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Abstract A standard area diagram (SAD) set to aid
assessment of bacterial spot (caused by Xanthomonas
spp.) severity on tomato (Solanum lycopersicum L.)
leaves was prepared and evaluated for improving accu-
racy, precision and reliability of visual estimates. The
proposed SAD set contains illustrations of leaves with
12 distinct disease severity values from 0.5 to 90 %, and
was validated by 12 raters without experience of plant
disease evaluation. The severity of bacterial spot on 150
images of diseased tomato leaves was first estimated
without the SADs, and then assessed using the SADs by
the same group of raters. Regression analysis and Lin’s
concordance correlation (ρc) analysis of estimated ver-
sus true disease severity (based on image analysis)
showed precision and accuracy improved for all raters
using the SADs. The SAD set improved accuracy (cor-
rection factor, Cb=0.91 and 1.00, without and with the
SADs, respectively) and agreement (ρc=0.83 and 0.96,
without and with the SADs, respectively) of the esti-
mates of severity. Severity estimates were more reliable
using the SADs (coefficient of determination, R2=0.74–
0.94 without the SADs, and R2=0.82–0.95 with the
SADs, and intra-class correlation ρ=0.85 without the
SADs and ρ=0.91 using the SADs). The SADs pro-
posed in this study will improve the accuracy and

reliability of estimates of bacterial spot severity on to-
mato leaves for inexperienced raters, and could be used
for assessing other bacterial disease severity on tomato
leaves.
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Introduction

Bacterial spot is one of the most devastating diseases of
tomato (Solanum lycopersicum L.) particularly in wet
and humid environments (Jones et al. 1991). At least
four species of Xanthomonas (X. euvesicatoria,
X. vesicatoria, X. perforans, and X. gardneri) (Jones
et al. 2004; Mbega et al. 2012) cause the disease on
tomato, resulting in severe yield and fruit-quality losses
in open field production (Yang et al. 2007; Stall et al.
2009). The recent development of solar greenhouse for
vegetable production in winter (Gao et al. 2010) accel-
erates the widespread of the disease in protected tomato
production areas in China (Yang 2013; Sun et al. 2014).
The existence of multiple species and races of these
pathogens, as well as lack of efficacy of commonly
applied bactericides and commercially available resis-
tant varieties make it difficult to effectively control the
disease.

Although the bacterial spot pathogen can infect all
above ground parts of tomato plants, most studies have
been based on assessment of foliar disease (Yang et al.
2007). Therefore, accurate estimation of disease severity
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on tomato leaves is critical for making appropriate de-
cisions in disease management and monitoring
epidemic progress to minimize the impact of the
disease. Visual assessment of disease severity with the
Horsfall and Barratt (1945) category scale has been
widely used for screening resistance sources and for
investigating the genetic basis of resistance to bacterial
spot in tomato (Reviewed in Sun et al. 2014). However,
the accuracy and reliability of visual assessment using
the category scale has been questioned (Nutter and
Esker 2006; Bock et al. 2009a, 2010a). Indeed, direct
visual estimation of disease severity using a 0–100 %
ratio scale has better agreement with true disease sever-
ity values compared to the Horsfall-Barratt scaled data
(Bock et al. 2009a; Sun et al. 2014). To help minimize
error in estimation, standard area diagrams set (SADs)
has been developed as an assessment aid to estimate
many crop disease severities including corn white spot
(Capucho et al. 2010), apple sooty blotch and flyspeck
(Spolti et al. 2011), coffee leaf rust (Capucho et al.
2011), pepper anthracnose (Pedroso et al. 2011), potato
early blight (Duarte et al. 2013), wheat blast (Rios et al.
2013), pecan scab (Yadav et al. 2013), wheat spot blotch
(Domiciano et al. 2014), Asiatic citrus canker on sweet
orange (Braido et al. 2014, 2015), and loquat scab
(Gonzalez-Dominguez et al. 2014). These SADs can
effectively improve accuracy, precision and reliability
of visual estimates, particularly for inexperienced raters.

Considering the economic importance of the to-
mato crop, the impact of bacterial spot on tomato

production worldwide, and the absence of a SAD set
to evaluate bacterial spot severity on tomato leaves,
the objective of this study was to develop and eval-
uate a set of SAD encompassing the full range of
disease severities as an aid for raters to accurately
and reliably estimate bacterial spot severity on to-
mato leaves.

Materials and methods

Plant growth

Tomato seeds of an F2 population consisting of 538
individuals derived from a cross between two lines
OH 88119 and Hawaii 7998 were germinated in 288
Square Plug Trays (Taizhou Longji Gardening
Materials Co., Ltd, Zhejiang, China) in a mixture of
peat and vermiculite (3:1). OH 88119, an elite pro-
cessing tomato breeding line that is susceptible to
bacterial spot was used as the susceptible control,
while the unimproved breeding line Hawaii 7998
with partial resistance to race T1 (Yang et al. 2005)
was used as the resistant controls. Two-week old
seedlings were transplanted into 12 cm (diameter) ×
12 cm (height) pots filled with the same peat : ver-
miculite mixture and placed in a greenhouse (25/
30 °C night / day cycle with a 14 h photoperiod).
Water and fertilizer were provided as needed.

Fig. 1 The standard area diagram
set developed as an aid for
estimating disease severity of
Xanthomonas euvesicatoria race
T1 on tomato leaves. The values
represent the percent diseased leaf
area
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Inoculum preparation and inoculation

X. euvesicatoria race T1 strain Xcv110c were grown in
Petri plates on yeast, dextrose, and calcium carbonate
(YDC) agar medium (Lelliot and Stead 1987) at 28 °C
for 48 to 72 h. Bacteria were washed from the agar with
sterile double-distilled water (ddH2O) and the suspen-
sion was adjusted to approximately 6×107 colony
forming units (CFU) per ml confirmed using a serial
dilution plating method (Sun et al. 2014). Plants were
spray-inoculated with the bacterial suspension using a
handheld sprayer approximately 6 weeks after
transplanting. The inoculated plants were kept in a plas-
tic tent in the greenhouse and misted with water twice a
day (9:00 am and 5:00 pm) from 1 day before inocula-
tion to 15 days after inoculation to increase humidity
and prolong leaf wetness for disease development.

Development of the SAD set

A total of 2,398 diseased leaves were collected from all
parental and F2 plants 15 days after inoculation and
wiped with a moist cloth to remove dust. Leaves from
the same plant were scanned as a single TIFF image
using a BenQ 5560 Color Scanner (BenQ, Shanghai,
China) at 600×600 dpi. The true disease severity (per-
cent diseased leaf area) was measured using the leaf-by-
leaf approach (Sun et al. 2014) with image analysis
software ASSESS V2.0 (Lamari 2008), and used as
the reference for evaluating the accuracy and precision
of rater estimates with and without use of the SAD set.
Based on the range (0.1–71.8 %) and the frequency of
the true disease severities in the 2,398 diseased leaves,
10 images spanning the minimum and maximum dis-
ease severity on a linear basis was developed. Although
disease severity greater than 80 % was not observed in
this study, it did occur in the field conditions (Scott et al.
1997; Hutton et al. 2010a; Sun et al. 2011). Therefore,
two images with the disease severities of 80 and 90 %
were also included, resulting in a SAD set with 12
images (Fig. 1).

Validation of the SAD set

Twelve inexperienced raters having no any formal train-
ing or familiarity with plant disease symptoms assessed
the same set of 150 images of diseased leaves selected
from the above 2,398 leaves with a range (0.1–62.8 %)
of known actual disease severity (Fig. 2). The 150

leaves were placed on individual slides to be viewed in
a POWERPOINT presentation file. The 12 raters
assessed the 150 leaves twice on the same day. The first
assessment was done without the use of the SAD set in
the morning. The symptoms of tomato bacterial spot on
leaves were described to raters, who were instructed to
provide an estimate of percent diseased area for each
image. Both necrotic and chlorotic symptoms were con-
sidered as part of the tomato bacterial spot symptoms. In
the afternoon, the 12 raters used the SAD set as a visual
aid to conduct the second assessment by comparing the
unknown image to the diagram in the SAD set to obtain
a new estimate of the percentage of diseased area.

Data analysis

All analyses were performed in either SAS V9.2 (SAS
Systems, Cary, NC, USA) orMS Excel 2007 (Microsoft

Fig. 2 The frequency and range of disease severities (% diseased
leaf area including the necrotic area measured using image analy-
sis) in a set of 150 images of tomato leaves infected with
Xanthomonas euvesicatoria race T1

Table 1 General linear model (GLM) analysis of the effects of
standard area diagrams set (SADs) (with and without the SADs),
raters (12) and actual disease severity (150) on estimates of bacte-
rial spot severity on tomato leaves

Model/Effect DF F-value P-Value

GLM model 1639 27.3 <0.0001

Actual disease severity 149 316.6 <0.0001

Rater 11 74.9 <0.0001

Number of SADs 1 1569.0 <0.0001

Actual disease severity × Rater 1639 1.3 <0.0001

Actual disease severity ×
Number of SADs

149 6.8 <0.0001

Rater × Number of SADs 11 71.4 <0.0001
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Corp, Redmond, WA, USA). Main effects of number of
SADs used (0 = without SADs and 1 = with SADs),
actual disease severities on 150 diseased leaves, and

raters, and all two-way interactions were determined
using the general linear model described in Braido
et al. (2014).

Fig. 3 Relationship between actual and estimated disease severity
of Xanthomonas euvesicatoria race T1 assessed on 150 tomato
leaves by 12 different raters without and with the use of standard
area diagram set (SADs). The dash line is the concordance line
representing perfect agreement between actual and estimated se-
verity (slope of 1, intercept of 0), and the solid line represents the

best-fit linear regression line. Agreement was determined with
Lin’s concordance correlation coefficient (ρc) calculated as the
product of the correlation coefficient (r) and the bias correction
factor (Cb). Cb is a product of location shift (u) and scale shift (υ)
indicating changes in line height and slope, respectively
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The accuracy and precision of the estimates with and
without the use of the SADs by each rater was deter-
mined based on Lin’s concordance correlation coeffi-
cient (LCCC, ρc) (Lin 1989). A perfect agreement be-
tween the estimates and actual values should have the
LCC statistics of systematic bias (scale shift or slope
shift) υ=1, constant bias (location bias or height shift)
u=0, accuracy Cb=1, precision r=1, and agreement
ρc=1 (Nita et al. 2003; Bock et al. 2010b). Any devia-
tion from these values indicates loss of accuracy, agree-
ment or precision. Each of these statistics describing
precision, bias and agreement was used in subsequent
analyses. The frequency of each statistic was also cal-
culated with and without the SADs. Absolute error
(estimated severity minus actual severity) with and with-
out the SADs was calculated for all raters and tomato
bacterial spot disease severity assessments.

The inter-rater reliability of the estimates without and
with the SADs was determined using the coefficient of
determination (R2) from linear regression analyses
(PROC REG) of the pairwise relationships between
the estimates for all pairs of raters (Nutter and Schultz
1995). In addition, the intra-class correlation coefficient
was calculated to measure inter-rater reliability without
and with the SADs by analyzing each data set with a
two-way random effect ANOVA (PROC ANOVA) as
described by Nita et al. (2003). Variance components

were obtained using PROC VARCOMP. The intra-class
correlation coefficient (ρ) for all raters was calculated
using the formula ρ=σ2leaf/(σ

2
leaf+σ

2
rater+σ

2
error)

(Yadav et al. 2013).
For all LCC statistics (υ, u, Cb, r, ρc) and the inter-

rater reliability (R2), the difference between means for
each rater from each pair of assessments (i.e., with the
SAD set minus without the SAD set) was calculated. An
equivalence test was used to test for significance and
calculate the 95 % confidence intervals (CIs) for each
statistic (the difference between the means) by
bootstrapping using the percentile method (Yi et al.
2008; Bardsley and Ngugi 2013; Yadav et al. 2013).
All analyses were based on 2,000 balanced bootstrap
samples using PROC SURVEYSELECT and calculat-
ing the 95 % CI using PROC UNIVARIATE (SAS
Institute Inc.). The difference was considered not signif-
icant (α=0.05) if the CIs of the mean difference em-
braced zero.

Results

Effect of the SADs

The general linear model analysis demonstrated that
main effects of number of SADs, actual disease severity,

Table 2 Effect of standard area diagram (SAD) assessment aids on the bias, precision, agreement of, and time taken for assessments of
bacterial spot severity on 150 diseased leaves of tomato by 12 raters

Meana Difference between
meansb

95 % CI of the
differencec

No SADs With SADs

Scale (υ)d 0.82(0.10) 1.01(0.06) 0.19(0.03) 0.12–0.25

Location (u)e −0.34(0.24) 0.01(0.09) 0.35(0.07) 0.21–0.48

Coefficient of bias (Cb)
f 0.91(0.08) 1.00(0.01) 0.09(0.02) 0.05–0.13

Correlation coefficient (r)g 0.92(0.03) 0.97(0.01) 0.05(0.01) 0.03–0.17

LCCC (ρc)
h 0.83(0.07) 0.96(0.01) 0.13(0.02) 0.09–0.17

a Standard deviation in parentheses
bMean of the difference between each rating, with standard errors in parentheses (bootstrap calculated value)
c Confidence intervals (CIs) were based on 2000 bootstrap samples. If the CIs embrace zero, the difference is not significant (P=0.05)
d Scale bias, or slope shift (υ, 1 = no bias relative to the concordance line)
e Location bias, or height shift (u, 0 = no bias relative to the concordance line)
f The correction factor (Cb) measures how far the best-fit line deviates from 45° and is thus a measure of accuracy
g The correlation coefficient (r) measures precision
h Lin’s concordance correlation coefficient (ρc) combines both measures of precision (r) and accuracy (Cb) to measure agreement with the
true value
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rater, and interactions of actual disease severity × rater,
actual disease severity × number of SADs, and rater ×
number of SADs were significant (Table 1). Based on
Lin’s concordance correlation analysis and estimated
and actual severity, assessments made by the raters
using the SADs were closer to the actual values than

without the aid of the SAD set. For all raters, there was a
linear relationship between estimated and actual disease
severity (Fig. 3). According to the equivalence test, all
statistical parameters (r, Cb, υ, u and ρc) were signifi-
cantly improved when the raters used the SAD set as an
aid to estimate bacterial spot severity on tomato leaves

Fig. 4 The absolute error (estimated severity minus actual severity) for assessment of a set of 150 images of tomato leaves infected with
Xanthomonas euvesicatoria race T1 by each of the 12 raters with and without the use of the standard area diagram set (SADs)
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having unknown severity, demonstrating that both the
accuracy and precision of the estimated values were
greatly improved (Table 2).

All bias and accuracy component statistics of Lin’s
concordance correlation coefficient improved signifi-
cantly when the SAD set was used to assess disease
severity of bacterial spot on tomato leaves (Table 2). The
agreement (ρc) was improved when the SAD set was
used for all 12 raters. When the SAD set was not
employed, the ρc ranged from 0.71 to 0.93, with a mean
of 0.83. However, when the SAD set was used, the ρc
ranged from 0.95 to 0.97, with a mean of 0.96 (Table 2).
The combined estimate of accuracy (Cb) was closer to 1
when using SADs. Both location and scale bias (u and υ
values, respectively), improved for all raters. The mean
was −0.34 with a range of −0.73 to 0.09 for u and was
0.82 with a range of 0.62 to 1.00 for υwithout the use of
the SAD set, while it was 0.01 with a range of −0.19 to
0.11 for u and 1.01 with a range of 0.90 to 1.09 for υ
when the SAD set was used (Table 2). The use of the
SAD set helped raters to estimate the disease severity

precisely. Without using the SAD set, the precision (r)
ranged from 0.84 to 0.96, with a mean of 0.92, but when
the SAD set was employed, the precision ranged from
0.95 to 0.98 with a mean of 0.97 (Table 2). The more
precise evaluation of bacterial spot disease severity
using the SAD set was also confirmed by a reduction
in absolute error. Raters had larger errors when the SAD
set was not used than the SAD set was used (Fig. 4).
Most raters tended to overestimate disease severity
when the percent diseased leaf area was less than 40 %
or underestimate disease severity when the percent dis-
eased leaf area was greater than 40 % without the use of
the SAD set. This tendencywas markedly reduced when
the SAD set was used (Fig. 4).

The frequencies of lower bias values (u and υ),
improved accuracy (Cb), agreement (ρc) and precision
(r) statistics increased with the use of SADs (Fig. 5).
Distributions of all bias and accuracy component statis-
tics of Lin’s concordance correlation coefficient were
narrower when the SAD set was used than without the
use of the SAD set. Based onmeasures of bias, accuracy
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and precision (Fig. 6), raters with the poorest ability to
evaluate the disease severity tended to improve the
most, while those raters with low bias, high levels of
accuracy, precision and agreement without the SAD set
did not respond too much to using the SAD set com-
pared to the raters with the poorest assessment ability.

Inter-rater reliability

Inter-rater reliability was improved by using the SAD
set to assess bacterial spot severity on tomato leaves.
Based on the equivalence test, both the mean pairwise
coefficient of determination (R2) and intra-cluster corre-
lation coefficient (ρ) were significantly improved when
the raters used the SAD set (Table 3), suggesting that
raters assess disease more uniformly when the SADs
was provided. Without its use, 86.4 % of the pairwise
comparisons had an R2<0.90, but when the SAD set
was employed, only 25.8 % of pairwise comparisons
had an R2<0.90 and 74.2 % resulted in an R2≥0.90
(Fig. 7a). The ρ value was greater when the SAD set
was used (ρ=0.85 without the SAD set and ρ=0.91 with

Fig. 6 The relationship between gain (difference between the
estimate with and without the use of the standard area diagram
set (SADs) for measures of accuracy, precision and agreement of
disease severities made by 12 inexperienced raters for a set of 150

images of tomato leaves infected with Xanthomonas euvesicatoria
race T1. a scale bias, b location bias, c bias correction factor, d
Lin’s concordance correlation coefficient, e correlation coefficient

Table 3 Inter-rater reliability of visual assessments by 12 raters of
bacterial spot on 150a leaves of tomato both without and with the
use of standard area diagram (SAD) assessment aids. Inter-rater
reliability is measured by the intra-class correlation coefficient (ρ)
and coefficient of determination (R2)

Statistics No SADs With SADs

Intra-class
correlation
coefficient (ρ)

0.85 F, P>F:LNb=
103 (<0.0001); A=
83 (<0.0001)

0.91 F, P>F:LN=
138 (<0.0001);
A=13 (<0.0001)

Mean inter-rater
coefficient of de-
termination (R2)c

0.84 (0.74–0.94) 0.91(0.82–0.95)

Mean differenced=
0.06 (0.006), 95 %
CIs 0.052–0.076

a The same set of 150 leaf images was used in the two assessments
bF-value for LN = leaf, A = rater
cMean coefficients of determination estimated from pairwise com-
parisons of assessments by all visual assessors
dMean of the difference between each rating, with standard errors
in parentheses (bootstrap calculated value), confidence intervals
(CIs) were based on 2000 bootstrap samples. If the CIs embrace
zero, the difference is not significant (P=0.05)
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the SAD set), indicating that it provided greater inter-
rater reliability (Table 3). The frequency of improved
inter-rater reliability increased (Fig. 7a), and the regres-
sion analysis showed that the improvement was consis-
tently greatest for those pairs of raters who were least
reliable without the SADs (Fig. 7b).

Discussion

Resistance to bacterial spot in tomato is partially dom-
inant or incomplete, suggesting multigene models for
field resistance (Yang et al. 2007; Yang 2013). This
increases the difficulty in developing varieties with re-
sistance to the pathogen through traditional breeding
approach. Although several quantitative trait loci
(QTLs) for resistance to bacterial spot have been iden-
tified in tomato (Yang et al. 2005; Hutton et al. 2010a, b;
Sharma et al. 2011; Sun et al. 2011, 2014), none of them
have been fine-mapped due to lack of a tool for accurate
and precise assessment of disease severity, which pre-
vents the use of marker-assisted selection to circumvent
some of the problems associated with phenotypic selec-
tion for resistance conditioned by multigenes. In the
present study, a set of SADs containing 12 images with
a range of disease severity approximately linearly dis-
tributed from 0.5 to 90 % was proposed. The results
demonstrated that the SADs improved accuracy, preci-
sion and reliability of assessing disease severity, which
will provide a tool for phenotypic data collection and
fine-mapping of QTLs conferring resistance to bacterial
spot in tomato.

Previous studies set up the maximum severity values
for constructing SADs based on true disease severities
data collected in 1 year or growing season, and the
maximum values ranged from 39 to 100 % (Capucho
et al. 2010; Capucho et al. 2011; Pedroso et al. 2011;
Spolti et al. 2011; Duarte et al. 2013; Rios et al. 2013;
Yadav et al. 2013; Braido et al. 2014, 2015; Gonzalez-
Dominguez et al. 2014; Domiciano et al. 2014). It is
well known that the disease severity is usually influ-
enced by environmental conditions. One observation
might not reflect the nature of disease severity. In the
present study, the maximum disease severity was 71 %.
The number of diagrams (10) used to depict the severity
range (0.5–71 %) was similar to the number used in
SADs of other pathosystems, which is of practical use
(Spolti et al. 2011; Duarte et al. 2013; Rios et al. 2013;
Yadav et al. 2013; Domiciano et al. 2014). However,
disease severity of greater than 80% has been frequently
observed in the field (Scott et al. 1997; Hutton et al.
2010a; Sun et al. 2011). Therefore, two additional dia-
grams (80 and 90 %) were also included, resulting in 12
diagrams in the SADs, to represent the range of intensi-
ties of bacterial spot occurred in the field. Although use
of an excessive number of diagrams can be time-
consuming and might affect the efficiency of the assess-
ments (Yadav et al. 2013), it might help to solve the
problem of greater bias of disease severity estimation
due to using few severity values in a certain disease
range (e.g., three values for disease severity >50 % in
Domiciano et al. 2014).

It has been reported that inexperienced raters tended
to overestimate low disease severity or underestimated

Fig. 7 The (a) frequency of the inter-rater reliability measured by
the coefficient of determination (R2) without and with use of
standard area diagram set (SADs) assessment aids by 12 raters
who assessed a set of 150 images of tomato leaves infected with

Xanthomonas euvesicatoria race T1 and (b) the relationship be-
tween the coefficient of determination without SADs and the
difference between the coefficients of determination (with SADs
- no SADs)
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mid to high disease severity on leaves without using the
SADs (Forbes and Korva 1994; Bock et al. 2008,
2009b). The tendency of both slight overestimation
and underestimation of disease severity could also be
observed when the SADs was used (Capucho et al.
2010; Duarte et al. 2013; Rios et al. 2013; Domiciano
et al. 2014). In this study, most raters tended to overes-
timate when the disease severity was less than 40 % and
underestimate when the disease severity was greater
than 40 % without using the SADs. However, this
tendency was markedly reduced by using the SADs
(Fig. 4). Several factors including lesion size, lesion
shape, lesion number and disease distribution might
affect the tendency to over or under-estimate disease
severity (Bock et al. 2011; Sherwood et al. 1983).
Lesions of bacterial spot on tomato leaves can coalesce
to form long dark streaks and result in yellowing and
blighting of leaflet when the conditions are optimal for
disease development (Jones et al. 1991). These might
add difficulty to accurately and precisely estimate the
disease severity even with the aid of SADs.

In summary, the standard area diagram set pro-
posed herein as an aid to estimating bacterial spot
on tomato leaves consistently and significantly im-
proved the accuracy, precision and reliability of
the assessment. The SADs should be useful for
quantitative studies in epidemiology, disease man-
agement, and collecting of phenotypic data for
fine-mapping of QTLs. It is hoped that the SADs
could also be used for assessing disease severity
on tomato leaves caused by other bacteria.

Acknowledgments The authors would like to thankDr. Fabrício
Ávila Rodrigues in the Departamento de Fitopatologia at the
Universidade Federal de Viçosa for providing the SAS program
for equivalence test and Dr. Xiangbin Meng at China Agricultural
University for his help in preparing the illustrations of leaves. The
work was partly supported by National Natural Science Founda-
tion of China (31372073), Specialized Research Fund for the
Doctoral Program of Higher Education (20110008110019) and
Beijing Modern Agro-industry Technology Research System
(GCTDZJ2014033001).

References

Bardsley, S. J., & Ngugi, H. K. (2013). Reliability and accuracy of
visual methods used to quantify severity of foliar bacterial
spot symptoms on peach and nectarine. Plant Pathology, 62,
460–474.

Bock, C. H., Gottwald, T. R., & Parker, P. E. (2011). Distribution
of canker lesions on the surface of diseased grapefruit. Plant
Pathology, 60, 986–991.

Bock, C. H., Gottwald, T. R., Parker, P. E., Cook, A. Z.,
Ferrandino, F., Parnel, S., & van den Bosch, F. (2009a).
The Horsfall-Barratt scale and severity estimates of citrus
canker. European Journal of Plant Pathology, 125, 23–38.

Bock, C. H., Parker, P. E., Cook, A. Z., Riley, T., &Gottwald, T. R.
(2009b). Comparison of assessment of citrus canker foliar
symptoms by experienced and inexperienced raters. Plant
Disease, 93, 412–424.

Bock, C. H., Parker, P. E., Cook, A. Z., & Gottwald, T. R. (2008).
Characteristics of the perception of different severity mea-
sures of citrus canker and the relations between the various
symptom types. Plant Disease, 92, 927–939.

Bock, C. H., Gottwald, T. R., Parker, P. E., Ferrandino, F.,
Welham, S., van den Bosch, F., & Parnell, S. (2010a).
Some consequences of using the Horsfall-Barratt scale for
hypothesis testing. Phytopathology, 100, 1031–1041.

Bock, C. H., Poole, G. H., Parker, P. E., &Gottwald, T. R. (2010b).
Plant disease severity estimated visually, by digital photog-
raphy and image analysis, and by hyperspectral imaging.
Critical Reviews in Plant Sciences, 29, 59–107.

Braido, R., Gonçalves-Zuliani, A. M. O., Carvalho, S. A.,
Belasque Junior, J., Bock, C. H., & Nunes, W. M. C.
(2014). Development and validation of standard area dia-
grams as assessment aids for estimating the severity of citrus
canker on unripe oranges. Plant Disease, 98, 1543–1550.

Braido, R., Gonçalves-Zuliani, A. M. O., Nocchi, P. T. R.,
Belasque Junior, J., Janeiro, V., Bock, C. H., & Nunes, W.
M. C. (2015). A standard area diagram set to aid estimation of
the severity of Asiatic citrus canker on ripe sweet orange
fruit. European Journal of Plant Pathology, 141, 327–337.

Capucho, A. S., Zambolim, L., Duarte, H. S. S., Parreira, D. F.,
Ferreira, P. A., Lanza, R. V., Costa, F. E., Casela, C. R., &
Cota, L. V. (2010). Influence of leaf position that correspond
to whole plant severity and diagrammatic scale for white spot
of corn. Crop Protection, 29, 1015–1020.

Capucho, A. S., Zambolim, L., Duarte, H. S. S., & Vaz, G. R. O.
(2011). Development and validation of a standard area dia-
gram set to estimate severity of leaf rust in Coffea arabica
and C. canephora. Plant Pathology, 60, 1144–1150.

Duarte, H. S. S., Zambolim, L., Capucho, A. S., Nogueira, A. F.,
Rosado, A.W. C., Cardoso, C. R., Paul, P. A., &Mizubuti, E.
S. G. (2013). Development and validation of a set of standard
area diagrams to estimate severity of potato early blight.
European Journal of Plant Pathology, 137, 249–257.

Domiciano, G. P., Duarte, H. S. S., Moreira, E. N., & Rodrigues, F.
A. (2014). Development and validation of a set of standard
area diagrams to aid in estimation of spot blotch severity on
wheat leaves. Plant Pathology, 63, 922–928.

Forbes, G. A., & Korva, J. T. (1994). The effect of using Horsfall-
Barratt scale on precision and accuracy of visual estimation
of potato late blight severity in the field. Plant Pathology, 43,
675–682.

Gao, L. H., Qu, M., Ren, H. Z., Sui, X. L., Chen, Q. Y., & Zhang,
Z. X. (2010). Structure, function, application and ecological
benefit of single slope energy efficient solar greenhouse in
China. HortTechnology, 20, 626–631.

Gonzalez-Dominguez, E., Martins, R. B., Del Ponte, E. M.,
Michereff, S. J., Garcia-Jimenez, J., & Armengol, J. (2014).

674 Eur J Plant Pathol (2015) 142:665–675



Development and validation of a standard area diagram set to
aid assessment of severity of loquat scab on fruit. European
Journal of Plant Pathology, 139, 419–428.

Horsfall, J. G., & Barratt, R. W. (1945). An improved grading
system for measuring plant diseases. Phytopathology, 35,
655.

Hutton, S. F., Scott, J. W., & Jones, J. B. (2010a). Inheritance of
resistance to bacterial spot race T4 from three tomato breed-
ing lines with differing resistance backgrounds. Journal of
the American Society for Horticultural Science, 135, 150–
158.

Hutton, S. F., Scott, J. W., Yang, W. C., Sim, S. C., Francis, D. M.,
& Jones, J. B. (2010b). Identification of QTL associated with
resistance to bacterial spot race T4 in tomato. Theoretical and
Applied Genetics, 121, 1275–1287.

Jones, J. B., Jones, J. P., Stall, R. E., & Zitter, T. A. (Eds.). (1991).
Compendium of tomato diseases. Minnesota: APS Press.

Jones, J. B., Lacy, G. H., Bouzar, H., Stall, R. E., & Schaad, N. W.
(2004). Reclassification of the xanthomonads associated with
bacterial spot disease of tomato and pepper. Systematic and
Applied Microbiology, 27, 755–762.

Lamari, L. (2008). ASSESS2.0: image analysis software for plant
disease quantification. Minnesota: APS Press.

Lelliot, R. A., & Stead, D. E. (1987).Methods for the diagnosis of
bacterial diseases of plants. Oxford: Blackwell Scientific
Publication Ltd.

Lin, L. I. (1989). A concordance correlation coefficient to evaluate
reproducibility. Biometrics, 45, 255–268.

Mbega, E. R., Mabagala, R. B., Adriko, J., Lund, O. S., Wulff, E.
G., & Mortensen, C. N. (2012). Five species of
Xanthomonads associated with bacterial leaf spot symptoms
in tomato from Tanzania. Plant Disease, 96, 760–761.

Nita, M., Ellis, M. A., & Madden, L. V. (2003). Reliability and
accuracy of visual estimation of Phomopsis leaf blight of
strawberry. Phytopathology, 93, 995–1005.

Nutter, F. W., Jr., & Esker, P. D. (2006). The role of psychophysics
in phytopathology: the Weber-Fechner law revisited.
European Journal of Plant Pathology, 114, 199–213.

Nutter, F. W., & Schultz, P. M. (1995). Improving the accuracy and
precision of disease assessments: selection of methods and
use of computer-aided training programs. Canadian Journal
of Plant Pathology, 17, 174–184.

Pedroso, C., Lage, D. A. C., Henz, G. P., & Café-Filho, A. C.
(2011). Development and validation of a diagrammatic scale
for estimation of anthracnose on sweet pepper fruits for
epidemiological studies. Journal of Plant Pathology, 93,
219–225.

Rios, J. A., Debona, D., Duarte, H. S. S., & Rodrigues, F. A.
(2013). Development and validation of a standard area

diagram set to assess blast severity on wheat leaves.
European Journal of Plant Pathology, 136, 603–611.

Scott, J. W., Miller, S. A., Stall, R. E., Jones, J. B., Somodi, G. C.,
Barbosa, V., Francis, D. L., & Sahin, F. (1997). Resistance to
race T2 of the bacterial spot pathogen in tomato.
HortScience, 32, 724–727.

Sharma, D., Gupta, S. K., & Kumud, J. (2011). Studies on the
inheritance pattern of bacterial spot (Xanthomonas
vesicatoria) in tomato. Indian Phytopathology, 64(2), 128–
130.

Sherwood, R. T., Berg, C. C., Hoover, M. R., & Zeiders, K. E.
(1983). Illusions in visual assessment of Stagonospora leaf
spot of orchardgrass. Phytopathology, 73, 173–177.

Spolti, P., Schneider, L., Sanhueza, R. M. V., Batzer, J. C.,
Gleason, M. L., & Del Ponte, E. M. (2011). Improving sooty
blotch and flyspeck severity estimation on apple fruit with the
aid of standard area diagrams. European Journal of Plant
Pathology, 129, 21–29.

Stall, R. E., Jones, J. B., & Minsavage, G. V. (2009). Durability of
resistance in tomato and pepper to Xanthomonads causing
bacterial spot. Annual Review of Phytopathology, 47, 265–
284.

Sun, H. J., Wei, J. L., Zhang, J. Y., & Yang, W. C. (2014). A
comparison of disease severity measurements using image
analysis and visual estimates using a category scale for ge-
netic analysis of resistance to bacterial spot in tomato.
European Journal of Plant Pathology, 139, 125–136.

Sun, H. J., Zhang, J. Y.,Wang, Y. Y., Scott, J.W., Francis, D.M., &
Yang, W. C. (2011). QTL analysis of resistance to bacterial
spot race T3 in tomato. Acta Horticulturae Sinica, 38, 2297–
2308.

Yadav, N. V. S., de Vos, S. M., Bock, C. H., & Wood, B. W.
(2013). Development and validation of standard area dia-
grams to aide assessment of pecan scab symptoms on pecan
fruit. Plant Pathology, 62, 325–335.

Yang, W. C. (2013). Recent advances on genetics and mapping of
resistance to bacterial spot in tomato. Acta Horticulturae
Sinica, 40, 1731–1740.

Yang, W. C., Chen, J., Zhang, X. M., & Francis, D. M. (2007).
Recent advances in classification of tomato bacterial spot
pathogen, genetics of resistance, and marker-assisted selec-
tion. Scientia Agricultura Sinica, 40, 283–290.

Yang, W., Sacks, E. J., Ivey, M. L., Miller, S. A., & Francis, D. M.
(2005). Resistance in Lycopersicon esculentum intraspeciflc
crosses to race T1 strains of Xanthomonas campestris pv.
vesicatoria causing bacterial spot of tomato. Phytopathology,
95, 519–527.

Yi, Q., Wang, P. P., & He, Y. (2008). Reliability analysis for
continuous measurements: Equivalence test for agreement.
Statistics in Medicine, 27, 2816–2825.

Eur J Plant Pathol (2015) 142:665–675 675


	Development and validation of a standard area diagram set to aid estimation of bacterial spot severity on tomato leaves
	Abstract
	Introduction
	Materials and methods
	Plant growth
	Inoculum preparation and inoculation
	Development of the SAD set
	Validation of the SAD set
	Data analysis

	Results
	Effect of the SADs
	Inter-rater reliability

	Discussion
	References


