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Abstract Bacterial spot caused by several Xanthomonas
spp. is an economically important disease of tomato
(Solanum lycopersicum L.). Host resistance to the disease
is partially dominant or incomplete, which requires accu-
rate assessment of disease severity for genetic studies of
resistance. In the present study, three independent exper-
iments were conducted to investigate the feasibility of
using image analysis to estimate foliar disease severity of
bacterial spot in tomato. The resistant line PI 114490 and
the susceptible line OH 88119 were used in the first
experiment, five tomato lines (PI 114490, PI 128216,
Hawaii 7981, Hawaii 7998, and Fla. 7600) with a range
of resistance and OH 88119 were used in the second
experiment, and 439 F, individuals from a cross between
OH 88119 and PI 114490 were used in the third exper-
iment. Tomato plants were spray-inoculated with bacte-
rial spot race T3. Five diseased leaves from each plant
were randomly collected and scanned to obtain digital
images 21 days after inoculation. The disease severity
(% leaf area) was measured using image analysis. The
susceptible line OH 88119 showed the most severe dis-
ease. The resistant line PI 114490 showed the least severe
disease, and was not significantly different to PI 128216
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or Hawaii 7981. These results indicated that image anal-
ysis could be used to distinguish tomato lines with dif-
ferent resistance to bacterial spot. Marker-trait association
analysis identified four quantitative trait loci conferring
resistance to race T3 in PI 114490 using data obtained
from image analysis, the Horsfall-Barratt (HB) category
scale data, and HB midpoint converted values. However,
the disease severity was slightly underestimated using the
HB category scale and the phenotypic variation explained
by each marker was overestimated using the HB category
data compared to using the image analysis-measured
disease severity data. Therefore, image analysis could
provide a consistent, accurate and reliable method com-
pared to the HB scale to estimate disease severity for
genetic studies of foliar bacterial spot in tomato.

Keywords Solanum lycopersicum - Xanthomonas
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Introduction

Bacterial spot, caused by four species of Xanthomonas
(X. euvesicatoria, X. vesicatoria, X. perforans, and
X. gardneri) is a serious disease of tomato (Solanum
lycopersicum L.) particularly in wet and humid environ-
ments (Jones et al. 1991). The disease occurs in open
field production causing severe losses in total and mar-
ketable yields (Yang et al. 2007; Stall et al. 2009). More
recently, the disease has become widespread in
protected tomato production areas including green-
houses in China (Wang et al. 2005; Liu et al. 2008;
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Guo et al. 2008; Zhang et al. 2010). The existence of
multiple species and races of these pathogens, as well as
lack of efficacy of commonly applied bactericides
makes it difficult to effectively control the disease. The
use of host resistance is believed to be an inexpensive,
effective, and environmentally friendly approach to
manage the disease.

Accurate assessment of disease severity is critical for
several purposes including monitoring epidemics, eval-
uation of germplasm, genetic studies of resistance, and
breeding. Although the bacterial spot pathogen can in-
fect all above ground parts of tomato plants, most stud-
ies have been based on assessment of foliar disease
(Yang et al. 2007). Several disease assessment variables
including visual estimates of disease severity (Yang
2013), percentage defoliation (Scott and Jones 1989;
Somodi et al. 1994), and number of lesions on leaves
(Sotirova and Bogatsevska 2000) have been used to rate
the severity of bacterial spot on tomato. The Horsfall-
Barratt (HB) category scale has been used for the visual
assessment of plant disease severity as an effort to
compensate for human error in estimating the percent-
age of foliage infected (Horsfall and Barratt 1945). The
HB scale is a 12-category, non-linear scale with loga-
rithmically increasing interval sizes symmetrical around
50 % (Horsfall and Barratt 1945). Thus the interval size
up to 12 % severity is 3 to 6 % percentage points, but
from 12 to 50 % is 12 to 25 % percentage points. It is the
most frequently used method in visual estimates of
disease severity of tomato bacterial spot (Somodi et al.
1994; Scott et al. 1995, 2003; Zhang et al. 2009; Hutton
etal. 2010a, b; Sun et al. 2011). However, the accurancy
and reliability of visual assessment using the HB scale
has been questioned (Nutter and Esker 2006; Bock et al.
2009b, 2010a). Even without using a category scale,
visual assessment of disease severity can be inaccurate
and unreliable (Price et al. 1993; Nita et al. 2003; Nutter
et al. 1993; Parker et al. 1995; Moya et al. 2005; Bade
and Carmona 2011; Bock et al. 2013).

Various image analysis systems have been developed
and applied to measure disease severity on foliage
(Bock et al. 2010b). They can provide a more accurate
estimation of the disease severity than visual assessment
(Price et al. 1993; Moya et al. 2005; Bock et al. 2010b;
Bade and Carmona 2011). The software Assess (Lamari
2008) is a popular image analysis software program that
has been widely used. The measurements of diseased
areas obtained using Assess can be accurate and reliable,
and image analysis is often used to gather “actual”
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values (Bock et al. 2008, 2009a, 2010b). Assess V2.2,
the most recent version of the software, incorporates an
automatic threshold feature so that each image can be
treated and measured separately. It has been successfully
used to measure severity of rice blast (Campos-Soriano
et al. 2012) and to study quantitative disease resistance
to common bacterial blight in common bean (Xie et al.
2012) . Image analysis has not been used to study the
genetics of quantitative resistance in tomato.
Resistance to bacterial spot in tomato is partially
dominant or incomplete (Yang et al. 2007). Genetic
analyses of resistance to the pathogen has suggested
multigene models for field resistance (Yang et al.
2007; Sun et al. 2011; Hutton et al. 2010a, b; Sharma
etal. 2011). Although visual estimates of disease sever-
ity have been widely used to obtain data for genetic
studies of resistance to bacterial spot in tomato, it is
critical to have accurate phenotypic data for fine-
mapping of these quantitative trait loci (QTL). The
objective of these experiments was to assess severity
of bacterial spot on tomato leaves using image analysis,
compare the measurements with visual estimates using
the HB category scale, and compare the methods for
providing accurate phenotypic data for QTL mapping.

Materials and methods
Plant material and experimental design

Three experiments were conducted to evaluate the fea-
sibility of using image analysis to measure disease se-
verity for genetic analysis of resistance in tomato to
bacterial spot. Two tomato lines were used in the first
experiment. S. [ycopersicum var. cerasiforme accession
PI 114490 is an indeterminate cherry tomato with resis-
tance to tomato bacterial spot races T1-T4 (Scott et al.
2003; Hutton et al. 2010b; Sun et al. 2011), while OH
88119 is an elite processing tomato breeding line sus-
ceptible to bacterial spot (Yang et al. 2005). In addition
to PI 114490 and OH 88119, four additional tomato
lines were used in the second experiment to verify the
potential of image analysis in distinguishing lines with
different levels of resistance. The unimproved breeding
line Hawaii 7981 and S. pimpinellifolium accession PI
128216 have partial resistance, and cultivar Fla. 7600
and unimproved breeding line Hawaii 7998 have toler-
ance to race T3 of tomato bacterial spot (Scott et al.
1995). For the first and second experiments,



Eur J Plant Pathol (2014) 139:125-136

127

measurements of disease severity were made on three
replicates with 30 plants of each line in each replicate.
Since both PI 114490 and OH 88119 were included in
the second experiment, only the second experiment was
repeated. The third experiment included an F, popula-
tion consisting of 439 individuals derived from a cross
between OH 88119 and PI 114490 as well as 10 plants
of each parent.

Seeds of all lines were germinated in 288 Square Plug
Trays (Taizhou Longji Gardening Materials Co., Ltd,
Zhejiang, China) in a mixture of peat and vermiculite
(3:1). For the first and second experiments, 1-month old
seedlings were transplanted into 10 cm (diameter)x 8 cm
(height) pots filled with the same peat : vermiculite
mixture and placed in a growth chamber (22/30 °C
night/day cycle with a 14 h photoperiod). Water and
fertilizer were provided as needed. The third experiment
was conducted in a protected field at the Shangzhuang
Research Station of the China Agricultural University
(Beijing, China) following conventional field manage-
ment practices (Zhang 2005). Seedlings were
transplanted 45 days after sowing in trays.

Inoculum preparation and inoculation

X perforans race T3 strain Xv829 was obtained from the
University of Florida (Dr. J. B. Jones). The bacteria 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 (ddH,O) and the
suspension was adjusted to approximately 3 x 10® colony
forming units (CFU) per ml confirmed using a spectro-
photometer (Agpp=0.15). Plants were spray-inoculated
with the bacterial suspension using a handheld sprayer
approximately 2 weeks after transplanting for the first
two experiments or 1 week before transplanting in the
case of the third experiment. The plants were misted with
water twice a day (9:00 am and 5:00 pm) from 1 day
before inoculation to 21 days after inoculation to increase
humidity and prolong leaf wetness.

Image acquisition and lesion area analysis

Twenty-one days after inoculation, five diseased leaves
were randomly collected from each plant and wiped with
a moist cloth to remove dust. The five leaves were
scanned as a single TIFF image using a BenQ 5560
Color Scanner (BenQ, Shanghai, China) at 600 x 600 dpi.

The disease severity (percentage of leaf area covered
by lesions) was measured using the image analysis
software Assess V2.2 using hue, saturation and intensity
colour space and the median filter in the Manual Panel.
To determine a suitable approach to measure the severity
for the five leaves in one image, two measurements were
taken in the first experiment. First, the overall percent-
age area diseased for all five leaves in the single image
was measured. Second, the diseased area was measured
separately for each leaf and the mean severity was
calculated. The association between the data obtained
using these two measurements was analyzed by corre-
lation (SAS V9.4, SAS Institute, Cary, NC, USA).
Based on the results, the disease severity in the second
and third experiments was measured using the most
accurate approach. A general linear model (GLM) was
used to analyze disease severity data for the first two
experiments. Mean separations were based on least sig-
nificant difference (LSD) (P=0.05).

The resistance to tomato bacterial spot race T3 in PI
114490 has been investigated using the HB category
scale in an inbred backcross population (Sun et al.
2011). To determine whether the disease severity data
obtained by image analysis was comparable to the HB
scale for quantitative trait loci (QTL) mapping, all leaf
samples in the third experiment were also visually
assessed using the HB scale by a trained plant patholo-
gist. The raw HB scale of each leaf was converted to the
HB midpoint value (Bock et al. 2010a), and the HB
midpoint values of the five leaves for each individual in
the F, population were averaged for further analysis.
The relationships between the image analysis measure-
ments and the raw HB scale estimates or the HB mid-
point converted values were determined using Microsoft
Excel 2007 (Microsoft Corporation, Redmond, WA,
USA). The agreement in the HB midpoint values and
the image analysis measurements was determined with
Lin’s concordance correlation coefficient (p.) (Lin
1989; Nita et al. 2003).

Determining the bacterial population

For the first two experiments, the bacterial population in
inoculated tissue of the tomato lines (OH88119 and
PI114490 in experiment 1, and OH88119, Ha7998,
Fla7600, P1114490, P1128216 and Ha7981 in experi-
ment 2) was determined by a dilution plate method
(Yang et al. 2005). Approximately 0.1 g of leaf tissue
from each plant was harvested, surface-sterilized with
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70 % ethanol, homogenized in 1 ml ddH,0, and sub-
jected to 10-fold serial dilutions. One hundred pl of each
serial dilution was plated onto YDC medium, and incu-
bated at 28 °C for 2-3 days prior to counting colonies.
Bacterial population sizes were log-transformed to sta-
bilize sample variances prior to statistical analysis.
GLM was used to analyze the data of log-transformed
colony forming units (log;oCFU) per gram of tissue.
Mean separations were based on least significant differ-
ence (LSD) (P=0.05).

Genetic analysis of resistance in tomato line PI 114490

Genomic DNA was isolated from young leaves of each
plant of the two parents and each individual in the F,
population of the OH 88119 xPI 114490 cross using the
modified CTAB method (Kabelka et al. 2002). We
identified four QTLs for resistance to race T3 of bacte-
rial spot using an inbred backcross population derived
from PI 114490 in a previous study (Sun et al. 2011).
However, phenotypic variation explained by each QTL
(6.5-11.7 %) was low. To detect whether there were
additional QTLs contributing resistance to race T3 in
PI 114490, a total of 44 previously defined simple
sequence repeat (SSR), insertion/deletion (InDel) poly-
morphism, single nucleotide polymorphism (SNP) and
conserved ortholog set (COSI) markers (Frary et al.
2005; Van Deynze et al. 2007; Sim et al. 2009; Wang
etal. 2010; Sun et al. 2011) from 12 chromosomes were
used in this study (Table 1), of which 20 were novel for
characterizing genetics of resistance to race T3 in PI
114490. The InDel marker ‘DHS12’ (forward primer:
5-TTATGTGGACGGAAATTCTGC-3', reverse prim-
er: 5'-CACAAATCGGACATCAGTCG-3') was newly
identified by comparing the genomic DNA sequences
between OH 88119 and PI 114490 obtained in our lab.

Genotypic data was obtained by PCR amplification
of the genomic DNA of each individual plant using the
44 markers listed in Table 1. PCRs were conducted in a
10-pl reaction volume containing 10 mM Tris—HCI
(pH 9.0 at room temperature), 50 mM KCl, 1.5 mM
MgCl,, 100 uM each of dNTPs, 0.1 uM each primer,
10 ng of genomic DNA template, and 1 unit of 7ag
DNA polymerase. Initial denaturing was at 94 °C for
3 min followed by 36 cycles of 30 s at 94 °C, 30 s at
50 °C, and 30 s at 72 °C, and a final extension stage at
72 °C for 5 min. Amplification was performed in a
programmable thermal controller (PTC-100; MJ
Research, Inc., Watertown, MA). Following the
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amplification reactions, the PCR products were separat-
ed on 7 % polyacrylamide gel. The gel was stained with
silver staining approach following the protocol de-
scribed in SILVER SEQUENCE™ DNA Sequencing
System (Promega, USA). Genotypic data from molecu-
lar markers were scored as homozygous for PI 114490
(band from PI 114490), homozygous for OH 88119
(band from OH 88119), or as heterozygous (bands from
both PI 114490 and OH 88119).

Association between disease severity and marker ge-
notype in the F, population of OH 88119 xPI 114490
was determined by a Kruskal-Wallis test (Kruskal and
Wallis 1952) (PROC NPARIWAY in SAS). The non-
parametric analysis was chosen due to non-normality of
the data. The significance of association between a mark-
er locus and resistance was indicated by an H-value>
5.99 (degree of freedom=2) at P<0.05.

Results

Symptoms of bacterial spot on leaves of tomato lines PI
114490 and OH 88119

In the first experiment, the development of lesions was
monitored each day for 1 month after inoculation. The
occurrence of lesions on leaves of both PI 114490 and
OH 88119 was observed 4 days after inoculation (DAI).
The lesions on leaves of PI 114490 plants were small
and did not expand (Fig. 1a), and the plants stayed
healthy although blighting of the leaf edges occasionally
occurred by 24 DAI (Fig. 1b). In contrast, on leaves of
OH 88119 plants, the number of lesions increased, they
expanded, and coalesced (Fig. 1c). Some diseased
leaves wilted and defoliation was observed 24 DAI
(Fig. 1d). Therefore, a sampling time of 21 DAI was
chosen for all three experiments.

Comparison of diseased area from group or leaf-by-leaf
measurements

The percentage diseased area obtained using image
analysis to measure severity on a group of 5 leaves at
the same time was correlated to the mean obtained using
the leaf-by-leaf measurements (r=0.94, P<0.0001).
When the colours of the five leaves in the image were
similar, the percentage diseased areas measured using
the two approaches were almost the same. However,
when the colours of the five leaves in the image varied,
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Table 1 P and H values from the Kruskal and Wallis (1952) tests®
of marker association for resistance to bacterial spot race T3
(Xanthomonas perforans) in the F, population derived from the
cross OH 88119%PI 114490 using disease severity obtained from

image analysis measurements (0 to 100 % ratio scale) and visual
estimates (using the Horsfall-Barratt 12-point category scale and
HB midpoint converted values)

Marker Marker type Chromosome Image analysis  Visual estimate ~ HB midpoint Reference for original

measurement (HB scale) (conversion of HB scale)  development

of the marker

H P H P H P
SL20105 InDel 1 0.63 0.7 1.16 0.6 2.48 0.3 Van Deynze et al. 2007
Le016047i InDel 1 1.18 0.6 0.83 0.7 1.00 0.6 Sim et al. 2009
SSR134 SSR 1 7.88 0.02 9.58 0.01 10.48 0.01 Frary et al. 2005
SL100301 InDel 1 591 0.05 5.26 0.07 5.16 0.08 Van Deynze et al. 2007
SL10522i InDel 1 2.68 0.3 2.82 0.2 2.89 0.2 Van Deynze et al. 2007
CosOH44 SSR 2 1.77 0.4 2.74 0.3 224 0.3 Sun et al. 2011
SSR71 SSR 2 0.20 0.9 0.91 0.6 0.63 0.7 Frary et al. 2005
SL10682i InDel 2 0.04 1.0 0.18 0.9 1.29 0.5 Van Deynze et al. 2007
SSR5 SSR 2 1.63 0.4 2.44 0.3 0.10 1.0 Frary et al. 2005
SL10487i InDel 2 1.08 0.6 0.98 0.6 2.16 0.3 Van Deynze et al. 2007
SL10402i InDel 3 5.13 0.08 5.03 0.08 5.00 0.08 Van Deynze et al. 2007
SL.10480i InDel 3 8.72 0.01 6.33 0.04 6.87 0.03 Van Deynze et al. 2007
LEOH185  InDel 3 9.39 0.01 7.28 0.03 6.48 0.04 Sun et al. 2011
LEGtomS5¢c ~ SNP 3 0.93 0.3 0.92 0.3 238 0.1 Sun et al. 2011
SL10690i InDel 3 8.35 0.02 8.89 0.01 9.05 0.01 Van Deynze et al. 2007
SSR601 SSR 3 528 0.07 6.11 0.05 6.34 0.04 Frary et al. 2005
Tom194 SSR 4 1.89 0.4 3.14 0.2 1.28 0.5 Sun et al. 2011
SSR43 SSR 4 0.19 0.9 0.26 0.9 0.33 0.9 Frary et al. 2005
SL10043i InDel 4 5.02 0.08 2.24 0.3 5.82 0.05 Van Deynze et al. 2007
SSR146 SSR 4 1.37 0.5 1.14 0.6 1.94 0.4 Frary et al. 2005
SL101001 InDel 5 0.13 0.7 0.03 0.9 1.29 0.3 Van Deynze et al. 2007
SL10373i1 InDel 5 0.35 0.8 0.11 1.0 0.55 0.8 Van Deynze et al. 2007
Tom152 SSR 5 0.53 0.8 0.21 0.9 0.66 0.7 Sun et al. 2011
Tom49 SSR 5 0.20 0.9 0.47 0.8 0.70 0.7 Sun et al. 2011
SSR47 SSR 6 1.83 0.4 1.10 0.6 2.17 0.3 Frary et al. 2005
CAU34i InDel 6 1.43 0.5 1.00 0.6 1.89 04 Wang et al. 2010
SSR45 SSR 7 0.53 0.8 0.10 1.0 0.44 0.8 Frary et al. 2005
DHS12 InDel 7 0.83 0.7 0.88 0.6 0.37 0.8 This study
SSR63 SSR 8 1.38 0.5 1.65 04 1.07 0.6 Frary et al. 2005
Le022724 InDel 9 2.72 0.3 2.42 0.3 1.35 0.5 Sim et al. 2009
Tom236 SSR 9 1.34 0.5 1.74 0.4 0.56 0.8 Sun et al. 2011
SSR333 SSR 9 337 0.2 2.86 0.2 1.26 0.5 Frary et al. 2005
SL101051 InDel 10 0.92 0.6 1.19 0.6 0.75 0.7 Van Deynze et al. 2007
CAU29i InDel 10 1.02 0.6 1.24 0.5 1.11 0.6 Wang et al. 2010
LEVCOHIS5 InDel 10 0.86 0.7 0.36 0.8 226 0.3 Sun et al. 2011
SL104191 InDel 10 0.44 0.8 0.25 0.9 2.00 04 Van Deynze et al. 2007
Tom196 SSR 11 1.30 0.5 1.29 0.5 1.93 0.4 Sun et al. 2011
Tom144 SSR 11 4.16 0.1 4.46 0.1 398 0.1 Sun et al. 2011
SL10737i InDel 11 8.95 0.01 7.68 0.02 7.24 0.03 Van Deynze et al. 2007
pec? InDel 11 1.76 0.4 0.75 0.7 0.32 0.9 Sun et al. 2011
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Table 1 (continued)

Marker Marker type Chromosome Image analysis  Visual estimate ~ HB midpoint Reference for original

measurement (HB scale) (conversion of HB scale)  development

of the marker

H P H P H P
Cos57 COSI 11 0.79 0.7 0.32 0.9 0.20 0.9 Sun et al. 2011
SL10953i InDel 12 0.16 0.9 0.22 0.9 0.31 0.9 Van Deynze et al. 2007
SSR20 SSR 12 6.86 0.03 8.29 0.02 7.15 0.03 Frary et al. 2005
LEOH197 InDel 12 0.33 0.9 0.14 0.9 0.04 1.0 Sun et al. 2011

 The Kruskal-Wallis H Test is a nonparametric procedure that can be used to compare more than two populations. H represents the variance
of'the ranks among groups and is calculated using the formula in Kruskal and Wallis (1952). The P value corresponds to a chi-square equal to
H. Markers significantly associated with resistance to race T3 in PI 114490 are in bold (H>5.99, degree of freedom =2, P<0.05)

the percentage diseased area measured by the overall
approach was either higher or lower than that on the
basis of the leaf-by-leaf approach. Leaves from approx-
imately 12.8 % of the plants in the first experiment
showed discrepancy between the two approaches. Due
to the variation in leaf colour, only the leaf-by-leaf
approach was used for measuring the disease severity
in the second and third experiments.

Comparisons of diseased areas and bacterial populations
between tomato lines PI 114490 and OH 88119

In the first experiment, the severity on leaves was sig-
nificantly higher (£=88.11, P<0.0001) on OH 88119
plants compared to the PI 114490 plants. The mean
disease severity for all sampled leaves of PI 114490
was 1.5 % with a range of 0.8 to 2.2 %, while the mean
disease severity for OH 88119 was 32.7 % with a range
of 6.5 to 69.6 %. There was no significant difference
(F=2.84, P=0.1) for log;(CFU between OH 88119
(7.84) and PI 114490 (7.46).

Comparisons of diseased areas and bacterial populations
among six tomato lines

There was a range in the number of lesions on leaves of
plants of different lines, with the most on OH 88119 and
fewest on PI 114490. The number of lesions on leaves of
PI 128216 and Hawaii 7981 was numerically greater
than that on leaves of PI 114490, but lower when com-
pared to Hawaii 7998 and Fla. 7600 (Fig. 2).

The disease severities were significantly different
among the six tomato lines (Table 2). The disease se-
verity was the least on leaves of PI 114490, but not
significantly different from that on leaves of PI 128216
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and Hawaii 7981. The susceptible line OH 88119 had
the most severe disease. The disease severity on leaves
of Hawaii 7998 and Fla. 7600 was less than that on
leaves of OH 88119 but greater compared to that on
leaves of the other lines. The bacterial populations were
not significantly different between lines PI 114490,
Hawaii 7998, Fla. 7600 and OH 88119. However, the
bacterial populations were significantly lower in leaves
of PI 128216 and Hawaii 7981 compared to other lines,
and Hawaii 7981 had the lowest population of all lines
(Table 2).

Genetics of resistance to bacterial spot race T3 in PI
114490

The mean disease severity measured by image analysis
on leaves was 2.3 % on PI 114490 and 63.2 % on OH
88119. In the F, population of the OH 88119xPI
114490 cross, the severity of bacterial spot for all sam-
pled leaves ranged from 0.6 to 92.2 %, and the mean
severity for individual plants (a mean of estimates from
five leaves) ranged from 1.2 to 59.4 % with a mean of
12.0 %. The distribution of the severities in the F,
population was skewed towards low disease severity
(Fig. 3a). The HB category scale estimates for all indi-
viduals ranged from 2 to 7, and had a normal distribu-
tion (Fig. 3b). When the HB category scale was con-
verted to the HB midpoint values, the resulting distribu-
tion had a bias towards low disease severity (Fig. 3c).
Visual rating (HB category scale estimates) had a posi-
tive, logarithmic association with image analysis mea-
surement of disease severity based on mean estimates
from five leaves (Fig. 4). More severe disease was
measured by image analysis, but was not estimated as
severe using the HB scale, such that the HB estimates
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Fig. 1 Foliar lesions and symptoms on tomato plants after inoc-
ulation with bacterial spot race T3 (Xanthomonas perforans) strain
Xv829. a Lesions on a leaf of the resistant line PI 114490 at 21 days
after inoculation. b Symptoms on a plant of the resistant line PI
114490 at 24 days after inoculation. ¢ Lesions on a leaf of the
susceptible line OH 88119 at 21 days after inoculation. d Symp-
toms on a plant of the susceptible line OH 88119 at 24 days after
inoculation

reached a plateau when disease severity was ~20 %.
This indicated that visual estimates using the HB cate-
gory scale did not differentiate well more severe disease
(where the HB scale has wide intervals). A logarithmic
regression function provided the best fit to these data
(coefficient of determination, R°=0.87). A linear rela-
tionship was observed when comparing the HB mid-
point converted values with the disease severity obtain-
ed using image analysis based on mean estimates from

five leaves (Fig. 5). The correlation coefficient (r=0.91)
and concordance (representing perfect agreement be-
tween actual and estimated severity) correlation coeffi-
cient (p.=0.91) were high. However, there was a slight
underestimation of disease severity because the u value
(constant bias, height differences between the concor-
dance and the best fitting lines) was less than 0. The v
value (systematic bias, the difference in disease severity
between the HB midpoint and image analysis measure-
ments with increasing actual disease) was greater than 1,
suggesting that the slope for the estimated severity was
slightly greater than the concordance line at low disease
severity (Fig. 5).

The Kruskal and Wallis (1952) test was used to
determine marker-trait association due to the skewed
distribution of the disease severity data in the F, popu-
lation. Among the 439 individuals in the F, population
of the OH 88119xPI 114490 cross, seven (1.59 %) had
the same resistance as the parent PI 114490 based on the
disease severities obtained using image analysis mea-
surement, while six (1.37 %) were similar to PI 114490
based on the HB category scale or the HB midpoint
converted values. The proportion of resistant plants in
the F, population was very close to the expected value
of 1.56 % assuming a three-gene model requiring all six
alleles for maximum resistance. Based on marker-trait
association analysis using the diseases severity data
obtained through image analysis measurement, six
markers (SSR134, SL10480i, LEOH185, SL10690i,
SL10737i, and SSR20) on four chromosomal regions
were significantly (H>5.99, degree of freedom =2, P<
0.05) associated with disease resistance, suggesting that
four QTLs confer resistance to race T3 in PI 114490
(Table 1). Locations of markers on chromosomes 1, 3,
and 11 were consistent with previous QTL positions
(Sun et al. 2011). Marker SSR20 was linked to a novel
QTL on chromosome 12. In addition to the above six
markers, the marker SSR601 on the same region of
chromosome 3 was also associated with resistance when
the HB category scale data and the HB midpoint con-
verted values were used for marker-trait analysis.

Discussion
The leaf-by-leaf approach measures disease severity
using image analysis software based on a single leaf.

The approach has advantages in simplicity but there is a
need to consider leaf colour variation in the image and
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P1114490 P1128216 Ha7981

Ha7998 Fla7600 OH88119

Fig. 2 Foliar lesions of bacterial spot on plants of six tomato lines 21 days after inoculation with race T3 of Xanthomonas perforans strain

Xv829

possibly adjust the parameters to maintain accuracy
between leaves. It has been widely used in many plant
disease severity assessments (Bock et al. 2010b). Due to
the need to recalibrate for each leaf, it can take time to
acquire and analyze images for a large number of leaf
samples in a segregating population. In this study, we
tested measuring disease on five leaves from the same
individual plant scanned in a single image. The disease
severity was measured once for all five leaves and
separately for each leaf. This allowed us to determine
the most suitable approach to measure disease severity
for large number of samples. The results showed close
correlation between measurement of five-leaf samples at
once and leaf-by-leaf measurements, suggesting that the
grouped leaf measurements could be used to assess
disease severity for all leaves from one plant at once,
despite colour variation among the sampled leaves.
Minimizing colour variation among leaves in one image
or a leaf-by-leaf approach would increase the accuracy
of measurement.

Table 2 Mean separation® for lesion percentage and bacterial
population in leaves of six tomato lines 21 days after inoculation
of bacterial spot race T3 (Xanthomonas perforans) strain Xv829

Tomato lines Disease severity (% area) log;(CFU
OH88119 22.7a 751 a

Ha7998 9.5b 7.40 a

Fla7600 10.3b 735a
PI1114490 1.2¢ 731 a
PI128216 3.9¢ 6.81Db

Ha7981 3.2¢ 6.32¢

F-value (P) 16.00 (0.002) 19.64 (<0.0001)
LSDy s 53 0.31

#Means followed by the same letter are not significantly different
at P<0.05 level
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Bacterial populations in plants have been used as an
index of disease severity for QTL analysis of resistance
to race T1 of bacterial spot in tomato line Hawaii 7998
(Yang et al. 2005) because the number of bacteria in
diseased tomato leaves is highly correlated with field
severity ratings (Somodi et al. 1991). However, the
numbers of bacteria in diseased leaves of tomato lines
Hawaii 7981 and PI 128216 were consistent with their
field resistance, while the bacterial population in the
resistance tomato line PI 114490 was not significantly
different from that of the susceptible line OH 88119 in
this study. As is established, the hypersensitive response
(HR) is a mechanism used by plants to limit the growth
of microbial pathogen. Both PI 128216 and Hawaii
7981 show HR to race T3 while PI 114490 does not
(Scott et al. 1995; Wang et al. 2011; Pei et al. 2012),
which might explain the difference in bacterial popula-
tion in vivo. Therefore, genotypic differences should be
considered when using the bacterial population as an
index of disease severity.

The relationship between actual disease (0 to 100 %),
visually estimated disease (0 to 100 %) and that estimat-
ed by the HB category scale could be misunderstood.
The HB category scale is one of the most widely used
quantitative scales for the visual assessment of plant
disease. One assumption for developing the HB scale
was that the human eye reads in logarithms, requiring a
scale that has logarithmic categories over the 0 to 100 %
disease severity ratio scale (Horsfall and Barratt 1945).
Comparing either actual disease or visually estimated
disease with disease estimated using the HB scale results
in a logarithmic relationship unless a midpoint conver-
sion is made prior to taking averages (Bock et al.
2010a). Thus a logarithmic relationship was observed
between the HB category scale and percentage disease
severity obtained by image analysis in this study.
However, it has been demonstrated that the
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Fig. 3 Distributions of disease severities (percentage diseased
area) obtained by image analysis measurements (a), disease sever-
ity obtained by visual estimates using the Horsfall and Barratt
(1945) category scale (b), and the midpoint converted from the
HB scale (c) in the F, population of OH 88119%PI 114490 cross
21 days after inoculation of bacterial spot race T3 (Xanthomonas
perforans) strain Xv829. Both the actual disease severity and HB
values are averages from five leaf samples per individual plant

psychophysical basis for the HB scale is flawed, and
there is a linear increase in visual stimulus with in-
creased disease severity (Nita et al. 2003; Nutter and
Esker 2006; Bock et al. 2010b). Linear relationships
between visual estimates using percent disease severity
and the actual disease severity obtained by image anal-
ysis has been confirmed in a number of studies (Price
et al. 1993; Nita et al. 2003; Nutter and Esker 2006;

Visual estimate (HB scale)

y =1.3234In(x) + 1.0336
R*=0.8664

0 10 20 30 40 50 60 70
Image analysis measurement (%)

Fig. 4 The relationship between the actual disease severity (per-
centage diseased area measured using image analysis) and the visual
estimates using the 12-point Horsfall and Barratt (1945) category
scale in the F, population of the cross OH 88119%PI 114490. Both
the actual disease severity and HB values are averages from five leaf
samples per individual plant

Bock et al. 2008, 2010a). The relationship between the
disease severity estimated using a linear scale with equal
5 % intervals and the actual disease is also linear (Nita
et al. 2003). These suggest that direct estimation of
disease severity is more reliable and accurate than the
HB scale (Bock et al. 2010b). The relationship between
the visually estimated HB scale disease severity and that
estimated or measured as actual disease severity using
the 0—100 % ratio scale should be carefully interpreted.

It has been suggested that the HB category scale is
less useful for hypothesis testing than nearest percent
estimates (Bock et al. 2010a). Inaccuracy of visual as-
sessment using the HB category scale can lead to a
greater risk of type II errors when the population size
sampled is inadequate (Bock et al. 2009b, 2010a; Nita
et al. 2003; Nutter and Esker 2006). However, visual
assessment using category scales like the HB scale are
useful tools for selection in breeding programs, especial-
ly for screening large breeding populations, and some
previous research suggests certain category scales have
little or no effect on QTL mapping (Poland and Nelson
2011). Our previous work suggests that the resistance in
PI 114490 to bacterial spot race T3 is conditioned by at
least four QTLs having small effects (6.5-11.7 %). To
establish an approach for fine-mapping of these QTLs,
the disease severities were measured using image analy-
sis and the data used for QTL detection in this study.
Although using data from both the actual disease severity
measured by image analysis and the raw HB category
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Fig. 5 The relationship between the actual disease severity (per-
centage diseased area measured using image analysis) and the
visual estimates using midpoint (%) converted from the 12-point
Horsfall and Barratt (1945) category scale in the F, population of
the cross OH 88119%PI 114490. Both the actual disease severity
and HB midpoint values are averages from five leaf samples per
individual. The solid line is the concordance line, and the dash line
is the best fitting line. Accuracy is determined with Lin’s (1989)
concordance correlation coefficient (p..), calculated as the product
of'the correlation coefficient () and the bias correction factor (Cb).
Cb=2/(v+ I/v+u?), where u is height differences between the
concordance and the best fitting lines and v is the difference
between measured and actual values (Nita et al. 2003)

scale resulted in indentifying the same QTLs in the F,
population of the OH 88119 %PI 114490 cross, the phe-
notypic variation explained by each marker was higher
using the raw HB category data compared to using the
image analysis-measured disease severity data. This sug-
gested that the disease severity obtained using the HB
category scale might result in overestimation of the
actual effect of QTL. A similar phenomenon was ob-
served in a comparative analysis of quantitative resis-
tance to common bacterial blight in common bean using
an ordinal scale and image analysis (Xie et al. 2012). The
overestimation of phenotypic variation might be due to
the lack of additivity when disease severity was visually
assessed using a category scale (Xie et al. 2012). In
addition, the use of both the raw HB scale data and the
HB midpoint converted values identified one additional
marker SSR601 associated with resistance in this study.
This might be due to existence of missing genotypic data
for approximately 48.0 % of individuals in the F,
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population. The individuals with missing genotypic data
were automatically removed from statistical analysis in
the SAS program, which might cause false association or
lack of ability to detect QTL in different data. Poland and
Nelson (2011) also reported that additional QTLs for
resistance to northern leaf blight in maize could be
detected using a 0-9 category rating scale (11 QTLs)
compared to using percentage estimates on the 0-100 %
scale (9 QTLs). They proposed that the detection of
smaller-effect QTL might be sensitive to the type of scale
and the resulting distribution. However, care should be
taken when estimating QTL allele effects based on visual
disease assessments because the magnitudes of estimated
allele effects by different raters for identified QTLs var-
ied drastically (Poland and Nelson 2011). Conversion of
the raw HB scale data to midpoint values changed the
relationship between the disease severity obtained using
image analysis and visual estimates, but did not increase
the precision and accuracy in this study. All these suggest
that image analysis is a more reliable and suitable meth-
od than visual estimates using a category scale for phe-
notypic evaluations in quantitative genetic studies.

Visual assessment based on the HB scale has been
widely applied to investigate genetics of resistance to
bacterial spot in tomato due to its simplicity and flexi-
bility (Yang 2013). Two strategies were adapted to in-
crease the accuracy and precision of visual estimates
using the HB scale for QTL identification in previous
studies (Scott et al. 2003; Yang et al. 2005; Hutton et al.
2010a, b; Sun et al. 2011). First, disease severity assess-
ments were conducted on replicated field trials with
specific populations (e.g. advanced backcross population
or inbred backcross population) derived from resistant
lines. This allowed estimating the environmental effect
on disease severity and identifying the real QTLs.
Second, the raw HB scale estimates were made based
on the average disease severity of at least 10 plants of the
same genotype in a plot to minimize any potential arti-
facts. Experienced raters are needed to obtain a relatively
accurate and precise estimate using the HB scale, as with
the 0 to 100 % scale. Image analysis is a useful approach
for fine-mapping of QTLs for quantitative disease resis-
tance due to its sensitivity and the truly quantitative
nature of the measurements that lend themselves to direct
parametric analysis (unlike HB measurements that must
be mid-point converted prior to analysis).

In conclusion, image analysis is an accurate method
to distinguish tomato lines with different susceptibility
to bacterial spot, and to identify QTLs for resistance in
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PI 114490. These results suggest that image analysis can
be used for measuring disease for genetic analysis of
quantitative resistance to plant disease and fine-mapping
of QTLs in tomato. Although the same QTLs can be
identified using both the HB scale data and the actual
disease severity measured by image analysis, underesti-
mation of disease severity and overestimation of pheno-
typic variation using the HB scale data suggest that the
0-100 % ratio scale is better than the HB category scale
for disease severity assessment and QTL identification.
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