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Abstract: Soybean rust (SBR), caused by Phakopsora spp., is a major global concern for soybean
producers. SBR causing fungi are polycyclic and obligate biotrophs, rendering the study of their
biology particularly tedious. Over the past four decades, substantial progress has been made towards
understanding the epidemiology of the disease, the identification of sources of resistance, and
the mapping of soybean loci conferring resistance to P. pachyrhizi (Rpp genes), since this species is
particularly well established and widespread in many soybean growing areas. Although host-plant
resistance is generally considered as the most desirable solution from an environmental, economic,
and social perspective, other disease control approaches such as agronomic practices and chemical
application are also important, and influence rust epidemiology as well as the durability of host plant
resistance. This review focusses primarily on genetic aspects of SBR management and summarizes
the research in the following areas: SBR symptoms, aetiology, pathogenic variation and population
structure of Phakopsora populations, expression of soybean resistance to Phakopsora infection, genetics
and molecular diagnostics of host resistance to pathogen, and resistance gene deployment approaches.
Finally, the role of multidisciplinary strategies is discussed for achieving higher durability of SBR
resistance in soybean.
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1. Introduction

Soybean is the most important leguminous oilseed crop worldwide, with seeds containing high
amounts of both protein (about 40%) and oil (about 20%). Thus, soybean is also called a “two-in-one
crop”. The origin of soybean domestication is thought to be in China [1], but its great adaptability to
different latitudes, climatic and soil conditions enabled soybean to become the fourth most widely
grown crop across the globe after wheat, maize and rice (http://faostat.fao.org/). More than 300 species
of pathogens attack soybean worldwide, although relatively few cause significant economic damage [2].
In 2003, the estimated worldwide loss due to biotic stresses in soybean was 23% of which 11% were due
to plant pathogenic bacteria and fungi, 1% were due to viruses and 11% were due to pests, including
insects and nematodes [3].
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Generally, biotic stresses tend to be geographically and environmentally restricted [4]. However,
soybean rust, particularly Asian soybean rust, is interestingly unique. It is considered to originate in
Asia-Australia, but subsequently spread to most soybean-producing areas across very different climatic
conditions including tropical, subtropical, and temperate climates on different continents [2,5-7]. The
yield loss due to soybean rust may vary but it has the potential to cause more than 80% yield loss in
susceptible cultivars under favourable conditions [8-10]. Therefore, the challenges are enormous since
no geographic region is free from the occurrence of soybean rust.

In order to minimize disease severity, numerous crop management practices such as early planting,
wider spacing between rows or planting of early maturing cultivars have been advocated. However,
the efficacy of such practices is highly dependent on the environmental conditions [11,12]. Chemical
control is considered as one of the most effective methods for managing soybean rust worldwide.
The application of fungicides adds significantly to production costs particularly if more number of
applications are needed during the growing season. Furthermore, the overuse of chemicals may not only
pose environmental challenges but frequent pathogen exposure to a fungicide may result in development
of resistance [13]. Therefore, deployment of resistant cultivars not only seems to be the most sustainable
approach to manage soybean rust from broader perspectives, but also could be a most economically
viable option in subsistence production systems in developing countries especially in Africa.

2. Soybean Rust: Causal Pathogen

Rust fungi are obligate pathogens and thus can only grow on living plants. Some of the rust
fungi complete their life cycle with five different spore stages: spermatia, aeciospores, urediniospores,
teliospores, and basidiospores [14]. All those types of spores are highly specialized for infection of
specific hosts [7]. Rust fungi requiring the five spore stages to complete their life cycle are termed
macrocyclic. However, for some rust fungi such as soybean rust, the complete life cycle has not been
described [7,15]. For instance, only urediniospores and teliospores of soybean rust have been observed
in nature. However, germination of teliospores has not observed in nature and thus the sexual cycle of
soybean rust has not been elucidated [16].

The causal agent of soybean rust was first described in Japan in 1902 on yam bean (Pachyrhizus
ahipa) [17]. However, an isolate from the leguminous host crop Pachyrhizus erosus (L.) Urb. (= Pachyrhizus
angulatus) in Taiwan, is the source of the fungus’s current name, Phakopsora pachyrhizi Syd. & P. Syd. [18].

In 1976, Vakili and Bromfield [19] reported that Puerto Rican isolates of Phakopsora were
considerably less virulent and produced fewer urediniospores on soybean than isolates from the
Eastern Hemisphere. At the time, they believed that P. pachyrhizi was also the causal agent of the
disease in Puerto Rico. In 1988, Bonde and co-workers [20] compared one isolate from Puerto Rico,
three from Brazil and 11 isolates from widely separated areas of Asia and Australia using isozyme
analysis, and suggested that there were two different species of Phakopsora causing rust on soybean:
one in Asia and the Eastern Hemisphere, and one in the “New World” (South and Central America
and the Caribbean) [20].

Subsequently, a comprehensive paper on the morphology of the Phakopsora species on legumes
in 1992 further confirmed the relationships of rust pathogens on legumes, in which it was clarified
that soybean rust is caused by at least two species [21]. Phakopsora pachyrhizi was determined as the
causal agent of soybean rust in Asia, while in the “New World”, P. meibomiae (Arthur) Arthur, known
to be present on non-soybean legumes since 1899, was referred as the causing agent [21]. These species
have posteriorly been differentiated at DNA level. The analysis of the internal transcribed spacer (ITS)
region of the ribosomal RNA genes revealed that P. pachyrhizi and P. meibomiae share approximately
80% nucleotide sequence similarity [22].

3. Symptoms, Disease Development and Host Range

Phakopsora spp. can infect all the aerial parts of the soybean plant such as stem, pod and petiole
but the pathogen prefers leaves (Figure 1). The most common symptoms are tan to dark-brown or
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reddish-brown lesions with one to many erumpent, globose uredinia, particularly on the abaxial surface
of leaflets [2]. Lesions tend to be angular and restricted by leaf veins and are frequently associated
with leaf chlorosis. Under heavy infection, this may result in premature defoliation and early maturity,
or failure to even reach maturity.

A

Figure 1. Soybean rust (Phakopsora pachyrhizi) symptoms on infected leaves and on whole plants in
screenhouse and field conditions at IITA, Nigeria. (A,B) P. pachyrhizi reaction on the lower surface of
a soybean rust-resistant and susceptible soybean leaf, respectively; (C,D) Reaction of adult plants to
P. pachyrhizi under screenhouse and field conditions, respectively; (E) Premature death and defoliation
in heavily soybean rust infected soybean lines. [Source of Photos: Ranajit Bandyopadhyay]. Note:
soybean rust symptoms might slightly vary across locations.
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For disease development, the majority of rust fungi enter the host leaf tissues via stomata at the
uredinial stage, but Phakopsora spp. directly penetrate the leaf epidermal cells [9]. Phakopsora fungi
can attack the soybean plant at any stage, depending on environmental conditions. A prolonged wet
and cool period (daily temperature <28 °C) strongly favours infection and sporulation. Windborne
urediniospores, the primary means of disease spread, require free water for germination and penetration,
and can complete the cycle from initial infection to urediniospore production in as little as nine days [9].

Several Fabaceae plants are the most common alternative hosts of soybean rust. For instance,
kudzu [Pueraria lobata (Willd) Ohwi.] has been observed as alternative host in Japan and southern USA,
and acts as a green bridge between soybean crops across seasons. Until now, approximately 160 host
species in 53 genera have been reported as alternative hosts in the absence of the soybean crop [4,7].
However, the host range is continuously increasing as the footprints of the Phakopsora spp. expand
beyond the traditional areas of soybean production.

4. Soybean Rust: Geographical Footprints

Presently, it is well established that soybean rust (SBR) is caused by two obligate biotrophic fungal
species: P. pachyrhizi (anamorph Malupa sojae; Asian-Australian) and P. meibomiae (anamorph Malupa
vignae; Latin American). Phakopsora pachyrhizi is more aggressive and within few decades of the first
report of P. pachyrhizi in Japan in 1903, the pathogen was discovered throughout Asia and as far south
as Australia. The SBR caused by these Asian-Australian isolates of P. pachyrhizi is widely referred as
Asian soybean rust in literature. In the second half of the 20th century, the footprint of P. pachyrhizi
appeared to be moving into several soybean growing countries in Africa, suggesting a wider range
of adaptation [23,24]. Similarly, the detection of P. pachyrhizi on soybean grown in Hawaii in 1994,
suggested that the disease could become an economic threat in soybean production in the Americas,
since it was believed that the American continents were free of P. pachyrhizi. Within a decade of the
first report of P. pachyrhizi in Hawaii, the pathogen appeared in Paraguay and became established in
major soybean growing countries in South America, particularly Bolivia, Brazil and Argentina [25,26].
Later on, the disease was reported in the USA in 2004 [27,28].

On the other hand, P. meibomiae, another causal agent of SBR, is less aggressive [21,29]. Even
though the outbreak of SBR reported in Puerto Rico [19] and subsequently observed in Brazil, Colombia
and Costa Rica [16] was caused by P. meibomiae [29], the pathogen is still considered as minor, since its
footprint did not expand beyond the Central and South America and the Caribbean regions.

5. Pathogenic Variation and Population Structure of Phakopsora Fungi

Over a century ago, Barrus [30] demonstrated that physiologic specialization (races) existed in
the case of several pathogens. Since then, the identification of pathogenic races in populations of
different plant pathogens has continued. Our understanding on components of pathogenic variation
has improved over the period but overlapping usage of some terms often confused the readers. For
instance, the term aggressiveness is sometimes used instead of virulence. In any doubt, the readers
may consult past reviews where these terms explicitly described elsewhere [31-33]

The diversity in the virulence of a pathogen demands finding superior genetic resources to breed
resistant cultivars with broad and durable resistance against a range of pathogen genotypes in a specific
region [34]. The earliest report on pathogenic variation in Phakopsora fungus goes back to Taiwan where
Lin [35] demonstrated that P. pachyrhizi isolates collected from soybean varied in their pathogenicity
and virulence on several other leguminous hosts. Subsequently, two pathotypes of P. pachyrhizi were
reported in Australia [36], with one being virulent on line PI 200492, previously classified as immune.
PI 200492 was subsequently confirmed as the source of the first soybean resistance gene to P. pachyrhizi
(Rpp1) [37].

In order to understand pathogenic variation, it is necessary to understand the pathogen’s life
cycle. For P. pachyrhizi, there have been no reports of sexual reproduction. Teliospores have been
observed in Asian nations on several hosts, including soybean, but their germination has never been



Agronomy 2019, 9, 348 5 of 23

reported in nature [16]. Despite the unknown or missing sexual life cycle of P. pachyrhizi, high genetic
diversity exists within and among field populations, and is likely to continue to evolve. This may occur
through asexual mechanisms such as genome plasticity and compartmentalization, parasexuality, or
somatic hybridization resulting from hyphal anastomosis between isolates from distinct clonal origin,
a feature also reported for cereal rusts [38—41]. At 5-8 days post inoculation, P. pachyrhizi produces
asexual urediospores on short stalks within a uredium on colonized leaves. The urediniospores are
released from uredia through an ostiole and become scattered by the wind [7].

Initial studies evaluating pathogenicity had some challenges. The soybean differentials used in
the studies conducted prior to the 1980s were genetically undefined, as there was no information on
which resistance genes were present in the evaluated cultivars. With advances in knowledge of the
genetics of SBR resistance, cultivars with identified single resistance genes were used as differentials.
This led to the identification of several pathotypes of Phakopsora spp. in major soybean producing
countries (Table 1). However, the experiments conducted in different countries during the past two
decades suggest that there is much more diversity in field populations of P. pachyrhizi than what was
thought during the last quarter of the 20th century. The size of differential sets used in earlier studies
was often small (Table 2).

More recent studies use several genetically well-defined differentials containing different Rpp
genes, together with molecular makers that provide rapid and accurate identification of P. pachyrhizi
and P. meibomiae strains. For instance, Yamaoka et al., [42] classified 45 single uredinial isolates of
P. pachyrhizi collected from rust-infected soybean and wild host plants, kudzu and wild soybean
(Glycine soja Siebold & Zucc.) in central and southwestern Japan into 18 races on the basis of rust
reaction patterns in a set of 11 differentials containing the resistance genes Rpp1, Rpp2, Rpp3, and Rpp4.
Among these 18 races, two were common to soybean and wild host plants while seven and nine races
were found exclusively on soybean and wild host plants, respectively. Most of the races associated with
soybean possessed a virulence gene for Rppl. Posteriorly, Yamaoka et al., [43] also reported six races
among 26 single lesion isolates of P. pachyrhizi from Japan, and indicated that two or more races may
be distributed on the same soybean cultivar and that the same race shares soybean and kudzu hosts.

Akamatsu et al., [44] evaluated 59 P. pachyrhizi populations from South America comprising of
16 from Argentina, 24 from Brazil, and 19 from Paraguay. These isolates were evaluated in their
pathogenicity to 16 soybean differentials including the ones containing known resistance loci (Rpp1,
Rpp2, Rpp3, Rpp4 and Rpp5). The Rppl in PI 587880A and Rpp5 were found to be effective mainly
against recent pathogen populations, because the differentials containing resistance genes Rpp1, Rpp2,
Rpp3 and Rpp4, except for PI 587880A which also contains Rpp1, displayed resistance to only 1.8-14,
24-28, 22 and 36% of the South American P. pachyrhizi populations, respectively. More recently, the
pathogenic profiles of four P. pachyrhizi populations from northeastern Mexico against 12 soybean
differentials revealed that P. pachyrhizi population MRP-14 was highly virulent on the resistant soybean
differentials [45]. Moreover, the results also indicated that P. pachyrhizi populations from Mexico have
higher virulence than populations from south America and Japan.

In Nigeria, 116 P. pachyrhizi isolates collected from diverse agro-ecological zones were grouped
into seven clusters displaying considerable differences in the pathotype composition based upon the
reactions of eight differentials, some of which had the Rpp1 to Rpp4 resistance genes [46]. Similarly,
Murithi et al., [47] also studied pathogenic diversity of P. pachyrhizi populations in eastern Africa using
12 isolates from Tanzania, three isolates from Malawi and one isolate each from Kenya and South
Africa using 11 differential varieties and compared to a geographically diverse collection. Among the
African isolates, the isolate from South Africa (SA-14-01) was the most virulent, whereas those from
Kenya, Malawi, and some of the isolates from Tanzania had the lowest virulence. Soybean differentials
carrying Rpp1b, Rpp2, Rpp3, and Rppba and cultivars Hyuuga (Rpp3 and Rpp5) and UG5 (Rpp1 and
Rpp3) were observed to be resistant against most of the African isolates [47].
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Table 1. Phenotypic reactions of global soybean rust isolates to different Rpp genes soybean differential hosts.

Is’hak.opsora Country Pathotype/Isolate Soybean Differential Hosts with Rust Resistant Genes/Loci (Resistance to Phakopsora pachyrhizi) References
pecies Rpp1 Rpp2 Rpp3 Rpp4 Rpp5 Rpp6 Rpp7
BdRP-1
Bangladesh g 4 p 2 58,11,12,1422
BdRP-3
P. pachyrhizi BdRP-7 [48]
BdRP-9
BdRP-17
BdRP-18
India IN 73-1 [29,49-57]
Japan JRP [58]
Philippines PH 77-1 [25,43]
Taiwan TW 72-1 _ [29,49-54,
TW 80-1 56,57]
TW 80-2 ’
Thailand TH 01-1 [29]

Vietnam VT 05-1 - [53,54,57]
. AU 72-1 [29,49,51,
Australia 41779 1 52,57]
Argentina ARG-14-01 [47]
ARG-14-02 to -04
Brazil BBZR(I))l—ll [29,51,58,
. 59]
BRP-2
Columbia  CO 04-2 [53,54,57]
Paraguay PG 01-2/PG 01-2b [29,51]
Mexico MRP-4 [45]
MRP-13
MRP-16
MRP-19
USA AL 04-1 [29,51-54,
AL 043 57,59,60]
LA 04-1 =
LA 04-3
GA 12-1
HW 98-1
HW 94-1
South SA 01-1 [2947,51,
Africa SA-14-1 53-55]
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7 of 23

IS’hak‘opsom Country Pathotype/Isolate Soybean Differential Hosts with Rust Resistant Genes/Loci (Resistance to Phakopsora pachyrhizi) References
peces Rppl Rpp2 Rpp3 Rpp4 Rpp5 Rpp6 Rpp7
South SA 01-1 [29,47,51,
Africa  SA-11 I - 53-55)
Zimbabwe ZM 01-1 [29,52-55,
57]
Nigeria NIG-05-06 [45]
Kenya  KE-12-01 I [27]
Malawi MAL-14-01, -2 [47]
MAL-14-03
Tanzania TZ-14-01 to -06 [47]
TZ-14-07
TZ-14-08
TZ-14-09 to -12
P. meibomiae Brazil BZ 82-1 [29]
Puerto PR 76
Rico

TAN/Susceptible -; RB/Resistant

; Immune - ; Mix

; Note: Each Rpp gene/locus may represent single or multiple soybean differential hosts that contain resistant
allele at the respective Rpp. For instance, BARP-1 (Bangladeshi soybean rust population-1) isolate show susceptible, resistant and immune reaction to Rpp1 locus/gene where author used
four different Rpp1 soybean differential hosts. The Rpp1 accessions, PI 587886 and PI 594767 A showed susceptible response whereas PI 587880A and PI 200492 exhibited resistant and
immune responses, respectively.
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Table 2. Description of Rpp genes, genomic positions, nearest molecular markers and their original as well as other sources in soybean germplasm.

8 of 23

Nearest Original P. pachyrhizi Soybean Sources other
Gene Chr. Physical Position Molecular Genoty‘pe Soufce' of Description of‘Mappmg Isolate ‘and Its tha'n Or‘lgl‘nal Ger‘lotype References
Locus Markers [Accession Origin Population Reaction to with Similar Resistant
(cultivar)] Resistant Parent Gene/Locust
PI1594538A, P1587886, P1
587880A, PI1 5947608, PI
Sct.187, . 126 BC4F; lines derived 561356, P1 594767 A, P1
Rpp1 (1(?) 56,182,523-56,797,174 Satt191, gigg?;z? S};;kc:ll;u, from Williams 82’ x PI IR against IN73-1 587905, P1 594177, P1 [3671,2,95]5,
Sat.064 P 200492 587855, EC 241780,
UG-5*, Xiao Jing Huang
and Himeshirazu
RB against isolate
16 Satt183, 130 F,.3 families derived (mixture) PI 230970, PI 224270, P1 [49,50,66
Rpp2 0 27,937,049-30,478,472 Sat.255, PI 230970 Japan from BRS 184’ x PI maintained on 417125, An-76*, EC 7 ';O—,7 4]’
Satt620, Sct.01 230970 BRSMS Bacuri 241780* and Iyodaizu B ’
cultivar
Satt658, 110 Fo » families derived PI 462312, UG-5*%, P1
6 Sat.263, PI 462312 Pant Nagar, 23 < B . 506764*, P1 628932, PI [50,51,53,
Rpp3 ) 44,049,891-45,995,029 Satt460, (Ankur) India from Wilg;gllsz 82" x PI RB against IN73-1 567099A, PI 416764, PI 65,75-78]
Satt307 635999*
RB against isolate
Satt288, 80 Fy.5 families derived (mixture)
Rpp4 (1(?) 51,397,064-51,584,617 Satt612, l(jéfggii? Fujian, China from BRS 184’ x PI maintained on Pfji%iﬂ‘iﬁggg;’gf > [5%?;?3’
AF162283, & 459025 BRSMS Bacuri !
cultivar
173,174 & 177 F, RB against isolate
3 Sat.166, PI200456 Shikoku individuals from cross of (mixture) PI 200526, P1 200526, PI [53,70,71
rppd N) 29,862,641-32,670,690 Sat.275, (Awashima Japan ’ CD 208 with resistant maintained on 200487, P1 471904, PI i ’73]’ ’
Sat.280 Zairai) P lines PI 200456, P1471904 BRSMS Bacuri 506764*, Kinoshita
& PI200526, respectively. cultivar
273 F, and 104 Fy.3 IR to RB against
Rpp6 (168) 5,953,237 6,898,528 zaigéi' PI 5671028 I]ijt r]1 e families derived from MS06-1and RB L1 567;‘}2;36'71?02637068’*' [60,82,83]
e onesia DS-880 x P1567102B against LAO4-1
87 Fy.3 families derived
19 GSMO0547, PI 605823 Ha Giang, from Williams 82" x PI .
Rpp7 (L) 39,462,291-39,616,643 GSMO0548 (SAMPLE 87) Vietnam 605823 & 84 Fy5 RILs RB against GA12 - [57]

from ‘5601T" x PI 605823

1 Genotype may contain same or different allele at respective gene/locus than that was identified in original source; * Genotype contain multiple resistant Rpp loci/genes.
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Contrary to what is known about wheat rusts and other small grains rusts, information on
P. pachyrhizi population structure at national and international level is very limited [84,85]. The advent
of DNA-based technologies not only opened new avenues for the assessment of genetic diversity in rust
populations, but molecular markers can be used for strain detection and identification. Freire et al., [26]
investigated the genealogical relationships among Brazilian, African, and Asian P. pachyrhizi isolates
using ITS sequence variation and observed that ribotypes with the most widespread occurrence in
Brazil were more closely related to isolates from Africa than from Asia. On the other hand, ribotypes
of rare occurrence in Brazil were not found in collections from outside of Brazil and were limited
to a single field or to fields in the same vicinity. Using simple sequence repeat (SSR) markers,
Twizeyimana et al., [86] identified 84 distinct genotypes in the sampled populations of P. pachyrhizi
that exhibited a high degree of genetic variation. The examined isolates were grouped into seven
pathotypes based on the virulence on differential soybean genotypes. Similarly, based on sequence
variation of ITS and the ADP-Ribosylation Factor (ARF) gene obtained from 59 P. pachyrhizi isolates
collected from different soybean producing countries including USA, at least five genotypes were
identified within USA isolates [87].

In general, data from both differential genotypes and molecular marker studies show that most of
the genetic variation in P. pachyrhizi that existed among locations was also found within location even
when considering at large geographic areas [26,86-88]. The weak genetic structure and differentiation
in P. pachyrhizi on a larger geographic scale suggests that both local and distant sources of airborne
inoculum are important for the re-establishment, as well as the maintenance of minimum levels of
fluctuation in the genetic composition of P. pachyrhizi populations from year to year [89]. Indeed,
atmospheric pathways are thought to have contributed to the establishment of the pathogen in the
USA, with airborne spores transported by hurricanes with an epicenter in South America [6]. Similar
events may have introduced the pathogen in other countries.

6. Expression of Host Resistance to Phakopsora Infection

The appearance of lesions and their colour are often used to determine soybean susceptibility or
resistance to SBR. Broadly, three general infection types have been described: (1) susceptible reaction,
characterized by tan-coloured "TAN" lesions, at least partly due to the abundance of beige-coloured
uredinospores and abundant sporulation on the abaxial sides of infected leaves; (2) resistant reaction
typified by reddish-brown-coloured "RB" lesions with few uredinia and meagre sporulation; and (3)
immune reaction (IR) distinguished by a lack of macroscopically visible lesions or uredinia [16,49].

The presence of continuous variation in lesion colour among soybean cultivars makes it difficult
to classify the reactions of soybean phenotypes to some isolates into a limited number of lesion types,
such as RB and TAN lesions [16]. Notably, rust resistance genes such as Rpp2 and Rpp4 are known to
contribute to the darkness of lesion colour [90]. Nonetheless, lesion colour should be considered for
rapid screening of breeding populations especially when selecting resistant genotypes but needs to be
more conscious because the presence of continuous variation in the trait and substantial environmental
influence makes colour unlikely to be a sole criterion for resistance classification of genotypes [58,91].

Yamanaka et al., [58] suggested that lesion colour may be useful when selecting lines from a
population where the major resistance genes segregate. Moreover, they also emphasized on the
inclusion of the number of uredinia per lesion, frequency of lesions having uredinia, frequency of
open uredinia and level of sporulation in the selection criteria to reliably assign soybean genotypes as
resistant or susceptible against SBR. Noticeably, the number of uredinia per lesion and the level of
sporulation do not necessarily correlate with lesions colour indicating that these traits are inherited
independently in soybean [29,73]. Therefore, inclusion of such additional traits especially number and
size of uredinia, and level of severity and sporulation may be more informative than lesion colour alone.



Agronomy 2019, 9, 348 10 of 23

7. Genetics of Resistance to SBR Resistance

Following an epidemic of SBR in the early 1970s in India, Singh and Thapliyal [92] conducted a
genetic study of SBR using field screening of an F, population derived from UPSS3 and Clark 63, and
observed a monogenic ratio with resistance being dominant. These results reaffirmed the principles
of Mendelian inheritance of rust resistance in soybean. Subsequently, Bromfield and Hartwig in the
USA [49] also confirmed monogenic inheritance with a dominant nature for resistance to SBR in
soybean accessions PI 230970 and PI 230971. In parallel, McLean and Byth [37] also performed a study
in Australia and concluded that a single dominant gene in soybean accession PI 200492, originally
from Chiougoku-Shikoku Experimental Station, Shikoku, Japan conferred resistance to the disease and
suggested the use of symbol Rpp1 (Resistance to P. pachyrhizi 1) to designate the first rust-resistant gene
in soybean. Rppl was later mapped to linkage group G, corresponding to chromosome 18 (Table 2) [61].

By 1980, independent research groups from India, the USA, and Australia confirmed that soybean
lines P1 462312, P1200492 and PI1230970 each carry a single dominant gene conferring specific resistance
to SBR, but it remained unclear whether those genes were at the same locus. The pioneer genetic
study of Hartwig and Bromfield [50] not only confirmed the previously published reports that each
soybean line carried a single dominant gene for resistance but also demonstrated that each gene was at
a different locus. Moreover, they also showed that each gene confers a different set of host reactions
depending on the evaluated P. pachyrhizi isolates and assigned the rust resistance locus in PI 230970 and
PI462312 as Rpp2 and Rpp3, respectively. Further marker-based studies mapped the Rpp2 and Rpp3
loci to linkage groups J and C2, corresponding to soybean chromosomes 16 and 6, respectively [51,72].

Subsequently, it was observed that the soybean accessions containing resistance gene Rpp1 through
Rpp3 (P1 200492, PI 230970, and PI 462312) were susceptible when inoculated with isolate TW80-2
from Taiwan, but that soybean accession PI 459025 was resistant to it. On the basis of reaction of
progenies derived from the crosses involving PI 459025 with each of the three previously identified
sources of Rpp1, Rpp2, and Rpp3, with a set of different rust differentials, Hartwig [79] concluded that
PI 459025 also contains a single dominant gene for rust resistance which is at a different locus from
the previously identified rust resistant genes (Rpp1, Rpp2 and Rpp3) and designated it as Rpp4, fourth
major gene, which confers resistance to the disease. Later, the locus Rpp4 was mapped to linkage group
G (chromosome 18) by Silva et al., [72].

Following the outbreak of SBR in South America in early 2000s, the disease posed potentially
devastating risk when resistance conferred by two well-known rust resistant loci, Rppl and Rpp3
were simultaneously defeated by P. phakopsora isolate in Mato Grosso State in Brazil [71,93]. Thus,
further investigation had to focus on the inheritance of rust resistance in soybean lines which were
reported or identified as source of SBR resistance genes during this period. In Brazil, Garcia et al., [71]
studied the genetic basis of SBR resistance in five F, populations derived from crosses involving a
Brazilian-adapted soybean cultivar CD 208 (susceptible) to each of five different resistant lines (PI
200487, PI1 200526, PI 230970, PI 459025, and PI 471904). The strategy led to the identification of a
new SBR resistance locus on linkage group N (chromosome 3) in PI 200456 and referred to as rpp5.
Interestingly, the locus showed distinct types of gene action (dominance, incomplete dominance and
recessive) for SBR resistance in three different soybean lines PI 200526, PI1 471904, and PI 200456,
indicating the existence of either multiple alleles or closely linked genes at this locus [70].

Following the SBR outbreak in the USA during 2004, it was felt that evaluation of soybean lines
should be performed with SBR isolates and populations from the USA, because earlier studies on
SBR resistance had been performed with only foreign P. pachyrhizi isolates [94-96]. Li et al., [60]
developed a mapping population from a cross between accession PI 567102B from Indonesia, which
was previously identified as resistant to P. pachyrhizi isolates from Paraguay [97] and the USA [98],
with the SBR-susceptible soybean breeding line DS-880 from the USA. Their results showed that
resistance in PI 567102B was controlled by a single dominant gene at a different locations than either
Rpp1 or Rpp4 on chromosome 18 (linkage group G) and proposed this gene as Rpp6. More recently,
Childs et al., [57] also identified a new resistance locus in soybean accession PI 605823 from Vietnam
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that confers resistance to the USA isolate GA12. The new locus was designated as Rpp7 and mapped to
a 0.8-cM (154 kb) region on chromosome 19 (Table 2).

Multiple alleles of Rpp genes exist in soybean genomes, which show differential responses to
selected P. pachyrhizi pathotypes or demonstrate different gene actions [56,62,71,77,82]. For instance,
Chakraborty et al., [62] showed that a P. pachyrhizi isolate from Zimbabwe (ZM01-1) produced RB
lesions on soybean line PI 594538A, but TAN lesions on PI 200492, the original source of Rppl.
Further genetic analysis suggested that there is either another gene closely associated with Rpp1 or
different alleles of Rpp1 gene exists in PI 594538A, because the resistance gene was mapped in the
Rpp1 locus. Thus, a new allele designation was proposed as Rpplb. Similarly, Ray et al., [52] also
mapped resistance genes from soybean accessions PI 587880A and PI 587886 in the Rpp1 locus that
have different specificities than Rpp1 and Rpp1b. The authors suggested the presence of an alternative
allele of Rpp1 in these genotypes which showed immunity in the homozygous state whereas RB lesions
in case of the heterozygous condition, but TAN lesions in the homozygous state of the other allele. A
perusal of Table 1 also suggests that either multiple genes closely associated with these Rpp loci and/or
different alleles of these Rpp genes exist, especially at RppI and also at Rpp3, Rpp4 and Rpp5, because
the same pathotype exhibited contrasting reaction behaviour (TAN to RB or IR reaction) to different
differential sets containing the same Rpp gene. Moreover, the presence of additional QTLs (quantitative
trait loci) conferring resistance can also not be ruled out in some of these lines belonging to the same
Rpp differential set, though segregation ratios usually fit numbers expected for segregation of a single
major resistance gene.

8. Molecular Investigations of Soybean Resistance to P. pachyrhizi

Soybean germplasm screening efforts have led to the identification of several sources of resistance
to P. pachyrhizi, but as described previously, molecular mapping analyses have so far identified seven
loci (Rpp1 to Rpp7; Table 2), that provide varying degrees of resistance to P. pachyrhizi. However, none
of them has been cloned. Based on the soybean reference genome, all the known Rpp loci except
Rppb5 and Rpp6 seem to contain clusters of genes encoding NLR (nucleotide-binding domain, leucine
rich) proteins (Rpp1/Rpp1b-NLR, Rpp2-TIR-NLR, Rpp3-TIR-NLR, Rpp4—-CC-NLR, Rpp7-NLR) [57,99].
However, only Rppl and Rpp4 have been so far shown unequivocally to be encoded by a member of
the associated NLR cluster.

Thus far, the identity of the effectors or other determinants that contribute to the recognition of
P. pachyrhizi isolates in soybean remain unidentified. At molecular level, virus-induced gene silencing
(VIGS) technology played a major role in the molecular diagnosis of resistance employed by soybean
against P. pachyrhizi. Meyer et al., [80] identified the first candidate gene governing rust resistance
in soybean from P. pachyrhizi resistant accession PI 459025B (Rpp4) through a combination of DNA
sequencing, gene expression analysis and VIGS. In susceptible cultivar Williams 82, three genes in the
CC-NBS-LRR (coiled-coil, nucleotide binding site, leucine-rich repeat) family of R genes were identified
at the Rpp4 locus, which revealed similarity with the Rgc2 (Resistant Gene Candidate?) R gene family in
lettuce. However, these genes had different alleles in resistant accession PI 459025B, and one allele
(Rpp4C4) was predominantly expressed in resistant plants before and after challenge with P. pachyrhizi
isolate LA0O4-1 that produced only RB lesions. The silencing of CC-NBS-LRR R gene resulted in the
loss of resistance, indicating that this gene is the causal candidate in the Rpp4 gene cluster.

More recently, Pedley et al., [100] also used VIGS to functionally characterize the Rpp1 locus
immunity. Rpp1 is located on chromosome 18 in a region spanning approximately 150 kb between
markers Sct_187 and Sat_064 in L85-2378 (Rpp1), an isogenic line developed from soybean cultivar
Williams 82 and accession PI 200492, the original source of Rppl. The authors constructed a BAC
library for PI 200492 and sequenced the Rpp1 locus, leading to the identification of three homologous
NBS-LRR genes. Each candidate gene is also predicted to encode an N-terminal ULP1 (ubiquitin-like
protease 1) domain. The co-silencing of these candidate genes abrogated the immune response in the
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Rpp1 resistant soybean accession PI 200492, but not defence, indicating that Rpp1 is a ULP1-NBS-LRR
protein and plays a key role in the immune response.

In order to understand the gene networks regulating soybean P. pachyrhizi interactions,
genome-wide transcriptome and proteome studies have been performed [101]. Differential gene
expression experiments clearly revealed that a biphasic transcriptional response to infection operates
in both compatible and incompatible soybean—P. pachyrhizi interactions [80,102-105]. The first phase
begins about 12 h after inoculation (hai) with a non-specific recognition pattern in both susceptible
and resistant genotypes. The second transcriptional upregulation phase occurs about 72 hai with a
specific recognition pattern only in resistant genotypes; in susceptible genotypes this phase remains
mainly unaffected, but if occurs at all it may be very weak and only much later. Morales et al., [105]
identified fourteen transcription factors (TFs) unique to R-gene-mediated resistance responses through
comparative microarray datasets generated from Rpp2-, Rpp3- and Rpp4-mediated disease resistance
lines which clearly indicated the important role of TFs in conferring resistance to SBR, but the efforts
unlikely clarified the mechanism of Rpp mediated resistance.

Based on transcriptome and metabolome analyses, Ishiga et al., [106] revealed the vital role
of phytoalexins such as phenylpropanoids, and (iso)flavonoids in M. truncatula to confer non-host
resistance against SBR. This involves the induction of phenylpropanoid pathway genes during infection
in Rpp2-mediated disease resistance in soybean against SBR [102]. More recently, Hossain et al., [107]
performed a transcriptome study of SBR-susceptible soybean genotype BRS184 and NIL (Near Isogenic
Line) for the Rpp3 gene with SBR isolate T1-2 at 24 hai and revealed that 52% of the phenylpropanoid
pathway related genes were upregulated. Subsequently, the RT-qPCR-based transcript analysis of
selected genes of phenylpropanoid pathway from NILs for Rpp1, Rpp2, Rpp3, and Rpp4 together with
recurrent parent, BRS184 at 0 hai to 96 hai revealed greatest expression of all the studied genes at 12 hai
except glycinol 4-dimethylallyltransferase (G4DT) and chalcone reductase (CHR) suggesting the Rpp
NILs utilized these genes in a rate limiting manner as a defence response, but the gene expression
patterns which occur between 24 and 96 hai make these Rpp lines unique to their respective SBR
isolates [107].

9. SBR Management Through Genetic Strategies

9.1. Single Gene Deployment and Their Continuous Replacement

Generally, deployment of a single major gene is not advocated by breeders or pathologists for
controlling plant diseases [34]. However, in some pathosystems, a single resistance gene has proved
efficient and durable even in polygenic, quantitative disease tolerance [93,108]. Owing to the difficulty
to incorporate quantitative resistance into soybean breeding programmes, identifying SBR tolerant
lines in soybean germplasm became a priority. Two soybean varieties, ‘Lu Pi Dou’ and “Hei Dou’ from
China presented leaf-yellowing prevention characteristic when inoculated with pathogenic isolates
that generally promote early leaf-yellowing and defoliation [90]. Both varieties developed TAN lesions
following infection with the BPR-2 isolate which clearly suggests that the major Rpp genes are either
absent or ineffective to the isolate if present in these varieties, though information on genetic basis of
the characteristic of leaf-yellowing prevention is still lacking [109]. Martins and Juliatti [110] concluded
that partial resistance to SBR is a characteristic controlled by 2 to 23 genes, but an elaborate strategy is
required to combine such large numbers of genes having minor effects [93].

Considering the high pathogenic variability and the emergence of new pathotypes in field
populations of P. pachyrhizi, it is desirable and feasible to develop soybean cultivars carrying broad
spectrum resistance to SBR, but there is also growing evidence for the selection of pathogen genotypes
able to overcome quantitative resistance [111]. Nonetheless, in spite of the well-known short-lived
effectiveness of host resistance to pathotype-specific genes, the deployment of a single major gene may
make sense for soybean growing regions where the environment is less conducive to SBR and where
there are limited alternative hosts for the pathogen that may owe to smaller amounts of pathogen
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inoculum. Moreover, monogenic rust resistance could be more durable for environments in which a
disease occurs at moderate or low severity where a single resistance gene may be adequate for a longer
period of time, freeing resources to breed for durability to more serious/frequent diseases. In the past,
the best example is the soybean cultivars carrying Rppl and Rpp3 genes which remained effective
in Brazil against rust for several years after field release until highly virulent Brazilian P. pachyrhizi
population emerged in the state of Mato Grosso in 2003 [112].

Since pathogen co-evolution is defeating current resistance genes, the continuous identification of
novel disease resistance genes is not only of paramount importance, but their effective deployment
and replacement of existing resistance genes after appearance of virulent races are also highly crucial.
Such strategies have been successfully implemented in rice against tungro and blast disease [113,114].

9.2. Gene Pyramiding

Pyramiding is the deployment of multiple genes into a single genotype resulting in the
simultaneous expression of these genes in the host. For durable resistance, a pyramid could
be constructed with any type of host genes including major/minor genes, (in) effective genes,
(non)race-specific genes that confer resistance [34,115]. However, the accumulation of several resistance
genes with homozygous conditions in a specific background could be a major problem in conventional
breeding, because the number of isolates required to distinguish a specific resistance gene becomes
more complicated after three genes [115].

With the advent of molecular markers, tagging of genes or loci involved in the variation of
quantitative traits through QTL mapping became feasible. Marker-assisted selection makes gene
pyramiding possible and more efficient [34]. Notably, it has also been observed that some soybean
accessions contain more than one Rpp genes. Screening of Hyuuga (PI 506764)-derived recombinant
inbred lines indicated that Hyuuga carries two resistance genes, one at the Rpp3 locus and another
at the Rpp5 locus [53]. Similarly, two rust resistant soybean genotypes, EC 241780 from USA and DT
2000 (PI 635999), a selection from the breeding line GC 00138-29, developed by the Asian Vegetable
Research and Development Center (AVRDC) in Taiwan, also provide interesting sources for the study
of natural gene pyramiding in soybean, as each genotype carry two Rpp genes (Rpp1b and Rpp2) and
(Rpp3 and Rpp4), respectively [66,78].

Breeding for SBR resistance has become an important aspect of many soybean improvement
programmes, and would be augmented by the identification of genes and/or loci conditioning SBR
resistance in a wide range of soybean varieties. To date, seven genes/loci (Rppl to Rpp7) against
numerous specific pathotypes of SBR have been identified in global soybean germplasm (Table 2)
but were found to be ineffective when challenged with other pathotypes. Therefore, pyramiding of
available Rpp genes in a single genotype is expected to provide broad-spectrum and higher level of
resistance due to the buffering effects of multiple genes against SBR.

In soybean, pyramiding of Rpp2, Rpp4, and Rpp5 in a single genotype was shown to provide
higher resistance to SBR [73,116]. Similarly, pairwise gene pyramiding of Rpp2, Rpp3 and Rpp4 also
reduced SBR severity and sporulation [117]. Yamanaka et al., [68] also demonstrated significantly
higher resistance to SBR in the Rpp pyramided lines No6-12-B, Oy49-4 and No6-12-1 containing
two (Rpp4+Rppb5), three (Rpp2+Rpp3+Rpp4), and three (Rpp2+Rpp4+Rpp5) genes, respectively when
compared to the original resistance sources carrying single genes, PI 230970 (Rpp2), Hyuuga (Rpp3), P1
459025 (Rpp4), and Kinoshita (Rpp5). Interestingly, the pyramided line No6-12-1 was resistant to all the
four P. pachyrhizi populations from Mexico, but none of the differentials carrying a single Rpp gene
showed resistance to all those P. pachyrhizi populations [45]. These results clearly show the potential of
pyramided lines carrying Rpp gene combinations that can circumvent the breakdown of single-gene
resistance and offers a broad-spectrum resistance against SBR. It is quite evident that the durability of
race-specific resistance genes is often limited, thus, the information on gene action types of resistance
of Rpp genes and their relative contribution for disease resistance in a pyramided line is highly relevant
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for assessing the durability of gene pyramiding. Unfortunately, experimental data on such aspects for
SBR pyramided lines is very scarce.

There is also growing evidence that different resistance genes contribute in a disproportionate
manner to disease resistance and genetic background also plays an important role in their activity [108].
An effect of genetic background has been observed on genetic behaviour of Rpp1 locus in populations
derived from the cross of SBR resistant accessions crossed with different susceptible parents [63].
Maphosa et al., [117] observed complementary epistatic gene action for rust resistance in the Rpp2,
Rpp3 and Rpp4 pair wise gene pyramiding. Interestingly, the Rpp3 gene contributed more to resistance
than the Rpp2 and Rpp4 genes in various genetic backgrounds.

9.3. Non-Host Resistance

The intrinsic property of a plant or animal species to resist the establishment and multiplication of
all races of a potential pathogen is referred to as non-host resistance (NHR) [118]. NHR is considered as
most durable and effective, probably because it relies on multiple protective mechanisms that comprise
both constitutive barriers and inducible reactions which are not easy to overcome by a pathogen [119].
Generally, NHR operates at two stages: pre- and post-invasive resistance. Pre-invasive resistance
includes preformed physical or chemical barriers on the host surface that restrict the establishment
of non-host pathogens, whereas post-invasive resistance limits the penetration and multiplication of
non-host pathogens through diverse mechanisms that include local and systemic immune responses.
Thus, pre-invasive resistance can be either passive or active, but post-invasive resistance is an active
defence response in which infection is followed by symptom development such as hypersensitive
responses (e.g., programmed cell death and reactive oxygen species accumulation) [120].

Langenbach et al., [121] identified the gene for UDP glycosyltransferase 84A2 (UGT84A2 or Bright
Trichomes1 (BRT1)) as a critical component of Arabidopsis thaliana post-invasion NHR to P. pachyrhizi,
but the role of BRT1 in resistance to P. pachyrhizi in soybean still needs validation. Subsequently,
the author’s identified ten additional Post-invasion Induced Nonhost resistance Genes (PINGs) that
transcriptionally co-regulated with BRT1 in Arabidopsis upon P. pachyrhizi infection and analyzed their
contribution to Arabidopsis NHR by dsRNAi-mediated gene silencing in the pen2 genetic background in
Arabidopsis. They also assessed SBR resistance in soybean by overexpressing independently NHR-linked
Arabidopsis genes (PINGs) in SBR-susceptible soybean cultivar Williams 82 [122]. Among the ten PINGs,
only PING4, PING5 and PING9 were essential to Arabidopsis post-invasion NHR to P. pachyrhizi and
conferred enhanced resistance to the SBR pathogen (P. pachyrhizi). On the other hand, overexpression
of PING? induced increased resistance to P. pachyrhizi in transgenic lines compared to control, however,
its silencing in Arabidopsis did not lead to increased susceptibility to the pathogen, possibly because of
functional redundancy within the large GDSL-motif lipase/hydrolase gene family [122].

Ishiga et al., [106] demonstrated that the M. truncatula sgr mutant and alfalfa SGR-RNAI lines
showed hypersensitive response (HR)-like enhanced cell death upon inoculation with P. pachyrhizi
which suggested the possible role of stay green (SGR) in NHR. Despite the role of SGR as an R gene for
SBR resistance not having yet been proven, the characteristic SGR/leaf yellowing prevention slows
down the rapid defoliation due to SBR infestation leading to reduction in yield loss [109].

The potential of post-invasive NHR as a disease control strategy has also been validated with the
identification and cloning of CcRpp1, an NLR-encoding gene from pigeonpea (C. cajan) that confers
resistance against P. pachyrhizi when expressed in soybean [123]. Pigeonpea, a close relative of soybean,
is a diploid, self-pollinating legume crop displaying a wide array of disease reactions ranging from
immunity to partial infection similar to soybean when challenged with P. pachyrhizi [123].

10. Strategies for Achieving Higher Durability of SBR Management

During the third quarter of 20th century, a plethora of terms (e.g., horizontal, poly/multi-genic,
partial, minor gene; race nonspecific) were used to define the quantitative resistance which is generally
considered as durable resistance in scientific debates. Although it is difficult to precisely recognize
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the durable resistance with absolute certainty, Johnson [124] defined durable resistance from disease
management perspectives as the resistance that lasts effectively when deployed over extensive acreage
and time, in an environment favourable for the disease. Until now, no phenotype of the plant or
the plant-pathogen interaction has been clearly identified that defines a source of resistance as being
potentially durable, though, it is generally considered that such resistance tends to be based on the
additive effect of several resistance genes, each conferring a partial resistance with the hope that such
types of resistance will remain effective for a longer period.

So far, as shown above, only seven Rpp loci (Table 2) have been identified in soybean which
have proven to be pathotype/race-specific, with the resistance being effective only against isolates of
P. pachyrhizi carrying the corresponding avirulence gene. This type of resistance complies with the
description of the gene-for-gene hypothesis first proposed by Flor [125] in the flax—flax rust (Melampsora
lini) interaction. Therefore, an integrated long-term management strategy needs to be developed for
the enhancement of durability of SBR resistance which may include combination of genetic approach,
crop management practices, biological and chemical control measures.

10.1. Genetic Approach

A continuous search for new breeding resources of resistance is an essential component of disease
management through genetic approaches. Besides cultivated soybean (Glycine max), several accessions
within other Glycine species such as G. argyrea, G. canescens, G. clandestina, G. latifolia, G. microphylla,
G. tomentella and G. tabacina have shown to contain resistance to SBR [126,127]. The wild perennial
Glycine species are potentially rich sources of resistance to SBR, but due to the difficulties in attempting
hybridizations with cultivated soybean, ploidy level differences and undesirable traits impede their
direct utilization in conventional breeding. Therefore, it would be desirable to dissect the genetic
factors responsible for SBR resistance in these useful resources, so that the desirable gene/alleles from
such material could be transferred into elite germplasm through QTL introgression, marker assisted
selection, and other genomic approaches [128].

Once an SBR resistant cultivar/line is developed through either conventional, gene editing or
transgenic approaches, the deployment of such cultivars (each cultivar having different genetic make-up
as well as containing individual or a set of different resistance genes) or multi-lines (several lines
having the same genetic make-up except bearing different resistance genes) at individual farm or
regional level could be a cornerstone of disease resistance durability [111,129,130].

10.2. Crop Management Practices

So far, very few agronomic practices have been reported for SBR management. Moreover, such
practices are restricted to specific sites and/or climatic zones and are mainly dependent on disease
avoidance mechanisms. For instance, preferential sowing of soybean during dry season in Nigeria
and if sown during the wet season, then early planting appeared as important factor to avoid SBR
incidence [12]. Similarly, substantial reduction in rust incidence appeared during the main season in
Brazil when a 90-day soybean free period was enforced during the off-season [13]. A survey of the
literature indicates that most agronomic practices such as row spacing, sowing date, cultivar maturity
and cropping and tillage system, does not directly affect SBR incidence or severity; however, such
practices may influence disease pressure due to extended time that the crop is exposed in the field.

Besides agronomic practices, foliar application of some natural compounds such as
Farnesyl-acetate [131], Acibenzolar-S-methyl [132], essential oils from H. marrubioides, A. gratissima,
and C. verbenacea [133], coffee oil [134]; seed treatment with shale water [135]; root drenching with
saccharin [136] were also reported to be effective in the suppression of SBR severity, but their actual
efficacy for effective SBR control is still awaiting assessment under field conditions.

Besides the beneficial effects on plant growth and yield, silicon (5i) is also gaining recognition
for its prophylactic role in alleviating diseases, insect attack, unfavourable climatic conditions, and in
improvement of the physical and chemical soil properties [137]. The use of soil- and/or foliar-applied
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silicon (5i) has reduced SBR disease severity up to 65% as well as delaying the disease onset [138,139].
Moreover, Arsenault-Labrecque et al., [140] showed that there is genetic variability for Si absorption
within soybean germplasm and high absorption of Si protects the soybean crop against SBR disease
through mediated resistance. In future, studies will be required to understand the mechanisms by
which Si boosts SBR disease resistance in soybean. Moreover, prior to widespread use of Si in soybean,
additional information, such as appropriate source of Si and its mode of application are also needed
for more precise and long-lasting control of P. pachyrhizi.

10.3. Biological and Chemical Control

The biocontrol of SBR lacks thorough studies, though some mycoparasites such as Trichothecium
rosae and Simplicillium lanosoniveum seem to be potential biocontrol agents which showed clear effect
on the germination of P. pachyrhizi uredospores and also reduced both sporulation and disease
severity [141,142]. In addition, Bacillus species could be the major sources of microbial biopesticides
due to their valuable characteristics. Dorighello et al., [134] observed reduction in rust severity as
well as complete inhibition in the germination of P. pachyrhizi uredospores with the application of
B. subtilis and B. pumilus. Nonetheless, even though application of biological agents holds promise for
sustainable management of SBR, progress in this direction needs to be followed up in the future with
more experimental evidence.

Considering the points discussed above, a combination of spatial deployment of resistant
cultivars/multi-lines together with crop management practices and biological control may offer the best
way to maximize the durability of rust resistance in soybean. The application of fungicides is one of
the most critical decisions and should be applied only when cultivar resistance has completely broken
down, and/or when rust inoculum starts to build up rapidly in the field, because most fungicides will
control rust for only 2 to 3 weeks.

11. Concluding Remarks

SBR caused by two different species, P. pachyrhizi and P. meibomiae, is considered the most
devastating disease of soybeans worldwide. It is well accepted that the more virulent of the two
species is P. pachyrhizi, a pathogen native to Asia-Australia which has dispersed beyond its traditional
range due to its capability to produce enormous numbers of wind-dispersed urediniospores, and
multiple infection cycles can take place within a single growing season. Since a rust pathogen is an
obligate biotrophic parasite, the genetic characteristics of the Phakopsora isolates are most difficult to
monitor outside its host. Therefore, any resistance genes in host cultivars that restrict or eradicate the
rust development will result in enormous selection pressure for pathotypes that are virulent to the
resistance genes.

The deployment of resistant cultivars is the most sustainable method for disease control including
SBR, but none of the Rpp genes conferring resistance to P. pachyrhizi identified so far in soybean
germplasm are effective against all the reported pathotypes of this fungus. Moreover, the resistance of
P. pachyrhizi to fungicides, together with evolution of new virulent races, suggest that no single strategy
will be able to maintain the sustainability of the crop. Since the availability of resistant cultivars holds
the promise for more precise and long-lasting control of SBR in soybean, it is necessary to continue
conducting research on genetic approaches for resistant gene identification, their effective deployment
and the strategies that enhance the durability of disease resistance genes in such cultivars. Finally, it
may be necessary to use fungicides when needed to minimize the economic losses incurred by this
fungus and to keep a functional industry until such time that more durable strategies can be developed.
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