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Abstract - Crown rust is a major oat disease. Partial resistance is a promising option for disease control for being potentially more
durable than complete resistance. The objective of this study was to investigate the inheritance of partial resistance to crown rust in
oat populations that were derived from a cross between cultivar URS 21 (partially resistant) and URS 22 (susceptible). In 2010, the
six basic generations (P , P, F,F,BC, and BC 2) were sown in the field, and resistance to crown rust was assessed using the area
under the disease progress curve, normalized and corrected for each individual plant. The inheritance of the trait partial resistance
was oligogenic, indicating the presence of genes with both major and minor phenotypic effects. Additive and dominance effects were
important to determine the partial resistance and the heritability estimates were high, indicating the possibility of selection for resis-

tance in early generations.
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INTRODUCTION

White oat (4vena sativa L.) is grown in Brazil as a winter
cereal and is mainly cultivated in the southern region of
Brazil. With an estimated production of 353,000 t harvested
in 2011 (Conab 2012), Brazil is currently producing all oat
grain needed for the industry. Crown rust, which is caused
by Puccinia coronata f. sp. P. avenae Syd & Syd, is a major
oat disease, occurring yearly in all oat-producing regions.
Yield losses caused by the disease can reach 50% (Martinelli
et al. 1994). In addition, crown rust can reduce the grain
quality, which negatively affects the industrialization and
commercialization of oat grain (Doehlert et al. 2001). In
tropical and subtropical zones, as in the case of the oat-
producing regions in Brazil, the high relative humidity and
environment temperature during the growing season favor
the development of oat crown rust. In these environments,
pathogen populations are highly complex and specialized,
with great genetic variability for virulence. For example,
Leonard and Martinelli (2005) found 44 different pathogen
races in 58 isolates collected in southern Brazil. Subsequently,
Vieira et al. (2007) identified 30 races in 46 isolates col-
lected in Rio Grande do Sul alone, demonstrating the high
complexity of the pathogen population.

Traditionally, genes that confer complete resistance to
crown rust have been studied and used in many oat breeding
programs (Cruz et al. 2001, Vieira et al. 2006). Currently, 97
genes are known that confer resistance to specific races of
Puccinia coronata f.sp.avenae (Chaves et al. 2008), some
of which show potential for use in breeding programs, such
as Pc50, Pc91 (Park 1999), Pc94 (Van Niekerk et al. 2001)
and Pc68 (Van Niekerk et al. 2001, Leonard and Martinelli,
2005). With respect to the predominant oat rust races that are
found in Brazil, the most promising resistance gene is Pc68,
due to the low incidence of virulent pathotypes that have been
found to affect it (Leonard and Martinelli 2005). However,
Graichen et al. (2010) reported that the resistance that is pro-
vided by Pc68 has been overcome in Brazil. Unfortunately,
the effectiveness of genes that provide specific resistance to
P, coronata f.sp. avenaeis is overcome so quickly that it is
almost impossible to be maintained by the release of new oat
cultivars, particularly in southern Brazil.

In this context, partial resistance represents a promis-
ing option because this resistance is non-specific to the
race, potentially making it a more long-term solution.
The trait is usually conferred by genes of minor effect
on the phenotype. This resistance is incomplete and can,
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despite the susceptibility reaction in the host, reduce the
disease development rate (Parlevliet 1985). The reduction
in the disease development occurs by the modification of
different resistance components such as longer latency
period, lower infection efficiency, smaller pustule size,
and reduction in spore production (Wahl et al. 1980,
Chaves et al. 2004a).

Partial resistance to crown rust in oat was identified
in genotypes of several breeding programs, e.g., line MN
8481801-1 (Portyanko et al. 2005) and the UFRGS lines
(Chaves et al. 2004b). Some of these lines were studied
for inheritance and identification of QTL (Quantitative
Trait Loci) associated with partial resistance to crown rust
(Barbosa et al. 2006, Wesp et al. 2008). The oat cultivar
URS 21 has been grown on a large scale for 11 years and
still retains partial resistance to crown rust. However, the
genetic basis of partial resistance in this cultivar had not been
investigated. The objective of this study was to identify the
inheritance of partial resistance to crown rust in populations
derived from URS 21.

MATERIAL AND METHODS

Plant material

Plants of the generations F , F,, BC,, and BC, of a cross
between cultivar URS 21 (P1- partially resistant) and URS 22
(P, - susceptible) were used in this study. The cultivars URS
21 and URS 22 were selected because they are standards of
partial resistance and susceptibility to crown rust, respectively.
Generation F |, which was derived from the cross between the
parental genotypes, was crossed with both parents to establish
generations BC, and BC,. Generation F, was obtained from
the self-fertilization of F,. The number of plants that were
assessed for each generation were 79, 70, 78,290, 66 and 52
forP,P,F,F,BC and BC, respectively.

02
The experiment was conducted at the Agronomic Experi-
mental Station of the Federal University of Rio Grande do
Sul (EEA/UFRGS) in Eldorado do Sul-RS (30° 05’ S and
51°40°W).In 2010, the six base generations (P1, P, F , F,,
BC, and BC2) were sown in the field in 3-m rows, plants
spaced 0.30 m and rows 0.20 m apart. The number of rows
varied according to the number of seeds per generation. To
increase the dose of inoculum and standardize the disease
distribution during the experiment, lines of the susceptible
cultivar URS 22 were sown every three lines. The experi-
ment was conducted under normal field conditions; thus,
natural inoculation was utilized by Puccinia coronata f.sp.
avenae urediniospores from races that were predominant
in southern Brazil.
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Crown rust severity was estimated visually as the per-
centage of leaf area that was covered by disease pustules
relative to the total leaf area of the plant. These evaluations
were made individually for each plant in all generations.
Eight sequential readings were performed (September 17
and 28, October 5, 12, 18 and 26and November 1 and 8)
following the appearance of the first visible pustules until
the beginning of leaf senescence. The area under the disease
progress curve (AUDPC) was estimated by the trapezoidal
integration of the curve for each individual plant from the six
basic generations. The AUDPC values were normalized and
corrected (AUDPCnc) by dividing the values by the number
of days until the final severity reading for each genotype and
multiplying the resulting values by the number of days until
the final severity evaluation of the experiment, according
to Graichen et al. (2010), as shown below:

AUDPCnc = {{Z[(y,,, +y) x 0,5] * [t -t] }/n}*c;

where:

y,= percentage of leaf area affected by crown rust (severity
at the i observation);

t. = time (in days) after sowing at the i*" observation;

n = number of days between the disease onset and the last
disease assessment;

¢ = longest period epidemic duration among the plants
evaluated;

i+l

Frequency histograms were constructed for each gen-
eration and plants from generations F , F, BC, and BC,
were classified as resistant, intermediate or susceptible
based on the AUDPCnc values of the parent plants (P, and
P)). Individual plants with AUDPCnc values that were less
than or equal to the greatest value that was determined for
the resistant parent were classified as resistant. Plants were
classified as susceptible if they had AUDPCnc values that
were equal to or greater than the lowest value that was de-
termined for the susceptible parent. The other plants were
classified as intermediate.

Based on the distribution frequency of the plants of each
generation, a genetic model was designed to explain the
segregation of partial resistance to crown rust in the cross
used. Hypotheses regarding the parental genotypes were
formulated and tested against the frequency distribution
observed in the different generations studied. The adequacy
of this theoretical model was tested by the chi-square test
(x ?) at 5% probability.

A generation means analysis was performed using the
method of weighted least squares, according to Mather and
Jinks (1982). The mean components for each generation
were determined by the following equations:

P=m+a,P=m-a, F=m+d, F=m+1/2d,
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BC=m+ 1/2a+ 1/2d and BC,=m -1/2a + 1/2d,
where :

m = mean component (mean value of the parents), a = ad-
ditive component (deviation of the parents in relation to m),
d = dominance component (F, deviation in relation to m).
The adequacy of the additive-dominant model was tested
by the chi-square test (y ?) at 5% probability, considering
the deviations of the six base populations.

The components of genetic and environmental variance
for partial resistance to crown rust were estimated based
on the phenotypic variance of each generation, according
to Allard (1960):

VPI = VE’ VP2: VE’ VF] = VE’ VF2: VP’ VBC] - VG+VE’ VBC2:
VG+VE; VG - VF27 [(VPI*VPZ*VFI)U}]; VE: (VPI*VPZ*VF1)1/3;
V, =2V, - (Vo V) PPa=V /V  h’r=V,/V, where:
V., = phenotypic variance of parent 1, V, = phenotypic
variance of parent 2, V,, = phenotypic variance of the F,
generation, V_, = phenotypic variance of the F, generation,
V., = phenotypic variance of backcross 1, V,, .= pheno-
typic variance of backcross 2, V, = estimate of genetic
variance, V= estimate of environmental variance, V, =
estimate of additive genetic variance, V = estimate of
dominant genetic variance, h’, = estimate of broad-sense

heritability, h? = estimate of narrow-sense heritability.

RESULTS AND DISCUSSION

Cultivar URS 21 had a slow disease progression, and the
mean severity stabilized at approximately 10% during the
final two assessments (Figure 1). However, the crown rust
was fully developed in cultivar URS 22, which typically
occurred by the fourth reading, reaching a mean severity
of 73% in the final assessment. The disease progression
that was observed in URS 21 was less severe than that
which has been reported in the literature for other oat
lineages that are partially resistant to crown rust (Chaves
et al. 2004, Wesp et al. 2008). This suggests that cultivar
URS 21 also has partial resistance to crown rust and that
in 2010, the environmental conditions favored the devel-
opment of the pathogen, given the high disease severity
that was observed in URS 22.

The range of AUDPCc values for the susceptible parents
was considerably greater than that observed for the parents
with partial resistance, suggesting a larger variation in
susceptible genotypes (Table 1). The mean AUDPCnc
values for generations F, and F, showed deviations compared
with the parental mean (507.73) and were closer to the
parental mean with partial resistance (75) than to that of
the susceptible parents (940). Generation F showed a large
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variation in AUDPCc values because it included plants
ranging from immune to highly susceptible, suggesting the
presence of a continuous distribution of crown rust resistance
in this population. Generations F, and BC, showed asym-
metrical distributions, indicating that dominance effects
control this trait (Figure 2). This distribution is different
from that observed for the inheritance of complete resistance
in recombinant oat lines containing Pc68, as reported by
Graichen et al. (2010), and similar to the distribution that
was obtained by Portyanko et al. (2005) in a study involv-
ing the genotype MN 841801-1, which is also partially
resistant to oat crown rust.

100
92
80

70 -

60 -

—+—URS21
50 -
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10

o ! ___./i———H
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Figure 1. Mean disease progress curves of oat crown rust in the parent
genotypes URS 21 (resistant) and URS 22 (susceptible) and linear regres-
sion. Bars represent + 1 standard deviation. Eldorado do Sul-RS, 2010.

Based on the frequency histograms of the six generations
studied, genetic models were developed with two, three,
four, and five loci. The model consisting of five loci best
explained the segregation in F,, BC, and BC, This model
consists of two major-effect loci (A and B) and three loci
with minor effect on the phenotype (C, D and E). One of the
major-effect loci (A) confers resistance when it is recessive
(“aa”) and the other (B) confers resistance when dominant
as “BB”. The minor-effect loci are dominant for resistance
(“C_",“D_"and “E_"). Thus, the proposed genotypes of the
resistant and susceptible parents are “ aaBBCCDDEE” and
“AAbbcceddee “, respectively. Inthe F| generation, the effects
of loci A and B were canceled, and the displacement of the
average F| toward the resistant parent (Figure 2) is given
by the action of heterozygous minor-effect loci (“Cc”, “Dd”
and “Ee”). Based on this model, the expected and observed
genotypes in each phenotypic class are shown in Table 2.
The chi-square adherence test was not significant for the
three segregating generations, which shows the adequacy
of the model. These data confirm the complexity of the
inheritance of partial resistance to crown rust, previously
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Figure 2. Frequency distribution of the AUDPCnc values of plants of six generations of the cross between URS 21 (P ) and URS 22 (P,).

mentioned by Portyanko et al. (2005). According to Johnson
(1984) and McDonald and Linde (2002), the inheritance of
partial resistance to highly specialized pathogens is often
complex, particularly with pathotypes that carry multiple
virulence genes, such as rusts, because they can increase
the durability of the resistance, even under environmental
conditions that are very favorable for pathogen dissemina-
tion, as observed for the parent URS 21.

The components of genetic variance, environmental vari-
ance and heritability are shown in Table 3. The genetic was
higher than the environmental variance, resulting in a high
estimate of broad-sense heritability (76%). The estimated ad-
ditive variance was more than double the dominance variance.
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Thus, the narrow-sense heritability (h? ) was also high (91%).
The higher estimate of h?_ over h?, was probably related to an
overestimation of the environmental variance (V ), especially
due to the variation observed in the susceptible parent. More-
over, the additive effects are more important than dominance
effects, which is very important in autogamous plants. High
heritability estimates in studies on partial resistance to crown
rust have been reported in other studies, e.g., of Holland and
Munkvold (2001) and Barbosa-Preste et al. (2008). Although
partial resistance is a genetic trait with complex inheritance
(Portyanko et al. 2005), and the pathogen population in the
southern Brazil has many virulence genes (Leonard and Mar-
tinelli 2005, Vieira et al. 2007), the heritability estimates in
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Table 1. Minimum, maximum and mean AUDPCnc values of plants of the resistant, intermediate and susceptible classes of each generation.

) AUDPCnc Number of plants

Generation T ;

Minimum Mean maximum Res' Inter? Susc? Total
P1 1.66 75.37 199.38 63 . . 63
P, 433.17 940.09 1459.90 . . 68 68
F1 45.50 240.00 558.92 35 34 9 78
F2 0.00 332.63 1072.94 93 111 86 290
BC, 10.40 230.18 517.71 26 38 2 66
BC2 144.86 536.88 983.77 2 13 37 52

'Res = resistant; *Inter = intermediate *Susc = susceptible

Table 2. Model inheritance of partial resistance to oat crown rust for generations F,, BC, and BC,. Phenotypic classes, possible genotypes and chi-
square ()%).

Class Cons'idergtions . Possible genotypes F, BC, BC,
classification Exp. Freq. (%) Noplants Exp. Freq. (%) N plants Exp. Freq. (%) N plants
resistant aa in any combination aa_ ___ 0.25 0.5 0
AaBB © 3 functional 4, ggc p E 0.0527 0 0.0313
Total resistant 0.3027 93 0.5 26 0.0313 2
Intermediate 255 * 21 o0 fune -, ppe b ce 0.0176 0 0.0313
AaBBC ddE 0.0176 0 0.0313
AaBBeeD E 0.0176 0 0.0313
AABB C_ ddee 0.0059 0 0.0313
AABB ccD_ee 0.0059 0 0.0313
AABB ccddE 0.0059 0 0.0313
eeeeieo......AABBcoddee 00020 .. O ] 00313 _______.
AaBb 3 and 3 func- yuppc p B 0.1055 0.25 0.0313
AaBBC D ce 0032 0 0033
AaBbC_ ddE 0.0352 0 0.0313
. AsBbeD E_ 0032 0 00313
Aabb3 or2 functional * yqppe p B 0.0527 0.25 0
AabbC D eec 0.0176 0 0
AabbC_ddE 0.0176 0 0
AabbceD E 0.0176 0 0
Total intermediate 0.3888 111 0.5 38 0.3439 13
Susceptible  AAinany combination  AA________ 025 o
AaBb . 1ordfunc A ABBC_ddee 0.0117 0 0.0313
AABbceD _ee 0.0117 0 0.0313
AABbccddE 0.0117 0 0.0313
eeeeo...._.AABbccddee 00039 .. O ] 00313 ________.
Aabbl or 0 functional 4 4phee D_ce 0.0059 0 0
AabbecddE 0.0059 0 0
Aabbccddee 0.0059 0 0
Aabb cc ddee 0.0020 0 0
Total susceptible 0.3085 86 0 2 0.6249 37
Overall total 1 290 1 66 1 52
) 0.95 (0.622) 2.97 (0.085) 4.26 (0.118)
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Table 3. Estimate of the phenotypic variance (V,), environmental variance
(Vy), genetic variance (V ), additive variance (V,), dominance variance
(V) and broad- and narrow-sense heritabilities for AUDPCnc.

Parameter Estimate
Phenotypic variance F, (V) 47480
Environmental variance (V) 11321
Genotypic variance (V) 36159
Additive variance (V,) 28507
Dominance variance (V) 11410
Broad-sense heritability (h?) 76%
Narrow-sense heritability (h* ) 91%

this study were high allowing the identification of genotypes
with partial field resistance. In the analysis of the genetic m,
d and a, a negative effect was observed for the additive (a) as
well as the dominant component (d). The magnitude of the
effect of (a) was much higher than the magnitude of the effect
of (d), but both were significant and important in determining
the trait (Table 4). The existence of the additive component (a)
with a negative sign is due to the fact that the resistant parent
URS 21 (P,) had the lowest severity scores and, consequently,
the lowest AUDPCc values. The goodness-of-fit test for the
model resulted in a non-significant x2 value (p = 0.9214) for
the additive-dominant model. In other words, the parameters
m, d and a were sufficient to explain the phenotypic varia-
tion observed in the six generations and corroborate the high
heritability estimates.

The results of this study show that URS 21 is partially
resistant to crown rust, with a low disease progress and
reduced final severity. The average values of final severity
could be even lower, since in the experiment the resistant
parent was sown alongside URS 22, the susceptibility stan-
dard. The partial resistance inheritance is oligogenic, with
action of major- and minor-effect loci on the phenotype.
Both additive and dominance effects are important to deter-
mine the trait. Considering the high variability in virulence
of Puccinia coronata f.sp. avenae populations in southern
Brazil, combined with the high yield potential, the cultivar
URS 21 represents a unique genotype both for breeding
and with regard to oat cultivation. Summarizing, cultivar
URS 21 meets the three basic requirements suggested by
Johnson 1984 to obtain effective durable resistance: (1) its
partial resistance was maintained a long time (since 1999),
(2) in a highly pathogen-favorable environment (Southern
Brazil) (3) on a relatively large area of cultivation (URS 21
is being grown on an extensive area since 2000).

CONCLUSIONS

The inheritance of partial resistance to oat crown rust in
URS 21 is oligogenic. The trait control appeared to be related
to two (partially dominant) major-effect loci and three (com-
pletely dominant) loci with minor effect on the phenotype.
Heritability estimates were high, indicating the possibility
of selection for partial resistance from the first generations.

Table 4. Estimates of mean genetic parameters (m), additivity (a) and dominance (d), standard error, and fitting error (> P) based on analyses of
means of six oat generations evaluated for resistance to oat crown rust. Eldorado do Sul-RS, 2010.

Cross Estimate + standard error t Model ¥ (df) P
URS 21 m=491.41+39.77 12.35%%*

X a=-410.56 +39.66 -10.35%* Y=m+d+a 0.4886 (3) 0.9214
URS 22 d=-228.78 + 60.85 -3.76*

*: Significant at 5% probability by the t test; **: Significant at 1% probability by the t test

Caracterizacio fenotipica e genética da resisténcia parcial a ferrugem da folha
em Avena sativa L.

Resumo — A4 ferrugem da folha é uma das principais doengas da aveia. A resisténcia parcial é uma opgdo promissora no controle
da moléstia, pois ¢é potencialmente mais duravel que as resisténcias completas. O objetivo deste trabalho foi estudar a heranga da
resisténcia parcial a ferrugem da folha em populag¢ées derivadas do cruzamento entre a cultivar URS 21 (parcialmente resistente) e
URS 22 (suscetivel). Em 2010 as seis geragdes basicas (P, P, F, F,, RC, e RC,)) foram semeadas no campo, e a resisténcia a ferrugem
da folha foi avaliada através da drea sobre a curva de progresso da doengca normalizada e corrigida, para cada planta individual.
O carater apresentou heranga oligogénica, com presenga de genes de grande e pequeno efeito sobre o fendtipo. Efeitos aditivos e de
domindncia foram importantes na determinagdo do carater e as estimativas de herdabilidade foram elevadas, indicando possibilidade
de sele¢do em geragoes precoces.

Palavras-chave: Puccinia coronata avenae, aveia branca, resisténcia de planta adulta, heranga.
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