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Abstract  
Neoscytalidium dimidiatum and Bipolaris species are fungal plant pathogens that have been reported to cause human diseases. 
Recently, we have isolated numerous N. dimidiatum and Bipolaris species from the skin scrapings and nails of different 
patients. In this work, we have sequenced the genome of one strain of N. dimidiatum. The sequenced genome was compared 
to that of a previously reported Bipolaris papendorfii genome for a better understanding of their complex lifestyle and broad 
host-range pathogenicity. Both N. dimidiatum UM 880 (~ 43 Mb) and B. papendorfii UM 226 (~ 33 Mb) genomes include 
11,015–12,320 putative coding DNA sequences, of which 0.51–2.49% are predicted transposable elements. Analysis of 
secondary metabolism gene clusters revealed several genes involved in melanin biosynthesis and iron uptake. The arsenal 
of CAZymes related to plants pathogenicity is comparable between the species, including genes involved in hemicellulose 
and pectin decomposition. Several important gene encoding keratinolytic peptidases were identified in N. dimidiatum and B. 
papendorfii, reflecting their potential pathogenic role in causing skin and nail infections. In this study, additional information 
on the metabolic features of these two species, such as nutritional profiling, pH tolerance, and osmotolerant, are revealed. 
The genomic characterization of N. dimidiatum and B. papendorfii provides the basis for the future functional studies to gain 
further insights as to what makes these fungi persist in plants and why they are pathogenic to humans.
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Introduction 

Neoscytalidium dimidiatum is a dematiaceous hyphomy-
cetes belonging to the order Botryosphaeriales in the class 
Dothideomycetes. The nomenclature for Neoscytalidium 
as Neoscytalidium dimidiatum isolate has been a contro-
versial issue due to the production of both arthroconidial 

(Scytalidium dimidiatum) and pycnidial (Natrassia mangif-
erae) synanamorphs [1]. Based on the DNA sequence data 
of 28S rDNA, Crous et al. (2006) reclassified several lin-
eages in the family Botryosphaeriaceae [2]. According to 
the taxonomic revision, a new genus Neoscytalidium with 
type species Neoscytalidium dimidiatum to include all iso-
lates that produce arthroconidia typical of S. dimidiatum, 
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including Hendersonula toruloidea and S. hyalinum was 
proposed [1–3]. This revision separated Neoscytalidium 
dimidiatum from a closely related group (Nattrassia mangif-
erae) that lacked this typical characteristic [2]. To date, the 
genus Neoscytalidium contains only two species: N. dimidi-
atum and N. novaehollandiae.

N. dimidiatum is a thermotolerant fungus, which causes sooty 
cankers on various fruit plants, bark trees, and ornamentals, such 
as physic nut, dragon fruit, orange, and common fig in tropical 
and subtropical regions [4–9]. Neoscytalidium canker causes 
wilting and dieback of tree branches when temperature reaches 
a hot regime and in dry weather condition [10, 11]. Heat stress 
turns N. dimidiatum into an opportunistic plant pathogen which 
infects fruit plants and trees [10, 11]. Neoscytalidium dimidi-
atum is not only known as phytopathogen but is also notorious 
for causing onychomycosis [12, 13] and dermatophytosis-like 
skin infection [14]. The diagnosis of such infections is challeng-
ing, since N. dimidiatum infection is frequently misdiagnosed as 
dermatophytosis based on direct microscopic examination [15]. 
Evidence has emerged that this fungus also causes subcutaneous 
phaeohypomycosis [16], mycetoma [17], cerebral phaeohypho-
mycosis [18], sinusitis [19], endophthalmitis [20], and fungemia 
[21], mainly affecting immunocompromised patients.

For the past 10 years, the isolation of many dematiaceous 
fungus, mainly N. dimidiatum and Bipolaris species (tele-
omorph of Cochliobolus) from the superficial skin and nail 
of patients of University Malaya Medical Centre (UMMC), a 
tertiary hospital in Malaysia, has been reported. Bipolaris is 
a large genus of dematiaceous hyphomycetes that fall under 
the order Pleosporales in the class Dothideomycetes. Like N. 
dimidiatum, Bipolaris species and its asexual state Cochliobo-
lus are well-known plant pathogens and have been reported to 
cause devastating disease epidemics of crop plants, including 
maize, oat, rice, sorghum, and wheat [21]. Bipolaris species 
has been reported to cause fruit and stem end rot in dragon 
fruit in Malaysia [22]. In another independent study, a seri-
ous stem canker caused by N. dimidiatum was found to be 
infecting most red-fleshed dragon fruit plantation in Malaysia 
[23]. These suggest an increasing trend of N. dimidiatum and 
Bipolaris species isolation from both plants and humans in 
Malaysia. Although Neoscytalidium sp. and Bipolaris sp. are 
morphologically different and not closely related phylogeneti-
cally [24], they might share similar strategies to colonize and 
adapt to plant and human hosts.

In this work, we identified and generated a draft genome 
sequence of N. dimidiatum UM 880 that was recovered from 
the skin scraping of a patient suffering from dermatophytosis. 
The published B. papendorfii UM 226 genome [25] enables us 
to compare the genome sequence assemblies and annotations 
for N. dimidiatum and B. papendorfii. The in-depth compara-
tive analysis of these two pathogens relative to one another and 
to other related fungal genomes is the first step in understand-
ing their lifestyle and fungal nutritional strategy as well as gain 

insight into genes that form unique features of their pathogenic 
success. Knowledge of the basic biology and phenotype of 
these pathogen is useful in the development of a more suitable 
strategies for disease management.

Methods

Ethics statement

The isolates of N. dimidiatum UM 880 and B. papendorfii 
UM 226 used in this study were obtained from an archived 
fungal collection in a mycology laboratory of a teaching 
hospital, University of Malaya Medical Centre (UMMC), 
Kuala Lumpur, Malaysia [25].

Fungal isolates

Both N. dimidiatum UM 880 and B. papendorfii UM 226 
were isolated from the skin scraping of patients in the 
UMMC. The isolates were processed according to the labo-
ratory’s standard operating procedures (SOP) [24, 25].

For scanning electron microscopy (SEM) examination, 
samples were fixed in 4% (v/v) glutaraldehyde for 6 h at 
4 °C, followed by three washing with 0.1 M sodium caco-
dylate buffer, pH 7.2 (10 min each). The samples were post-
fixed in 1% osmium tetroxide (w/v) for 2 h at 4 °C, washed 
three times with 0.1 M sodium cacodylate buffer, and dehy-
drated with increasing concentration of acetone, started with 
35% (v/v) for 10 min, 50% (v/v) for 10 min, 75% (v/v) for 
10 min, 95% (v/v) for 10 min, and finally three times with 
100% (v/v). The samples were air dried with critical point 
dryer (Leica, Wetzlar, Germany), mounted onto aluminum 
stubs, sputter coated with gold with sputter coater (Leica, 
Germany), and visualized with LEO 1455 VP SEM (Carl-
Zeiss, Germany).

Antifungal susceptibility

The in vitro antifungal susceptibilities of N. dimidiatum UM 
880 and B. papendorfii UM 226 were examined using the 
Epsilometer Test (Etest, Biomerieux, France) to determine 
the minimum inhibitory concentration (MIC) of antifungal 
drugs as previously described [24]. To prepare the fungal 
inocula, N. dimidiatum UM 880 and B. papendorfii UM 226 
cell suspensions were adjusted to 0.5 McFarland standard. 
The isolate was tested against eight common antifungal 
agents (amphotericin B, five azoles, viz., fluconazole, itra-
conazole, posaconazole, voriconazole, ketoconazole, and 
two echinocandins, viz., anidulafungin and caspofungin), 
and the minimum inhibitory concentrations (MICs) were 
examined after 24-h incubation.
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DNA sequencing and multilocus phylogenetic 
analysis

Three different unlinked nuclear loci, the internal transcribed 
spacer region (ITS), small subunit of the ribosomal RNA 
gene (SSU), and large subunit of the ribosomal RNA gene 
(LSU) were used to identify the fungal isolate N. dimidi-
atum UM 880. Total DNA extraction, PCR amplification, 
DNA sequencing, and BLASTn search were performed as 
described previously [24, 25]. Unique ITS, SSU, and LSU 
sequences from the isolate N. dimidiatum UM 880, together 
with an additional species of N. novaehollandiae and an 
outgroup strain of Macrophomina phaseolina (Table S1), 
were subjected to phylogenetic analysis. Multiple sequence 
alignments of collected ITS, LSU, and SSU sequences were 
generated using M-Coffee [26].

Genomic DNA extraction, genome sequencing, 
and assembly

Genomic DNA extraction was carried out as previously 
described [25]. Whole genome sequencing of N. dimidi-
atum UM 880 was carried out using Illumina HiSeq 2000 
Sequencer (Illumina Inc., San Diego, CA, USA) in a 
2 × 90 bp paired-end mode on 500-bp and 5-kb library sizes. 
Illumina library was prepared using TruSeq v3 Reagent Kits 
(Illumina Inc., San Diego, CA, USA). The selected library 
fragments were purified through gel electrophoresis, which 
were then selectively enriched and amplified by PCR. The 
500-bp Illumina sequenced read was then combined with 
the 5-kb Illumina sequenced read for further processing. 
Both sets of sequenced reads were first pre-processed using 
FASTX-Toolkit (http:// hanno nlab. cshl. edu/ fastx_ toolk it/) 
trimming bases with a Phred quality below Qv20 from the 
3′-end of the reads. The trimmed reads shorter than 30 bp 
and reads with 40% bases having Qv ≤ 20 were filtered 
out, retaining small-insert reads ≥ 80 bp and large-insert 
reads ≥ 30 bp. Two bases were trimmed from the 5′-ter-
minal of all reads. Pre-processed reads from both libraries 
were assembled with Velvet version 1.2.07 [27] with k-mer 
setting = 63, insert length = 503, -ins_length_sd = 103, 
-min_pair_count = 15, insert_length2 = 5000, ins_length2_
sd = 500, and min_contig_lgth = 200. Additional parameter 
of -shortMatePaired = yes was set for large insert library. The 
generated contigs assembled from Velvet were further scaf-
folded using SSPACE Basic v2.0 [28] with more stringent 
parameters than software default to achieve higher accuracy 
assembly (parameters: -z 100, -k 15, -a 0.3, -n 30, and -T 
10). GapFiller v1.10 (-m = 60, -o = 15, -r = 0.8, –n = 30, 
-t = 30, and -T = 10) was used to perform gap filling by utiliz-
ing paired-end sequencing data from both libraries [29, 30].

Genome annotation

Interspersed repetitive elements and low-complexity DNA 
sequences were masked using RepeatMasker version open-3.3.0 
with the Repbase fungal library version rm-20120418. Indi-
vidual rRNA and tRNA were predicted using RNAmmer v1.2 
[31] and tRNAscan-SE v1.3.1 [32], respectively. Putative trans-
posable elements were identified using Transposon-PSI (http:// 
trans poson psi. sourc eforge. net) by PSI-TBLASTN searches with 
a collection of (retro-) transposon open reading frame (ORF) 
homology profiles. Protein coding sequences were predicted 
using GeneMark-ES version 2.3e [33]. Gene annotation was 
completed using BLAST (Basic Local Alignment Search Tool) 
searches against the NCBI nr and SwissProt databases.

Functional gene and pathway analysis

GO and KEGG metabolic pathway matches were performed 
using local BLAST2GO tools [34]. Classifications of pre-
dicted proteins were carried out using KOG [35]. Protein 
domain families were matched to Pfam database using 
InterProScan 5 [36]. The best protein models of the N. 
dimidiatum UM 880 and B. papendorfii UM 226 genomes 
were submitted to database of automated carbohydrate-
active enzyme annotation (dbCAN) to functionally anno-
tate CAZymes. Comparative analysis was performed against 
other fungi with different lifestyles, including saprophytic 
fungi (Neurospora crassa OR74A and Trichoderma ree-
sei QM6a), facultative parasitic fungi (Aspergillus nidu-
lans FGSC A4), biotrophic fungi (Cladosporium flavum, 
Ustilago maydis, and Blumeria graminis), necrotrophic 
fungi (Cochliobolus heterostrophus C4 and C. heteros-
trophus C5), hemi-biotrophic fungi (Cochliobolus sativus 
ND90Pr, Magnaporthe oryzae 70–15 version 8, and Fusar-
ium graminearum PH-1), and symbiotic fungus (Laccaria 
bicolor) [37, 38]. Peptidases were functionally annotated 
by submitting the predicted protein models to the MEROPS 
database [39]. SignalP version 4.1 [40] was used to predict 
cleavage sites and signal peptide/non-signal peptide to iden-
tify small secreted proteins after discarding proteins with 
transmembrane domains that were determined by TMHMM 
version 2.0 [41]. One transmembrane domain located at the 
N-terminal 40 amino acids is acceptable as the domain is 
responsible to the secretion signal. Genomic mapping of 
fungal secondary metabolite backbone genes and asso-
ciated genes was carried out using web-based SMURF 
(Secondary Metabolite Unknown Regions Finder) (www. 
jcvi. org/ smurf/) [42]. Amino acid sequences with e-value 
threshold ≤ 1e − 5 and alignment length over 70% of its 
own length and over 50% match identity were selected and 
assigned as the annotation of predicted genes.

http://hannonlab.cshl.edu/fastx_toolkit/
http://transposonpsi.sourceforge.net
http://transposonpsi.sourceforge.net
http://www.jcvi.org/smurf/
http://www.jcvi.org/smurf/
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Phenotype microarrays

Biolog PM analysis (Biolog Inc., Hayward, CA, USA) was 
employed to examine the metabolic profile of Bipolaris papen-
dorfii and Neosyntalidium dimidiatum. Ten MicroPlate panels 
(PM1 to PM10), which included carbon, nitrogen, phospho-
rus, sulfur, nutrient supplements, peptide, osmolytes, and pH 
sources, were used in this study as summarized in Table S14. 
Bipolaris papendorfii and Neosyntalidium dimidiatum were 
grown on SDA at 30 °C for 7 days. Colonies on SDA were 
extracted with sterile, wetted cotton swab, and inoculated into 
15 mL of yeast solution (Biolog Inc.). The turbidity of the cell 
suspension was adjusted to 62% transmittance at 590 nm. PM1-
10 inoculating fluids were prepared according to the manufac-
turer’s protocol. The cell suspension was inoculated to PM1-10 
inoculating fluid as indicated in Table S15. The prepared inocu-
lum suspension (100 µL) was inoculated into each well of micro-
plate panel PM1-10 and incubated at 30 °C for 120 h. Samplings 
were done in duplicates and readings were taken using Epoch 
Microplate Spectrophotometer (BioTek Instruments, Inc., Win-
ooski, VT, USA). The utilization of substrate was monitored at 
490 nm in PM 1–8 microplate, while the growth or biomass 
reaction to osmolytes and pH were monitored at 750 nm in PM 
9–10 microplate. Water was used as the negative control for 
each microplate. Data for each assay from duplicate runs were 
averaged to obtain the mean value.

Statistical analyses

Data were evaluated using SPSS Inc. software (version 
20) (SPSS Inc., Chicago, USA). All data are presented as 
mean from two separate runs (n = 2), unless stated oth-
erwise. The statistical difference between sample means 
for analyses involving supplementation of nitrogenous 
source at pH 4.5 and 9.5 as well as supplementation of 
osmolyte at 6% sodium chloride was analyzed with one-
way ANOVA. The multiple comparison of means was 
analyzed by Tukey’s test. An independent T-test was used 
to determine the significant difference between means for 
pH, salt, and urea tolerance test. The statistical level of 
significance was preset at α = 0.05.

Results and discussion

Identification of N. dimidiatum UM 880

The N. dimidiatum UM 880 colonies on sabouraud dex-
trose agar (SDA) were fast growing with dense, deeply 
floccose, and cottony aerial mycelium (Fig. 1A and 1B). 
The colony reached diameters of 90 mm and filling the 
Petri within 4 to 6 days at 30 °C (Fig. 1A). The surface of 
the colonies was initially grayish white, becoming dark 

gray, and produced blackish brown diffusible pigment 
within 6-day incubation (Fig. 1A). It had a black colora-
tion on the reverse side (Fig. 1C).

Microscopic examination of slide culture preparations 
demonstrated broad branched, septate, subhyaline to dark 
brown hyphae (6–10 µm wide) with no conidiophores 
(Fig. 1D). They are constricted at their prominent thick 
septations, giving the pseudohyphae appearance. Con-
tiguous of one- to two-celled, pigmented arthroconidia 
(3–6 × 5–12 µm) with rectangular, oval, and barrel-shaped 
were produced (Fig. 1D). The arthroconidia were flattened 
on the ends; two-celled conidia were separated by a thick 
septum (Fig.  1D). No pycnidium was produced by N. 
dimidiatum UM 880. The SEM microphotograph of the N. 
dimidiatum UM 880 revealed that the arthroconidia were 
cylindrical with smooth to slightly verruculose walled and 
arranged in chains (Fig. 1E). The end of each conidium 
was central convex dome in shape and was connected to 
other conidium. Based on the typical morphological fea-
tures as described previously [43], the N. dimidiatum UM 
880 clinical isolate was identified as N. dimidiatum.

Molecular identification was performed to confirm that the 
N. dimidiatum UM 880 isolate is truly N. dimidiatum as sug-
gested by its morphological features. The internal transcribed 
spacer region (ITS), small subunit of the ribosomal RNA gene 
(SSU), and large subunit of the ribosomal RNA gene (LSU) 
sequences were obtained by amplification and bidirectional 
sequencing. PCR amplification of the ITS, LSU and SSU gene 
regions yielded specific amplicons of approximately 560 bp 
(ITS), 1200 bp (SSU), and 2000 bp (LSU), respectively (Fig. 
S1). By querying ITS, LSU, and SSU nucleotide sequences 
against those deposited in the NCBI-nucleotide database, the 
sequenced ITS gave 100% query coverage and 100% (579/579) 
identity with N. dimidiatum strain CBS 499.66; the sequenced 
LSU gave 72% query coverage and 100% (1159/1159) identity 
with N. dimidiatum strain CBS 145.78; the sequenced SSU 
gave 100% query coverage and 100% (1024/1024) identity 
with N. dimidiatum strain CMW 26170. The sequenced ITS, 
LSU, and SSU gene regions were used to construct a phylo-
gram using combined gene analysis with the additional 16 ex-
type strains of Neoscytalidium species (Fig. 2 and Table S1). 
Multilocus phylogenetic analysis revealed that the N. dimidi-
atum UM 880 isolate was clustered together with the group 
of N. dimidiatum instead of being grouped together into N. 
novaehollandiae cluster (Fig. S2). Taken together, the mor-
phological and molecular characterization of N. dimidiatum 
UM 880 isolate revealed that it is N. dimidiatum.

Properties of the N. dimidiatum and B. papendorfii  
genomes

The N. dimidiatum UM 880 genome was sequenced 
to ~ 93-fold depth of genome sequence coverage. In this 
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study, a total of 33,078,316 paired reads (3.3 Gb) of a 500-
bp insert-size library and 10,699,352 paired reads (1.1 Gb) 
of a 5-kb insert-size library were generated by Illumina 
HiSeq 2000 Sequencing system. The assembly yielded a 
combined total length of 42,687,746 bases in 2230 contigs 
(≥ 200 bases) which were then placed into 110 scaffolds 
(≥ 1000 bases) with paired-end sequencing data from both 
libraries. The B. papendorfii UM 226 genome was generated 
by a hybrid assembly of Illumina short reads and PacBio 
long reads with a lower number of contigs and a higher N50 
value (Table 1). The larger genome for N. dimidiatum UM 
880 genome (~ 43 Mb) as compared to the B. papendorfii 
UM 226 genome (~ 33 Mb) [25] is most likely due to the 

lower sequence coverage, as small scaffolds may fall into 
larger scaffold gaps. The G + C content of N. dimidiatum 
UM 880 (54.16%) was comparable to B. papendorfii UM 
226 (50.65). Overall, the summary of the sequence statistics 
is shown in Table 1.

Transposable elements

Transposable elements (TEs) are ubiquitous components in 
fungal genomes. Transposable elements play an important 
role in the genetic variation and actively affect gene struc-
ture to allow them to adapt in adverse environments, espe-
cially for fungus that lacks sexual stages [44]. Dematiaceous 

Fig. 1  Macroscopic and 
microscopic morphology of 
N. dimidiatum UM 880. The 
surface (A), close-up (B), and 
reverse (C) view of colony 
morphology of N. dimidiatum 
UM 880 after being cultured for 
7 days on SDA. Lactophenol 
cotton blue mount showing 
D typical arthroconidia of N. 
dimidiatum (× 400 magnifica-
tion, bars 20 µm). Two-celled 
conidia are also shown (arrows). 
Scanning electron micrograph 
showing E the arthroconidia 
were cylindrical with smooth to 
slightly verruculose walled and 
arranged in chains 
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fungal genomes contain different amounts of TEs. For 
example, the assembled genome of B. papendorfii UM 
226, Cochliobolus heterostrophus race O genome, Sporo-
thrix schenckii, and Sporothrix brasiliensis contain 2.49%, 

5.90%, 0.34%, and 0.62% of TEs, respectively [25, 45, 46]. 
Transposable elements identified in N. dimidiatum UM 880 
and B. papendorfii UM 226 genomes were categorized into 
classes and annotated as class I (LTR and LINE) and class 

A

B

Fig. 2  KOG and KEGG classifications of proteins in N. dimidi-
atum UM 880 and B. papendorfii UM 226. A KOG class annotation 
distribution of N. dimidiatum UM 880 and B. papendorfii UM 226 
genomes. A, RNA processing and modification; B, chromatin struc-
ture and dynamics; C, energy production and conversion; D, cell 
cycle control, cell division, chromosome partitioning; E, amino acid 
transport and metabolism; F, nucleotide transport and metabolism; G, 
carbohydrate transport and metabolism; H, coenzyme transport and 
metabolism; I, lipid transport and metabolism; J, translation, riboso-
mal structure, and biogenesis; K, transcription; L, replication, recom-

bination, and repair; M, cell wall/membrane/envelope biogenesis; 
N, cell motility; O, post-translational modification, protein turnover, 
chaperones; P, inorganic ion transport and metabolism; Q, second-
ary metabolites biosynthesis, transport, and catabolism; R, general 
function prediction only; S, function unknown; T, signal transduc-
tion mechanisms; U, intracellular trafficking, secretion, and vesicu-
lar transport; V, defense mechanisms; W, extracellular structures; X, 
unnamed protein; and Z, cytoskeleton. B Distribution of predicted 
proteins from N. dimidiatum UM 880 and B. papendorfii UM 226 
genomes that are involved in metabolic pathways by KEGG database

Table 1   Genome features of  
N. dimidiatum UM 880 and  
B. papendorfii UM 226 

Details N. dimidiatum UM 880 B. papendorfii UM 226

Sequencing depth  ~  × 93  ~  × 87
Assembly Size (bp) 42,687,746 33,397,470
Number of contigs (≥ 200 bp) 2203 374
Total contigs size (bp) 42,571,090 -
Contigs N50 (bp) 35,797 146,099
Number of scaffolds (≥ 1000 bp) 110 -
Total scaffolds size (bp) 42,687,746 -
Scaffolds N50 (bp) 1,952,936 -
G + C content (%) 54.16 50.65
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II transposons. The assembled genome of N. dimidiatum 
UM 880 contains low TEs content (0.51%), whereas these 
“jumping genes” occupy 2.49% of the B. papendorfii UM 
226 genome (Table 2). The high TE content in B. papen-
dorfii UM 226 might impact on its genome organization, 
evolution, and genomic functions, including gene silencing, 
regulation of gene expression, or gene mutation. Despite the 
smaller genome size of the B. papendorfii UM 226, it has 
a fourfold higher TE content and has either class I (retro-
transposons) or class II DNA transposons as compared to 
N. dimidiatum UM 880. LINE (long interspersed nuclear 
element) was mostly identified in the N. dimidiatum UM 
880 genome (Table 2), which is common for fungal genomes 
[46, 47]. Bipolaris papendorfii UM 226, however, contains 
high copy number of DDE_1 transposases, which contain 
functional domains to mediate DNA-binding, protein–pro-
tein interaction, and “cleavage-and -joining” activities [47]. 
Gypsy element belonging to the LTR superfamily is widely 
distributed in the genome. A total of 83 and 279 copies of 
Gypsy elements were identified in N. dimidiatum UM 880 
and B. papendorfii UM 226 genomes, respectively. Santana 
et al. (2014) reported that an estimated 50% of TEs identified 
in the C. heterostrophus race O genome was Gypsy elements 
[46]. Gypsy elements were found to be located in the non-
coding regions adjacent to the PKS1, PKS2, OXI1, LAM1, 
RED2, and RED3 genes, but their exact function remains 
unknown [46]. No SINE (short interspersed nuclear ele-
ments) retrotransposon was identified in neither N. dimidi-
atum UM 880 nor B. papendorfii UM 226 genomes.

Gene content

A total of 137 tRNAs and 23 rRNAs (20 8S/5.8S rRNA, one 
18S rRNA, and two 28S rRNA) were identified in the N. 
dimidiatum UM 880 genome, whereas B. papendorfii UM 
226 genome contains 128 tRNAs, 12 5S rRNA, three 18S 
rRNA, and three 28S rRNA. The N. dimidiatum UM 880 
genome revealed a total of 12,320 putative coding DNA 
sequences (CDS) with gene density of 2.88 genes/10 kb. 
The assembly size and the total number of predicted genes 
in the N. dimidiatum UM 880 genome were compared to 
other dematiaceous fungi. Neoscytalidium dimidiatum UM 
880 has a relatively larger genome but lower gene density 
compared to other dematiaceous fungi (Table S2), reflecting 
larger amounts of non-coding DNA in the N. dimidiatum 
UM 880 genome. On average, there were 3.09 exons per 
gene and average size of protein coding genes was 1451 bp 
in N. dimidiatum UM 880 genome. In addition, N. dimidi-
atum UM 880 genome revealed that a total of 11,577, 7656, 
and 9155 protein-coding sequences were homologous to 
known proteins deposited in the NCBI nr, SwissProt, and 
InterPro databases, and are comparable to that of B. papen-
dorfii UM 226 (Tables 3 and S3).

Hypothetical proteins are predicted proteins, which are 
characterized by low identity to annotated proteins and have 
not been functionally characterized [48]. Surprisingly, both 
N. dimidiatum UM 880 and B. papendorfii UM 226 genomes 
harbor large number of hypothetical proteins or unannotated 
proteins. The N. dimidiatum UM 880 and B. papendorfii UM 
226 genomes contain a total of 6041 and 10,330 hypothetical 
proteins/unannotated proteins but lacked significant homolo-
gies to known proteins from NCBI nr database (Table S4). 
InterPro protein sequence analysis revealed at least one 
domain was identified in 3098 and 7614 hypothetical pro-
teins/unannotated proteins in N. dimidiatum UM 880 and 
B. papendorfii UM 226 genomes, respectively (Table S4). 
Most of the hypothetical proteins and unannotated proteins 
contain protein kinase domain (169 and 290 in N. dimidi-
atum UM 880 and B. papendorfii UM 226 genomes, respec-
tively), suggesting the importance of these unknown proteins 
involved in phosphorylation to govern various cellular pro-
cesses, such as metabolism, transcription, cell movement, 
apoptosis, and differentiation by changing cellular location, 
enzyme activity, or association with other proteins.

The N. dimidiatum UM 880 and B. papendorfii UM 
226 genomes were also mapped to Eukaryotic Clusters of 
Orthologs (KOG), Gene Ontology (GO), and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) databases 
to characterize the predicted proteins. In N. dimidiatum 
UM 880 genome, a total of 6182 proteins were ascribed 
to 26 different functional groups based on KOG classifi-
cation (Fig. 2A and Table S5). The category [R] general 
function prediction contains the greatest number of genes 

Table 2  Transposable element composition in the N. dimidiatum UM 
880 and B. papendorfii UM 226 genomes

Class Family N. dimidiatum UM 880 B. papendorfii UM 
226

Copies Percentage 
(%)

Copies Percentage 
(%)

I DDE_1 23 0.030 422 1.11
Gypsy 83 0.192 279 0.67
LINE 88 0.186 54 0.24
TY1_Copia 34 0.065 87 0.29
ltr_Roo 0 0 2 0.00001

II helitronORF 5 0.009 4 0.01
hAT 3 0.006 21 0.05
mariner 3 0.008 55 0.11
mariner_ant1 1 0.002 6 0.01
MuDR_A_B 11 0.012 19 0.01
cacta 9 0.003 10 0.00003
Crypton 1 0.001 0 0
Total 261 0.51 959 2.49
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(1234 genes) and shows that many proteins were not classi-
fied to a distinct group (Fig. 2A). The categories [O] post-
translational modification, protein turnover, chaperones (542 
genes); [Q] secondary metabolites biosynthesis, transport, 
and catabolism (539 genes); [I] lipid transport and metabo-
lism (467 genes); [C] energy production and conversion (438 
genes); and [T] signal transduction mechanisms (423 genes) 
were the top five most abundant KOG groups (Fig. 2A). 
Neoscytalidium dimidiatum UM 880 and B. papendorfii UM 
226 genomes contain a large fraction of putative genes that 
are associated with post-translational modifications, pro-
tein turnover, and chaperones (Fig. 2A). Post-translational 
modifications of fungal cell surface proteins, such as revers-
ible peptide modifications ubiquitination, neddylation, and 
sumoylation, are vital in fungal pathogenicity [49]. The 
putative genes that are related to ubiquitination, neddyla-
tion, and sumoylation are listed in Table S6.

Gene ontology (GO) analysis revealed that the N. dimidi-
atum UM 880 and B. papendorfii UM 226 have 7202 and 
7155 genes with at least one GO assignment, respectively. 
All genes that matched to “cellular component,” “molecu-
lar function,” and “biological process” categories of GO 
(Table 4) were further examined. A 0.05 p-value of Pearson 
chi-square test was used as the cutoff for the significance of 
the differences between the two datasets. The differences 
between the two species are considered remarkable when 
the p-value is below this significant level. In the “cellular 
component” ontology, we found that genes that mapped to 
the cell (GO:0005623) and organelle (GO:0043226) were 
significant higher in N. dimidiatum UM 880 as compared 
to the B. papendorfii UM 226. In the “molecular func-
tion” ontology, N. dimidiatum UM 880 contains higher 
number of genes involved in transporter activity but lower 
number of genes involved in binding activity. In the “bio-
logical process” ontology, N. dimidiatum UM 880 con-
tains more genes assigned to the “response to stimulus” 
(GO:0050896) category but lesser genes in the “metabolic 
process” (GO:0008152) category than B. papendorfii UM 

226. In the “metabolic process” category, the “nitrogen 
compound metabolic process” (GO:0006807), “macromol-
ecule metabolic process” (GO:0043170), “primary meta-
bolic process” (GO:0044238), and “oxidation reduction” 
(GO:0055114) are categories which showed highly signifi-
cant relationship. In addition, there was a significant rela-
tionship observed in the category of “response to chemical 
stimulus” (GO:0042221), under the subset of “response to 
stimulus.” Of the 1110 genes assigned to this category in 
N. dimidiatum UM 880, 201 genes were further assigned to 
the “response to drug” (GO:0042493) category (168 genes 
in B. papendorfii UM 226), 274 genes into “response to 
xenobiotic stimulus” (GO:0009410) category (237 genes 
in B. papendorfii UM 226), and 246 genes to “response to 
inorganic substance” (GO:0010035) category (207 genes in 
B. papendorfii UM 226). Particularly, the numbers of genes 
assigned to “drug transport” (GO:0015893) and “multidrug 
transport” (GO:0006855) are higher in N. dimidiatum UM 
880 (78 and 26 genes, respectively) than in B. papendorfii 
UM 226 (39 and 28 genes, respectively). This might con-
tribute to the higher tolerance of drugs in N. dimidiatum 
UM 880 as compared to B. papendorfii UM 226 as will be 
discussed in the “Antifungal susceptibility profile and drug 
resistance genes” section.

To further gain insight into the gene functions in N. 
dimidiatum UM 880, we successfully assigned 1812 pre-
dicted proteins to their orthologous genes in metabolic 
pathways in the KEGG database (Table S7). The top five 
categories in KEGG metabolic pathway in both fungi are 
carbohydrate metabolism, amino acid metabolism, lipid 
metabolism, nucleotide metabolism, and xenobiotics bio-
degradation and metabolism (Fig. 2B). Overall, B. pap-
endorfii UM 226 has noticeably more KEGG annotated 
genes involved in the metabolic pathway as compared to 
the N. dimidiatum UM 880 (Fig. 2B). However, it should 
be noted that the numbers of genes encoding enzymes for 
secondary metabolite biosynthesis are more abundant in 
N. dimidiatum UM 880 than in B. papendorfii UM 226 

Table 3  Gene model of N. 
dimidiatum UM 880 and B. 
papendorfii UM 226 genomes

Gene model Fungal species

N. dimidiatum UM 
880

B. papen-
dorfii UM 
226

Number of predicted genes (> = 99 bp) 12,320 11,015
Average gene length 1451 1425
Average number of exons per gene 3.09 2.95
Annotated protein coding regions NCBI nr 11,577 10,708

SwissProt 7656 6963
InterPro 9155 8283

tRNAs 137 128
rRNAs 23 18
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(Fig. 2B), which is in agreement with the KOG annotation 
(Fig. 2A). The metabolism and biosynthesis of secondary 
metabolites in N. dimidiatum UM 880 and B. papendorfii 
UM 226 are further discussed in the “Secondary metabo-
lism” section.

Secondary metabolism

Dothideomycetes fungi harbor large number of gene-encod-
ing enzymes for secondary metabolite production, includ-
ing polyketide synthase (PKS) and non-ribosomal peptide 

Table 4  Genes assigned to the “cellular component,” “molecular function,” and “biological process” categories of GO in N. dimidiatum UM 880 
and UM 226

GO ontology Number of genes in N. 
dimidiatum UM 880

Number of genes in B. 
papendorfii UM 226

p-value

Cellular component
1 Cell (GO:0005623) 6001 5801 0

Membrane (GO:0016020) 2604 2412 0.002
Intracellular part (GO:0044424) 5402 5212 0.003

2 Membrane-enclosed lumen (GO:0031974) 1217 1332 0.007
3 Macromolecular complex (GO:0032991) 1692 1941 0

Protein complex (GO:0043234) 1294 1541 0
4 Organelle (GO:0043226) 4726 4580 0.043
Molecular function
1 Oxidoreductase activity (GO:0016491) 1243 1068 0
2 Transferase activity (GO:0016740) 980 1125 0
3 Hydrolase activity (GO:0016787) 1452 1566 0.011
4 Ligase activity (GO:0016874) 223 264 0.05
5 Transporter activity (GO:0005215) 871 779 0.023

Transmembrane transporter activity (GO:0022857) 755 645 0.003
Substrate-specific transporter activity (GO:0022892) 768 680 0.021
Vitamin transporter activity (GO:0051183) 49 28 0.018
Cofactor transporter activity (GO:0051184) 85 54 0.009

6 Binding (GO:0005488) 4487 4788 0
Nucleotide binding (GO:0000166) 849 1166 0
Nucleoside binding (GO:0001882) 527 803 0
Nucleic acid binding (GO:0003676) 839 1160 0
Vitamin binding (GO:0019842) 64 111 0
Ion binding (GO:0043167) 968 1306 0
Tetrapyrrole binding (GO:0046906) 80 128 0.001
Cofactor binding (GO:0048037) 325 431 0

7 Electron carrier activity (GO:0009055) 100 155 0
8 Transcription regulator activity (GO:0030528) 260 382 0

Two-component response regulator activity (GO:0000156) 6 28 0
Transcription factor activity (GO:0003700) 113 210 0

9 Translation factor activity, nucleic acid binding (GO:0008135) 69 94 0.044
Biological process
1 Metabolic process (GO:0008152) 5004 5139 0.002

Nitrogen compound metabolic process (GO:0006807) 2433 2656 0
Macromolecule metabolic process (GO:0043170) 2578 2892 0
Primary metabolic process (GO:0044238) 3943 4105 0.002
Oxidation reduction (GO:0055114) 561 771 0

2 Pigmentation (GO:0043473) 1944 2054 0.022
3 Response to stimulus (GO:0050896) 2145 1981 0.006

Response to chemical stimulus (GO:0042221) 1110 976 0.003
4 Regulation of biological process (GO:0050789) 1988 2107 0.014
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synthetase (NRPS) that are vital in niche exploitation as well 
as pathogenicity [50, 51]. Many of these secondary metabo-
lites often serve as virulence factors, which are required for 
these necrotrophs [52, 53]. With this in mind, we screened 
the N. dimidiatum UM 880 and B. papendorfii UM 226 
genomes to identify genes related to secondary metabolism 
that are important for virulence and survival such as host 
specific toxins (HST), non-host specific toxin (NHST), and 
melanin. Secondary Metabolite Unique Regions Finder 
(SMURF) analysis predicted 39 and 32 gene clusters encod-
ing backbone enzymes in N. dimidiatum UM 880 and B. 
papendorfii UM 226 genomes, respectively (Table 5).

Dematiaceous fungi are organisms that are known to pro-
duce melanin during formation of fungal spore for deposition 

in the cell wall. Fungal melanins are essential for survival, 
pathogenicity, and increase in their competitive ability to 
occupy plethora of niches. Jahn et al. (2000) indicated that 
loss of melanin pigment is associated with enhanced suscep-
tibility to reactive oxygen species (ROS) [54]. Most fungal 
melanins are biosynthesized via 1,8-dihydroxynaphthalene 
(DHN) pathway using polyketide synthases (PKs) to form 
melanin precursors. The PKSs are encoded by the most 
widely distributed fungal PKS genes, such as PKS1 in Colle-
totrichum lagenarium [51] and PKS18 in Cochliobolus het-
erostrophus [55]. In this study, PKS1 (UM880_8812, 70.2% 
identical), PKS15 (UM880_2257, 51% identical), alter-
napyrone synthase, PKSN (UM880_2826, 56% identical), 
and PKS13 (UM880_9993, 53% identical) were identified 
in N. dimidiatum UM 880 genome; PKS1 (UM226_1411, 
93% identical), PKS2 (UM226_3388, 84% identical), PKS4 
(UM226_8230, 79% identical), PKS7 (UM226_6241, 65% 
identical), PKS9 (UM226_7130, 77% identical), and PKS11 
(UM226_7830, 85% identical) were found in B. papendorfii 
UM 226 genome. Like B. papendorfii UM 226 [25], N. 
dimidiatum UM 880 may produce 1,8-dihydroxynaphthalene 
(DHN) melanin by a set of DHN melanin-synthesis-related 
proteins, including PKS1, 1,3,6,8-tetrahydroxynaphtha-
lene reductase (BRN2) (UM880_8808, 90%), transcription 
factor CMR1 (UM880_8809, 94.1%), and three scytalone 
dehydratases (UM880_2773, 85%; UM880_3280, 98.9%; 
and UM880_7245, 50.3%). A small gene cluster compris-
ing PKS1 BRN2, and CMR1 was identified in N. dimidi-
atum UM 880 genome (Fig. 3A). The mutual orientation 
of PKS1, BRN2, and transcription factor CMR1 is the 
same as found in B. papendorfii UM 226 (Fig. 3A). Amino 
acid alignment revealed that N. dimidiatum UM 880 PKS1 
(NDPKS1) is 70.7% identical to B. papendorfii UM 226 

Table 5  Numbers of backbone-genes required for the biosynthesis of 
secondary metabolites in N. dimidiatum UM 880 and B. papendorfii 
UM 226 genomes

PKS, polyketide synthetase; NRPS, non-ribosomal peptide syn-
thetase; HYBRID, hybrid PKS-NRPS enzyme; DMAT, dimethylallyl 
tryptophan synthase

Classifications Fungal species

N. dimidiatum UM 880 B. papen-
dorfii UM 
226

PKS 19 17
PKS-like 2 2
NRPS 8 4
NRPS-like 8 7
HYBRID 2 1
DMAT 0 1
Total 39 32

Fig. 3  Melanin biosynthetic 
genes identified in N. dimidi-
atum UM 880 and B. papen-
dorfii UM 226 genomes. A 
Schematic representation of the 
biosynthetic gene cluster for 
the PKS in N. dimidiatum UM 
880 and B. papendorfii UM 
226 genomes. Numbers are in 
kilobases. B Domain analysis 
of NDPKS1, BPPKS1, and 
Bipolaris oryzae PKS1
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PKS1 (BPPKS1). Both the NDPKS1 and BPPKS1 contain 
features of a non-reducing fungal type I PKS with a starter 
unit of ACP transacylase (SAT), β-ketoacyl synthase (KS), 
acyltransferase (AT), product template (PT), acyl carrier 
protein (ACP), and thioesterase (TE) [56]. NDPKS1 and 
BPPKS1 contain domain order of KS-AT-ACP-ACP-TE 
similar to Bipolaris oryzae PKS1 that is involved in melanin 
biosynthesis [57] (Fig. 3B). Neoscytalidium dimidiatum UM 
880 contains two mitogen-activated protein kinases, Chk1 
(UM880_5115, 91.7%) and Mps1 (UM880_607, 86%), that 
play important role to regulate transcription factor CMR1 at 
the transcriptional level [55].

The 6-methylsalicylic-acid synthase belongs to a class 
of PKSs that is involved in building of an aryl moiety in 
many bioactive secondary metabolites, such as avilamycin, 
calicheamicin cholorothricin, maduropeptin, pactmycin, and 
polyketomycin [58]. In this work, we found a gene encoding 
6-methylsalicylic-acid synthase (UM880_11018, 85.2%) in 
N. dimidiatum UM 880. As described in Ding et al. (2010), 
UM880_11018 harbors multiple functional domains in an 
order of KS-AT-dehydratase (DH)-ketoreductase (KR)-ACP 
[58]. The presence of this encoding gene in N. dimidiatum 
UM 880 suggests that this isolate may produce antibiotic 
substances.

Iron uptake and homeostasis

Fungal pathogens can acquire iron from vertebrate hosts 
to survive and proliferate in the hosts. Additionally, iron 
acquisition is important for the infection process in fungi 
[59]. Fungi commonly use two high-affinity iron uptake 
mechanisms: (i) non-ribosomally synthesized secreted iron 
chelators (siderophores) and (ii) non-siderophore reductive 
iron assimilation (RIA) [60–63]. Fungal siderophores are 
synthesized by multi-domain NRPSs which are encoded 
by NRPS2 (its homolog SidC in Aspergillus fumigatus) 
and NRPS6 (its homolog SidD in Aspergillus fumigatus) 
[61]. On the other hand, the RIA involves three sequential 
processes, starting with the reduction of  Fe3+ to  Fe2+ by 
ferric reductase, followed by re-oxidation of  Fe3+ by the 
ferroxidase, and finally the transport of the insoluble  Fe3+ 
across the membrane by the high-affinity iron permease Ftr1 
[62]. In this study, we identified ferrichrome-type NRPS, 
NRPS2 (UM880_724) and fusarinine-type NRPS, NRPS6 
(UM226_3398) in N. dimidiatum UM 880 and B. papen-
dorfii UM 226, respectively. This finding revealed that N. 
dimidiatum UM 880 employs the intracellular siderophore, 
ferricrocin, but B. papendorfii UM 226 uses the extracellular 
siderophore, fusarinine C for iron acquisition. NRPS6 is a 
virulence factor for Fusarium graminearum, Cochliobolus 
heterostrophus, C. miyabeanus, and A. brassicicola [61]. 
Knockdown of the gene in these fungi caused a significant 
reduction in virulence and hypersensitive to oxidative stress 

[61, 64]. Here, we showed that UM226_3398 is a patho-
genicity-associated gene predicted by the pathogen-host 
interaction database (PHI-base). However, ferricrocin plays 
no role in virulence of C. heterostrophus, but is required for 
sexual development [64]. In addition, two genes encoding 
L-ornithine-N5-monooxygeneses were found in N. dimidi-
atum UM 880 (UM880_818 and UM880_8078) and B. pap-
endorfii UM 226 (UM226_2340 and UM226_3401). The 
L-ornithine-N5-monooxygenase catalyzes the committed 
step for the biosynthesis fusarinine C and ferricrocin. In 
this study, a total of seven putative siderophore transporter-
encoding gene orthologs to SIT1, MIRB, and MIRC were 
also discovered in N. dimidiatum UM 880, while one puta-
tive siderophore transporter similar to MIRC was identified 
in B. papendorfii UM 226 (Table S3). In A. fumigatus, utili-
zation of ferricrocin required siderophore transporters Sit1 
and Sit2, and both MirB and MirC have been implicated 
to be important for the transportation of siderophores [65].

Most fungi employ more than one iron-uptake mecha-
nism in iron homoeostasis. Aspergillus fumigatus employs 
siderophore and RIA mechanism to acquire iron [63]. Our 
findings showed that both N. dimidiatum UM 880 and B. 
papendorfii UM 226 harbor siderophore and siderophore 
transporters to acquire iron, and they have all essential gene-
encoding enzymes involved in the three-step RIA process. In 
N. dimidiatum UM 880, we found a metalloreductase Fre1p 
(UM880_12166), four ferroxidases Fet3 (UM880_431, 
UM880_937, UM880_2901, and UM880_11949), and 
two iron permease Ftr1 (UM880_2900 and UM880_432), 
whereas a metalloreductase Fre8 (UM226_5148), two fer-
roxidases Fet3 (UM226_875 and UM226_5495), and an iron 
permease Ftr1 (UM226_876) were identified in B. papen-
dorfii UM 226. As previously reported [66, 67], ferroxidase 
and iron permease encoding gene clusters were determined 
in both N. dimidiatum UM 880 and B. papendorfii UM 226. 
In N. dimidiatum UM 880 and B. papendorfii UM 226, the 
iron permeases Ftr1 were located adjacent to ferroxidases 
Fet3.

Genomes of both fungi contain genes involved 
in hemicellulose and pectin decomposition

The plant cell wall is composed of polysaccharides cellulose, 
hemicellulose (composed of xyloglucans, xylans, mannans, 
glucomannans, and beta-glucan), and pectin (composed 
of galacturonan and rhamnogalacturonan). The capabili-
ties to breakdown plant cell wall carbohydrates for nutrient 
sources or facilitate infection via host–pathogen interactions 
are important features of fungal lifestyle. Fungi can pro-
duce various carbohydrate-active enzymes (CAZymes) to 
degrade complex plant polysaccharide materials to simple 
monomers for carbon sources [38]. The abundance of fungal 
CAZymes demonstrates a remarkable functional diversity 
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and fungal lifestyle due to the vast structural and functional 
diversity of the complex network of different plant cell wall 
polysaccharides. The N. dimidiatum UM 880 genome was 
mapped to the CAZy database to identify the presence of 
CAZyme-coding homologous genes. The CAZyme content 
in the genome of N. dimidiatum UM 880 was compared to 
B. papendorfii UM 226 and other fungi from different nutri-
tional modes or infection mechanisms to determine their 
digestive potential against various plant cell wall polysac-
charides. The lifestyle of N. dimidiatum and B. papendorfii 
was determined by comparing their CAZyme content and 
distribution to saprophytic fungi (Neurospora crassa OR74A 
and Trichoderma reesei QM6a), facultative parasitic fungi 
(Aspergillus nidulans FGSC A4), biotrophic fungi (Clad-
osporium flavum, Ustilago maydis, and Blumeria graminis), 
necrotrophic fungi (Cochliobolus heterostrophus C4 and C. 
heterostrophus C5), hemi-biotrophic fungi (Cochliobolus 
sativus ND90Pr, Magnaporthe oryzae 70–15 version 8, and 
Fusarium graminearum PH-1), and symbiotic fungus (Lac-
caria bicolor). The N. dimidiatum UM 880 genome con-
tains 669 gene-encoding putative CAZymes, comprising 
68 carbohydrate binding module (CBM), 162 carbohydrate 
esterases (CE), 305 glycoside hydrolases (GH), 104 glyco-
syl transferases (GT), and 30 polysaccharide lyases (PL) 
(Table S8). At the first glance, the CAZyme contents in N. 
dimidiatum UM 880 and B. papendorfii UM 226 genomes 
are larger than saprotrophs, biotrophs, and symbiotic fungi 
but comparable to other plant pathogens (necrotrophs and 
hemibiotrophs) (Fig. 4A and Table S8). In general, plant 
pathogenic fungi contain more CAZymes than saprotrophic, 
biotrophic, and symbiotic fungi [37]. The high number of 
CAZymes in N. dimidiatum UM 880 and B. papendorfii UM 

226 genomes suggests their capability in degrading plant 
carbohydrates to access internal plant tissues and causing 
infection in plants.

CAZyme catalytic domains of CE, GH, and PL are well 
known as cell wall degrading enzymes [68]. The genomes 
of N. dimidiatum UM 880 and B. papendorfii UM 226 
contain 196 and 186 CAZymes unambiguously associated 
with the degradation of plant cell wall polysaccharides 
cellulose, hemicellulose, pectin, as well as hemicellulose 
or pectin side chains (Table S9). The number of plant 
cell wall–degrading enzymes in N. dimidiatum UM 880 
and B. papendorfii UM 226 genomes was not far off to 
plant pathogenic fungi but higher than in the other non-
pathogenic fungi analyzed except for C. fulvum (Fig. 4B). 
As previously noted [38], C. fulvum differs from other 
biotrophs, which contains more plant cell wall–degrad-
ing enzyme families of GH28, GH31, GH35, GH43, CE5, 
and CE16 (Table S9). Besides the quantitative similarity, 
the N. dimidiatum UM 880 shows qualitative similarity 
to the B. papendorfii UM 226, especially, the cellulo-
lytic and hemicellulolytic capacities as well as the cleav-
age activity of hemicellulolytic and pectin side chains 
(Fig. 4B and Table S5). The number of putative cellu-
lose–degrading enzymes encoded in N. dimidiatum UM 
880 and B. papendorfii UM 226 is smaller than in plant 
cell wall–degrading pathogens (necrotrophs and hemibi-
otrophs), indicating that they do not extensively digest 
cellulose. However, their potential cellulose-degrading 
activity is comparable to that of saprotrophic, symbiotic, 
and facultative parasitic fungi (Table S9). In particular, 
biotrophic fungi have a low cellulose-degrading capac-
ity as compared to that of N. dimidiatum UM 880 and B. 

Fig. 4  CAZyme class anno-
tation distribution of N. 
dimidiatum UM 880 and B. 
papendorfii UM 226 genomes. 
A Comparison of the distri-
bution of CAZyme catalytic 
domains between N. dimidiatum 
UM 880, B. papendorfii UM 
226, and fungi from various 
lifestyles. CBM, carbohydrate 
binding module; CE, carbohy-
drate esterase; GH, glycoside 
hydrolase; GT, glycosyltrans-
ferase; PL, polysaccharide lyase. 
B Comparison of the plant cell 
wall degrading potential from 
CAZyme analysis between N. 
dimidiatum UM 880, B. papen-
dorfii UM 226 and fungi from 
various lifestyles
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papendorfii UM 226. The members of GH61 family are 
copper-dependent lytic polysaccharide monooxygenases 
that play important role to enhance lignocellulose degra-
dation by catalyzing the oxidative cleavage of cellulose 
[69]. However, the GH61 was not identified in both N. 
dimidiatum UM 880 and B. papendorfii UM 226, whereas 
necrotrophic and hemibiotrophic fungi have an average 
of 22 genes (minimum 15, maximum 25). Biotrophic, 
saprophytic, and facultative parasitic fungi contain lower 
number of GH61 CAZymes. The hemicellulose degrad-
ing capacity is significantly larger for N. dimidiatum 
UM 880 and B. papendorfii UM 226 than in other plant 
cell wall–degrading fungi (Fig. 4B and Table S9). The 
unique feature of the N. dimidiatum UM 880 and B. pap-
endorfii UM 226 is the presence of many CE1 proteins 
(31 and 42, respectively), whereas other analyzed fungi 
have an average of four genes (minimum 0, maximum 8) 
(Table S9). Both N. dimidiatum UM 880 and B. papen-
dorfii UM 226 contain, respectively, two and one CE1 
acetyl xylan esterase that directed against the plant cell 
wall xylan. The two xylanase families GH10 and GH11, 
however, are equivalent in size to other fungi, except for 
L. bicolor and B. graminis, which lack of any families 
GH10 and GH11. Neoscytalidium dimidiatum UM 880 
contain a noticeably higher number of CAZymes puta-
tively involved in pectin degradation as compared to the 
B. papendorfii UM 226 (64 vs. 38 putative pectin-specific 
CAZymes, respectively) and other fungi (Table S9). The 
pectin-degrading capacity for to B. papendorfii UM 226 
is comparable to that of necrotrophic and hemibiotrophic 
fungi in the number of enzymes in all pectin-related 
CAZY families as well as the ratio of pectin-degrading 
lyases versus hydrolases, except for M. oryzae 70–15 ver-
sion 8 (Table S9). Neoscytalidium dimidiatum UM 880 
has higher number of polygalacturonases (family GH28), 
pectin methylesterases (family CE8), and pectate lyases 
(families PL1 and PL3) than in all the other plant cell 
wall–degrading fungi (Table S9), suggesting that the fun-
gus has high capacity of pectin degradation. The obser-
vations also propose a common preference for soft plant 
tissues, such as fruits or flowers that are rich in pectin. 
Different plant cell wall–degrading fungi likely employ 
different methods to degrade plant tissues. In this work, 
the results suggest a preference of N. dimidiatum UM 
880 and B. papendorfii UM 226 for hemicellulose and 
pectin rather than for cellulose. Although the cellulose-
degrading capacity is similar between them, their ability 
to degrade soft tissue components, especially pectin, is 
much different. Even if it lacks experimental supports, the 
lower number of cellulose-degrading enzymes in both N. 
dimidiatum UM 880 and B. papendorfii UM 226 suggests 
that they employ another strategy to digest cellulose.

Secreted peptidases

Dermatophytes harbor the ability to secrete broad specturm 
of peptidases to degrade compact hard keratin to be used 
as nutritional sources, and the ability to degrade keratin is 
one of the most important pathogenic attributes of derma-
tophytes like Trichophyton rubrum and Microsporum canis 
[70]. The degradation process releases free amino acids 
from keratin (as source of nutrients) and ultimately leads 
to production of ammonia, which alters the host tissue to an 
alkaline pH, producing a host environment that is optimal 
for these proteolytic enzymes [70]. At this stage of knowl-
edge, N. dimidiatum and B. papendorfii are not known as 
dermatophytes. However, the isolation of N. dimidiatum 
UM 880 and B. papendorfii UM 226 from the human skin 
lesions had raised our interest to search for genes encoding 
keratin-degradation proteases in these genomes. In line with 
this information, peptidase-encoding genes were classified 
in the N. dimidiatum UM 880 and B. papendorfii UM 226 
genomes using the MEROPS database, with emphasis on the 
secreted peptidases (Table S10). Neoscytalidium dimidiatum 
UM 880 and B. papendorfii UM 226 genomes contain 199 
and 153 peptidases, respectively. Of these, a total of 58 and 
35 of the deduced peptidases contain a secretion signal in N. 
dimidiatum UM 880 and B. papendorfii UM 226 genomes, 
respectively. This preliminary data showed that N. dimidi-
atum UM 880 possesses greater metabolic capability for 
protein degradation as compared to B. papendorfii UM 226. 
Burmester et al. (2011) revealed that keratinolytic peptidases 
that belong to the families M14 (metallocarboxypeptidases), 
M28 (aminopeptidases), M35 (deuterolysin), M36 (fun-
galysin), S8 (subtilisin), and S10 (carboxypeptidases) have 
expanded in dermatophytes Arthroderma benhamiae and 
Trichophyton verrucossum [71]. In this study, collections of 
predicted secreted peptidases in M14, M28, M35, M36, S8, 
and S10 families of N. dimidiatum UM 880 and B. papen-
dorfii UM 226 were compared to those A. benhamiae and T. 

Table 6  Total number of putative keratinolytic peptidases families in 
N. dimidiatum UM 880, B. papendorfii UM 226, A. benhamiae, and 
T. verrucosum 

Secreted protein N. 
dimidi-
atum
UM 
880

B. pap-
endorfii
UM 226

A. benhamiae T. verrucosum

S8 7 3 14 14
S10 10 7 11 13
M14 1 6 5 4
M28 4 6 8 8
M35 5 0 5 6
M36 0 0 5 5
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verrucossum (Table 6). Neoscytalidium dimidiatum UM 880 
contains lower number of peptidases families S8, S14, and 
M28, while B. papendorfii UM 226 contains lesser pepti-
dases families S8 and S10 as compared to A. benhamiae and 
T. verrucossum. No deuterolysin was found in B. papendorfii 
UM 226. Additionally, fungalysin was not identified in both 
N. dimidiatum UM 880 and B. papendorfii UM 226.

The data was further analyzed by cross-checking with 
known keratinolytic peptidases in N. dimidiatum UM 880 
and B. papendorfii UM 226 genomes based on literature 
review. Here, we managed to identify a total of potential 13 
and 18 keratinolytic peptidases in N. dimidiatum UM 880 
and B. papendorfii UM 226 genomes, respectively (Table 7). 
Of the secreted peptidases, one gene (UM880_9235) in 
N. dimidiatum UM 880 and two genes (UM226_975 and 
UM226_2139) in B. papendorfii UM 226 showed 46%, 51%, 
and 45% identity to T. rubrum metallopeptidase TruMCPA 
(ABW79919), respectively. Multiple sequence alignment 
was constructed and the conserved catalytic sites, zinc bind-
ing, substrate binding, and cysteine residues were identified 
(Fig. S3). Two genes in N. dimidiatum, UM880_7307 and 
UM880_4501, were identified as putative leucine amin-
opeptidase LAP1 and LAP2 with 49% and 46% identities 

to T. rubrum LAP1 and LAP2, respectively, whereas in B. 
papendorfii, a total of six putative aminopeptidases were 
determined, comprising two putative LAP1 (UM226_9084 
and UM226_9684) and four putative LAP2 (UM226_5777, 
UM226_3516, UM226_7154, and UM226_10463). The 
hydrolytic activities of both LAP1 and LAP2 peptidases are 
the same [72]. The consensus active residues and binding 
sites of these predicted peptidases are the same as reported 
[72] (Figs. S4 and S5).

Additionally, the S9 family dipeptidyl peptidases 
(DPPs) were identified in both genomes. Both genomes 
contain a gene encoding DPPIV with 61% similarity to T. 
rubrum and A. fumigatus DPPIV in N. dimidiatum UM 880 
(UM880_10172) and 56% and 57% identities similarity to 
T. rubrum and A. fumigatus DPPIV in B. papendorfii UM 
226 (UM226_84). However, B. papendorfii UM 226 has two 
additional genes compared to N. dimidiatum UM 880 that 
encode DPPV. The consensus motif catalytic triad of the 
putative DPPIVs and DPPVs were identified in the multiple 
sequence alignments (Figs. S6 and S7).

We also identified three secreted peptidases each from N. 
dimidiatum UM 880 and B. papendorfii UM 226 that shared 
similarity to serine carboxypeptidases (S10) associated 

Table 7  Genes that share > 40% identity to known keratin degradation-associated peptidases in N. dimidiatum UM 880 and B. papendorfii UM 
226 genomes

Family Peptidase with > 40% identity match N. dimidiatum
UM 880

B. papendorfii
UM 226

M14 Metallocarboxypeptidase MecpA 
(AAB68600), TruMCPA (ABW79919)

1 (UM880_9235) 2 (UM226_975, UM226_2139)

M28 TruLAP1 (AAR96058), AfuLAP1 
(AAS76670)

1 (UM880_7307) 2 (UM226_9084, UM226_9684)

TruLAP2 (AAS76669), AfuLAP2 
(AAR96059)

1 (UM880_4501) 4 (UM226_5777, UM226_7154, 
UM226_3516,

UM226_10463)
S08 Subtilase

McaSub1 (CAD24008), McaSub3 
(CAD24010), TruSub1 (AAR11460), Tru-
Sub3 (AAR11462), TruSub4 (AAR02423), 
TruSub5 (AAR02424), TruSub6 
(AAN32713), TruSub7 (AAN03635),

AfuALP2 (CAB45520)

4 (UM880_6575, UM880_7425, 
UM880_7707, UM880_10609)

2 (UM226_366, UM226_11336)

S09 Dipeptidyl peptidase IV
TruDPPIV (AAS76665), AspDPPIV 

(AAC34310)

1 (UM880_10172) 1 (UM226_84)

Dipeptidyl peptidase V
TruDPPV (AAN03632), AfuDPPV 

(AAB67282)

1 (UM880_9819) 3 (UM226_1515, UM226_2988, 
UM226_5926)

S10 Serine carboxypeptidase TruSCPC 
(AAS76668)

1 (UM880_11056) 1 (UM226_4504)

Serine carboxypeptidase TruSCPA 
(AAS76667), AfuCp1 (AAR91697), 
TruSCPB (AAS76666), AfuCp2 
(AAR96054)

3 (UM880_2648, UM880_12214, 
UM880_7179)

3 (UM226_5845, UM226_8220, 
UM226_9052)

Total 13 18
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with keratin degradation in T. rubrum (TruSCPs) and its 
orthologs in A. fumigatus (Table 7). Most of the peptidases 
shared higher identity to the A. fumigatus cp1 and cp2 genes, 
except the gene UM226_5845 shared highest identity to 
TruSCPB (60% identity, AAS76666). In addition, a gene 
each from N. dimidiatum UM 880 (UM880_11056) and B. 
papendorfii UM 226 (UM226_4504) shared 67.67% and 
67.11% identities, respectively, to T. rubrum SCPC [Gen-
Bank: AAS76668]. Neoscytalidium dimidiatum UM 880 and 
B. papendorfii UM 226 possess four and two putative genes, 
respectively with > 40% identity to dermatophyte subtilases 
and the ortholog of A. fumigatus ALP2. Of these, three N. 
dimidiatum UM 880 and two B. papendorfii UM 226 genes 
were shown to be similar to M. canis subtilisin 3 (McaSub3). 
McaSub3 is required for adherence of the fungus to the epi-
dermal layer of host [73]. Although both fungi do not con-
tain the full set of genes encoding subtilases, the potential 
of their keratinolytic activity shall not be neglected as it is 
suggested that the multiple keratinases work in concert to 
ensure successful pathogenesis [74].

Apart from causing superficial skin and nails infections, 
N. dimidiatum was reported to cause invasive infections [75, 
76]. In N. dimidiatum UM 880, six secreted metallopepti-
dases similar to the Pleurotus ostreatus peptidase PoFE 
(M43.008) were identified. The conserved active residue and 
metal ligands were identified (Fig. S8). The PoFE carries 
fibrinolytic activity and were shown able to dissolve blood 
clots by degrading the fibrin polymers [77]. As the coagula-
tion and deposition of fibrin resulted from inflammation are 
essential host defense mechanism against infectious agents 
[78], the fibrinolysis reaction by these peptidases might 
enable the invasion of the fungus in human.

Antifungal susceptibility profile and drug resistance 
genes

Given that the lack of established guidelines on MIC break-
points for dematiaceous fungi, MIC of ≤ 1 µg/mL was used as 
an indicator of potential susceptibility for the tested drugs as 
previously noted [24]. James et al. (2016) showed that clini-
cally isolated N. dimidiatum from Malaysia were susceptible 
to miconazole, clotrimazole, voriconazole, and amphotericin 

B [79]. In this study, N. dimidiatum UM 880 and B. papen-
dorfii UM 226 were susceptible to posaconazole, voricona-
zole, fluconazole, ketoconazole, anidulafungin, caspofungin, 
and amphotericin B. Neoscytalidium dimidiatum UM 880 
was resistant to itraconazole (MIC = 4 µg/mL), whereas 
B. papendorfii UM 226 was susceptible to itraconazole 
(MIC = 0.012 µg/mL) (Table 8). The molecular mechanisms 
of azole resistance have been well described in yeast and 
mold isolates. Potential resistance mechanisms include alter-
ations in the target enzyme (lanosterol 14α demethylase) or 
overexpression of various efflux pumps [80–82]. Lanosterol 
14α demethylase is encoded by the ERG11/CYP51 gene, 
that is targeted by azoles drugs to inhibit fungal ergosterol 
biosynthesis. Putative Cyp51A (UM880_6807, 69% identi-
cal to Aspergillus flavus) and ERG11 (UM880_1345, 66% 
identical to Leptosphaeria maculans) were identified in N. 
dimidiatum UM 880; a putative ERG11 (UM226_4997, 
88% identical to Leptosphaeria maculans) weas identified 
in B. papendorfii UM 226. These three protein sequences 
were compared to the previously published ERG11 protein 
sequences from azole-susceptible Candida albicans isolates 
(GenBank accession no. XM_711668 and AIX03623). Com-
mon ERG11 mutations (A114S, Y132F, K143R, F145L, 
S405F, D446E, G448E, G450E, and G464S) that are asso-
ciated with azole resistance [80, 81] were not observed in 
UM880_6807, UM880_1345, and UM226_4997. A nonsyn-
onymous CYP51A mutation (M172V) that was observed in 
Aspergillus fumigatus [82] was identified in N. dimidiatum 
UM880_6807 and UM880_1345 but not in B. papendorfii 
UM226_4997 (Fig. S9). Furthermore, the UM880_6807 and 
UM880_1345 contain a mutation at the codon 255 (D255K) 
which was not identified in UM226_4997 as well as in azole-
susceptible C. albicans [83, 84] and A. fumigatus [82].

Overexpression of major facilitator superfamily (MFS) 
transporter encoded by MDR1 (multidrug resistance) 
and ATP-binding cassette (ABC) transporters encoded 
by CDR1 and CDR2 (Candida drug resistance) are 
responsible for azoles resistance development [85, 86]. 
Neoscytalidium dimidiatum UM 880 harbors three MDR1 
(UM880_2808, UM880_8079, and UM880_9846) and 
a CDR1 (UM880_4210). As previously noted [87, 88], 
UM880_2808, UM880_8079, and UM880_9846 were 

Table 8  Antifungal susceptibility profile of N. dimidiatum UM 880 and B. papendorfii UM 226

Antifungal Drugs, MIC (µg/mL)

Fungi Azoles Echinocandins Amphotericin B
Posaconazole Voriconazole Itraconazole Fluconazole Ketoconazole Anidulafungin Caspofungin

N. dimidiatum UM 
880

0.25 0.064 4 0.023 0.006 0.004 0.047  < 0.002

B. papendorfii UM 
226

0.006 0.023 0.012 1 0.032 0.004 0.094 0.012



1366 Brazilian Journal of Microbiology (2023) 54:1351–1372

1 3

predicted to contain 12 putative transmembrane domains by 
TMpred (Fig. S10), suggesting they harbor transmembrane 
transporter activity. The Ndt80p transcription factor plays a 
key role in modulating azole tolerance by regulating ERG11 
gene expression [88]. The binding of Ndt80p to the promot-
ers of ERG biosynthetic genes is essential to activate their 
transcription in response to azole drugs [89]. Neoscytalidium 
dimidiatum UM 880 contains a putative Ndt80 transcrip-
tion factor (UM880_7612, 87% identical to Neofusicoc-
cum parvum UCRNP2). The 500 bp upstream regions of 
the UM880_6807, UM880_1345, and UM880_4210 genes 
were analyzed in silico. The putative promoter sequence was 
analyzed for potential NDT80 transcription factor binding 
sites using JASPAR core fungi database [90]. Among them, 
only UM880_1345 gene contains a putative Ndt80 binding 
consensus located between − 70 and − 90 (data not shown). 
Neither the MDR1, CDR1, nor NDT80 transcription factor 
was found in the B. papendorfii UM 226 genome.

Apart from ABC transporters CDR1 and CDR2, CDR4 
has been reported to be involved in azole resistance in fila-
mentous fungi [91]. Knockout of the CDR4 gene increased 
the susceptibility of Neurospora crassa to azole drugs, 
including ketoconazole, fluconazole, and itraconazole [91]. 
We identified a putative CDR4 (UM880_8630, 85% identi-
cal to N. parvum UCRNP2) in N. dimidiatum UM 880 but 
not in B. papendorfii UM 226 genome. Taken together, the 
ERG11, MDR1, CDR1, CDR4, and the NDT80 transcription 
factors may function in concert to confer high itraconazole 
resistance in the N. dimidiatum UM 880.

Comparative nutritional profiling of N. dimidiatum  
UM 880 and B. papendorfii UM 226

Phenotype microarray (PM) analysis was used to obtain a 
global understanding of the nutritional metabolism of N. 
dimidiatum UM 880 and B. papendorfii UM 226. A total 
of 379 different compounds were tested using PM plates 
1 to 8, including 190 different carbon sources, 95 nitrogen 
sources, 59 phosphorus sources, 35 sulfur sources, 94 nutri-
ent supplements, and 282 peptide nitrogen sources. Pheno-
typic differences based on their ability to metabolize carbon, 
nitrogen, phosphorous, sulfur, nutrient supplements, as well 
as peptide nitrogen sources were noted.

By KEGG annotation analysis, the genes predicted to be 
involved in central metabolic pathways for carbohydrates 
utilization were more abundant in B. papendorfii UM 226 
compared to N. dimidiatum UM 880 (Fig. 2B). In agreement 
with the KEGG data (Fig. 2B), B. papendorfii UM 226 (62 
carbon sources) was metabolically active on carbon source 
as compared to N. dimidiatum UM 880 (19 carbon sources) 
(Table S11). PM analysis showed that B. papendorfii UM 
226 is capable of using simple sugars and complex carbo-
hydrates as carbon sources for growth. Bipolaris papendorfii 

UM 226 can utilize monosaccharides (α-D-glucose, D-fruc-
tose, D-Psicose, D-ribose, L-rhamnose, D-xylose), disac-
charides (maltose, sucrose, D-trehalose), trisaccharide 
(raffinose), tetrasaccharide (stachyose), synthetic sugar 
(lactulose), as well as polysaccharides (mannan, pectin). In 
addition, B. papendorfii UM 226 could utilize a wide range 
of sugar alcohol (adonitol, dulcitol, i-erythritol, D-arabitol, 
D-mannitol, maltitol, xylitol) and carboxylic acids (D-tar-
taric acid, δ-amino valeric acid, γ-hydroxybutyric acid, 
β-hydroxybutyric acid, α-keto valeric acid, γ-amino butyric 
acid), which could not be utilized by N. dimidiatum UM 
880. Based on KEGG analysis, genes involved in glycoly-
sis, gluconeogenesis, pentose phosphate pathway, fructose, 
mannose, sucrose, galactose, and starch metabolism were 
annotated in both N. dimidiatum UM 880 and B. papendorfii 
UM 226 although no evidence from PM analysis to support 
N. dimidiatum UM 880 activities on these carbon substrates 
(Table S12). Overall, B. papendorfii UM 226 has a greater 
ability to utilize a wide array of carbon substrates.

PM data revealed markedly differences in nitrogen metab-
olism when N. dimidiatum UM 880 and B. papendorfii UM 
226 were compared (Table S11) although a comparable 
number of genes predicted for nitrogen metabolism was 
annotated in N. dimidiatum UM 880 and B. papendorfii UM 
226 genomes (29 and 31 genes, respectively) (Table S13). 
Neoscytalidium dimidiatum UM 880 was able to utilize 56 
out of 95 nitrogen sources, while B. papendorfii UM 226 
could utilize only eight of the tested nitrogen substrates. 
The nitrogen sources selective for B. papendorfii UM 226 
growth were organic nitrogen (ammonia), uric acid, L-amino 
acid (L-proline, L-alanine, and L-glutamine), D-amino acid 
(D-valine), and dipeptides (Ala-Asp and Gly-Gln). Interest-
ingly, we found that N. dimidiatum UM 880 genome con-
tains a nitrate transport protein (UM880_1228) and a nitrite 
reductase protein (UM880_5592), which are found to be 
absent in B. papendorfii UM 226. Furthermore, it should 
be noted that no phosphorus, sulfur, and nutritional supple-
ments was utilized by B. papendorfii UM 226 (Table S11). 
On the other hand, N. dimidiatum UM 880 was found able to 
utilize 14 phosphorus, sulfur, as well as a nutritional supple-
ment. In addition, N. dimidiatum UM 880 showed the greater 
ability to metabolize peptide nitrogen substrates (183 pep-
tide nitrogen substrates) as compared to the B. papendorfii 
UM 226 (117 peptide nitrogen substrates). Taken together, 
we speculated that the reduced utilization of carbon sources 
could be compensated by the utilization of nitrogen, phos-
phorus, sulfur, nutritional supplement, and peptide nitro-
gen. Although N. dimidiatum UM 880 and B. papendorfii 
UM 226 contain a comparable number and distribution of 
CAZymes, their nutrient utilization profile varies signifi-
cantly. PM data revealed that N. dimidiatum UM 880 could 
utilize a diverse array of substrates, which further demon-
strate its metabolic versatility. Thus, it is not surprising that 
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N. dimidiatum has a broad geographical and host range [7]. 
In contrast, B. papendorfii UM 226 utilizes limited sources 
of nutrients as compared to that of N. dimidiatum UM 880.

Growth of N. dimidiatum UM 880 and B. papendorfii  
UM 226 in response to environmental factors

Fungi are commonly exposed to broadly fluctuating environ-
mental conditions where adaptation is crucial for their sur-
vival. In particular, an ability to respond to a wide pH range 
allows them to cope with rapid changes in their extracellular 
settings. In fact, pH is also one of the major environmental 
factors affecting pathogenicity. Therefore, the growths of B. 
papendorfii UM 226 and N. dimidiatum UM 880 at various 

pH were analyzed in this study. Our results revealed that B. 
papendorfii UM 226 grew better compared to N. dimidiatum 
UM 880 at all pH range. B. papendorfii UM 226 grew well at 
a wide range of pH ranging from strongly acidic to alkaline 
(pH 3.5 to 10), with an optimum growth between pH 4 and 
8. On the other hand, the maximum growth of N. dimidi-
atum UM 880 was at pH 4.5–5.5. Lambers et al. (2006) has 
demonstrated that the pH of natural skin surface is at an 
average of 4.7 [92]. The ability of both B. papendorfii UM 
226 and N. dimidiatum UM 880 to grow at this pH (~ pH 
4.7) may account for their high occurrence in dermal sur-
face and hence causing dermatitis disorder. In addition, these 
fungal especially B. papendorfii UM 226 can most likely 
continue to grow on the skin surface even after application 
of cosmetic product or soap since they can adapt to adverse 
alkaline pH condition (Fig. 5).

Noting the versatility of these strains at wide pH range, 
we also evaluated the effect of various supplementations on 
the fungal growth at both acidic and alkaline conditions. 
Our results indicated that the supplementation of nitrogen 
sources did not affect the growth of N. dimidiatum UM 880 
at alkaline condition (Fig. 6). Interestingly, supplementa-
tions with L-histidine, L-phenylalanine, and L-tryptophan 
are shown to exhibit additional inhibitory effect for B. pap-
endorfii UM 226 at alkaline condition (pH 9.5). On the other 
hand, supplementation of anthranilic acid is shown to inhibit 
the growth of B. papendorfii UM 226 and N. dimidiatum UM 
880 at pH 4.5 (a pH close to natural skin surface condition) 
as their growths in media supplemented with anthranilic 
acid were significantly (P < 0.05) lower (60–92% lower) 
compared to the control (Fig. 7). Other nitrogenous sources 
evaluated in this study had very limited effect on the growth 

Fig. 5  Mycelial growth of B. papendorfii UM 226 and N. dimidi-
atum UM 880 at pH 3.5–10. Results are expressed as mean ± standard 
error; n = 2. The means of B. papendorfii UM 226 and N. dimidiatum 
UM 880 were significantly different (p < 0.05; independent T-test) at 
each pH

Fig. 6  Mycelial growth of B. papendorfii UM 226 and N. dimidiatum 
UM 880 in media (pH 9.5) containing various nitrogenous sources. 
Results are expressed as mean from two independent runs. Control 
represents media (pH 9.5) without supplementation. ab means for B. 

papendorfii UM 226 with different lowercase letters are significantly 
different (p < 0.05; ANOVA with Tukey’s post hoc test). A means 
for N. dimidiatum UM 880 are not significantly different (p < 0.05; 
ANOVA with Tukey’s post hoc test)
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of both strains. This may suggest that supplementation of 
anthranilic acid L-histidine and L-tryptophan on cosmetic 
agents such as alkaline soap or topical creams may likely 
inhibit the growth of B. papendorfii UM 226 and N. dimidi-
atum UM 880 on skin surface, hence, potentially reducing 
the risk for dermatitis disease due to these fungi.

The growth of B. papendorfii UM 226 in saline condi-
tion was concentration dependent and generally showed 
a better salt tolerance as compared to N. dimidiatum UM 
880 (Fig. 8). Although there was a gradual decrease in the 
growth of B. papendorfii UM 226 as the concentration of 
NaCl increases, the mycelial growth of B. papendorfii UM 
226 remained high (above OD = 1) even at 9% NaCl. Unlike 
B. papendorfii UM 226, low concentration of NaCl (2–3% 
NaCl) promoted the growth of N. dimidiatum UM 880 and 
the growth starts to decline as the concentration exceed 4% 
NaCl. In order to increase the ability to grow at high-salinity 

condition, microorganism would require a special adapta-
tion to maintain the osmotic equilibrium across the cell 
membrane. Cells of almost all organisms commonly utilize 
organic-osmolyte mechanism when exposed to hyperos-
molality and high salt or solute condition [91]. Therefore, 
we also screened for the potential osmolytes by including 
a range of compounds in the solution containing 6% NaCl. 
Unlike most microorganism which required betaine or glyc-
erol to restore their osmotolerance properties [93], our data 
showed that both glutamic acid and proline provided a better 
osmoprotectant effect for both strains of fungal especially B. 
papendorfii UM 226 as compared to betaine (Fig. 9). On the 
other hand, dimethyl sulfonyl propionate was shown to exert 
additional inhibitory effect for both strains when cultured in 
6% NaCl condition (Fig. 9). This data would be important 
to provide a fundamental knowledge in developing potential 
drug targets for antifungal strategies for both these strains.

In addition to NaCl, this study also evaluated the effect of 
various other salt including sodium lactate, sodium formate, 
sodium nitrate, and sodium nitrite. Bipolaris papendorfii UM 226 
and N. dimidiatum UM 880 showed a concentration-dependent 
growth in all the salt media (Table S14). Similar observation was 
demonstrated in media containing urea where a gradual decrease 
of mycelial was observed in both strain as the concentration of 
urea increases. It is critical to understand the growth pattern of the 
fungi in urea because urea has been commonly used in treatment 
of dermatological diseases and as potent dermal emollient [94]. 
In general, B. papendorfii UM 226 was shown to exhibit better 
(p < 0.05) mycelial growth compared to N. dimidiatum UM 880 
in media containing urea. Our results suggest that increasing the 
concentration of urea may decrease the mycelial growth. The 
mycelial growth for both strains drastically decreased by 88–91% 
in media containing 7% urea compared to that of containing 

Fig. 7  Mycelial growth of B. papendorfii UM 226 and N. dimidiatum 
UM 880 in media (pH 4.5) containing various nitrogenous sources. 
Results are expressed as mean from two independent runs. Control 
represent media (pH 4.5) without supplementation. abcdefgh means 

for B. papendorfii UM 226 with different lowercase letters are sig-
nificantly different (p < 0.05; ANOVA with Tukey’s post hoc test). AB 
means for N. dimidiatum UM 880 with different uppercase letters are 
significantly different (p < 0.05; ANOVA with Tukey’s post hoc test)

Fig. 8  Mycelial growth of B. papendorfii UM 226 and N. dimidi-
atum UM 880 in solution containing various concentration of NaCl. 
Results are expressed as mean ± standard error; n = 2. The means of 
B. papendorfii UM 226 and N. dimidiatum UM 880 were significantly 
different (p < 0.05; independent T-test) at each concentration of NaCl
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2%. The  OD750 for both strains were almost negligible in media 
containing 7% urea (Fig. 10). Previous study has demonstrated 
that Neoscytalidium infections, even always superficial, are 
often difficult to treat [95] while information for treatment of 
B. papendorfii in skin remains limited. Therefore, our data is 
important to provide a fundamental information for clinical 
management of these fungi.

Conclusion

In this study, we take an organized approach to expand our 
knowledge of the genomic, genetic, as well as metabolic pro-
files of two plant pathogens that were isolated from humans. 

Comparative genomics of N. dimidiatum and B. papen-
dorfii revealed several striking differences in genome size, 
GC content, gene content, and transposons. The genome 
sequences further demonstrated a remarkable difference in 
the amount and types of putative secondary metabolites. 
Unlike N. dimidiatum, B. papendorfii contain a gene encod-
ing dimethylallyl tryptophan synthase (DMATS). The puta-
tive 6-methylsalicylic-acid synthase gene was unique to N. 
dimidiatum. The biological function of most of this pre-
dicted gene remains to be determined to gain insight whether 
it contributes to the biosynthesize of various antibiotics. A 
survey of the CAZYmes in the N. dimidiatum and B. papen-
dorfii with other fungi from different lifestyles showed that 
they have similar mode of infection in plants. The distribu-
tion of CAZyme-encoding genes demonstrated a preference 
of N. dimidiatum and B. papendorfii for hemicellulose and 
pectin as nutrient sources. Additionally, rare human diseases 
caused by these fungi may be associated with the presence 
of several putative keratinolytic peptidases. In particular, we 
also identified several genes associated with azole resistance 
of N. dimidiatum, which were missed in the B. papendorfii 
genome. Our PM analysis proved that N. dimidiatum could 
utilize a diverse array of nutrient sources particularly notice-
able in the case of nitrogen, phosphorus, and sulfur sources 
as compared to B. papendorfii that mainly utilizes carbon 
as nutrient source. The most significant finding in the data 
was that B. papendorfii is a salt-tolerant mold, which can 
adapt to the wide pH range, suggesting it can tolerate and 
survive in hostile and diverse environments. However, sub-
strate utilization observed under different growth conditions 
is still unknown. Therefore, future study on the substrate 
utilization under diverse growth conditions is vital to gain 

Fig. 9  Mycelial growth of B. 
papendorfii UM 226 () and N. 
dimidiatum UM 880 () in media 
containing 6% NaCl and supple-
mented with various osmolytes. 
Results are expressed as 
mean from two independent 
runs. Control represent media 
containing 6% NaCl only. abcd 
means for B. papendorfii UM 
226 with different lowercase 
letters are significantly different 
(p < 0.05; ANOVA with Tukey’s 
post hoc test). A means for N. 
dimidiatum UM 880 are not 
significantly different (p > 0.05; 
ANOVA with Tukey’s post hoc 
test)

Fig. 10  Mycelial growth of B. papendorfii UM 226 and N. dimidi-
atum UM 880 in solution containing various concentration of urea. 
Results are expressed as mean ± standard error; n = 2. The means of 
B. papendorfii UM 226 and N. dimidiatum UM 880 were significantly 
different (p < 0.05; independent T-test) at 2–6% of urea. The means 
for both strains were not significantly different (p > 0.05) at 7% of 
urea
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better awareness of their lifestyles and subsequently their 
infection model.
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