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Comparison of three diagrammatic keys for the
quantification of late blight in tomato leaves
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Three diagrammatic grading keys were designed for the assessment of the severity of late blight (caused by Phytophthora
infestans) in tomato leaves. Simplified and broad keys considered, respectively, six (3, 12, 22, 40, 60 and 77%) and eight
(3, 6, 12,22, 40, 60, 77 and 90%) levels of disease severity, whilst a modified key based on a previous proposal for potato
late blight considered six levels (1, 5, 10, 16, 32 and 50%). The keys were validated by 24 evaluators who assessed digital
images of tomato leaves exhibiting different areas with lesions. Evaluator errors were compared using a mixed model in
which evaluators were considered as random effects and the keys and evaluations as fixed effects. The accuracy and preci-
sion of the evaluators were compared by simple linear regression between the estimated and actual values of disease severity.
The repeatability of evaluators was assessed using Pearson’s correlation coefficient. There was significant (P < 0-001) vari-
ability amongst the errors made by evaluators, although the precision of each of the three keys was high with a coefficient of
determination (R?) of 0-96, 0-93 and 0-83 for the simplified, broad and modified key, respectively. Repeatability of estima-
tions amongst the evaluators was adequate (correlation coefficients of 0-91, 0-91 and 0-90 for the three keys, respectively).
The simplified and broad keys resulted in higher precision and accuracy for the estimation of severity than did the modified
key. Since the simplified key considers a smaller number of disease severity levels, its use is recommended in the assessment

of late blight in tomato leaves.
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Introduction

Late blight, caused by the oomycete Phytophthora infe-
stans, is a serious disease that has resulted in significant
losses of tomato (Solanum lycopersicum) crops in Brazil
(Reis et al., 2003). The majority of epidemics of late
blight occur in the autumn and winter seasons during cold
and humid periods. The disease is recognized by the
appearance of grey to green spots on the leaves of infected
plants, and these may evolve into necrotic brown areas
that ultimately cause leaf loss and, in some cases, plant
death (Erwin & Ribeiro, 1996; Cerkauskas, 2005).
Whilst symptoms of the disease are typically observed on
leaves, the stems, fruits and petioles are also affected.
Control of the disease traditionally relies on the frequent
application of fungicides (Suassuna et al., 2004).

The assessment of affected crops and the development
of strategies for selecting resistant tomato phenotypes
depend on the availability of accurate methods for the
quantification of the disease that allow comparisons to be
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made between different researchers and locations (James,
1974; Zadoks & Schein, 1979). Various techniques have
been employed to measure the severity and spread of
fungal diseases in plants, including video imaging, infra-
red photography, spectral reflectance and diagrammatic
grading keys (Nilsson, 1995). The last of these app-
roaches is the most straightforward and cost effective,
and involves the estimation of a the affected area, the leaf
lesion area (LLA), on the basis of a series of illustrations
of whole plants or parts of plants presenting different
levels of disease severity (Nutter et al., 2006). However,
a number of aspects must be considered in the design of
such keys, including the limits of the scale and the range
of intensities detected in field crops, the correct represen-
tation of symptoms and the limitations of human visual
acuity as defined by Weber-Fechner’s stimulus-response
law (Horsfall & Barratt, 1945; James, 1974; Nutter &
Schultz, 1995).

The first grading key based on Weber-Fechner’s law
was designed by Horsfall & Barratt (1945) and consid-
ered 12 levels of disease severity. Later, various other keys
were developed for different pathogens and hosts (James,
1971; Slopek, 1989; Leite & Amorim, 2002; Nita et al.,
2003; Gomes et al., 2004; Martins et al., 2004; Sposito
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et al., 2004; Andrade et al., 2005; Godoy et al., 2006;
Halfeld-Vieira & Nechet, 2006). However, the only keys
available for late blight are specific to potato leaves. One
of these uses four levels of disease severity (1, 10, 25 and
50% LLA) and is applied to leaves (James, 1971), whilst
the other considers eight levels of severity ( < 10, 11-25,
26-40, 41-60, 61-70, 71-80, 81-90 and >90% LLA)
and is applied to whole plants (Cruickshank ez al., 1982).
Although these two keys are often used for the assessment
of late blight in tomato (Jaime-Garcia et al., 2001; Duarte
etal.,2007), the structure and leaf morphology of tomato
plants differ from those of potato, thus increasing the pos-
sibility of errors in grading.

Other sources of error in determining disease severity
are related to precision (i.e. variations associated with an
estimate) and accuracy (i.e. differences between esti-
mated and actual intensity of disease) of the evaluator
(Nutter et al., 2006). Such errors need to be detected and
analysed in order to allow systematic deviations to be cor-
rected, either by training or by using calibration equa-
tions (Shaw & Royle, 1989; Nutter & Schultz, 1995).
Several approaches may be used to assess the precision,
accuracy and repeatability of the evaluations, including
the application of linear correlation (Shokes et al., 1987)
and variation coefficients (Nutter ez al., 1993). Addition-
ally, simple linear regression has been employed to quan-
tify evaluator error (Nutter et al., 2006), and this
approach, together with analysis of variance, has been
used to identify differences between evaluators and meth-
ods of evaluation (Shokes et al., 1987).

The aim of the present study was to develop and vali-
date diagrammatic grading keys suitable for the evalua-
tion of the severity of late blight in tomato leaves.

Materials and methods

The leaves employed in the design of the keys were
obtained from 66 different tomato genotypes planted in
the experimental fields of the horticulture sector of the
Departamento de Fitotecnia (Instituto de Agronomia,
Universidade Rural do Rio de Janeiro — UFRR]J, Rio de
Janeiro, Brazil), in an area historically associated with the
natural occurrence of tomato late blight. The genotypes
employed included a commercial susceptible cultivar
(Super Sweet; Azevedo, 2006), two resistant cultivars
(Andrea-1 and Andrea-2; Azevedo, 2006) and 63 culti-
vars that were under evaluation at UFRR].

To develop the grading keys, a sample of 198 leaves
was used (one from each cultivar in each of the three
rows). Samples were collected in June 2006 from the api-
cal, median and basal parts of tomato plants. Digital
images of the leaves were recorded at a resolution of 600
d.p.i. in a flatbed scanner and the diseased areas were
measured with SIARCS software (Jorge & Crestana, 1996).
The maximum and minimum levels of late blight severity
were determined based on the infected leaves collected
from the field.

Three separate grading keys were designed. Two were
based on histograms of the levels of late blight severity,
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on which a logarithmic scale was manually set according
to the principles of Weber-Fechner’s law (Horsfall &
Barratt, 1945), whilst a third was based on the levels of
severity of late blight in potato leaves, as proposed by
James (1971). For the validation of the diagrammatic
keys, two evaluations were conducted 7 days apart by 24
evaluators who had no previous experience in disease
quantification. Slides of images of 50 tomato leaves dis-
playing different disease levels were presented to the eval-
uvators, who were then instructed to estimate the
percentage of diseased area according to the three proposed
keys. For each key, 1200 evaluations were recorded.

Comparison of the errors made by the evaluators was
performed by analysis of variance (ANova) of the absolute
errors (estimated severity minus actual severity). Actual
severity was based on the readings of digitalized images
and estimated severity was given by evaluators. Evalua-
tors were not trained prior to the first evaluation, but
were trained prior to the second. Possible effects of train-
ing were measured in the ANOVA.

The statistical model used in the ANOVA is represented

by:
E[Yii|[0,6,7] = p+ 0 + B; + Op + &g + Tje

in which Y, is the absolute error in the ith key in the
jth evaluation of the kth evaluator; p is the effect asso-
ciated with the general mean; o; is the effect associated
with key 7 (where i = 1, 2 and 3), considered as a fixed
effect; Bj is the effect associated with evaluation j
(where j = 1 and 2), considered as a fixed effect; d is
the effect associated with evaluator k (where k =1,
2..24), considered as a random effect with N(0, o?);
g;p 1s the effect associated with scale i within the evalu-
ator k, considered as a random effect; and 1, is the
effect associated with evaluation j within evaluator k,
considered as a random effect.

The accuracy of the evaluators was determined by sim-
ple linear regression between the estimated (or predicted,
in the case of random effects) and actual values of disease
severity according to the model Y = o + BX,inwhichY
is the vector of predicted response, X the vector of actual
values, and o and B the parameters of the equation to be
estimated. The precision was determined from the coeffi-
cient of determination (R?) of the regression (Nutter &
Schultz, 1995). Estimations derived from the regression
equations t-test were used to test two hypothesis regard-
ing the parameter estimates, the intercept, Ho: a = 0, and
the slope coefficient, Ho: b = 1 (Parker ez al., 1995). The
repeatability of the evaluators in applying the proposed
keys was assessed through the determination of Pearson’s
coefficient of correlation between the two evaluations
(Nutter & Schultz, 1995). All of the statistical analyses
were performed using R.2.5.0 software (R Development
Core Team, 2008).

Results

The severity values employed in the proposed diagram-
matic grading keys were established from the distribution
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Figure 1 Distribution of the severity of late blight (Phytophthora
infestans) observed in tomato leaves in the field.

of disease severity observed in tomato leaves (Fig. 1). The
histogram indicated that the symptoms of late blight
could affect nearly 100% of the leaf area, although leaves
exhibiting an LLA encompassing 6:5-19-7% of the total
surface were found most frequently. Based on the severity
values presented in Fig. 1, two grading keys were
proposed, one considering six levels of severity (the
simplified key) and the other considering eight levels of
severity (the broad key). The severity intervals of these
two keys were based on the logarithmic increments pos-
tulated by Weber-Fechner’s law (Nutter & Esker, 2006)
and were 3, 12, 22, 40, 60 and 77% LLA for the simpli-
fied key, and 3, 6,12, 22,40, 60, 77 and 90% LLA for the
broad key. A third key was based on a modified version of
the proposals of James (1971) for potato late blight and
considered six levels of severity, namely, 1, 5, 10, 16, 32
and 50% LLA.

The analysis of variance demonstrated significant
differences in absolute error among keys and between
evaluations, but not among evaluators. However, there
was strong evidence of interactions between keys and
evaluators and between evaluations and evaluators

(Table 1). Variance components for interactions
A2 A2 . . .
Jevazluato'r//eeysand O-eyaluator/evaluationWere hlghly s1gn1ﬁcant,

indicating that evaluators’ skills varied with the different
keys and between evaluations, but there was no evidence
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that absolute error was reduced in the second evaluation
(Tablel).

Overall, the largest variation in absolute errors, and
therefore the least precision, occurred with the James-
modified key; the other two keys resulted in an improved
level of precision, which was similar between them
(Fig. 2). The James-modified key was also the least accu-
rate, as evaluators using that key underestimated LLA by
up to 40% in both evaluations. The problem of underesti-
mating LLA increased with the James-modified key when
the average LLA was more than 50%, because the scale
did not distinguish these values (Fig. 3). Evaluators on
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Figure 2 Box plot of the absolute errors in two separate evaluations
of the severity of late blight (Phytophthora infestans) on tomato
leaves using three different diagrammatic grading keys. Zero
represents agreement between evaluator and reference values from
scanned leaves.

Table 1 Analysis of variance of the absolute

Degrees Mean .

Source of variation of freedom square Eiest er‘rors of 24 evaluatorg in the as§essment of late
blight (Phytophthora infestans) in tomato leaves

Key 2 47591-0000 <0-0001 using three different grading keys (simplified,

Evaluator 23 1008-0000 <0-0965%  broad and James-modified)

Evaluation 1 573-0000 <0-0134

Evaluator/key 46 224-0000 <0-00012

Evaluator/evaluation 23 590-0000 <0-0001?

Residuals 7104 93-8454

¢ =0-032+0-566 ¢ =130+1-14 42 =3-30+1-81

evaluator evaluator/scale evaluator [evaluation

AF-test refers to the significance level against the hypothesis of null variance component for

the random effect.
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Figure 3 Linear regressions between actual severity of tomato late
blight (Phytophthora infestans) and estimated severity evaluated
using a broad (A), a simplified (B) and a James-modified (C)
diagrammatic grading key. Dots represent the 100 estimations
carried out by each of 24 evaluators. The continuous black line
represents the regression between actual and estimated severity,
whilst the continuous grey line represents the ideal relationship.

average tended to overestimate with the broad key, whilst
accuracy was greatest with the simplified key (Fig. 2).
Absolute error arising from the application of the simpli-
fied and broad keys ranged from 10 to 15%, but rarely
exceeded the upper limit of the scales. In the first and sec-
ond evaluations, the intercept values for the simplified
and broad keys were near to 0, indicating the absence of
constant deviations between estimated and actual sever-
ity. With the same keys, the slope coefficients were not
different from 1, indicating the absence of systematic
over- or underestimation associated with changes in dis-
ease severity (Table 2). In contrast, the intercept and slope
for the James-modified key differed from 0 and 1, respec-
tively (Table 2). Accuracy and precision were also evident
by plotting predicted severity on actual severity (Fig. 3).
Here also, the precision of evaluators was more stable
across severity values for the simplified and broad keys.
When using the James-modified key, evaluators were less
precise at the mid-severity range. Overall, the repeatabil-
ity of the estimations performed by the 24 evaluators was
high, since the correlation between the two evaluations
was 91% for the simplified and broad keys, and 90% for
the James-modified key.

Discussion

The differences between evaluators in respect of their
ability to measure dissimilar levels of intensity of late
blight as determined in the present study were in agree-
ment with the previous findings of Nutter & Schultz
(1995). The maximum absolute error for the simplified
and broad keys was about 20%. For the James-modified
key the maximum was about 40%. In all cases maximum
errors were underestimations of disease. These errors
were similar to those previously reported (Nutter &
Schultz, 1995; Leite & Amorim, 2002; Nita et al., 2003;
Gomes et al., 2004; Martins et al., 2004; Sposito et al.,
2004; Andrade et al., 2005; Godoy et al., 2006; Halfeld-
Vieira & Nechet, 2006).

The absence of constant and systematic deviations, as
well as the reduced R?, arising from the application of the
simplified and broad keys indicates that they were similar
in both accuracy and precision and superior to the James-
modified key. The inadequacy of the James-modified key
in this case could be explained at least in part by the fact
that it does not cover all of the severity levels observed in

Table 2 Intercepts (), slope coefficients (b) and coefficients of determination (R?) of simple linear regression equations relating the estimations of severity of
late blight (Phytophthora infestans) in tomato leaves made by 24 evaluators (two evaluations per evaluator) using broad, simplified and James-modified

diagrammatic grading keys, and the actual severity of the disease

Grading keys

Broad Simplified James-modified®
Evaluations a b R? a b R? a b R?
1 1-06 1-05 0-96 278 0-96 091 7-14° 061° 0-80
2 1-01 1-05 0-96 2:72 0-96 0-93 6-39° 0-62° 0-83

2James (1971).

®For these values, the null hypothesis (i.e. a = 0 and b = 1) was rejected according to the t-test (P < 0-05).
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leaf samples collected in the field, especially those with
more than 50% LLA (Nutter et al., 1993).

Although use of grading keys for disease severity may
introduce some absolute errors of measurement, any such
shortcomings are compensated for by the speed and stan-
dardization they provide (Stonehouse, 1994). Thus,
based on the criteria adopted herein, the simplified key is
recommended over the broad key because it is less com-
plex (considering only six levels of severity), but remains
accurate and precise. The simplified key proposed repre-
sents a reliable tool for measuring late blight in the patho-
system S. lycopersicum—P. infestans. An illustration of
the proposed simplified key for the evaluation of late
blight in tomato leaves is presented in Fig. 4.
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