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Sugarcane breeding programmes rank the resistance of genotypes to Puccinia kuebnii, causal agent of orange rust,
according to levels of disease severity. However, during the screening stages, this method of assessment can lead to pre-
cipitous elimination of genotypes with promising agronomic traits but showing mild symptoms of rust such as flecks or
lesions that do not produce spores. This study aimed to propose a new method to classify the resistance of sugarcane
genotypes to orange rust by counting sporulating lesions. Five sugarcane varieties with different levels of resistance to
P. kuehnii were inoculated with two pathogen populations under controlled conditions. The disease severity (SEV),
total number of lesions (TNL), and total number of sporulating lesions (TNSL) were evaluated in a 20 cm leaf frag-
ment from the most diseased leaf. The TNL and TNSL evaluations were performed at 11, 16 and 21 days after inocu-
lation (DAI) and SEV at 21 DAL The thresholds of 80% and 8% of sporulating lesions (SL) separated susceptible
from the intermediate varieties and intermediate from the resistant ones, respectively. It is proposed that the method of
counting sporulating lesions be used in screening genotypes for resistance to P. kuebnii in sugarcane breeding pro-
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Introduction

Puccinia kuebnii, the causal agent of sugarcane orange
rust (SOR), is distributed in Asia, Africa, the Americas
and Oceania. The pathogen is easily spread by wind and
wind-blown rain. In 2000, the disease became endemic
in Queensland, Australia, due to a wide sugarcane area
being planted with a susceptible cultivar. Orange rust
quickly spread causing yield losses of up to 40% during
the following years (Magarey et al., 2003; CABI, 2016).
In Brazil, the sugarcane-producing areas faced the first
orange rust report at the end of 2009. However, the
losses from orange rust in Brazil were lower than those
in Australia due to the wide use of Brazilian varieties
resistant to P. kuehnii. The disease is widespread in the
main Brazilian sugarcane-producing areas, but the major
disease incidence occurs in the south-central part of Bra-
zil, such as the states of Sao Paulo, Mato Grosso do Sul,
Parana, Espirito Santo, Goias and Minas Gerais. In sus-
ceptible varieties, yield losses greater than 50% were
reported (Aratjo ef al., 2013). After detection in Brazil
(Barbasso et al., 2010), orange rust was also reported in
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other South American countries including Colombia
(Cadavid et al., 2012), Ecuador (Garcés et al., 2014) and
Argentina (Funes et al., 2016).

Generally, the sugarcane host response to rust infections
leads to three types of lesion: (i) hypersensitive reaction
expressed as flecks or necrotic lesions usually without
sporulation; (ii) typical lesions with abundant sporulation;
and (iii) depending on the resistance level, an intermediate
response of pustule formation, necrotic lesions and non-
sporulating lesions in the same leaf. The presence of an
intermediate response has been observed in several
pathosystems, such as Phakopsora phachyrbizi-soybean
(Soares et al., 2009), Puccinia psidii-Myrtaceae (Junghans
et al., 2003; Glen et al., 2007), Puccinia sorghi-maize
(Reuveni et al., 1996), Puccinia triticina—wheat (Agarwal
et al., 2003), and Pyricularia oryzae-rice (Roumen et al.,
1992).

The quantitative traits commonly measured in plant—
pathogen systems are infection frequency (efficiency),
latent period, spore production rate, lesion size and
infectious period (Parlevliet, 1979; Lannou, 2012), which
describe well the epidemic phase of polycyclic diseases,
such as rusts. These quantitative traits should initially be
measured in controlled environments. In field conditions,
the expression of these traits in plant—pathogen interac-
tions are strongly influenced by environmental effects
and environment-by-genotype interactions (Lannou,
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2012). For example, spore production of P. triticina lasts
more than 40 days under controlled conditions on wheat
plants and around 15 days under field conditions (Robert
et al., 2004; Lannou, 2012).

A decreased infectious period, longer latent period,
and reduced spore production result in a delay in onset
of an epidemic and the slowing down of epidemic
development. A shorter infectious period is responsible
for delay in epidemic onset, and the combination of
shorter infectious period, longer latent period and
reduced spore production causes the slowing down of
epidemics. A reduction in spore production has a direct
effect on the rate of disease progress. These effects lead
to fewer lesions, which start to produce spores later at
a lower rate. Nonsporulating lesions have epidemiologi-
cal relevance by causing a decrease in disease progress
in areas growing genotypes with quantitative resistance
(Parlevliet, 1979). Soybean genotypes with low inci-
dences of P. pachyrhizi have shown red-brown reactions
followed by the expression of partial resistance, result-
ing in longer disease latent periods, low rates of
increase in pustule number over time, and small lesions
(Twizeyimana et al., 2008). This type of quantitative
resistance, or partial resistance, contributes to long-term
use of additional disease control measures (Ribeiro do
Vale et al., 2001). For sugarcane, breeders do not need
to look for partial resistance in primitive genotypes
from centres of diversity or wild sugarcane species; this
resistance is present in almost all varieties, which makes
crop breeding much easier (Ribeiro do Vale et al.,
2001).

In Brazilian sugarcane breeding programmes, screening
for orange rust-resistant varieties is based on a diagram-
matic severity scale adapted from the brown rust (caused
by Puccinia melanocephala) developed by Amorim et al.
(1987). Klosowski et al. (2013) published a similar dia-
grammatic scale; however, this scale was developed for
evaluations of orange rust severity on sugarcane leaves.
Both diagrammatic scales are based on disease severity
and do not take into account the presence or absence of
urediniospore production by the lesions.

The use of other variables in addition to disease sever-
ity to evaluate a plant’s resistance to pathogens has
already been developed. Parlevliet et al. (1984) adopted
the number of uredia of Puccinia hordei per barley plant
to separate the varieties according to their degree of hor-
izontal resistance to the pathogen. In studies of common
rust on maize, evaluation by counting pustules proved to
be more objective, accurate and reproducible than
evaluations based on diagrammatic scales only (Bade &
Carmona, 2011). Even studies of dispersal of Puccinia
striiformis f. sp. tritici have adopted a lesion count
rather than measures of disease severity (Farber et al.,
2017).

The use of additional methods for assessment of
orange rust besides assessing disease severity may provide
a more precise selection of promising sugarcane geno-
types, especially those that exhibit nonsporulating flecks.
Thus, this work aims to develop and evaluate the use of
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a sporulating lesion counting method in order to offer an
additional tool for selection of orange rust-resistant vari-
eties in sugarcane breeding programmes.

Materials and methods

Puccinia kuebnii isolate collection

The inoculations were performed using two P. kuehnii collec-
tions: one collected in a sugarcane experimental area planted
with the variety SP81-3250 in the municipality of Araras (SP),
and the other collected in a commercial sugarcane-growing area
planted with the variety CT96-3415, located in the municipality
of Paranacity (PR). In each collection, 100 sugarcane leaves with
typical orange rust symptoms were collected in order to obtain
P. kuebnii urediniospores. Furthermore, some of the uredin-
iospores were extracted from the collected leaves and analysed
under an optical microscope in order to observe the typical cell
wall apical thickening of P. kuebnii urediniospores, which is not
present in P. melancephala cell walls.

Sugarcane varieties

Five sugarcane varieties were selected based on their importance
in Brazilian sugarcane-growing areas and on their different resis-
tance levels to P. kuebnii under field conditions (Table 1). Seven
plants were used for each sugarcane variety (repetitions). The
plants were obtained from cane seed pieces with buds and culti-
vated in pots of 700 mL capacity containing substrate. After
planting, all plants received a single fertilization of ammonium
sulphate (5 g per plant) and were kept in a greenhouse for
30 days. Plants were then transferred to individual growth
chambers for inoculation.

Inoculation with P. kuebnii

The inoculations using P. kuebnii populations were carried out
according to the procedure described by Martins et al. (2010).
Before inoculation, urediniospore viability was verified in a ger-
mination test on water agar (Braithwaite et al., 2009; Fig. 1a).
The inoculum consisted of urediniospore suspensions, obtained
by shaking infected leaves in water and gently scraping with a
brush (Fig. 1b). To assess viability, four replicate samples
(50 uL each) of each suspension were spread onto water agar
plates, incubated at 22 °C for 8 h, and examined microscopi-
cally for germination. The germination rate was calculated
based on the observation of 100 urediniospores per replicate
sample. Urediniospore concentrations were adjusted to 5 x 10*
viable urediniospores mL~" of distilled water according to the
germination percentage (Table 2). Inoculations were made by

Table 1 Susceptibility level of variety (SLV) for five sugarcane varieties
inoculated with Puccinia kuehnii isolates under field conditions.

Sugarcane Reaction

variety SLV to P. kuehnii Reference

SP89-1115 3 Susceptible Barbasso et al. (2010)
RB85-5156 2 Intermediate Minchio et al. (2011)
RB86-7515 1 Resistant Klosowski (2012)

CTC 3 3 Susceptible Nunes Junior (2010)
CTC 6 1 Resistant Dalri (2012)
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spraying 10 mL of each P. kuehnii population onto the sugar-
cane leaves (abaxial and adaxial surfaces). Urediniospores pro-
duced at the end of the first infection experiment were used for
the repeat infection experiment, employing the same inoculation
procedure. The amount of urediniospores collected at the end of
the first infection experiment was not sufficient to achieve the
standardized ~ concentration of 5§ x 10* viable uredin-
iospores mL ™" in 70 mL of distilled water (the volume necessary
for inoculation of seven plants of each sugarcane variety).
Therefore, a correction factor (CF) was applied for equivalence
between the two infection experiments. The CF was calculated
by dividing the standard concentration of viable uredin-
iospores mL " (5 x 10*) by the concentration of viable uredin-
iospores obtained with the urediniospores collected from the
first infection experiment (Table 2). The CF was applied to the
variables ‘severity’ (SEV), ‘total number of lesions’ (TNL) and
‘total number of sporulating lesions” (TNSL), assuming a linear
association between these variables and the amount of uredin-
iospores.

Inoculated plants were kept in incubation chambers (individ-
ual chambers for each P. kuebnii population) under continuous
darkness for 24 h to provide sufficient leaf wetness for the infec-
tion step. Subsequently, inoculated plants were maintained in
separate Conviron growth chambers for each P. kuebnii popula-
tion (Fig. 1c) at a temperature of 25 + 2 °C until the end of the
experiment.

Analysed variables

The following variables were evaluated: disease severity (SEV),
total number of lesions (TNL) and total number of sporulating
lesions (TNSL). In addition, TNSI/TNL was also calculated,

resulting in the percentage of sporulating lesions (%SL). The
sporulating and nonsporulating lesions (Fig. 1d) were counted
11, 16 and 21 days after inoculation (DAI) in a 20 ¢cm leaf frag-
ment from the most diseased leaf of each plant. The evaluations
were performed with the aid of a stereoscopic magnifying glass
with x40 magnification. The disease severity was quantified by
estimating the actual percentage of the leaf area with symptoms
(severity) at 21 DAI based on the diagrammatic scale developed
by Amorim et al. (1987).

Data analysis

The SEV, TNL, TNSL and %SL data obtained in the two suc-
cessive inoculations of the two P. kuehnii populations were
submitted to variance analysis followed by the Scott-Knott com-
parative test of means at 5% significance. The SEV, TNL and
TNSL data were transformed by square root of (x + 1), in
which x corresponds to the analysed variable, before applying
the Scott—Knott test. The susceptibility level of the variety (SLV)
was based on the level of the variety’s susceptibility to
P. kuehnii in the field, by assigning the values 3, 2 and 1 for
susceptible, intermediate, and resistant varieties, respectively

(Table 1).

Results

Disease severity

The estimated disease severity in the susceptible varieties
was higher than 5%. For intermediate and resistant vari-
eties the disease severity was lower than 6% in the

Figure 1 Germinated urediniospores of
Puccinia kuehnii (a), collection of
urediniospores for inoculation of sugarcane
plants (b), maintenance of inoculated
sugarcane plants (c), sporulating (left arrow)
and nonsporulating (right arrow) orange rust
lesions (d). [Colour figure can be viewed at
wileyonlinelibrary.com]
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Table 2 Percentage germination of Puccinia kuehnii urediniospores collected from sugarcane areas in Araras and Paranacity, concentrations of total
and viable spores used in inoculations, and correction factor used for variables assessed after second inoculation.

First inoculation

Second inoculation

Location Ger. % Total spores® x 10° Viable spores® x 10° Ger. %° Total spores® x 10° Viable spores’ x 10° CF¢
Araras 35 1.42 0.5 11 0.69 0.076 6.58
Paranacity 20 2.50 0.5 24 1.21 0.290 1.72

@Percentage germination of spores used in first inoculation (%).

PTotal spore concentration used to obtain 5 x 10 viable urediniospores mL~" for inoculation.
“Concentration of viable urediniospores used for inoculation (total spore concentration x percentage germination).

9Percentage germination of spores used in second inoculation (%).
®Total spore concentration obtained for the second inoculation.

fConcentration of viable urediniospores used for second inoculation (total spore concentration x percentage germination).
9Correction factor = concentration of viable spores in first inoculation (5 x 10*)(concentration of viable spores in second inoculation.

inoculations with the population collected in Araras (SP).
Susceptible and intermediate varieties showed severities
higher than 7%, and the resistant ones lower than 6%,
when inoculated with the Paranacity population. Differ-
ences in the severity estimates between the two popula-
tions were not significant for all varieties except on
variety SP89-1115 (Table 3). The correlation coefficient
between the laboratory (SEV) and field (SLV) severities
was 0.38 (Table 4).

Total number of lesions (TNL)

In all inoculations, the average total number of lesions
(TNL) exceeded 289, regardless of the resistance level of
the varieties to P. kuebnii. No significant difference was
found in TNL between varieties inoculated with the
Paranacity population; the TNL ranged between 293
(RB86-7515) and 336 (CTC 3). In plants inoculated with
the Araras population, TNL ranged from 289 (RBS85-

Table 3 Total number of lesions (sporulating and nonsporulating; TNL)
and sugarcane orange rust severity of five sugarcane varieties
inoculated with Puccinia kuehnii isolates collected in Araras and
Paranacity

Collection location

Sugarcane Araras Paranacity Araras Paranacity
variety TNL?2 Severity (%)°
SP89-1115 394 bA 320 aA 6 aA 12 aB
RB85-5156 289 bA 331 aA 5 bA 8 aA
RB86-7515 530 aA 293 aB 3 bA 2 bA
CTC 3 528 aA 336 aA 9 aA 8 aA
CTC 6 505 aA 297 aB 4 bA 6 bA

For each variable, values in the same row followed by identical upper-
case letters and values in the same column followed by identical lower-
case letters do not differ according to the Scott-Knott test at 5%
significance. Data were transformed by square root of (x + 1) for statis-
tical analysis.

ATNL, total number of lesions, both sporulating and nonsporulating.
bSeverity (%), disease severity quantified by estimating the actual per-
centage of leaf area with symptoms, based on the diagrammatic scale
developed by Amorim et al. (1987).
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5156) to 530 (RB86-7515; Table 3). The correlation
coefficient between TNL and SLV was negative (—0.06)
but not significant (Table 4).

Total number of sporulating lesions (TNSL)

Contrary to TNL, TNSL analysis showed significant dif-
ferences between the sugarcane varieties. In the suscepti-
ble varieties SP89-1115 and CTC 3 inoculated with the
Araras population, the TNSL was 374 and 503, respec-
tively. When these two varieties were inoculated with the
Paranacity population, the TNSL of both varieties was
also >300: 311 (SP89-1115) and 321 (CTC 3). In the
varieties RB86-7515 and CTC 6, considered resistant to
orange rust, the TNSL was 7 when inoculated with the
Araras population and sporulation was absent when
inoculated with the Paranacity population. The interme-
diate variety RB85-5156 showed TNSL of 196 and 239
when inoculated with the Araras and Paranacity popula-
tions, respectively (Table 5). The correlation between the
TNSL and the SLV was 0.86, in contrast to the low cor-
relations found between SEV and SLV, and TNL and
SLV (Table 4).

Table 4 Correlation analysis between susceptibility level of the variety
(SLV), disease severity (SEV), total number of lesions (TNL), total
number of sporulating lesions (TNSL) and percentage of sporulating
lesions (%SL) assessed at 21 days after inoculation of five sugarcane
varieties with isolates of Puccinia kuehnii collected in Araras and
Paranacity

Y SEV TNL TNSL %SL
LSV - - - - -
SEV 0.38* - - - -
TNL ~0.06 0.26 - - -
TNSL 0.86* 0.52* 0.22 - -
%SL 0.97* 0.37* ~0.09 0.86* -

*Significant correlation according to the Scott-Knott test at 5%
significance. Data transformed by square root of (x + 1) for correlation
analysis.
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Table 5 Total number of sporulating lesions (TNSL) and percentage of
sporulating lesions (%SL) at 21 days after inoculation of five sugarcane
varieties with Puccinia kuehnii populations collected in Araras and
Paranacity.

Collection location

Sugarcane Araras Paranacity Araras Paranacity
variety TNSL %SL

SP89-1115 374 bA 311 aA 95.3 aA 97.0 aA
RB85-5156 196 cA 239 aA 67.1 bA 67.7 bA
RB86-7515 6 dA 0 bA 0.9 cA 0.0 cA
CiCc3 503 aA 321 aB 95.5 aA 95.4 aA
CTC 6 7 dA 0 bA 1.3 cA 0.0 cA

For each variable, values in the same row followed by identical upper-
case letters and values in the same column followed by identical lower-
case letters do not differ according to the Scott-Knott test at 5%
significance. Data were transformed by square root of (x + 1) for statis-
tical analysis.

Percentage of sporulating lesions (%SL)

By 21 DAI, the differences in %SL between susceptible,
intermediate and resistant sugarcane varieties were signif-
icant in the inoculations with both the Araras and
Paranacity populations (Table 5). The %SL in the sus-
ceptible varieties SP89-1115 and CTC 3 was 95.3% and
95.5%, respectively, when inoculated with collected ure-
diniospores from Araras. Similarly, for inoculations with
urediniospores from Paranacity, the %SL was 97%
(SP89-1115) and 95.4% (CTC 3), respectively. The inter-
mediate variety RB85-5156 showed 67.1% and 67.7%
sporulating lesions when inoculated with Araras and
Paranacity populations, respectively. The %SL in the
resistant varieties RB86-7515 and CTC 6 were respec-
tively 0.9% and 1.3% when inoculated with the Araras
population. After inoculation with the Paranacity popu-
lation, there were no sporulating lesions (%SL of 0) in
the two rust-resistant varieties (Table 5). The correlation
between %SL and SLV was high at 0.97 (Table 4).

The evaluations of %SL at 16 and 21 DAI did not dif-
fer among themselves but differed from the first evalua-
tion carried out at 11 DAI The difference in the %SL
between susceptible, intermediate and resistant sugarcane
varieties was significant in all three evaluations (11, 16
and 21 DAI). However, the greatest difference between
susceptible and resistant varieties was observed at 16 and
21 DAI: more than 90% of the total number of lesions
in susceptible varieties had produced and released uredin-
iospores by 16 DAI, whereas resistant varieties showed
lower than 0.2%SL at 16 DAI (Table 6).

Discussion

This study has shown that counting the total number of
lesions (TNL) on leaves infected with P. kuehnii does
not distinguish with precision the resistant, intermediate
and susceptible sugarcane varieties. In each inoculation,
more than 289 sporulating and nonsporulating lesions

Table 6 Percentage of sporulating lesions (%SL) evaluated at 11, 16
and 21 days after inoculation (DAI) of five sugarcane varieties with
Puccinia kuehnii isolates collected in Araras and Paranacity.

Percentage of sporulating lesions (%SL)

Sugarcane variety 11 DAI A 16 DAI B 21 DAI B
SP89-1115 55.6 a 943 a 95.8 a
RB85-5156 185¢c 59.3 b 67.3 b
RB86-7515 0.0d 02c 0.7¢c
CTC 3 439 b 92.7 a 955 a
CTC 6 0.0d 02c 09c

Values in the same row followed by identical uppercase letters and val-
ues in the same column followed by identical lowercase letters do not
differ according to the Scott-Knott test at 5% significance.

were observed, regardless of the sugarcane variety and
P. kuebnii population. The same indistinguishability was
observed in analysis of disease severity. Both TNL and
laboratory severity (SEV) proved weakly correlated with
field severity (LSV): —0.06 and 0.38, respectively. How-
ever, sporulating lesions proved discriminant: the per-
centage of sporulating lesions (%SL) and total number of
sporulating lesions (TNSL) precisely separated the three
resistance levels, resistant, intermediate and susceptible,
of the sugarcane varieties to orange rust. The correla-
tions of these two variables with SLV were the largest:
0.97 and 0.86, respectively. The susceptible varieties
(SP89-1115 and CTC 3) showed more than 95%SL at
16 DAL The TNSL in these sugarcane varieties was
higher than 310. The resistant varieties RB86-7515 and
CTC 6 showed less than 2%SL in the evaluation at 16
DAI and a TNSL of <7 per 20 ¢cm of leaf fragment. The
intermediate variety RB85-5156 showed approximately
67% sporulating lesions and the TNSL in this variety
ranged from 190 to 240 per 20 cm of leaf fragment.

The knowledge and adoption of criteria that best sepa-
rate the sugarcane varieties according to their resistance
level to P. kuehnii are important. Selecting rust-resistant
genotypes in sugarcane breeding programmes is usually
based on disease severity evaluation due to the feasibility
of this technique (Santos, 2003). However, visual meth-
ods that estimate the severity of foliar diseases are sub-
jective and cause imprecise estimates (Bade & Carmona,
2011).

The results of the present study show the efficacy of
the %SL variable as a method to separate the sugarcane
varieties into different groups for resistance to
P. kuebnii. The combined use of the variables severity
and %SL should be considered for disease evaluation of
sugarcane genotypes in breeding programmes. Counting
sporulating lesions is simple and inexpensive. If per-
formed under controlled conditions, this methodology
provides fast results and favours the selection of promis-
ing genotypes. Furthermore, distinguishing resistant vari-
eties from the others is possible as early as 11 DAI and
enables separation of the susceptible from the intermedi-
ate varieties after only 16 days.
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The adoption of %SL of orange rust in sugarcane
breeding programmes is a worthwhile alternative to
using disease severity for ranking sugarcane varieties,
avoiding the elimination of genotypes that only show
nonsporulating lesions or a very low number of sporulat-
ing lesions. Although the efficiency of quantitative resis-
tance may decrease over time (erosion process) due to
the selection of isolates with a high level of aggressive-
ness on resistant plants (Caffier et al., 2016), this method
favours the selection of horizontal resistance-forms usu-
ally more durable and effective. Genotypes with resis-
tance components that reduce spore production slow
disease progress in the field and contribute to inoculum
reduction over time (Parlevliet, 1979). In soybean, the
use of rust resistance based on low levels of sporulation,
longer latent periods and the presence of red-brown
lesions with either no uredinia or only sparsely sporulat-
ing uredinia, gave low rates of increase in pustule num-
ber over time, and smaller lesions compared with
susceptible genotypes. These parameters are characteris-
tic of partial resistance, although in soybean their
genetic determinism is based on single-gene resistance
(Twizeyimana et al., 2008).

In conclusion, the findings of this study propose a
promising, simple and fast method for evaluation of
sugarcane resistance genotypes to orange rust in breed-
ing programmes: the assessment of the percentage of
sporulating lesions in 20 cm leaf sections at 15-20 days
after P. kuebnii inoculations. The threshold separating
susceptible from intermediate varieties is 80%SL and
the threshold separating susceptible from intermediate
varieties is 8%SL. A minimum count of 100 sporulating
lesions on susceptible varieties and a maximum count
of 15 sporulating lesions on resistant varieties is
necessary.
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