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Chapter 7
Soybean Breeding for Rust Resistance

Jacqueline Siqueira Glasenapp and Osvaldo Toshiyuki Hamawaki

Abstract Among several pathogens that can impair soybean (Glycine max
L. Merrill) production from the beginning of the planting to the harvest, Phakopsora
pachyrhizi, an extremely aggressive biotrophic fungus that causes the disease
known as soybean rust (SBR), is undoubtedly one of the most feared by soybean
producers. Genetic resistance seems to be the most efficient available tool to control
the disease and reduce environmental impacts. In the last decades, seven Rpp (resis-
tance to P. pachyrhizi) loci were discovered and introduced into new soybean variet-
ies. Nevertheless, some currently available rust-resistant cultivars have been
showing no durable resistance. Twelve Uruguayan P. pachyrhizi isolates from
Uruguay were able to overcome the resistance of many Rpp genes. All isolates were
extremely virulent on soybean differentials with Rppl, Rpp3, and Rpp4 genes.
Furthermore, with the emergence and rapid spread of new P. pachyrhizi strains,
some populations of this pathogen have increased their tolerance to fungicides. In
this context, the development of high yield with cultivars that have durable resis-
tance to SBR is necessary to safeguard soybean stability and food production. Even
when resistance is not the immune-type, fungicides are more efficient when their
use is associated with tolerant cultivars. Main phenotypic parameters used for the
development of rust resistance/tolerance include SBR severity, which represents the
proportion of leaf area affected; the progress of the disease, demonstrated by the
progress of the rust toward the upper portion of the plant; and resistance reaction
types. Evaluations of severity are usually assisted by standard area diagrams (SAD),
which are systems of reference composed of images with different severity propor-
tions for visual estimates of the leaf’s area affected. The area under the disease
progress curve (AUDPC) is used to resume disease progress over time. It allows
combining multiple observations of the progress of the disease across years and
locations. Besides, lesions of different colors are formed on infected leaves depend-
ing upon the type of resistance. Soybean lines that present reddish-brown lesions on
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the leaves are more efficient in reducing the multiplication of the fungus. Susceptible
cultivars have brown lesions with abundant sporulation, as light brown types, char-
acteristics of susceptible plants, and reddish-brown is the type of lesion typical of
resistant plants. Regarding the development of genetic rust resistance, presently,
soybean improvement programs can employ tools for the development of high-
yielding soybean varieties with two, three, or even four pyramided Rpp genes. Gene
pyramiding can be applied to accelerate the development of new durable resistant
cultivars, especially when associated with marker-assisted selection (MAS), which
helps in the identification of the best progenies in each generation, while the differ-
ent genes of resistance are pyramided into a single genotype.

Keywords Soybean - Soybean rust - Gene pyramiding - Marker assisted selection
- Rpp genes

7.1 Introduction

Several pathogens can impair soybean (Glycine max L. Merrill) production from the
beginning of the planting to the harvest. Estimates of annual decreases in soybean
yield caused by diseases in 28 states in the USA, and Ontario, east-central Canada,
pointed that soybean cyst nematode (Heterodera glycines) caused more than double
losses than any other disease (https://crop-protection-network.s3.amazonaws.com/
Publications/cpn-1018-soybean-disease-loss-stimates-from-the-united-states-and-
ontario-canada.pdf). Seedling diseases, charcoal rot (Macrophomina phaseolina),
and sudden death syndrome (Fusarium virguliforme) were other diseases that lead
to more losses in descending order.

Allen et al. (2017) reported estimates of $60.66 average losses per acre caused
by diseases across US states and Ontario Province in east-central Canada from 2010
to 2014. Remarkably, soybean, the yield of eight leading producing countries in the
world, was decreased by 59.9 million metric tons (to) due to diseases just in 2006.
Major yield losses were occasioned by soybean rust (Phakopsora pachyrhizi), fol-
lowed by cyst nematode, brown spot, seedling diseases, anthracnose, and charcoal
rot in decreasing order of total yield loss (Wrather et al. 2010).

Although there are two soybean rust species, P. pachyrhizi is more aggressive
and of most economic significance (Bonde et al. 2006). It stands out among diseases
that can affect soybean yield because of its destructive potential. Phakopsora mei-
bomian is less aggressive and limited to some countries in North America and South
America continents. P. pachyrhizi is a widespread species and can be found in coun-
tries such as Nigeria, Indonesia, and Brazil and in the continents like South America,
Europe, North America, Oceania, and Africa (CABI 2020).

In Brazil, although dozens of pests and diseases are favored by the tropical cli-
mate and threaten soybean yield, soybean rust (SBR) caused by P. pachyrhizi is
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undoubtedly one of the most feared by producers. Because of its high dissemination
capacity and adaptation to adversity, SBR represents one of the biggest challenges
for soybean production. The disease was first reported in Brazil in the 2001/2002
harvest (Jaccoud Filho et al. 2001; Yorinori et al. 2001). Two years later, it was
found present in most of the country’s soy-producing regions (Yorinori et al. 2005).
The rapid spreading of the fungus was facilitated by the wind and the presence of
soybeans in the field for most of the year when considering all the producing regions
of Brazil (Hartman et al. 2015; Godoy et al. 2016a).

Currently, SBR management and control strategies are mostly limited to fungi-
cides, cultural practices, and cultivars with genes of resistance. However, fungicides
costs are high. In Brazil, 96% of soybean producers cost with fungicides in the
2016/2017 harvest was destined for rust control (https://www.cepea.esalq.usp.br/
br). Alternately, genetic resistance can reduce production costs and environmental
damage by decreasing the amount and frequency of fungicide needed to control the
disease. Nevertheless, some currently available rust-resistant cultivars have been
presenting no durable resistance, and farmers often ended up having only fungicides
as an option to manage the fungus.

Despite the development of new SBR-resistant cultivars which is extremely
important for the suitability of the crop and has a profound impact on farmers’ pro-
duction and profitability, the overall impact of SBR in soybean cultivars carrying
specific resistance genes is associated with the variation of the pathogen and its
degree of virulence. Even if the resistance is not the immune type, fungicides are
more efficient when used associated with tolerant cultivars. Although the complete
control of the disease cannot be guaranteed by the adoption of only one single mea-
sure, it can be achieved by a set of measures as the planting of resistant/tolerant
cultivars, employment of appropriate husbandry, and application of fungicides at
the correct stages of plant growth and disease development. Also, tolerant/resistant
cultivars may show all their yield potential when cultivated obeying its adaptation
range, sowing season, and adoption of a vacuum and chemical control. Even if over
the years these materials may lose some resistance, they still better coexist with the
disease in the field than non-resistant cultivars and produce higher yields.

This chapter generally describes the genetic mechanisms of rust resistance and
the main aspects and parameters used for the development of resistance/tolerance.
Updates and more detailed information about the distribution and survey status of
SBR can be found in the USDA-National Invasive Species Information Center web-
site. Estimates of soybean yield reductions caused by SBR estimated from 1996
through 2014 are available at the University of Illinois College of Agriculture web-
site. It produces annual estimates of reductions in soybean yield caused by diseases
and pathogens in the major producer states in the USA. Successful examples of
rust-resistant soybeans are the cultivars Inox®, developed by TMG (Tropical
Breeding & Genetics) and BRSGO, BRSMS Bacuri, and BRS 511, developed by
Embrapa (Empresa Brasileira de Pesquisa Agropecuaria).


https://www.cepea.esalq.usp.br/br
https://www.cepea.esalq.usp.br/br

140 J. S. Glasenapp and O. T. Hamawaki
7.2 The Genetic Variability of P. pachyrhizi Populations

Bromfield and Hartwig reported the first occurrence of genetic variability in
P. pachyrhizi populations in tests carried out in 1980. Susceptibility to an isolate
from Taiwan and resistance to an isolate from India were observed in the PI 200492
and PI 462312 cultivars, respectively. Besides, Hartwig and Bromfield (1983) also
verified that the SBR genes of resistance Rpp1, Rpp2, and Rpp3 do not possess the
same spectrum protection against different isolates of the rust.

The analysis of samples of the fungus collected in the South, Southeast, and
Midwest of Brazil revealed significant genetic variability between populations,
which could put the vertical genetic resistance conferred by one unique gene in
jeopardy (Tschurtschenthaler et al. 2012). Data from molecular markers demon-
strated that the genetic diversity of P. pachyrhizi is small in large geographical areas
and large in local populations (Murithi et al. 2016; Akamatsu et al. 2013; Yamanaka
etal. 2010; Twizeyimana et al. 2009). Besides, the virulence of fungus can vary over
time, and resistant genotypes’ responses may differ (Bromfield 1984); furthermore,
differences between new and old isolates were observed (Bonde et al. 2006).

Significant variation in fungi was unveiled through the comparison of pathoge-
nicity profiles of 59 P. pachyrhizi populations from Brazil, Argentina, and Paraguay
(Akamatsu et al. 2013). Although the potential of infection of P. pachyrhizi differed
according to geographic regions where samples were taken, the fungus spores pre-
sented a high capability of dispersion over large distances, which likely allowed the
movement of virulent genotypes. It seems that the presence of resistance genes in
the host did not directly reduce the frequency of virulence genes in populations
(Murithi et al. 2016; Akamatsu et al. 2013; Yamanaka et al. 2010; Twizeyimana
et al. 2009). Furthermore, Brazilian isolates showed greater virulence, which was
reflected by the higher levels of sporulation observed in tests performed in four
varieties carrying Rppl (Yamanaka et al. 2010).

7.3 Soybean Rust Infection and Development

In susceptible species, P. pachyrhizi infection is initiated by a uredospore that ger-
minates and produces a germ tube that grows across the leaf surface and forms a
structure known as appressoria. The epidermis penetration occurs through special-
ized hyphae (haustoria), which absorb the nutrients from the cytoplasm. SBR infec-
tion and symptoms can be observed at any stage of plant development, with a higher
incidence from the closure of the canopy due to the emergence of a more favorable
microclimate to infection (Isard et al. 2006). Symptoms usually start on the leaves
in the lower third of the plant as numerous necrotic tiny spots surrounded by a chlo-
rotic halo with variable sizes. Usually, lesions are gathered in clusters of pustules
that present darker greenish to a greenish-gray color (Bock et al. 2016). Over time,
the infected leaves turn yellow, dry, and fall off. The early defoliation prevents the
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complete development of the grains with consequent reduction in productivity
(Godoy et al. 2016b). The drop of leaves takes place when disease severity is nearly
80% of its upper limit (Kumudini et al. 2008). The progression of the disease during
the formation and filling of pods is most prejudicial to yield (Kawuki et al. 2004).

7.4 Soybean Rust Evaluations

The first method for assessment and rating of SBR was based on severity, which
represents the proportion of leaf area affected, and was developed to deal with the
possibility of rust spread in US soybean crops (Bromfield 1984). In 1977, after the
international soybean rust meeting held in Thailand, the International Working
Group on Soybean Rust (IWGSR) proposed a new rating system to assess
SBR. Accordingly, a final classification based on a scoring system of three-digit was
suggested (Li et al. 2010). The first digit indicated the sampled leaf position in the
crop canopy; the second digit was designated to represent the disease severity of the
sampled leaf rated in comparison with a standard diagram; the third digit was related
to the reaction type observed on the sampled leaf (Godoy et al. 2006). However, in
1984, Bromfield pointed that data obtained in such evaluations are qualitative in
nature and cannot be subjected to appropriate statistical analysis. Consequently, this
scale would have limited applications in the selection practices of breeding pro-
grams (Tukamuhabwa and Maphosa 2010).

Subsequently, other diagrammatic scales for estimations of SBR severity appro-
priate for statistical analysis were developed and used in comparison to actual dis-
eased leaves, which improved the precision, accuracy, and reliability of the
assessments of disease severity. These scales represented standardized systems with
illustrated images of diseased plants with distinct severity levels. Modern trends in
the development of new scales for estimations of SBR severity include sets of dia-
grams increasing in approximately linear increments, true color photos, and digital
drawings, among others, and new statistical methods for evaluating the precision,
accuracy, and reliability of the evaluations (Del Ponte et al. 2017).

Currently, main phenotypic parameters used for the development of rust
resistance/tolerance include SBR severity; the progress of the disease, demonstrated
by the progress of the rust toward the upper portion of the plant; and resistance reac-
tion types.

7.5 Genetic Mechanisms of Rust Resistance

Qualitative and quantitative resistances are the main types of resistance to patho-
gens used for plant breeding purposes. Whereas qualitative resistance is primarily
conferred by major dominant genes, which turn host-pathogen interactions
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incompatible, quantitative resistance results from the accumulative effect of multi-
ple genes of minor effects (Simko 2002; Ewing et al. 2000).

Different types of rust resistance are classified as race-specific, nonrace-specific,
and nonhost. Race-specific resistance relies upon specific genetic interactions
between host resistance (R) and pathogen avirulence (Avr) genes; however, such
rust resistance genes might be effective against some but not every race of a patho-
gen (Jones et al. 2016). Nonrace-specific resistance is determined when a small
number of major genes in the host confer resistance against all races of a pathogen
or, in fewer cases, against multiple pathogens (Ellis et al. 2014; Krattinger and
Keller 2016). Such resistance is known as quantitative and involves a partial resis-
tant phenotype in which the pathogen development is slowed with no apparent
immune system response. Although soybeans with this type of resistance do not
necessarily dispense chemical control, they can delay the advance of the rust on the
field when the climatic conditions are unfavorable to the use of fungicides
(Periyannan et al. 2017). Nonhost resistance (NHR) is found in plant species that
cannot be infected by a non-adapted pathogen (Bettgenhaeuser et al. 2014). It
depends upon multiple protective mechanisms such as constitutive barriers and
inducible reactions that are not easily overpowered by a pathogen (Nuernberger and
Lipka 2005). Besides, NHR is known as the most durable and effective kind of
resistance to disease; hence, related nonhost species are increasingly being utilized
to identify new sources of resistance (Kawashima et al. 2016).

Plant resistance genes known as R genes have been extensively used to develop
cultivars resistant to diseases. The introduction of R genes into new lines typically
involves backcrossing or transformation. However, immunity mediated by R genes
may not last long since many plant pathogen populations have the potential to adapt
and overcome resistance. Alternatively, NHR has been acknowledged as the most
durable broad-spectrum form of resistance against many pathogens in plants and
has emerged as a new alternative for disease control (Lee et al. 2016).

Overall, NHR factors operate at preinvasive and postinvasive resistance phases.
Preinvasive factors comprise physical or chemical barriers on the surface of the
epidermis that restricts the establishment of nonhost pathogens (Fonseca and
Mysore 2019). As regards, Arabidopsis NHR has been extensively used to study the
genetic basis of resistance to several pathogens including P. pachyrhizi (Loehrer
et al. 2008; Campe et al. 2014). Epidermal penetration resistance to P. pachyrhizi in
Arabidopsis depends on the functional genes penl, pen2, and pen3 (Langenbach
et al. 2013). Penetration and multiplication of nonhost pathogens are limited by
postinvasive resistance through local and systemic immune response mechanisms
(Fonseca and Mysore 2019). The functionality association of pen2, pad4, and
saglOl genes (Langenbach et al. 2013) controls the postinvasion resistance in
mesophyll.

Comparisons of the genetic differential expression of wild-type, pen2, pad4, and
sagl01 mutants after inoculation with P. pachyrhizi lead to the identification of a
novel component of Arabidopsis mesophyll NHR to P. pachyrhizi named UDP-
glucosyltransferase UGT84A2/bright trichomes 1 (BRT1) (Langenbach et al. 2013).
BRT]1 is a cytoplasmic enzyme induced in pen2 in the postinvasion resistance to
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P. pachyrhizi. The brt] mutation did not affect NHR of wild-type plants, although
silencing or mutation of BRTI raised haustoria formation in pen2 mesophyll.
Accordingly, BRT1 is essential for postinvasion NHR of Arabidopsis to P. pachyrhizi
and can be useful in conferring durable soybean resistance to the rust.

In fact, Loehrer et al. (2008) results demonstrated that Arabidopsis can be useful
in the investigation of mechanisms of NHR to SBR. Observed epidermal cell death
of wild-type Arabidopsis was likely synchronized by the cumulus of H,O, under
P. pachyrhizi infection. However, even with cell death, the fungus hyphae grow, and
the infection was terminated in the mesophyll boundaries. Such events are related to
the expression of PDF1.2, which suggests that P. pachyrhizi mimics aspects of a
necrotroph. Arabidopsis PEN mutants with defective penetration resistance exhib-
ited expressive occupation of the mesophyll. Pen3-1 double mutants in either jas-
monic acid or salicylic acid signaling demonstrated the participation of both
pathways in NHR of Arabidopsis to P. pachyrhizi. The expression of the AtNHL10
gene, expected in tissues going through hypersensitive response, was just triggered
in infected pen3-1 mutants.

Following this, ten extra postinvasion-induced nonhost resistance genes (PINGs)
were identified. These genes’ transcription was co-regulated with BRT1 in
Arabidopsis under P. pachyrhizi infection. Ping4, ping5, and ping9 genes enhanced
Arabidopsis resistance to P. pachyrhizi and were fundamental postinvasion NHR
response in Arabidopsis. Interestingly, ping7 overexpression in Arabidopsis
enhanced resistance to P. pachyrhizi in transgenic lines when compared to control;
however, silencing of ping7 did not increase susceptibility to the fungus, likely due
to its functional redundancy in the GDSL-motif lipase/hydrolase gene family
(Langenbach et al. 2016).

Besides, Kawashima et al. (2016) successfully cloned a rust resistance gene
(CcRppl) from pigeon pea (Cajanus cajan) that confers full resistance to
P. pachyrhizi in soybean. Therefore, legume species related to soybeans such as
pigeon pea, common bean, cowpea, and others could also provide new sources of
resistance genes for the improvement of the crop.

7.6 Genes Conferring Rust Resistance to Soybean

Although the effectors or other determinants that collaborate to the recognition of
P. pachyrhizi isolates in soybean are still unrecognized (Chander et al. 2019; Pedley
et al. 2018), in the last decades, seven Rpp (resistance to P. pachyrhizi) loci named
Rppl (Mc Lean and Byrth 1980), Rpp2 (Bromfield and Hartwig 1980), Rpp3,
(Bromfield and Melching 1982), Rpp4 (Hartwig 1986), Rpp5 (Garcia et al. 2008),
Rpp6 (Li et al. 2012), and Rpp7 (Childs et al. 2018b) were identified and mapped in
the soybean genome. Rppl (Hyten et al. 2007), Rpp4 (Silva et al. 2008), and Rpp6
(Lietal. 2012) genes map to chromosome 18, while Rpp2 (Silva et al. 2008), Rpp3
(Hyten et al. 2009), Rpp5 (Garcia et al. 2008), and Rpp7 (Child et al.’s 2018b) map
to chromosomes 16, 6, 3, and 19, respectively.
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However, since it was verified that Rpp genes confer resistance to a limited num-
ber of P. pachyrhizi isolates, their ability for long-lasting resistance has been ques-
tioned (Miles et al. 2011; Hartman et al. 2005; Bromfield 1984). Rppl and Rpp6
genes still provided a good level of resistance to the SBR; however, varieties carry-
ing Rpp2, Rpp3, Rpp4, and Rpp5 gens have shown incomplete resistance when
compared to susceptible controls, with moderate levels of rust development (Walker
et al. 2014). The resistance conferred by a single gene tended to be more easily
broken, while the effectiveness of race-specific resistance to the fungus may be
short-lived (Yorinori 2005; Hartman et al. 2005; Bromfield 1984).

7.7 Phenotypic Parameters Used for Rust Evaluations

7.7.1 Severity

With the possibility of rust spread in the soybean crops, different methods for the
assessment of SBR severity were designed to overcome the statistical limitations of
qualitative data analysis: as the percentage severity scale of 0-9, where 0 is no dis-
ease and 9 is 90% disease with defoliation (Walla 1979). In the mid-2000s, a stan-
dard area diagram (SAD) with a system of reference for visual estimates of SBR
severity was developed (see Godoy et al. 2006). This SAD was made up of two-gray
color images of soybean leaflets with six severity values (0.6%, 2%, 7%, 18%, 42%,
and 78.5%) represented in one soybean leaflet diagram that was used in comparison
to real diseased leaves. The scale lower and upper limits satisfied minimum and
maximum proportions of the disease observed in the field. The estimation of the real
intensity of the disease in the field and its representation in the scale was found
highly precise. That enhanced the accuracy of evaluations by providing severity
estimates near the true values (Godoy et al. 2006) and was extensively used for SBR
severity evaluations in breeding programs and in experimental research (Beruski
et al. 2020; Franceschi et al. 2020; Xavier et al. 2019; Lana et al. 2018; Rios
et al. 2018).

However, Godoy et al.’s (2006) SAD was developed according to the now dis-
proved assumption that increments between levels of severities should be based on
the Weber-Fechner stimulus response law, which states that the logarithm of the
stimulus is proportional to visual acuity (Franceschi et al. 2020; Bock et al. 2010;
Nutter and Esker 2006). Besides, Godoy et al.’s (2006) SAD levels of severities
from 18% to 78.5% presented a range where the error in the estimates was high
(Franceschi et al. 2020).

As a result, Franceschi et al. (2020) developed a new SAD composed of six dia-
grams representing true colors with linear increments (c.15%) refined with four
additional diagrams at low (<10%) severities, totaling ten diagrams (0.2%, 1%, 3%,
5%, 10%, 25%, 40%, 55%, 70%, and 84%). This new SAD significantly improved
the accuracy (>0.95), reliability, and precision of the SBR estimates. The low
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precision and a bias for underestimation with the increase in severity were the main
problems with the SAD developed by Godoy et al. (2006). Franceschi et al.’s (2020)
SAD was more efficient for detecting even the smallest differences in mean control
than Godoy et al.’s (2006) SAD, which required double the sample size to achieve
the same result.

The severity is currently the main data used to compare fungicide treatments and
cultivars (Godoy et al. 2006; Lana et al. 2018; Hamawaki et al. 2019).

7.7.2 Disease Progress

Assessments of incidence, or appearance of the lesson, demonstrate the progress of
the rust toward the upper portion of the plant. Plants can be visually divided into
three parts and the incidence of the disease estimated using rankings or scores
(Campbell and Madden 1990). In the identification of the resistant genotypes, field
experiments are limited to areas of occurrence of the fungus; however, plants in the
greenhouse can be artificially inoculated. Inoculums are usually locally collected
and require at least 6 h of dew period at optimum temperatures for efficient infection
of soybean leaves. Disease typically starts at a low portion of plants and gradually
increases in incidence and/or severity over time. Evaluations of progress of disease
on plants are usually performed several times during the pathogen infection (Godoy
et al. 2016b).

The area under the disease progress curve (AUDPC) is used to resume disease
intensity over time. It allows combining multiple observations of the progress of the
disease across years and locations. The extent of disease is assessed in each evalua-
tion using a scale based on severity, disease incidence, or an association of both
(Simko and Piepho 2012).

Incidence and severity data obtained are commonly used in calculus of AUDPC
and assess the quantitative resistance of soybean cultivars (Campbell and Madden
1990). AUDPC is usually determined by the trapezoidal method through the mid-
point rule. That breaks up a disease progress curve into a series of trapezoids where
the area of each one is calculated and then added up (Madden et al. 2017; Simko and
Piepho 2012):

n-1
AUDPC = Z%x(r 1))

i+l i
i=1

where y; is the assessment of the disease percentage or proportion at a time # in the
ith observation and # is the total number of observations.

The data for evaluation of the SBR range from the date when the disease is
detected to advanced maturity stages of crop development as R6 or R7 stages. With
the aid of a SAD, disease severity can be visually estimated in leaflets sampled in
each of the three canopy heights and averaged at the plot level. Mean plot severity
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can be calculated as a percentage of the severity values in lower, middle, and upper
canopy heights (Franceschi et al. 2020; Lana et al. 2018; Glasenapp et al. 2015).

7.7.3 Resistance Reactions

SBR lesions are like those of bacterial pustules caused by Xanthomonas campestris,
except by the presence of characteristic blisters like uredia on the abaxial surface of
the leaves with a central pore that releases urediniospores (Yorinore 1994). These
lesions grow gradually, turning from gray to tan, reddish-brown, or dark brown and
assuming a polygonal shape restricted by leaf veins (Tschanz and
Shanmugasundaram 1984).

Soybean lines that present reddish-brown lesions on the leaves are more efficient
in reducing the multiplication of the fungus. Susceptible cultivars have brown
lesions with abundant sporulation (Zambenedetti et al. 2007), and the color of
lesions formed on the leaves due to the reaction to the infection by the fungus can
be used to classify plant resistance, like light brown types, characteristics of suscep-
tible plants, and reddish-brown typical of resistant plants.

Bromfield et al. (1980) reported three distinct infection types of SBR. The TAN
type, found in susceptible plants, is a ten-colored lesion of about 0.4 mm?, com-
monly with two to five uredia on the abaxial surface of the leaf. The RB type is
characterized by a reddish-brown lesion of roughly 0.4 mm? often with zero to two
uredia on the abaxial surface; this reaction type indicated host resistance associated
with hypersensitivity. The zero types have no macroscopically visible evidence of
lesions and indicated host immunity or near immunity. Over time, lesioned area and
the number of uredia per lesion increase in both TAN and RB, but the rate of increase
is slower for RB.

Additional levels of variation within RB and TAN infection types were observed
by Bromfield (1984), and a new infection grade where 0 is no visible symptoms; 1
is RB lesions small, irregular, and lacking uredia; 2 is RB lesions with one or two
sparsely sporulating uredia per lesion; 3 is RB lesions with three or more profusely
sporulating uredia per lesion; 4 is TAN lesions with two to five uredia per lesions;
and 5 is TAN lesions with more than five uredia per lesion was developed. Therefore,
type O indicates host humanity; types 1, 2, and 3 host-specific resistance; and types
5 host susceptibility.

7.8 Final Observations

Even though we currently have 7 Rpp genes discovered and introduced into new
soybean varieties, Stewart et al. (2019) obtained 12 Uruguayan P. pachyrhizi iso-
lates able to overcome the resistance of many Rpp genes. Seven different pathotypes
were observed, three of them were related to a unique virulence pattern, found
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mainly on plants with Rpp3, Rpp4, and Rpp6 genes, and four showed identical viru-
lence patterns with South America isolates. All isolates were extremely virulent on
soybean differentials with Rpp1, Rpp3, and Rpp4 genes.

Furthermore, with the emergence of new strains of P. pachyrhizi and its rapid
spread, some populations of the pathogen have increased its tolerance to fungicides.
On March 8, 2017, the FRAC (Fungicide Resistance Action Committee) shared the
partial results of monitoring of fungicides inhibitors of succinate dehydrogenase
(ISDH, carboxamidas) carried out in Brazil. The statement reports reduced effi-
ciency of these fungicides in areas with a high incidence of the fungus and a history
of intensive use of ISDHs. P. pachyrhizi populations collected in 2015/2016 have
shown a mutation in the C subunit at the I86F position. This very mutation was also
observed in samples collected in 2016/2017, and its relevance to reducing sensitiv-
ity to ISDH is being investigated (http://www.frac-br.org/).

In this context, robust and durable resistant crop cultivars are necessary to safe-
guard soybean stability and food production. Although elucidation of defense
mechanisms that contribute to the SBR resistance is fundamental for the develop-
ment of new sources of resistance, the resistance genes already identified mapping
to seven independent loci can be useful for the development of new materials.
Efficient screening protocols were developed, and low-cost genotyping technology
has been available for marker-assisted selection and backcrossing of Rpp loci.
Therefore, nowadays soybean improvement programs can employ tools for the
development of high-yielding soybean varieties with two, three, or even four pyra-
mided Rpp genes (Childs et al. 2018a). Success strategies for developing new soy-
bean cultivars with durable resistance could involve combinations of race-specific R
and nonrace-specific genes. In this sense, gene pyramiding would effectively facili-
tate the addition of genes of interest into a single genetic background.

Gene pyramiding in association with marker-assisted selection (MAS) and other
techniques can accelerate the development of durable resistant/tolerant lines by
combining resistant genes into a single genetic background in a relatively short time
(Dormatey et al. 2020). The strategy consists of concatenate genes of interest identi-
fied in multiple parents into a single genotype. Varieties with at least two pyramided
Rpp genes tend to retain resistance characteristics for longer than varieties with a
single gene (Maphosa et al. 2012; Yamanaka et al. 2010). For instance, soybean
varieties with three genes of resistance (Rpp2, Rpp4, and Rpp5) pyramided are
significantly more resistant to rust (Yamanaka et al. 2013; Lemos et al. 2011).

DNA markers can increase the speed of the pyramiding process by allowing
genetic identification of the best progenies in each generation. However, the success
of gene pyramiding depends upon a variety of important aspects such the number of
genes intended to be transferred, the nature of germplasm, the number of genotypes
selected in each breeding generation, and the distance between the target genes and
flanking markers, among others (Joshi and Nayak 2010).
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