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Mapping and Confirmation of a New Allele
at Rpp1 from Soybean PI 594538A Conferring
RB Lesion—Iype Resistance to Soybean Rust
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David L. Hyten, Randall L. Nelson, Glen L. Hartman, and Brian W. Diers

ABSTRACT

Soybean rust, caused by Phakopsora pachyrhizi
(H. Sydow & Sydow), is a destructive soybean
[Glycine max (L. Merr.] disease and identifi-
cation of new resistance genes is essential
for effective rust management. Our research
objectives were to map and confirm the loca-
tion of resistance gene(s) in Pl 594538A using a
population of 98 F, , lines from a cross between
Pl 594538A (reddish-brown [RB] lesions) and
the susceptible cultivar Loda (tan [TAN] lesions).
The lines were inoculated with the P. pachyrhizi
isolate ZM01-1 from Zimbabwe. The RB resis-
tance in Pl 594538A mapped on linkage group
G as a single dominant gene. This gene is likely
an allele of Rpp1 or a new closely linked gene
because it mapped within 1 cM of Rpp7 and
ZMO01-1 produced RB lesions on Pl 594538A
and TAN lesions on Pl 200492, the original
source of Rpp1. The mapping of the new RppT
allele, named Rpp1-b, was confirmed in a sec-
ond population.
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OYBEAN RUST (SBR), caused by the obligate fungal pathogen

Phakopsora pachyrhizi (H. Sydow & Sydow), was first reported
in Japan in 1902 (Hennings, 1903). By 1934, the pathogen was
reported in several other Asian countries and Australia (Bromfield
and Hartwig, 1980). Since its first report in Uganda in 1996,
P. pachyrhizi spread rapidly through several central and southern
African countries (Akinsanmi and Ladipo, 2001; Pretorious et al.,
2001; Levy, 2005). In South America, SBR was first detected in
Paraguay in 2001 (Morel, 2001), and since then, P. pachyrhizi has
been found in most of the soybean-producing regions of Brazil as
well as in Argentina and Bolivia (Rossi, 2003; Yorinori et al., 2005).
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P. pachyrhizi was first found in the continental United States
in November 2004 (Schneider et al., 2005). In 2007, the
disease was reported in 334 U.S. counties and was found for
the first time in one Canadian province and two Mexican
states (Bradley, 2007). An early inoculum buildup in Texas
and Louisiana, together with southerly winds in the central
United States, are believed to be contributing factors in the
spread of P. pachyrhizi farther north and west in 2007 com-
pared with previous years (Pan et al., 2007).

In 2007, approximately 0.5 million ha of soybean were
sprayed for SBR control in the United States (Giesler and
Hershman, 2007). Although this accounts for only 3% of the
total soybean acreage in the United States, there are concerns
that if favorable weather patterns result in abundant inoculum
early in the growing season, the Gult Coast states might see a
yearly occurrence of SBR (Giesler and Hershman, 2007).

Soybean rust has the potential to cause significant yield
losses in the United States, as indicated by fungicide tri-
als in Georgia and Florida that reported yield losses of 30
to 33% in untreated control plots (Kemerait et al., 2006;
Mueller et al., 2009). In Brazil, the total yield loss due to
SBR in the 2006—2007 growing season has been estimated
to be equivalent to US$2.26 billion (Neto et al., 2007),
with an average of 2.3 fungicide applications required per
season. Yield losses up to 80% have been reported due to
severe outbreaks of SBR,, which result in early leaf drop that
inhibits pod set (Bromfield, 1984; Yang et al., 1991). Con-
sistent economic losses in Brazil over the last several years
due to severe SBR outbreaks have raised concerns about
the potential impact of this disease in the United States, and
this threat is creating an impetus to develop alternate dis-
ease management strategies such as host resistance. Soybean
cultivars currently available commercially in the United
States are all susceptible to SBR, and fungicide applications
are the only current method to control the disease (Hart-
man et al., 2005), which results in significant production
cost increases. Therefore, rust-resistant cultivars are needed
to reduce fungicide costs and yield losses due to SBR.

Previous studies on host resistance to P. pachyrhizi
have resulted in the identification of the four dominant,
independently inherited major genes Rpp1, Rpp2, Rpp3,
and Rpp4 from PI 200492, PI 230970, PI 462312, and
PI 459025B, respectively (Bromfield and Hartwig, 1980;
McLean and Byth, 1980; Hartwig and Bromfield, 1983;
Hartwig, 1986). Three of these genes (Rpp2—Rpp4) confer
a resistant reddish-brown (R B)—colored lesion, as opposed
to the susceptible tan (TAN)-colored lesion (Brom-
field and Hartwig, 1980; Hartwig and Bromfield, 1983;
Hartwig, 1986). The exception is Rpp1, which confers an
immune response to some rust isolates (McLean and Byth,
1980; Bromfield, 1984; Bonde et al., 2006). These four
major genes have been mapped on linkage groups (LGs)
G, J, and C2 (Monteros et al., 2007; Silva et al., 2008;
Hyten et al.,, 2009). An RB lesion—type resistance gene

Rpp?(Hyuuga) from the Japanese cultivar Hyuuga has been
mapped by Monteros et al. (2007) to the same region on
LG C2 as Rpp3 (Hyten et al., 2009). A fifth gene, Rpp5,
was recently identified from PI 200456 and mapped on
LG N (Calvo et al., 2008; Garcia et al., 2008). Addition-
ally, 22 new sources of single major resistance genes have
been reported from Brazil (Neto et al., 2007), and allelism
tests may identify new genes or alleles. With the availabil-
ity of the 7X sequence coverage of the soybean genome
made possible by efforts of the USDOE Joint Genome
Institute (Schmutz, 2008), Rpp1 has been fine-mapped to
a 23-kb region on scaffold 21 of LG G, and several single
nucleotide polymorphisms (SNPs) close to this gene have
been identified (D.L. Hyten, unpublished data, 2008).

Even though single genes are effective in other
pathosystems, such as the Rcs3 major gene that provides
resistance to all known races of Cercospora sojina K. Hara
(Missaoui et al., 2007), resistance in soybean lines carry-
ing Rpp1 and Rpp3 has already failed in the Brazilian state
of Mato Grosso within 2 yr of the establishment of the
disease (Ribeiro et al., 2007). Single-gene resistance con-
ferred by Rpp1, 2, 3, and 4 is race specific and can be over-
come by U.S. as well as international P. pachyrhizi isolates
(Miles et al., 2003; Hartman et al., 2005; Ribeiro et al.,
2007). However, stacking quantitative trait loci (QTL) for
resistance has been successful in managing disease caused
by the rust species Puccinia striiformis Westend in barley
(Hordeum vulgare L.) (Friedt and Ordon, 2007).

Many questions remain to be answered about the genetic
variability of P. pachyrhizi, the durability of the major genes,
and their associated fitness cost in the P. pachyrhizi popula-
tion. P. pachyrhizi has a wide host range (Ono et al., 1992;
Slaminko et al., 2008), and we currently lack information
on the genetic variability of the founding pathogen pop-
ulation at the beginning of each soybean growing season
as well as over consecutive years. Furthermore, there is a
lack of a large set of soybean differentials to distinguish the
P. pachyrhizi races. Previous research at the Asian Vegetable
Research and Development Center in Taiwan using 10 dif-
ferential hosts detected nine races (Hartman, 1995). Based
on 24 simple sequence repeat (SSR) markers, Anderson et
al. (2008) demonstrated a wide range of genetic variation
among the six isolates collected from Alabama and Loui-
siana in 2004. Therefore, detecting additional sources of
SBR resistance genes is imperative.

Introduced soybeans in maturity groups (MGs) 000 to
X from the USDA Soybean Germplasm Collection were
evaluated for SBR resistance at the seedling stage in 2004 at
the USDA-ARS Foreign Disease-Weed Science Research
Unit (FDWSRU) Biosafety Level 3 (BSL-3) Plant Patho-
gen Containment Facility (Miles et al., 2006). In the first
preliminary test, PI 594538A was one of the 16,595 acces-
sions screened for resistance to P. pachyrhizi with a mixture
of four isolates collected in 2001 from Brazil, Paraguay,
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Thailand, and Zimbabwe. PI 594538A exhibited mixed
lesions where both RB and TAN lesions occurred on the
same leaf, with a disease severity score of 2 on a scale of 1
to 5, where 1 = no visible lesions and 5 = prolific lesions
(GRIN, 2008). PI 594538A was selected for retesting in a
second greenhouse test at FDWSRU where it produced R B
lesions when screened separately with field isolates from Bra-
zil, Paraguay, Thailand, and Zimbabwe (M.R. Miles, G.L.
Hartman, M.R. Bonde, S.E. Nester, D.K. Berner and R.D.
Frederick, unpublished data, 2007). Subsequent greenhouse
and field studies in 2005 and 2006 at the Univ. of Georgia
demonstrated that with isolates from the southern United
States, PI 594538A showed less resistance than with inter-
national isolates (H.R. Boerma, personal communication,
2006). However, in 2 yr of field studies at the IITA, Iba-
dan, Nigeria, PT 594538A exhibited a very low diseased leaf
area percentage of 0.1% with no sporulation (Twizeyimana
et al., 2007). In a greenhouse study at IITA, PI 594538A
showed a disease severity rating of 0.0 when screened sepa-
rately with 116 isolates from Nigeria (Twizeyimana et al.,
2009). This demonstrates that the resistance of PI 594538A
can be effective over a wide array of SBR isolates and can
be utilized as a new source of SBR resistance.

The objective of this research was to determine and
confirm the mode of inheritance and map location of
gene or genes underlying the RB lesion type—resistance
in PI 594538A to the P. pachyrhizi isolate ZMO01-1.

MATERIALS AND METHODS

Plant Material
A population of 98 F, , lines was derived from a cross between
the MG IX accession PI 594538A from China, and the high-
yielding cultivar Loda (MG II). PI 594538A is a Chinese acces-
sion from Fujian province (GRIN, 2008), which exhibited RB
lesions in SBR screenings using P. pachyrhizi isolate ZMO01-1
performed at the FDWSRU (M.R. Miles, G.L. Hartman,
M.R. Bonde, S.E. Nester, D.K. Berner, and R.D. Frederick,
unpublished data, 2007). Loda is a soybean cultivar (Reg. no.
CV-423, PI 614088) (Nickell et al., 2001) that is susceptible to
the SBR pathogen P. pachyrhizi, producing TAN lesions. The
F, , lines were developed from the cross via single-seed descent
using greenhouses at the Univ. of Illinois.

The PI 594538A confirmation population consisted of
99 F, , lines that were developed by crossing an F, plant from
the PI 594538A X Loda cross with the susceptible MG II exper-
imental line LD00-4970 (confirmation population). The pedi-
gree of LD00-4970 is ‘Maverick’ X ‘Dwight’. When inoculated
with ZMO01-1, TAN lesions are produced on LD00-4970.

Greenhouse Inoculation and Phenotyping

Both populations were inoculated at the USDA-ARS FDWSRU
BSL-3 Plant Pathogen Containment Facility at Fort Detrick,
MD (Melching et al., 1983), under the appropriate permit from
the USDA Animal Plant Health Inspection Service. The popula-
tions were evaluated in 10 replicate randomized complete block
design tests, with single plants from each line serving as replicates.

Border rows of susceptible soybean cultivar Williams 82 were
placed at the periphery of the flats to reduce border effects. The
experiments included known susceptible and resistant checks as
well as the original sources of the SBR major genes Rpp1, 2, and
4. The source of Rpp3, PI 462312 was not available due to lack
of seeds. The PI 594538A X Loda population was planted on
7 Feb. 2007, and the confirmation population was planted on
24 Oct. 2007. Both populations were planted by sowing two
seeds per cell in 72 celled flats (6 X 12 cells, 27 by 52 cm) filled
with Sunshine LC, mix (Sun Grow Horticultural Products, Bel-
leview, WA). The plants were started in the greenhouses at the
FDWSRU. Approximately 14 to 21 d after sowing, plants were
thinned to one plant per cell and transported to the FDWSRU
BSL-3 Containment Facility for inoculation.

The plants were inoculated with the P. pachyrhizi isolate
ZMO01-1, an isolate collected in Zimbabwe during 2001. Spores
of the isolate were routinely increased on “Williams’ and stored
under liquid nitrogen as previously described (Hyten et al,,
2007). Inoculum was prepared using urediniospores stored in
liquid nitrogen, heat shocked for 5 min at 40°C, and rehydrated
approximately 16 h over water in an enclosed Petri dish at room
temperature. Spore suspensions were prepared in distilled water
containing 0.01% Tween-20 and sprayed at the rate of 60,000
spores mL™" with 40 mL flat™' onto 14- to 21-d-old seedlings
(V2 growth stage) with an atomizer at 138 kPa (20 pounds force
per square inch) (Hyten et al., 2007). Following inoculation,
plants were incubated for approximately 16 h at 20°C in a dew
chamber and later moved to a greenhouse maintained at 20°C
for 14 d until symptoms were ready for rating.

First trifoliolate leaves were rated in both populations for
susceptible TAN vs. resistant RB lesions. Disease severity based
on symptom and lesion development was rated on a scale of 1 to
5, where 1 = no visible lesions, 2 = light infection with few
lesions present, 3 = light to moderate infection, 4 = moderate
to severe infection, and 5 = prolific lesions (Miles et al., 2006).
The relative percentage of RB lesions sporulating was rated on a
single-plant basis using a scale of 1 to 5, where 1 = no sporula-
tion, 2 = <25% of the lesions sporulating, 3 = 26 to 50% of the
lesions sporulating, 4 = 51 to 75% of the lesions sporulating, and
5 = 76 to 100% of the lesions sporulating. A plant was rated as
immune when the unifoliolate and trifoliolate leaves were devoid
of any visual symptoms (Bromfield and Hartwig, 1980).

Genetic Marker Analysis

Young trifoliolate leaf tissue was collected from 10 plants for
each line grown in the greenhouses at the Univ. of Illinois. This
tissue was freeze-dried and used to extract DNA according to
Kabelka et al. (2005). For the PI 594538A X Loda population,
the two parents were first screened to identify polymorphic SSR.
markers that map near Rppl, 2, 3, 4, and Rpp?(Hyuuga). The
whole population of 98 F, , lines were then genotyped with the
polymorphic SSR markers that have been mapped near these
five known Rpp genes. Polymerase chain reaction products were
obtained for both nonlabeled and fluorescently labeled SSR
primers, followed by separation of nonlabeled products by non-
denaturing polyacrylamide gel electrophoresis and for labeled
products by ABI Prism 377 Genetic Analyzer (Applied Biosys-
tems, Foster City, CA) (Cregan and Quigley, 1997; Wang et al.,
2003). Additionally, a custom 1536 SNP GoldenGate assay was
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used to screen the two parents, PI 594538A and Loda, for poly-
morphisms and analyzed using the Illumina GoldenGate assay
on the Ilumina Beadstation 500 (Illumina, San Diego, CA) as
described by Hyten et al. (2008). After initial mapping of an
RB lesion—type gene from PI 594538A in the Rpp1 region on
LG G in the PI 594538A X Loda population, the 5-cM region
between Sct_187 and Sat_372 was surveyed to detect poly-
morphic SNPs in close proximity to Sat_064 where Rppl was
originally mapped (Hyten et al., 2007). One SNP was identi-
fied and mapped in the PI 594538A X Loda population using
a melting curve analysis with simple probes in a Roche Light-
Cycler 480 System (Roche Applied Science, Indianapolis, IN)
(H.R. Boerma, personal communication, 2008). An additional
SNP was mapped in this region using a single-base extension
assay on a Luminex 100 flow cytometer (Luminex Corpora-
tion, Austin, TX) (Missaoui et al., 2007).

For the confirmation population, the SSR and SNP mark-
ers that had been mapped in the original population on LG G
were tested for polymorphism. Three SSR markers, Sat_117,
Sat_372, and Sat_064, were then mapped.

Statistical Analysis

Data from both populations were analyzed using analysis of
variance (SAS PROC GLM) (SAS Institute, Cary, NC), and the
means for disease severity and sporulation within RB lesions
were separated using Fisher’s LSD test.

The SSR and SNP marker orders and distances were cal-
culated with JoinMap software version 3.0 (Van Ooijen and
Voorrips, 2001) using the Kosambi mapping function and a
likelihood of odds (LOD) grouping threshold of 2.0. Reddish-
brown vs. tan lesion phenotype was scored as a dominant trait
for mapping in the PI 594538A X Loda and confirmation popu-
lations by grouping the RB and segregating lines together.

Genomic regions significantly associated with lesion num-
ber (disease severity) in both populations were detected using
interval mapping and composite interval mapping in MapQTL
software version 4.0 (Van Ooijen et al., 2002). A significance
LOD threshold of 2.4 was used, which corresponds to an exper-
iment-wise threshold of P = 0.05 based on a permutation test.

RESULTS AND DISCUSSION

Pl 594538A x Loda Population

The 98 F,, lines from the PI 594538A X Loda cross
segregated 48 homozygous RB, 14 segregating, and 36
homozygous TAN lesion types when inoculated with the
P. pachyrhizi ZMO1-1 isolate. A chi-square test revealed that
this did not fit the expected segregation of a single-gene
ratio of 3/8 homozygous resistant, 1/4 segregating, and
3/8 homozygous susceptible in a population of F, , lines
(expected ratio 36.75:24.5:36.75) (P = 0.02). Fewer lines
were found segregating for lesion types than expected,
which was likely due to the large number of missing

Table 1. Greenhouse evaluations at Fort Detrick, MD, of soybean rust lesion type (reddish-brown [RB] or tan [TAN]), disease
severity, and RB sporulation in PI594538A x Loda and LD00-4970 x (PI594538A x Loda) soybean populations.

Pl 594538A x Loda

LD00-4970 x (P1 594538A x Loda)

Genotype Lesion type Disea}seT RB . Genotype Lesion Disea_se RB .
severity sporulation¥ type severity sporulation
Parents and population Parents and population

Loda TAN 2.9 - Loda TAN 2.4 -

PI 594538A RB 2.2 1.0 Pl 594538A RB 21 1.6
L.D00-4970 TAN 3.4 -

RB lines mean (n = 62)8 RB 2.3 1.4 RB lines mean (n = 51) RB 2.5 1.8

RB lines range RB 2.0to 31 1.0t0 3.2 RB lines range RB 1.41t03.4 1.0t0 3.0

TAN lines mean (n = 36) TAN 3.4 - TAN lines mean (n = 26) TAN 3.0 -

TAN lines range TAN 291t03.8 - TAN lines range TAN 1.0to 441 -

Population range - 20t03.8 - Population range - 1.0to 441 -

Population mean - 2.8 - Population mean - 2.5 -

LSD (o = 0.05) - 0.41 0.45 LSD (o = 0.05) - 0.57 0.30

Checks Checks

P1 200492 (RppT) TAN 3.7 - P1 200492 (RppT) TAN 2.2 -

L.85-2378 (Rpp1) TAN 3.2 - L.85-2378 (Rpp1) TAN 3.2 -

PI 230970 (Rpp2) RB 3.0 3.0 PI1 230970 (Rpp2) RB 3.0 3.1

PI1 459025 B (Rpp4) = - - PI 459025 B (Rpp4) RB 3.6 3.6

Williams TAN 3.0 - Williams TAN 24 -

GO01-PR33 (Rpp?Hyuuga) TAN 3.5 - G01-PR33 (Rpp?Hyuuga) TAN 3.8 -

Disease severity on a scale of 1 to 5: 1 = no visible lesions, 2 = light infection with few lesions present, 3 = light to moderate infection, 4 = moderate to severe infection, and

5 = prolific lesions.

fAmount of sporulation within RB lesions. Reddish-brown sporulation was rated on a scale of 1 to 5: 1 = no sporulation, 2 = <25% of the lesions sporulating, 3 = 26 to 50%
of the lesions sporulating, 4 = 51 to 75% of the lesions sporulating, and 5 = 76 to 100% of the lesions sporulating.

5Single plants with RB reactions were given sporulation ratings, whether these plants were from a homozygous RB line or from a line segregating for lesion type. The number

indicates the sum of the number of homozygous RB and segregating lines.

This line was not included in the PI594538A x Loda population inoculation due to lack of seeds.
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plants within the lines, causing difficulty in distinguish-
ing homozygous R B lines from segregating lines. When
homozygous RB and segregating lines were combined,
the data fitted a single dominant gene ratio of 5/8 RB +
segregating:3/8 TAN at P = 0.975.

The parents of the population and sources of known rust
resistance genes, except Rpp3 and Rpp4, were included in the
test of the population with the ZMO01-1 isolate. In this test,
the PI 594538A parent produced R B lesions and the domes-
tic parent Loda produced TAN lesions (Table 1). PI 200492,
the original source of Rpp1, and L85-2378, the Williams
82 isoline containing the original Rpp1 allele (Hyten et al.,
2007), and Hyuuga, the source of the Rpp?(Hyuuga) allele
(Monteros et al., 2007), produced susceptible TAN lesions,
whereas PI 230970, the source of Rpp2, produced RB
lesions (Table 1). The reaction phenotypes of PI 200492 and
PI594538A were similar to the 2004 preliminary greenhouse
inoculations using P. pachyrhiziisolate ZMO01-1 (M.R. Miles,
G.L. Hartman, M.R. Bonde, S.E. Nester, D.K. Berner and
R.D. Frederick, unpublished data, 2007). A previous study
by Bonde et al. (2006), reported an intermediate reaction on
the Rpp2 source PI 230970, with the P. pachyrhizi ZMO01-1,
indicating a lesion type somewhere between TAN and R B.
Our results demonstrated that ZMO1-1 was able to over-
come the resistance of the Rppl and Rpp?(Hyuuga) genes
but produced a resistant RB reaction on the accessions with
Rpp2 and on PI 594538A.

Alllines in the PI 594538A X Loda F, , population with
TAN lesions sporulated and only those single plants with
R B reactions were given sporulation ratings, whether these
plants were from a homozygous R B line or from a line seg-
regating for lesion type. There was significant (P < 0.0001)
variability in the population for sporulation ratings. The
population mean value for RB sporulation on a scale of
1 to 5 was 1.4 (Table 1), and the population range was 1.0
to 3.2 (Table 1). Fourteen RB lines were given ratings of
1, meaning that none of the lesions were
sporulating (Table 1). Reddish-brown

was 2.0 to 3.8. Among the lines that produced R B lesions,
disease severity ranged from 2.0 to 3.1, with an average score
of 2.3, whereas lines producing TAN lesions had a signifi-
cantly higher average severity of 3.4 and a range of 2.9 to 3.8
(Table 1). Both parents developed light infections but differed
significantly in disease severity, with severity ratings of 2.9
and 2.2 for Loda and PI 594538A, respectively (Table 1).

The allele conferring R B lesion type from PI 594538A
was mapped to the same region on LG G as Rpp1 (Hyten
et al., 2007) between the SNP markers BARC-010495-
00656 and BARC-014379-01337 (Fig. 1). The resistance
allele from PI 594538A mapped 1.2 ¢cM above Sat_064,
and Rpp1 mapped 0.4 ¢cM above it (Hyten et al., 2007).
The marker order in the linkage map from our population
and the Rppl mapping population is similar.

Disease severity was mapped as a QTL to the same
position as the gene conferring R B lesion type. The disease
severity QTL explained 76% of the phenotypic variation,
with P < 0.0001 (Table 2). The LOD value for severity was
25, exceeding the significance threshold LOD value of 2.4
as determined by the genome-wide permutation test.

LD00-4970 x (Pl 594538A x Loda)
Confirmation Population

Consistent with previous observations, the P. pachyrhizi
isolate ZMO1-1 produced TAN lesions on both susceptible
parents, Loda and LD00-4970, and on P1 200492 and L85-
2378, which has the Rpp1 allele from PI 200492. When
inoculated with the ZMO1-1 isolate, PI 230970 (Rpp2),
PI 4590258 (Rpp4), and PI 594538A produced R B lesions
(Table 1). The segregation ratio for lesion type among the
77 F, , lines in the confirmation population was 17 RB,
34 segregating, and 26 TAN, which fit the expected seg-
regation of 1:2:1 for a single gene in a population of F, ,
lines (P = 0.21). Twenty-two lines of the original 99 were
declared missing due to large numbers of missing plants

Table 2. Quantitative trait loci (QTL) for disease severity on linkage group G.

lines with no to low sporulation within
lesions may be good sources of quantita-

Allele means'

tive resistance because nonsporulating
lines and lines with few sporulating lesions
will have less inoculum buildup over the
growing season, and, thereby, reduce the
rate of disease development (Hartman et
al.,, 2005). Although both PI 594538A
and PI 230970 (Rpp2) both produced RB
lesions, PI 594538A had significantly less
sporulation within the lesions (score of 1.0)

LD00-4970 x

Disease severity

(Pl 594538A x Loda)

Population Position LODT R2%  p§ A B Locus
cM
PI 594538A x Loda
Disease severity 2.1 13.4 48 0.0001 3.2 2.4 BARC-010495-00656

7.5 24.6 76
7.7 23.2 73

0.0001 34 2.3
0.0001 3.4 2.4

Rpp1-b
BARC-014379-01337

5 170 61 00001 30 16 Sat_064
5.7 175 62 00001 30 15 Rppi-b
6 172 61 00001 30 16 Sat_372

than did PI 230970 (score of 3.0).

There was significant variability in the
population for disease severity (P < 0.0001),
which was also rated on a scale of 1 to 5.
The population mean was 2.8 and the range

interval mapping.

fLikelihood of odds (LOD) score calculated by interval mapping.
*R? representing the percentage of phenotypic variation explained by the QTL at the locus, calculated by

5P value calculated by nonparametric Kruskal-Wallis analysis.

TPhenotypic means of individuals carrying the indicated allele at the indicated locus. In both populations, the B allele
is derived from Pl 594538A, and the A allele is derived from the susceptible parent of the respective cross.
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0.0 _p Sat 117 0.0 Sct_187
0.4 Rppl
0.8 Sat_064

2.1  —TT~BARC-010495-00656 2.0 Sat 372

75 _||_ Rppl-b

7.7 — BARC-014379-01337

8.7 —H— Sat 064/

9.4 U gsat 372

Figure 1. Genetic linkage map location of Rpp7-b conferring resistance to soybean rust
on linkage group G in the two mapping populations in this study, compared with the
location of Rpp1. (a) Map location of Rpp7-b based on 98 F, , lines from the Pl 594538A
(reddish-brown lesion) x Loda (tan lesion) population. The values to the left are distances
(cM) generated using Kosambi’s mapping function. (b) Map location of the Rpp1 locus in
the ‘Williams 82’ x Pl 200492 population with the distances (cM) as reported by Hyten
et al. (2007). (c) Map location of Rpp7-b based on segregation of 77 F,, lines in the
confirmation population LDO0-4970 (tan lesion) x (P1 594538A x Loda).

within the lines in which the seed did not germinate,
which complicated distinguishing between homozygous
R B and segregating lines.

LD00-4970 and PI 594538A were significantly dif-
ferent for disease severity, and significant variability for
severity was observed among lines in the population
(P < 0.0001). The population range for disease severity
was 1.0 to 4.1 and with a population mean of 2.5 (Table 1).
Lines with R B reactions had a mean disease severity score
of 2.5 and a range of 1.4 to 3.4, and lines with susceptible
TAN lesions had a higher mean severity score of 3.0 and a
range of 1.0 to 4.1 (Table 1).

The lesions sporulated on all lines with TAN lesions.
The sporulation ratings, assigned on a single-plant basis
for RB plants in both homozygous and segregating RB
lines, averaged 1.8 with a range of 1.0 to 3.0. Only one
R B line had a sporulation rating of 1 (no sporulation), and
seven lines had a sporulation score <2.0 (Table 1). The
PI 594538A had a low sporulation score of 1.6 compared
with the checks P1 230970 (Rpp2) and PI 4590258 (Rpp4),
which produced RB lesions but had higher sporulation
scores of 3.1 and 3.6, respectively (Table 1).

The RB resistance allele from PI 594538A in the con-
firmation population was mapped as a qualitative trait to the
same region on LG G as it was mapped in the PI 594538A X
Loda population. In the confirmation population, the allele
mapped within a 1.0-cM region flanked by Sat_064 and
Sat_372 (Fig. 1), which is also close to the location of the
Rpp1 locus (Hyten et al., 2007). The marker order on LG G
created from the confirmation population conforms to those
of the linkage maps based on the PI 594538A X Loda popu-
lation, as well as the L85-2378 X Williams 82 population

C

used to map the Rpp? locus by Hyten et
al. (2007), but the location of the resistance
locus from PI 594538A relative to Sat_064
differed in the two populations in which it
segregated. This type of order change in a
small genetic interval is not unexpected, as
it can easily be produced by small genotyp-
ing and phenotyping errors.

Disease severity was also mapped as
a QTL on LG G (Table 2). The severity
QTL had an LOD value of 17, exceeding
the genome-wide permutation signifi-
cance threshold LOD value of 2.4, and
explained 62% of the phenotypic varia-
tion. The LOD peak for disease severity
mapped to Rppl, where lesion type was
mapped as a qualitative trait.

In this study, we mapped a major
rust resistance gene conferring R B lesion
type derived from PI 594538A and con-
firmed this mapping in a second popula-
tion. The Soybean Genetics Committee
has approved the name Rppl-b for this allele. Although
it is possible this is a new resistance locus tightly linked
to Rpp1, the more likely conclusion is that this is a new
allele at Rpp1 because 1) we have mapped the allele from
PI 594538A to within 1 ¢M from the published location of
Rpp1 (Hyten et al., 2007), and ii) in both experiments, the
P. pachyrhizi isolate ZMO1-1 produced TAN lesions on PI
200492 and L85-2378, which contain the original Rppl
allele, but our new allele produced R B lesions.

In this study, we evaluated the entire PI 594538A X
Loda population only using SSR markers linked to
genomic regions known to carry Rpp genes and, there-
fore, we could potentially have missed mapping other
rust resistance genes segregating in the population. How-
ever, the observed segregation ratios strongly support the
existence of one major resistance gene segregating in the
population, indicating that we have mapped the major
resistance locus in the population.

Greenhouse experiments at Fort Detrick, MD, and
Griffin, GA, and in the field at Attapulgus, GA, showed that
PI 594538A had low resistance to U.S. isolates but exhib-
ited R B lesion—type resistance to four international isolates
(M.R. Miles, G.L. Hartman, M.R. Bonde, S.E. Nester,
D.K. Berner, and R.D. Frederick, unpublished data, 2007;
H.R. Boerma, personal communication, 2006). Field and
greenhouse studies at IITA demonstrated that PI 594538A
was resistant to field bulk isolates as well as 116 single spore
isolates of P. pachyrhizi from Nigeria (Twizeyimana et
al., 2007, 2009). Since Rpp1-b is a new allele of Rpp1 that
provides a unique resistance reaction against P. pachyrhizi
isolates that are not recognized by other SBR resistance
alleles, incorporation of Rppl-b into soybean lines will

00 _[A_Sat 117
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expand resistance to these P. pachyrhizi isolates and, as the
U.S. rust isolate population can change from year to year,
the use of the Rpp1-b gene can provide protection against
future pathogen populations. Several markers, including
SSRs and SNPs, have been mapped within 1 ¢M of Rpp1-b.
Currently, soybean breeders are effectively utilizing these
markers for marker-assisted selection of the Rpp1-b allele
in the development of P. pachyrhizi—resistant cultivars with
this gene and, in combination with other SBR genes, might
lead to more durable resistance.
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