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ABSTRACT. Bacterial wilt of common bean caused by Curtobacterium
flaccumfaciens pv. flaccumfaciens is an important disease in terms
of economic importance. It reduces grain yield by colonizing xylem
vessels, subsequently impeding the translocation of water and nutrients
to the superior plant parts. The existence of physiological races in C.
faccumfaciens pv. flaccumfaciens has not so far been reported. The
objective of the present investigation was to identify physiological
races, evaluate differential interaction, and select resistant genotypes of
common bean. Initially, 30 genotypes of common bean were inoculated
with eight isolates exhibiting different levels of aggressiveness, under
controlled greenhouse conditions. Disease was assessed 15 days after
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inoculation. The existence of differential interactions between C.
flaccumfaciens pv. flaccumfaciens isolates and common bean genotypes
were identified by utilizing partial diallel analysis. The most aggressive
isolates were BRM 14939 and BRM 14942 and the least aggressive
isolates were BRM 14941 and BRM 14946. The genotypes IPA 9, Ouro
Branco, and Michelite were selected as more resistant among the test
isolates. The genotypes IAC Carioca Akyta, BRS Notavel, Pérola, IAC
Carioca Arua, and Coquinho contributed more to the isolate x genotype
interaction according to the ecovalence method of estimation, and
were, therefore, indicated as differentials. Based on these results, it was
possible to conclude that physiological races of the pathogen exist, to
select resistant genotypes, and to propose a set of differentials.

Key words: Genetic resistance; Aggressiveness; Differentiating series;
Physiological races; Partial diallels

INTRODUCTION

Bacterial wilt due to Curtobacterium flaccumfaciens pv. flaccumfaciens (Cff) (Collins
and Jones, 1983) results in wilt and death in bean plants (Hedges, 1926). Colonization of
the xylem vessels by bacterial cells hinders the passage of water and nutrients to the shoots
(Saettler, 1991). In 1995, this disease was reported in the State of Sdo Paulo, Brazil, during
the raining season (Maringoni and Rosa, 1997). Bacterial wilt can also be found in several
additional Brazilian states, such as Santa Catarina, Goias, and the Federal District (Uesugi et
al., 2003; Theodoro et al., 2007).

The spread and transmission of bacterial wilt occurs via contaminated seeds from sick
plants obtained from production fields, wounds and natural openings in plants, and crop residues
(Schuster and Sayre, 1967; Saettler, 1991). Thus, the use of healthy seeds, crop rotation, and
resistant common bean (Phaseolus vulgaris L.) genotypes are the most commonly recommended
methods for controlling bacterial wilt (Hall, 1991). Of these methods, genetic resistance is the
most efficient and cheapest way to control this disease in common bean (Wendland et al., 2012).
There is no information in the literature on specific interactions in this pathosystem, indicating
the existence of physiological races of the pathogen and host-specific resistance. For this reason,
the present investigation is original and so far has not been reported elsewhere.

To obtain resistant cultivars, a genetic improvement program must consider
pathogenic variability, genetic control over pathogen resistance, and methods of evaluating
resistant genotypes. An adaptation of the partial diallel analysis method proposed by Melo and
Santos (1999), which uses Griffing’s model IV (Griffing, 1956), has been used to evaluate the
reaction of a host genotype to inoculation with various pathogen isolates. This method permits
the evaluation of a specific interaction between pathogen virulence genes and host resistance
genes in a polygenic pathogen-host interaction system and the classification of physiological
specialization into isolates of C. flaccumfaciens pv. flaccumfaciens (vertical resistance/
virulence). The method also allows for the selection of superior genotypes based on the host’s
overall reaction (horizontal resistance) to inoculation, with isolates having different levels of
aggressiveness and with genotype-specific reactions (vertical resistance/specific resistance) to
inoculation with isolates of specific levels of pathogenicity or virulence.
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Physiological specialization in the species C. flaccumfaciens pv. flaccumfaciens has
not been reported. Identifying races that affect common bean genotypes in Brazil is important
for the development of genetic improvement programs, as the genetic resistance of cultivars can
be overcome. Methods exist for stable bean production, which were developed for genotype-
environment interaction studies within genetic improvement programs. Some analytical
methods are commonly utilized in breeding programs for grain-yield stability, and tests are
conducted under different environmental conditions to delineate genotype performance.

However, such methods can be adapted for use in pathogen-host interaction studies.
Among these methods are the ecovalence estimate by Wricke (1965) and the method by Lin and
Binns (1988), which was modified by Carneiro (1998). The ecovalence estimate described by
Wricke (1965) can also be used to measure the contribution of each genotype in the genotype
x isolate interaction; the sum of squares of the interaction is broken down into fractions related
to the genotypes, and isolates that are more unstable can be identified. The method by Lin and
Binns (1988) is used to recommend cultivars for favorable and unfavorable environments.
This method can also be used to recommend genotypes for conditions in which pathogens with
high or low aggressiveness occur; stability among resistant genotypes can also be described.
Therefore, this method can be used to break down the genotype reaction within more and less
aggressive groups of isolates.

The objective of identifying physiological specializations is to develop germplasm
with genes effective against these pathogens. To achieve this, it is necessary to obtain a series
of different physiological races of C. flaccumfaciens pv. flaccumfaciens. Once these have been
obtained, it is possible to incorporate resistance genes into commercial cultivars and to develop
resistant cultivars. Therefore, it is necessary to evaluate the horizontal and vertical resistance
capacity of common bean genotypes against different C. flaccumfaciens pv. flaccumfaciens
isolates and to understand their variability (aggressiveness and virulence).

The aim of the present study was to evaluate the horizontal and vertical resistance of
common bean genotypes against different C. flaccumfaciens pv. flaccumfaciens isolates and to
determine their variability (aggressiveness and virulence). The existence of pathogen x host
interactions and, consequently, the existence of physiological races in the common bean, C.
faccumfaciens pv. flaccumfaciens pathosystem, was tested.

MATERIAL AND METHODS
Origin of isolates and genotype performance

The C. flaccumfaciens pv. flaccumfaciens isolates used in these experiments were
selected based on their aggressiveness determined by inoculating Ouro Branco, BRS Esplendor
and CNFP 10132 genotypes. Inoculations of these three genotypes included 24 isolates
obtained from plant samples of common bean (Phaseolus vulgaris) collected from different
parts of Brazil (Table 1). The plants were inoculated 11 days after planting under controlled
greenhouse conditions. The lay-out was a completely randomized block design with three
repetitions. A control inoculated with water was maintained. Disease was assessed 14 and 21
days after inoculation, utilizing a visual rating scale of 1 to 9 based on disease severity, where
1 corresponds to the absence of symptoms and 9 corresponds to dead plants (Wendland et al.,
2009). The data were submitted to analysis of variance and the means were separated by the
Scott-Knott test (Scott and Knott, 1974) using the statistical program Sisvar (Ferreira, 1999).

Genetics and Molecular Research 15 (4): gmr15048712



S.C.D. Valdo et al. 4

Table 1. Origin of the Curtobacterium flaccumfaciens pv. flaccumfaciens isolates originated from common
bean, belonging to the collection of fungus and microorganism multifunctional of Embrapa Rice and Beans.

Isolates Genotypes Origin

BRM 14910 CNFC10758 Ponta Grossa, PR
BRM 14910 CNFC10758 Ponta Grossa, PR
BRM 14912 CNFC10758 Ponta Grossa, PR
BRM 27254 Pérola Luziania, GO

BRM 14913 CNFC11970 Ponta Grossa, PR
BRM 14914 Light Red Kidney Anapolis, GO

BRM 14915 Dark Red Kidney Anapolis, GO

BRM 14919 Pérola Anapolis, GO

BRM 14922 Grao Carioca Ponta Grossa, PR
BRM 14933 Rubi ‘Wenceslau Bras, PR
BRM 14934 Bola Cheia ‘Wenceslau Bras, PR
BRM 14935 Pérola Angatuba, SP

BRM 14936 - Taquarituba, SP
BRM 14937 lapar Itararé, PR

BRM 14938 Cometa Angatuba, SP

BRM 14939 Pérola Paranapanema, SP
BRM 27216 Rubi Tibaji, PR

BRM 14942 - Campos Novos, SC
BRM 14940 - Wenceslau Braz, PR
BRM 14941 - Pato Branco, PR
BRM 14945 - ‘Wenceslau Braz, PR
BRM 14944 - ‘Wenceslau Braz, PR
BRM 14943 - ‘Wenceslau Braz, PR
BRM 14946 - Brasilia, DF
Pathogenicity tests

Genotypes of Andian and Mesoamerican origin, which are used in a breeding program
of Embrapa rice and bean, were selected. According to Miklas et al. (2006), in order to obtain
durable resistance, it is necessary to obtain cultivars possessing resistance genes derived from
both gene pools, because the pathogen is capable of infecting genotypes of both origins.

The following genotypes were used: Coquinho, BRS Cometa, BRS Estilo, Vermelho,
BRS Esplendor, BRS Esteio, BRS Notavel, IAC Carioca Pyatd, IAC Carioca Akytd, IAC
Carioca Arua, Pérola, BRS Requinte, Uirapuru, BRS Campeiro, A 211, IPA 6, Frijolica 0-3-1,
BAT 477,1PA 1, TU, TO, AND 277, Widusa, Michelite, IPA 7419, Cornell 49242, P1207 262,
IPA 9, Ouro Branco, and CNFRS 11997.

Two trials were conducted in a greenhouse in 2011 and 2012. A random-block design
was used with three replicates and an uninoculated control. A split-plot scheme was utilized,
where the plots and subplots comprised isolates and genotypes, respectively. The genotypes
were sowed in 1.5-kg pots containing 2 soil and "2 Bioflora substrate. The isolates were
cultured on Petri dishes containing nutrient agar culture medium and incubated in a growth
chamber at 28°C for 48 h. Bacterial suspensions of each isolate were diluted and adjusted to
concentrations of 10¥ CFU/mL. Inoculations were performed 10 days after planting with two
perforations in the epicotyl. A 1-mL syringe was used to apply 100 pL inoculum to each hole.
In the control, 10 pL sterile distilled water was injected into each hole. Both experiments
were evaluated 15 days after inoculation. A disease severity score scale ranging from 1 to 9,
as proposed by Wendland et al. (2009), was used as follows: 1, no symptoms; 2, mosaic in
the leaves; 3, leaf flaccidity; 4, flaccidity and mosaic in the leaves; 5, flaccidity or mosaic in
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the leaves combined with burned or wizen leaf board; 6, plant dwarfism; 7, plant dwarfism
combined with additional symptoms other than plant wilting or only symptoms of plant
wilting; 8, plant wilting combined with other symptoms; and 9, plant death.

Data analysis

Data concerning bacterial wilting were subjected to individual and joint analyses of
variance. The mean of each treatment, the general reaction ability (GRA), general aggressivity
ability (GAA), and specific interaction ability (SIA) were estimated following the method
proposed by Melo and Santos (1999). For this procedure, an adaptation of Griffing’s model IV
(Griffing, 1956) in a partial diallel scheme was used as described by Geraldi and Miranda-Filho
(1988). Group I comprised 30 host genotypes, and group I comprised eight pathogen isolates.
In pathogen-host interactions, GRA represents the horizontal resistance of genotypes to different
pathogen isolates (physiological races). The GAA of the pathogen represents the aggressiveness
of each physiological race when inoculating all host genotypes. The SIA indicates the interaction
between the components of the two groups. This estimate represents the physiological race’s
virulence and the genotype’s vertical resistance. The mathematical model proposed to analyze
the polygenic pathogen-host interaction with partial diallels was as follows:

Y,=u+r+a +s; (Equation 1)

where Y, is the disease severity exhibited by the ith host when inoculated with the jth isolate; 7 is
the effect of the horizontal resistance of the ith genotype; o, is the effect of the aggressiveness of
the jth isolate; and s, is the effect of the interaction between the ith host and the jth isolate relative
to the effect of the virulence of the jth isolate with the vertical resistance of the ith genotype.

Analyses of genotype x isolate interactions were performed within the joint analysis
of the two trials. The GENES software (Cruz, 2013) was used to estimate stability using the
ecovalence method of Wricke (1965); this method measures the contribution of each genotype
to the genotype x isolate interaction. Next, the stability of the genotype was estimated using the
method described by Lin and Binns (1988). Isolates were stratified into more aggressive and
less aggressive groups. Pearson correlation analysis was performed, first with four genotypes,
later with 26, and finally with 30 genotypes to evaluate specific reactions to the isolates.

Pairs were considered to differ when the correlation was low and not significant or
negative. The isolate pairs with weaker correlations were considered to be more informative
and different. Such pairs were considered to have high genotype x isolate interactions, i.e.,
gene-for-gene interactions occurred.

Using Wricke’s (1965) ecovalence, it was possible to calculate the percentage of the
genotype X isolate (G x I) interaction due to each genotype (W?2%). This value is given by the
following equation:

W%=(! /Y )" x 100 (Equation 2)

More stable genetic material is considered to have a lower ecovalence estimate, i.e.,
such material makes a smaller contribution to the G x I interaction. The candidate genotypes
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were those that exhibited strong interactions (W.?*) with the eight inoculated isolates, which
enabled differentiation between races. For this, the sum of squares of the G x [ interaction was
broken down into portions for each genotype according to the following equation:

= Z:,(Yu -Y -Y, + Y)2 (Equation 3)
=

where Y/ is the mean of genotype i in isolate j; ¥, is the mean of genotype i; Y is the mean of
isolate j; and Y is the overall mean.

The method described by Lin and Binns (1988) and modified by Carneiro (1998), was
used to estimate the stability of the genotypes in each aggressiveness group of C. flaccumfaciens
pv. flaccumfaciens isolates. This method can be used to identify one or more genotypes with
performance farthest from the most susceptible genotype for the isolates tested. Using this
method, genotype stability was estimated using the P, stability index. The P, stability index is
the estimated mean-square of the distance between the mean of genotype i and the mean of the
most susceptible genotype for each isolate (Daher et al., 2003). The genotype that exhibited
the highest P, value was the most stable among the resistant genotypes. The following formula
was used to obtain this estimate:

n 2
(Xij 'Mj)

P=>

- m (Equation 4)
where P, is the estimated stability of genotype i; X, is the reaction of the i-ith genotype in the
j-ith 1solate A/[j is the maximum response observed among all of the genotypes in isolate j; and
n is the number of isolates.

With the estimated P, stratified between more and less aggressive isolates, it was also
possible to test the individual ‘behavior of genotypes when inoculated with these two groups of
isolates. Isolates caused disease above the mean (P+) or below the mean (P, of all the isolates.

RESULTS
Evaluation of genotypes for resistance and aggressiveness/virulence of isolates

Evaluation of genotypes for the resistance and aggressiveness/virulence of isolates
was performed by utilizing 24 isolates of C. flaccumfaciens pv. flaccumfaciens. The isolates
were classified into four aggressiveness groups according to the Scott-Knott test. Of the 24
strains, BRM 27254, BRM 14919, BRM 14933, BRM 14935, BRM 14939, BRM 14946,
BRM 14942, and BRM 14941 were selected; this selection includes two strains from each
group and covers six different Brazilian regions.

In the individual analyses performed during both sowing trials, there were significant
differences among genotypes, among isolates, and among the isolate x genotype interactions.
In the joint analysis, significant differences among isolates were also detected; these findings
indicated that the isolates possessed different levels of aggressiveness. The behavior of
genotypes differed significantly following inoculation with the eight C. flaccumfaciens pv.
faccumfaciens isolates. The effects of the isolate x genotype, isolate x trial, and genotype x
trial interactions were also significant. Significant differences were observed in the interaction
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genotype x isolate x trial, indicating that the genotypes exhibit differences when inoculated with
different isolates and when evaluated at distinct times. There were no significant differences
between the replicates of each trial, indicating homogeneity in the environmental conditions
of the greenhouse (Table 2).

Table 2. Variance analyses of bacterial wilt severity in 30 common bean genotypes in response to eight isolates
of Curtobacterium flaccumfaciens pv. flaccumfaciens.

Source of variation d.f. MS Ftest P value
Trials 1 433 7.8 0.00
Isolate 7 38.63 69.58 0.00
Isolate x trial 7 14.33 25.82 0.00
Replication (trial) 4 0.75 1.35 0.27
Errorl 28 0.55 - -
Genotype 29 11.73 17.73 0.00
Genotypes x trials 29 6.16 9.31 0.00
Genotypes x isolate 203 4.38 6.62 0.00
Genotypes x isolate x trials 203 2.47 3.74 0.00
Error2 928 0.66 - -
Coefficient of variation 1 (%) 25.25

Coefficient of variation 2 (%) 27.57

General mean 2.95

d.f.: degrees of freedom; MS: mean square; P value indicates the probability that means are not significantly
different (F test).

In the diallelic analysis used to investigate the interaction between different genotypes
and isolates, all sources of variation were significant (P < 0.05) in both individual and joint
analyses (Table 3). The effects of GRA and GAA remained significant throughout different
trials. As there was a significant interaction between isolates and genotypes in the different
trials, it can be inferred that common bean genotypes and C. flaccumfaciens pv. flaccumfaciens
isolates exhibited different responses when evaluated during different trials. These findings
confirm the need to perform several experiments to obtain more precise estimates, even when
inoculation is performed under controlled conditions. There were significant differences in
the estimated horizontal resistance (GRA) of the genotypes studied, suggesting that some
genotypes have a higher mean degree of resistance to the isolates tested. In the analysis of
the estimated horizontal resistance of the genotypes inoculated with eight C. flaccumfaciens
pv. flaccumfaciens isolates, 11 GRA estimates were significant. The isolates exhibited
significantly different GAA both in individual experiments and in the joint analysis (Table 3).
These data indicate that the isolates differ in their mean degree of disease severity. The SIA,
which evaluates pathogen virulence/host vertical resistance, also differed significantly. This
indicates the existence of specific resistance in some genotypes.

The SIA x trial interaction was significant (P < 0.05), indicating that the genotype
x isolate interactions responded differently depending on the trial in which the experiment
took place. These results show that the physiological specialization behaved differently during
different trials (Table 3). The IPA 9, Ouro Branco, Michelite, BRS Requinte, and TU genotypes
exhibited the most significant negative estimates (horizontal resistance). In contrast, the TO,
Cornell 49242, TAC Carioca Pyata, Uirapuru, IPA 7419, PI 207 262, Widusa, IPA 6, Pérola,
BAT 477, BRS Esplendor, CNFC 10408, BRS Estilo, Vermelho, BRS Campeiro, IAC Carioca
Arud, AND 277, IAC Carioca Akyta, and IPA 1 genotypes did not exhibit significant GRA
estimates. Therefore, these genotypes do not undergo horizontal resistance to the inoculated

Genetics and Molecular Research 15 (4): gmr15048712



S.C.D. Valdo et al. 8

isolates. The BRS Cometa, A 211, Coquinho, CNFP 10104, CNFRS 11997, and Frijdlica 0-3-
1 genotypes exhibited significant positive GRA estimates, indicating that these genotypes are
highly susceptible to bacterial wilt (Table 4).

Table 3. Analysis of joint diallelic variance of the severity of Curtobacterium wilt using 30 common bean
genotypes and eight Curtobacterium flaccumfaciens pv. flaccumfaciens isolates.

Source of variation d.f. MS F test P value
Treatments ilsolates x genotypes) 239 6.40 9.71 0.00
GRA (horizontal resistance) 29 11.78 17.85 0.00
GAA (aggressivity) 7 36.09 54.69 0.00
SIA (interaction) 203 4.61 6.99 0.00
Environments 1 6.87 10.41 0.00
Treatments X environments 239 3.12 4.73 0.00
GRA x environments 29 5.63 8.53 0.00
GAA x environments 7 12.37 18.75 0.00
SIA x environments 203 2.44 3.70 0.00
Error 478 0.66 - -
Mean: 2.95

d.f.: degrees of freedom; MS: mean square; P value indicates the probability that means are not significantly
different (F test). GRA: general reaction ability; GAA: general ability of aggressivity; SIA: specific interaction
ability.

A total of 240 combinations of virulence/vertical resistance interactions between
the isolates and genotypes were generated. Of these, 65 combinations were significant,
which represent specific interactions between pathogen physiological races and common
bean genotypes (Table 4). This estimate includes negative and positive values, which
indicate the presence or absence of resistance to an isolate, respectively. Of the significant
estimates, 32 were negative. Negative values indicate the presence of specific resistance
in a given genotype. The combinations that exhibited the lowest estimated SIA were AND
277 x BRM 14935; CNFP 10104 x BRM 14919; TU x BRM 14933; CNFC 10408 x
BRM 14941; and Coquinho x BRM 14919. These genotypes exhibited greater specific
resistance to these isolates.

The IPA 9 genotype exhibited high estimated horizontal resistance to all of the
isolates; however, none of the estimated SIA values were significant (Figure 1). Although
this genotype did not exhibit specific resistance to any isolate in the set, it exhibited
low means in the evaluations by exhibiting horizontal resistance to all of the inoculated
isolates (Table 4). The CNFRS 11997 genotype exhibited the lowest horizontal resistance,
indicating high susceptibility to bacterial wilt. However, this genotype exhibited
significant interactions in the interaction estimates. Specific resistance to the isolates
BRM 14939, BRM 14919, and BRM 14946 was observed (Table 4). Therefore, the IPA 9
and CNFRS 11997 genotypes were the most contrasting in terms of their reactions to C.
flaccumfaciens pv. flaccumfaciens isolates (Figure 1).

The four genotypes with greatest horizontal resistance were analyzed in terms of their
specific resistance to the eight isolates. The IPA 9 and BRS Requinte genotypes exhibited the
greatest stability regarding reactions, whereas Ouro Branco and Michelite were less stable,
exhibiting higher variation for isolate virulence (Figure 1).
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Figure 1. Specific interaction ability (SIA) in the joint analysis of four common bean genotypes that presented the
highest estimates of general reaction ability (GRA), inoculated with eight isolates of Curtobacterium flaccumfaciens
pv. flaccumfaciens: 1, BRM 14939; 2, BRM 14919; 3, BRM 14942; 4, BRM 14941; 5, BRM 27254; 6, BRM
14935; 7, BRM 14946; 8, BRM 14933.

Analysis of interaction between isolates and genotype stability

Using the 30 genotypes, the mean estimated correlation between the isolate pairs was
0.21. These data are shown in Table 5. The following four isolate pairs exhibited significant
positive intermediate correlations: BRM 14939 and BRM 14933; BRM 14942 and BRM
14941; BRM 14942 and BRM 14935; and BRM 14941 and BRM 14935. These isolates
were classified similarly. The BRM 27254, BRM 14919, and BRM 14946 isolates are not
correlated with any other isolate. Therefore, these isolates are most likely different, and the
fact that they exhibited strong interactions indicates the existence of specific physiological
races. The BRM 14919 isolate exhibited four negative correlations, indicating that it differs
the most from the other eight isolates. When determining the Pearson correlation between the
isolate pairs using only the four most extreme genotypes, i.e., those that exhibited the lowest
(IPA 9 and Ouro Branco) and the highest (Frijolica 0-3-1 and CNFRS 11997) severity means,
the correlation was high (0.79). This result suggests that these genotypes contain horizontal
resistance genes that have a greater effect, and that it is not possible to detect gene-for-gene
interactions. When the Pearson correlation was determined using only the 26 genotypes with
intermediate reactions, i.e., genotypes with median resistance, the lowest correlation value
of the three different genotype sampling simulations was obtained. This indicates that the
predominant presence of genes with small and medium effects favors the occurrence of G x
I interactions and allows for higher stratification of the isolates into different physiological
races groups. This stratification can be observed by the more frequent occurrence of negative
correlations among the isolates. This permitted the detection of more specific and different
reactions among the isolates evaluated.
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Table 5. Estimates, joint analysis, and Pearson correlation of severity of eight Curtobacterium flaccumfaciens

pv. flaccumfaciens isolates in 4, 26, and 30 common bean genotypes.

Isolate Correlation
4 Genotypes 26 Genotypes 30 Genotypes

BRM 14939 x BRM 14919 0.87 -0.08 0.17
BRM 14939 x BRM 14942 0.50 0.002 0.25
BRM 14939 x BRM 14941 0.89 0.18 0.43
BRM 14939 x BRM 27254 0.81 -0.14 0.16
BRM 14939 x BRM 14935 0.77 0.03 0.21
BRM 14939 x BRM 14946 0.81 -0.009 0.30
BRM 14939 x BRM 14933 0.78 0.53** 0.51%**
BRM 14919 x BRM 14942 0.37 -0.38 -0.06
BRM 14919 x BRM 14941 0.70 -0.02 0.19
BRM 14919 x BRM 27254 0.74 -0.26 -0.03
BRM 14919 x BRM 14935 0.44 -0.62** -0.41
BRM 14919 x BRM 14946 0.90 0.13 0.31
BRM 14919 x BRM 14933 0.77 -0.46* -0.32
BRM 14942 x BRM 14941 0.83 0.24 0.56**
BRM 14942 x BRM 27254 0.89 0.04 0.40
BRM 14942 x BRM 14935 0.80 0.40* 0.50%**
BRM 14942 x BRM 14946 0.71 0.22 0.42
BRM 14942 x BRM 14933 0.87 0.24 0.30
BRM 14941 x BRM 27254 0.966* -0.18 0.23
BRM 14941 x BRM 14935 0.93 0.26 0.46**
BRM 14941 x BRM 14946 0.84 -0.33 0.07
BRM 14941 x BRM 14933 0.92 -0.22 0.01
BRM 27254 x BRM 14935 0.84 0.11 0.27
BRM 27254 x BRM 14946 0.92 0.22 0.43
BRM 27254 x BRM 14933 0.99** -0.13 0.00
BRM 14935 x BRM 14946 0.60 -0.02 0.10
BRM 14935 x BRM 14933 0.76 0.18 0.24
BRM 14946 x BRM 14933 0.95* 0.16 0.22
Mean 0.79 0.003054 0.21

**Significant at P < 0.05. *Significant at P < 0.01.

The genotypes that exhibited higher ecovalence (Wricke, 1965) estimates
were CNFRS 11997 (9.6) and IAC Carioca Akyta (9.2), and the BRS Notavel, Pérola,
IAC Carioca Arua, and Coquinho. These genotypes exhibited estimates above 7% and
contributed most to the interaction effect observed among isolates and genotypes. The IPA
1, Vermelho, and BRS Requinte genotypes exhibited lower ecovalence estimates; they
interacted the least with the isolates (Table 6).

Table 6 shows the estimated stability values of the 30 genotypes when inoculated with
different isolates. These data were obtained according to the method described by Lin and Binns
(1988). The isolates were classified as more aggressive (Pi[+]) (with a mean disease severity
above the overall mean) or less aggressive (Pi[-]) (with a mean disease severity below the overall
mean). The most aggressive isolates were BRM 14939, BRM 14942, BRM 27254, BRM 14935,
and BRM 14933. The least aggressive isolates were BRM 14919, BRM 14941, and BRM 14946.
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Table 6. Estimate stability of 30 common bean genotypes evaluated with eight Curtobacterium flaccumfaciens
pv. flaccumfaciens isolates, based on the ecovalence (Wi) and the method described by Lin and Binns (1988).

Genotypes Mean Wi (%) Lin and Binns

Pi(+) c! Pi(-) C
IPA 9 1.34 1.42 12.90 1 8.82 2
TO 2.15 1.68 7.92 8 9.16 1
Ouro Branco 2.18 1.12 7.46 11 791 5
BRS Requinte 2.25 0.63 6.60 13 791 4
Michelite 2.32 2.77 10.10 2 3.63 22
AND 277 2.36 3.65 8.59 5 6.83 9
Widusa 2.45 2.78 8.07 7 6.88 7
P1207 262 2.46 2.80 8.28 6 421 20
TU 2.53 3.07 8.62 4 4.64 16
IPA 7419 2.53 3.29 9.30 3 3.54 27
Uirapuru 2.55 1.01 5.83 16 6.41 11
BRS Esplendor 2.61 1.23 4.76 21 8.01 3
Cornell 49242 2.65 1.08 7.17 12 4.24 17
Vermelho 2.72 0.76 5.08 19 6.84 8
Pérola 2.72 7.32 7.48 9 5.71 13
IPA 6 2.78 2.14 7.46 10 3.54 24
BRS Campeiro 2.96 1.96 6.15 14 3.59 23
BAT 477 3.08 1.10 5.86 15 3.54 25
IAC Carioca Pyata 3.12 3.54 5.01 20 4.77 15
BRS Cometa 3.16 1.32 3.22 27 5.84 12
IPA 1 3.17 0.98 5.49 17 3.54 26
BRS Notavel 3.21 8.67 5.31 18 7.09 6
BRS Estilo 3.27 2.73 342 26 4.83 14
A211 3.41 4.39 4.50 22 4.16 21
Coquinho 3.62 7.06 4.03 23 421 18
IAC Carioca Akyta 3.62 9.22 3.42 25 6.66 10
Frijolica 0-3-1 3.73 1.26 4.00 24 1.64 29
IAC Carioca Arud 3.92 7.11 2.79 28 2.90 28
BRS Esteio 4.12 4.10 1.00 29 421 19
CNFRS 11997 4.92 9.65 0.57 30 1.54 30

!Genotype rating based on stability in accordance with the Lin and Binns method (1988).

DISCUSSION

In this study, the partial diallel method proposed by Melo and Santos (1999) was
used. It was possible to evaluate the interaction between C. flaccumfaciens pv. flaccumfaciens
isolates X common bean genotypes and characterize the genetic variability existing in this
pathosystem. This is the first report describing the use of this method in this pathosystem.
Using the environmental stratification methods described by Wricke (1965) and Lin and Binns
(1988), it was possible to propose genotypes representing physiological specialization in this
pathosystem. To our knowledge, this is the first report to do so in the scientific literature.

Horizontal resistance is non-specific and evenly reduces the development of various
pathogen physiological races.

According to Melo and Santos (1999), the horizontal resistance of a genotype is
highly correlated with the GRA value. This method has been efficient at evaluating resistance
to bacterial wilt in common bean genotypes and the aggressiveness and/or virulence of C.
flaccumfaciens pv. flaccumfaciens isolates. The IPA 9 and Ouro Branco genotypes exhibited the
greatest horizontal resistance to bacterial wilt. The Ouro Branco and CNFRS 11997 genotypes
provided contrasting results, indicating the possibility of crossing these two genotypes to
obtain lines that are resistant to all eight isolates. Davide and Souza (2009) worked with the
Colletotrichum lindemuthianum-bean pathosystem and identified significant differences in the

Genetics and Molecular Research 15 (4): gmr15048712



Variability in C. flaccumfaciens pv. flaccumfaciens strains 13

virulence of 65 isolates, with the isolates CL 837 and CL 844 being the most virulent. When
isolates of the same race exhibit variability, more consistent differentials are needed to detect
all pathogen variability. Those authors did not detect horizontal resistance in the pathosystem.
The partial diallel method was used to characterize the reaction of the genotypes to these
pathogens. Silva (2010) inoculated 50 genotypes with four Xanthomonas axonopodis pv.
phaseoli isolates and identified differential interactions between the genotypes and isolates.
The aggressiveness of the isolates varied according to the genotype evaluated by partial diallel
analysis. This method was also used for cotton; Maranha et al. (2002) found that the BRS
Antares and BRS Facual cultivars were the most resistant to Xanthomonas campestris. The
BRS Facual cultivar was found to exhibit horizontal resistance. The Ramularia areola cultivar
was most resistant, and this resistance was predominantly horizontal. Pereira et. al. (2015)
studied variation between Pseudocercospora griseola isolates within the race 63.63. Those
authors concluded that there are variability within race 63.63, wherein isolates differed in
the degree of aggressiveness between them. Therefore, in this study, variability was observed
within races, representing the first report in this pathosystem.

The method of Melo and Santos (1999) has been informative for several studies using
different crops, and has been used to identify differential interactions among genotypes and
isolates in these pathosystems. Using this method, it was also possible to conclude that the
BRM 14933 isolate had the greatest mean pathogenicity according to the estimated GAA
(Table 4). However, 18 genotypes exhibited specific resistance to this isolate (Table 4). The
BRM 14919 isolate, despite being less aggressive (Table 4), was highly pathogenic to the
IPAG, Frijolica 0-3-1, AND 277, Widusa, Michelite, and Cornell 49242 genotypes. These
findings suggest that this isolate is highly virulent to these specific genotypes. The IPA 9
and Ouro Branco genotypes exhibited the greatest horizontal resistance to the isolates tested.
The different estimates of horizontal resistance indicate that the genotypes exhibit different
allelic compositions for this type of resistance. According to the Pearson correlation results
(Table 5), it was necessary to comprehensively sample both the genotypes and isolates to
fully represent the pathosystem evaluated. When performing the correlation with only four
extreme genotypes, representing the two most resistant and two most susceptible, the results
differed from those obtained using 30 genotypes; the mean correlations ranged from 0.21 (using
30 genotypes) to 0.80 (using four extreme genotypes). This finding highlights the importance
of good sampling in order to reach consistent conclusions about a pathosystem. A more intense
differential interaction is observed when intermediate horizontal resistance genes predominate
in the genotypes evaluated. The genotypes that have genes with greater effect have a reduced
ability to detect isolate x genotypes interactions. This occurs because such genotypes exhibit
resistance to most physiological races. This feature is similar to genotypes that are highly
susceptible, which also have little discriminatory capacity due to a lack of horizontal resistance
or specific resistance genes. Genotypes do not interact because of a lack of resistance to any
physiological race; therefore, they are unable to discriminate between isolates or races. When
performing the correlation with the 26 intermediate genotypes, the correlation was close to zero
(0.003). This suggests that the intermediate genotypes contribute more to the interaction than the
extreme genotypes, and that genes with intermediate horizontal resistance are more important
for detecting this interaction. For differential interaction studies, the selection of genotypes
that exhibit intermediate reactions is preferred over genotypes with extreme susceptibility or
resistance reactions. Such extreme genotypes do not represent all existing pathogenic variations.

To classify C. flaccumfaciens pv. flaccumfaciens isolates by physiological
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specialization, it is necessary to compose a series of differential genotypes that can be used to
classify the pathogen isolates by the phenotypic reactions of the genotypes to be inoculated.
When estimating the stability of the genotype reactions upon inoculation with different
isolates using the method described by Wricke (1965) (Table 6), it was possible to identify
the genotypes that contributed most to the genotype-isolate interaction. The CNFRS 11997
genotype made the greatest contribution, as it obtained the largest estimate for this parameter
(9.65). This genotype most distinguished the different isolates. Next, the IAC Carioca Akyta
genotype contributed 9.22% of the interaction. This genotype was followed by the genotypes
BRS Notavel (8.67%), Pérola (7.32%), IAC Carioca Arua (7.11%), and Coquinho (7.06%).
These genotypes exhibited strong interactions when inoculated with different races, and were
the most unstable in the pathosystem studied. According to Wricke’s ecovalence (1965), these
genotypes are the most efficient at classifying C. flaccumfaciens pv. flaccumfaciens isolates
into different races and interact most with the isolates. The genotypes IPA 1, Vermelho, and
BRS Requinte obtained the lowest ecovalence estimates, which were all below one. Therefore,
the IAC Carioca Akyta, BRS Notavel, Pérola, IAC Carioca Arua, and Coquinho genotypes
were used to differentiate C. flaccumfaciens pv. flaccumfaciens physiological races. The
genotypes that made the greatest contribution to the interaction effects were the isolates with
the lowest horizontal resistance estimates. Genotypes with the smallest contributions to this
interaction are resistant to bacterial wilt. It is likely that susceptible genotypes do not carry
genes of great effect for resistance and that they interact more strongly with the different
isolates. Such genotypes can be used to differentiate isolates into physiological races.

Hsieh et al. (2005) used 15 common bean genotypes and two C. flaccumfaciens pv.
flaccumfaciens isolates and did not detect differences among the genotypes and isolates. In
the present study, which utilized the stability estimates described by Lin and Binns (1988)
(Table 6), a genotype-isolate interaction was observed. Thus, the use of a few common bean
genotypes and C. flaccumfaciens pv. flaccumfaciens isolates does not have sufficient precision
to adequately represent both host and pathogen variability.

The BRS Esteio, Ouro Branco, BRS Requinte, Uirapuru, BRS Esplendor, and Vermelho
genotypes were susceptible when inoculated with the more aggressive isolates. These genotypes
were considered resistant when inoculated with the less aggressive isolates, which was expected.
However, the Michelite, IPA 7419, TU, PI 207 262, AND 277, Pérola, IPA 6, Cornell 49242,
BRS Campeiro, BAT 477, IPA 1, and Frijolica 0-3-1 genotypes showed greater resistance to
the more aggressive isolates than to the less aggressive isolates. This indicates the existence
of interactions between those genotypes and C. flaccumfaciens pv. flaccumfaciens isolates. For
those genotypes, the less aggressive isolates most likely carry virulence genes that the hosts’
resistance genes cannot recognize. It is also possible to observe a very large discrepancy in the
classification obtained by some genotypes when inoculated with more aggressive “P(+)” and
less aggressive “P(-)” isolates using the method described by Lin and Binns (1988) (Table 6). For
example, BRS Esplendor was placed in the 21st position when inoculated with more aggressive
“P(+)” isolates and third when inoculated with less aggressive “P(-)” isolates. Michelite placed
second when inoculated with “P(+)” isolates and 22nd with “P(-)” isolates. These results provide
compelling evidence that strong and specific interactions exist within this pathosystem, which
contains important pathogenic physiological specialization.

Using the same method, the most aggressive isolates were concluded to be BRM
14939, BRM 14942, BRM 27254, BRM 14935, and BRM 14933. However, these isolates
were less virulent against the genotypes IPA 9, Michelite, AND 277, PI 207 262, TU, IPA
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7419, Cornell 49242, Pérola, IPA 6, BRS Campeiro, BAT 477, IPA 1, and Frijolica 0-3-1.
The less aggressive isolates BRM 14919, BRM 14941, and BRM 14946 were virulent against
the genotypes TO, Ouro Branco, BRS Requinte, Uirapuru, BRS Esplendor, Vermelho, IAC
Carioca Pyata, BRS Cometa, BRS Notavel, BRS Estilo, A211, Coquinho, IAC Carioca Akyta,
and BRS Esteio. These results follow the principles of the gene-for-gene theory proposed by
Flor (1971). For the later genotypes, the less aggressive isolates most likely carry virulence
genes that the hosts’ resistance genes cannot recognize.

Based on these results, it can be concluded that a differential interaction exists between
common bean genotypes and C. flaccumfaciens pv. flaccumfaciens isolates. For the first time,
the existence of physiological specialization in this pathosystem has been demonstrated.
The genotypes Coquinho, BRS Cometa, CNFP 10104, BRS Requinte, and A211 exhibited
horizontal resistance and the genotypes IPA 9, Ouro Branco, Michelite, BRS Requinte, and
TU genotypes exhibited specific resistance to the major isolates of the pathogen that causes
bacterial wilt. The BRM 14939, BRM 14942, BRM 27254, BRM 14935, and BRM 14933
isolates exhibited the greatest aggressiveness. The BRM 14919 and BRM 14933 isolates were
the most virulent to the most common bean genotypes. Based on these results, it is possible
to propose the use of the IAC Carioca Akyta, BRS Notavel, Pérola, IAC Carioca Arua, and
Coquinho genotypes in a provisional series of differentials for future validation with more
isolates. These genotypes contributed the most to the genotype x host interaction and have
greater potential for distinguishing between isolates of this pathogen.
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