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Abstract: Sclerotium cepivorum Berk is the etiological agent of white rot disease that affects plants of the
genus Allium. This fungus produces resistance structures called sclerotia that are formed by a rolled
mycelium with a thick layer of melanin and it can remain dormant for many years in the soil. Current
interest in S. cepivorum has arisen from economic losses in Allium crops in the agricultural sector.
Melanin is a component that protects the sclerotia from adverse environmental conditions In many
organisms, it plays an important role in the infectious process; in S. cepivorum, the pathway by which
this component is synthetized is not fully described. By using infrared spectrophotometric assays
applied direct to the sclerotia and a melanin extract followed by an NMR analysis and a tricyclazole
melanin inhibition experiment, it allowed us to determine the dihydroxynaphthalene (DHN)-melanin
pathway by which S. cepivorum performs its melanin synthesis. Moreover, we focused on studying
scytalone dehydratase (SDH) as a key enzyme of the DHN-melanin synthesis. We obtained the
recombinant SDH enzyme and tested its activity by a zymogram assay. Thereby, the S. cepivorum
melanogenic route was established as a DHN pathway.

Keywords: melanin; DHN; FTIR; NMR; sclerotia; scytalone dehydratase; white rot; Sclerotium cepivorum
Berk

1. Introduction

Sclerotium cepivorum is a pathogenic fungus of plants from the Allium genus such as
garlic and onion that causes the disease known as white rot [1]. S. cepivorum usually grows
on moldy soils generating hyphae and sclerotia [2]. Despite the relevance of Allium cultures
and their losses because of white rot, advances in the biological knowledge of S. cepivorum
are limited, especially those directed toward the study of sclerotia.

Sclerotia are nutrient-rich structures produced by many fungi that allow them to
remain dormant or quiescent during unfavorable conditions. When conditions improve,
the sclerotia germinate in order to propagate the pathogenic fungus [3]. Sclerotia structures
comprise a rolled mycelium covered by an outer layer of melanin, forming a ring over
the hyphae tissue [4]; this helps the sclerotia to survive on the soil for several years [2].
S. cepivorum produces sclerotia as a resistance form and for that reason, controlling white
rot disease has been difficult. Physical, chemical, and biological methods have not been
completely effective in reducing attacks of S. cepivorum on Allium crops [5].
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S. cepivorum sclerotia are the initial source of the infective inoculum and can remain
viable for up to 20 years in the soil; this resistance is attributed to the blackish layer of
melanin that covers it [6]. Melanin in fungi protects against physical and chemical envi-
ronmental factors such as oxidative stress, UV radiation, desiccation, cold, high humidity,
heat, and antagonistic micro-organisms [7,8]. In a related organism, Magnaporthe oryzae
(Pyricularia oryzae), a mutant lacking a melanin expression was reported to be more sensitive
to stress factors [9]. In Sclerotinia sclerotiorum, a fungus with a high evolutionary similarity
to S. cepivorum [10,11] and notable for its wide host range and environmental persistence, a
melanin deficiency affected the sclerotium development but not its pathogenicity [7,12].

Melanin in fungi has been divided into three different categories: dihydroxyphenylala-
nine, also called DOPA-melanin, eumelanin, or the tyrosine route [13,14]; a variant named
pyomelanin produced from the precursor glutaminyl-hidroxybenzene (GBH-melanin) [14];
and dihydroxynaphthalene-melanin, also known as DHN-melanin, allomelanin, the DHN
pathway, or the polyketide pathway [13,15]. Although a feasible strategy for combating
white rot disease is to inhibit S. cepivorum melanization, this pathway is not well-established
and alternatives for its control are still limited [4,16]. The study of the basic biology of
S. cepivorum and several biological processes such as the development of the sclerotia and
the melanization pathway will help to understand the mechanisms responsible for white
rot disease and thus lay the foundations for the development of strategies that allow the
control of the infection [2].

Here, we present chemical and molecular evidence that allow us to suggest that the
melanin synthesis in S. cepivorum is by the DHN pathway. We used infrared spectrophoto-
metric assays and nuclear magnetic resonance (NMR) to produce an initial proposal of the
produced melanin. These studies were supported by the use of tricyclazole, which specifi-
cally interferes with DHN melanization [17]; the treated strains showed a delayed melanin
formation. In the annotation of the S. cepivorum genome, we identified several genes that
take part in the DHN-melanin synthesis pathway, of which scytalone dehydratase (SDH) is
a key enzyme. To complete this study, the identification of the open reading frame (ORF) of
the gene encoding of the SDH protein was carried out, expressed in a yeast system, and the
activity of the recombinant protein was measured. This protein has important roles in the
development and morphology of fungi related to S. cepivorum [12,18] and in this research
we demonstrate the importance it plays in the synthesis of melanin. In addition, the SDH
protein could be considered a potential target for the control of white rot disease in plants
of the Allium genus.

2. Materials and Methods
2.1. Micro-Organisms and Culture Media

S. cepivorum SC strain (isolated by Dr. D. Guzmán-de-Peña, CINVESTAV-Irapuato,
Guanajuato, Mexico) was used in this research. The strain was grown on potato dextrose
agar (PDA) plates at 18 ◦C; for the sclerotia recovery, the time of incubation was 13–17 days.
The sclerotia were harvested by mechanical means and kept at room temperature until used.
The mycelium was obtained by incubating the sclerotia on PDA plates with a cellophane
membrane for 3–7 days at 18 ◦C. It was then harvested by mechanical means and used
immediately or kept at −20 ◦C until used. Pichia pastoris X-33 strain cells were grown
in a yeast extract peptone dextrose (YPD) medium (1% w/v yeast extract, 2% w/v gelatin
peptone, and 3% w/v dextrose) or YPDS (YPD plus 1 M Sorbitol); for the Magnaporthe grisea
70-15 strain (Orbach M., University of Arizona), the strain cells were propagated in a potato
dextrose broth medium (PDB) for 5 days at 120 rpm in an orbital incubator at 28 ◦C. An
Escherichia coli DH5α strain for cloning was grown on a Luria Bertani (LB) medium with
appropriate antibiotics [19].

2.2. Sclerotia Melanin Extraction

S. cepivorum was grown for 13–17 days on PDA plates to promote the sclerotia de-
velopment. The sclerotia were harvested by mechanical means and collected in a sterile
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container. Two equivalent volumes of distilled water were then added and strongly shaken
in a vortex for 10 min to remove any mycelium residue from the surface of the sclerotia. The
suspension was left to stand until the sedimentation of the sclerotia and the supernatant
was removed. The sclerotia were washed twice in the same way and dried for 48 h at
40 ◦C. The recovered sclerotia were mixed with an equivalent volume of chloroform and
strongly shaken in a vortex for 10 min. The sedimented sclerotia were recovered and solvent
evaporation was promoted by a laminar flow. The dry sclerotia were directly used (direct
sample) for the melanin extraction or kept at room temperature until use. The melanin
extraction was performed as described by Gadd [20] but with slight modifications. The
sclerotia obtained from the direct sample were ground in a mortar, resuspended in three
equivalent volumes of 3 M NaOH, mixed thoroughly in a vortex for 10 min and incubated
for 48 h at 60 ◦C. The homogenate was centrifuged at room temperature for 10 min at
12,000× g and the supernatant containing the melanin was recovered. The melanin was
precipitated by adding 1 M HCl until a pH of 2.0 was obtained; this was then centrifuged
for 20 min at 15,000× g. The supernatant was removed, and the precipitate was washed
4 times with distilled water and centrifuged for 10 min at 12,000× g. The melanin pellet
was washed with chloroform, stirred slightly, and placed in a laminar flow until solvent
evaporation; once dried, the purified preparation was kept at room temperature.

2.3. Analysis of the Melanin Composition

Direct samples of the sclerotia and the purified extracted melanin were analyzed by
a Fourier transform infrared spectrophotometer (FTIR) in a Perkin Elmer SPECTRUM
100 infrared spectrophotometer by using a diamond attenuated total reflectance (ATR)
device at a resolution of 4 cm−1 in the wavenumber region of 4000–650 cm−1. The purified
melanin was analyzed by 13C NMR in a solid state by using a Bruker Avance III HD
400 MHz instrument operating at a frequency of 100.613 MHz employing ZrO2 rotors
of 4 mm OD and 50 µL. The cross-polarization (CP) technique was applied during the
magic-angle spinning (MAS) of the rotor at 10 kHz; 60,000 scans were accumulated (26 h)
and the data were processed in MestreNova software version 6.

2.4. Susceptibility of S. cepivorum to Tricyclazole

The S. cepivorum susceptibility test was developed as previously described by Froyd et al.
but with slight modifications [21]. Briefly, PDA discs (6 mm) containing the S. cepivo-
rum mycelium were inoculated on PDA plates with two doses of tricyclazole (SIGMA-
ALDRICH™, CAS number 41814-78-2, Burlington, MA, USA), one high (400 µg/mL) and
one low (100 µg/mL) using a concentrated tricyclazole solution (10 mg/mL in absolute
ethanol). Two control samples were used; the first contained absolute ethanol and the
other contained neither alcohol nor tricyclazole. The number of sclerotia produced was
counted at day 13 post-inoculation by using a Stratagene Eagle Eye II Imaging SystemTM.
Three independent experiments with duplicates were performed and an ANOVA statistical
analysis was used to describe the data.

2.5. Isolation of S. cepivorum DNA, RNA, and cDNA

DNA was isolated as reported by Raeder and Broda [22], using the mycelium grown
on PDA plates for four days. The DNA obtained was washed with 70% (v/v) ethanol and
kept at −70 ◦C until used. The total RNA was isolated with TriZolTM and the cDNA was
synthesized following a protocol previously standardized in a laboratory [23].

2.6. Expression of S. cepivorum SDH Protein in P. pastoris (X-33) Cells

SDH cDNA was amplified by using the D4 forward primer 5′ CTGCAGCATCCACTAT
GGCTCAAGACAGAATTTCTTTTG-3 and the R6 reverse primer 5′-GCGGCCGCGTACTG
CTTAAAACCCCCTTAAAAACC-3′ (underlined bases indicate PstI and NotI sites, respec-
tively; see extended data in Supplementary Table S1) to yield a 522 bp amplicon. The
amplicon was cloned into pCR2.1-TOPO (InvitrogenTM), Waltham, MA, USA) and then
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subcloned into the PstI and NotI sites of pPICZαB (InvitrogenTM), generating pPICZαB/sdh.
As the vector conferred a resistance to ZeocinTM, P. pastoris transformant cells were selected
in a YPD medium supplemented with 100 µg/mL of ZeocinTM. The production of the
recombinant protein was achieved by growing the methylotrophic yeast cells in a buffered
methanol-complex medium (BMMY) (1% yeast extract, 2% casein peptone, 100 mM potas-
sium phosphate, pH 6.0, 1.34% bacto-yeast nitrogen base (YNB) w/v, 4 × 10−5% biotin w/v,
1% glycerol v/v, 4 × 10−3% histidine w/v) and the expression was induced with methanol
to a final concentration of 1% following Pichia Expression Kit (ThermoFisher EasySelectTM,
Waltham, MA, USA).The purification of the SDH recombinant was performed by us-
ing Ni-NTA Sepharose (1 mL column, eluted by gravity) for the purification of the poly
histidine-containing recombinant proteins (Life Technologies™, Grand Island, NY, USA)
following the instructions provided by the manufacturer. The protein was analyzed by 12%
SDS-PAGE stained with Coomassie brilliant blue as reported by Laemmli [24].

2.7. Zymogram Assay for Recombinant SDH Activity

Native polyacrylamide gel electrophoresis was performed by using 10% acrylamide
gel in a Tris–boric–EDTA (8.9 mM Tris base, 8.9 mM boric acid, 0.2 mM EDTA) buffer with
a pH of 8.0 as reported by Laemmli [24]. Once the electrophoresis finished, the gel was
incubated for 30 min with 25 µM fluorinated coumarin, an SDH substrate (Ethyl-2-hydroxy-
2-(trifluoromethyl)-2H-chromene-3-carboxylate; see Supplementary Material File S1 and
Supplementary Figures S1–S3). The SDH activity was registered by using Chemi Doc
(BIORADTM) equipment with a fluorescence filter for SyBr GreenTM with 2 s of exposure.
The cell extracts of M. grisea 70-15 were used as a positive control for the enzyme activity.

2.8. Cell extract Obtention from Magnaporthe grisea

The protocol was based on Wheeler [25] with slight modifications. M. grisea mycelium
growth of 7 days in PDA was collected, transferred to 100 mL of PDB, and incubated for 72 h
at 28 ◦C with stirring at 180 rpm. The mycelium was harvested by filtration, washed with
Na3PO4 0.1 N, pH 7, mixed with glass beads and placed in an MSK Braun homogenizer.
The bottle was filled to one third of the volume with glass beads, a second third with the
mycelium in a 0.1 N Na3PO4 buffer, pH 7, and subjected to disruption under the following
conditions: 5 s with CO2 and 15 s without CO2. This was repeated 6 times. The sample was
centrifuged at 3000× g for 5 min to recover the cell-free extract (supernatant).

2.9. Microscopy Images

The fungal cells and sclerotia were examined by microscopy using a ZeissTM micro-
scope and an Axiocam MRc camera. All images were captured by using the same exposure
settings (white light).

3. Results
3.1. Spectroscopy-Based Analysis of Pigment Extracted from S. cepivorum

An FTIR was used to analyze the S. cepivorum melanin and to provide an initial insight
into its pathway. The IR analysis by diamond ATR was used to facilitate the handling of
these solid compounds and we obtained the sclerotia- and melanin-extracted spectra; both
were compared by overlapping, obtaining similar spectra where the most important signals
were present in both samples (Figure 1).

The spectra were analyzed, and their peaks were described to characterize the spec-
ified bonds and chemical groups (Table 1). The different products generated during
the melanin synthesis made it possible to realize an initial suggestion to differentiate
between the melanogenic pathways involved [26] among the signals; those located at
3300 cm−1–3000 cm−1 could help to make a proposal because in the DOPA-melanin route,
a sharp peak of medium intensity is characteristic of nitrogen functional groups [27] and
this did not appear and the wide and high-intensity peak could be associated with the
hydroxyl group in the DHN pathway (Table 1) [26,28,29].
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Figure 1. Overlapping FTIR spectra. (A) Direct sample and (B) purified melanin compound obtained
from S. cepivorum sclerotia. The images were obtained by using a stereoscope. (C) Spectra obtained
by FTIR in diamond ATR of the direct sample (black) and of the purified melanin compound (brown);
the principal signals are annotated. Spectra were performed with a diamond ATR attachment Perkin
Elmer SPECTRUM 100 infrared spectrophotometer (resolution of 4 cm−1 in the number region of
650 cm−1 to 4000 cm−1).

Table 1. Melanin S. cepivorum IR signals. Spectra signals of the purified compound and the direct
preparation, both from S. cepivorum sclerotia. Identification based on Pretsch tables of spectral data
for structure determination of organic compounds [28].

Purified Compound Direct Sample

Frequency (cm−1) Signal Generating Group Frequency (cm−1) Signal Generating Group

3291 -O-H Elongation vibration.
Polymeric association. 3286 -O-H Elongation vibration.

Polymeric association.

3060
3005
2953

=C-H Elongation vibration.
Aromatic compound. 2922 =C-H Elongation vibration.

Aromatic compound.

1631
1547
1531
1453

-C=C- Deformation (in plane)
aromatic compound. 1622 -C=C- Deformation (in plane)

aromatic compound.

1409
1378

-C-O Elongation vibration. Characteristic
of phenol and derivatives.

1403
1373

-C-O Elongation vibration. Characteristic
of phenol and derivatives.

1242 -O-H Deformation (in plane).
Characteristic of phenol and derivatives. 1236 -O-H Deformation (in plane).

Characteristic of phenol and derivatives.

1151
1076
1029

-C-H Deformation (in plane) and
aromatic ring substitution 1:2:3.

1069
1027

-C-H Deformation (in plane) and
aromatic ring substitution 1:2:3.

885
765
718

-C-H Deformation (out plane) and
aromatic ring substitution 1:2:3.

890
828
747

-C-H Deformation (out plane) and
aromatic ring substitution 1:2:3.

A 13C RMN technique was used to complement our FTIR results and support the
initial proposal about the DHN-melanin pathway. The purified melanin was ground again,
and 75 mg was placed and compacted in a rotor (ZrO2, 4 mm OD); the spectrum is depicted
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in Figure 2. The 13C spectrum data are described in Table 2 and the prediction of the
chemical shifts of the carbons presented in the dimers of 1,8 dihydroxynaphthalene was
made according to Manini and collaborators [30] by using MestreNova software version 6.
The prediction was made because the literature did not report a 13C NMR spectrum in the
solid state of melanin produced by a fungus through the 1,8 DHN source that was free of
other components of the cell wall such as the residues of proteins, chitin, polysaccharides,
or lipids.
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Figure 2. Purified melanin 13C NMR spectrum of S. cepivorum Berk (400 MHz).

Table 2. 13C NMR resonance assignments for S. cepivorum-extracted melanin.

Chemical Shift, ppm Chemical Grouping Reference Materials Literature Refs.

172.80 -CONH Chitin [31,32]
160.19 Aromatic -C-, O-naphthyl Poly 1,8 DHN [31]

135.77–111.32 Aromatic -C-, -C=C- Poly 1,8 DHN, likely oleoyl [31,33]
103.47, 100.73 Aromatic –C-, -O-CH-O- Chitin, glucan [32]

84.12 -CHOH α-1.3 glucan [32]
73.57–71.41 -CHOH, -CHO- Chitin, α-1.3 glucan [32]

61.54 -CH2OH Chitin [32]
60.40 -CH2OH α-1.3 glucan [32]
54.80 -CH-NH- Chitin [32]
29.08 -(CH2)- (C4–C7, C2–C16) Likely oleoyl [33]
23.89 -C(=O)-CH3, -(CH2)- (C3) Chitin, likely oleoyl [32,33]

3.2. S. cepivorum Melanization Is Affected by Treatment with Tricyclazole

Tricyclazole has been used against rice blast caused by M. grisea [34]; this com-
pound acts as a competitive inhibitor of the reduction complex formed between the 3-
hydroxynaphthalene reductase, a specific enzyme in the DHN pathway, with nicotinamide
adenine dinucleotide phosphate (NADPH) in the melanin synthesis [17,25].

In laboratory conditions, the sclerotia development started at 9 days on a PDA plate
at 18 ◦C. The effect of tricyclazole on the S. cepivorum growth showed atypical sclerotia
development, unlike that observed in the controls (Figure 3A). When 100 µg/mL of tricycla-
zole was used, the sclerotia presented an uncommon coloration and when a concentration
of 400 µg/mL of the tricyclazole was used, the sclerotia did not melanize. On day 13,
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the sclerotia pigmentation was not completely present in the assays with 100 µg/mL and
400 µg/mL of tricyclazole (Figure 3B).
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(B) sclerotia at day 13 of growth; top panels represent the Petri dishes, and the bottom panels represent
the stereoscopic photographs of sclerotia. LD = 100 µg/mL tricyclazole; HD = 400/mL µg tricyclazole.

The quantification of the sclerotia number was performed on day 13 by using a
Stratagene Eagle Eye II Imaging System TM based on the opacity and spherical shape of the
samples; therefore, we associated the inhibition caused by tricyclazole when the sclerotia
showed an effect in the melanization, delayed pigmentation time, and reduced number
of pigmented sclerotia formations compared with the controls (Figure 4). In this way, the
effect of tricyclazole on the melanization of the sclerotia from S. cepivorum was evaluated.
The results showed that tricyclazole delayed the melanization of the sclerotia, suggesting—
together with the FTIR and NMR data—that the melanization of the S. cepivorum sclerotia
was through the DHN-melanin pathway as well as S. sclerotiorum [7].
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3.3. Identification and Obtainment of a S. cepivorum Scytalone Dehydratase Gene

Once the possible DHN melanization pathway in Sclerotium cepivorum was established,
we focused on the enzymatic pathway reported for this molecule [35]. We were interested
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in the scytalone dehydratase protein (SDH) because of its two-step participation in the
melanization pathway [35]. We obtained the open reading frame (ORF) of the protein
by sequencing the strain genome (S. cepivorum UGTO-Sc1) and comparing this with the
reported genome (S. cepivorum GCA_014898415 and GCA_002162485); SDH ORF was
deposited (GenBank: MK965546.1).

We compared the reported sequences of SDH and found high conserved regions in 5′

but a variable length in the 3′ regions even for other SDHs of Sclerotinia sclerotiorum strains
(Supplementary Figure S4), indicating variations in this protein among the same species. We
also compared our SDH sequence with several other SDHs reported in S. cepivorum strains
and obtained a high alignment score in the nucleotide sequences (Supplementary Figure S5).
A distance tree using the aa sequence indicated a relationship with Sclerotinia sclerotiorum,
with an SDH of 167 amino acids (GenBank: APA08377.1) and a relationship with the SDH
of the Botrytis species (Supplementary Figure S6). Furthermore, a phylogenetic tree based
on our SDH aa sequence (GenBank: QJQ72301.1) compared with the reported sequences
was constructed, revealing the relation with other fungi SDHs (Supplementary Figure S7).

A bioinformatics analysis specifically indicated a cluster of genes involved in the
melanin synthesis such as the SDH, 1,3,8-naftalen thiol reductase, transcription factor Cys6,
a transcription factor with C6 finger domains, and an alpha-beta hydrolase, which were
also reported in Alternaria alternata, Botrytis cinerea, and S. sclerotiorum [36]. We cloned the
cDNA of the sdh gene into the pPICZαB vector to generate the construct pPICZαB/sdh.
The transformed P. pastoris X-33 cells were analyzed to verify the correct integration of
the construct pPICZαB/sdh into the yeast genome by using different pairs of primers
(Supplementary Table S1). A 1115 bp amplicon (AOX-F and AOX-R primers were used)
confirmed the complete integration of the construct in the yeast genome. The sdh amplicon
of 522 pb was verified with D4 and R6 primers (Supplementary Figure S8).

Finally, to ensure the protein expression and to corroborate that the cDNA of sdh was
in phase, the amplicon obtained with the AOX primers was sequenced, validating the
correct insertion of the sdh cDNA. Once the positive clone was selected, the expression
of the SDH was performed (Figure 5). We annotated the SDH protein in the GenBank
database (accession number MK965546.1).
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Figure 5. SDH S. cepivorum expression. (A) Scytalone dehydratase ORF, a protein with 167 amino
acids and a tail of six histidines and C-Myc = cutting site. (B) SDH expression 1: P. pastoris wt; 2:
P. pastoris with empty vector; 3 and 4: P. pastoris with SDH gene vector. SDH = 22.61 kDa (SDS-PAGE
12%, Coomassie staining).



Microbiol. Res. 2022, 13 160

3.4. S. cepivorum Scytalone Dehydratase Recombinant Activity

The SDH has a key role in melanin synthesis because it catalyzes two steps in the DHN-
melanin pathway [37,38]. We induced the SDH heterologous expression in P. pastoris [39].
The recombinant SDH protein was analyzed by electrophoretic mobility under native
conditions and its activity was revealed by using a fluorinated coumarin (Supplementary
Material File S1). A zymogram assay (Figure 6) showed the activity of the recombinant
SDH. M. grisea SDH was used as a positive control for the enzymatic activity [37,40].
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Figure 6. Scytalone dehydratase activity. Zymogram and SDS-PAGE of the recombinant scytalone
dehydratase expressed in P. pastoris. (A) Zymogram, line 1: crude culture supernatant from P. pastoris
transformed with pPICZαB/sdh; line 2: positive activity control, M. grisea protein extracts, SDH
detected activity is indicated. (B) SDS-PAGE: Proteins recovered from zymogram analysis; line 1,
recombinant SDH protein (22.61 kDa); line 2, positive control from M. grisea.

4. Discussion

Melanin is an important compound in fungi protection against several factors such as
UV radiation and dehydration as well as chemical and mechanical stressors [10,41]. It also
protects against lytic enzymes produced by soil microbes [42] and it can be a determinant
of virulence [43]. As aforementioned, melanin is a critical compound for fungi cells; for
instance, its presence is necessary to develop appressorium in M. grisea [43] and for lifespan
in S. sclerotiorum [7,12]. It has been inferred that Sclerotium cepivorum could have the
same melanin synthesis route as S. sclerotiorum because of its evolutionary closeness [17].
Nevertheless, the lifecycle of S. sclerotiorum and its plant pathogenesis is different from
the life cycle and plant pathogenesis of S. cepivorum. Melanin deficiency affects sclerotium
development but not its pathogenicity [7,12]. However, for S. cepivorum, a deficiency in
melanin production will affect the maturation of the sclerotia, impacting on its ability
to resist changes in the environment and remain viable in the soil for long periods [44].
S. cepivorum is an exclusive pathogen of plant of the genus Allium (such as garlic, onion,
scallion, shallot, leek, and chives) because of the gemination signals that the sclerotia detect
from plant-secreted sulfur compounds [1], hence the importance of knowing the melanin
biosynthesis pathway in S. cepivorum as a possible control mechanism for white rot disease
in Allium plants.
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SDH is a key enzyme in melanin biosynthesis by the DHN pathway and SDH has
been studied in different fungi such as M. grisea [43], Bipolaris oryzae [45], and S. sclerotio-
rum [7,12]. There are no specific reports of SDH in S. cepivorum, a fungus that belongs to
the sclerotinacea family. There is a study by Wheeler [25] where the effect of tricyclazole
on the melanin synthesis of mycelium homogenates of S. cepivorum was determined; a
strong in vitro inhibition of 1,3,6,8-THN to scytalone was obtained and an accumulation
of other melanin intermediates (using 159 µM of tricyclazole) established that the dehy-
dration reaction of scytalone and vermelone was not affected by tricyclazole. Melanin
synthesis inhibition in Monilia fructicola causes the sclerotia, mycelia, and spores to be
less environmentally persistent [46]. In M. grisea, the presence of inhibitors of the DHN
pathway such as tricyclazole could not penetrate the host [47] and it also lost its pathogenic-
ity and its virulence decreased [43]. Given the importance of melanin and the poorly
studied melanin synthesis pathway in S. cepivorum, we were interested to know the route
to improve the knowledge of this phytopathogenic fungus. IR spectroscopy was used to
identify the functional groups of compounds and we used this to obtain initial insights
to enable us to discriminate between the two melanins. The DOPA-melanin pathway is
more common in Basidiomycetes whereas Ascomycetes use the DHN-melanin pathway and
the final compounds have differential signal groups [48]. We used an FTIR to analyze the
sclerotia pigment, taking advantage of the properties of melanin such as being soluble in
alkali solutions, insoluble in water, and being able to be extracted from S. cepivorum by
precipitation in an HCl solution [49,50]. The sclerotia and purified pigment were analyzed
and, when comparing the spectrum data, we confirmed that the pigment covering the
sclerotia and the purified pigment were the same (Figure 1).

The samples were analyzed at a resolution of 4 cm−1 (4000–650 cm−1), obtaining
the signals of the functional groups present in the extracted melanin (Table 1). Similar
data were reported for Phyllosticta capitalensis, an endophytic fungus [51]. The signals
between 3300–3000 cm−1 helped to provide initial data about the type of melanin; if the
DOPA-melanin route was carried out by S. cepivorum, we would have expected a sharp
peak of medium intensity instead of the wide and high-intensity obtained peak (Figure 1C).
Furthermore, in the DOPA-melanin route, nitrogen-linked carbon elongation strong inten-
sity signals would have been expected for aromatic amine between 1340–1260 cm−1; these
were not observed. The signals presented between 1410–1310 cm−1 and 1260–1180 cm−1

were characteristic for phenol derivatives and referred to C-O stretching and H in plane
deformations [28], giving a proposal of the DHN-melanin pathway. The DHN-melanin
extracted from Aspergillus fumigatus [29] was analyzed by IR and compared with synthetic
melanin. The same characteristic signals were reported for both samples; signals that were
observed in our FTIR spectra. Regarding the possibility that it may have been pyomelanin,
another substitution pattern would have been observed in the deformation signals in the in
plane and outside this for the aromatic nucleus different from the 1:2:3 substitution. The
characteristic signals of phenols and their derivatives also would not appear; therefore,
the pyomelanin pathway was doubtful as the pyomelanin pathway is reported only in a
few mushrooms and basidiomycetes [52]. Here, we were capable of assigning a molecular
and bound functional group description to each peak (Table 1) and when comparing our
data with the signals reported for A. fumigatus [29], we found similar peaks describing
DHN-melanin. Furthermore, our IR melanin spectra differed from the eumelanin-reported
spectra, specifically for the sharp shape in the 3200–3000 cm−1 region [53]. At this point,
the FTIR only partially suggested a tendency of DHN-melanin. 13C RMN was performed
to support the FTIR data and the proposed DHN-melanin pathway. 13C RMN showed a
chemical shift at 160.19 ppm and 135.77–111.32 ppm (Figure 2 and Table 2) as was reported
by Raman and Ramasamy [29] for an Aspergillus fumigates DHN-extracted melanin. Table 2
also describes the chemical shifts corresponding with the chemical groups with nitrogen
that are associated with chitin and related glucans but not with DOPA-melanin; therefore,
an inhibition test was performed to support the data.
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We performed the melanin inhibition test by using tricyclazole, a known inhibitor
of the enzymatic reduction of trihydroxynaphthalene to vermelone, which are DHN-
melanin pathway intermediates [50,54]. The inhibition assays showed that tricyclazole
disturbed the normal development of the sclerotia, retarding the pigmentation process
(Figure 3) and suggesting that tricyclazole affected the S. cepivorum melanogenic pathway,
as reported in Verticillium dahlia with the same antifungal drug [54]. The observed delayed
pigmentation was comprehensible because tricyclazole is a competitive inhibitor [55]
and the fungus will produce the enzyme until the complete maturation of the sclerotia.
Furthermore, the ANOVA analysis (Figure 4) indicated a significant difference between
the treatments compared with the controls; therefore, a notorious effect existed on the
development and melanization of S. cepivorum because of the tricyclazole. Additionally, we
did not find in the genome of our S. cepivorum UGTO-Sc1 strain any genes related to the
DOPA-melanin pathway such as tyrosinase (TYR), tyrosinase-related protein (TRP1), or
dopachrome tautomerase (TRP2). At this point, we discarded the DOPA-melanin pathway
and suggested that S. cepivorum used the DHN-melanin pathway for sclerotia melanization.
Although tricyclazole has been used to control M. grisea, the side effects that it produces on
the host such as accumulating on the plant leaves [56] makes the need to search for new
strategies for the control of the disease urgent. The SDH enzyme represents a target for the
development of new antifungal drugs.

The central role played by the genes that take part in the DHN melanogenic pathway
of fungi makes them attractive candidates to study for the development of strategies that
allow the control of phytopathogenic fungi. We identified the sdh gene from S. cepivorum in
a typical biosynthetic gene cluster [57,58] and the arrangement of the genes was like that
found in S. sclerotiorum (Ortega-Cuevas, [59]). The ORF sdh gene bioinformatic analysis indi-
cated that the SDH was a protein of 167 aa with a molecular weight of 22.61 kDa (Figure 5).
The sdh amino acid sequence was very similar between S. cepivorum and S. sclerotiorum
(Supplementary Figure S4). Modeling on the platform swissmodel.expasy.org (data not
shown) presented a similar structure to other reported fungi scytalone dehydratases [58].
The S. cepivorum sdh gene was analyzed and compared with the sdh gene of S. sclerotio-
rum, showing the differences between them such as the number and size of the introns
of each gene as well as the size of the exons that comprise them (GenBank: SS1G_13314
and MK965546.1).

In the absence of effective methods to transform S. cepivorum, we carried out the exper-
iments with a recombinant enzyme as previously reported for P. oryzae [60]. Interestingly,
the recombinant enzyme, expressed in P. pastoris X-33, showed activity against a fluorinated
coumarin substrate (Figure 6). In addition, the recombinant protein had in its sequence
the amino acid valine 75, which is responsible for the enzymatic activities of converting
scytalone to 1,3,8-trihydroxynaphthalene, as reported in M. oryzae [50].

Here, the gene identification, expression, and activity of the SDH added relevant
information for the melanin synthesis pathway of S. cepivorum and the members of this
family of phytopathogens fungi. Finally, our data suggested that the S. cepivorum SDH
took part in the melanization pathway. Knowledge of the enzymes involved in melanin
biogenesis could be used to select an appropriate target for developing strategies against
white rot plant disease.

5. Conclusions

The 13C NMR and IR results, the bioinformatic results obtained, the determination
of the presence of cDNA in the extracted RNA, and the expression of the enzymatic
activity together with the results of the retardation of melanization by tricyclazole strongly
suggested that the melanogenic route involved in S. cepivorum was the DHN pathway.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microbiolres13020013/s1. File S1. Obtaining the Ethyl 2-hydroxy-2-(trifluoromethyl)-2H-
chromene-3-carboxylate [61,62]. Supplementary Figure S1. Ethyl 2-hydroxy-2-(trifluoromethyl)-2H-
chromene-3-carboxylate 1H NMR spectrum (500 MHz, CDCl3) δ: 1.42 (t, J = 7.2 Hz, 3H, CH3), 4.39
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(q, J = 7.2 Hz, 2H, CH2), 7.02-7.06 (m, 2H), 7.26 (dd, J = 7.9, 1.7 Hz, 1H), 7.39 (m, 1H), 7.45 (s, 1H,
OH), 7.79 (s, 1H). Supplementary Figure S2. Ethyl 2-hydroxy-2-(trifluoromethyl)-2H-chromene-3-
carboxylate 13C-NMR spectrum (CDCl3, 125 MHz) δ: 14.1 (CH3), 62.4 (CH2), 95.3 (q, JC,F = 34.8 Hz,
CCF3), 114.8, 116.0, 117.6, 121.5 (q, JC,F = 290 Hz, CF3), 122.7, 129.5, 133.9, 139.3, 152.7, 166.8 (C=O).
Supplementary Figure S3. Ethyl 2-hydroxy-2-(trifluoromethyl)-2H-chromene-3-carboxylate HMQS
spectrum of 2D-NMR (CDCl3). Supplementary Figure S4. Sclerotinia sclerotiorum alignment. Com-
parison between SDH of Sclerotinia sclerotiorum (Sequence ID: EDN98455.1) and another SDH of
different size. NCBI alignment. Supplementary Figure S5. Multiple alignment of the Scytalone dehy-
dratase gene from Sclerotium cepivorum in Gene Bank; NGKD01000004.1 genome sequenced by Kohn.,
RCTD01000004.1 genome sequenced by Valero-Jimenez et al. [63] and MK965546.1 complete SDH cds.
Supplementary Figure S6. Distance tree SDH of S. cepivorum UGTO-Sc1 (GenBank: MK965546.1) [64].
Supplementary Figure S7. Phylogenetic tree of S. cepivorum UGTO-Sc1 SDH [65–71]. Supplementary
Figure S8. Sclerotinia sclerotiorum alignment. Comparison between SDH of Sclerotinia sclerotiorum
(Sequence ID: EDN98455.1) and another SDH of different size. NCBI alignment. Supplementary
Table S1. Primers used for the expression of the SDH heterologous protein. Expression performed in
Pichia pastoris by using a pPICZα plasmid (InvitrogenTM).
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