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Abstract: Colletotrichum sublineola is a casual pathogen of sorghum anthracnose. Sorghum patholo-
gists often need to conduct evaluations for anthracnose resistance in large scale which are expensive
and labor intensive. As a solution, an excised-leaf assay has been used, but whether or not leaf age,
position or region affects pathogenicity scores has not previously been evaluated. Essentially, in
an excised-leaf assay, is response to C. sublineola over all or part of a leaf blade identical? To get
an answer, three sorghum and one Johnson grass cultivars were tested. The top five leaves were
inoculated at the apex, mid-leaf and base of each leaf blade. Results show nearly no effect of leaf age
to pathogenicity level within the top five leaves. Furthermore, in order to evaluate any protective
role of leaf wax to C. sublineola, the wax was disrupted by simply wiping the leaf surface by a thumb,
or as an alternative method, leaf surface tension was reduced by submerging leaves into 2% TWEEN
20 before inoculation. Compared to control, wiped leaves increased pathogenicity scores on the
leaf blade and midrib in two of three sorghum cultivars, but 2% TWEEN 20-treated leaves had only
minimal changes in pathogenicity level compared to controls.
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1. Introduction

Sorghum (Sorghum bicolor) is the fifth most important cereal grown worldwide [1]. It
is a drought-resilient crop grown extensively in semiarid regions/areas of the world [2].
Sorghum is consistently exposed to abiotic and biotic stresses. One of the major sorghum
diseases, anthracnose, is caused by Colletotrichum sublineola (equivalent, C. sublineolum).
C. sublineola infects all aerial parts of sorghum including leaf and stalk [3]. In order to
identify new sources of resistance to anthracnose, sorghum pathologists have been survey-
ing many sorghum accessions through field and greenhouse inoculation, but conducting
a mass evaluation is often expensive since it requires time, large spaces and extensive
labor [4]. An excised-leaf assay offers several advantages in screening sorghum for anthrac-
nose resistance, including saving time, labor, space and expenses [4]. The first question to
be addressed was whether leaf age, based on position on the plant, has an effect on disease
severity level in response to C. sublineola. Physiological characteristics such as leaf age
could affect the outcomes of an excised assay. As an example, in wheat (Triticum aestivum),
younger plants had significantly greater disease severity than older plants against Puccinia
striiformis f. sp. tritici, the causal agent of wheat stripe rust, and this effect was also greater
on upper leaves [5].

The second question addressed was comparing disease severity level for leaf segments
taken from the apex, center and base to determine if all parts are equally responsive to
C. sublineola. To answer these questions, three sorghum cultivars and one Johnson grass
(Sorghum halepense) cultivar, a wild relative of sorghum, were tested. Segments from the
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apex, mid-leaf and base of the top five leaves from plants grown to the 8-leaf stage were
inoculated with three isolates of C. sublineola and scored using a standard 1–5 scale [6].

In a previous study, there was an attempt to explore potential correlations of leaf
blade and midrib thickness with the response to C. sublineola in the similar cultivars [7].
Unlike midrib thickness, that study did not find any meaningful correlation between leaf
blade thickness and pathogenicity level [7]. Leaf thickness is an important morphological
trait that plays significant roles in leaf and plant functioning, resource acquisition, and
yield potential [8,9]. It has been shown that Colletotrichum spp., including C. camelliae,
C. fructicola and C. sublineola, penetrate directly through the cuticle and epidermal cell wall
of the hosts [10,11]. Lu et al. [11] found that the thick cuticle of tea plants (Camellia sinensis)
prevents penetration of microorganisms and the feeding insects including anthracnose
causing pathogens C. camelliae and C. fructicola. Cuticular wax ultrastructure and chemical
composition differ with plant species, developmental stage and physiological state [12].
It protects the plant against environmental stresses, including desiccation, UV radiation,
microorganisms and insects [12]. Although wax has been described as a barrier for other
Colletotrichum spp. on other hosts including tomato (Solanum lycopersicum) [13] and pep-
pers (Capsicum annuum) [14], there is also evidence that a component of the wax aids in
anthracnose infection of Medicago truncatula where mutants of a gene named inhibitor of
rust germ tube differentation1 and a Cys(2)His(2) zinc finger transcription factor (irg1/palm1)
led to reduced spore differentiation of anthracnose and nonhost rust pathogens [15].

To our knowledge, no investigation of the role of wax that addresses the interaction of
sorghum or Johnson grass leaves with C. sublineola has previously been conducted.

Here, two different methods were used to remove or alter wax on sorghum and
Johnson grass leaves. In the first, wax was removed by rubbing a thumb on the adaxial
part of leaf blade and midrib. As an alternative, leaf surface tension was greatly reduced
by submerging leaves into 2% TWEEN 20, a wetting agent, for 20 s. The responses to
C. sublineola between groups with different treatments including control were compared
using an excised-leaf assay.

2. Materials and Methods

For comparisons of susceptibility level between younger and older sorghum leaves to
C. sublineola, three sorghum cultivars, BTx623, PI609251, and TAM428 and a Johnson grass
cultivar, SH1152 were used. BTx623 is a susceptible parent that was used in mapping Cg1
in field trials for response to C. sublineolum isolate 430BB-85 [16]. PI609251 is originally from
Mali and was selected because of its susceptibility to all anthracnose-causing pathotypes
from Puerto Rico, Texas, Georgia and Arkansas [17]. TAM428 is susceptible to ten different
pathotypes from Texas, Arkansas and Puerto Rico [18].

Plants were grown in a Conviron growth chamber (Conviron, Manitoba, Winnipeg,
Canada) at 23 ◦C with 65% humidity. Plants were planted into 2-gallon plastic pots filled
with Sungro professional growing mix (Sun Gro Horticulture, Agawam, MA, USA). At
the 8-leaf stage, the top five leaves were used for disease response assays. Leaves were
numbered from top to the bottom as 1 through 5. Immediately after detachment, leaf blade
segments were taken near the apex, near the base, and half-way between the two points
and used for excised-leaf assays.

For comparisons of pathogenicity levels resulting from different treatments for waxi-
ness on leaf surface, nearly the same procedures were used as described above, but only all
1–5 leaves were used. A physical technique, rubbing with a thumb for 30 s, was applied
to all adaxial surfaces of each detached leaf. As another method, leaf surface tension was
greatly reduced by submerging leaves into 2% TWEEN 20 (Agdia, Elkhart, IN, USA) for
20 s. After briefly washing leaves with 5% bleach, all detached leaves were air dried for the
next step.

For the excised-leaf assay, the method described in Ahn et al. [6] was used. Three
strains of C. sublineola were used, including AMP27 which has been used as a mixture with
other isolates to map resistance in the progeny of sorghum crosses [17] in addition to FSP35
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and FSP53, both of which have been shown to vary in virulence to sorghum and Johnson
grass cultivars [6]. All three were originally isolated from sorghum. For preparation
of inoculum, the method described by Prom et al. [4] was used. In brief, 10–14-day old
cultures of C. sublineola grown on half strength potato dextrose agar (PDA) medium (Becton,
Dickinson and Co., Franklin Lakes, NJ, USA) were scraped to remove fungal biomass and
spores from the plate. After filtration through four layers of cheesecloth, the spores were
diluted to a final concentration of ~1 × 106 conidia/mL. Excised leaf pieces, placed adaxial
side upon the agar surface, were inoculated by placing 5 µL of the spore suspension on
pre-marked spots on the leaf blade for leaf age and site inoculation experiments and also
on the midrib for the waxiness experiment. As described in Prom et al. [4], the PDA plates
were incubated at 28 ◦C for 96 h in the dark. Excised leaves were observed under an
Olympus BX60 microscope (Olympus Co., Shinjuku, Tokyo, Japan) at 96 h post-inoculation.
Susceptibility was scored using a 1–5 scale: 1. fully resistant without visible fungal infection,
2. fungal germ tube formed, 3. fungal bed formed with some imperfectly formed acervuli,
4. 1–5 acervuli perfectly formed, 5. more than 5 acervuli perfectly formed [6].

After conducting the leaf age and site of inoculation experiments, the plants were
cut back and allowed to regrow for the waxiness experiments. In this way, we could also
compare disease severity level vs. plant age in addition to comparing disease severity level
between leaves. After cutting the plants, Osmocote fertilizer (Scotts miracle-gro, Marysville,
OH, USA) was added as recommended to the pots in order to recharge nutrients. Each
experiment was conducted at least three times.

For statistical analysis, Wilcoxon’s all possible pair comparisons test and Kruskal-
Wallis one-way analysis of variance were conducted by JMP Pro 15 (SAS Institute, Cary,
NC, USA) to compare median pathogenicity scores between leaves 1–5, inoculation site
(apex, middle and base), and combinations of the two, creating 15 different groups in each
cultivar. For comparing the two waxiness treatments with control and effects before and
after cutting, Wilcoxon’s all possible pair comparisons test was applied as well.

3. Results
3.1. Leaf Age and Location Affected Pathogenicity Severity Level in Cultivar/Isolate
Specific Combinations

As expected, the disease rating scores were different for the different isolates (Table 1).
Based on the Kruskal-Wallis and Wilcoxon signed rank tests, no difference was detected for
BTx623 among the first to the fifth leaves, but inoculations at the base of the leaf resulted in
somewhat higher scores for FSP35. In the case of PI609251, the fifth leaf gave a lower score
for AMP 27 and the first higher for FSP53. Additionally, a small increase was noted when
inoculation with FSP53 was at the base of the leaf. Likewise, TAM428 which overall had
high susceptibility scores showed lower values when inoculated with AMP27 on the third
leaf and a higher score at the base of the leaf when inoculated with FSP53. The Johnson
grass cultivar resulted in lower scores for each isolate on the fifth leaf as well as the leaf for
FS35, but no differences were detected among base, apex or mid-leaf inoculations. In these
cases, however, the responses elicited were lower than median score 3 which based on
failure to produce acervuli is the cut-off for host susceptibility, so the slight effects observed
for leaf age or position would not change the ultimate disease response evaluations.

3.2. Physical Removal of Wax Increased Pathogenicity Levels in Some Cases

Results of the attempts to alter infection rate by physically disrupting leaf wax or
using a wetting agent are shown in Table 2. Often the outcomes of the two treatments were
not significantly different compared to control, but a few cases showed clear differences
between control and treated group(s). In TAM428 inoculated with spores from the AMP27,
FSP35 and FSP53 isolates, the highest score was associated with rubbing the leaf blade just
leaf prior to inoculation (Table 2).
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Table 1. Comparisons of pathogenicity severity level in host plant to C. sublineola isolates for different
leaves and locations. Median values are shown. Values in a column with the same letter(s) are not
significantly different at the probability level of 5% based on Wilcoxon signed rank test. n = 15 for the
1st–5th leaves and n = 25 for leaf position.

Leaf # and
Position BTx623 PI609251 TAM428 SH1152(JG)

AMP27

1st leaf 2 a 2 ab 5 ab 2 ab
2nd leaf 2 a 2 a 5 ab 2 a
3rd leaf 2 a 2 ab 5 b 2 ab
4th leaf 2 a 2 ab 5 ab 2 ab
5th leaf 2 a 1 b 5 a 1 b
Apex 2 a 2 a 5 a 2 a

Mid-leaf 2 a 2 a 5 a 2 a
Base 2 a 2 a 5 a 2 a

FSP35

1st leaf 2 a 2 a 2 a 2 ab
2nd leaf 2 a 2 a 2 a 3 a
3rd leaf 2 a 2 a 2 a 2 ab
4th leaf 2 a 2 a 2 a 2 b
5th leaf 2 a 1 a 2 a 2 b
Apex 2 a 2 a 2 a 2 a

Mid-leaf 2 ab 2 a 2 a 2 a
Base 2 b 2 a 2 a 2 a

FSP53

1st leaf 2 a 2 a 2 a 2 a
2nd leaf 2 a 2 ab 2 a 2 b
3rd leaf 2 a 2 b 2 a 2 a
4th leaf 2 a 2 b 2 a 2 b
5th leaf 2 a 2 b 2 a 2 ab
Apex 2 a 1 b 2 a 2 a

Mid-leaf 2 a 2 b 2 ab 2 a
Base 2 a 2 a 2 b 2 a

For two combinations, the results would change the overall response to susceptible.
BTx623 and PI609251 showed higher severity in rubbed leaf blade samples when inoculated
with FSP53 and AMP27, respectively. TAM428 also showed higher scores in rubbed leaf
blade samples against all the three tested strains. On midrib, control leaves showed
statistically resistant responses compared to rubbing or 2% TWEEN 20 treated samples
in some cases; for example, rubbed and Tween 20 treated BTx623 samples were more
susceptible to FSP53 on midrib. In most of the host-pathogen combinations, samples
treated with 2% TWEEN 20 grouped with the corresponding control.

3.3. Cut Back and Regrown BTx623 and PI609251 Sorghum Plants Were More Susceptible to
C. sublineola Infection

Even though it is not one of the original questions that was addressed, the regrown
sorghum lines BTx623 and PI609251 showed higher susceptibility to all three isolates tested
based on Wilcoxon signed-rank test (p-value < 0.05) (Table 3). TAM428, on the other hand,
showed either no difference (FSP53) or opposite results (AMP27 and FSP35) between the
two groups. SH1152 followed the same patterns shown in BTx623 and PI609251 with
higher susceptibility for regrown plants when inoculated with AMP27 and FSP35, but the
outcome was the opposite for the FSP53 inoculation.
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Table 2. Comparisons of pathogenicity level in host plant to C. sublineola isolates for physical removal
of wax and Tween 20 treatment. Median values are shown. Values in a column with the same letter(s)
are not significantly different at the probability level of 5% based on Wilcoxon signed rank test.
Leaf blade and midrib were analyzed separately. n = 10 for BTx623, PI609251 and TAM428. n = 6
for SH1152.

Treatment & Region BTx623 PI609251 TAM428 SH1152(JG)

AMP27

Control leaf blade 5 a 5 a 2.67 a 2.5 a
Rubbed leaf blade 5 a 5 b 4.33 b 2.33 a

Tween 20 leaf blade 4.83 a 5 ab 3 ab 4 a
Control midrib 2.83 ab 2.83 a 1.17 a 1.33 a
Rubbed midrib 3.67 a 4.33 a 1.67 b 1.33 a

Tween 20 midrib 2.17 b 2.67 a 1.33 a 1 a

FSP35

Control leaf blade 2.33 ab 4 a 1.33 a 1.33 a
Rubbed leaf blade 3.83 a 5 a 2.5 b 1.17 a

Tween 20 leaf blade 1.5 b 4.83 a 1.5 ab 1 a
Control midrib 1.33 a 1.83 a 1 a 1.33 a
Rubbed midrib 1.5 a 1.83 a 1 a 1.17 a

Tween 20 midrib 1 a 2.33 a 1 a 1 a

FSP53

Control leaf blade 4.5 ab 5 a 1.83 a 2.5 a
Rubbed leaf blade 5 c 5 a 4.67 b 3.17 a

Tween 20 leaf blade 5 bc 5 a 2.17 a 2.67 a
Control midrib 1.33 a 3.17 a 1 a 1 a
Rubbed midrib 2.33 b 3.17 a 1.33 a 1 a

Tween 20 midrib 3.67 b 3 a 1.33 a 1 a

Table 3. Comparisons of pathogenicity level in host plant to C. sublineola isolates between
newly grown and cut back and regrown plants. Median values are shown. * = p-value < 0.05,
** = p-value < 0.001 and *** = p-value < 0.0001 based on Wilcoxon signed rank test. n = 75 for newly
grown plants while n = 6 to 10 for cut back and regrown plants in all cultivars.

New or
Regrown BTx623 PI609251 TAM428 SH1152(JG)

AMP27

New 2 ** 2 *** 5 *** 2 **
Regrown 5 ** 5 *** 2.67 *** 2.5 **

FSP35

New 2 * 2 * 2 *** 2 **
Regrown 2.33 * 4 * 1.33 *** 1.33 **

FSP53

New 2 *** 2 *** 2 2
Regrown 4.5 *** 5 *** 1.83 2.5

4. Discussion

This study revealed that there can be minor effects of leaf age to pathogenicity level in
some sorghum and Johnson grass cultivars to C. sublineola. The first leaf of PI609251 was
more susceptible than lower leaves when inoculated with FSP53 (Table 1). In wheat, upper
leaves were more susceptible to Puccinia striiformis [5]. However, unlike wheat responding
to Puccinia striiformis, the responses differed in sorghum depending on specific cultivar and
C. sublineola isolates. The results indicate that the excised-leaf assay can be used in any part
of the leaf blade but that it is best to use the same leaf and site of inoculation.



Crops 2021, 1 116

Furthermore, the results reveal a potential protective role of wax on both leaf blade
and midrib, but the outcomes vary depending on host cultivar and C. sublineola isolates. A
simple wax disruption technique made some excised leaf samples highly susceptible. On
the other hand, although 2% TWEEN 20 treated samples had slightly higher pathogenicity
scores in some cases, this treatment was not as effective as simply rubbing the leaf surface.
Differences in diseases severity level for leaves taken from the same plants before and after
regrowth following cut back may reflect different environmental conditions at the time of
inoculation and/or effects of host defense genes showing differential expression as a result
of wounding. Again, further research is warranted.
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