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Abstract

The common bean (Phaseolus vulgaris L.) is of great socioeconomic importance in Brazil, being widely cultivated by family
farmers who preserve traditional varieties adapted to regional conditions. These varieties represent a strategic source of genetic
variability for breeding programs. Among the main phytosanitary obstacles to cultivation, common bacterial blight (CBB), caused
by Xanthomonas phaseoli pv. phaseoli stands out as it compromises bean productivity. This study aimed to evaluate 54 traditional
genotypes for resistance to CBC, using visual severity scales and infrared thermography as a complementary tool. The experiment
was carried out in a greenhouse, in a randomized block design with three replicates, in two seasons (May and October 2019).
Inoculation was performed by two methods (cutting with scissors at 107 CFU-mL" and infiltration with a syringe at 10 CFU-mL™)
with the strain Xpp ‘139-y’. The variables analyzed included area under the disease progress curve (AUDPC), incubation period (IP),
and final score (FS). Thermal images were obtained up to three days after inoculation, allowing the calculation of the mean
temperature difference (MTD) between healthy and infected tissues. Thermographic analysis enabled early detection of infection,
before the appearance of visual symptoms, distinguishing resistant genotypes such as BAC-6 and UENF 2599. The results
highlight the potential of thermography as a fast, accurate, and non-destructive method for selecting resistant genotypes,
contributing to the modernization and sustainability of bean breeding programs.

INTRODUCTION

Early detection of plant pathogens is essential for maintaining crop health and promoting sustainable phytosanitary management
strategies. Although conventional methods, such as diagrammatic scales and lesion measurements, are widely used, they require
skilled labor, are time-consuming, and are subject to subjective interpretations (Acco et al. 2020).

In this scenario, innovative technological tools have emerged for their ability to deliver rapid, accurate, and non-invasive diagnoses.
Among these, infrared thermography stands out as a promising technique. By converting the infrared emission of plants into visual
images, it can reveal physiological changes before visible symptoms appear. This technology enables the detection of abnormal
thermal variations associated with metabolic imbalances, supporting preventive and targeted phytosanitary interventions (Pineda
et al. 2021; Ban et al. 2025; Agarwal et al. 2025).

During infection, plants often activate defense mechanisms such as stomatal closure, which reduces transpiration and,
consequently, increases leaf temperature. These thermal changes can be detected by infrared cameras, facilitating the early
identification of infectious processes (Chelladurai and Sujatha 2024). Infrared thermography has proven effective for early disease
detection in various crops, establishing itself as a valuable tool for phenotyping pathogen resistance (Hashim et al. 2020; Rippa et
al. 2023; Tripathi and Purohit 2025).

In agriculture especially in family-based systems the vulnerability of crops to pathogens and climatic variations poses a significant
challenge to production stability. In Brazil, family farming accounts for approximately 69.6% of national bean production (Carvalho
et al. 2022), highlighting the need to integrate innovative technologies that can enhance productivity and resilience. Local varieties
cultivated by family farmers and traditional communities are noteworthy for their hardiness and natural resistance to pests and
diseases, making them fundamental for agrobiodiversity conservation and food security (Brazil 2003; Silva et al. 2025).

Climate change has intensified the occurrence of resistant pests, reduced pollinator activity, and led to soil degradation,
underscoring the importance of modern breeding techniques and precise tools for selecting genotypes adapted to these new
conditions (Hougue and Breon 2022; Kumar et al. 2020). Among phytosanitary challenges, common bacterial blight (CBC) caused
by Xanthomonas phaseoli pv. phaseoli stands out as a severe disease affecting beans. Typical symptoms include water-soaked
leaf spots, which develop into necrotic lesions surrounded by a yellow halo. The disease can also affect stems and pods, reducing
photosynthetic area, causing premature leaf drop, and leading to significant yield losses (Chen et al. 2021). Therefore, early
detection methods such as infrared thermography are crucial for identifying promising genotypes and supporting breeding and
improvement programs (Steinhauser 2016).

Given this context, we hypothesize that infrared thermography is an effective tool for the early detection of common bacterial
blight in traditional bean genotypes. Thus, the objectives of this study were to (i) assess the potential of infrared thermography for
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early detection of CBC in beans, and (ii) identify resistant genotypes to support breeding programs targeting family-based
agriculture.

The integrated adoption of these approaches can accelerate the development of more adapted and robust cultivars, promoting the
sustainability of family farming and ensuring greater production stability in the face of climate uncertainties.

MATERIAL AND METHODS

Location, Germplasm, and Experimental Conditions

The experiment was carried out at the Research Support Unit of Universidade Estadual do Norte Fluminense Darcy Ribeiro (UENF),
in a greenhouse environment. Fifty-four traditional bean genotypes (Phaseolus vulgaris L.) from the state of Rio de Janeiro were
evaluated, one of which, genotype BAC-6, was used as a control resistant to CBC, caused by the bacterium X. phaseoli pv. phaseoli
(Rodrigues et al. 1999).

The trials were conducted in two distinct periods, May and October 2019, to evaluate the seasonal influence on the responses of
the genotypes. In the first trial, concentrations of 108(1) and 107(1) were used, with the concentration of 108(1) being used to

evaluate disease severity and thermography. In the second trial, concentrations of 10%(2) and 107(2) were used. The experimental
design used was randomized blocks (DBC), with three replicates. The experimental units consisted of two plants in pot with a
capacity of 5 liters, each containing one plant, filled with a substrate composed of soil and sand a 2:1 ratio.

The environmental conditions inside the greenhouse were monitored throughout the experimental period. In the first season (May),
the average temperature ranged from 20°C to 45°C, while in the second season (October), the temperature ranged from 20°C to
40°C.

Preparation of the inoculum

The bacterial isolate X. phaseoli pv. phaseoli (Xpp 139-y), belonging to the collection of the Plant Genetic Improvement Laboratory
(LMGV) of UENF, was used. The colonies were grown on DYGS (Dextrose Yeast Glucose Sucrose) solid culture medium and
incubated in a BOD chamber at 26°C for 36 hours, according to the methodology described by Rodrigues Neto et al. (1986),
Trindade et al. (2015), Fukuji et al. (2025).

After the incubation period, the colonies were suspended in autoclaved deionized water and the bacterial concentration was
adjusted to 107 CFU-mL™" using a spectrophotometer. The suspension at a concentration of 10 CFU-mL™" was obtained by serial
dilution using the same autoclaved deionized water solution.

Bacterial inoculation on leaves

Inoculation was performed during the V3-V4 vegetative stage. Two trifoliate leaves from each plant were inoculated, one by the
infiltration method using a hypodermic needle syringe (108 CFU-mL™") (Fukuiji et al. 2024) and the other by the scissor cut method

(107 CFU'mL"™ ") (Trindade et al. 2015). The negative controls consisted of the application of autoclaved deionized water, using the
same methods (infiltration and cutting).

Inoculation and Pathogenicity Test

Visual evaluations by the scissor cutting method were performed daily for 18 days after inoculation, with a concentration of 107

CFU-mL™". 1: Highly resistant (no apparent lesion); 2: Resistant (1 to 5% necrosis); 3: Moderately resistant (6 to 25% necrosis); 4:
Susceptible (26 to 50% necrosis) and 5: Highly susceptible (> 51% necrosis) (Pastor-Corrales 1981).

Visual assessments using the syringe infiltration method were performed daily for six days, with a concentration of 106 CFU-mL™".
The severity of CBC was quantified based on scales described by Fukuji et al. (2025), 1: Highly resistant (no apparent lesion); 2:
resistant (presence of chlorotic lesion); 3: moderately resistant (presence of chlorotic lesion with necrotic spots); 4: susceptible
(necrotic lesions with chlorotic halo) and 5: highly susceptible (necrotic lesion with chlorotic halo).
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Thermographic analyses were conducted exclusively in the first trial, using the syringe infiltration method (106 CFU-mL™").

The quantification of disease progression in the leaves was performed by calculating the Area Under the Disease Progress Curve
(AUDPC), according to Shaner and Finney (1977).

Analysis of thermal images

Thermal images were obtained in the first experiment, performed at three time points: 24, 48, and 72 hours after inoculation (1, 2,
and 3 days after inoculation — DAI). The leaves of the bean genotypes, inoculated by the infiltration method with the bacterial
suspension of Xpp at a concentration of 10¢ CFU-mL™", were captured with a FLIR T450sc (Forward Looking Infrared) thermal
imaging camera.

The images were captured at approximately 30 cm from the leaves, at times of peak solar radiation (between 11:30 a.m. and 2:00
p.m.), on days with clear skies and no cloud cover, to minimize environmental interference (Gomez, 2014).

The images were analyzed using FLIR Tools software (FLIR Systems AB, Danderyd, Sweden), using the Rainbow and Rainbow HC
palettes to optimize the thermal contrast between healthy tissues and damaged areas. Temperature measurements were taken at
two specific points on the same leaflet: -inoculated area: region infiltrated with the bacterial suspension; -non-inoculated area:
region of the same leaflet, visually healthy, used as an internal control (Fig. 1).

The Mean temperature difference (MTD) was calculated as the difference between the average temperature of the inoculated area
and that of the non-inoculated area on the same leaf using the equation: MTD = Tg- T,

Where: Tg;: Average temperature (°C) of the leaf area inoculated with Xpp; Tg,: Average temperature (°C) of the non-inoculated leaf
area (control).

Analysis of CBC Severity Data

The disease severity data on the leaves were analyzed using model 21 of the Selegen-REML/BLUP software, the deviance analysis
was constructed according to Viana and Resende (2014), and the LRT (likelihood ratio test) was used to test the effects.

CBC severity variables and thermography

Spearman'’s nonparametric correlation analyses (1904) were performed to compare the variables MTD 24h, MTD 48h, and MTD
72h, in addition to AUDPC, P, and FS in the leaves by the two inoculation/concentration methods (infiltration 106 CFU.mL™" and
scissor cut 107 CFU.mL™") conducted in two trials. Principal Component Analysis (PCA) with clusters and Heatmap were
performed to evaluate the influence of resistance and temperature variables on genotypes. All statistical analyses were performed
using Selegen-REML/BLUP and R software with packages corrplot, heatmap, ggplot2, MultivariateAnalysis and factoextra.

RESULTS

The AUDPC variable had a significant effect in all experiments, indicating that genotypes differ in disease progression over time
(Table 1). The FS variable was highly significant in both experiments. In experiment 107(2), FS presented an LRT of 149.00 (p <
0.01). The concentrations 107 and 10¢ CFU-mL"~" impacted the genotypes' response to infection, with 107 associated with faster
disease development, while 10 CFU-mL-" allowed for better differentiation between genotypes.
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Table 1

Deviance analysis for the two trials at inoculation concentrations of 10® CFU-mL™

inoculated by syringe infiltration and 107 CFU-mL™" inoculated by the scissor cut
method, for the variables AUDPC, PI, and FS.

10%(1)

AUDPC PI FS
Effect Deviance LRT (x2) Deviance LRT(x2) Deviance LRT (x2)
Genotypes  524.08 13.471%* 153.72 1.89ns 137.68 21.75%*

Full Model  537.49 155.61 159.43
108(2)
AUDPC IP FS
Effect Deviance LRT (x2) Deviance LRT (x2) Deviance LRT (x2)

Genotypes 975.14 6.84** 602.06 0.61ns 310.27 11.37**

Full Model  981.98 602.67 321.64
107(1)
AUDPC Pl FS
Effect Deviance LRT (x2) Deviance LRT(x2) Deviance LRT (x2)

Genotypes  884.37 28.82*  471.97 50.99**  188.85 36.42**

Full Model  913.19 522.96 225.27

107(2)

AUDPC Pl FS
Effect Deviance LRT (x2) Deviance LRT (x2) Deviance LRT (x2)
Genotypes  1314.28 66.05** 651.82 31.09** 24.39 149%*
Full Model ~ 1380.33 682.92 173.39

AUDPC: area under the disease progress curve; IP: incubation period; FS: final score.

Heredity in the broad sense (h?g) varied among the traits evaluated. Using the classification proposed by Resende (1995), low
heritability (0.01-0.15) was observed for AUDPC and IP under certain conditions, reflecting a strong environmental influence. In
contrast, variables such as final score (FS) showed moderate to high heritability (0.15-0.50 and > 0.50, respectively), suggesting
strong genetic control and good prospects for selection (Table 2). The variation in heritability between seasons, especially notable
for IP (0.03 to 0.57), emphasizes the importance of considering genotype—environment interaction in selection. The heritability of
the mean of the lines (h2mg) showed moderate to high values, being particularly high for FS in one of the experimental conditions
(0.89), evidencing its robustness as a selective criterion.

Genetic variance (Vg) reflected marked genetic differences, particularly for AUDPC in experiments with 107 CFU-mL-" inoculation,
indicating high genetic influence on resistance expression. FS showed consistent genetic variance values, reinforcing its stability
as a criterion. On the other hand, IP showed lower genetic variability, highlighting its greater susceptibility to external
environmental factors.

The expected genetic gain was high for AUDPC and FS, especially under inoculation of 107 CFU-mL"", reflecting that selection
based on these variables can generate significant advances in resistance. Selective accuracy, which measures the quality of
information for genetic selection (Resende, 2002), was very high for FS and AUDPC under specific conditions (0.94 and 0.88),

Page 5/15



ensuring reliability in the identification of superior genotypes. According to Resende & Duarte (2007), only IP in concentration
10%(2) showed low accuracy, suggesting caution when using this parameter.

A significant negative correlation was observed between IP and AUDPC, indicating that the longer the incubation period, the lower
the accumulation of the disease over time (Fig. 2A). This behavior was evident both at a concentration of 108 (r =-0.81 in Test 1
andr=-0.79 in Test 2) and at 107 (r =-0.73 in Test 1 and r = -0.58 in Test 2) (Fig. 2A). Similarly, a high positive correlation was
observed between AUDPC and the final score, ranging from 0.86 (10%(1)) to 0.91 (107(1)), confirming that the greater the severity
accumulated over time, the greater the final expression of the disease.

Table 2
Genetic parameters of pathogenicity variables for resistance to Xanthomonas phaseoli pv. phaseoli using the syringe infiltration
inoculation method at a concentration of 10® CFU-mL™" and the scissor cut inoculation method at a concentration of 107 CFU-mL™

for both tests.

105(1) 105(2) 107(1) 107(2)
Genetic AUDPC IP FS AUDPC IP FS AUDPC IP FS AUDPC IP FS
Parameters
Vg 2.67 0.10 0.34 1.58 0.11 0.18 47.51 5.30 0.70 24.18 1.21 0.41
Ve 6.22 0.78 0.56 11.22 3.05 0.94 58.98 3.85 0.71 32.58 3.07 0.24
Vf 8.89 0.88 0.90 12.80 3.16 1.12 106.49 9.15 1.41 56.76 4.28 0.65
h2g 0.30 0.11 0.38 0.12 0.03 0.16 0.45 0.58 0.50 0.43 0.28 0.64
h2mg 0.56 0.27 0.65 0.41 0.15 0.49 0.71 0.81 0.75 0.79 0.66 0.90
Ac 0.75 0.52 0.81 0.64 0.39 0.70 0.84 0.90 0.87 0.89 0.81 0.95
CVgi% 12.05 12.10 13.44 10.79 11.74 1466 16.06 30.15 21.09 11.99 11.84 15.13
CVe% 18.40 34.41 17.08 28.72 61.98 33.26 17.90 2570 21.18 13.92 18.87 11.45
%\gzrgll 13.55 2.57 4.36 11.66 2.82 2.91 42.92 7.64 3.97 41.02 9.29 4.25

Vg: genotypic variance; Ve: residual (environmental) variance; Vf: phenotypic variance; hg: heritability in the broad sense at the
plot level, i.e., of genotypic effects; h?mg: heritability of the mean of genotypes; Ac: selective accuracy; CVgi%: genotypic
coefficient of variation; CVe%: residual coefficient of variation; overall mean of the experiment.

The relationship between IP and FS was also consistently negative (=0.73 in 10¢ (1) and - 0.70 in 107 (1)), suggesting that
materials with greater resistance (represented by higher IP) tend to have lower final scores, demonstrating lower severity. The
inoculum concentration exerted a direct influence on the correlation patterns observed. At the lowest concentration (10¢
CFU-mL""), more extreme correlations were observed, both negative and positive. The correlation between AUDPC and IP at 10%(1)
was the most negative in the study (-0.81), indicating that the delay in infection strongly impacts disease progression when the
pathogen is present in low quantities.

The most robust correlations between trials occurred for the FS variable, which showed a correlation of 0.66 between trials at a
concentration of 107, indicating that the final score of the disease is a relatively stable parameter when evaluated under high
inoculum pressure.

The heatmap generated from the multivariate analysis allowed visualization of consistent clusters among genotypes, reflecting
their phenotypic responses to the pathogen. The separation of the most resistant genotypes from the most susceptible ones was
clearly highlighted. The BAC-6 and UENF 2599 genotypes formed a group characterized by high IP values (reddish tones) and low
FS and AUDPC values (dark blue tones) (Fig. 2B), which shows low severity and effective containment of disease progression over
time.
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Principal component analysis (PCA), combined with cluster grouping, provided a comprehensive view of the variability of the
genotypes evaluated for parameters related to disease resistance. The first two principal components together explained 72.12%
of the total data variability, with 55.7% attributed to the first component (PC1) and 16.42% to the second component (PC2) (Fig. 3).

Three distinct groups were formed: Group 1 (red): Comprises the genotypes located in the lower right and upper right quadrants of
the biplot. These materials correlate directly with the IP variables of the most aggressive isolates 107(1) IP, 107(2) IP, 108(1) IP, and
10%(2) IP, which have vectors directed in the same orientation. This behavior indicates that the genotypes in this group have
intermediate incubation period values, favoring faster disease development. Genotypes such as UENF 2349, UENF 2350, UENF
2376, UENF 2391, UENF 2595, UENF 2598, and UENF 2590, among others, are included in this group, consistent with intermediate
materials for resistance to Xpp. Group 2 (green): Represented by genotypes BAC-6 and UENF 2599, located in isolation in the
upper right quadrant, they are markedly distant from the others, indicating a high degree of resistance. This group has a strong
association with the IP vector. This positioning demonstrates that these genotypes have high IP values and low severity, reflected
by low FS and AUDPC values. Group 3 (blue): Positioned mainly in the lower and upper left quadrants, this group brings together
susceptible genotypes, evidenced by their moderate negative association with IP vectors and positive association with FS and
AUDPC vectors.

The correlation analysis between the epidemiological indicators of CBC severity and the mean temperature difference (MTD)
obtained by thermography revealed significant associations, which reinforce the usefulness of this technique for early detection of
the disease (Figure 4).

The MTD showed moderate to strong correlations with AUDPC (r = 0.68 and r = 0.72, respectively) and FS (r=0.71 and r = 0.67).
These results indicate that greater thermal differences between infected and uninfected tissue are associated with increased
disease severity, suggesting that MTD is sensitive to physiological changes induced by infection (Fig. 5A). In addition, the negative
correlation between IP and MTD (r =-0.54 at 48 h and r = - 0.52 at 72 h) confirms that resistant genotypes, with longer incubation
times, show less thermal variation in the early stages of infection. The lower MTD values observed in resistant genotypes indicate
a lower physiological impact from infection, reflecting the ability of these materials to maintain a more stable thermal balance,
even under biotic stress.

The multivariate analysis represented in the heatmap enabled the integrated visualization of physiological and epidemiological
data of bean genotypes against Xpp infection, under inoculation by syringe infiltration at a concentration of 10® CFU-mL-".
Hierarchical clustering showed the formation of two contrasting groups of genotypes. At the bottom of the dendrogram,
genotypes BAC-6 (resistant control) and UENF 2599 stood out, both with high IP values and low FS and AUDPC values, visually
represented by bluish tones. In addition, these genotypes showed low thermal variation (MTD) over the 72 hours, indicating a
stable physiological response to infection (Fig. 5B).

In contrast, genotypes located at the upper end of the dendrogram, such as UENF 2575, UENF 2348, and UENF 2374, showed low
resistance, characterized by the lowest IP value (blue tones), high FS and AUDPC values, and high MTD, especially at 48 and 72
hours after inoculation, evidenced by intense red coloration. These data indicate more accelerated disease progression, greater
leaf temperature change, and low efficiency of defense mechanisms against bacterial infection.

Among the variables evaluated, MTD at 48h and 72h was especially informative for discriminating phenotypic groups, with a
correlation pattern consistent with the other epidemiological indicators of resistance. Genotypes with higher MTD in the early
stages of infection also showed greater severity, as observed for AUDPC and FS, while resistant genotypes maintained more
homogeneous temperatures, even under pathogen pressure.

Principal component analysis (PCA) was effective in discriminating the genotypes evaluated for resistance to the Xpp pathogen.
Principal component 1 (PC1) was strongly associated with variables related to disease severity, such as AUDPC, FS, and MTD at
24, 48, and 72 hours, which showed a negative correlation with the IP variable. Thus, genotypes positioned in the left quadrant of
the biplot showed greater severity, accelerated disease progression, and shorter incubation periods, while those positioned on the
right were characterized by greater resistance, reflected by longer IP, lower AUDPC and FS values, and smaller MTD variations in
the different time windows.
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The formation of three distinct groups was observed, representing different levels of resistance of the genotypes (Fig. 6). Group 1
(represented in red) grouped the genotypes considered highly susceptible, which presented the lowest IP values and the highest
AUDPC, FS, and MTD values (24h, 48h, and 72h). Group 2 (represented in green) comprised genotypes with intermediate
resistance, characterized by average IP, AUDPC, FS, and MTD values. Finally, Group 3 (represented in blue) included genotypes with
a high level of resistance, clearly standing out from the others. This group includes genotypes BAC-6 (resistant control), UENF
2599, UENF 2351, UENF 2387, UENF 2305, and UENF 2353, which showed prolonged IP, low AUDPC and FS values, and significant
reductions in MTD over the three days of evaluation (24h, 48h, and 72h). The clear separation of this group in the biplot reflects the
presence of efficient resistance mechanisms capable of delaying the onset of symptoms and reducing the severity of the disease
over time. The presence of the resistant control BAC-6 in this group validates the criteria used for grouping and confirms the
robustness of the method applied.

DISCUSSION

The significant effect of the AUDPC variable demonstrates that disease progression varies among genotypes, which is a
determining factor in the evaluation of resistance. The high significance of the FS variable, especially in experiment 107(2),
highlights its importance as a parameter for resistance assessment. Additionally, the inoculum concentration influenced the
results: the higher concentration (107 CFU-mL-") led to more rapid disease development, whereas the lower concentration (10¢
CFU-mL"") provided greater resolution for distinguishing between genotypes, reinforcing its utility for phenotyping resistance.

The results indicate that heritability in the broad sense varies among the evaluated traits, with AUDPC and IP being more
influenced by environmental conditions, while FS is under stronger genetic control and offers better prospects for selection. The
observed seasonal variation, particularly for IP, underscores the importance of considering genotype—environment interactions in
breeding programs. The high heritability of the mean of the lines, especially for FS, highlights its potential as a robust selection
criterion.

Genetic variance data further support the relevance of AUDPC and FS as reliable indicators for resistance selection, as both
showed marked genetic differences and stability across conditions. In contrast, the lower genetic variability of IP suggests that it
is more susceptible to environmental fluctuations, reducing its usefulness as a direct selection parameter.

The high expected genetic gain for AUDPC and FS under high inoculum concentration (107 CFU-mL-") indicates that selection for
these traits can effectively advance resistance breeding. The very high selective accuracy for FS and AUDPC under specific
conditions ensures confidence in identifying superior genotypes, while the low accuracy observed for IP under certain conditions
reinforces the need for caution when relying on this variable.

The identification of a significant negative correlation between IP and AUDPC supports the conclusion that delayed symptom
onset contributes to slower disease progression, in agreement with previous studies (Castrillon et al. 2020). The strong positive
correlation between AUDPC and final score validates the use of FS as a practical and efficient indicator of disease severity at the
end of the trials, particularly when continuous assessments are impractical (Trindade et al. 2015; Fukuji et al. 2024). These
findings reinforce the value of AUDPC and FS as key criteria for selecting resistance to X. phaseoli pv. phaseoli, whereas the
greater environmental influence on IP limits its reliability for direct selection. As highlighted by Vencovsky and Barriga (1992), the
estimation of genetic parameters is highly dependent on specific experimental conditions, and caution is needed when comparing
results across studies.

The strong dependence of inoculum pressure on the relationships between epidemiological variables highlights the need to use
multiple inoculum levels in breeding programs to ensure the selection of resistant materials under both low and high disease
pressure conditions. The more extreme correlations observed at the lowest inoculum concentration suggest that, under lower
disease pressure, there is a greater expression of genetic differences among the evaluated materials, in agreement with Nechet
and Halfeld-Vieira (2011).

The positioning of UENF 2599 alongside BAC-6, a known resistant control, reinforces that this genotype has highly efficient
resistance mechanisms, both in prolonging the incubation period and in containing disease development (low FS and AUDPC).
This finding validates the superior performance of the UENF 2599 genotype and suggests that its response may be related to
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mechanisms such as phytoalexin production, activation of pathogenesis-related proteins (PR), and the generation of reactive
oxygen species (ROS), which are typical in resistant plants and contribute to limiting infection (Kaur et al., 2022). Additionally,
Fukuji et al. (2025) identified 48 candidate genes related to CBB resistance, including those involved in defense responses,
jasmonic acid pathways, receptor-like kinase (RLK) proteins, and other disease resistance-related proteins. The observation that
guantitative resistance plays a key role reinforces its importance as a sustainable approach, reducing selective pressure on the
pathogen and enhancing the durability of resistant cultivars, as suggested by Viteri et al. (2014).

The results from PCA and cluster analysis further support the conclusion that there is considerable variability among genotypes
for resistance-related parameters, and that the first two principal components capture the majority of this variation, facilitating the
identification of genotypes with desirable resistance traits.

The results obtained corroborate the robustness of the multivariate analyses applied, both in the separation of genetic groups and
in the interpretation of the resistance of the materials to the disease. The formation of a cluster exclusively by BAC-6 and UENF
2599 is especially relevant, since it confirms that UENF 2599 has resistance equivalent to the standard control, demonstrating its
potential to be used in breeding programs.

The observed correlations between MTD and both AUDPC and FS highlight the potential of thermal imaging as a sensitive
indicator of disease severity in beans infected by Xpp. The negative correlation between IP and MTD reinforces the notion that
resistant genotypes are capable of delaying symptom onset and maintaining lower thermal variation during early infection,
supporting the use of thermography as an early screening tool in resistance breeding.

The identification of BAC-6 and UENF 2599 as resistant genotypes, based on both physiological (MTD) and epidemiological
parameters (IP, FS, and AUDPC), reinforces the robustness of these materials for breeding programs. Their stable thermal profiles
under infection further underline their ability to tolerate biotic stress, likely due to more effective or rapid activation of defense
mechanisms. Conversely, the more susceptible genotypes exhibited greater thermal instability and more severe disease
progression, which may be associated with a lower efficiency in mounting defense responses after pathogen challenge.

The results obtained by multivariate analysis not only confirm the value of integrating physiological and epidemiological data for a
comprehensive assessment of resistance, but also validate the practical application of thermography in discriminating between
resistant and susceptible genotypes in early stages of infection.

These results confirm the applicability of thermography as a complementary tool in resistance phenotyping, allowing early
detection of physiological changes associated with infection, even before the visible manifestation of symptoms. The consistency
observed between thermal data and traditional severity parameters reinforces the potential of the integrated use of these
approaches to increase the accuracy and efficiency of genetic improvement programs aimed at resistance to common bacterial
blight.

These findings are in line with previous studies. For example, Vagelas et al. (2021) demonstrated the effectiveness of infrared
thermography for the presymptomatic detection of leaf diseases in grapevine, chrysanthemum, and rose. Rippa et al. (2023)
showed that infrared thermography was effective in the early detection of rot caused by Rhizoctonia solani and Sclerotinia
sclerotiorum in arugula, with diseases being identified 3 to 6 days before visible wilting. Additionally, Rippa et al. (2024)
demonstrated the effectiveness of thermography for detecting Fusarium oxysporum f. sp. raphani infections in wild arugula at an
early stage, between 30 and 48 hours after inoculation.

The results are also consistent with previous studies showing that resistant genotypes not only have lower severity but also more
balanced physiological responses to bacterial infection. The UENF 2599 genotype showed superior performance, comparable to
the BAC-6 control, which highlights its potential as a source of resistance in genetic improvement programs.

Overall, the multivariate analysis presented here allowed for the efficient classification of genotypes in terms of resistance to
common bacterial blight, demonstrating the importance of the integrated use of epidemiological (AUDPC, FS, and IP) and
physiological (MTD) variables in the selection of superior materials.

CONCLUSIONS
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The results demonstrate the effectiveness of thermography as an accurate tool for early detection and evaluation of resistance to
CBB in bean genotypes. The BAC-6 and UENF 2599 genotypes stood out for having longer IP, lower FS, lower AUDPC, and reduced
MTD differential at 24h, 48h, and 72h after inoculation.

Thus, this study shows that thermography enables the early and efficient identification of promising materials, contributing
significantly to the optimization of genetic improvement programs aimed at resistance to phytopathogens.
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Figure 1

Representation of disease development in bean leaves inoculated by infiltration with Xanthomonas phaseolipv. phaseoli. A)
Reflection image (RGB) and B) Thermal image with measurement points for leaf area (red, higher temperature) and healthy leaf
area (blue, lower temperature).
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Figure 2

A. Correlation analysis between indicators of severity of Xanthomonas phaseolipv. phaseoliin bean plants using the methods of
inoculation by syringe infiltration (106 CFU-mL™") and cutting with scissors (107 CFU-mL") in two experimental trials. Area Under
the Disease Progress Curve (AUDPC), Incubation Period (IP) and Final Score (FS) for first (1) and second (2) trials; B. Heatmap of
severity indices for resistance to Xanthomonas phaseoli pv. phaseoliin bean genotypes using the syringe infiltration (10¢ CFU-mL"

1) and scissor cut (107 CFU-mL™) inoculation methods in two trials. Area Under the Disease Progress Curve (AUDPC), Incubation
Period (IP) and Final Score (FS) for first (1) and second (2) trials.
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Figure 3
PCA-biplot analysis with cluster grouping based on severity indices for resistance to Xanthomonas phaseoli pv. phaseoliin bean

genotypes evaluated by syringe infiltration (106 CFU-mL™") and scissor cut (107 CFU-mL™) inoculation methods in two trials.
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Figure 4
Thermographic images of resistant and susceptible bean genotypes inoculated with Xanthomonas phaseoli pv. phaseoli, using the

syringe infiltration inoculation method at a concentration of 10¢ CFU-mL"", on the third day of evaluation.
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Figure 5

A. Correlation analysis between indicators of severity of Xanthomonas phaseolipv. phaseoliin beans and the mean temperature
differential in the first three days after inoculation by syringe infiltration (10¢ CFU-mL™") in trial 1. Area Under the Disease Progress
Curve (AUDPC), Incubation Period (IP), Final Score (FS), Mean Temperature Difference (MTD) for first (1) trial. B. Heatmap
correlation between severity indices of common bacterial blight and the mean temperature differential in bean genotypes

inoculated by syringe infiltration (10¢ CFU-mL™") over three days. Area Under the Disease Progress Curve (AUDPC), Incubation
Period (IP) and Final Score (FS) for first (1) trial.
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Figure 6

PCA-biplot analysis with cluster grouping in bean genotypes based on common bacterial blight severity indices and mean
temperature difference during three days after inoculation by the syringe infiltration method (106 CFU-mL™).
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