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Abstract Sporisorium scitamineum, a biotrophic basid-
iomycete fungus, causes the ravaging sugarcane smut dis-
ease globally in almost all sugarcane growing countries.
The fungus spans around three distinct developmental
stages, viz., diploid teliospores, haploid sporidia and
dikaryotic mycelia, during its life cycle. The yeast-like and
non-pathogenic haploid sporidia represent two opposite
mating types: MAT-1 and MAT-2. Discrimination of these
mating type haploids is essential for long-term preservation
and maintenance of true-to-type isolate/pathotype, genetic
investigations and to understand how the fusion of non-
pathogenic, compatible mating type haploids turn into
virulent dikaryotic mycelia. Hitherto, only the mating-
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based phenotyping assay is used for discrimination of
opposite mating type haploids. In the present study, a quick
and reliable PCR-based assay was developed for the first
time for discriminating the distinct mating types (MAT-1
and MAT-2) of the S. scitamineum by targeting the unique
regions of bE/bW mating type genes. Among the different
primer sets evaluated, two sets, viz., bE1F1/bE1-2R1 and
bE2F2/bE1-2R1 that target bE mating type genes, precisely
differentiated the MAT-1 and MAT-2 mating type haploids
of two S. scitamineum isolates, Ss97009 (high virulent) and
SsV89101 (less virulent). The pathogenicity of distinct
developmental stages, viz., haploid sporidia, dikaryotic
mycelia and teliospores, and the life cycle transitions of
these two S. scitamineum isolates in planta were analyzed
by phenotyping and microscopy, respectively. Quantitative
real-time PCR was used to estimate the pathogen biomass
of plants inoculated with individual haploid sporidia (MAT-
1 and MAT-2), mixture of haploid sporidia and teliospores
of Ss97009 and SsV89101. These results altogether have
substantiated the virulence nature of these two isolates and
established the significance of fusion of opposite mating
type haploids in causing smut disease in sugarcane. Over-
all, this simple and efficient PCR-based discrimination
assay of haploids would serve as a valuable tool for
genomic and functional studies of S. scitamineum.

Keywords Haploid sporidia - Mating type-specific PCR -
Smut - Sporisorium scitamineum - Sugarcane
Introduction

Sporisorium scitamineum (Syd.) is the causative agent of

sugarcane smut, which is one of the most prevalent and
devastating diseases in sugarcane-producing countries
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worldwide (Lee-Lovick 1978; Sundar et al. 2012). It causes
substantial yield loss and decrease in cane quality by
making unproductive tillers, leading to a significant eco-
nomic loss in sugarcane production (Zekarias et al. 2010;
Magarey et al. 2011). The life cycle of S. scitamineum is
similar to that of the corn smut fungus—Ustilago maydis,
which has been well established as a model pathogenic
fungus and it involves transitions between three cell types:
diploid teliospores, haploid sporidia and dikaryotic mycelia
(Kamper et al. 2006). The diploid teliospores formed in
host tissues are the resting cell type and are mainly dis-
seminated by wind or rain splashes infecting the buds in the
sprouting stage (Sundar et al. 2012). Unlike U. maydis, S.
scitamineum possess a bipolar mating system with two
mating types, “ + 7 and “—”, which were designated as
MAT-1 and MAT-2 (Yan et al. 2016a). The pathogenic
dikaryotic mycelia that exhibit filamentous growth, pene-
trate through the young bud surface and proliferate within
the stalk of sugarcane, resulting in the formation of a whip-
like sorus bearing diploid teliospores to complete the
pathogenic life cycle (Trione 1980).

In U. maydis, mating and pathogenic development are
mediated by a pair of unlinked mating type loci that are
termed a and b (Kronstad and Staben 1997). Recognition of
compatible mating types and haploid fusion events are
controlled by the biallelic a locus that codes for a pher-
omone and a pheromone receptor system (Bolker et al.
1995). The multiallelic » locus controls the formation of
dikaryotic mycelia and pathogenicity, and it encodes a pair
of distinct homeodomain proteins, bE and bW, that func-
tion as transcription factors. The bE/bW transcription fac-
tor would be functional only when the bE and bW genes are
acquired from different alleles of MAT-I and MAT-2
(Feldbrugge et al. 2004; Wahl et al. 2010). Yan et al.
(2016a) investigated the molecular mechanism of mating
reaction of S. scitamineum by deleting the mating-specific
U. maydis locus b ortholog in S. scitamineum and found
that the b locus is crucial for mating, filamentous growth
and pathogenicity. To further understand the role of the
b mating type locus, a comparative stage-specific tran-
scriptome analysis was performed, which indicated that the
bE/bW transcription factors encoded by the b locus could
control sexual mating and/or mycelial development in S.
scitamineum (Yan et al. 2016b).

In S. scitamineum, compatible opposite mating type
haploids of genetically diverse pathotypes often fuse
together to produce new variants and apparently contribute
for the emergence of new pathotypes with altered virulence
(Barnabas et al. 2018; Nalayeni et al. 2021). Due to this
phenomenon, the preservation of true-to-type of each iso-
late/pathotype gains significance. However, the mainte-
nance and preservation of S. scitamineum in the form of
teliospores or dikaryotic mycelia for long term is not

feasible, and hence, isolation and identification of haploid
sporidia for storage remains the only alternative option.
Presently, the mating-based phenotyping assay is the only
method used for the discrimination of opposite mating type
haploids of S. scitamineum. On the genomic front, molec-
ular identification of S. scitamineum is carried out with bE
mating type gene-specific PCR, which was first developed
by Albert and Schenck (1996) from the orthologous bE
mating type gene of U. maydis. Subsequently, many PCR-
based assays were developed for more accurate and rapid
detection of S. scitamineum in sugarcane tissues (Chen
et al. 2015). However, such molecular method for detection
and discrimination of opposite mating type haploid spor-
idia is not available.

Owing to the global importance of the sugarcane smut,
several research projects on genomics have been com-
menced in the recent past. The complete genome of a
Brazilian S. scitamineum mating type strain SSC39B car-
rying MAT-1 specific loci was sequenced using next-gen-
eration sequencing technology (Taniguti et al. 2015).
Subsequently, the genome sequence of a South African S.
scitamineum haploid strain Sscl8 carrying MAT-2 specific
loci was reported (Dutheil et al. 2016). With this genomic
information, here we developed a simple PCR-based assay
to distinguish the distinct mating types of S. scitamineum
using primers targeting bE/bW mating type genes. Further,
the transitions that occur during distinct developmental
stages in planta were documented microscopically and
their pathogenicity was demonstrated by both phenotyping
and qPCR analyses.

Materials and Methods
Fungal Isolate and Plant Material

Two S. scitamineum isolates, Ss97009, a high virulent
isolate, and SsV89101, a low virulent isolate, collected
from the sugarcane cultivars Co 97009 and CoV 89101,
respectively, were used in the study. The virulence of these
isolates was assessed earlier by relative virulence testing on
a smut susceptible variety and differential host experiments
(Barnabas et al. 2018). In our study, single bud setts of
7-month-old Co 97009, a smut susceptible variety, were
used for all plant inoculation experiments.

Isolation of S. scitamineum Haploids

Isolation of distinct haploid sporidia of opposite mating
types from the isolates, Ss97009 and SsV89101, was done
according to the protocol described by Barnabas et al.
(2017) with few modifications. Fresh teliospores collected
from the infected plants were washed thrice with sterile
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distilled water and surface sterilized with streptomycin
sulfate (500 pg/mL) for 2 min. The surface sterilized tel-
iospores were then plated onto Potato Dextrose agar (PDA)
medium amended with streptomycin sulfate (500 pg/mL)
and incubated at 28 °C under dark condition for 24 to 48 h.
The mycelial colonies obtained were again serially diluted,
plated and incubated as described above to isolate haploid
colonies.

Random Mating Assay

Single haploid sporidial cultures thus obtained were then
transferred to Yeast Malt broth (YM broth—3 g/L. yeast
extract, 3 g/L malt extract, 10 g/LL dextrose and 5 g/L
peptone) and incubated on a shaker (130 rpm) at 28 °C for
24 h. After incubation, equal volumes of random combi-
nations of single haploid sporidial cultures were mixed and
co-cultivated on the surface of PDA containing 1% char-
coal and streptomycin sulfate (500 pg/mL) (Banuett and
Herskowitz 1989) and the plates were incubated at 28 °C
under dark condition for 48 h. The plates were analyzed for
the presence of fuzzy-type colonies indicating dikaryotic
mycelial formation. Cultures of the distinct haploid spor-
idia of both isolates were then cryopreserved in 30%
glycerol and stored at -80 °C.

Extraction of Fungal Genomic DNA

DNA from the dikaryotic mycelia (DM), distinct haploid
sporidia of opposite mating types and teliospores of the
isolates, Ss97009 and SsV89101 were extracted individu-
ally by CTAB method as described by Abu Almakarem
et al. (2012). Distinct haploid sporidial cultures grown on
PDA were transferred to YM broth with streptomycin
sulfate (500 pg/mL) and incubated on a shaker (130 rpm)

at 28 °C for 48 h for mass multiplication. Cells were har-
vested by centrifugation at 10,000 rpm for 15 min at 4 °C.
Obtained pellets were ground with liquid nitrogen and
subjected to DNA extraction. Integrity of the extracted
DNA was verified on 0.8% agarose gels and quantified
using NanoDrop (Thermo Scientific, USA).

Designing of S. scitamineum Mating Type-Specific
Primers

Mating type-specific sequences (bE/bW) of MAT-1 were
obtained from the genome assembly of S. scitamineum
isolate SSC39 (GenBank Accession: CP010914.1), and
MAT-2 from the genome assembly of S. scitamineum iso-
late SscI8 (GenBank Accession: LK056662.1) (Taniguti
et al. 2015; Dutheil et al. 2016). Veracity of the retrieved
bE and bW sequences of MAT-1 and MAT-2 were assessed
by amplicon resequencing, and they were aligned indi-
vidually using the CLUSTAL O (1.2.1) multiple sequence
alignment (https://www.ebi.ac.uk/Tools/msa/clustalo/) to
map their respective unique regions. Accordingly, six pairs
of bE/bW-specific primers that could distinguish between
MAT-1 and MAT-2 mating types were designed using
Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/). The details of the primers are given in
Table 1.

Mating Type-Specific PCR Assay

The distinct haploid sporidia of opposite mating types
derived from the isolates, Ss97009 and SsV89101, were
used to examine the mating type-specific PCR assay with
the bE/bW gene targeting primers. Each PCR reaction
consisted of a final volume of 20 pL reaction containing 1X
buffer, 200 uM dNTPs, 0.5 uM each of forward and

Table 1 List of gene-specific primers targeting bE/bW mating type genes

SI No Primer Name Sequence Amplicon size (bp)

1 bE1F1 FP: 5~ ATGCGTGAATTTGCGC-3’ 668
bE1-2R1 RP: 5-TTGATGAACCAGAGCGTGAG-3'

2 bE2F2 FP: 5-CTTTCCTACAATCCAAACCAATA-3' 458
bE1-2R1 RP: 5-TTGATGAACCAGAGCGTGAG-3'

3 bEIF1 FP: 5~ ATGCGTGAATTTGCGC-3’ 330
bEIR1 RP: 5-CCGTGCAAAGATGGTTGTCTGA-3’

4 bWI1F1 FP: 5-CAGATCAGAAGCACGTTGCC3' 1764
bW1-2R2 RP: 5-CGTATTGGATAAGGTGCTGTCTGCG-3’

5 bW2F1 FP: 5-ATGTCAGCCTTTAACTCGTCCATA-3' 1689
bW1-2R2 RP: 5-CGTATTGGATAAGGTGCTGTCTGCG-3’

6 bW2F1 FP: 5-ATGTCAGCCTTTAACTCGTCCATA-3’ 2023
bW2R1 RP: 5-CTAAGCTAGGTAAAAAGGATTG-3'
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reverse primers and 1 U Taq polymerase. PCR was per-
formed using Applied Biosystems Veriti Thermal cycler
(Applied Biosystems, USA) under the following thermo-
cycling parameters: an initial denaturation at 94 °C for
5 min, 35 cycles of denaturation at 94 °C for 1 min,
annealing at 56 °C for 30 s and polymerization at 72 °C for
1 min, followed by a final elongation at 72 °C for 5 min.
The short-listed primers were also assessed for amplifica-
tion in a more convenient multiplex PCR. The final PCR
products were resolved in a 1.5% agarose gel in 1X TAE
buffer and visualized using Syngene G:Box gel documen-
tation system (Syngene, UK). Sequences of the amplified
PCR products were also validated by Sanger sequencing.

Inoculation, Sampling and Phenotypic Evaluation

For inoculum preparation, MAT-I and MAT-2 haploids
were individually cultured in YM broth for 24 h, pelleted at
3000 rpm for 5 min at 4 °C and re-suspended in sterile
distilled water so as to get a final concentration of 10® cells/
mL. Seven-day-old pre-germinated buds of the smut sus-
ceptible cultivar Co 97009 were inoculated individually
with MAT-1 haploid, MAT-2 haploid, equal proportion
mixture of MAT-1 and MAT-2, and teliospores (4 X 10°
spores/mL) of individual isolates (Ss97009 and SsV89101)
by bud pasting (drop inoculation) method, and planted in
pots containing sandy soil: farmyard manure (3:1) mixture
(Co et al. 2008). At least thirty plants were inoculated per
treatment and equal number of uninoculated plants served
as the mock control. All the plants were maintained under
glasshouse conditions at 28°-30 °C with 60-80% humidity,
and the meristem samples were drawn in triplicates per
time-interval (2 dpi, 5 dpi, 10 dpi and 80 dpi) per treatment
for microscopy and qPCR analysis. Remaining plants were
regularly monitored for the emergence of smut whips.

Microscopic Analysis of Distinct Developmental
Stages of S. scitamineum in planta

Co 97009 inoculated with teliospores of the S. scitamineum
isolates Ss97009 and SsV89101 were used for investigating
the colonization stages in planta. The pathogen challenged
shoot meristem tissues sampled at different time points,
viz., 2 dpi, 5 dpi, 10 dpi and 80 dpi, were analyzed by light
microscopy. Hand-cut sections of the fresh tissues stained
with Calcofluor White stain (Sigma Aldrich, USA) were
observed under the UV filter (excitation filter: BP340-380,
dichromatic mirror: 400 and suppression filter: LP425)
using Leica DM LB2 epifluorescence microscope (Leica
Microsystems, Germany), and the images were captured
with a Leica DMC2900 digital camera.

In planta Pathogen Biomass Assessment
by Quantitative Real-Time PCR

Samples of Co 97009 challenged with two different iso-
lates (Ss97009 and SsV89101) were collected in triplicates
at different time intervals, viz., 2 dpi, 5 dpi, 10 dpi and 80
dpi, and used for absolute quantification of pathogen by
gPCR as described by Ashwin et al. (2017). For this
experiment, primer sequences gbE-F1 (5-CAA-
GAAGCCGCGGAAAACTG-3') and ¢bE-R1 (5-
ACTCGTGTCTGCAGTAGAGC-3") yielding a specific
amplicon of 208 bp were used. For the construction of
standard curve, fivefold serial dilutions of dikaryotic
mycelial DNA ranging from 500 ng to 0.8 ng was prepared
and real-time PCR amplification of bE gene was performed
in each gPCR run using technical triplicates. For quantifi-
cation of pathogen biomass in the infected samples at
different intervals, DNA was extracted by CTAB method
(Abu Almakarem et al. 2012). Real-time PCR amplifica-
tion was performed in AB StepOne Plus (Applied
Biosystems, USA) using DNA samples adjusted to 30 ng/
pL. Each real-time PCR reaction consisted of a final vol-
ume of 20 pL reaction mixture containing 1 pL. DNA
template (30 ng), 50 nM of each primer and 10 pL. SYBR
Green (MESA GREEN gPCR Mastermix Plus). Specificity
of the primer was verified by melt curve analysis. The
standard curve was generated by plotting Cycle Threshold
(CT) values of serially diluted dikaryotic mycelial DNA
against DNA concentration on a logarithmic scale. Further,
the concentration of fungal DNA in the unknown samples
was calculated using the standard curve equation and was
expressed as ng of fungal DNA per 30 ng of total DNA.
Statistical analysis of data was performed using the soft-
ware IBM SPSS Statistics 21.0 (SPSS, Chicago, USA). The
data from triplicate observations were analyzed using one-
way analysis of variance (ANOVA) and significant dif-
ferences among treatments were determined at p < 0.05
based on post-hoc Tukey’s test.

Results

Isolation of Opposite Mating Types of S.
scitamineum by Random Mating Assay

When haploid sporidia containing different a- and b loci
were mixed together and co-cultivated on PDA containing
1% charcoal and streptomycin sulfate (500 pg/mL), they
grew towards each other producing conjugation hyphae
resulting in dikaryotic mycelial (fuzzy appearance) for-
mation (Fig. 1). Thus, the haploid sporidia of the isolates,
Ss97009 and SsV89101, were arbitrarily designated either
as same or opposite mating types (4 or -) according to the
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Fig. 1 Isolation and identification of haploid sporidia of opposite
mating types. a Mycelial colonies isolated from surface sterilized
teliospores of S. scitamineum. b Haploid colonies isolated from
serially diluted mycelial colony. ¢ Random plating assay for mating-
type differentiation showing fused colonies of different mating types

smooth or fuzzy appearance, respectively, in the random
mating assay.

Development of Mating Type-Specific PCR Assay
for Discriminating Distinct Mating Types

Primers targeting the unique regions of mating type genes
were designed based on the multiple sequence alignment of
bE (Supplementary Fig. 1) and bW (Supplementary Fig. 2)
genes of MAT-1 and MAT-2 mating types of S. scita-
mineum, and used for differentiating the distinct mating
types of the S. scitamineum isolates Ss97009 and
SsV89101. Genomic DNA extracted from the haploid
sporidia were assayed by PCR using six different combi-
nations of forward and reverse primers to identify candi-
dates that could distinguish between the distinct mating
types. Among the tested primer sets, bE1F1/bE1-2R1 and
bE2F2/bE1-2R1 have shown a clear-cut distinguishing
profile for both MAT-1 and MAT-2 mating types (Fig. 2).
PCR amplification of bE mating type gene using the pri-
mers bE1F1 and bE1-2R1 yielded an amplicon of 668 bp
with MAT-1 haploids, dikaryotic mycelia and teliospores of
Ss97009 and SsV89101, but not with the MAT-2 haploids.
In contrast, bE2F2 and bE1-2R1 resulted in an amplicon of
458 bp with MAT-2 haploids, dikaryotic mycelia and tel-
iospores, but not with the MAT-I haploids. Hence, the
primers bE1F1/bE1-2R1 and bE2F2/bE1-2R1 could be
used to detect the identity of MAT-1 and MAT-2 haploids,
respectively. Dikaryotic mycelia and diploid teliospores
which should have both mating type genes could be
detected by the occurrence of both amplification products.
The primer pairs, bEIF1/bEI-2R1 and bE2F2/bE1-2R1,
responded with the same optimum annealing temperature
(56 °C) and were utilized in a multiplex PCR, which dis-
played consistent results with the singleplex PCR (Sup-
plementary Fig. 3). Among the bW-specific primers, only
one primer set bW2F1/bW2R1 yielded a discriminatory
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(Haploids 1,4 and 5 are of same mating type, and 2 and 3 represent
opposite mating type)

bE1F1/bE1-2R1 bE2F2/bE1-2R1

1kb
600 bp 668 bp
458 bp
(b)
1kb
600 bp 668 bp
458 bp

Fig. 2 Mating-type-specific PCR for differentiating distinct mating
types of S. scitamineum isolates a Ss97009 and b SsV89101 using bE-
specific primers. M- 100 bp ladder, lane 1 & 5- MAT-1, lane 2 & 6-
MAT-2, lane 3 & 7- dikaryotic mycelia, lane 4 & 8- teliospores, and
lane 9-negative control. Primer set bE1F1/bE1-2R1 yielded a specific
amplicon of 668 bp with MAT-I haploid, and bE2F2/bE1-2R1
resulted in an amplicon of 458 bp with MAT-2 haploid. Dikaryotic
mycelia and teliospores which served as positive controls yielded
specific amplicons with both the primers

profile (data not shown). Hence, it was not considered for
distinguishing the distinct mating types.

Assessment of Pathogenicity of Distinct
Developmental Stages of S. scitamineum Using Two
Isolates, Ss97009 and SsV89101

The pathogenicity of distinct developmental stages of S.
scitamineum, haploid sporidia (MAT-1 and MAT-2),
dikaryotic mycelia and teliospores was evaluated by phe-
notyping the disease symptoms in a smut susceptible
variety, Co 97009 using two isolates, Ss97009 (high viru-
lent) and SsV89101 (low virulent). The plants inoculated
individually with the MAT-1 and MAT-2 haploid sporidia
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of the isolate Ss97009 (Fig. 3a, b) did not show any disease
symptom, revealing its state of non-pathogenicity. Simi-
larly, the SsV89101 inoculated plants were symptomless
when inoculated with the individual haploid sporidia (data
not shown). The plants inoculated with the equal propor-
tion mixture of compatible haploid sporidia of the isolate
Ss97009 resulted in characteristic whip-shaped sorus at 80
dpi, indicating the formation of infective dikaryotic
mycelia from compatible haploid sporidia and its pene-
tration into sugarcane buds (Fig. 3c). As expected, plants
inoculated with teliospores of the isolate Ss97009 also
exhibited whip emergence at 80 dpi (Fig. 3d). Conversely,
plants inoculated with SsV89101 did not develop any whip
over a period of 80 days when inoculated with the mixture
of haploid sporidia/teliospores (data not shown). The S.
scitamineum isolate Ss97009 developed a total of 9 whips
after 80 dpi confirming its high virulence compared to the
isolate SsV89101, which exhibited the emergence of only 2
whips after 100 days.

Detection of Distinct Colonization Stages of
S. scitamineum in Sugarcane Through Microscopy

Distinct developmental stages in planta were monitored at
different time intervals during colonization of a susceptible
variety Co 97009 upon challenge inoculation with two
isolates, Ss97009 and SsV89101. Teliospore germination
and vigorous growth of dikaryotic mycelia were seen on
the external surface of the bud surface at 2 dpi in the case

of both isolates (Fig. 4a, b). At 5 dpi, hyphae with bulbous
structures attempting penetration were observed on the
internal surface of the bud layers and were found extending
into intercellular spaces along with intracellular coloniza-
tion (Fig. 4c—f). At 10 dpi, highly branched mycelia
showing inter- and intracellular colonization of surround-
ing tissues of vascular bundles were observed in plants
inoculated with Ss97009 and SsV89101 (Fig. 4g, h).
Mycelia showing constrictions at the site of penetration
during colonization were also noticed at this time point
(Fig. 44, j). Until this stage, the low virulent SsV89101 did
not show significant difference in colonization compared to
Ss97009.

Phenotypically, S. scitamineum isolate Ss97009 exhib-
ited characteristic whip emergence at 80 dpi, whereas no
whips were observed with SsV89101 at this time point.
Different parts of the whip, viz., apical and basal regions of
the whip, and internode portion beneath the whip were
observed under microscopy. Apical region of the whip was
extensively colonized with mass of fragmented hyphae and
melanized mature teliospores in the peripheral tissues of
the meristem (Fig. 5a, b), whereas highly branched mycelia
were observed in the central part of the meristem (Fig. 5c¢).
The basal region of the whip with active sporogenesis
displayed sporulation pockets with hyphal fragmentation
and non-melanized immature teliospores in the peripheral
part, and inter- and intracellular hyphal colonization in the
central part of the meristem (Fig. 5d—f). The sections of the
internode portion beneath sporogenesis also showed inter-

Fig. 3 Representative images of pathogenicity assay of distinct
developmental stages of S. scitamineum isolate Ss97009. a Haploid
sporidia of MAT-1 and b MAT-2 mating-type inoculated plants
showing no pathogenicity in a susceptible variety Co 97,009 at 80 dpi,
¢ plants inoculated with mixture of compatible haploid sporidia and

d teliospores exhibiting characteristic whip emergence at 80 dpi. The
yellow arrows indicate the whip-shaped sori
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Ss97009

SsV89101

Fig. 4 Comparison of in planta colonization stages of S. scitamineum
isolates Ss97009 and SsV89101 during initial stages (2, 5 and 10 dpi).
Sections of the pathogen challenged shoot tissues were stained with
Calcofluor White stain and observed under fluorescence microscopy.
Colonization of external surface of buds showing germinating
teliospores and dikaryotic mycelia at 2 dpi with a Ss97009 and
b SsV89101, mycelia with appressoria-like bulbous structures at the
internal surface for penetration during colonization at 5 dpi with
¢ Ss97009 and d SsV89101, inter- and intracellular hyphal

and intracellular hyphal colonization of parenchyma cells
and adjacent cells of vascular tissues (Fig. 5g—i).

Comparative in planta Quantitative Assay
of Pathogen Biomass of Ss97009 and SsV89101

Fungal DNA concentration in the pathogen inoculated
samples was obtained by extrapolating the CT values into
the standard curve equation with a correlation coefficient
(R?) of 0.994 (Supplementary Fig. 4). Results showed that
a detectable quantity of fungal DNA was observed only at
2 dpi in the case of bud samples inoculated with MAT-1 or
MAT-2 of Ss97009 and SsV89101 (Fig. 6). A relatively
higher amount of fungal DNA was detected at 2 dpi in
plants challenge inoculated with a mixture of compatible
haploid sporidia and teliospores with both the isolates,
owing to the presence of inoculum on the bud surface.
Results indicated that the colonization of Ss97009 was
significantly higher than that of SsV89101 at 5 dpi and 10
dpi. In Ss97009 teliospores inoculated plants, an average of
2.2 ng of fungal DNA was detected at 5 dpi indicating the
penetration of infective dikaryotic mycelia, followed by a
slight increase in the fungal inoculum density (2.9 ng) in
the meristem at 10 dpi. The highest fungal DNA concen-
tration was noticed at 80 dpi in the plant samples
(~ 22 ng) infected with teliospores/ mixture of haploid
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colonization at 5 dpi during colonization with e Ss97009 and
f SsV89101, highly branched mycelia showing inter- and intracellular
colonization of surrounding tissues of vascular bundles at 10 dpi
during colonization with g Ss97009 and h SsV89101, penetrating
mycelia at 10 dpi showing constrictions at the site of penetration
during colonization with i Ss97009 and j SsV89101. The yellow
arrows indicate the fungal structures colonizing the plant tissues

sporidia of the isolate Ss97009. The pathogen biomass of
Ss97009 at 80 dpi was found to be remarkably higher than
the SsV89101, which showed ~ 0.1 ng fungal DNA.

Discussion

The basic pre-requisite toward understanding pathogenicity
of smut fungi is to identify the distinct mating type loci.
Fusion of haploid sporidia representing opposite mating
types is essentially required for sexual reproduction and
subsequent infection by smut fungi (Olicon-Hernandez
et al. 2019). Diploid teliospores are formed only inside the
host tissues (sporogenesis), particularly in the apical
meristem, after successful establishment and proliferation
of the dikaryotic mycelia in sugarcane. Thus, the mating
nature of these haploid sporidia is an intriguing phe-
nomenon, which plays a pivotal role in establishing
pathogenicity. In S. scitamineum, the haploid sporidia of
distinct mating types are morphologically identical and can
only be distinguished into ‘plus’ or ‘minus’ mating types
by random mating experiment on nutrient media (Singh
et al. 2005; Barnabas et al. 2017). However, PCR-based
methods with specific primers have been demonstrated to
be quick and helpful for the differentiation of mating types
in several other phytopathogenic fungi (Dyer et al. 2001;
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Brewer et al. 2011; Dai et al. 2018). Hence, in this study, a
rapid PCR-based assay for differentiation of distinct mat-
ing types (MAT-1 and MAT-2) of S. scitamineum was
developed by targeting the mating type genes (bE and bW).

Albert and Schenck (1996) designed primers to detect S.
scitamineum, based on the orthologous bE gene of U.
maydis, which yielded a uniform band size for both mating
types. Since then, PCR amplification using bE gene has
been routinely used to identify and diagnose S. scita-
mineum (Xu et al. 2014; Barnabas et al. 2018). In recent
years, the complete genome of MAT-1 and MAT-2 mating
type strains of haploid sporidia was sequenced by next-
generation sequencing technology, which has advanced our
understanding of the mating types of the sugarcane smut
fungus (Taniguti et al. 2015; Dutheil et al. 2016). The
accessibility of these publicly available genome data has
facilitated the comparison of the b locus sequences (bE and
bW) of the compatible mating types. The sequence and
function of the b locus has been analyzed at molecular
level by Yan et al. (2016a) and reported that the b locus
derived from MAT-1 and MAT-2 has about 90% identity to

each other. The mating type-specific PCR assay developed
in this study based on the minimal dissimilar sequences of
bE gene can be used reliably to differentiate between the
two mating types of S. scitamineum, circumventing the
need for the time-consuming random mating experiment.
Besides, the assay would serve as a simple and quick tool
for assessment or reassessment of the identity of haploids
isolated, maintained or preserved as true-to-type.

In the present study, the pathogenicity of the distinct
developmental stages, viz., haploid sporidia, dikaryotic
mycelia and teliospores, was assessed by phenotyping the
disease symptoms in a smut susceptible sugarcane cultivar.
Plants inoculated with haploid sporidia of only one mating
type (MAT-1 or MAT-2) did not result in any disease
symptom indicating its non-pathogenicity, whereas the
plants with the infective dikaryotic mycelia and teliospores
developed characteristic whip-shaped sorus indicating its
pathogenicity. Similarly, in vitro screening of tissue culture
plants of three sugarcane cultivars using haploid sporidia of
only one mating type (plus or minus) did not result in any
symptom, but the equal proportion mixture of compatible

Fig. 5 In planta colonization stages of S. scitamineum isolate
Ss97009 during whip emergence at 80 dpi. Sections of different parts,
viz., (i) apical region (ii) basal region and (iii) internode portion
beneath whip were stained with Calcofluor White stain and observed
under fluorescence microscopy. a Apical region of the whip with
mass of fragmented hyphae and melanized mature teliospores and
b sporogenous hyphae in the peripheral tissues of the meristem;
¢ longitudinal section showing highly branched hyphae in the central
part of the meristem, d-e basal region of the whip with active

sporogenesis in the peripheral part showing sporulation pockets with
hyphal fragmentation and non-melanized immature teliospores,
f inter- and intracellular hyphal colonization in the central part of
the meristem, g-i internode portion beneath sporogenesis displaying
inter- and intracellular colonization of parenchyma cells and
surrounding tissues of vascular tissues and intracellular colonization,
respectively. The yellow arrows indicate the sites of fungal
colonization inside the plant tissues
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Fig. 6 Comparison of pathogen biomass in sugarcane shoot meristem
during colonization with S. scitamineum isolates Ss97009 and
SsV89101 by gPCR. Sugarcane cultivar Co 97009 inoculated
individually with distinct developmental stages, viz., MAT-1, MAT-
2, mixture of MAT-1 and MAT-2 resulting in dikaryotic mycelia (DM)
and teliospores of the isolates Ss97009 and SsV89101 were analyzed
at different time intervals, 2, 5, 10 and 80 dpi. Higher pathogen

haploid sporidia resulted in the production of whips (Singh
et al. 2005). Here, the S. scitamineum isolate, Ss97009,
developed higher number of whips after 80 dpi depicting
its high level of virulence compared to the isolate
SsV89101.

Here, the documentation of the infection process of two
S. scitamineum isolates, Ss97009 and SsV89101, in a
susceptible variety Co 97009 has facilitated the visualiza-
tion of the natural route of the fungus during initial stages
of in planta colonization of sugarcane tissues. The suc-
cessful transition from teliospore to haploid sporidia and
their fusion to dikaryotic mycelia were evident from the
observation of mycelial colonization in the external bud
surface at 2 dpi. It was reported earlier that the entry into
the meristem in the bud is occurring between 6 and 36 h
after the teliospores got deposited on the bud (Alexander
and Ramakrishnan 1980). At 5dpi, inter- and intracellular
colonization of parenchyma cells was observed, indicating
the penetration of the infective dikaryotic mycelia. Hyphae
showing appressoria-like bulbous structures for penetration
were also observed on the internal surface of the bud layer
at this time point. Inter- and intracellular colonization of
parenchyma cells and vascular tissues were observed at 10
dpi, which is corroborated with the colonization of vascular
tissues reported earlier (Marques et al. 2016). Interestingly,
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biomass was observed in the meristem at 80 dpi in plants inoculated
with mixture of MAT-1/MAT-2 and teliospores of Ss97009 compared
to that of SsV89101. The results shown represent the means and
standard deviations of three replicates, and different letters represent
statistically significant difference at p < 0.05

majority of the mycelial colonization was restricted to the
parenchyma cells adjacent to the vascular tissues display-
ing the treading path toward the apical meristem. Our study
has depicted a clear-cut view of developmental stages and
their dimorphic transitions occurred during initial estab-
lishment of host infection. No significant difference in
pathogen biomass was observed between high virulent
Ss97009 and low virulent SsV89101 isolates during initial
stages of in planta colonization through microscopy.

By 80 dpi, whip emergence was observed with Ss97009
indicating its high virulence compared to SsV89101 and
was examined by microscopy. In the apical region of the
meristem, sporogenesis in the peripheral tissues was evi-
dent by the presence of masses of fragmented sporogenous
hyphae, immature non-melanized teliospores and mature
teliospores. Similar observations on hyphal fragmentation
and teliospore maturation have been reported previously
(Trione 1980). Sporulation loci containing abundant
sporogenous hyphae and non-melanized teliospores
embedded in a gelatinous matrix were observed in the
entire peripheral portion of the basal region of the meris-
tem. The distribution of hyphal colonization throughout the
meristem bearing the whip-shaped sorus by 80 dpi and >

100 dpi in Ss97009 and SsV89101 inoculated canes,
respectively, were same except in the number of whips
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emerged. The results on the infection process of S. scita-
mineum during whip emergence have provided detailed
insights into the dimorphic transitions that occur between
the developmental stages during in planta colonization.

Many PCR-mediated assays including TagMan real-
time PCR assay using bE mating type gene have been
widely used for diagnosis and quantitative detection of S.
scitamineum in sugarcane tissues (Moosawi-Jorf and Izadi
2007; Su et al. 2013; Chen et al. 2015). Nevertheless,
quantitative detection of colonization upon inoculation
with the distinct developmental stage-specific inocula, viz.,
haploid sporidia of opposite mating types, mixture of
haploids and teliospores was reported for the first time, in
this study. Real-time PCR assay could detect the presence
of haploid of single mating type at 2 dpi in plants discretely
inoculated with each mating type of both isolates. Singh
et al. (2004) reported similar findings with PCR based on
bE mating type gene for smut assessment in inoculated
tissue cultured sugarcane cultivars. At 5, 10 and 80 dpi, no
amplification is detected in plants inoculated with single
sporidia (MAT-1 or MAT-2) of both isolates, suggesting
that infection is established only when the plants are
inoculated with mixture of haploid sporidia or with tel-
iospores that leads to the formation of infective dikaryotic
mycelia. In plants inoculated with mixture of haploid
sporidia/teliospores, the rate of colonization of Ss97009
was significantly higher compared to that of SsV89101 at 5
dpi, 10 dpi and 80 dpi. This is in line with the reports of
Nalayeni et al. (2021), which demonstrated significant
variation in pathogen biomass during host—pathogen
interaction using the low and high virulent isolates. Real-
time PCR-based absolute quantification has emphasized
the application of compatible haploid mixture or telios-
pores for successful disease establishment and also reaf-
firmed the high virulence of the S. scitamineum isolate
Ss97009 in comparison with SsV89101.

Overall, for the first time, we have developed a reliable
and rapid PCR-based assay for differentiating the distinct
mating types (MAT-1 and MAT-2) of S. scitamineum,
which would serve as a valuable tool for genomic and
functional studies utilizing haploid sporidia. We have
presented clear-cut colonization stages in planta during
initial establishment and during whip emergence by light
microscopy technique. In addition, the study has provided
detailed insights into the differences in virulence of the two
isolates, Ss97009 and SsV89101.
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