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Abstract

Brazil is the largest global producer of sugarcane and plays a significant role—supplier of
sugar and bioethanol. However, diseases such as brown and orange rust cause substantial
yield reductions and economic losses, due decrease photosynthesis and biomass in sus-
ceptible cultivars. Molecular markers associated with resistance genes, such as Bru1
(brown rust) and G 1 (orange rust), could aid in predicting resistant genotypes. In this study,
we sought to associate the phenotypic response of 300 sugarcane accessions with the
genotypic response of Bru1 and G1 markers. The field trials were conducted in a random-
ized block design, and five six-month-old plants per plot were evaluated under natural dis-
ease conditions. Genotypic information about the presence or absence of Bru1 (haplotype
1) and G1 gene was obtained after extraction of genomic DNA and conventional PCR. Of
the total accessions evaluated, 60.3% (181) showed resistance to brown rust in the field,
and of these, 70.7% (128) had the Bru1 gene present. Considering the field-resistant acces-
sions obtained from Brazilian breeding programs (116), the Bru1 was present in 77,6% of
these accessions. While alternative resistance sources may exist, Bru1 likely confers endur-
ing genetic resistance in current Brazilian cultivars. Regarding the phenotypic reaction to
orange rust, the majority of accessions, 96.3% (288), were field resistant, and of these,
52.7% (152) carried the G1 marker. Although less efficient for predicting resistance when
compared to Bru1, the G1 marker could be part of a quantitative approach when new orange
rust resistance genes are described. Therefore, these findings showed the importance of
Bru1 molecular markers for the early selection of resistant genotypes to brown rust by
genetic breeding programs.

Introduction

Sugarcane (Saccharum spp.) is an essential crop for sugar production, accounting for 80% of
global sugar consumption [1]. It is also one of the primary sources of first- and second-

PLOS ONE | https://doi.org/10.1371/journal.pone.0307935  July 30, 2024

1/20


https://orcid.org/0000-0002-9835-7205
https://doi.org/10.1371/journal.pone.0307935
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307935&domain=pdf&date_stamp=2024-07-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307935&domain=pdf&date_stamp=2024-07-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307935&domain=pdf&date_stamp=2024-07-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307935&domain=pdf&date_stamp=2024-07-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307935&domain=pdf&date_stamp=2024-07-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307935&domain=pdf&date_stamp=2024-07-30
https://doi.org/10.1371/journal.pone.0307935
https://doi.org/10.1371/journal.pone.0307935
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Brown and orange rust screening in Saccharum germplasm

Competing interests: The authors have declared
that no competing interests exist.

generation ethanol, a sustainable alternative with high potential to mitigate the effects of cli-
mate change without affecting food security [2,3]. Additionally, sugarcane generates other
byproducts, such as biodiesel, bioelectricity, bioplastics, and fertilizers [4]. It is cultivated on 26
million hectares worldwide, and approximately 1.9 billion tons of sugarcane are produced
annually [1]. Brazil is the largest producer, with approximately 35% of the world’s planted
area, production estimated at 598.3 million tons of sugarcane in the 2022/2023 harvest, and
productivity estimated at 72 t/ha [5].

To obtain a new sugarcane cultivar, after the hybridization stage, many clones are com-
monly evaluated during several harvests in multi-environment trials. Furthermore, several
traits are evaluated simultaneously such as yield, resistance to diseases, pests and abiotic
stresses. So, sugarcane breeding programs seek to obtain new cultivars adapted to different
growing conditions, maximizing the presence of desirable traits, in a process that can take 10
to 15 years [6-8]. In addition to the challenges of agronomic and management practices, the
genetic complexity of modern sugarcane cultivars due to the high number of chromosomes
(ranging from 100 to 130), a large genome (>10 Gb), and the occurrence of aneuploidy, with a
variable number of chromosomes in each homology group [9-13], makes it difficult to assem-
ble all favorable alleles into a highly heterozygous outcrossing plant [6-8]. This complexity
also hampers the integration of quantitative traits and molecular data, consenquetely, to
understand the genetic architecture responsible for increasing yields. Conventional breeding
of sugarcane in Brazil has consistently been one of the major contributors to improving agro-
industrial yield over the last decades and providing security against outbreaks of pests and dis-
eases. However, due to the high genetic complexity of the crop, low heritability in the strict
sense of most economically important traits, and the lengthy breeding cycle, detailed knowl-
edge of quantitative genetics and possibly new innovative breeding strategies are needed to
continue genetic improvement [6].

Varietal resistance is the most viable control strategy for the leading diseases in sugarcane.
Among the foliar diseases of sugarcane, two species of Puccinia fungus cause brown rust (P.
melanocephala Syd. & P.Syd) and orange rust (P. kuehnii) [14]. The progression of brown and
orange rust depends on primary factors such as host genotype, environmental conditions
(temperature and humidity), and inoculum pressure [15,16], and the spores are easily spread
by wind and rain. In susceptible cultivars, the pathogen impairs the photosynthetic rate and
related pathways, causing a reduction in the height and diameter of the stalks, reducing the
number of stalks, and compromising the final production of biomass [15,17,18]. The chlorosis
resulting from leaf pathogen infection is linked to chlorophyll loss. Fungi causing necrotic leaf
reactions often affect leaf photosynthesis. Decreases in physiological traits, such as reduced
green leaf area index and functional chloroplast decline leading to reduced photosynthetic
rates, have been associated with crop yield losses [18].

Brown rust is present in almost all cultivation areas [19-21]. It is estimated that losses of
10-20 tons of sugarcane per hectare depend on the time that the fungus affects the crop
[18,22], potentially reaching losses of 50% in production [23]. Orange rust occurs in approxi-
mately 45 sugarcane-producing countries [16]. Losses of 30 to 50% have been recorded in Aus-
tralia, Brazil, and the USA when varieties susceptible to orange rust were used [22,23].

Globally, sugarcane genetic improvement programs have been working to develop varieties
resistant to brown and orange rust [6,16,24]. For example, sugarcane varieties resistant to
brown rust (P. melanocephala) were developed using the major rust resistance gene Brul,
which was identified in cultivar R570 [19,25]. Additionally, for brown rust, there are reports of
alternative sources of resistance [26-30]. Concomitantly, molecular markers, such as the Brul
marker [29,30] for brown rust and the GI marker [31] for orange rust, have been proposed to
predict resistance in modern sugarcane cultivars. Similarly, molecular markers associated with
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genes responsible for resistance to these diseases can help breeding programs confirm the
introgression of favourable alleles, find new sources of resistance, and release new cultivars
with durable resistance [32-34]. Therefore, using a core collection of 300 sugarcane genotypes,
the objectives of this study were: (i) field evaluation and genotyping of molecular markers
linked to resistance to brown (Brul) and orange (GI) rust; (ii) to evaluate markers for predict-
ing the resistance/susceptible phenotype and their potential application in marker-assisted
selection (MAS); and (iii) to track the presence/absence of the Brul marker in the genealogy of
a modern sugarcane variety widely cultivated in Brazil.

Materials and methods
Plant material

Molecular analyses (using Brul and GI markers) and field phenotypic evaluations of brown
and orange rust were conducted on a nuclear collection comprising 300 sugarcane accessions
(see S1 Table). This collection consisted of 242 accessions from the Brazilian Panel of Sugar-
cane Genotypes (BPSG) [35,36], nine varieties currently cultivated in commercial areas in Bra-
zil (CTC4, CTC9001, RB975033, RB975201, RB975952, RB975375, RB005014, RB015177, and
RB015935) [24], and 49 precommercial sugarcane hybrids from the genetic improvement pro-
gram of Rede Interuniversitaria para o Desenvolvimento do Setor Sucroenergético (RIDESA).
It is important to consider that the BPSG brings together the main parents of Brazilian breed-
ing programs in last decades, relevant cultivars from countries where sugarcane is grown, rep-
resentative genotypes of the Saccharum species (S. offcinarum, S. spontaneum, S. robustum, S.
sinense, S. barberi, S. edule), Erianthus spp. accessions, and important cultivars to Brazilian
mapping programs [35,36].

Evaluation of natural brown and orange rust infection in the field

The experiments were conducted at the Agricultural Sciences Center of the Federal University
of Sdo Carlos (UFSCar) in the city of Araras, State of Sdo Paulo, Brazil (22° 21’ 25" §, 47° 23’
03" W, 629 m a.s.l.). The site is characterized by a latosol, an annual rainfall of 1575 mm. The
climate is classified as Cwa mesothermic (K6ppen classification) with hot and humid summers
and dry winters. The annual average temperature in the experimental area is 21.5°C ranging
from 17.9°C in the coldest month (July) to 24.2°C in the hottest month (February) [24]. His-
torically, this location has experienced natural occurrences of brown rust (P. melanocephala)
and orange rust (P. kuehnii) due to climatic conditions, particularly between November and
March, when the average monthly rainfall and temperature are approximately 173 mm and
23°C, respectively [24,35].

The BPSG accessions were evaluated following a randomized block experimental design
with four replications, where each experimental plot consisted of two 3.0 m rows spaced 1.40
m apart [35]. The trial with commercial cultivars and precommercial hybrids followed a ran-
domized block design with two replications, where each experimental plot comprised two 5.0
m rows spaced 1.40 m apart. The commercial cultivars RB867515 and RB966928 were
included as standards in the experiments because of their widespread cultivation in Brazil [6].

For each accession, five six-month-old plants (per plot) were evaluated under conditions of
natural disease inoculation. The severity of brown rust and orange rust was visually assessed
on leaves +3 and +1, respectively, using the diagrammatic scale of Amorim et al. [37]. For
brown rust, accessions with a grade of 1 were classified as resistant, while those with scores
ranging from 2 to 9 were considered susceptible. Cultivars SP80-3280 and RB835486 were
used as resistant and susceptible checks to brown rust, respectively. Regarding orange rust,
accessions with scores up to 3 were considered resistant, whereas those with scores ranging
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from 4 to 9 were considered susceptible. Cultivars SP80-3280 and SP81-3250 were used as
resistant and susceptible checks to orange rust, respectively. Examples of the infection brown
rust and rust orange are illustrated in S1 Fig.

Brul and G1 marker analysis

Genomic DNA was extracted from 3.0 g of leaf primordium tissue following the method
described by Aljanabi et al. [38]. The conditions for amplifying the markers R12H16 and
9020-F4-Rsal associated with Brul, as well as the visualization of the amplified fragments,
were based on those of Costet et al. [30]. Briefly, amplification was performed with 50 ng of
DNA mixed with 1xPCR buffer, 2 mM MgCl,, 0.2 mM dNTP, 0.2 uM forward primer, 0.2 M
reverse primer, 0.5 U DNA polymerase in a final volume of 20 pl. The PCR profile used was:
one step of 94°C for 5 min followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for
45 s. Then, followed a final elongation step at 72°C for 5 min. Fifteen microliters of the
9020-F4 PCR products was digested with 1x NEBuffer] and 5U Rsal (New England Biolabs).
This digestion mix was incubated at 37°C for 2 h. The PCR products of R12H16 and
9020-F4-Rsal were run on a 2% agarose gel. The accessions were categorized into haplotypes
based on the fragments amplified by the molecular markers, with haplotype 1 assigned to
accessions presenting fragments from both markers and haplotype 4 assigned to accessions
not showing either of the two fragments. Only accessions containing the fragment amplified
by the R12H16 marker were classified as haplotype 2, while those containing only the fragment
amplified by the 9020-F4-Rsal marker were classified as haplotype 3 [39]. Amplification of the
GI marker and visualization of the 950 bp amplified fragment were performed following the
protocols outlined by Yang et al. [31] and Fier et al. [32]. Briefly, amplification was performed
in 20yl reaction containing 10x PCR buffer (10 mM Tris-HCl, 50 mM KCl), 2.5 mM MgCl,,
0.2 mM each ANTP, 1 uM each forward and reverse primer, 0.5U DNA polymerase, 40 ng
template DNA and ultrapure water to complete volume. Touchdown PCR was performed;
after initial denaturation at 95°C for 5 min, four steps were carry out: i) five cycles of 1 min
denaturing at 96°C, 5 min annealing at 68°C with a decrease of 2°C in each subsequent cycle,
and 1 min extension at 72°C; ii) five cycles of 1 min denaturing at 96°C, 2 min annealing at
58°C with a decrease of 2°C in each subsequent cycle, 1 min extension at 72°G; iii) 25 cycles of
1 min denaturing at 96°C, 1 min annealing at 50°C and 1 min extension at 72°C; and iv) a
final extension at 72°C for 5 min. PCR products were run on 1% agarose gel in horizontal elec-
trophoresis. Genotypes were classified based on the presence (1) or absence (0) of the ampli-
fied fragment.

Frequencies of Brul and GI1 markers in relation to the origin of the
accessions and across time

Molecular characterization of the Brul and GI markers was conducted on the nuclear collec-
tion of 300 accessions, considering the origin of the genotypes. Initially, the accessions were
categorized into three groups, as proposed by Medeiros et al. [36] and Barreto et al. [35]:
group A comprised ancestral germplasm, group FH included genotypes from foreign breeding
programs, and group B consisted of hybrids from Brazilian breeding programs. This third set
was further divided into subsets based on the year in which the crossing was conducted to
obtain the genotype, namely, Bl (1940-1951), B2 (1952-1961), B3 (1962-1971), B4 (1972~
1981), B5 (1982-1991), B6 (1992-2001), and B7 (2002-2011) (refer to S1 Table). The presence
of the Brul and GI genes was also assessed in a historical series of the ten varieties most
planted between 1974 and 2022 in the southcentral region of Brazil (states of Sdo Paulo and
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Mato Grosso do Sul). This production region accounts for approximately 50% of the sugarcane
production area in Brazil [5].

Genealogical exploration of the Brul gene in modern cultivars

The RB966928 variety [40] is a modern cultivar that had a significant commercial impact and
is extensively cultivated in the southcentral region of Brazil, covering approximately 582 thou-
sand hectares [6,41]. The pedigree was constructed using kinship data with PedigraphTM soft-
ware [42]. Information on the haplotypes of molecular markers associated with Brul, along
with the results of phenotypic characterization for brown rust (resistant or susceptible), was
incorporated into the genealogy. Additionally, seven accessions (Co285, EK28, CP27-34,
CP1165, CP27-139, CP38-34, and CP53-18), which were not originally part of the nuclear col-
lection evaluated in this study, were analysed for the markers R12H16 and 9020-F4-Rsal fol-
lowing a previously described procedure.

Results
Severity and incidence of brown rust in the field

The results of the field phenotypic assessment of brown rust are summarized in Tables 1 and
S1. Out of a total of 300 evaluated accessions, 181 accessions (60.3%) were rated as 1 (resistant),
while 119 accessions (39.7%) received ratings from 2 to 9 (susceptible), considering the average
values of the ratings on the diagrammatic scale obtained from the two years of evaluation.
Among the 181 resistant accessions, 50 belonged to ancestral germplasms (A) (Table 1 and
S2A Fig). Half of the accessions of S. officinarum and S. robustum, as well as all genotypes of S.
spontaneum, S. sinense, S. barberi, S. edule, and Erianthus, showed resistance to brown rust.
The hybrid Badila and genotypes from India, such as Chin, Chunnee, Ganda Cheni, Maneria,
SES 205A, White Mauritius, White Pararia, and White Transparent, were also resistant (S1
Table). A total of 15 foreign accessions (FHs) (41.6%) were resistant to brown rust (Table 1
and S2A Fig). The FH resistant group included genotypes from POJ2878 and R570. Australian

Table 1. Field evaluation of brown rust reaction and genotyping of molecular markers for the Brul gene in a nuclear collection of 300 sugarcane accessions ancestral
germplasm (A), foreign hybrids (FH), and Brazilian breeding (B)~

Resistant’ Susceptible®
Group Haplotypes' Haplotypes'
1 2 3 4 Total 1 2 3 4 Total
Ancestral access (A) 23 9 2 16 50 0 5 4 17 26
Foreign hybrids (FH) 15 0 0 0 15 0 4 1 16 21
Brazilian Breeding Programs (B)?
RB 71 9 9 5 94 0 8 0 29 37
SP 11 1 0 0 12 0 10 0 8 18
CTC 1 0 0 0 1 0 0 0 1 1
IAC 4 0 1 0 0 3 0 5 8
CB 3 0 1 0 4 0 3 0 6 9
Total 128 19 13 21 181 0 33 5 81 119

! Brul gene based on the molecular markers R12H16 and 9020-F4-Rsal genotyping as described by Costet et al., [30].
? Brazilian Breeding Programs: RB: Rede Interuniversitaria para o Desenvolvimento do Setor Sucroenergético; SP: Copersucar; CTC: Centro de Tecnologia Canavieira;
CB: Estagdo Experimental de Campos dos Goytacazes-R]J; IAC: Instituto Agrondémico de Campinas.

* Analysis of resistance and susceptibility to brown rust corresponds to the analyses conducted in the field.

https://doi.org/10.1371/journal.pone.0307935.t001
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Fig 1. Field and molecular evaluation of brown rust response in sugarcane accessions. a. Frequency of genotypes
resistant and susceptible to the disease according to a diagrammatic rating scale. Genotypes were categorized into
groups: Ancestral germplasm (A), foreign (FH), and Brazilian (B), further subdivided into B1 (1940-1951), B2 (1952-
1961), B3 (1962-1971), B4 (1972-1981), B5 (1982-1991), B6 (1992-2001), and B7 (2002-2011). Arrows indicate
between B3 and B4, the first report of brown rust occurrence in commercial sugarcane areas worldwide (Comstock,
[68]), and between B5 and B6, the emergence of the disease in Brazil (Copersucar 1986); b. Frequency of haplotypes of
molecular markers linked to the Brul gene in the A, FH, and B groups.

https://doi.org/10.1371/journal.pone.0307935.g001

accessions (Q70, Q165, and Q117) and Argentinean accessions (NA56-79 and TUC71-7) were
susceptible to brown rust under field conditions (S1 Table).

Out of a total of 188 accessions from Brazilian breeding programs (B), 116 (61.7%) were
resistant to brown rust (Table 1 and S2A Fig). According to the breeding programs, resistance
was detected in 94 RB accessions, 12 SP accessions (COPERSUCAR), one CTC accession
(Centro de Tecnologia Canavieira), five IAC accessions, and four CB accessions (cultivars
from Campos-R]) (Table 1 and S2A Fig, and S1 Table). In the B1, B2, and B3 subgroups for
the periods 1940-1951, 1952-1961, and 1961-1970, respectively, the number of resistant acces-
sions was lower than that in subsequent periods (Fig 1A). From B4 (1972-1981) onwards,
there was an increase in the number of genotypes resistant to brown rust, and a 32% increase
in resistant accessions from B5 (1982-1991) to B6 (1992-2001) was observed (Fig 1A).
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Haplotype frequencies of molecular markers associated with the Brul gene

Of the total number of evaluated accessions, 128 (42.6%) showed haplotype 1 (with both
molecular markers linked to the Brul gene), and 102 (34%) showed haplotype 4 (with both
molecular markers linked to the Brul gene missing). Only 17.3% of the accessions showed
haplotype 2 (with only the R12H16 marker), and 6% showed haplotype 3 (with only the
9020-F4-Rsal marker) (Tables 1 and S1).

The FH and B groups exhibited a greater frequency of haplotype 1 (82%) than did the
ancestral germplasms (A) (18%). Among the improved Brazilian accessions (B), the highest
proportion of the Brul gene was detected in the RB genotypes (79%), followed by the CB
(3.3%), IAC (4.4%), and SP (12.2%) genotypes (S1 Table and S2B Fig). In the ancestral germ-
plasm (A), haplotype 1 was observed in representatives of the species S. officinarum, S. sinense,
S. barberi, S. robustum, and S. spontaneum, with frequencies of 29.7%, 80%, 100%, 80%, and
14%, respectively (S1 Table).

On the other hand, the absence of markers for the Brul gene was more frequent in the
ancestral germplasms (A) (43.4%) than in the improved accessions (FH + B) (33.4%). For
example, in group A, haplotype 4 was observed in 43% of S. officinarum accessions, six
genotypes of Erianthus spp., and hybrids NG57-50 (S. officinarum x S. spontaneum) and
1]76-314 (S. robustum x S. officinarum). In the improved Brazilian germplasm (B), there
were 53 accessions with haplotype 4 (S1 Table and S1B Fig). In the FH set, accessions from
Argentina (NA56-79 and TUC71-7) and Australia (Q70, Q165, and Q117) had haplotype 4
(S1 Table).

Considering the Brazilian improved accessions (B) developed over seven decades (from
1940-1951 to 2002-2011), a 39% increase in the frequency of haplotype 1 was observed among
accessions from the B1 and B7 sets (Fig 1B).

Association between field response to brown rust and the Brul gene

Haplotype 1 was found in 128 (70.7%) of the 181 resistant accessions in the field evaluations
(Tables 1 and S1). In the improved Brazilian germplasms (B), a strong association between
haplotype 1 and field resistance to the disease was also observed. Haplotype 1 was observed
among 78.8% (71/90) of the RB accessions, 12.2% (11/90) of the SP accessions, 4.4% (4/90) of
the IAC accessions, 3.5% (3/90) of the CB accessions, and 1.1% (1/90) of the CTC accessions.
Foreign improved germplasm (FH) accessions that were resistant in the field evaluations also
exclusively presented haplotype 1 (Tables 1 and S1).

In contrast, there was a 46% association between field resistance and haplotype 1 in the
ancestral germplasm (A) accessions (Table 1). Out of the 38 representative S. officinarum
accessions, 19 were field resistant, but only 11 were genotyped as haplotype 1 (Ajax, Black Bor-
neo, Caiana Listrada, Cana Blanca, Ceram Red, IN84-105, IN84-106, NG57-221, Sabura, Sac.
Offic. 8284, and White Transparent). Five S. spontaneum accessions were field resistant, but
only Krakatau exhibited haplotype 1. Among the nine S. robustum accessions, only IM76-228
was field resistant and had haplotype 1. Among the five S. sinense accessions, four were field
resistant, and all four displayed haplotype 1 (Agaul, Ar Chi, China, and Maneria). Finally, out
of the four S. barberi accessions, three were field resistant and showed the presence of haplo-
type 1 (Chin, Chunnee, and Ganda Cheni) (S1 Table). In the ancestral germplasm (A), 16
accessions exhibited haplotype 4 and were field resistant, while 12 were susceptible. Among
the foreign hybrids (FHs), all accessions with haplotype 4 were susceptible in the field. Among
the 53 Brazilian hybrids with haplotype 4, only five were field resistant, and 48 were susceptible
(Tables 1 and S1).
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Exploring potential sources of the Brul gene in a Brazilian sugarcane
cultivar

To trace the presence of the Brul gene in modern sugarcane, the cultivar RB966928, which is
planted over approximately 720 thousand hectares in the cultivated area of Brazil, was chosen.
The genealogy of this cultivar is shown in 54 Fig, and it is composed of 67 sugarcane geno-
types. Overall, thirty-three accessions were evaluated with the molecular markers R12H16 and
9020-F4-Rsal. Of the 33 genotypes, 16 presented haplotype 1, indicating the presence of the
Brul gene; 15 presented haplotype 4, indicating the absence of the Brul gene; and the remain-
ing two accessions presented haplotype 3.

The results showed that haplotype 1, present in RB966928, was also found in ancestral
genotypes such as Chunnee (S. barberi), White Transparent (S. officinarum), and Kassoer
(hybrid between Black Cheribon (S. officinarum) and Glagah (S. spontaneum), as well as in
improved accessions that were frequently used in crosses as part of Brazilian breeding pro-
grams, such as POJ2878. The cultivar R570, where the Brul gene was originally identified, is
not a part of the genealogy of RB966928. However, out of the total of 18 genotypes that make
up the genealogy of R570 [43,44], eleven were also included in the genealogy of RB966928
(Chunnee, Black Cheribon, Glagah, Bandjarmasin Hitam, Loethers, Kassoer, EK28, POJ213,
POJ100, POJ2364, and POJ2878). On the other hand, the accession POJ213 (hybrid between
Chunnee (S. barberi) and Black Cheribon (S. officinarum), despite being resistant to brown
rust, presented haplotype 4 (S5 Fig and S1 Table), suggesting an alternative source of disease
resistance.

Severity and incidence of orange rust in the field

The results of the phenotypic evaluation of the response to orange rust in the 300 accessions of
the nuclear collection are summarized in Tables 2 and S1. A total of 289 accessions (96.3%)
received ratings from 1 to 3 (resistant), and 11 accessions (3.7%) received ratings from 4 to 9
(susceptible), considering the average value over the two years of evaluation (S3A Fig).

All accessions of S. officinarum, S. spontaneum, Erianthus, S. sinense, S. barberi, and S. edule
exhibited resistance to orange rust (Table 2). Among the S. robustum accessions, approxi-
mately 85.7% showed resistance to orange rust, except for the genotype IJ76-318, which

Table 2. Field evaluation of orange rust reaction and genotyping of molecular markers for the GI gene in a nuclear collection of 299 sugarcane accessions.

Access
Ancestral access (A)
Foreign hybrids (FH)
Brazilian Breeding Programs (B)?
RB
SP
CTC
IAC
CB
Total

Resistant Susceptible
Presence Absence Presence Absence
27 48 1 0
25 10 0 1
71 53 5 1
11 16 0 3
1 1 0 0
10 3 0 0
8 5 0 0
152 136 6 5

! GI marker to orange rust severity according to Yang et al.,, [31], indicates the presence (P) or absence (A).

? Brazilian Breeding Programs: RB: > Brazilian Breeding Programs: RB: Rede Interuniversitiria para o Desenvolvimento do Setor Sucroenergético; SP: Copersucar; CTC:

Centro de Tecnologia Canavieira; CB: Esta¢do Experimental de Campos dos Goytacazes—RJ; IAC: Instituto Agronémico de Campinas.

*Regarding the CP70-1547 genotype, there is no information available for the GI marker.

https://doi.org/10.1371/journal.pone.0307935.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0307935  July 30, 2024 8/20


https://doi.org/10.1371/journal.pone.0307935.t002
https://doi.org/10.1371/journal.pone.0307935

PLOS ONE Brown and orange rust screening in Saccharum germplasm

40 4

20 A

Frequency of genotypes (%)

mResistant  ® Susceptible

100 1

80 +

40 1

20 1

Frequency of genotypes (%)

A E Bl B2 B3 B4 BS B6 B7

mPresence ™ Absence

Fig 2. Frequency of accessions according to resistant and susceptible classes to orange rust and also according to
the presence and absence of the molecular marker G1. a. Frequency of accessions in the resistant and susceptible
classes to orange rust considering the ancestral germplasm (A), the set of improved foreign accessions (FH), and the set
of improved Brazilian accessions (B), which was divided into subgroups according to the decade in which their parents
were crossed; B1, B2, B3, B4, B5, B6, and B7, composed of accessions resulting from crosses made between the periods
1940-1951, 1952-1961, 1962-1971, 1972-1981, 1982-1991, 1992-2001, 2002-2011 respectively. The arrow in B6,
indicates the first report of orange rust occurrence in commercial sugarcane areas in Australia, while the arrow B7
indicates the emergence of orange rust in Brazil in 2009 (Barbasso et al., [70]). b. Frequency of accessions according to
the presence and absence of the molecular marker GI for the A, FH, and B subgroups.

https://doi.org/10.1371/journal.pone.0307935.9002

originated from Indonesia and showed susceptibility to the disease (S1 Table). Among the
improved foreign accessions (FH), 34 (97.2%) accessions displayed resistance to orange rust
(Table 2), including genotypes POJ2878 and R570, which originated from Indonesia and
Reunion Island, respectively (S1 Table).

Within the subset of improved Brazilian accessions (B), susceptibility was observed in B4
(1972-1981), B5 (1982-1991), and B6 (1992-2001). The presence of cultivars susceptible to the
disease was not detected in B7 (2002-2011) and subsequent temporal groups (Fig 2A).

Frequency of the GI molecular marker in the nuclear collection of accessions

Of the 299 accessions in the nuclear collection evaluated, 152 (52%) exhibited the presence of
the GI marker (Table 2 and S3 Fig). The frequency of accessions with the GI marker was
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greater in the set of improved accessions (B + FH) (58%) than in the ancestral germplasm (A)
(36.8%) (S3 Fig). Considering Brazilian breeding programs, there was variation in the presence
of the GI marker, which was most frequently found in the IAC germplasm (75%). An exami-
nation of the subgroups of Brazilian accessions (B1 to B7) revealed that despite most cultivars
being resistant to orange rust in the field (Fig 2A), the GI marker was not present in any of
these cultivars (Fig 2B).

Discussion

Fungal diseases that cause leaf rust pose significant challenges in sugarcane-producing coun-
tries worldwide [45,46]. Diseases such as brown and orange rust are associated with signifi-
cantly reduced sugarcane crop yields and, consequently, critical economic losses [16,20,47].
The search for genetic resistance is an efficient and environmentally sustainable way to develop
commercial sugarcane varieties [47,48]. However, the development of new rust-resistant culti-
vars is laborious, time-consuming, and expensive, as it involves resistance tests on natural
infestations in the field for several years in different agricultural production environments
[6,49]. Genetic tools, such as molecular markers, can aid in the molecular characterization of
resistance alleles in the germplasm used by breeders and are helpful tools for discarding sus-
ceptible clones in the selection phase [6,50,51]. In our study, the field trials conducted showed
that 60.3% of the accessions evaluated in a nuclear collection were resistant to brown rust
under natural infection conditions.

The strong association between resistant accessions of improved Brazilian germplasms and
haplotype 1 (Table 1) suggests that Brul is the primary source of resistance to brown rust for
Brazilian sugarcane genetic improvement programs. Here, we observed that 77.7% of the Bra-
zilian germplasm accessions were field resistant and presented haplotype 1 for the Brul gene.
Considering the subsets B1 to B7 of improved Brazilian accessions, there was an increase in
the number of genotypes resistant to brown rust over the decades, according to field evalua-
tions. Costet et al. [30] evaluated 380 accessions from different countries in a field trial, 194 of
which showed resistance to brown rust, and of these, 85.5% carried haplotype 1. Among the 94
main varieties from the Chinese sugarcane system, 70.21% were disease resistant, with the
Brul gene (haplotype 1) being present in 57.45% of the varieties. Dijoux et al. [16] evaluated
112 elite varieties belonging to four successive breeding series and reported that Brul was pres-
ent in 74.1% of the varieties but absent in 22.3% of the varieties and undetermined in the
remaining 3.6%. In our study, all the foreign field-resistant hybrids also exhibited haplotype 1.
Considering the ancestral germplasm, approximately 46% of the accessions were resistant to
brown rust and carried haplotype 1 (Table 1). Taken together, these results indicate that Bru1l
was part of the gene pool of the ancestors of the Saccharum complex and was transmitted to
modern allo-autopolyploid cultivars, overcoming the random pairing and recombination of
chromosomes in meiosis through the selection and fixation of functional alleles [29,52,53].
Healey et al. [54] completed the full genome mapping of the sugarcane cultivar R570, covering
the entire Brul gene region. In this region, two candidate genes represent a tandem kinase-
pseudo kinase (TKP) structure, TKP7 and TKP8, and were found as the causative genes for
brown rust resistance. The suggested model is that these genes recognize fungal effectors and
trigger a signaling cascade to confer resistance against the pathogen. The high frequency of the
Brul gene in Brazilian breeding programs suggests that this gene is the predominant source of
resistance in Brazilian sugarcane cultivars, demonstrating the great effort of these programs in
using resistant cultivars as parents for crossings [44]. This practice intensified mainly after the
emergence of brown rust in Brazil in 1986, when Brazilian breeding programs began to priori-
tize the use of these resistant cultivars for such crossings. In particular, we observed an increase
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Fig 3. Timeline for the period between 1974 and 2022 depicting the proportion of resistant and susceptible cultivars among the
top 10 most planted sugarcane cultivars in the states of Sao Paulo and Mato Grosso do Sul, in the Central-South region of
Brazil. Cultivars CB41-14, CB47-48, SP71-6163, SP71-1081, IACSP95-5000, CV7870, CTC-9003, CTC-9002 lack available haplotype
information for the Brul gene. Black arrow: Indicates the year 1986 when brown rust emerged in Brazil. “Haplotype information
sourced from Neuber et al., [55].

https://doi.org/10.1371/journal.pone.0307935.9003

in the numbers of field-resistant accessions and accessions with Brul (haplotype 1) in the data
shown here (Fig 1A and 1B). In the present study, considering the improved Brazilian acces-
sions (subgroups B1 to B7), there was an increase in the number of genotypes resistant to
brown rust over the decades, according to phenotypic evaluations carried out in the field. This
result suggests that breeding programs were efficient in fixing resistance alleles through
crossing.

Although there may be alternative sources of resistance to brown rust, it appears that the
Brul gene has given the cultivars currently cultivated in Brazil durable genetic resistance.
Some of the Brazilian commercial varieties resistant to brown rust have POJ2878 as a common
ancestor. The presence of haplotype 1 in this ancestor suggests that it may have been one of
those responsible for transmitting the Brul gene. In general terms, genetic improvement pro-
grams focus on two main processes: a) crossings with the aim of generating genetic variability
and b) selection phases (progeny assessment trials, clonal assessment trials and final assess-
ment trials) [6]. Thus, the small number of genetic recombinations and the intense activity of
genotype selection in different locations and years may have helped support the presence of
the Brul gene among commercial Brazilian cultivars. RB72454, the cultivar resistant to brown
rust responsible for changing the cultivar scenario when the disease arrived in the country, as
well as the ones most frequently planted in Brazil today (RB966928, RB867515, RB92579 and
RB855156; see Fig 3 and S5 Fig), has haplotype 1 and the cultivar POJ2878 in its genealogy.

A survey of the ten most planted cultivars in the states of Sao Paulo (SP) and Mato Grosso
do Sul (MS) (located in the southcentral region of Brazil) was conducted through a varietal
census carried out between 1974 and 2022 [41]. In this set of genotypes, the reactions to brown
rust and orange rust were assigned according to the diagrammatic scale in field evaluations.
The presence of the Brul gene and GI marker was also assessed for the same genotypes (Figs 3
and S4).

In 1974, six cultivars were susceptible to brown rust (CB41-76, CB41-14, IAC48/65, CB40-
77,1AC51/205, and CB40-13), accounting for almost 40% of the sugarcane-planted area in the
southcentral region, an extent of 480 thousand hectares. By 1980, eight cultivars were suscepti-
ble to brown rust (NA56-79, CB41-76, IAC52/150, IAC48/65, CB47-355, IAC51/205, CB45-
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155, and CB47-48), covering approximately 60% of the area (approximately 660 thousand
hectares) (Fig 3). In 1986-88, brown rust was detected for the first time in Brazil, and commer-
cial sugarcane fields were dominated by susceptible cultivars. Most susceptible cultivars exhib-
ited haplotypes 2 and 4 for the Brul gene, such as the most planted SP70-1143, NA56-79, and
SP71-1406. In 1986, brown rust was detected for the first time in Brazil. Resistant cultivars,
although less planted between 1974 and 1988, presented haplotype 1 (CB49-260, Co419,
IAC50/134, and CB53-98), indicating the presence of the Brul gene, and haplotype 3 (CB46-
47) (Fig 3). Eleven years after the arrival of brown rust in Brazil, the resistant cultivars
RB72454, RB785148, RB835089, and RB765418 occupied approximately 1 million hectares,
compared with the 700 thousand hectares cultivated with susceptible genotypes. These resis-
tant cultivars exhibited haplotype 1, except for RB835089 (haplotype 3).

With the expansion of sugarcane cultivation in Brazil, resistant cultivars harbouring the
Brul gene began to occupy increasingly larger areas. In 2012, the ten most planted cultivars
showed field resistance and haplotype 1, occupying approximately 3.6 million hectares. In the
following years, between 2013 and 2015, susceptible cultivars (CTC-4 and SP80-1842) were
among the most planted, but the combined area of resistant cultivars with haplotype 1 was
greater, at approximately 3.8 million hectares. In the last six years (2016 to 2022), the most
planted cultivar was RB966928, which is resistant to the disease and contains the Brul gene
(Fig 3).

From the first to the more recent survey, a period from 1974 to 2022, the sugarcane area in
the Centro-Sul region (states of SP and MS) increased from approximately 1.2 to 6.1 million
hectares, a fivefold expansion. Conversely, considering the area occupied by the 10 most
planted varieties, there was an increase in the frequency of the Brul gene due to the predomi-
nant cultivation of resistant cultivars with haplotype 1.

Opverall, the data indicated the prevalence of cultivars with field resistance to orange rust
during the period from 1974 to 2022. In 1995 and 1997, the RB72454 cultivar was among the
most planted, accounting for approximately 24% of the planted area. However, this cultivar
showed susceptibility in the field when exposed to the pathogen, despite possessing the G1
marker. From 2006 to 2013, the SP81-3250 cultivar was among the most planted, accounting
for approximately 12% of the planted area. This cultivar, in turn, showed susceptibility to
orange rust and lacked the GI marker. Others were swiftly planted to replace it, and it ceased
to be among the most planted after 2013. From 2016 onwards, no orange rust-susceptible culti-
var was included among the top 10 most planted cultivars.

Interestingly, the CTC-4, SP83-2847, RB975201, RB975242, RB985476, and RB975033 culti-
vars are field resistant but do not exhibit the GI marker. This finding suggests the existence of
an alternative source of resistance to orange rust in these cultivars (54 Fig). In the breeding
programs of Louisiana (United States) and Obispo Colombres (Argentina) [21,56], the fre-
quency of Brul is low, at 6% and 7%, respectively. In Argentina, climatic conditions favour a
high level of pathogen variability [57,58] and, consequently, increase the possibility of the
emergence of virulent genotypes that overcome resistance from Brul. These results suggest the
predominance of an alternative source of resistance to brown rust or the occurrence of races of
P. melanocephala that Brul does not confer resistance to [28,59,60]. Studies are being con-
ducted to develop molecular markers for alternative resistance sources [27,44], to improve pre-
diction of the Brul marker through the use of new restriction enzymes [61,62], and even to
include the Brul gene as a fixed effect in genomic prediction models, which could enhance
prediction accuracy [63]. Distortions in the pattern of joint segregation of molecular markers,
represented by haplotypes 2 and 3, may highlight rare recombination effects [30], non-comple-
mentarity of primer sequences in the evaluated accessions [26] or yet another source of resis-
tance to brown rust. This alternative source of resistance has great potential for identification
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in the field, as resistant accessions do not present either of the two markers for the Brul gene
[28,30,59,64,65], represented by haplotype 4. Considering the ancestral germplasm, all species
evaluated had at least one phenotypically resistant representative with haplotype 4, except for S.
barberi, which had four with haplotype 1 and one with haplotype 2 (Tables 1 and S1). Although
the Brul gene is a main responsible for resistance to brown rust, it is important that controlled
experiments be carried out, especially in regions with climatic conditions favourable for the
occurrence of the pathogen, to identify alternative resistance genes, select resistant clones that
do not harbour the Brul gene, include these clones in breeding efforts to broaden the genetic
basis of resistance to brown rust [26,28,51,56,62] and minimize the risks of the resistance gene
losing its efficacy [19,66,67]. Another interesting point is that cultivars that have some level of
susceptibility to brown rust are still cultivated, thus reducing the selection pressure for a possible
more virulent race of the pathogen and the consequent breakdown of resistance provided by
Brul. So, these areas with susceptible cultivars, even on a smaller scale, serve as refuge areas.

Orange rust in sugarcane is a disease with a more recent occurrence in commercial fields
than brown rust. However, the effect of the fungus P. kuehnii was devastating in the 2000s in
Australia, with considerable economic losses and production losses of Aus$150-210 million
[68]. This disease was first reported in Florida in 2007 [69]. It was next detected in Asia, Ocea-
nia, and Central and North America, and at the end of 2009, orange rust was reported for the
first time in Brazil [70]. Yang et al. [31] developed a molecular marker associated with an
orange rust resistance gene, called G1. This marker predicted 65.8% of resistant phenotypes in
a mapping population of 165 sugarcane genotypes.

In the present study, most accessions (96.3%) were resistant to the fungus P. kuehnii when
evaluated under natural inoculation conditions. Of the 288 resistant accessions from the
nuclear collection, 52.7% had the GI marker. These data indicate that although this disease is
recent in Brazil, some resistant cultivars were already being planted before the arrival of the
pathogen. This was important for preventing large productivity losses due to orange rust in
Brazilian cultivation areas, allowing the rapid replacement of susceptible cultivars [32]. A simi-
lar study of 3375 accessions of Saccharum spp. cultivars and allied genera belonging to the
ICAR-Sugarcane Breeding Institute (Research Centre, Kannur) revealed that approximately
98% of the clones were resistant to orange rust [71].

Hoepers et al. [72] evaluated 80 sugarcane genotypes for the presence of the GI marker and
concluded that the marker had low efficiency for predicting resistance to orange rust in clones
selected in a genetic improvement program. On the other hand, Fier et al. [32] observed high
efficiency in predicting resistance using the GI marker (71.43%) when evaluating 24 Brazilian
commercial cultivars. Borella et al. [73] evaluated 63 sugarcane progenitors preserved in the
RIDESA germplasm bank and found that the molecular marker GI was 71% accurate in pre-
dicting the resistance phenotype and thus could be used to characterize germplasm. There are
different ways to classify resistant genotypes using a rating scale, and there is some evidence
that more aggressive isolates or races of P. kuehnii [74-76] influence the predictive efficiency
of the GI marker.

In our study, the frequency of the GI marker in the ancestors was lower than that in the for-
eign hybrids and Brazilian accessions. Predominance of the GI marker was also observed in
Brazilian accessions (B1-B7), even when no resistance response to the pathogen was observed
in field evaluation. Yang et al. [31] proposed that the resistance gene associated with the G1
marker is responsible for horizontal resistance (durable resistance). Alternatively, the search
for and development of other molecular markers in greater linkage disequilibrium with the
gene linked to GI could result in greater efficiency in predicting resistance to orange rust.
Using an association mapping strategy, McCord et al. [77] detected 10 marker SNPs that were
statistically significant for the quantitative measurement of orange rust severity.
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In the study conducted by Dijoux et al. [78], a detailed assessment was carried out on 568
modern interspecific hybrids of sugarcane (Saccharum officinarum x S. spontaneum) from the
Réunion breeding program, focusing on resistance to orange rust under natural infection con-
ditions. Through a single-locus genome-wide association study (SL-GWAS), five quantitative
trait loci (QTLs) were identified, all originating from S. spontaneum. Additionally, a multi-
locus GWAS (ML-GWAS) identified an additional, albeit less significant, resistance QTL orig-
inating from S. officinarum. The analysis revealed that all six QTLs exhibited a moderate to sig-
nificant phenotypic effect on orange rust resistance.

The polygenic inheritance of resistance to orange rust hampers to develop tools capable of
early identification of resistant clones. In this context, the G1 is an initial source of research
about the defence mechanisms to orange rust. The association between phenotypic and geno-
typic data should also be better evaluated, since genotypes with some level of infection, up to 3
on a diagrammatic scale, could be considered resistant. Although immunity hardly exists,
when a pathogen quickly spreads, it is important to identify genotypes that tolerate the disease
and gradually increase selection pressure to obtain plants that have efficient defence mecha-
nisms without compromising their productivity. In Brazil, even before the arrival of the dis-
ease, breeding programs exchanged some important cultivars with countries where orange
rust was already present to discover resistance. This process would be faster and more efficient
if molecular tools with predictive capacity were quickly developed and made available to the
scientific community. One of the main bottlenecks in accelerating the development of sugar-
cane cultivars with desirable characteristics, such as disease resistance, is the lack of a large-
scale methodology that can be carried out quickly and accurately with little time demand. The
use of high-throughput phenotyping methods for brown and orange rust through multispec-
tral data based on UAV and machine learning algorithms could be an innovative alternative in
the search for resistant genotypes in sugarcane breeding programs [79,80]. The contribution
of these technologies is important in the context of the field selection phases, mainly in the
early phases where the selection pressure is to discard susceptible genotypes regardless of the
type of rust, since there is a tendency to confuse brown and orange rust in the images collected.
Collaboration to develop more efficient and faster selection strategies is essential to enable the
early detection of resistant cultivars. On the other hand, when the objective is to increase the
frequency of rust resistance alleles in breeding programs, characterize germplasm banks, or
screen genotypes used in germplasm exchanges, the molecular markers 9020-F4-Rsal, R12H16
(Brul) and GI are potential tools for the diagnosis and prediction of resistant phenotypes.
There is a clear need to search for new molecular markers based on genetic mapping strategies
that aim to increase linkage disequilibrium in regions previously associated with resistance,
also considering alternative sources of resistance and that account for the genetic diversity of
the pathogens P. melanocephala and P. kuehnii.

Supporting information

S1 Table. Sugarcane nuclear collection evaluated in this study. Total of 300 sugarcane acces-
sions evaluated in the field for response to resistance (R) or susceptibility (S) to brown and
orange rust diseases, haplotypes of the Brul based on the R12H16 and 9020-F4-Rsal markers,
and presence (1) or absence (0) of the GI marker. The phenotypic average of brown and
orange rust obtained through field trials were also presented. BP: accessions from breeding
program; NA: information not available.

(PDF)

S1 Fig. Different levels of severity of Puccinia melanocephala (brown rust) and Puccinia
kuehnii (orange rust) on sugarcane leaves. In the phenotypic evaluation, a diagrammatic

PLOS ONE | https://doi.org/10.1371/journal.pone.0307935  July 30, 2024 14/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307935.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307935.s002
https://doi.org/10.1371/journal.pone.0307935

PLOS ONE

Brown and orange rust screening in Saccharum germplasm

scale was used with scores for disease severity (Amorim et al., [37]); S1A Fig. Leaf without dis-
ease symptom for brown rust; S1B Fig. Leaf with grade 4 on the diagrammatic scale for brown
rust; S1C Fig. Leaf with a score of 6 on the diagrammatic scale for brown rust; S1D Fig. Leaf
without the disease symptom for orange rust; S1E Fig. Leaf with a grade of 8 on the diagram-
matic scale for orange rust.

(PDF)

S2 Fig. Frequency of accessions in response to brown rust and the Brul gene. S2A Fig. Phe-
notypic frequency of resistant and susceptible accessions to brown rust; and S2B Fig. Fre-
quency of Brul haplotypes in the nuclear collection of the 300 accessions.

(PDF)

S3 Fig. Frequency of accessions in response to orange rust and the molecular marker G1.
S3A Fig. Phenotypic frequency of accessions resistant and susceptible to orange rust; S3B Fig.
Genotypic frequency of the presence or absence of the GI marker in the nuclear collection of
the 300 accessions. *Regarding the CP70-1547 genotype, there is no information available for
the GI marker.

(PDF)

S4 Fig. Proportion of resistant and susceptible cultivars among the 10 most planted sugar-
cane cultivars in the states of Sdo Paulo and Mato Grosso do Sul, Central-South region of
Brazil, before and after the emergence of orange rust in Brazil. Cultivars in black do not
have available information for the GI molecular marker.

(PDF)

S5 Fig. Genealogy of the cultivar RB966928. Accessions indicated with filled triangles, circles,
and squares in black represent haplotypes 1, 3, and 4, respectively, for molecular markers asso-
ciated with the Brul gene. The kinship matrix was provided by the Sugarcane Breeding Pro-
gram at the Federal University of Sdo Carlos, part of the Interuniversity Network for the
Development of the Sugarcane Sector (RIDESA) (https://www.ridesaufscar.com.br/). Pedi-
graphTM software was used to construct the genealogical tree. In the image, (R): accessions
resistant to brown rust; (S): accessions susceptible to brown rust. * Information collected from
the references: Costet et al., [30], Glynn et al,, [56], Racedo et al.,, [59], Parco et al., [26], and
Neuber et al., [55].

(PDF)

Acknowledgments

We gratefully acknowledge Sandro Augusto Ferrarez for providing support in the field
experiment.

Author Contributions
Conceptualization: Fernanda Zatti Barreto, Monalisa Sampaio Carneiro.
Data curation: Monalisa Sampaio Carneiro.

Formal analysis: Gleicy Kelly Oliveira, Fernanda Zatti Barreto, Thiago Willian Almeida Balsa-
lobre, Roberto Giacomini Chapola.

Funding acquisition: Monalisa Sampaio Carneiro.

Investigation: Gleicy Kelly Oliveira, Thiago Willian Almeida Balsalobre, Hermann Paulo
Hoffmann, Monalisa Sampaio Carneiro.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307935  July 30, 2024 15/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307935.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307935.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307935.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0307935.s006
https://www.ridesaufscar.com.br/
https://doi.org/10.1371/journal.pone.0307935

PLOS ONE

Brown and orange rust screening in Saccharum germplasm

Methodology: Gleicy Kelly Oliveira, Fernanda Zatti Barreto, Roberto Giacomini Chapola,
Monalisa Sampaio Carneiro.

Project administration: Monalisa Sampaio Carneiro.

Resources: Monalisa Sampaio Carneiro.

Software: Thiago Willian Almeida Balsalobre.

Supervision: Monalisa Sampaio Carneiro.

Validation: Thiago Willian Almeida Balsalobre, Monalisa Sampaio Carneiro.

Visualization: Thiago Willian Almeida Balsalobre, Roberto Giacomini Chapola, Hermann
Paulo Hoffmann, Monalisa Sampaio Carneiro.

Writing - original draft: Gleicy Kelly Oliveira, Fernanda Zatti Barreto, Thiago Willian
Almeida Balsalobre, Roberto Giacomini Chapola, Hermann Paulo Hoffmann, Monalisa
Sampaio Carneiro.

Writing - review & editing: Gleicy Kelly Oliveira, Fernanda Zatti Barreto, Thiago Willian
Almeida Balsalobre, Roberto Giacomini Chapola, Hermann Paulo Hoffmann, Monalisa
Sampaio Carneiro.

References

1. Food And Agriculture Organization Of The United Nations (FAO). 2023. FAOSTAT. FAO, Rome. Avail-
able at: https://www.fao.org/faostat/en/. Accessed on: April 2023.

2. LongS, Karp A, Buckeridge M, Davis S, Moore P, Moose S, et al. Feedstocks for biofuels and bioe-
nergy. In: Souza G, Victoria R, Joly C, Verdade L, editors. Bioenergy and sustainability: bridging the
gaps. Paris: Scientific Committee on Problems of the Environment (SCOPE); 2015. pp. 302—-336.

3. Kline KL, Msangi S, Dale VH, Woods J, Souza Glaucia M, Osseweijer P, et al. Reconciling food security
and bioenergy: priorities for action. GCB Bioenergy. 2017; 9: 557-576.

4. Vandenberghe LPS, Valladares-Diestra KK, Bittencourt GA, Torres LAZ, Vieira S, Karp SG, et al.
Beyond sugar and ethanol: the future of sugarcane biorefineries in Brazil. Renew Sustain Energy Rev.
2022; 167: 112721.

5. Companhia Nacional De Abastecimento (CONAB). Levantamento de safra. Primeiro levantamento
safra 2017/2018 de cana-de-agucar; [cited 2023 April 22]. Available from: https://www.conab.gov.br/
info-agro/safras/cana/boletim-da-safra-de-cana-de-acucar.

6. Cursi DE, Castillo RO, Tarumoto Y, Umeda M, Tippayawat A, Ponragdee W, et al. Origin, genetic diver-
sity, conservation, and traditional and molecular breeding approaches in sugarcane. In: Priyadarshan
PM Jain SM, editors. Cash crops: genetic diversity, erosion, conservation and utilization. Cham:
Springer International Publishing; 2022. pp. 83—116.

7. Dumont T, Barau L, Thong-Chane A, Dijoux J, Mellin M, Daugrois J, et al. Sugarcane breeding in
reunion: challenges, achievements and future prospects. Sugar Tech. 2022; 24: 181-192.

8. Santchurn D, Badaloo MGH, Koonjah S, Dookun-Saumtally A. Sugarcane breeding and supporting
genetics research in Mauritius. Sugar Tech. 2022; 24: 48—63.

9. Garsmeur O, Droc G, Antonise R, Grimwood J, Potier B, Aitken K, et al. A mosaic monoploid reference
sequence for the highly complex genome of sugarcane. Nat Commun. 2018; 9: 2638. https://doi.org/10.
1038/s41467-018-05051-5 PMID: 29980662

10. Piperidis N D’Hont A. Sugarcane genome architecture decrypted with chromosome-specific oligo
probes. Plant J. 2020; 103: 2039—-2051.

11.  Vieira MLC, Almeida CB, Oliveira CA, Tacuatia LO, Munhoz CF, Cauz-Santos LA, et al. Revisiting mei-
osis in sugarcane: chromosomal irregularities and the prevalence of bivalent configurations. Front
Genet. 2018; 9: 213. https://doi.org/10.3389/fgene.2018.00213 PMID: 29963076

12. ZhangJ, Zhang X, Tang H, Zhang Q, Hua X, Ma X, et al. Allele-defined genome of the autopolyploid
sugarcane Saccharum spontaneum L. Nat Genet. 2018; 50: 1565—-1573.

13. Souza GM, van Sluys MA, Lembke CG, Lee H, Margarido GRA, Hotta CT, et al. Assembly of the 373k
gene space of the polyploid sugarcane genome reveals reservoirs of functional diversity in the World’s

PLOS ONE | https://doi.org/10.1371/journal.pone.0307935  July 30, 2024 16/20


https://www.fao.org/faostat/en/
https://www.conab.gov.br/info-agro/safras/cana/boletim-da-safra-de-cana-de-acucar
https://www.conab.gov.br/info-agro/safras/cana/boletim-da-safra-de-cana-de-acucar
https://doi.org/10.1038/s41467-018-05051-5
https://doi.org/10.1038/s41467-018-05051-5
http://www.ncbi.nlm.nih.gov/pubmed/29980662
https://doi.org/10.3389/fgene.2018.00213
http://www.ncbi.nlm.nih.gov/pubmed/29963076
https://doi.org/10.1371/journal.pone.0307935

PLOS ONE

Brown and orange rust screening in Saccharum germplasm

14.

15.

16.

17.

18.

19.

20.

21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

leading biomass crop. Gigascience. 2019; 8: giz129. https://doi.org/10.1093/gigascience/giz129 PMID:
31782791

Rott P, Kaye C, Naranjo M, Shine JM, Sood S, Comstock JC, et al. Controlling sugarcane diseases in
Florida: a challenge in constant evolution. Proc Intern Soc Sugar Cane Technol Cong. 2016; 29: 595—
600.

Sanjel S, Chaulagain B, Small IM, Comstock JC, Hincapie M, Raid RN, et al. Comparison of progress of
brown rust and orange rust and conditions conducive for severe epidemic development during the sug-
arcane crop season in Florida. Plant Dis. 2019; 103: 825-831. https://doi.org/10.1094/PDIS-05-18-
0862-RE PMID: 30806575

Dijoux J, Dumont T, Paysan M, Legrand C, Hervouet C, Barau L, et al. Effects of orange rust on sugar-
cane yield traits in a multi-environment breeding program. Euphytica. 2023; 219: 49.

Raid RN, Comstock JC. Common rust. In: Rott P, Bailey R, Comstock JC, Croft B, Saumtally S, editors.
A guide to sugarcane diseases. Montpellier, France: CIRAD/ISSCT; 2000. pp. 85-89.

Zhao D, Glynn NC, Glaz B, Comstock JC, Sood S. Orange rust effects on leaf photosynthesis and
related characters of sugarcane. Plant Dis. 2011; 95: 640—647. https://doi.org/10.1094/PDIS-10-10-
0762 PMID: 30731934

Asnaghi C, Roques D, Ruffel S, Kaye C, Hoarau JY, Télismart H, et al. Targeted mapping of a sugar-
cane rust resistance gene (Bru1) using bulked segregant analysis and AFLP markers. Theor Appl
Genet. 2004; 108: 759-764. https://doi.org/10.1007/s00122-003-1487-6 PMID: 14586507

Hoy JW, Hollier CA. Effect of brown rust on yield of sugarcane in Louisiana. Plant Dis. 2009; 93: 1171—
1174. https://doi.org/10.1094/PDIS-93-11-1171 PMID: 30754585

Purdy LH. Sugarcane rust, a newly important disease. Plant Dis. 1983; 67: 1292—1305.

Magarey RC, Croft BJ, Willcox TG. An epidemic of orange rust on sugarcane in Australia. Proc Int Soc
Sugar Cane Technol. 2001; 24: 410—416.

Rott P, Sood S, Comstock JC, Raid RN, Glynn NC, Gilbert RA, et al. Sugarcane orange rust. Gaines-
ville: Florida Sugarcane Handbook (UF/IFAS); 2014.

Chapola RG, Hoffmann HP, Massola NS. Reaction of sugarcane varieties to orange rust (Puccinia
kuehnii) and methods for rapid identification of resistant genotypes. Tropical Plant Pathol. 2016; 41:
139-146.

Daugrois JH, Grivet L, Roques D, Hoarau JY, Lombard H, Glaszmann JC, et al. A putative major gene
for rust resistance linked with a RFLP marker in sugarcane cultivar ‘R570’. Theor Appl Genet. 1996; 92:
1059-1064.

Parco AS, Avellaneda MC, Hale AH, Hoy JW, Kimbeng CA, Pontif MJ, et al. Frequency and distribution
of the brown rust resistance gene Bru1 and implications for the Louisiana sugarcane breeding pro-
gramme. Plant Breed. 2014; 133: 654—659.

Chaves S, Ostengo S, Bertani RP, Malavera ANP, Cuenya MI, Filippone MP, et al. Novel alleles linked
to brown rust resistance in sugarcane. Plant Pathol. 2022; 71: 1688—1699.

Racedo J, Perera MF, Bertani R, Funes C, Gonzalez V, Cuenya MI, et al. Bru1 gene and potential alter-
native sources of resistance to sugarcane brown rust disease. Euphytica. 2013; 191: 429-436.

Cunff LL, Garsmeur O, Raboin LM, Pauquet J, Telismart H, Selvi A, et al. Diploid/polyploid syntenic
shuttle mapping and haplotype-specific chromosome walking toward a rust resistance gene (Bru1) in
highly polyploid sugarcane (2n approximately 12x approximately 115). Genetics. 2008; 180: 649-660.
https://doi.org/10.1534/genetics.108.091355 PMID: 18757946

Costet L, Cunff LL, Royaert S, Raboin LM, Hervouet C, Toubi L, et al. Haplotype structure around Bru1
reveals a narrow genetic basis for brown rust resistance in modern sugarcane cultivars. Theor Appl
Genet. 2012; 125: 825-836.

Yang X, Islam MS, Sood S, Maya S, Hanson EA, Comstock J, et al. Identifying quantitative trait loci
(QTLs) and developing diagnostic markers linked to orange rust resistance in sugarcane (Saccharum
spp.). Front Plant Sci. 2018; 9: 350. https://doi.org/10.3389/fpls.2018.00350 PMID: 29616061

Fier i, Balsalobre TWA, Chapola RG, Hoffmann HP, Carneiro MS. Field resistance and molecular
detection of the orange rust resistance gene linked to G71 marker in Brazilian cultivars of sugarcane.
Summa Phytopathol. 2020; 46: 92-97.

Singh G., Kaur N., Khanna R., Kaur R., Gudi S., Kaur R.,... & Mangat G. S.(2024). 2Gs and plant archi-
tecture: breaking grain yield ceiling through breeding approaches for next wave of revolution in rice
(Oryza sativa L.). Critical Reviews in Biotechnology, 44(1), 139—-162. https://doi.org/10.1080/
07388551.2022.2112648 PMID: 36176065

Gudi S., Alagappan P., Raigar O. P., Halladakeri P., Gowda R. S., Kumar P.,. .. & Saini D. K. (2024).
Fashion meets science: how advanced breeding approaches could revolutionize the textile industry.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307935  July 30, 2024 17/20


https://doi.org/10.1093/gigascience/giz129
http://www.ncbi.nlm.nih.gov/pubmed/31782791
https://doi.org/10.1094/PDIS-05-18-0862-RE
https://doi.org/10.1094/PDIS-05-18-0862-RE
http://www.ncbi.nlm.nih.gov/pubmed/30806575
https://doi.org/10.1094/PDIS-10-10-0762
https://doi.org/10.1094/PDIS-10-10-0762
http://www.ncbi.nlm.nih.gov/pubmed/30731934
https://doi.org/10.1007/s00122-003-1487-6
http://www.ncbi.nlm.nih.gov/pubmed/14586507
https://doi.org/10.1094/PDIS-93-11-1171
http://www.ncbi.nlm.nih.gov/pubmed/30754585
https://doi.org/10.1534/genetics.108.091355
http://www.ncbi.nlm.nih.gov/pubmed/18757946
https://doi.org/10.3389/fpls.2018.00350
http://www.ncbi.nlm.nih.gov/pubmed/29616061
https://doi.org/10.1080/07388551.2022.2112648
https://doi.org/10.1080/07388551.2022.2112648
http://www.ncbi.nlm.nih.gov/pubmed/36176065
https://doi.org/10.1371/journal.pone.0307935

PLOS ONE

Brown and orange rust screening in Saccharum germplasm

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Critical reviews in biotechnology, 1-27. https://doi.org/10.1080/07388551.2024.2314309 PMID:
38453184

Barreto FZ, Balsalobre TWA, Chapola RG, Garcia AAF, Souza AP, Hoffmann HP, et al. Genetic vari-
ability, correlation among agronomic traits, and genetic progress in a sugarcane diversity panel. Agricul-
ture. 2021; 11: 533.

Medeiros C, Balsalobre TWA, Carneiro MS. Molecular diversity and genetic structure of Saccharum
complex accessions. PLoS One. 2020; 15: e0233211.

Amorim L, Filho AB, Sanguino A, Cardoso CON, Moraes VA, Fernandes CR. Metodologia de avaliagdo
da ferrugem da cana-de-agucar (Puccinia melanocephala). Bol Tec Copersucar. 1987; 39: 13—-16.

Aljanabi SM, Forget L, Dookun A. An improved and rapid protocol for the isolation of polysaccharide-
and polyphenol-free sugarcane DNA. Plant Mol Biol Report. 1999; 17: 281-281.

Barreto FZ, Balsalobre TWA, Chapola RG, Hoffmann HP, Carneiro MS. Validagcdo de marcadores
moleculares associados a resisténcia a ferrugem marrom em cana-de-agucar. Summa Phytopathol.
2017; 43: 36—40.

Daros E, Bespalhok Filho JC, Zambon JLC, Ido OT, Oliveira RAD, Ruaro L, et al. RB966928: early
maturing sugarcane cultivar. Crop Breed Appl Biotechnol. 2010; 10: 278-281.

Programa De Melhoramento Genético Da Cana-De-Agucar (Pmgca) Da Universidade Federal De Séo
Carlos (UFSCar). Censo varietal de cana-de-agucar; [cited 2023 March 15]. Available from: http://
pmgca.dbv.cca.ufscar.br/.

Garbe JR, Da Y. Pedigraph: a software tool for the graphing and analysis of large complex pedigree.
User manual version 2.4. United States: Department of Animal Science, University of Minnesota;
2008.

Raboin LM, Pauquet J, Butterfield M, D’Hont A, Glaszmann J-C. Analysis of genome-wide linkage dis-
equilibrium int eh highly polyploid sugarcane. Theor Appl Genet. 2008; 116: 701-714.

Raboin LM, Oliveira KM, Lecunff L, Telismart H, Roques D, Butterfield M, et al. Genetic mapping in sug-
arcane, a high polyploid, using bi-parental progeny: identification of a gene controlling stalk colour and a
new rust resistance gene. Theor Appl Genet. 2006; 112: 1382—1391. https://doi.org/10.1007/s00122-
006-0240-3 PMID: 16552554

Huang Y-K, Li W-F, Zhang R-Y, Wang X-Y. Diagnosis and control of sugarcane important diseases. In:
Huang Y-K, Li W-F, Zhang R-Y, Wang X-V, editors. Color illustration of diagnosis and control for mod-
ern sugarcane diseases, pests, and weeds. Singapore: Springer; 2018. pp. 1-103.

Rahman M, Sultana S, Nath D, Kalita S, Chakravarty D, Mehta S, et al. Molecular breeding approaches
for disease resistance in sugarcane. In: Wani SH, editor. Disease resistance in crop plants: molecular,
genetic and genomic perspectives. Cham: Springer International Publishing; 2019. pp. 131-155.

McCord PH, Migneault AJ. Genotyping sugarcane for the brown rust resistance locus Bru1 using unla-
beled probe melting. Sugar Tech. 2016; 18: 401-406.

Shabbir R, Javed T, Afzal I, Sabagh AE, Ali A, Vicente O, et al. Modern biotechnologies: innovative and
sustainable approaches for the improvement of sugarcane tolerance to environmental stresses. Agron-
omy. 2021; 11: 1042.

Hoy JW, Avellaneda MC, Bombecini J. Variability in Puccinia melanocephala pathogenicity and resis-
tance in sugarcane cultivars. Plant Dis. 2014; 98: 1728—1732. https://doi.org/10.1094/PDIS-01-14-
0074-RE PMID: 30703888

Agarwal C., Chen W., Varshney R. K. & Vandemark G. Linkage QTL mapping and genome-wide asso-
ciation study on resistance in chickpea to pythium ultimum. Front. Genet. 13, 945787 (2022). https://
doi.org/10.3389/fgene.2022.945787 PMID: 36046237

Goutam U, Kukreja S, Yadav R, Salaria N, Thakur K, Goyal AK. Recent trends and perspectives of
molecular markers against fungal diseases in wheat. Front Microbiol. 2015 Aug 25; 6:861. https://doi.
org/10.3389/fmicb.2015.00861 PMID: 26379639; PMCID: PMC4548237.

Garsmeur O, Charron C, Bocs S, Jouffe V, Samain S, Couloux A, et al. High homologous gene conser-
vation despite extreme autopolyploid redundancy in sugarcane. New Phytol. 2011; 189: 629-642.
https://doi.org/10.1111/.1469-8137.2010.03497.x PMID: 21039564

Zhang Q, HUW, Zhu F, Wang L, Yu Q, Ming R, et al. Structure, phylogeny, allelic haplotypes and
expression of sucrose transporter gene families in Saccharum. BMC Genom. 2016; 17: 88. https://doi.
org/10.1186/s12864-016-2419-6 PMID: 26830680

Healey AL, Garsmeur O, Lovell JT, Shengquiang S, Sreedasyam A. et al. The complex polyploid
genome architecture of sugarcane. Nature. 2024 Apr; 628(8009):804—810. https://doi.org/10.1038/
s41586-024-07231-4 PMID: 38538783

PLOS ONE | https://doi.org/10.1371/journal.pone.0307935  July 30, 2024 18/20


https://doi.org/10.1080/07388551.2024.2314309
http://www.ncbi.nlm.nih.gov/pubmed/38453184
http://pmgca.dbv.cca.ufscar.br/
http://pmgca.dbv.cca.ufscar.br/
https://doi.org/10.1007/s00122-006-0240-3
https://doi.org/10.1007/s00122-006-0240-3
http://www.ncbi.nlm.nih.gov/pubmed/16552554
https://doi.org/10.1094/PDIS-01-14-0074-RE
https://doi.org/10.1094/PDIS-01-14-0074-RE
http://www.ncbi.nlm.nih.gov/pubmed/30703888
https://doi.org/10.3389/fgene.2022.945787
https://doi.org/10.3389/fgene.2022.945787
http://www.ncbi.nlm.nih.gov/pubmed/36046237
https://doi.org/10.3389/fmicb.2015.00861
https://doi.org/10.3389/fmicb.2015.00861
http://www.ncbi.nlm.nih.gov/pubmed/26379639
https://doi.org/10.1111/j.1469-8137.2010.03497.x
http://www.ncbi.nlm.nih.gov/pubmed/21039564
https://doi.org/10.1186/s12864-016-2419-6
https://doi.org/10.1186/s12864-016-2419-6
http://www.ncbi.nlm.nih.gov/pubmed/26830680
https://doi.org/10.1038/s41586-024-07231-4
https://doi.org/10.1038/s41586-024-07231-4
http://www.ncbi.nlm.nih.gov/pubmed/38538783
https://doi.org/10.1371/journal.pone.0307935

PLOS ONE

Brown and orange rust screening in Saccharum germplasm

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Neuber AC, dos Santos FRC, da Costa JB, Volpin M, Xavier MA, Perecin D, et al. Survey of the Bru1
gene for brown rust resistance in Brazilian local and basic sugarcane germplasm. Plant Breed. 2017;
136: 182-187.

Glynn NC, Laborde C, Davidson RW, Irey MS, Glaz B, D’Hont A, et al. Utilization of a major brown rust
resistance gene in sugarcane breeding. Mol Breed. 2013; 31: 323-331.

Pocovi MI, Rech GE, Collavino NG, Caruso GB, Rios R, Mariotti JA. Molecular diversity of Puccinia mel-
anocephala populations. J Phytopathol. 2010; 158: 769-775.

Barrera W, Hoy J, Li B. Temperature and leaf wetness effects on infection of sugarcane by Puccinia
melanocephala. J Phytopathol. 2012; 160: 294—298.

Racedo J, Noguera AS, Castagnaro AP, Perera MF. Biotechnological strategies adopted for sugarcane
disease management in Tucuman, Argentina. Plants (Basel). 2023; 12: 3994.

Perera MF, Ostengo S, Malavera ANP, Balsalobre TWA, Onorato GD, Noguera AS, et al. Genetic diver-
sity and population structure of Saccharum hybrids. PLoS One. 2023; 18: e0289504.

Wang H-B, Chen P-H, Yang Y-Q, D’Hont A, Lu Y-H. Molecular insights into the origin of the brown rust
resistance gene Bru1among Saccharum species. Theor Appl Genet. 2017; 130: 2431-2443.

Li X, Xu C, Mao J, Liu H, Li C, Liu X, et al. Detection of key brown rust resistance gene, Bru1, in 200 sug-
arcane (Saccharum L.) ancestral species and landraces using a four-primer molecular marker. Sugar
Tech. 2021; 23: 838—842.

Md Islam., McCord P. H.,Olatoye M. O., Qin L.,Sood S., Lipka A. E.& Todd J. R.(2021). Experimental
evaluation of genomic selection prediction for rust resistance in sugarcane. Plant Genome, 14, e20148.
https://doi.org/10.1002/tpg2.20148 PMID: 34510803

Zhao D, Davidson RW, Baltazar M, Comstock JC, McCord P, Sood S. Screening for sugarcane brown
rust in the first clonal stage of the canal point sugarcane breeding program. Agronomy. 2015; 5: 341—
362.

Zhang R-Y, Shan H-L, Yang K, Wang X-Y, Cang X-Y, Wang C-M, et al. Identification of brown rust resis-
tance in the field and detection of the Bru1 gene in sugarcane varieties. Crop Breed Appl Biotechnol.
2021;21: e32542121.

Shine J Jr, Comstock J, Dean J. Comparison of five isolates of sugarcane brown rust and differential
reaction on six sugarcane clones. Sugar Cane Int. 2005; 23: 24-29.

Peixoto-Junior RF, Creste S, Landell MG, Nunes DS, Sanguino A, Campos MF, et al. Genetic diversity
among Puccinia melanocephala isolates from Brazil assessed using simple sequence repeat markers.
Genet Mol Res. 2014; 13: 7852-7863.

Braithwaite KS, Croft BJ, Magarey RC, Scharaschkin T. Phylogenetic placement of the sugarcane
orange rust pathogen Puccinia kuehniiin a historical and regional context. Australas Plant Pathol. 2009;
38: 380-388.

Comstock JC, Sood SG, Glynn NC, Shine JM Jr, McKemy JM, Castlebury LA. First report of Puccinia
kuehnii, causal agent of orange rust of sugarcane, in the United States and Western hemisphere. Plant
Dis. 2008; 92: 175.

Barbasso D, Jordao H, Maccheroni W, Boldini J, Bressiani J, Sanguino A. First report of Puccinia kueh-
nii, causal agent of orange rust of sugarcane, in brazil. Plant Dis. 2010; 94: 1170.

Gopi R, Chandran K, Viswanathan R, Mahendran B, Nisha M, P GP, et al. Diseases and reaction of
clones of Saccharum spontaneum and Erianthus spp. of the World collection of sugarcane germplasm.
Australas Plant Pathol. 2023; 52: 407-417.

Hoepers LML, Koch G, Silva MCC, Ruaro L, Calegario RF, Filho JCB, et al. Validation of the G1 molec-
ular marker associated with resistance to orange rust in Brazilian sugarcane genotypes. Sugar Tech.
2021;23: 108-117.

Borella J, Brasileiro BP, de Azeredo AAC, Ruaro L, de Oliveira RA, Filho JCB. Resistance to orange
rust associated with the G1 molecular marker in parents of Brazilian RB sugarcane varieties. Genet Mol
Res. 2022; 21: GMR18980.

Urashima AS, Mistura TDF, Porto LNR, Austin PD, Arias RS. Genetic diversity of Puccinia kuehnii, the
causal agent of orange rust of sugarcane, from Brazil. J Phytopathol. 2020; 168: 581-590.

Sanjel S, Hincapie M, Wang Y, Todd J, Chaulagain B, Sood S, et al. Occurrence of two races of Pucci-
nia kuehnii causing orange rust of sugarcane in Florida. Plant Pathol. 2021; 70: 1616-1625.

Moreira AS, Nogueira AF Jr, Gongalves CRNB, Souza NA, Filho. Pathogenic and molecular compari-
son of Puccinia kuehniiisolates and reactions of sugarcane varieties to orange rust. Plant Pathol. 2018;
67: 1687—1696.

McCord P, Glynn N, Comstock J. Identifying markers for resistance to sugarcane orange rust (Puccinia
kuehnii) via selective genotyping and capture sequencing. Euphytica. 2019; 215: 150.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307935  July 30, 2024 19/20


https://doi.org/10.1002/tpg2.20148
http://www.ncbi.nlm.nih.gov/pubmed/34510803
https://doi.org/10.1371/journal.pone.0307935

PLOS ONE Brown and orange rust screening in Saccharum germplasm

78. Dijoux J., Rio S., Hervouet C., et al. (2024). Unveiling the predominance of Saccharum spontaneum
alleles for resistance to orange rust in sugarcane using genome-wide association. Theoretical and
Applied Genetics, 137(1), 81. https://doi.org/10.1007/s00122-024-04583-3

79. Simdes IOPDS, do Amaral LRUAV-based multispectral data for sugarcane resistance phenotyping of
orange and brown rust. Smart Agric Technol. 2023; 4: 100144.

80. Simdes IOPDS, de Freitas RG, Cursi DE, Chapola RG, Amaral LRD. Recognition of sugarcane orange
and brown rust through leaf image processing. Smart Agric Technol. 2023; 4: 100185.

PLOS ONE | https://doi.org/10.1371/journal.pone.0307935  July 30, 2024 20/20


https://doi.org/10.1007/s00122-024-04583-3
https://doi.org/10.1371/journal.pone.0307935

