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Abstract: The use of resistant varieties is an important strategy for managing tomato bacterial spot.
The objective of this study was to evaluate the reaction of tomato genotypes to Xanthomonas euvesicato-
ria pv. perforans. The experiment was conducted in a randomized block design with 10 genotypes and
four repetitions. The genotypes consisted of hybrids (UFU-1, UFU-2, UFU-3), wild resistant accession
Solanum pennellii, commercial susceptible cultivar Santa Clara and homozygous lines (UFU-5, UFU-6,
UFU-11, UFU-12, UFU-15). The UFU B8 isolate of X. euvesicatoria pv. perforans was used. The bacterial
suspension was prepared and adjusted in a spectrophotometer ODsz5q = 0.5 (1 x 10° CFU mL™1).
Inoculation occurred 10 days after transplantation. Disease severity was assessed at 3, 6,9, 12 and
15 days after inoculation, and the area under the disease progress curve (AUDPC) was calculated.
There was a significant difference between the genotypes regarding the severity of the disease at 3, 6
and 12 days after inoculation. Lineages 5, 6 and 12, the hybrid UFU-1 and the wild accession S. pen-
nellii showed the lowest severity of the disease, being promising for promoting genetic improvement
programs aimed at resistance to the bacteria.
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1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most important crops worldwide, being
the second most prominent vegetable in Brazil. Essential for a healthy diet, it has significant
socioeconomic contributions [1], with an estimated five to six direct jobs per hectare [2].

In Brazil, the tropical climate is ideal for the development of bacterial diseases in
tomatoes [3], with bacterial spot being particularly notable. Tomato bacterial spot is
caused by four species of Xanthomonas: X. vesicatoria [4], X. euvesicatoria pv. euvesicatoria,
X. euvesicatoria pv. perforans [5] and X. hortorum pv. gardineri [6], which can lead to
losses exceeding 60% [7] in production, especially under conditions of high humidity and
temperatures between 20 and 30 °C [8].

In Brazilian regions, the most prevalent species is X. euvesicatoria pv. perforans. This
is due to its greater competitive capacity and adaptability to higher temperatures, being
particularly aggressive when temperatures exceed 25 °C [9]. Disease control is hindered
by the scarcity of phytosanitary products registered for the crop. The products used focus
on protection, such as copper-based products, which show variable efficiency [10,11]. The
incidence of this disease in tomato crops is concerning, encouraging the search for new
research aiming at mitigating measures capable of reducing production losses.

There are reports that genetic resistance can be an important strategy to reduce losses
caused by bacteria [12]. However, there are no reports of tomato cultivars resistant to
different species of Xanthomonas spp. [13]. This is mainly due to the scarcity of available
germplasm coupled with frequent racial changes in the pathogen, along with quantitative
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resistance in the host plant, which is more difficult to manipulate than unique qualitative
genes [14].

Therefore, it is necessary to evaluate new tomato germplasms for their reaction to
X. euvesicatoria pv. perforans, aiming to contribute to sustainable production. Thus, the
objective was to evaluate the reaction of tomato lineages and hybrids against Xanthomonas
euvesicatoria pv. perforans.

2. Materials and Methods

The trial was conducted at the Phytopathology Laboratory and in a greenhouse at
the Vegetable Experimental Station of the Federal University of Uberlandia (UFU), Monte
Carmelo campus, Minas Gerais, MG, Brazil.

Temperature variations throughout the experiment were monitored, and the average
data for the period were obtained (Figure 1).
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Figure 1. Climograph for the period of the experiment conducted in Monte Carmelo, MG, Brazil.

The isolate of X. euvesicatoria pv. perforans (UFU BS), preserved and maintained in the
LABAC/UFU working collection, was collected from tomato leaves in Uberlandia, MG. It
was identified by PCR using the species-specific primer pairs Bs-XgF (5-TCA GTG CTT
AGT TCC TCA TTG TC-3') and Bs-XgR (5'-TGA CCG ATA AAG ACT GCG AAA G-3'),
which amplify the 154 bp amplicon [15].

The pathogenic isolate was cultured in 523 medium [16] at 28 °C for 48 h. The bacterial
suspension was prepared in sterilized filtered water and adjusted in a spectrophotometer
ODs5p = 0.5 (1 x 10° CFU mL™1).

The experiment was conducted in a randomized complete block design consisting of
ten treatments, including three hybrids (UFU-1, UFU-2, UFU-3), Solanum pennellii [wild
and resistant to X. euvesicatoria pv. perforans [17]], Santa Clara (commercial cultivar and
susceptible to X. euvesicatoria pv. perforans), five homozygous lineages (UFU-5, UFU-6,
UFU-11, UFU-12, UFU-15) and four replications. Each experimental unit consisted of two
pots, with each pot containing two plants (Table 1).
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Table 1. Identification of the germplasm used in the experiment.
Germplasm Identification
Hybrids
UFU-1 Lineage 5 x lineage 6 (F1 = 67_SDi x UFU_SDi_13_1_2_1)
UFU-2 Lineage 12 x lineage 15 (F1 = 68_SDi x UFU_SDi_4_3)
UFU-3 Lineage 11 x lineage 6 (F1 = 69_SDi x UFU_SDi_13_1_2_1)
Lineages
UFU-5 67_SDi (Normal plant)
UFU-6 UFU_SDi_13_1_2_1 (Dwarf plant)
UFU-11 68_SDi (Normal plant)
UFU-12 69_SDi (Normal plant)
UFU-15 UFU_SDi_4_3 (Dwarf plant)

The germplasm used is part of the Tomato Breeding Program at UFU, with all
the pedigree stored in the “BG o BIOFORT” software (Version 1), registration number
BR512019002403-6 at INPI [18].

The experiment was carried out in a greenhouse (7 m x 4 m) covered with 150-micron
transparent anti-UV plastic. Seeding was performed in expanded polystyrene trays with
200 cells, filled with c pine bark bio-stabilized-based substrate.

Approximately 30 days after sowing, when the seedlings had three to four definitive
leaves, they were transplanted into 500 mL (10.5 cm in height and %12 cmin width) plastic
pots containing the substrate VIVATO® SLIM PRO 10 based on pine bark bio-stabilized,
vermiculite, charcoal fines, and water.

Irrigation was performed using a watering can, and the plants were watered until
runoff, avoiding leaf wetting. The watering schedule was twice a day.

Ten days after transplantation, the plants were inoculated with bacterial suspension
in a concentration of 1 x 10 CFU mL~! by spraying up to the point of runoff. The plants
were kept in a humid chamber 24 h before and after inoculation.

Disease severity was assessed at 3, 6, 9, 12 and 15 days after inoculation using the
diagrammatic scale proposed by Mello et al. [19]. The area under the disease progress
curve (AUDPC) was calculated using the following formula:

AUDPC =) _ [(yl +y2)/2] (t2 — t1) (1)

where y1 and y2 refer to two successive evaluations of the proportion of lesioned tissue
conducted at times t1 and t2, respectively [20].

The experimental plot consisted of four plants present in the two pots containing two
plants each. Thus, the average was calculated for each experimental plot. The relative
superiority (RS%) was calculated using the data from the mean of each treatment through
the following equation: R5% = [(G1/G2) — 1] x 100, where RS% is the percentage difference
between the Santa Clara genotype (G2), and G1 is the genotype to be calculated.

An analysis of variance was performed, and means were compared using the Scott—
Knott test (p < 0.05). Additionally, the standard deviation was calculated.

The data were also subjected to multivariate analysis to characterize the dissimilarity
between treatments and variables using the dendrogram of the heat map.

The dissimilarity matrix was obtained using the Euclidean distance, with genetic
dissimilarity represented by the dendrogram obtained by the hierarchical method (UP-
GMA). The UPGMA clustering was validated by the cophenetic correlation coefficient
(CCC) calculated using the Mantel test [21]. The relative contribution of the evaluated traits
was calculated according to Singh’s criterion. All statistical analyses were performed using
R software version 3.6 [22].
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3. Results

The temperature variations observed were favorable for the development of the
pathogen in tomatoes (Figure 1) [9]. The genotypes differed from each other in disease
severity assessed at 3, 6 and 12 days after inoculation (F test, p < 0.05). However, for the
AUDPC and disease severity observed at 9 and 15 days after inoculation, there was no
difference among the genotypes (Table 2).

Table 2. Severity and area under the disease progress curve of bacterial spot in different tomato
genotypes at 3, 6,9, 12 and 15 days after inoculation.

Severity (Days) !

Genotypes 3 6 9 12 15 AUPDC
x x x o x x o x o
Hybrid UFU-1 0.00 a 394 a 14.37 +6.49 15.62 a 43.23 +1.80 167.44 +56.04
Hybrid UFU-2 0.00 a 2.87a 14.37 +6.49 15.62 a 46.87 +6.25 170.81 +25.68
Hybrid UFU-3 0.25a 6.75b 15.00 +2.16 16.25a 41.56 +22.54 182.72 +48.28
Lineage 5 0.00 a 194 a 11.62 +4.08 15.00 a 44.17 +12.58 153.47 +31.11
Lineage 6 0.125a 1.00 a 15.12 +15.00 16.87 a 41.56 +15.65 161.72 +95.17
Lineage 11 0.00 a 275a 14.58 +8.54 21.04Db 45.31 +16.23 181.22 +73.99
Lineage 12 0.00 a 194 a 11.94 +11.18 16.62 a 40.94 +19.79 152.91 +96.03
Lineage 15 0.00 a 3.25a 18.12 +13.40 21.25b 41.67 +20.41 191.16 +92.73
S.pennellii 0.75b 5.00 b 10.00 +7.07 15.00 a 43.75 +21.65 157.87 +53.81
Santa Clara 0.125a 250 a 19.17 +11.18 28.96 ¢ 41.67 +10.21 212.25 +68.84
Average 0.125 3.19 14.43 18.22 43.07 173.16

1 Severity (days): severity observed at 3, 6, 9, 12 and 15 days after inoculation. Means followed by different
lowercase letters in the columns are significantly different according to the Scott-Knott test (p < 0.05). AUDPC:
area under the disease progress curve.

The wild accession S. pennellii showed higher disease severity at 3 days after inoc-
ulation compared to the other genotypes, indicating a possible hypersensitive reaction.
Additionally, it was observed that in the wild accession, severity at 9 and 12 days was lower
compared to the commercial cultivar Santa Clara (Table 2).

On average, at 6 days after inoculation, all genotypes showed symptoms of the disease.
However, the hybrids UFU-1 and UFU-2 and all homozygous lines (UFU-5, UFU-6, UFU-11,
UFU-12, UFU-15) significantly differed (Scott-Knott, p < 0.05) from the wild accession S.
pennellii and the commercial cultivar Santa Clara. Shi and Panthee [23] also observed the
same incubation period when working with tomato genotypes resistant to X. euvesicatoria
pv. perforans.

The cultivar Santa Clara showed the highest disease severity observed at 12 days after
inoculation (28.96) compared to the other genotypes, as well as the highest AUDPC (212.25),
confirming its susceptibility. The AUDPC varied with mean values from 152.91 (lineage 12)
to 212.25 (commercial cultivar, Santa Clara) (Table 2).

When analyzing the relative contribution of the traits (Table 3), it was found that the
AUDPC was the variable that contributed most to genetic dissimilarity (91.31%), followed
by disease severity observed at 12 days after inoculation (4.98%), with these two traits
accounting for 96.29% of the genetic dissimilarity among the evaluated genotypes.

Five distinct groups were formed, and the separation of the groups was based on
the knowledge of the genotypes and visual analysis of the dendrogram, resulting in the
delimitation of a cut-off line of 53.72 (Figure 2).

The first group was formed by the cultivar Santa Clara and lineage 15, the second was
formed by the wild accession S. pennellii, the third group was constituted by the hybrid
UFU-3, the fourth group contained the hybrid UFU-2 and lineage 11, and the fifth group
was formed by the hybrid UFU-1 and lineages 5, 6 and 12.
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Table 3. Relative contribution of traits to genetic dissimilarity (CRDG) among the ten tomato
genotypes.

Variable ! Severity (Days) S.j (%)
3 0.14
6 0.72
9 2.01
12 4.98
15 0.97
AUDPC 91.31

1 AUDPC: area under the disease progress curve.
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Figure 2. Dendrogram of genetic dissimilarity among 10 tomato genotypes using Euclidean distance,
UPGMA method. CCC = 0.76.

In the heat map, warmer colors (dark brown) indicate higher disease severity. For the
AUDPC, it is possible to observe warmer colors for lineages 11 and 15 and cv. Santa Clara,
indicating higher disease severity, which could be considered susceptible. In contrast,
lineages 5, 6 and 12 and hybrid UFU-1 showed cooler colors (ranging from yellow to
orange), indicating possible sources of resistance. All genotypes show relative superiority
compared to the Santa Clara cultivar, presenting lower AUDPC (Figure 3).

Lineages 15 and 5 showed a disease reduction of —9.93 to —27.69, respectively, com-
pared to the cultivar Santa Clara. The S. pennellii accession exhibited a disease reduction of
around —25.62.

The genotypes with the most prominent relative superiority were the wild accession
S. pennellii and lineages 5, 6 and 12, which showed the lowest values for AUDPC, at
approximately 157.87, 153.47, 161.72 and 152.91, respectively (Figure 3, Table 1).
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Figure 3. Relative superiority of ten tomato genotypes compared to the commercial cultivar Santa
Clara, for the area under the disease progress curve (AUDPC).

4. Discussion

The variable AUDPC is the sum of severities observed throughout the assessments and
was the most important variable. Several studies use this variable in disease evaluations [15,24].

At 3 days after inoculation, the wild accession S. pennellii had the highest disease
incidence compared to the other genotypes. However, for AUDPC, the wild accession S.
pennellii (157.87) showed a disease reduction of 25.62% compared to the Santa Clara cultivar
(212.25). This is consistent with the results found by [17], who verified the resistance of the
wild accession S. pennellii when using a pathogen concentration of 10* CFU/mL.

The Santa Clara cultivar, considered susceptible, had the highest disease development
(212.25), as expected. Similarly, Sa and Tebaldi [15] found an AUDPC of 245.5 for the
susceptible cultivar Santa Cruz Kada when using the same concentration of pathogenic
inoculum while working with X. hortorum pv. gardneri.

According to the heat map, the cooler colors observed for lineages 5, 6 and 12 and
hybrid UFU-1 represent lower disease development, potentially indicative of resistance.
These, in turn, showed AUDPCs around 153.47, 161.72, 152.91 and 167.44, respectively,
resulting in disease reductions of —27.69, —23.81, —27.96 and —21.11 compared to the
susceptible Santa Clara cultivar.

Shi and Panthee [23], in search of genotypes resistant to X. euvesicatoria pv. perforans,
found that the genotypes PI 270,443 and PI 114,490 were resistant, showing AUDPCs of
135.5 and 221.5, respectively, corroborating the results found for lineages 5, 6 and 12 and
hybrid UFU-1.

Additionally, for the variable AUDPC, the genotypes showed relative superiority
compared to the Santa Clara cultivar, highlighting the prominence of these genotypes as a
source of resistance.

Considering the importance of bacterial spot disease in tomatoes and the challenges
in its control, seeking lineages that are resistant to X. euvesicatoria pv. perforans becomes
paramount in the search for better control strategies.

Therefore, further studies need to be conducted involving lineages 5, 6 and 12 and
hybrid UFU-1, which showed lower disease severity. These results open new avenues
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for future research to understand the genes involved in this trait and the possibility of
obtaining hybrids with the germplasm characterized in this study.

5. Conclusions

Lineages 5, 6 and 12, hybrid UFU-1 and the wild accession S. pennellii showed the low-
est disease severity and the highest relative superiority to cv. Santa Clara, showing promise
for future breeding programs in selecting tomato genotypes resistant to Xanthomonas euvesi-
catoria pv. perforans.
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