LCCC
statistics were estimated by the epi.ccc function of
the epiR package (STEVENSON et al. 2020). The
built-in boot sample R function was used for the
equivalence test. The p was estimated using the icc
function of the irr R package (GAMER et al. 2019).
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Figure 1 - Standard area diagram set (SADs) for powdery mildew (Podosphaera xanthii) severity on
watermelon leaves. The numbers represent percent (%) leaf area showing structure of the
fungus (hyphae, conidiophores and conidia) and symptoms of leaf necrosis.

RESULTS AND DISCUSSION

Disease severity values in the upper
and lower surfaces were highly correlated (0.959;
P<0.001). Since it is more agile to estimate the
powdery mildew on the upper surface of the leaves,
the SADs was elaborated with the data of upper leaf
surface and we recommend that the evaluation of the
disease is performed on this side of surface of the leaf.

Based on estimated and actual severity,
assessments made by the raters were closer to the
actual values using the SADs (Fig. 2 a and b). All
statistical parameters (v, u, C,, r, and pc) of Lin’s
concordance correlation (LCCC) were significantly

improved when the raters used the SADs to
estimate disease severity, demonstrating that both
the accuracy and precision of the estimated values
were improved (Table 1). The absolute error of the
estimates reduced significantly when the raters used
the SADs (Fig. 2 ¢ and d). Without SADs, there
was a greater tendency to overestimate of disease
severity. This is evidenced by 89% of the absolute
error values were positive (Figure 2 c). Using these
SADs, the tendency to overestimate of disease
severity was reduced because 61% of absolute error
values were positive (Figure 2 d).

Based on the intra-class correlation
coefficient (p) and coefficient of determination (R?),
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Table 1 - Effect of using a standard area diagram set (SADs) as an assessment aid on the bias, accuracy, precision and agreement of
assessments of severity of powdery mildew on 40 watermelon leaves as estimated by 16 raters.

LCCC statistics Means®

No SADs With SADs
Scale () 1.220 (0.115) 1.067 (0.033)
Location (1) 0.576 (0.302) 0.080 (0.055)
Coefficient of bias (C)" 0.830 (0.121) 0.982 (0.010)
Correlation coefficient (r)® 0.878 (0.054) 0.959 (0.010)
LCCC (p)" 0.734 (0.151) 0.952 (0.092)

*The values for standard deviation are in parentheses.

Difference® between means 95% CIs° of the difference

-0.152 (0.029)
-0.496 (0.075)
0.162 (0.029)
0.081(0.013)
0.218 (0.031)

-0.209 to - 0.094
-0.643 to - 0.348
0.104 to 0.221
0.055 to 0.107
0.148 to 0.289

®Mean of the difference between each rating. The values for standard errors are in parentheses (bootstrap calculated values).
©10000 bootstrap samples were used to obtain the confidence intervals (CIs). If the Cls embrace zero, the difference was not significant (o
= 0.05). Bold numbers represent significance of the difference.

4Scale bias or slope shift (v = 1, no bias relative to the concordance line).

¢Location bias or height shift (z = 0, no bias relative to the concordance line).
"The bias correction factor (C,) measures how far the best-fit line deviates from 45" and is a way to measure accuracy.

£ The precision is measured by the correlation coefficient

().

"Lin’s concordance correlation coefficient (LCCC) combines both measures of precision (r) and accuracy (Cj) to measure agreement with

the true value.

there were significant improvements when the raters
used SADs to estimate severity of powdery mildew
on leaves of watermelon (Table 2). Without using

the SADs, 18.3% of pairwise comparisons

had R?

values >0.80, while 80.8% exhibited R? values >0.80
with the SADs. With the use of the proposed SADs
there were no pairwise comparisons that presented
R? values below 70% (data not show). These results

and 16 raters.

Figure 2 - Relationship between actual and estimated powdery mildew (Podosphaera xanthii)
severity on watermelon leaves without (a) and with (b) the use of a set of standard
area diagram set (SADs) for 40 diseased leaves, according to 16 raters. The solid line
represents the best fit. The dashed line represents the hypothetical total agreement
between actual and estimated severity. The absolute error (estimated minus actual
severity) of the estimates without (c) and with the SADs (d) for 40 diseased leaves

Ciéncia Rural, v.50, n.10, 2020.
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Table 2 - Inter-rater reliability of assessments by 16 raters of powdery mildew on 40 leaves of watermelon both without and with the use
of a standard area diagram set (SADs) assessment aid. Inter-rater reliability is measured by the intra-class correlation coeficiente

(p) and coefficient of determination (R?).

Statistics

Intra-class correlation coefficient (p)

Mean inter-rater coefficient
of determination (R?)*

No SADs

0.759 (C10.662-0.845)
0.681 (0.401 - 0.909)

With SADs

0.928 (0.894-0.955)
0.864 (0.724 - 0.962)

# Mean coefficients of determination estimated from pairwise comparisons of assessments by all visual raters.
® Mean of the difference between each rating, with standard errors in parentheses (bootstrap calculated value), confidence intervals (CI)
were based on 10000 bootstrap samples. If the CI embrace zero, the difference is not significant (a = 0.05).

demonstrated that using the SADs to estimate powdery
mildew severity improved inter-rater reliability.

Disease measurement is an important
procedure in the study of the epidemiology and
management of powdery mildew severity on
watermelon leaves. We have demonstrated that
SADs improve precision, accuracy and reliability
of the data collected and will help minimize the risk
of erroneous decisions or Type II errors in statistical
analysis (BOCK et al. 2010). The SADs have been
demonstrated to improve the precision, accuracy
and reliability of estimates of several crop diseases
including, white spot on corn (CAPUCHO et al.
2010), rust on coffee (CAPUCHO et al. 2011), early
blight on potato (DUARTE et al. 2013), blast on wheat
(RIOS et al. 2013), rust on peach (DOLINSKI et al.
2017), botrytis leaf blight on onion (ARAUIJO et al.
2019), glomerella leaf spot on apple (MOREIRA et
al. 2019), rust on eucalyptus (BORGES et al. 2019),
rust on plum (VIDAL et al. 2019), grapevine downy
mildew on Vitis labrusca (CAMARGO et al 2019),
ring spot on sugarcane (ROESE & DUARTE, 2018)
and rust on soybean (FRANCESCHI et al. 2020)

The intervals chosen and the number of
diagrams used were sufficient to improve the accuracy,
precision and reliability of the estimates made for the
severity of Podosphaera xanthii in watermelon leaves.
The number of diagrams is considered quite sufficient
to include the levels of powdery mildew severity. A
few amounts of diagrams contained in a SADs can
compromise the accuracy and the precision of the
values of powdery mildew severity selected by the
raters (YADAV et al. 2012). However, an excessive
number of diagrams can be time consuming and
affect the efficiency of the assessments (CORREA et
al. 2009; YADAV et al. 2012).

With the analysis of all the results we can
safely recommend the use of the SADs proposed to
assess the severity of powdery mildew on watermelon
leaves, since the SADs helped the raters to generate

more accurate, precise and reliable severity estimates.
Thus, these SADs is useful for breeders to evaluate
the genetic resistance, as well, plant pathologist
to evaluate control measures, assess the efficacy
of fungicides, epidemiological research, develop
crop loss models, pathotype characterization, and
other studies where accurate, precise and reliable
assessment of powdery mildew severity is required.

CONCLUSION

The SADs improved raters’ ability to
accurately, precisely and reliably estimate powdery
mildew severity on watermelon leaves.
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