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Abstract

Background Sporisorium scitamineum is the causative agent of smut disease in sugarcane. The tricky life cycle of S. scita-
mineum consists of three distinct growth stages: diploid teliospores, haploid sporidia and dikaryotic mycelia. Compatible
haploid sporidia representing opposite mating types (MAT-1 and MAT-2) of the fungus fuse to form infective dikaryotic
mycelia in the host tissues, leading to the development of a characteristic whip shaped sorus. In this study, the transition of
distinct stages of in vitro life cycle and in planta developmental stages of S. scitamineum are presented by generating stable
GFP transformants of S. scitamineum.

Methods and results Haploid sporidia were isolated from the teliospores of Ss97009, and the opposite mating types (MAT-1
and MAT-2) were identified by random mating assay and mating type-specific PCR. Both haploid sporidia were individually
transformed with pNIIST plasmid, harboring an enhanced green fluorescent protein (eGFP) gene and hygromycin gene by
a modified protoplast-based PEG-mediated transformation method. Thereafter, the distinct in vitro developmental stages
including fusion of haploid sporidia and formation of dikaryotic mycelia expressing GFP were demonstrated. To visualize
in planta colonization, transformed haploids (MAT-1gfp and MAT-2gfp) were fused and inoculated onto the smut susceptible
sugarcane cultivar, Co 97009 and examined microscopically at different stages of colonization. GFP fluorescence-based
analysis presented an extensive fungal colonization of the bud surface as well as inter- and intracellular colonization of the
transformed S. scitamineum in sugarcane tissues during initial stages of disease development. Noticeably, the GFP-tagged S.
scitamineum led to the emergence of smut whips, which established their pathogenicity, and demonstrated initial coloniza-
tion, active sporogenesis and teliospore maturation stages.

Conclusion Overall, for the first time, an efficient protoplast-based transformation method was employed to depict clear-cut
developmental stages in vitro and in planta using GFP-tagged strains for better understanding of S. scitamineum life cycle
development.
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Introduction

Sugarcane smut caused by the basidiomycetous fungus Spor-
isorium scitamineum (Syd.) is one of the most important
diseases of the crop. It causes significant decrease in cane
yield and reduction in juice quality leading to a consider-
able economic loss in sugarcane production worldwide [1,
2]. The most characteristic symptom of smut infected stalk
is the development of a whip-like sorus, composed of plant
and pathogen cells modified from the apex of the primary
meristem. Other associated symptoms include profuse tiller-
ing of the affected clumps resulting in poor cane formation
[3]. The life cycle of S. scitamineum consists of three distinct
growth stages namely: haploid sporidia, dikaryotic myce-
lia and diploid teliospores [4]. While the non-pathogenic
haploid sporidial stage is represented by two distinct and
opposite mating type sporidia viz., MAT-1 and MAT-2, the
pathogenic dikaryotic mycelial stage is manifested by sys-
temic colonization of the host plant [5].

GFP (Green Fluorescent Protein), a reporter gene, iso-
lated from the jellyfish Aequorea victoria [6] is a use-
ful marker to visualize protein localization and micro-
bial colonization during plant-pathogen interactions [7].
Several researchers have employed GFP-tagged strains
to visualize, differentiate and analyze the establishment
and development of the fungal colonization within host
plants [8]. It is a helpful tool to investigate plant-pathogen
interactions, as the chromophore in GFP is inherent to the
primary structure of the protein and it does not require any
substrate or co-factor. It emits bright green fluorescence,
when excited under UV/blue light and is extremely stable
under natural conditions [9].

GFP tagging and expression was first reported in Usti-
lago maydis [10], among the filamentous fungi. Thereafter,
host colonization by a wide range of filamentous fungi viz.,
Leptosphaeria maculans [11], Fusarium graminearum [12],
Aspergillus carbonarius [13], Colletotrichum falcatum [14],
etc. were investigated using GFP-tagged strains.

Genetic transformation in filamentous fungi has been
mainly achieved by Agrobacterium tumefaciens medi-
ated transformation (ATMT) or by Polyethylene glycol
(PEG)-mediated protoplast transformation [15]. In S. sci-
tamineum, a reliable gene transformation method using
ATMT was first developed by Sun et al. [16] and this strat-
egy was utilized for understanding the life cycle develop-
ment of S. scitamineum using a GFP-tagged strain [17]. On
the other hand, protoplast-based PEG-mediated transfor-
mation has been routinely used for visualizing in planta
colonization in a wide range of filamentous fungi, but
not in S. scitamineum [18]. Though simple and efficient,
optimization and implementation of this method requires
significant efforts as it is reported to be strain dependent.
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As the rate of success of ATMT was reported to be low
in S. scitamineum [17], in the present study, a modified and
highly efficient protoplast-based PEG-mediated transfor-
mation was developed, and employed for GFP-tagging to
enhance the understanding on the transition of fungal devel-
opmental stages by direct visualization of in planta coloniza-
tion in sugarcane on a spatio-temporal pattern.

Materials and methods
Fungal strain and plant material

Teliospores of S. scitamineum Ss97009, one of the standard
high virulent isolates collected from the smut susceptible
sugarcane cultivar, Co 97009, from the experimental farm
of ICAR-SBI, Coimbatore, India was used for isolating com-
patible haploid sporidia (MAT-1 and MAT-2) for gene trans-
formation experiments. Single budded setts of the sugarcane
cultivar, Co 97009 were incubated under high moist condi-
tions for 7 days to induce sprouting and used for studies on
in planta colonization.

Plasmid

pNIIST plasmid, a shuttle vector containing eGFP and
hygromycin phosphotransferase gene under the control of
Aspergillus nidulans Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) promoter and Tryptophan synthase (TrpC)
terminator was used in this study for gene transformation
(Supplementary Fig. S1). The vector was constructed by
ligating the eGFP (720 bp) and hygromycin (1020 bp) gene
expression cassettes, with GAPDH promoter and TrpC ter-
minator in a pUC19 backbone [19].

Isolation and confirmation of distinct mating types
of the S. scitamineum isolate Ss97009

Isolation of compatible haploid sporidia (MAT-1 and MAT-2)
was done according to the procedure reported by Barna-
bas et al. [20] with some minor modifications. Fresh teli-
ospores collected from smut infected meristems of cv. Co
97009 were rinsed three times with sterile distilled water
and surface sterilized using streptomycin sulphate (500 ug/
mL) for 2 min. The surface sterilized teliospores were plated
onto Potato Dextrose agar (PDA) medium (HiMedia, India)
amended with streptomycin sulphate (500 pg/mL) and incu-
bated at 28 °C. After 48 h, the culture was serially diluted,
plated and incubated as described above to isolate haploid
colonies. Single haploid sporidial cultures thus obtained
were transferred to Yeast Malt (YM) broth (3 g/L Yeast
extract, 3 g/LL Malt extract, 10 g/L. Dextrose and 5 g/L. Pep-
tone) and incubated on a shaker (130 rpm) at 28 °C for 24 h.
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After incubation, random combinations of single haploid
sporidial cultures were subjected to mating on PDA with
1% charcoal and streptomycin sulphate (500 pg/mL) and the
plates were incubated at 28 °C under dark condition for 48 h.
The haploid sporidia were identified either as identical/same
or opposite mating types (4 or —), based on the smooth or
fuzzy phenotype, as observed in the random mating assay.
For DNA extraction, the isolated distinct haploid sporid-
ial cultures were mass multiplied in YM broth at 28 °C for
48 h and extracted using CTAB method as described by Abu
Almakarem et al. [21]. The identity of MAT-1 and MAT-
2 haploid sporidia was further confirmed by PCR using
bE mating type gene specific primer sets viz., bE1F1 (FP:
5'-ATGCGTGAATTTGCGC-3’) and bE1-2R1 (RP: 5'-TTG
ATGAACCAGAGCGTGAG-3'), and bE2F2 (FP: 5'-CTT
TCCTACAATCCAAACCAATA-3") and bE1-2R1 (RP:
5" TTGATGAACCAGAGCGTGAG-3") (unpublished data).

Protoplast isolation

Protoplast isolation was optimized from the protocol
reported by Yu et al. [22] with modifications in osmotic sta-
bilizer, enzyme composition and digestion time. Wild-type
MAT-1 cells cultured in YM broth (O.D - 0.8) were pelleted
by centrifugation at 3000 rpm for 5 min at 4 °C, and washed
with SCS solution containing D-sorbitol (20 mM trisodium
citrate, pH 5.8 and 1 M D-sorbitol) or sucrose (20 mM triso-
dium citrate, pH 5.8 and 0.4 M sucrose) as an osmotic sta-
bilizer. To optimize the enzyme solution, haploid pellet was
mixed with four different enzyme digestion solutions in SCS
buffer viz., 20 mg/mL lysing enzymes from Trichoderma
harzianum (Sigma—Aldrich, USA); 5 mg/mL p-glucanase
(Sigma—Aldrich, USA); 20 mg/mL lysing enzymes from
Trichoderma harzianum+5 mg/mL p-glucanase; 10 mg/
mL lysing enzymes from Trichoderma harzianum+ 10 mg/
mL B-glucanase, and incubated at 80 rpm at 30 °C. SCS
buffer without enzyme served as control. To optimize diges-
tion time, the haploid cells were incubated in the enzyme
solutions for three different time periods viz., 1, 2 and
3 h. The protoplasts were washed with ice-cold SCS solu-
tion twice and then with ice-cold STC solution containing
D-sorbitol (10 mM Tris—HCI, pH 7.5; 1 M D-sorbitol and
100 mM CaCl,) or sucrose (10 mM Tris—HCI, pH 7.5; 0.4 M
sucrose and 100 mM CaCl,) as an osmotic stabilizer. Finally,
the washed protoplasts were resuspended in 1 mL of the
same ice-cold STC solution with D-sorbitol or sucrose, as
described above.

Protoplast enumeration and viability assay
The protoplasts were enumerated under the microscope

using a haemocytometer and were checked by staining with
two stains; Calcofluor White, a cell wall specific stain and

Propidium Iodide, which stains non-viable (dead) protoplasts
and cells. Untreated haploid sporidia were taken as a con-
trol. Calcofluor White-stained and Propidium Iodide-stained
protoplasts/untreated haploids were observed using Leica
DM LB2 epifluorescence microscope (Leica Microsystems,
Germany) under UV filter (Excitation filter: BP340-380,
Dichromatic mirror: 400 and Suppression filter: LP425)
and N2.1 filter (Excitation filter: BP515-560, Dichromatic
mirror: 580 and Suppression filter: LP590), respectively, and
the images were captured with a Leica DMC2900 digital
camera. Protoplast viability was calculated according to the
equation: protoplast viability (%)= (number of protoplasts
not stained/total number of protoplasts) X 100. Regeneration
potential of the protoplasts was assessed by inoculating the
protoplast suspension onto Regeneration agar (10 g/L Yeast
Extract, 4 g/L Peptone, 4 g/L Sucrose, 1 M D-Sorbitol and
20 g/L. Agar) cast on sterile glass slides and incubating them
at 28 °C. Thereafter, a drop of Calcofluor White stain was
added onto the slides at periodic time intervals (2 h, 4 h,
6 h, 8 h and 10 h) to visualize distinct stages of protoplast
regeneration under epifluorescence microscope. Statisti-
cal analysis of data was performed using the software IBM
SPSS Statistics 21.0 (SPSS, Chicago, USA). The data from
triplicate observations were analyzed using one-way analy-
sis of variance (ANOVA) and significant differences among
treatments were determined at p <0.05 based on post-hoc
Tukey’s test.

PEG-mediated protoplast transformation

Hygromycin B sensitivity of the Ss97009 MAT-1 haploid
was tested prior to transformation by plating onto Yeast Malt
(YM) agar (3 g/L Yeast extract, 3 g/LL Malt extract, 10 g/LL
Dextrose, 5 g/L. Peptone and 20 g/L. Agar) containing dif-
ferent concentrations of hygromycin B (Calbiochem, USA)
ranging from 25 pg/mL to 300 pg/mL. PEG-mediated trans-
formation using circular plasmid DNA was optimized from
the protocol described by Yu et al. [22] with few modifica-
tions. A total of 100 uL protoplasts (1 x 107 cells) obtained
from MAT-1 and MAT-2 were individually mixed with 5 pg
of pNIIST plasmid DNA (circular) and incubated on ice for
10 min. After incubation, 500 uL of PEG4000 dissolved in
STC solution was added to the mixture and kept on ice for an
additional 10 min. To optimize PEG concentration, different
concentrations of PEG4000 viz., 10%, 20%, 30%, 40%, 50%
were tested. After that, the protoplasts were regenerated on a
2-layer Regeneration agar, composed of a top layer of YePS
soft agar (10 g/L Yeast extract, 20 g/L Peptone, 20 g/L. Sugar
and 6.5 g/L. Agar) and a bottom layer of YePSS agar (10 g/L.
Yeast extract, 20 g/L Peptone, 20 g/L. Sugar, 1 M D-Sorbitol
and 20 g/ Agar), with only the bottom YePSS layer con-
taining 50 pg/mL of hygromycin B for primary screening of
transformants based on antibiotic resistance. The plates were
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incubated at 28 °C for 5-6 days. Untransformed Ss97009
haploid sporidia cultured on hygromycin B-amended (50 pg/
mL) and hygromycin B-free Regeneration agar served as
controls. The mitotic stability of the transformants was ana-
lyzed for five successive sub-cultures on YM agar with and
without hygromycin B. The selected stable transformants
were cryopreserved in 30% glycerol and stored at — 80 °C.
The cultures were routinely grown in YM broth amended
with hygromycin B (50 ug/mL).

Confirmation of GFP-tagging of haploids
by fluorescence microscopy

Overnight grown cultures of the transformants, Ss97009
MAT-1gfp and MAT-2gfp, in YM broth were examined
under Leica DM LB2 epifluorescence microscope (Leica
Microsystems, Germany) equipped with a GFP filter (Exci-
tation filter: BP470/40, Dichromatic mirror: 500 and Sup-
pression filter: BP525/50), and images were captured with a
Leica DMC2900 digital camera.

In vitro mating of compatible haploid transformants

For confirmation of the mating compatibility, equal propor-
tion of overnight grown cultures of both Ss97009 MAT-1gfp
and MAT-2gfp transformants were mixed and grown on YM
agar supplemented with hygromycin B (50 pg/mL) at 28 °C
for 2 days. Distinct stages of mating viz., emergence of con-
jugation hyphae, haploid fusion and formation of dikaryotic
mycelia were observed with Calcofluor staining at different
time intervals (4 h, 6 h, 8 h and 12 h) under epifluorescence
microscope (Leica Microsystems, Germany).

Validation of GFP transformants by PCR

For PCR confirmation, GFP (GFP-F: 5'-GACGTAAACGGC
CACAAGTTC-3' and GFP-R: 5-GGGGTGTTCTGCTGG
TAGTG-3') and hygromycin (HYG-F: 5'-ATTTGTGTA
CGCCCGACAGT-3' and HYG-R: 5'-AATCTCGTGCTT
TCAGCTTCG-3') specific primers yielding amplicons of
500 bp and 829 bp, respectively, were used. The GFP-tagged
MAT-1gfp and MAT-2gfp were grown overnight separately in
YM broth amended with hygromycin B (50 ug/mL) at 28 °C.
After incubation, the cultures were pelleted, frozen with lig-
uid nitrogen and ground to a fine powder. For establishing
dikaryotic mycelia, equal proportions of the haploid cultures
were mixed, plated onto YM agar and incubated at 28 °C
for 3-5 days. DNA was extracted from Ss97009 MAT-1gfp,
MAT-2gfp and DM by CTAB method as described earlier,
and PCR was performed in a final reaction volume of 20 pl
containing 1X buffer, 200 uM dNTPs, 0.25 uM each of for-
ward and reverse primers, 1 U Taq polymerase and 100 ng
template DNA. The thermocycler conditions consisted of an
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initial denaturation at 94 °C for 5 min, 35 cycles of 94 °C
for 1 min, annealing temperature (60 °C and 58 °C for GFP
and HYG primers, respectively) for 30 s, 72 °C for 1 min
followed by a final extension at 72 °C for 5 min.

Histopathological analysis of GFP transformants
in sugarcane

GFP-tagged haploid sporidial cultures viz., Ss97009 MAT-
1gfp and SS97009 MAT-2gfp were mixed in equal propor-
tion and inoculated onto the pre-germinated buds of cv. Co
97009. Similarly, the control plants were inoculated with a
mixture of wild type Ss97009 MAT-1 and Ss97009 MAT-2
haploids. At least, 25 plants were inoculated per treatment
and maintained under ideal glasshouse conditions. After
inoculation, three bud/meristem samples each from both
challenge inoculated and control plant tissues were drawn
at different time points viz., 2 dpi, 5 dpi and 10 dpi, and
examined under GFP filter as described earlier. The remain-
ing plants were monitored regularly for the emergence of
smut whips over a period of 110 days.

Results

Identification of distinct mating types of S.
scitamineum haploids

Haploid sporidia were distinctly identified either as same
or opposite mating types (MAT-1 or MAT-2), based on the
appearance of smooth or fuzzy phenotype, respectively,
using random mating assay method (Supplementary Fig.
S2). Further, the identity of distinct mating types was con-
firmed using two specific primer sets, viz., bE1F1/bE1-2R1
MAT-1 specific) and bE2F2/bE1-2R1 (MAT-2 specific). PCR
amplification using the primers bE1F1/bE1-2R1 yielded a
specific amplicon of 668 bp with MAT-1 haploid sporidia,
and bE2F2/bE1-2R1 resulted in an amplicon of 458 bp with
MAT-2 haploid sporidia (Supplementary Fig. S3). Dikary-
otic mycelia, which served as a positive control yielded spe-
cific amplicons with both the primers. Mating type-specific
PCR confirmed the identity of the distinct haploid sporidia
obtained from the random mating assay and one colony rep-
resenting individual mating type (MAT-1 and MAT-2) was
randomly selected for further experiments.

Optimization of protoplast isolation

To develop an efficient protocol for protoplast isolation,
different factors such as choice of osmotic stabilizer,
enzyme composition and digestion time were optimized.
The use of SCS/STC buffer with D-sorbitol yielded pro-
toplasts, whereas those with sucrose were found to be
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ineffective for protoplast isolation. Hence, protoplast yield
and viability were checked with all the four enzyme treat-
ments at three different time periods (1, 2 and 3 h). Among
the enzyme treatments, the use of lysing enzymes with
B-glucanase enzyme resulted in higher yield (~ 9 x 10° pro-
toplasts/mL) of clearly visible and spherical protoplasts
(Supplementary Table S1). Low protoplast yield was
obtained with lysing enzymes alone, whereas p-glucanase
alone was found to be inefficient for protoplast isolation.
Significant differences in viability were observed among
different combinations, and higher yield of viable pro-
toplasts was obtained after 1 h of digestion followed by
a gradual decrease after 2 and 3 h of incubation (Sup-
plementary Table S1). Viability of the protoplasts was
comparatively higher with those isolated using 20 mg/mL
lysing enzymes from Trichoderma harzianum+5 mg/mL
B-glucanase than that obtained by using 10 mg/mL lys-
ing enzymes from Trichoderma harzianum+ 10 mg/mL
B-glucanase for all the digestion times. After 1 h of incuba-
tion, Propidium lodide staining of the protoplasts obtained

BRIGHT FIELD
%) S e
— S o
) e
< ¢
- o
o :
oW~ = o
o - I
O 2 v
(04
m 2 A0

90 pm—

—
@)
Y
-
P
Ol
&)

Fig. 1 Representative images of protoplasts isolated from S. scita-
mineum Ss97009 MAT-1. a Protoplasts isolated using 20 mg/mL lys-
ing enzymes from Trichoderma harzianum+5 mg/mL f-glucanase
observed under bright field, b stained with Propidium Iodide and
observed under N2.1 filter, ¢ stained with Calcofluor White and

N2.1 FILTER

using 20 mg/mL lysing enzymes from Trichoderma har-
zianum + 5 mg/mL B-glucanase, showed that >95% of the
protoplasts did not take up the stain, indicating the pres-
ence of intact cell membrane, and thus confirming their
viability (Fig. la and b). Meanwhile, Calcofluor White
staining of the protoplasts revealed that > 95% of the pro-
toplasts did not take up the stain, indicating the absence
of cell wall (Fig. 1c). Untreated haploid sporidia which
served as a control did not take up the Propidium Iodide,
but were stained with Calcofluor White (Fig. 1d-f). Fur-
ther monitoring of protoplasts in regeneration medium
revealed that the protoplasts remained to be in spherical
shape, until 4 h and get elongated with the emergence of
septate hyphae by 8 h (Supplementary Fig. S4). Hence,
the protoplast isolation method employing 20 mg/mL lys-
ing enzymes from Trichoderma harzianum+5 mg/mL
B-glucanase in SCS buffer with D-sorbitol that rendered
highest yield of pure and viable protoplasts after 1 h incu-
bation was optimized for isolating protoplasts from MAT-1
and MAT-2 haploid sporidia for further experiments.

UV FILTER

observed under UV filter; d Ss97009 MAT-1 control (untreated) under
bright field, e stained with Propidium Iodide and observed under
N2.1 filter, f stained with Calcofluor White and observed under UV
filter. Arrows in a indicate viable protoplasts, and in d and f indicate
untreated haploid sporidia
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GFP-tagging of Ss97009 MAT-1 and MAT-2 haploid
sporidia by protoplast-based PEG-mediated
transformation

A preliminary sensitivity assay to hygromycin B was per-
formed prior to transformation and it was observed that the
growth of the wild type Ss97009 MAT-1 haploid sporidia
was completely inhibited at a minimum concentration of
50 pg/mL of hygromycin B, thus indicating a higher sen-
sitivity of the fungus to the antibiotic. The circular pNIIST
plasmid DNA was transformed into the MAT-1 protoplasts
by PEG-mediated transformation and screened on Regenera-
tion agar containing 50 ug/mL of hygromycin B. The effects
of different concentrations of PEG4000 were assessed, and
the transformation efficiency was found to increase along
with an increasing concentration of PEG4000 from 10 to
40%. Meanwhile, slight decline in transformation efficiency
was observed at 50% PEG4000 (data not shown). Maximum
transformation efficiency yielding about 80 transformants/ug
of DNA was obtained at a concentration of 40% PEG4000,
and thus used for subsequent transformation experiments.

MAT-1gfp

BRIGHT FIELD

GFP FILTER

Fig.2 Confirmation of GFP tagging of S. scitamineum Ss97009 hap-
loid sporidia by fluorescence microscopy. a Ss97009 MAT-1gfp, b
Ss97009 MAT-2gfp, ¢ MAT-1 wild type (control). Arrows in a, b and
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MAT-2gfp

The ability of hygromycin resistance of about 20% of trans-
formants was lost upon successive sub-culturing owing to
the transient expression. Hence, the transformants which
remained stable even after 10 successive sub-cultures on
hygromycin B-added agar were selected for further experi-
ments. Notably, no difference in the colony morphology of
the transformants was observed, when compared to that of
the wild type strain.

Confirmation of GFP-tagged Ss97009 haploid
sporidia and their mating ability by epifluorescence
microscopy

Both MAT-1 and MAT-2 transformants expressed enhanced
green fluorescence under fluorescence microscope confirm-
ing the expression of the eGFP gene (Fig. 2). However, there
was a notable difference in the intensity of GFP expression
among the transformants. Overall, GFP fluorescence was
observed in the whole cell, except vacuoles, which appeared
to be dark. The MAT-1 and MAT-2 transformants exhibit-
ing bright fluorescence were designated as, MAT-1gfp

MAT-1 Wild type

¢ indicate Ss97009 MAT-1gfp, MAT-2gfp and MAT-1 wild type hap-
loid sporidia, respectively
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and MAT-2gfp, respectively, and were chosen for further
experiments. No green fluorescence was observed with the
Ss97009 wild type, which served as the control.

The mating compatibility of the transformants was con-
firmed in vitro by fusion of MAT-1gfp and MAT-2gfp, which
exhibited growth of white fuzzy colonies. Under fluores-
cence microscopy, formation of conjugation hyphae was
observed from 4 h of incubation and fusion of opposite mat-
ing types was observed by 6 h of incubation (Fig. 3a—d).
Dikaryotic mycelial formation was initiated by 8 h and the
opposite mating types successfully fused to form dikaryotic
mycelia by 12 h, thus confirming their mating compatibility
(Fig. 3e—g). The hyphal fusion stages as well as the dikary-
otic mycelia exhibited green fluorescence, when observed
by fluorescence microscopy.

Validation of GFP-tagging of Ss97009 haploid
sporidia and dikaryotic mycelia by PCR

Transformants of Ss97009 MAT-1gfp, MAT-2gfp and the
dikaryotic mycelia were validated using PCR with GFP-
specific and hygromycin B-specific primers. Results
showed that a GFP-specific amplicon of 500 bp and a

GFP FILTER

Fig.3 Expression of GFP in S. scitamineum during hyphal fusion
and dikaryotic mycelia formation in vitro. a Formation of conjugation
hyphae after 4 h incubation, b—d fusion of compatible mating types
(Ss97009 MAT-1gfp and Ss97009 MAT-2gfp) by 6 h incubation, e—f

BRIGHT FIELD

hygromycin-specific amplicon of 829 bp were amplified
in the haploids and mycelial transformants, confirming the
integration of the GFP gene and hygromycin resistance cas-
sette, respectively (Supplementary Fig. S5). The pNIIST
plasmid, which served as a positive control yielded both
GFP- and HYG-specific amplicons, whereas these amplicons
were absent in the wild types- MAT-1 and MAT-2 control
samples.

Visualization of GFP-expressing Ss97009
during interaction with sugarcane

GFP-expressing haploid sporidial mixture (Ss97009 MAT-
1gfp and MAT-2gfp) were inoculated onto sugarcane cv. Co
97009 to examine the in planta developmental stages and
the extent of in planta colonization of S. scitamineum over
a period of 80 days (until smut whip emergence). Inocu-
lated plantlets showed intensive colonization of external bud
surface with GFP-expressing haploid sporidia. The haploid
sporidia were found to be randomly attached to the outer
surface of the bud layer and the opposite mating types fused
to form infective dikaryotic mycelia at 2-5 dpi (Fig. 4a-b).
The pathogen was also able to colonize the internal tissues

GFP FILTER BRIGHT FIELD
)

= oima

—2um-
- 2pum-

~2um-
=2 imE

\
5 \ 7
\ i
/]

—‘Eum— —29 Hm—

initiation of dikaryotic mycelia by 8 h, g mycelial clumps formed by
12 h. Arrows in a—d indicate site of fusion between compatible hap-
loid sporidia, and e—f indicate dikaryotic mycelia
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GFP FILTER

FIELD

- 2

BRIGHT

2-5 dpi

2-5 dpi

10 dpi

20 pm—

Fig.4 Visualization of GFP tagged S. scitamineum Ss97009 during
initial stages of in planta colonization of sugarcane. a GFP express-
ing haploid sporidia and b dikaryotic mycelia on the external surface
of buds at 2-5 dpi; ¢ intercellular colonization of parenchyma cells
and d intracellular colonization of vascular bundles and surround-

after penetration of the infective mycelia. Intercellular colo-
nization of parenchyma cells and, intracellular colonization
of xylem and surrounding tissues at 10 dpi were observed,
indicating successful establishment of fungal colonization in
the host tissues (Fig. 4c—d). Nevertheless, plants treated with
mixture of Ss97009 MAT-1 wild type and MAT-2 wild type
did not show any green fluorescence, except for the slight
autofluorescence of plant tissues (Fig. 4e—f).

The plants inoculated with the GFP-expressing Ss97009
haploid mixture exhibited first whip emergence at 80 dpi.
A total of nine whips emerged from both GFP-tagged (4
whips) and wild type haploid sporidia (5 whips) inoculated
plants between 80 and 110 dpi. Microscopic examination
portrayed a comparable degree of colonization in GFP-
tagged Ss97009 inoculated plants, when compared to that
of the Ss97009 wild type. The whips emerged with the GFP-
expressing haploid sporidia were collected, and the portion
of the sorus hidden by leaf sheaths was dissected into three
distinct regions: apical region, basal region and young stem
portion beneath the whip. At the apical region of the whip
with mature teliospores, no green fluorescence was observed
under epifluorescence microscopy (Fig. 5a). But in some
areas, development of sporulating loci with mature teli-
ospores in the central portion was observed (Fig. 5b). The
basal region of the whip with active sporogenesis showed
sporulating loci with green fluorescing hyphal fragmentation
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— 20 ym—]

ing tissues at 10 dpi; e external surface and f transverse section of
sugarcane buds inoculated with wild type Ss97009 showing no GFP
expression (control). Arrows in a—d indicate GFP expressing fungal
structures

and non-melanized immature teliospores in the peripheral
part (Fig. 5c—d). In addition, both apical and basal regions
of the whip exhibited inter- and intracellular colonization
of parenchyma cells and vascular tissues in the central
part. In the young stem beneath the whip, intracellular and
intercellular hyphal colonization were distributed systemi-
cally throughout the parenchyma cells and vascular tissues
(Fig. 5e—f). Comparatively, a higher hyphal colonization
was observed in the nodal tissues, with an overall indica-
tion that the use of GFP-tagged strains enabled visualization
of in planta colonization in sugarcane on a spatio-temporal
pattern.

Discussion

GFP-tagging of a fungal strain greatly depends on the imple-
mentation of an efficient transformation protocol and sta-
ble expression of the GFP gene under natural conditions.
In S. scitamineum, a genetic transformation method based
on ATMT has been used for expressing GFP to investigate
in vitro and in planta developmental stages of S. scita-
mineum [17, 23]. Alternatively, protoplast-based transfor-
mation was reported to facilitate the visualization of many
plant-fungal interactions [24, 25]. PEG-mediated transfor-
mation method developed by Yu et al. [22] for Ustilago
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Fig.5 Fluorescence microscopic analyses of GFP tagged S. scita-
mineum in three distinct portions of smut whip developed at 80 dpi
(i) apical region (ii) basal region and (iii) young stem beneath whip.
a apical region of the whip with mature teliospores showing no green
fluorescence, b sporulation pockets with non-fluorescing mature teli-
ospores in the center; c—d basal region of the whip with active sporo-

esculenta remained to be a most plausible method to be fol-
lowed for S. scitamineum, and attempted earlier by Deng
et al. [26] and Sun et al. [27]. However, the method resulted
in very less protoplast yield and poor viability (data not
shown), as the success of such methods depends on cell wall
composition of individual fungus.

Hence, in this study, we have optimized an efficient
protoplast isolation method for S. scitamineum, and MAT-
1 and MAT-2 haploid sporidia of Ss97009 isolate were
successfully GFP-tagged using an improved PEG-medi-
ated transformation method. The yield and quality of the
protoplasts were often influenced by several parameters
including osmotic pressure stabilizer, enzyme and diges-
tion time [18]. In this study, among the osmotic stabilizers,
D-sorbitol was found to be the most effective, whereas
sucrose was inefficient for protoplast isolation. This is in
contrary to the report of protoplast isolation from U. escu-
lenta [22], wherein sucrose had the best effect, highlight-
ing the need for developing strain-specific protocols for
each fungus. Though, the use of two different concentra-
tions of lysing enzymes in combination with p-glucanase
resulted in higher yield of protoplasts, maximum percent
of protoplast viability was achieved when 20 mg/ml lys-
ing enzyme was combined with 5 mg/ml f-glucanase and
incubated for 1 h. With this combination, a high yield of
protoplasts (~ 9 x 10°® protoplasts/mL) with 95% viability

BRIGHT FIELD

GFP FILTER

genesis in the peripheral part showing green fluorescing hyphal frag-
mentation and non-melanized immature teliospores; e young stem
beneath sporogenesis displaying inter- and intracellular colonization
of parenchyma cells and f vascular tissues. Arrows in a—f indicate
sites of green fluorescing fungal colonization

was obtained, which is one of the most influencing factors
that determine the transformation efficiency.

Despite the fact that the transformation efficiency could
be enhanced by using linearized plasmid [28], we could
still develop an efficient transformation system for circular
plasmid by employing high quality protoplasts. And this
has aided in overcoming the requirement for time con-
suming restriction digestion of the plasmid. Through this
optimized PEG-mediated transformation method, about 80
transformants/ug of DNA were obtained, indicating higher
efficiency compared to the ATMT method by other work-
ers [17, 23]. For GFP-tagging, pNIIST plasmid harboring
eGFP gene as a visual marker and hygromycin gene as a
selection marker both under the control of Ascomycetes
specific promoters was used. Although the pNIIST plasmid
was constructed as an E. coli-Aspergillus shuttle vector,
the pNIIST plasmid exhibited a stable GFP expression in
the basidiomycetous fungus, S. scitamineum. GFP-tagging
of basidiomycetes has been challenging because of the
incompatibility with the Ascomycetes specific promoters
that were commonly used [29]. However, few studies on
the expression of GFP in basidiomycetes upon integra-
tion of a vector with genes under Ascomycetes promoter
have also been reported [16]. Here, the expression level of
GFP signals varied among the transformants, which could
be attributed to the plasmid integration onto different
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chromosomal locations and partial transformations in
multinucleated fungi [30].

Both MAT-1gfp and MAT-2gfp transformants expressing
a stable and strong green fluorescence were fused to form
recombinant GFP-expressing dikaryotic mycelia in vitro.
The results clearly demonstrated that the phenotype, fungal
growth and life cycle development were not affected by the
integration of the transgene. The critical steps of mating
process in vitro were monitored continuously under epifluo-
rescence microscopy. Formation of conjugation hyphae was
observed upon interaction with the opposite mating type,
which was followed by hyphal fusion during 4-6 h incuba-
tion and morphological transition leading to the formation
of dikaryotic mycelia during 8—12 h. These timings are in
agreement with the mating process of the GFP-expressing
haploid sporidia, erstwhile demonstrated by Yan et al. [23].

In the present study, we investigated in detail the infection
process in a susceptible variety Co 97009 during initial and
whip emergence stages in detail. The GFP-tagged strain of
a highly virulent Ss97009 was able to successfully penetrate
and colonize the sugarcane buds, and the colonization stages
during 2 dpi to 10 dpi were examined. Generally, micro-
scopic detection of S. scitamineum during plant colonization
is relatively difficult at the initial stages of infection, because
the fungus cannot be differentiated morphologically from
other endophytic fungi [5]. In our study, GFP-tagging of S.
scitamineum Ss97009 facilitated the specific visualization,
so as to track the natural route of the fungus during in planta
colonization of sugarcane tissues. Upon challenge inocula-
tion in a susceptible variety, the mixture of GFP-expressing
haploid sporidia (Ss97009 MAT-1gfp and MAT-2gfp) could
attach successfully to the external bud surface. The com-
patible mating types fused to form dikaryotic mycelia and
the infective dikaryotic mycelia were able to colonize the
internal tissues at 10 dpi. This is in accordance with a previ-
ous report on infection process during in planta coloniza-
tion using a GFP-tagged S. scitamineum obtained through
ATMT method [17]. The colonization of vascular tissues
was reported to provide a treading path to meristematic tis-
sues [31]. On the other hand, Yan et al. [23] reported that the
visualization of GFP-tagged S. scitamineum in the host was a
failure due to interference by strong autofluorescence of sug-
arcane tissues. Intriguingly, the selection of fungal transfor-
mants with stronger fluorescence enabled us to differentiate
fungal structures from plant tissues with autofluorescence.

Here, the GFP-tagged S. scitamineum Ss97009 was
able to develop whips in a similar pattern compared to the
wild type, showing no impact on colonization and patho-
genicity, thus demonstrating that the pathogenicity was
not affected by eGFP gene integration. Similarly, fungal
transformants tagged with improved variants of fluores-
cent proteins were reported to substantially enhance the
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visualization process without any loss in pathogenicity
[8]. However, variation in growth, colonization, reduced
virulence and fitness of GFP transformants due to the
insertional disruption of functional genes or due to the
additional metabolic burden for overexpressing GFP genes
were also reported in some other cases [32, 33]. In our
study, different portions of the whip were analyzed micro-
scopically to investigate the finer details of the infection
process. Intercellular and intracellular hyphal colonization
of parenchyma cells and vascular tissues were distributed
systemically throughout the whip shaped sorus. The basal
region of the whip with active sporogenesis exhibited
green fluorescent sporulation pockets with abundant frag-
mented hyphae, sporogenous cells and non-melanized teli-
ospores in a gelatinous matrix. Similar pattern of fungal
colonization resulting in the development of whip-shaped
sorus was reported by Marques et al. [31] using electron
microscopic studies. As evident from our work, it is clear
that eventually, the sporulation pockets enlarged to cover
the entire peripheral portion with sporulating loci. Dur-
ing teliospore maturation, they were unable to fluoresce
possibly due to melanogenesis or thickened cell wall [34].
Thus, the study demonstrated a more precise and direct
visualization of in planta colonization stages during whip
emergence using a GFP-tagged strain.

Comprehensively, for the first time, an improved and
efficient protoplast-based PEG-mediated transformation
has been established for GFP-tagging to elucidate the
critical events during mating process of S. scitamineum
in vitro, and to monitor the time course development of
in planta colonization of the fungus using a high virulent
Indian isolate Ss97009. The GFP-tagged S. scitamineum
was able to infect the sugarcane buds, facilitating visuali-
zation of the critical stages of life cycle transition events
during early phases of disease development and sporogen-
esis occurring at whip emergence stage. The GFP-tagged
transformants can also be utilized as a helpful tool for
characterization and identification of environmental stress
affecting the fungal growth in vitro and in planta [35].
Moreover, the identification of transformants with altered
virulence would help in studying the effects of ectopic
transgene integration and in identification of virulence-
related genes from a functional genomics perspective
[36]. The protoplast-based PEG-mediated transformation
method developed in this study will also serve as a tool
for functional characterization of genes through homolo-
gous recombination to decipher molecular mechanisms of
plant-pathogen interactions [37]. In particular, the method
would be useful for functional characterization of genes
required for mating/filamentation and pathogenicity of S.
scitamineum [38], thereby paving way for developing sug-
arcane varieties with smut resistance.
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Conclusion

GFP-tagged transformants of the basidiomycetous fungus,
S. scitamineum were developed by employing an efficient
protoplast-based PEG-mediated transformation. Both MAT-
1 and MAT-2 haploid sporidia of a highly virulent isolate,
Ss97009 was transformed using pNIIST plasmid harboring
eGFP gene. Using these GFP-tagged mating compatible
strains, we visualized and monitored morphological transi-
tions in vitro that occur during mating of haploid sporidia
to form dikaryotic mycelia. Precise and direct visualization
of in planta colonization stages of S. scitamineum in sugar-
cane tissues also enabled better understanding of infection
process of the smut pathogen. The development of transfor-
mants with altered virulence by an efficient and improved
protoplast-based PEG-mediated transformation would be a
powerful tool for functional characterization of genes to elu-
cidate the molecular mechanisms of S. scitamineum—sug-
arcane interaction. Overall, the development of an efficient
transformation system and such critical analysis on infec-
tion process would unwind finer details of pathogenesis, and
eventually lead to opening up of a broader range of disease
management strategies.
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