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Genetic control of partial resistance to Asian soybean rust
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ABSTRACT. The genetic control of rust resistance was studied using the Caiapdnia x IAC-100 and
Luziinia x Potenza crosses. The F, and F; generations were evaluated. Rust severity was quantified through
visual assessment of the middle third of three leaflets per plant and performed by three different evaluators;
the average score was calculated foreach individual plant. From these data, we estimated the mean and
variance of the genetic components by employing the weighted least squares method. The estimated
number of genes and broad- and narrow-sense heritabilities were also obtained. It was concluded that rust
resistance is a characteristic controlled by 2 to 23 genes that are predominantly dominant. The estimate of
narrow-sense heritability was greater than 70% for the Caiap6nia x IAC-100 cross, and the wide-sense
heritability was greater than 60% for the Luziinia x Potenza cross; thus, it is possible to successfully select
resistant individuals in early generations.

Keywords: Glycine max, Phakopsora pachyrhizi, dominance variance, heritability, race non-specific disease resistance.

Controle genético da resisténcia parcial a ferrugem asiatica da soja

RESUMO. Estudos sobre o controle genético da resisténcia 2 ferrugem asidtica foram a conduzidos a partir
dos cruzamentos Caiapénia x IAC 100 e Luziinia x Potenza. Foram avaliadas as geragoes F, ¢ F;. A
severidade da ferrugem asidtica foi obtida pela estimativa visual de 3 folfolos do ter¢o médio/planta. A partir
desses dados foram estimados os componentes genéticos de média e de variincia, empregando-se o método
dos quadrados minimos ponderados. Foram obtidas também a estimativa do ndmero de genes e da
herdabilidade no sentido amplo e restrito. Concluiu-se que o controle genético da resisténcia A Phakopsora
pachyrhizi governado por 2 a 23 genes, com predominincia dos efeitos dominantes no controle. A estimativa
da herdabilidade no sentido restrito acima de 70% para o cruzamento Caiapdnia x IAC 100 e amplo acima
de 60% para o cruzamento Luzidnia x Potenza, mostrou que hi possibilidade de sucesso na sele¢io de
individuos resistentes ja nas geragdes iniciais.

Palavras-chave: Glycine max, Phakopsora pachyrhizi, varidncia de dominincia, herdabilidade, resisténcia raga nio-especifica.

Introduction

The Asian soybean rust (ASR) caused by the
fungal pathogen Phakopsora pachyrhizi was identified
in Brazil in 2001 and quickly infected soybeans in
in South America. ASR is
responsible for severe economic losses because of its

several countries
high damage potential and its constant presence in
almost all soybean-producing
(HARTMAN et al., 2005).
Brazilian breeding programs have not yet
developed resistant cultivars, and therefore,
chemical control is still used to reduce the losses
caused by ASR. Currently, the primary form of
control is based on the use of fungicides of different
classes and action modes (MILES et al., 2007). This
is partially because the fungus has several races with
multiple virulence alleles (SINCLAIR;
HARTMAN, 1999), which suggests that the ASR

areas  recently

pathogen has high genetic variability, mainly in the
Brazilian savanna (YORINORI et al., 2005). Thus,
the identification of resistant cultivars is necessary.

Genetic studies confirm the existence of additive
genetic effects for ASR (PIEROZZI et al., 2008;
RIBEIRO et al., 2007). Quantitative studies of the
genes that express resistance to ASR genotypes are
needed to support the development of effective
longer-lasting resistance in new cultivars. However,
in Brazil, because of the recent re-emergence of the
pathogen, there are few studies concerning the
inheritance of resistance to soybean rust
(AKAMATSU et al., 2004; PIEROZZI et al., 2008,
RIBEIRO et al., 2007).

Genetic models were fitted to these data to
obtain estimates of the additive, dominance,
epistatic, and environmental components. The fits
enabled predictions of the cross potential to
generate inbred lines with greater resistance to ASR
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(CRUZ, 2005). Previous studies by Azevedo et al.,
2007, Santos et al.,, 2007 and Silva et al., 2007,
demonstrated partial resistance for IAC-100 and
Potenza.

This study investigates on genetic control of

resistance to Asian soybean rust in lines derived
from IAC-100 and Potenza.

Material and methods

The experiment was carried out in a greenhouse
at the Agricultural Sciences Institute, which belongs
to the Federal University of Uberlindia,
Uberlandia, Brazil, and also at CapimBranco farm,
which belongs to the Federal University of
Uberlandia, Uberlandia, Minas Gerais State (located
at 55°1823"S and 48°17'19"W). The populations
were assessed at the Agroteste Experimental Station,
Uberlindia, Minas Gerais State (located at
21°12'58"S  and 45°03'18"W). In July 2007,
(Caiapdnia x IAC-100) and (Luzidnia x Potenza)
were crossed in greenhouse conditions to obtain the
F, population. The breeding of the F, and F,
generations and the multiplication of the parents
was also performed in a greenhouse in the 2008 to
2009 period.

For the 2009-2010 crop, the parents and the F,
and F; generations were assessed under field
conditions. The trials arranged in a
randomised complete block design with four
replications. The experimental conditions were
those commonly used in soybean crop management.
During the experiment, chemical control of pests
and manual weed control were performed as
necessary.

To reduce the risk of the evolving ASR epidemic
(because sowing was delayed) and to better assess
partial resistance, a fungicide of the chemical group
strobilurin (azoxystrobin) was sprayed. 300 mL of
commercial product per hectare were used for the
first spraying. In the second spraying, a mixture of
triazole and  strobilurin  (pyraclostrobin  +
epoxiconazole) was used; the dose was 500 mL per
hectare. The spraying was performed at stages R,
and R; (FEHR; CAVINESS, 1977). This action,
therefore, was intended to improve the reliability of
the assessment of partial resistance.

The assessment was performed at stage Rys
(FEHR; CAVINESS, 1977), 80 days after sowing,
because this stage was the developmental stage in
which there was the greatest expression of the
severity of symptoms in susceptible strains. The
disease severity was scored by three evaluators who
inspected the middle third of three leaflets per plant
and used the diagrammatic scale of disease severity

were
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scores, which considers the percentage of leaf tissue
that is infected (the scale uses thresholds of 0.5, 5,
20, 40, 60, and 80%).

Statistical and genetic analysis

Using the scores of individual plants, the analysis
of variance (ANOVA) was calculated for each cross
using the parents and the F, and F; generations. The
means and variances of the severity scores of the
parents and the F, and F; generations were
estimated. Using these data, the mean components
were also estimated using the weighted least squares
method (WLS) (MATHER; JINKS, 1984;
RAMALHO et al., 1993; ROWE; ALEXANDER,
1980). The additive-dominance model without
epistasis was considered. The genetic variance and
environmental components were estimated using
the WLS method iterative (MATHER; JINKS,
1984; RAMALHO et al., 1993). The components of
the mean and variance were estimated using the
computer software Mapgen. The software was also
used to estimate the number of genes and the broad-
and  narrow-sense  heritability  coefficients
(BERNARDO, 2002):

2 m24 22 W2 4o m2 22 2 =2
hie, =0al of, N, =150/ of, ,hge, =0, -
2, -2 2 ~2 ~2,-2
O¢/0f, and 3, = Of, -0¢ /O, .
To estimate the number of genes (k) involved in
the trait control and to consider what fraction are

dominant, the expression of Burton (1951) was used
by Ramalho et al. (1993):

L3 s ut)p?

=44 ,
7 &2
R .
where y==——=,D = P, —P,, P, is the mean trait
2~ h

5 - . ~2 .
for parent 1, P is the mean trait for parent 2, o, is

the phenotypic variance of the F, family, &é is the

environmental variance and F is the mean of the F,

family.

Results and discussion

The results of the variance analysis shown in
Table 1 indicate that significant
differences (p = 0.01) among the parent and
segregating generations for the two crosses used.
The existence of variation is an essential condition

there were
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for studying the genetic control of the disease
resistance trait.

Table 1. Analysis of the variance of the severity scores of Asian
rust for the parent and the cross-derived F, and F; generations of
soybeans.

MSQ MSQ
. L Degrees of Caiapdnia Degrees of Luzidnia
Source of variation freedom X freedom X
TAC100 Potenza
Blocks 3 8,36 3 11,12
Generations 5 513,17%% 3 671,17%%
Residual 15 30,10 9 13,0
Mean 27,01 24,0
Coefficient 2031 15,02

Of variation (%)
**: significant at the level of 1% of probability (p > 0.01) by F test.

The frequency distributions of the F, and F;
severity scores of each cross are shown in Figures 1 and
2. The frequency distribution in all generations
suggests that the trait is controlled polygenically; if the
trait were monogenic, without the environmental
effect, two or three phenotypic classes would be
expected, but this was not the case. The absence of a
distribution with well-defined phenotypic frequencies
has already been noted by others (PIEROZZI et al.,
2008; RIBEIRO et al., 2007).

For the Caiapdnia x IAC-100 cross, the results
shown in Figure 1 indicate the presence of
dominance in the trait control. IAC-100
demonstrated strong resistance and had a score
below 30%. The F, and F; generations demonstrated
similar performance to that of the parents, but with
some individuals had higher scores. The results
presented by Garcia et al. (2008) and Pierozzi et al.
(2008) for PI200526 reinforce the observation that
some dominant genes may control the trait.
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Figure 1. Frequency distribution of these verity of soybean rust
in each generation for the Caiaponia x IAC-100 cross grown in
Uberlandia, Minas Gerais State, 2011.

The Luziinia x Potenza cross generations
showed a continuous distribution for the trait (see
Figure 2). Although the parent Potenza is partially
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resistant to ASR (SILVA et al,, 2007), in this
experiment, the scores of disease severity for
Potenza were significantly higher than for the parent
Luziinia. This fact maybe related to environmental
conditions and the variability of the pathogen
(JULIATTI et al, 2003). The frequency
distributions of the severity scores suggested that
quantitative inheritance controls the resistance to
ASR, which has been observed in other studies that
used if different parents (GARCIA et al., 2008;
RIBEIRO et al., 2007).
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Figure 2. Frequency distribution oftheseverity scores of soybean
rustin each generation for the LuzidniaxPotenza cross grown in
Uberlandia, Minas Gerais State, 2011.

Components of the means and variances
Caiaponia x IAC-100 cross

The data inTable2 demonstrate that the means of
the F, and F; generations’ scores were difterent from
the mean scores of the parents. In principle, this
result demonstrates that dominant genes participate
in the control of partial resistance to ASR in the
TAC-100 parent.

This last observation may be confirmed by the
estimates of the mean components. Observe that the
estimate of d, the contribution of heterozygous loci
in relation to the midpoint of the two homozygous
parents, was non zero and negative, which indicates
that the dominance is to reduce the expression of
the trait (Table 2). It was also shown that the mean
dominance degree (MDD) was greater than 1 (the
value was 2.64).

Estimates of the variance components for the
generations were also obtained. The values of the
dominance variance were negative (Table 2). Scott
and Jones (1989) also reported negative estimates of
the dominance variance, which indicates a small or
negligible dominance eftect; they believe this is due
to the small population size used.
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Table 2. The number of individuals per population cross and the
mean, the variance, and the components of the mean and the variance
for the soybean rust severity scores of Caiaponia x IAC-100.

Population N° individuals Mean (%) Variance
Caiap6nia 40 37.63 120.50
IAC 100 40 18.25 39.17
F, 120 15.13 89.09
F, 400 21.46 146.41
Mean . Variance .
| Estimates Estimates
Components components
-2
m 27.89 =+ 0.06 oA 62.70
[55.94; 70.76]°
-2
" 9.66 + 0.08 ah -
d -25.59 = 0.21 ok 79.84
[59.70; 112.27]
MDD 2.64 - -
22 0.01™
R* (%) 99.9 - 96.6

'm: mean of the homozygous genotypes; a: deviation of the homozygous genotypes relative to
the midpoint; d: deviation of the heterozygote relative to themidpoint. *Standard error. *Lower
and upper limits of the reliable interval for the variances. *The estimates 53 are negative.

Negative estimates can occur when the variance
component is very small. Another cause may have
been the failure of the assumptions of the Warner-
Mather method, in which it is assumed that the
sources of genetic variation are only dominant
additive and that the environmental
component for the F, generation is the mean of the
environmental components for the
backcross generations. Furthermore, there is the
possibility of human error because the disease
assessment used to assign the scores to the plants

was made visually (LOBO et al., 2005).

variance

variance

Luziania x Potenza cross

In this study, the heterozygous dominance effect
(d) and the additive effect contribute to decreased
susceptibility or increased resistance to ASR (Table 3).

The component of the additive effect (a) would
never be negative, whereas the signal component of
the eftects of dominance deviations (d) depends on
the predominant direction of dominance
(MATHER; JINKS, 1984). The existence of
negative additive components (a) is because that the
parent P, does not always refer to the genotype with
the highest trait expression, which in this case would
be the genotype most susceptible to the disease. P,
Luzinia, was more resistant and received the lowest
scores and thus the lowest mean; therefore, it had
less disease severity. The negative value for the
additive effect (a) is a result of the low mean (LOBO
et al., 2005).

It has been found that soybean lines’ resistance to
the pathogen may vary over time. In principle, this
variance indicates that in some strains, the resistance
mechanism depends on environmental factors or

Martins and Juliatti

physiological effects. It has been observed that
environmental conditions are the main factor that
controls the disease severity and that more severe
disease cases occur under conditions of prolonged
leat wetness (DEL PONTE et al., 2006). This fact
was confirmed in the severity assessment because
high variance in the disease severity was observed
among the parents, which indicates greater
instability because of environmental effects on the
disease. The instability of the rust severity displayed
by some soybean lines has been observed by others
(PIEROZZI et al., 2008).

Table 3. The number of individuals per population cross and the
mean, the variance, and the components of the mean and the
variance for the soybean rust severity scores of Luziinia x
Potenza.

Population N° individuals Mean (%) Variance
Luziania 40 12.16 31.86
Potenza 40 42.43 96.76
F, 226 20.77 194.62
F, 400 20.29 162.54
Mean . Variance .
| Estimates Estimates
components components
~2
m 25.52 oA 324
(3.28)* [29.25; 36.07]°
~2
a -14.13 %D 96.55
(3.67) [83.23; 113.36]
~2
d -13.45 O 65,68
(10.83) [49.11; 92.36]
MDD 0.95 - -
2
V4 17.44*
R (%) 99.20 - -

'm: mean of the homozygous genotypes; a: deviation of the homozygous genotypes
relative to the midpoint; d: deviation of the heterozygote relative to the midpoint.
*Standard error. *Lower and upper limits of the reliable interval for the variances.

The estimate of d was lower than the estimate a,
which demonstrates that the additive effects were
more important than non-additive effects. The
MDD calculated using the components of the mean
was estimated to be 0.95, which indicates that
dominance is present in the control of the resistance.
However, when the variance components were

: - ~2
considered, the non-additive component op was

greater than 5&. This is because the value d is

calculated using the sum of the deviations such that
values with opposite signs can cancel. The high

value of 5'[% associated with the low value (d)

demonstrates that this trait is primarily controlled by
dominant alleles. However, these alleles do not act
in the same manner, i.e., there are dominant alleles
that cause ASR resistance, but there are also
dominant alleles that decrease the resistance.
Estimating the variance components enabled a
determination of the true estimate of the genetic
effects because, even when there are deviations of
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opposite signs, the individual effects are not clearly
indicated because the individual effects of each locus
were squared.

However, unlike the results found in this study,
some  previous studies have reported a
predominance of additive effects in the genetic
control of soybean rust resistance (PIEROZZI et al.,
2008; RIBEIRO et al., 2007). According to Ribeiro
et al. (2007) and Pierozzi et al. (2008), quantitative
genetic controlled
predominantly by genes that act additively and
which are dispersed in the parents.

resistance  to  rust is

Estimation of the heritability and the number of genes

Estimates of the heritability and the number of
genes are shown in Table 4. It is noteworthy that the
heritability is a property of the trait that depends on
the population and the environmental conditions to
which the individuals were submitted (RAMALHO
etal., 1993).

Table 4. Estimates of heritability in broad and narrow sense and
the likely number of genes.

F, population (%) F, population (%)

Crosses

h2 h2 h2 h?
Luzidnia x Potenza 66.25 16.65 60.0 30.0 2.0
Caiap6nia x IAC 100 10.40 70.40 45.5 6423  23.0

The estimates of the narrow-sense heritability
( hrz) for the F; population were 30 and 64.23%; these

values are similar to those observed by Pierozzi et al.
(2008) for populations in the F, generation. The
estimates of Ribeiro et al. (2007) ranged from 23.12 to
55.83%, which demonstrates that resistant individuals
can be successfully selected in early generations.
Because the values are not very high, the breeder
should use a low selection intensity in early
generations such that in later generations, the most
superior progeny can be identified.
The difterences between the
heritability values (h?) of two crosses for the two

Nnarrow-sense

generations are noticeable; the values are higher in the
F, generation for the Caiapdnia x IAC-100 cross
(h? = 70.40%), and in the Luziinia x Potenza cross, the

highest value was for the F; generation (h? = 30%). The
high values of h?, which are higher than the estimate of
h2, for the Caiaponia x IAC-100 cross may be related to
the negative values of the dominance variance.

In the Luziinia x Potenza cross, even the highest
estimate of hf was not large. These results
demonstrate the effect of the environment on the
expression of resistance to soybean rust.

15

For the F, population, the broad-sense
heritability estimates ranged from low (Caiapdnia x
IAC-100) to moderately high (Luziinia x Potenza)
(Table 4). High or moderately high estimates for
some traits indicate the prevalence of the genetic
environmental effects (MARIGUELE et al., 2008).

Estimates of h?were low for the Luziania x Potenza

cross. The low estimate indicates that although there
was a predominance of genetic environmental
effects, the efficiency of the selection of individual
plants tends to be low in segregating generations,
which are not significantly advanced because of low

values of h? (h?is a function of additive genetic

variance in addition to the portion of genetic
variance that can be fixed with the selection).

When selection is used to reduce the symptoms
or the disease severity in the presence of the
pathogen (by artificial or natural inoculation), the
effects of different genes and alleles in their allelic
forms and the dominance variance derived from
them, which directly influences the broad-sense
heritability, are highly likely to be fixed by selection.
Thus, one can successfully increase the ASR
resistance by performing selection on the F, or F;
populations. It is easier to understand this concept
when the occurrence of disease in cultivated plants
and the host-pathogen interaction is examined based
on the key-lock phenomenon (the product of a gene
or allele in the plant blocks recognition by the
pathogen or delays the vital cycle, which reduces the
disease progress). A failure of the pathogen to
recognise the host or a delay in this process is caused
by the effects of dominance (RIBEIRO et al., 2007).
Thus, a protein or toxin that is produced is at least
partially responsible for decreasing the severity of
the symptoms. These effects were studied in the
ASR pathosystem and were measured by the
reduction in the disease progress rate (AZEVEDO
et al.,, 2007; SANTOS et al., 2007; SILVA et al,,
2007), the incubation and latent periods and the area
under the disease progress curve, which directly
relates to partial or horizontal resistance.

Estimates of the broad-sense heritability (h?) of

the F; populationwere moderately elevated (60.0 and
45.5% for Luziinia x Caiapdnia and Potenza x IAC-
100, respectively) and there was a predominance of
genetic environmental effects.

The numbers of genes estimated to control the
resistance, which were calculated assuming the
absence of dominance, were two for the Luziinia x
Potenza cross and 23 for the Caiapdnia x IAC-100
cross (Table 4). According to Lobo et al. (2005),
these values cannot be interpreted as the actual
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number but rather as an indication of the
inheritance type (mono-, oligo- or polygenic). The
estimated number of genes observed in this study
confirms the quantitative inheritance of ASR
resistance. The values estimated for the number of
genes indicate that each intersection is particular and
depends on the genotypes used in the crosses and on
biotic and abiotic factors that are present.

The development of partial resistance to ASR is
viable. However, cycles of recurrent selection for
smaller groups must be used. One can use genes in
different genotypes, with or without the use of
molecular markers, or pyramid these genes to
increase  partial resistance to soybean rust
(JULIATTI et al., 2010).

Conclusion

It was concluded that rust resistance is a
characteristic controlled by 2 to 23 genes that are
predominantly dominant. The estimate of narrow-
sense heritability was greater than 70% for the
Caiapdnia x IAC-100 cross, and the wide-sense
heritability was greater than 60% for the Luziinia x
Potenza cross; thus, it is possible to successfully
select resistant individuals in early generations.
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