Inheritance of resistance to oat crown rust in
recombinant inbred lines
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ABSTRACT: Crown rust is the main disease affecting oats (Avena sativa L.), and genetic resistance has been
the chief method utilized to control this disease. A population composed of 135 recombinant inbred lines, F_,,
generated by crossing the oat cultivar UFRGS 8 with the genotype Pc68/5%Starter, was assessed on the
inheritance of resistance to crown rust (Puccinia coronata f. sp. avenae P. Syd. & Syd.). The evaluation of
resistance in F__ seedlings was based on the type of infection resulting from inoculation with the race SQPT
of P. coronataf. sp. avenae. The proportion of Resistant: Susceptible seedlings (R:S) was 62:64, which indicates
that inheritance was governed by a single gene. The assessment of resistance inheritance in adult plants was
performed in the field during the years 2004 and 2005. The distinction between resistant and susceptible
classes was based on the final severity (FS) as well as the area under the disease progress curve, which was
normalized and corrected (AUDPC*c). F,  and F, , were evaluated under field conditions in 2004 and 2005,
demonstrating a ratio of approximately 1R:3S, which fits with a typical two genes inheritance model.
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Heranga da resisténcia a ferrugem da folha da aveia
em linhagens recombinantes

RESUMO: A ferrugem da folha é a principal doenga que afeta a aveia (Avena sativa L.), e a resisténcia genética
¢ o método mais usado para seu controle. Uma populagio composta por 135 linhagens recombinantes F_ ,
gerada do cruzamento entre a cultivar de aveia UFRGS 8 e o gendtipo Pc68/5*Starter foi avaliada quanto a
resisténcia a ferrugem da folha (Puccinia coronata f. sp. avenae P. Syd. & Syd.). A avaliagio em plantulas foi
baseada no tipo de infec¢io produzido quando inoculadas com a raga SQPT do patdgeno. A proporgio entre
plantulas resistentes e suscetiveis (R:S) foi de 62:64, o que indica uma heranga governada por um Gnico gene. A
avaliagio da heranca da resisténcia em plantas adultas foi realizada em condi¢des de campo nos anos 2004 e
2005. A distingdo entre as classes resistentes e suscetiveis foi baseada na severidade final (SF) e na area sob a
curva de progresso da doenga normalizada e corrigida (ASCPD*c). As populagdes F, e F, foram avaliadas no
campo nos anos de 2004 e 2005, demonstraram uma proporgio de aproximadamente 1R:3S, o que se ajusta a
um modelo de heranga governado por dois genes.
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Introduction

Crown rust is the main disease affecting oats (Avena
sativa L.) in all regions of crop growth (Simons, 1985;
Martinelli, 2000). The damage caused by crown rust is
dependent upon the duration and intensity of the epi-
demic, among other factors. In Brazil, the genetic diver-
sity and complexity of this rust is extremely high
(Leonard and Martinelli, 2005), and reductions in grain
yield may be greater than 50% (Martinelli et al., 1994).

Genetic resistance has been the chief method utilized
to control this disease. Thus, far more than a hundred
genes have been identified that confer race-specific re-
sistance in oats. Virulent races of P. coronata {. sp. avenae
P. Syd. & Syd. have been described exhibiting resistance
to all of these genes, although the frequency of virulent

races (or isolates) exhibiting resistance to some of these
genes has remained low over the years. Leonard and
Martinelli (2005) found only 2% of P. coronata f. sp.
avenae races that were virulent to plants containing the
Pc68 gene in southern Brazil. This led to the hypothesis
that this may be the only gene that still has potential
utilization for breeding programs in that environment.
Similarly, in North America, the frequency of virulent
isolates to plants containing the Pc68 gene ranged from
1% to 2% of the isolates during the 1990s (Leonard, 2003).
The low frequency of virulent races for the Pc68 gene
has been observed in several locations around the world,
such as Estonia (Soovili and Koppel, 2003), South Africa
(van Kiekerk et al., 2001) and Mexico (Leonard et al.,
2005). Despite the known potential of this gene, there is
no available Brazilian cultivar (or South American) that
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exhibits resistance conferred by this gene. In compari-
son, a few cultivars have been released in Canada that
contain the gene Pc68 since the 1990s (McCallum et al.,
2007). However, the presence of races virulent to the Pc68
gene was detected during 1996, and the frequency of these
variants increased gradually over the next three years
(Chong, 2000).

Considering the potential use of the Pc68 gene in the
breeding programs of southern Brazil, this study aimed
to determine the resistance inheritance conferred by this
gene in oat recombinant inbred lines, and to investigate
the efficacy of the Pc68 gene when exposed to a favor-
able environment for the development of the disease.

Material and Methods

Genetic material: For the analysis of segregation and
the source of resistance, 135 recombinant lines of oats
(A. sativa L.) were used with the F,, and F, , generations
originating from crossing the susceptible cultivar
UFRGS 8 (OA 338 * X 2682-1) with the resistant geno-
type Pc68/5*Starter, which were advanced by SSD with-
out selection from the F, generation onwards. UFRGS
8 is a former Brazilian cultivar of oats with daylenght
insensitivity, good grain yield and resistant to crown rust
when it was released in 1985 and it is now susceptible
to the prevalent races and, Pc68/5*Starter is a North
American line possessing the resistant gene Pc68.

Test on seedlings: Seeds of line F, were sown in plas-
tic pots filled with 150 mL of substrate. In each pot, 10
seeds of each genotype were sown. Due to the poor ger-
mination of some genotypes, only 126 of the 135 lines
were utilized for this test. The cultivar UFRGS 8 and
genotype Pc68/5% Starter served as controls. On the same
day, the set of genotypes that compose the differential
collection were also sown to determine the races of P.
coronata {. sp. avenae (Chong et al., 2000). Seedlings were
incubated in growth chamber under controlled condi-
tions, with a photoperiod adjusted for 16 h of light and
8 h of darkness at a temperature of 22 + 2°C until 18
days after sowing (DAS). Then, the seedlings were trans-
ferred to a greenhouse. Seedlings were inoculated at 12
DAS, at the appearance of the first fully expanded leaf.
The inoculation was performed with the race SQPT of
P. coronata {. sp. avenae, which is avirulent to plants con-
taining the Pc68 gene and to the cultivar UFRGS 8.
Inoculation was performed by shaking the leaves of
cultivar UFRGS 8, where the inoculum was multiplied,
over and between the healthy seedlings. The seedlings
were then sprayed with an aqueous solution of Tween®
20 at the concentration of 1 mL L™ and kept in the dark
in a moist chamber for 20 h at a temperature of 22 +
2°C. Assessment of the disease was performed 15 days
after inoculation and the infection type (IT) on seedling
leaves was scored according to the method of Chong et
al. (2000), using a scale from O to 4, where O = absent
uredia or other macroscopic infection symptoms, 1 =
small uredia surrounded by chlorosis or necrosis, 2 =

small to medium size uredia surrounded by chlorosis, 3
= medium size uredia in a chlorotic area, and 4 = large
uredia without chlorosis or necrosis. Responses 0, 1, and
2 were considered indicative of host resistance, whereas
3 and 4 were indicative of host susceptibility.

Test with adult plants under field conditions: These
tests were conducted in Eldorado do Sul, state of Rio
Grande do Sul, Brazil (30°05' S, 51°39' W). The geno-
types were planted in plots composed of two lines, each
one with 2 m length and 20 cm spaced apart. The dis-
tance between plots was 40 cm. Approximately 100 seeds
were sown in each plot. The first experiment com-
menced on June 18", 2004 and consisted of 135 F5:6 oat
lines sown in two replicates. The second experiment
commenced on June 24", 2005 and consisted of 134 lines
F_, plus the parents, with four replicates. Plants were
naturally inoculated with spores of P. coronata {. sp.
avenae. The intensity of crown rust was evaluated by
scoring the severity of the disease, considering all leaves
per plants and determining the average of readings per
plot, based on Coob's modified diagrammatic scale rang-
ing from 0 to 100% (Peterson et al., 1948). The last as-
sessment of the disease severity was denoted as the fi-
nal severity (FS).

Following evaluation of the disease throughout the
disease cycle, the progress curve for each genotype was
constructed and utilized to estimate the Area Under the
Disease Progress Curve, which was normalized and cor-
rected (AUDPC*c) with the formula: ASCPD*c= { S
{ly, + y.)/21* (t.,, - t)}} / n* c; where yi = % of leaf
area affected by the rust severity in the i observation;
ti = time in days after the beginning of the disease at
the i™ observation; n = period of days between the be-
ginning of the disease and latest disease assessment
(adapted from Fry, 1978), and ¢ = the longest cycle epi-
demic amongst the genotypes tested.

Data Analysis: A scale of 0 to 4 was used during this
study, as previously described (Chong et al., 2000). The
seedlings that received infection scores equal or smaller
than 2 were considered resistant, and those with scores
greater than 3 were considered susceptible. The data for
FS and AUDPC*c were analyzed using descriptive sta-
tistics. The distribution of the frequency of these vari-
ables and the construction of histograms were per-
formed using the program BioEstat (Ayres et al., 2003).
The number of classes for frequency distribution was
calculated by the empirical formula C = YN, where N
= number of observations evaluated. Value zero was
used for the variables FS and AUDPC*c for an indi-
vidual class in 2004.

In 2004, the lines that did not exhibit disease through-
out the entire season period, with AUDPC*c equal to
zero, were considered resistant. The other lines were
considered susceptible. However, the limits for the re-
sistant lines were altered during the next year, when the
environment was more favorable for the disease. Thus,

the lines that had FS or AUDPC*c values lower than
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the average of the resistant parent (Pc68/5%Starter) were
considered resistant in 2005, with values corresponding
to 3.92% for FS and 76.17 for AUDPC*c, respectively.
These resistance criteria were based on the fact that
these levels of disease are low and do not reach the eco-
nomic threshold. Pc68/5*Starter exhibited similar or
lower levels of disease intensity in 2006, 2007, and 2008
(data not shown).

The ratio of resistant to susceptible lines (R:S) was
subjected to the test of goodness of 3> with Yates’ Con-
tinuity Correction (Zar, 2009). The expected frequency
of resistant to susceptible lines (R:S) was tested from 1:1,
3:1, and 1:3. Each of these situations could be achieved
when: (i) there is only a single gene for resistance, and
the proportion of R:S and the possible genotypes would
be 1R (AA):1S (aa); (ii) there are two effective genes for
resistance working independently, and the proportion
of R:S and the possible genotypes would be 3R (AABB,
AAbb and 2aBB):1S (aabb); and (iii) there are two genes
for resistance, which are only effective through epista-
sis, resulting in the proportion of R:S and the possible
genotypes 1R ( AABB):3S (AAbb, aaBB and aabb) or 1R
(aabb):3S (AABB, AAbb and aaBB).

Results

The cultivar UFRGS 8 and the genotype Pc68/5*
Starter were classified as susceptible (IT 3) and resis-
tant (IT 0), respectively, to race SQPT of P. coronate {.
sp. avenae. Lines F_ showed infection types varying be-
tween (0) and (3). Of these, 62 lines were classified as
resistant (IT O to 2), and 64 were classified as suscep-
tible (IT 3). In 2004 the observation of the first patho-
gen pustules occurred on August 29, 72 DAS. After that
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disease severity was evaluated on September 10, 15, 23,
29, October 4, and 15. Disease severity was monitored
for 47 days. The final severity of crown rust ranged
from 0% to 34%. In the field, 64 lines (47%) exhibited
low FS, with values between zero and 2.83%, and this
class had the highest number of individuals (Figure
1A). Among this class, a final severity equal to zero
was exhibited by 53 lines, which corresponded to 38%
of the sample. Values of AUDPC*c equal to zero were
obtained for 36 lines (26%) (Figure 1B). Of these, 32
(24%) had an infection type (0) in the seedling assess-
ment, and the others had an infection type (3) or were
not assessed.

In 2005 the environmental conditions were more fa-
vorable for the development of crown rust. Disease se-
verity was evaluated 13 times, during 76 days, on the fol-
lowing dates: August 5 (42 DAS), 11, 19, 26, September
5, 16, 22, 26, 29, October 3, 6, 13, and 20. The resistant
parent Pc68/5*Starter exhibited an average final sever-
ity of 3.92%, while UFRGS 8 comprised only 16.67%
(Figure 1C). Although the FS reached by the susceptible
parent in 2005 was not very high, the pattern of the dis-
ease progress (Figure 2) indicates a clear difference in
susceptibility of UFRGS 8 in relation to the resistant par-
ent Pc68/5*Starter. Among the lines, the severity of the
final reading ranged from 0.05%, which means only
traces of the disease, to 100%. The AUDPC¥*c of crown
rust for the lines ranged from 2.99 to 2099. The parental
lines demonstrated AUDPCc* values of 78.28 and 459.97
for Pc68/5*Starter and UFRGS 8, respectively (Figure
1D).

The analysis of seedlings resistance to the pathogen
demonstrated a monogenic inheritance, which is in agree-
ment with the test of goodness of %* for the hypothesis
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Figure 1 - Distribution of the frequency of the final severity and AUDPC*c of crown rust in oat recombinant lines from the crossing
of UFRGS 8 and the genotype Pc68/5*Starter. A and B) evaluation of 135 lines in 2004. C and D) evaluation of 134 lines
in 2005, indicating the class that involves the parents. Values in the axis of abscissa indicate the center of class.
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of segregation 1R:1S (p = 0.93) (Table 1). In contrast, in
the field assessment in 2004, only 32 lines (25%) were
immune to the pathogen. The proportion of R:S adjusts
to the model of inheritance governed by two genes,
where the expected ratio is 1R:3S. In 2005, 36 lines ex-
hibited AUDPC*c lower than the average of Pc68/
5*Starter and were considered to be resistant. This ratio
adjusted to the model of inheritance governed by the two
genes (Table 1). The assessment of the final severity did
not allow for adjustment to the models of inheritance,
and thus, was not appropriate for this type of analysis.
This may be due to the low frequency of the virulent
race to Pc68 in the field. In this case, the final severity
limits the analysis to one specific moment of the epi-
demics, which may not consider the severity of the dis-
ease that occurred earlier, on lower leaves, that will not
be measured later due to the senescence of those leaves.
This situation tended to overestimate the number of re-
sistant lines.

< 16 = UFRGS8 —+ Pc68/5*Starter
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Date of avaliation
Figure 2 - Progress curve of crown rust on the parent genotypes
during 2005 epidemics. Bars represent the standard
error of mean.

Discussion

Resistance to race SQPT of P. coronata {.sp. avenae
was due to the presence of a single gene, Pc68. Resis-
tance due to another gene is highly unlikely, since the
cultivar Starter is susceptible to virtually all races
tested in the United States and Pc68/5*Starter was re-
sistant to all races of P. coronata. {. sp. avenae tested
over several years. Furthermore, the parent UFRGS
8 proved to be susceptible to the race SQPT, demon-
strating that this cultivar could not have been the do-
nor of this resistance gene. Therefore, the results are
in agreement with those obtained by Wong et al.
(1983) and Koeyer et al. (2000), indicating that the re-
sistance conferred by the gene Pc68 segregated in the
F, generation in the proportions 3:1 and 1:2:1, respec-
tively.

Although the results for seedlings have demon-
strated that the resistance in the population segregates
for the gene Pc68 as a single gene, the data obtained
from the field in 2004 indicate that only 32 lines, ac-
counting for 24% of the total population, were im-
mune to crown rust. The proportion of immune lines
clearly indicates that during this year, there were no
races in the field that were able to infect the geno-
types containing two genes for resistance (AABB).
Even without assessing the parent Pc68/5%Starter in
the 2004 field, these data indicate that there were races
capable of infecting this genotype, since those lines
that had only one gene for resistance, which accounted
for 50% of the total expected population, exhibited
some level of infection. These results indicate that the
frequency of races capable of infecting genotypes,

Table 1 - Test of goodness of ¥? for segregation models of the resistance in recombinant progenies of oats from the

crossing UFRGS 8 with Pc68/5*Starter.

Seedling
Number of Lines Theoretical expected proportion (R:S)
Lines 1:1
R S
be PC
UFRS 8 0 60
Pc68/5%Starter 60 0
Progeny F, 62 64 <0.01 093
Adult plant
Year! Ne° of segregating lines  Variable® R S bl L3 21
%2 Pe X2 Pe 2 Pe
2004 135 ES 53 82 6.67 0.0098  12.47 0.0004  93.89 <0.0001
135 AUDPC*c 36 99 28.48 <0.0001 0.12% 0.7280  165.62 <0.0001
2005 134 ES 46 88 13.80 0.0002  4.81 0.0282  120.40 <0.0001
134 AUDPC*c 36 98 29.62 <0.0001  0.04* 0.8419  168.16 <0.0001

“Phenotypes determined by the type of infection present in the lines: Resistant =
infection > (2); "x* with Yates continuity correction; Probability that x*=

< type of infection (2), Susceptible = type of
0; ¢Year in which the assessments have been performed

in the field; *Variables used to access the proportion of susceptible and resistant Tines. FS = final severity, AUDPC*c = area under the

disease progress curve normalized and corrected; and “Not significant at the 5% of probability level. ()*,

boos) = O 841)
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which contained a single gene for resistance, was low
in 2004. The environmental conditions in that year
were probably not favorable to a significant increase
in the disease resulting from those races. In compari-
son, a new variant of the pathogen with virulence
against Pc68 and the other resistance gene was found
in 2005, since none of the lines exhibited immunity
in the field. The environmental conditions were more
favorable to crown rust in this year, which contrib-
uted to genotypes that had only one gene for resistance
presenting higher AUDPC*c.

The absence of lines immune to crown rust in 2005
and the presence of lines that were more resistant than
the genotype Pc68/5%Starter, suggest the existence of
two separate genes for resistance. Thus, the resistant
lines must possess genotype AABB and the susceptible
lines any of the following genotypes: AAbb, aaBB, or
aabb. The genotype Pc68/5%Starter is the source of the
Pc68 gene used in this crossing, which confers at least
one gene for resistance. However, Pc68/5*Starter is a
near isogenic line and might have another resistance
gene in addition to Pc68, which would originate from
the cultivar Starter. This cultivar demonstrated a de-
gree of resistance upon release in the U.S. (Stuthman
et al., 1990), but now it is considered highly suscep-
tible (Diaz-Lago et al., 2002; Leonard, 2002; Leonard,
2003). If the additional gene for resistance was from
the genotype Pc68/5%Starter, the resistant recombi-
nant lines would be expected to exhibit levels of FS
and AUDPC*c¢ that would be very similar to the re-
sistant parent. Some lines were more resistant than the
Pc68/5%Starter, which suggests that a second gene for
resistance is present in the cultivar UFRGS 8. In or-
der to clarify this matter further and to validate this
model, it would be of value to evaluate this popula-
tion with a race virulent on Pc68 and avirulent on
UFGRS 8, and a race avirulent on both parents. How-
ever, there were no such isolates in 2004 and those
virulent on Pc68/5%Starter found in the field in 2005
did not develop infection on seedlings when inocu-
lated under controlled conditions, situation that
stands until the present date.

On September 22, 2005 (90 DAS), plots sown with
the genotype Pc68/5*Starter exhibited traces of crown
rust, progressing to levels that ranged from 0.2% to
10% in severity with intense development of pustules
typical of an infection type (3) at the last evaluation
in October 20 (118 DAS), followed by intense devel-
opment of telia. Despite the wide variation in sever-
ity among replicates, the severity of 10% in one of
them, and for the sudden change in the shape of the
progress curve towards susceptibility (Figure 2), sug-
gest that this resistance gene was overcome during
2005.

Virulence to plants containing the Pc68 gene found
in populations of P. coronata f. sp. avenae has been
demonstrated experimentally in Brazil (Martinelli,
2000), Canada, USA, (Leonard, 2003), Mexico

(Leonard et al., 2005), Siberia, Uruguay (Leonard and
Martinelli, 2005), and Australia (Park, 2000; Oates,
2000). However, the proportions of virulent races for
this gene always remained at relatively low levels. In-
terestingly, the overcoming of this gene in the popu-
lation has always occurred during a relatively short
period of time in different places and environments,
as well as under restricted epidemic conditions of the
individual populations, such as genetic diversity, com-
plexity, and distinct biological cycles. These results
call into question the effectiveness of the use of such
resistance genes in breeding programs as well as the
strategy of using race specific resistant genes to con-
trol this disease.
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