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Minimum number of common bean plants per
plot to assess field resistance to white mold
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ABSTRACT – This study aimed to determine the minimum number of plants per plot to assess the field resistance in common bean
to white mold. Thirteen cultivars were inoculated with six isolates of Sclerotinia sclerotiorum and evaluated in a randomized block
design with three replications and plots consisting of 1-m rows with 15 plants. Plants were inoculated by the straw test as proposed
by Petzoldt and Dickson (1996), to evaluate partial resistance in a greenhouse. Eight days after inoculation the disease severity was
evaluated on a 1-9 diagrammatic scale, where 1 = asymptomatic plants to 9 = plant death. To determine the minimum number of
plants per plot, the following methods were used: maximum curvature, segmented linear model, quadratic segmented model and the
relative CV model. There were significant differences among cultivars and isolates and no significant cultivar - isolate interaction.
It was observed that eight plants per plot is an adequate number to assess the reaction of common bean to white mold.
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INTRODUCTION

The occurrence of diseases generally reduces
productivity, causes yield instability and increases the
crop risk. White mold (Sclerotinia sclerotiorum) is a
particularly threatening bean disease, mainly in cultivation
under center pivot irrigation, where common bean is
usually planted successively in the same area and
temperature and humidity conditions are ideal for the
pathogen development. This fungus can cause yield
reductions of up to 80 % and can remain viable in the soil
for up to 15 years, through resistance structures called
sclerotia (Lobo Jr. and Nasser 2007).

The most effective control measure is the use of
lines with pathogen resistance, which is restricted to certain

genotypes that could be used in breeding programs, but
not directly for production (Kolkman and Kelly 2002).
Raising the resistance level in breeding programs will
certainly have a significant impact on the bean production
chain as areas currently unfit for cultivation, due to the
high disease incidence, will be re-included in the production
system and expenses with pesticides, which are not always
efficient, will be reduced.

There are various evaluation procedures for white
mold resistance, of which the straw test is considered the
most efficient to assess physiological resistance (Téran
and Singh 2009). A major problem of assessing pathogen
resistance is the number of lines, usually rather large,
making evaluations very labor-intensive. Evidently, the
higher the number of plants per plot, the greater the effort
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expended in the ratings. However, if the number is too
small, the accuracy can be reduced, decreasing the efficiency
of selection (Barbosa et al. 2001, Ramalho et al. 2005). It is
therefore desirable to identify the minimum number of plants
per plot without affecting the efficiency of the process.

In breeding programs, the experimental error can be
reduced by optimizing the number of plants per plot and
number of replications, resulting in a reduction of the
phenotypic variance, an increased heritability coefficient,
and consequently, higher genetic gains with selection
(Eberhart 1970, Leite et al. 2006). Additionally, the plot size
is directly related to the cost of conducting experiments
and evaluations; the optimal plot size is determined by the
balance between cost and accuracy (Zhang et al. 1994,
Storck et al. 2006).

Among the various methodologies for determining
plot size and shape are: methods based on stabilizing the
genetic and mean variance, Maximum Curvature Method,
Method of Fairfield Smith, Modified Maximum Curvature
Method, Method of Relative Information, Multiple
Regression Method, Method of W. H. Hatheway, Method
of Pimentel Gomes, Linear segmented model, Quadratic
segmented model (Zanon and Storck 2000). The different
methods are based on the observed relationship between
plot size and residual variation, and differ in many aspects;
an increase in plot size reduces plot variation, however,
this decrease is finite.

Research regarding the most appropriate experimental
plan to evaluate the field resistance in common bean to
Sclerotinia sclerotiorum is scarce. In view of the importance
of this pathogen in reducing the Brazilian grain production,
studies of methods to enhance the experimental accuracy
are essential. Such studies are closely related to the use of
methods to determine optimum plot size. Given the above,
the purpose of this study was to determine the minimum
number of plants per plot in field evaluations of white
mold resistance in common bean.

MATERIAL  AND  METHODS

The experiment was conducted at the Federal
University of Lavras, Minas Gerais, Brazil, in March 2010
(minimum temperature 17 °C, maximum 27 °C, average
rainfall around 180 mm in the evaluation period). Thirteen
cultivars/lines (Table 1), with different resistance levels to
white mold were inoculated with six Sclerotinia
sclerotiorum isolates from different regions, three from
the state of Minas Gerais and three from Goias (Table 1).
The cultivars/lines with numbers 5 through 13 are adapted

to southern Minas Gerais. The numbers 1 through 4 are
progenies derived from backcrosses in which the donor
of white mold resistance was the source G122 and the
recurrent parent was line M20. G122 has large freckled
grain, growth habit type II and partial physiological
resistance to white mold. M20 is a carrier of resistance
alleles to anthracnose Co-5 and Co-42, with partial
resistance to bacterial blight, growth habit type II and
carioca grain (Silva et al. 2006).

The experiments were conducted under field
conditions. The 13 cultivars were evaluated in a randomized
block design with three replications in six experiments.
Each isolate represented an experiment. Plots consisted
of 1-m rows with 15 plants and the 10 strongest plants per
plot were inoculated. The normal cultural treatments and
fertilization of common bean were applied and the crop
irrigated twice a week for tw o hours.

The isolates were grown in Petri dishes containing
medium potato dextrose agar (PDA) amended with
chloramphenicol, at a rate of one drop of antibiotic/100mL
of PDA and maintained in BOD at 20 ± 3 °C for three days.
The inoculum was multiplied and grown again under the
same conditions, to increase uniformity. Three days after
the second multiplication, eppendorf tubes were used with
200 μl mycelium-containing agar to inoculate the plants 28
days after planting.

For inoculation, the main plant stem was cut, into
which a plastic micropipette was inserted containing agar
on which the mycelium was grown. Eight days after
inoculation reaction of bean to white mold was evaluated
on a diagrammatic 1-9 scale (Terán and Singh 2009), where:
1. plants without symptoms; 2. invasion of the fungus
beyond inoculation site; 3. invasion of the fungus near
the first node; 4. fungus expanded to the first node; 5.
invasion of the fungus beyond the first node; 6. invasion
of the fungus near the second node; 7. fungus expanded
to the second node; 8.invasion of the fungus beyond the
second node; and 9. plant death.

Variance analyses were performed for each isolate
and combined. Only the isolates effective in discriminating
the genotypes were included to study the effects of
cultivars, isolates and cultivar - isolate interaction. Analyses
were performed using SAS software (SAS Institute 2005),
proc GLM.

For an increased result reliability, three well-known
methods were used to determine the minimum number of
plants per plot to assess white mold resistance in bean by
means of the straw test: maximum curvature method,
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segmented linear model, quadratic segmented model, plus
a fourth methodology developed for this study. This
methodology considers the amplitude between the
asymptotic coefficient of variation, obtained when the
number of plants per plot tends to infinity, and the maximum
coefficient of variation is obtained when only one plant
per plot is used. The nonlinear model used to estimate the
optimal number of plants per plot is: CVi = b0 + (b1 – b0)/
(1 + Q* (n1 – 1)/b2), where Q = (1 – q)/q. CVi are the
values of coefficient of variation (CV) corresponding to
the number of plants ni. The parameters b0, b1 and b2
represent CV with infinite plants per plot, one plant per
plot and the optimal number of plants per plot, respectively,
in the ideal plot, given the value q. The value of q is
between 0 and 1 and corresponds to the    minimum and
maximum possible CV values. The difference of this
methodology from the others is that the maximum and
minimum CVs are considered. In other words, a value of q
= 0.10 means that an ideal number of plants with a 10 %
higher CV than the minimum is desired, considering the
amplitude of the CVs. If q = 0, the plot size is infinite,
making the CV is minimal, and if q = 1 the plot should have

one plant, making the CV maximal. This model is named
“relative CV model”. Sampling was random, with
replacement of the observation vector. 1000 resamplings
were made for each number of plants per plot. The number
of plants was from 1 to 20. Analysis of variance was
performed, the CV calculated and the normality of residuals
tested for each resampling. Therefore, for each number of
plants per plot, a set of 1000 CVs was obtained at the end.

The CVs estimated in the analysis of variance of the
sub-samples in relation to the size of the respective sub-
samples were represented graphically (CV on the ordinate
and number of plants per plot on the abscissa axis). It was
found that from a certain number of plants per plot the CV
values stabilized; from this point on, an increase in the
number of plants per plot in the sub-samples would not
cause major changes in experimental accuracy. The
minimum number of plants per plot was determined visually
as the point at which the CV estimate became stable. The
resampling procedures, calculations and individual and
combined analyses of variance were performed using the
statistical software R, version 2.10.1 (www.rproject.org).

Table 1. Common bean lines/cultivars used and their characteristics of type, 100-grain weight (g), growth habit, resistance allele to
anthracnose and reaction to angular leaf spot. Isolates from different regions of the state of Minas Gerais and Goiás, used in the diallel
design, with their respective names and origins
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RESULTS AND DISCUSSION

In the analysis of individual variance, a significant
difference between the lines/cultivars can only be observed
when inoculated with isolates 2, 3 and 4, so these strains
are more efficient in evaluating resistance to the pathogen
by a better discrimination of the genotypes, making an
identification of those with higher levels of physiological
resistance to white mold possible.

Analysis of variance (Table 2) showed a significant
difference between the lines/cultivars, indicating that they
have different resistance alleles as well as a difference between
strains, proving the existence of genetic differences or
different allele aggressiveness. The identification of the
most aggressive isolate is important for studies to evaluate
resistance sources to this pathogen and may discriminate
treatments more clearly and select the most resistant.
Sources of resistance to the different alleles of isolates
with different aggressiveness can also be identified.

on the ratio between the genetic and residual variations of
the character under study. It refers to the correlation
between the true genotypic value of the genetic treatment
and the estimated or predicted value, based on experimental
data. As a correlation, it ranges from 0 to 1, and appropriate
values of accuracy are those close to unity or 100 % (Resende
and Duarte 2007).

When estimating the minimum number of plants per
plot to assess white mold resistance in common bean, the
coefficient of variation (CV) ranges from 34 to 44% in CV1
and 15 to 34 % in CV2, by all four methods (Figure 1); CV1
is the plot error and CV2the subplot error. The data set
used was suitable for the proposed study, since the
behavior of CV in relation to the plot sizes is consistent
with other studies of this nature (Viana et al. 2002, Storck
et al. 2005). The use of small-sized plots resulted in an
increase in CV, i.e., a higher experimental error, which
directly affected the subsequent statistical analysis.

Table 2. Summary of the combined analysis of variance of the response of inoculated cultivars with isolates of Sclerotinia sclerotiorum
(isolates 2, 3 and 4) that were efficient in the discrimination of the genotypes. Number of plants per plot in relation to the q value for
estimation by the relative CV model, considering the CV of plots (CV1) and of subplots (CV2)

*** significant at p = 0.005.

It follows from the non-significant cultivar-isolate
interaction (Table 2) that the reaction of cultivars was
similar when inoculated with the different isolates. This
indicates that the cultivars respond similarly to all isolates;
it was therefore concluded that the resistance is horizontal
while the strains differ in aggressiveness. Additionally,
the fact that S. sclerotiorum infects over 400 plant species
(Boland and Hall, 1994) also indicates that resistance must
be horizontal. In other words, this pathogen is less
developed than others who have already established a
more specific host-pathogen interaction, such as a gene-
gene interaction (Robison 1996). It is worth mentioning
that horizontal resistance can occur with some genes of
major effect and modifying genes (Parlevliet 1981). Along

with the fact that several QTL regions have already been
identified as genomic regions of white mold resistance
(Miklas et al. 2001, Kolkman and Kelly 2003, Ender and
Kelly 2005, Miklas 2007), these factors together indicate
that the resistance to white mold must be horizontal.

The high value of selective accuracy [ ˆ ], which
was 93.5 % for the cultivar effect and 94.9 % for the isolate
effect (Table 2) indicated that the experiment was conducted
with a high degree of experimental precision. The selective
accuracy can inform about the correct ranking of cultivars
for selection purposes and also on the reliability of the
genotypic value of a cultivar, ie, the VCU (Resende 2002).
This parameter depends not only on the magnitude of the
residual variation and the number of replications, but also
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 The CV value decreased with increasing number of
plants per plot, and became stable when the plot contained
seven plants by the methods of maximum curvature and
quadratic segmented model and with five plants by the
linear method. By the relative CV model, the optimal number
of plants per plot was eight when q = 0.15, that is, 15 %
more variation than the minimum CV (Figure 1). The q values
5 %, 10 %, 20 % and 25 % require 28, 13, 6, and 4 plants per
plot, respectively (Table 2).

It was confirmed that a number of 10 bean plants per
plot, inoculated with different isolates, was more than
enough for an adequate evaluation by the applied methods.
It is noteworthy that with eight plants per plot, normality
of residuals was obtained by the Shapiro-Wilk test, which
is a presumption of analysis of variance that must be
satisfied for the validity of the inferences, but is often not
met when the response variable corresponds to levels on
a diagrammatic scale. Therefore, eight plants per plot seem

to be an adequate number to assess the reaction to white
mold in common bean, with good experimental accuracy.

In an experiment to evaluate white mold resistance
in common bean in a greenhouse, Terán and Singh (2009)
used the straw test, with three plants per plot. However,
environmental conditions in a greenhouse are more uniform
than in the field, so the experimental accuracy can be good
even with a smaller number of plants per plot. This was
evidenced by Cocco et al. (2009), who noted that the
estimated difference between treatment means of strawberry
was greater in soil-grown strawberries (20.57 % - 46.11 %)
while in hydroponic cultivation the range was smaller
(13.99 % - 31.36 %). These authors estimated that the
optimal plot size is 10 for soil-grown and six for plants in
hydroponic culture. These results illustrate the greater
variability found in soil cultivation which calls for greater
differences between treatment means, to be considered
statistically different.

Figure 1. Minimum number of plants per plot according to the following methods: maximum curvature, segmented linear model,
quadratic segmented model, and the relative CV model, in the evaluation of common bean resistance to white mold by the straw test.
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The determination of the minimum number of plants
per plot is important not only in terms of costs and labor
reduction, but also in the evaluation of segregating
population, where the researcher will evaluate either a large
number of progenies, resulting from a small number of
crosses or evaluate many crosses, each with few descendants.
If few individuals allow an adequate evaluation of a certain
cross, many crosses can be evaluated simultaneously. A
smaller number of plants that adequately represents a
progeny, preserving its genetic properties, will allow the
simultaneous evaluation of many progenies.

For common bean in Brazil, there are to date no
studies on field resistance to white mold using the straw

test, or on the minimum number of plants per plot. The
results of this study may therefore be useful for future
research, with the finding that eight plants per plot are an
adequate basis to evaluate the reaction of common bean
to white mold.
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Número mínimo de plantas por parcela para avaliar a
resistência em campo do feijoeiro ao mofo branco

RESUMO – O presente trabalho teve como objetivo determinar o número mínimo de plantas por plota para avaliar a resistência
do feijoeiro ao mofo branco em campo. Treze cultivares foram inoculadas com seis isolados de Sclerotinia sclerotiorum. O
delineamento utilizado foi o de blocos casualizados com três repetições, com plota constituída de quinze plantas por metro linear.
A inoculação foi realizada utilizando o método do straw test. Oito dias após a inoculação foi realizada a avaliação utilizando uma
escala diagramática de 1 (plantas assintomáticas)  a 9 (morte da planta). Foram utilizados os métodos: curvatura máxima, modelo
segmentado linear, modelo segmentado quadrático e o modelo CV relativo, para determinar o número mínimo de plantas por plota.
Houve diferença significativa entre as cultivares, entre os isolados e entre a interação cultivares x isolado. Observou-se que oito
plantas por plota é um número adequado para avaliar a reação de feijoeiro ao mofo branco.

Palavras-chave: melhoramento genético, Sclerotinia sclerotiorum, delineamento experimental, resistência à fitopatógeno.
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