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Abstract Brown rust, caused by Puccinia melano-
cephala, has had devastating effects on sugarcane
(Saccharum spp.) breeding programs and commercial
production. The discovery of Brul, a major gene
conferring resistance to brown rust, represented a
substantial breakthrough. Markers for Brul are the
first available for sugarcane molecular breeding. The
contribution of Brul towards brown rust resistance in
the Canal Point (CP) sugarcane breeding program was
determined as a means of directing future breeding
strategies. Brul was detected in 285 of 1,072 (27 %)
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clones used for crossing; this germplasm represents
the genetic base for cultivar development in Florida.
The frequency of Brul was greatest in CP clones
(42 %) and lowest among Louisiana clones (6 %).
Brul was not detected in clones with year assignments
before 1953. However, Brul frequency increased from
15 % (assignments 1975—-1985) to 47 % in the current
decade. The increase coincided with the introduction
of brown rust to Florida. Brul was detected in 155
(32 %) of 485 parental clones tested for brown rust
susceptibility at two field locations. Of clones classed
resistant to brown rust, 154 (59 %) contained Brul, yet
none of 100 susceptible clones contained the gene.
Brul was detected in 667 (44 %) clones in the second
clonal stage of selection, 87 % of which were free of
brown rust symptoms. Brul is the predominant source
of resistance in the Florida sugarcane genetic base.
Efforts to identify and integrate new brown rust
resistance genes must be pursued to minimize risks
associated with a future breakdown in major gene
resistance provided by Brul.

Keywords Sugarcane (Saccharum spp.) - Brown
rust - Puccinia melanocephala - Marker-assisted
selection

Abbreviations
CP Canal Point
CP program Canal Point sugarcane cultivar
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uUSSc United States Sugar Corporation
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Introduction

Brown rust of sugarcane, caused by the biotrophic
fungal pathogen Puccinia melanocephala, is an eco-
nomically important pathogen of sugarcane world-
wide. Brown rust symptoms occur mainly on the
leaves and in severe infections can cause leaf necrosis
and premature death of even young leaves (Raid and
Comstock 2006). Severe infections have caused
reductions in both stalk mass and stalk numbers,
thereby reducing cane tonnage (Comstock et al. 1992;
Hoy and Hollier 2009). The disease was first reported
in the Western Hemisphere in the Dominican Republic
in 1978 and subsequently proliferated rapidly through
the Americas, becoming prevalent in almost all
sugarcane industries in the Americas within 1 year
(Purdy et al. 1983). The source of introduction was
subsequently identified as the sub-Saharan region of
West Africa, facilitated by conducive wind currents
(Purdy et al. 1985).

Although control of brown rust of sugarcane is
possible using fungicide applications and the effects of
disease epidemics can be limited through cultural
practices (Hoy and Hollier 2009), control is most
efficiently achieved through host resistance. Since the
mid-1980s, almost all sugarcane breeding programs in
the Western Hemisphere have used brown rust resis-
tance (determined by the absence of visible symp-
toms) as a major breeding and selection criterion.

Sugarcane breeding programs release brown rust-
resistant cultivars; however, breakdown of resistance
is one of the major contributing factors to the
withdrawal from use of otherwise productive sugar-
cane cultivars in many sugarcane industries. In
addition to losses due to brown rust of sugarcane
cultivars in commercial production, the loss due to
brown rust of otherwise potentially extremely suc-
cessful genotypes in sugarcane breeding programs has
been substantial. During a 5-year period, 15 genotypes
on the verge of being released from the CP program
which were apparently rust resistant were not released
due to rust infections in the year prior to release
(unpublished data). The CP program responded to
increase the emphasis on only advancing rust-free
clones from the early stages.

The breakdown of host resistance to rusts can be
rapid, as the virulent forms of the pathogen proliferate
due to the development of pathogenic races. A genetic
basis for races is lacking for P. melanocephala;
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however, apparent pathogenic races have been
reported in India (Srinivasan and Muthaiyan 1965)
and in the USA (Comstock 1987; Dean and Purdy
1984; Shine et al. 2005). Notable examples include the
major sugarcane cultivar LCP 85-384, which was
expanded up to an acreage of 91 % of the Louisiana
sugarcane industry in 2004 (Legendre and Gravois
2005). Following the breakdown of resistance in this
cultivar, the acreage of this cultivar was reduced
rapidly (Hoy and Hollier 2009). Knowledge of the
underlying genetic basis of resistance is needed in
order to develop sugarcane cultivars with durable
resistance to brown rust and reduce the number of
genotypes lost from the selection stage of sugarcane
breeding programs due to rust susceptibility.

Traditional breeding approaches for brown rust
resistance have involved understanding inheritance of
resistance in seedling populations (Hogarth et al.
1993; Ramdoyal et al. 2000) and selection and
advancement of genotypes that are free from visual
disease symptoms. Molecular genetic approaches
towards understanding the genetic basis of brown rust
resistance led to the identification of Brul, a major
gene for brown rust resistance (Asnaghi et al. 2004;
Daugrois et al. 1996) in the cultivar R570 from the
Reunion breeding program. This gene was shown to
provide broad-spectrum resistance against isolates
from Brazil, Colombia, Reunion Island, Guadeloupe,
and Florida (three isolates) (Asnaghi et al. 2001).
Targeted mapping of Brul confirmed its status as a
major gene and identified markers 2.2 and 1.9 cM
either side of the gene (Asnaghi et al. 2004). Further
exploration of the Brul loci in R570 located the gene
within a 0.42-cM region of sugarcane CG VII syntenic
to an approximately 225-kb region of Sorghum bicolor
chromosome 4 and orthologous to an approximately
600-kb region on the short arm of chromosome 2 of
rice (Le Cunff et al. 2008). These studies, which
consisted of the first map-based cloning approach of
any gene attempted in sugarcane, led to the identifi-
cation of molecular diagnostic markers for the detec-
tion of Brul (Costet et al. 2012). Brul was recently
found to be prevalent in 86 % of brown rust-resistant
clones in a sample of 380 modern cultivars and
breeding materials covering the worldwide diversity
(Costet et al. 2012). The opportunity therefore exists
to utilize Brul in marker-assisted breeding and
selection in order to improve brown rust resistance
in sugarcane.
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The objectives of this study are to determine the
contribution of Brul towards brown rust resistance in
the Canal Point sugarcane breeding program as a
means of supporting and directing future strategies for
breeding for brown rust resistance in Florida.

Materials and methods
Plant material and field experiments

One source of sugarcane genotypes selected for these
studies was the breeding nursery at the USDA-ARS
sugarcane breeding station, Canal Point, FL. This
collection of germplasm is maintained to support the
sugarcane crossing program and represents the genetic
base for sugarcane cultivar development in Florida.
The clones are from a number of sources, including
current and historical domestic USA commercial
cultivars, exotic cultivars, and advanced selections,
not commercially released but used for crossing. A
total of 1,072 genotypes were recovered from the
nursery plots and leaf pieces sampled for DNA
extraction. The sources of clones represented are
given in Table 1 of supplementary material. A repre-
sentative selection totaling 485 genotypes was chosen
from this parental pool for field testing (Table 1 of
supplementary material). Clones were chosen on the
basis of having previously been used in crosses at the
station and/or representing diverse sources. All geno-
types were planted in a randomized complete block
design with three replications in February 2010 at
Canal Point, FL. One stalk of each genotype was
placed in a furrowed field plot, approximately 2.6 m in
length (one plot per replicate). This “seed cane” was
chopped into sections approximately 0.5 m in length
and moved into a parallel orientation such that
approximately 1.3 m of the plot was covered with
seed cane. Identical procedures were used to repeat the
planting in October 2010 in a commercial field at the
Townsite Farm of the United States Sugar Corporation
(USSC), approximately 5 km west of Clewiston, FL.
Field plots were maintained according to standard
sugarcane production practices employed in the area.

Data were also generated from 1,527 genotypes in
the third stage (stage 2) of the six-stage Canal Point
sugarcane breeding and selection program (CP pro-
gram). These genotypes are herein referred to as the
CP 10 series. Planting of the CP 10 series in stage 2

occurred in November 2010 by planting eight stalks of
each of the CP 10 genotypes in the field at the
Sugarcane Field Station, Canal Point, FL in a two-row
plot in which each row was 4.6 m long, separated by
1.6 m. The field was surrounded by border-row plots
4.6 m in length of genotypes known to be highly
susceptible to brown rust in order to increase the
disease pressure in the field. Plots were maintained
according to standard field practices used in the area.

Disease ratings

Field plots were monitored regularly for evidence of
the onset of brown rust symptoms in order to capture
the peak disease epidemic. Disease ratings in the field
were conducted by visual inspection of the plots using
standardized procedures. Complete plots were visu-
ally inspected with attention given to symptoms
occurring on fully expanded, mature leaves. A scale
of 0—4 was used to assign a severity rating to each plot
based on observed symptoms (Table 2 of supplemen-
tary material). Symptoms of brown rust of sugarcane
can be variable between genotypes, locations, infec-
tion stages, and plant ages. When necessary, brown
rust symptoms were confirmed by examination under a
10x handheld lens. Visual ratings for the parental field
tests were performed in June 2010 at Canal Point and
June 2011 at Townsite. For the stage 2 test, visual
ratings were performed in June 2011. These periods
represented the expected peak epidemic at each
location.

Detection of Brul

Leaf samples were excised from plants in each of the
sources listed above. Leaf sampling was standardized
by sampling the first, fully expanded leaf. Eight 6-mm-
diameter leaf discs were sampled per leaf using a
6-mm Harris punch (Qiagen, USA). DNA was
extracted from discs using a BioSprint kit (Qiagen),
according to the manufacturer’s instructions. Detec-
tion of Brul in sugarcane DNA was achieved through
polymerase chain reaction (PCR) using the methods
and two pairs of primers (9020-F4 and R12H16) and
reaction conditions described in Costet et al. (2012)
with the following exceptions: The concentration of
MgCl, for both reactions was adjusted to 1.5 mM,
5 ng of DNA was used, and reaction volumes were
10 pl for primers 9020-F4 and 20 pl for primers
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R12H16. Thermocycling consisted of denaturation
initially for 5 min and, during cycling for 30 s and
extension was performed for 72 s during cycling, and
final extension of 8 min. Determination of a positive
result using the primer set 9020-F4 requires resolution
of fragments following digestion of the amplified
product with the restriction enzyme Rsal. Digestion
was performed as described in Costet et al. (2012) with
the exception that 2.4 units of Rsal was added to 15 pl
amplified product. Products were resolved via elec-
trophoresis through a 2 % agarose gel. A real-time
PCR protocol was developed for the detection of the
single amplicon resulting from primers R12H16.
Reactions consisted of 0.4 uM of each primer, 10 pl
of iQ SYBR® Green Supermix (BioRad), and molec-
ular biology-grade water to final reaction volume of
20 pl. Thermocycling was performed on a BioRad
Chromo 4 real-time PCR machine and was identical to
the conventional PCR protocol with the exception that
amelt-curve analysis (0.2 °C, 2 s hold) was performed
following thermocycling. The positive control in batch
testing of the samples was DNA from the sugarcane
cultivar R570, which is the genotype in which Brul
was originally discovered.

The parental clones were separated by source
(USSC, Canal Point, Exotic, Historical, Louisiana,
and Texas) and, for the clones from the Florida
breeding programs, also according to the decade in
which their year assignment occurred (1926-1935,
1936-1945, 1946-1955, 1966-1975, 1976-1985,
1986-1995, 1996-2005, and 2006-2012), thereby
allowing the frequency of Brul among the parental
pool over time to be examined.

Results
Brul in parental clones

Brul was detected in 285 (27 %) of the 1,072 clones
tested from the sugarcane parental pool. Fewer clones
had Brul than did not have Brul in all six cohorts of
sources (Fig. 1). The proportion of Brul-positive
clones was greatest among clones from the Canal
Point program (41 %). The Exotic (33 %) and USSC
sources (28 %) had similar proportions of clones with
the Brul gene. Lower frequencies of Brul-positive
clones were observed among the Historical (10 %),
Louisiana (7 %), and Texas (16 %) clones (Fig. 1).
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Fig. 1 Number of clones in which Brul was detected (black
bar) and not detected (white bar) in various sources of
germplasm used in the Canal Point breeding program

A long-term trend for increasing frequency of Brul
was evident among the Florida clones separated by the
decade in which they were named (Fig. 2). Brul was
not detected in any of the 15 clones tested with years
between 1925 and 1945. The earliest clone in which
Brul was detected was assigned its cultivar year in
1953 (CP 53-0018). This was the only clone of 18
clones tested with years between 1926 and 1955 in
which Brul was detected. Brul was later detected in 2
of 29 (1956 and 1965), 6 of 39 (1966 and 1975), 9 of 59
(1976 and 1985), 19 of 83 (1986 and 1995), 116 of 284
(1996 and 2005), and 35 of 74 (2006 to present) clones
(Fig. 2).

Rust reactions of parental material

The mean brown rust severity ratings for the two
locations across replicates and genotypes were 0.47
for Canal Point and 0.59 for Townsite. Regression
analysis of rust ratings observed at Canal Point and
Townsite showed a positive correlation of 0.78
(R* = 0.61) (Fig. 3, S1). Comparison of the rust
resistance category assigned to each clone at each site
based on the mean rust rating observed showed that the
majority of genotypes (331, 68 %) were in the same
resistance category at each location, 130 (27 %)
changed one resistance category between locations,
22 (5 %) changed two categories, and 1 genotype
(0.2 %) changed three rating categories (Table 1).
Comparison of the mean brown rust ratings among
the 484 parental clones with and without Brul
separated by source showed that the majority of
genotypes with Brul showed no symptoms of brown
rust (0 rating). The maximum rating observed in Bru1-
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Fig. 2 Frequency of Brul among 603 sugarcane genotypes from the Florida sugarcane breeding programs, maintained at Canal Point.
Clones are separated by the decade of their year assignment. Brown rust of sugarcane was first reported in Florida in 1978

Table 1 Comparison of brown rust resistance classes achieved on the same clones evaluated in field tests at Canal Point and

Townsite

Brown rust resistance category, Canal Point

Brown rust resistance category, Townsite

Resistant Moderately resistant Moderately susceptible Susceptible
Resistant 250 47 17 1
Moderately resistant 33 21 19
Moderately susceptible 13 48 9
Susceptible 0 0 9 12

Rating classification: R (resistant, rating = 0), MR (moderately resistant, rating = 0 to <1), MS (moderately susceptible, rating = 1

to <2), S (susceptible, rating >2)

positive clones was 1 across all genotype sources. For
clones without Brul, a normal distribution of rust
ratings was observed in each clone source, the
exception being those classified as Historical clones.
The largest category of ratings was 1 in each source,
again the exception being those within the Historical
cohort (Fig. 3).

CP 10 series stage 2

The full range (0—4) of brown rust disease severity
ratings were observed in stage 2 at Canal Point in the
CP 10 series (Fig. 4). Although none of the test
genotypes were replicated, rust was observed on all of
the plots of the commercial check that had satisfactory
stands of brown rust-susceptible genotype CP 78-1628.
The mean brown rust severity rating on CP 78-1628
was 2.0 (max = 2.5, min = 1.0, SEM = 0.1), indi-
cating that the brown rust disease epidemic was spread

throughout the test field. Brul was detected in 667
(44 %) of the 1,521 genotypes tested. Brown rust was
observed on 86 (13 %) of genotypes that tested positive
for Brul. No rust was observed on 591 (87 %) of clones
with Brul, whereas no rust was observed on 119
(14 %) of the 854 genotypes that did not test positive
for Brul. The mean brown rust rating for clones
without Brul was 1.74, whereas for clones with Brul it
was 0.18. The maximum brown rust rating for clones
which were positive for Brul was 3 (2 clones), whereas
the maximum brown rust rating for clones which did
not test positive for Brul was 4 (11 clones).

Discussion
Brown rust has had a devastating impact on sugarcane

production in Florida, where otherwise outstanding
commercial cultivars have been withdrawn from
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Fig. 3 Frequency distribution of brown rust disease ratings among 485 clones used in the Canal Point program, either with or without

the major gene for rust resistance Brul
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Fig. 4 Frequency distribution of brown rust ratings among
1,521 sugarcane clones in stage 2 of the Canal Point sugarcane
breeding program, with and without the major gene for rust
brown rust resistance Brul

production due to the development of virulence in the
pathogen population and the breakdown of resistance.
The disease has also had a major impact on sugarcane
breeding programs both in Florida and worldwide,
with numerous genotypes lost during the selection
stages due to brown rust susceptibility. This has led to
a reduced number of genotypes for selection of high-
yielding cultivars. The first objective of this study is to
determine the prevalence of Brul, a major gene for
resistance to brown rust of sugarcane, within the
genetic base of a sugarcane breeding program. This
was achieved by determining the frequency of Brul
among the various sources of genetic material used for
crossing and also among clones within the second
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clonal selection stage of the program. This information
is important in order to determine the status, needs,
and future directions for breeding for resistance
against brown rust in sugarcane.

Understanding the frequency of Brul related to the
brown rust susceptibility status provides important
information for utilizing Brul to control brown rust of
sugarcane caused by P. melanocephala. Brul was
highly prevalent among brown rust-resistant geno-
types in the second clonal stage of selection in the
breeding program; the majority of clones on which no
visual symptoms of brown rust were observed con-
tained Brul. However, a number of clones with Brul
were moderately susceptible to brown rust in stage 2.
This could suggest the initiation of selection of
virulence towards Brul. However, subsequent field
observations made on these plots resulted in some
cases where only orange rust was identified (suggest-
ing that the original record of brown rust was a
misidentification of orange rust). Where symptoms of
brown rust were still observed, their severity was
much reduced compared with the original rating (data
not shown). These results emphasize both the diffi-
culty in differentiating between the symptoms of
orange rust and brown rust in the field and also
temporal changes in brown rust symptom severity that
occur in the field during the course of the growing
season. The two pathogens can be positively identified
using PCR testing (Glynn et al. 2010). However,
because PCR testing is expensive to apply on a large
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scale, performing disease ratings during the optimum
epidemic conditions for disease is a more practical
solution.

An important need for Brul testing and the
advancement of genotypes with Brul is in growing
seasons in which natural brown rust epidemics are not
severe. In this case, absence of disease would not
necessarily be an indicator of brown rust resistance,
since exposure to the pathogen was not adequate and
therefore Brul presence could provide a useful
additional criterion for selection. This is also a
problem in the seedling selection stage when the
plants are transplanted to the field after the peak brown
rust development.

A noteworthy finding is the increase in frequency of
Brul over time. Brul was detected in genotypes that
predated the introduction of brown rust to the Western
Hemisphere, confirming its presence as a native trait
among sugarcane germplasm. However, a large
increase in Brul frequency occurred following the
discovery of brown rust in Florida in the late 1970 s
(Purdy et al. 1985). This indicates that the selection by
Canal Point breeders for rust-free genotypes was also a
selection predominantly of Brul. The prevalence of
Brul among the sugarcane parental pool available for
crossing when brown rust was discovered in Florida in
the 1970 s was important as it provided a durable
source of resistance, which in the selection of rust-free
genotypes was increased in frequency among geno-
types selected and released for Florida sugarcane
growers. The lower frequency of Brul among both
Louisiana and Texas germplasm suggests that another
source(s) of resistance is (are) prevalent in cultivars
released for these industries or that Brul can be
transmitted by another haplotype than the one bearing
the PCR diagnostic markers used in this study. A
possible explanation for this reduced frequency is that
the Brul loci are in linkage disequilibrium with a trait
which is selected against among genotypes developed
for these environments.

The rust reactions observed at the two experimental
sites were in generally good correlation. Although
notable exceptions were evident, the majority of
clones were within one resistance rating category at
each location. The differences observed could be due
to different soil types, epidemics between growing
seasons, or different pathogen populations. Although
some differences in pathogenicity between isolates
have been reported in P. melanocephala (Shine et al.

2005), a formal genetic race population structure has
not been reported for this pathogen. Differences in the
severity of brown rust symptoms, associated with
excess nutrient availability, have also been reported
(Johnson et al. 2007; McFarlane et al. 2008) and could
in part explain the differences between locations in
this study. The soil at the Canal Point field location is a
Torry muck, noted for a high organic matter content,
whereas the soil type at the Townsite field location is a
mineral soil with extremely low organic matter
content.

Overuse of resistance genes accompanied by a
narrow genetic base can lead to a situation known as a
“boom-and-bust” cycle (Priestly 1978). The “boom”
occurs when resistant cultivars are expanded in
acreage as growers take advantage of resistant culti-
vars and the resulting improved yields. Likewise,
breeders use the resistant clones as parents for the
development of new cultivars, thereby narrowing the
genetic base. The expanded acreage of the cultivars
and hence the resistance gene(s) provides the pathogen
population an ever-increasing opportunity to place
more extreme selection for virulent races among the
pathogen population. Eventually resistance breaks
down, and since there are no pathogen races with
which to compete, the virulent races rapidly prolifer-
ate among the large acreages, and the “bust” occurs.
Boom-and-bust cycles have been most comprehen-
sively documented in cereals for rust (Kolmer 1996)
and powdery mildews (Wolfe and McDermott 1994).
This boom-and-bust cycle likely explains the situation
in the Louisiana sugarcane industry where the sugar-
cane cultivar LCP 85-384 at one point occupied close
to 90 % of the acreage. Although this cultivar was
resistant to brown rust for a number of years,
resistance was finally overcome by the pathogen
population, and substantial yield losses resulted due to
brown rust. Brul was not detected in LCP 85-384. The
clone was, however, used extensively by Louisiana
breeders. This implies that the resistance genes
provided by LCP 85-384, which are now ineffective
against the brown rust strains prevalent in Louisiana,
are likely highly represented among the selection
stages of the Louisiana sugarcane breeding programs.

Disease resistance in crops resulting from a major,
single gene is known as vertical resistance, whereas
resistance controlled by multiple genes is known as
horizontal resistance (Van der Plank 1963). The most
devastating effects of boom-and-bust cycles in crop
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production occur when vertical resistance breaks
down. The data presented in this study show a
continual increase in the frequency of Brul in the
parental material used for cultivar development in
Florida and also that Brul was the predominant source
of brown rust resistance in a selection stage within the
CP program. Although the genotypes tested within the
selection program were from only one series, since
similar parents are used in crosses each year, the data
are likely representative of the recent and near-term
future series in the selection stages of the program.
Data from the 2010 Florida sugarcane variety
census show that over 80 % of the Florida sugarcane
acreage for which cultivars are identified is planted to
a cultivar with Brul (Rice et al. 2011). This has been
the case for the past several years; the current three
leading cultivars (CP 89-2143, CP 88-1762, and CP
80-1743) all tested positive for Brul and have
accounted for 60-70 % of the Florida acreage since
2004. Of the commercially produced sugarcane cul-
tivars that make up the remaining 20 % of the Florida
acreage, none are resistant to brown rust. Taken
together, these data indicate that brown rust resistance
in sugarcane is in a “boom” phase, and as such
extreme vulnerability exists due to the potential of a
breakdown in resistance to Brul due to P. melano-
cephala race evolution. Efforts should be made to
diversify the on-farm sources of resistance by planting
cultivars that are resistant to brown rust with their
resistance due to either Brul or some other mecha-
nism. Following such a plan would be an attempt to
preserve the useful life of Brul for controlling brown
rust. Breeders should also increase efforts to identify
more sources of brown rust resistance so that sugar-
cane growers can move more from the apparent
vertical resistance (notwithstanding additional sources
of resistance among clones which also have Bru1) they
are now using that depends on Brul towards a more
horizontal-based resistance. Knowledge of the fre-
quency of Brul among the sugarcane breeding genetic
base will allow breeders to focus on those clones
exhibiting resistance which do not have Brul. A
coordinated effort integrating the testing of Brul in
parental material and progeny and the identification
and integration of additional genetic sources of brown
rust resistance is required to broaden the brown rust
resistance genetic base. The identification and func-
tional characterization of the Brul gene(s) and addi-
tional genes responsible for brown rust resistance
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combined with the development of additional markers
would help considerably to combine those different
sources through breeding.
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