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Abstract

Background: The genus Sporothrix belongs to the order Ophiostomatales and contains mainly saprobic soil and
plant fungi, although pathogenic species capable of causing human infections are also present. The whole-genomes
of disease-causing species have already been sequenced and annotated but no comprehensive genomic resources for
environmental Sporothrix species are available, thus limiting our understanding of the evolutionary origin of virulence-
related genes and pathogenicity.

Result: The genome assembly of four environmental Sporothrix species resulted in genome size of ~30.9 Mbp in
Sporothrix phasma, ~ 35 Mbp in S. curviconia, ~38.7 Mbp in S. protearum, and ~ 39 Mbp in S. variecibatus, with a vari-
able gene content, ranging from 8142 (S. phasma) to 9502 (S. variecibatus). The analysis of mobile genetic elements
showed significant differences in the content of transposable elements within the sequenced genomes, with the
genome of S. phasma lacking several class | and class Il transposons, compared to the other Sporothrix genomes
investigated. Moreover, the comparative analysis of orthologous genes shared by clinical and environmental Sporo-
thrix genomes revealed the presence of 3622 orthogroups shared by all species, whereas over 4200 genes were spe-
cies-specific single-copy gene products. Carbohydrate-active enzyme analysis revealed a total of 2608 protein-coding
genes containing single and/or multiple CAZy domains, resulting in no statistically significant differences among
pathogenic and environmental species. Nevertheless, some families were not found in clinical species. Furthermore,
for each sequenced Sporothrix species, the mitochondrial genomes was assembled in a single circular DNA molecule,
ranging from 25,765 bp (S. variecibatus) to 58,395 bp (S. phasma).

Conclusion: In this study, we present four annotated genome assemblies generated using PacBio SMRT sequencing
data from four environmental species: S. curviconia, S. phasma, S. protearum and S. variecibatus with the aim to provide
a starting point for future comparative genome evolution studies addressing species diversification, ecological/host
adaptation and origin of pathogenic lineages within the genus Sporothrix.
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Introduction

The genus Sporothrix belongs to the order Ophiostoma-
tales and includes environmental fungi with a saprobic
lifestyle in soil, plants, and decaying organic matter [1,
2]. These fungi are widely distributed across a variety of
climates in the world and populate a wide range of natu-
ral habitats, in particular bark, infructescences of Protea
plants and wood of different trees [1, 3, 4]. Some species
are also pathogenic for humans and other animals and
cause a cutaneous or extracutaneous type of infection
known as sporotrichosis [5]. This infection is generally
caused by only four (Sporothrix schenckii, S. brasiliensis,
S. globosa and S. luriei) of the 62 species currently listed
in the genus [4]. The disease affects mainly humans and
felines, sometimes involving thousands of individuals
in large epidemics and/or epizootics [6—8]. The patho-
genic species constitute what is now commonly called
“pathogenic clade” [1, 8] and some of them, especially S.
brasiliensis, represent a serious emerging public health
problem. This is highlighted by a recent report of the
Pan American Health Organization/Regional Office of
the World Health Organization (PAHO/WHO) which
encouraged Latin American countries to raise aware-
ness among doctors and veterinarians about the threat of
S. brasiliensis in this particular geographical area [9, 10].
However, despite the growing incidence of sporotrichosis
observed worldwide, genomic knowledge of pathogenic
and/or environmental Sporothrix species is still very lim-
ited [11]. Little progress has been made in exploring the
genetic changes implicated in genome evolution and spe-
cies diversification, including ecological/host adaptation
and origin of pathogenic lineages. This gap in knowledge
reflects the lack of sequenced and annotated genomes
for most Sporothrix species, in particular those of envi-
ronmental origin; only the genomes of the major patho-
genic species have as yet been sequenced and published
[12-15].

A comparative analysis of S. schenckii and S. brasiliensis
genomes revealed a remarkable variation in their trans-
poson content as well as the exclusive presence of genes
encoding homing endonucleases (HEs) in the large S. bra-
siliensis mitogenome [12]. HEs are highly specific DNA-
cutting enzymes, widespread in all microbes including
phage, mitochondria and chloroplasts [16], and can be
classified into at least four families (GIY-YIG, LAGLI-
DADG, His-Cys box, and HNH), based on the presence
of highly conserved characteristic amino acid motifs in
the catalytic domain and active site of the protein [17].

These enzymes can be encoded by both free-standing
genes or genes located within self-splicing elements such
as group I, group Il introns, and inteins [16, 17]. However,
only genes coding GIY-YIG and LAGLIDADG HEs, have
so far been found in fungal mitogenomes [17], including
S. brasiliensis mtDNA [12]. No HEs have been detected
in other previously sequenced Sporothrix genomes.

In this study, we decided to sequence, assembly and
annotate the whole-genomes of four environmental
saprobic Sporothrix species (S. protearum, S. varieci-
batus, S. curviconia and S. phasma) spanning the genus
Sporothrix in order to provide genetic information on
rapidly evolving genes, their functional importance and
their role in host-pathogen interaction. The four species
under study belong to distinct species complexes or form
unique lineages in the genus Sporothrix. Sporothrix pro-
tearum was first collected from Protea caffra infructes-
cences and is grouped in a subclade of the S. stenoceras
complex containing only species collected from Protea
plants [1]. Sporothrix variecibatus is also found in Pro-
tea spp., as well as in mites acting as vectors of fungal
spores between these plants [18]. This species is part of
the S. gossypina complex which is more distantly related
to members of the pathogenic clade than S. protearum.
Also S. curviconia, recovered from Terminalia ivorensis
tree, is phylogenetically distant from pathogenic species,
positioned within the Sporothrix group G, close to the
species Sporothrix nebularis and Sporothrix nigrograna
[1]. Finally, S. phasma, first isolated from the infructes-
cence of Protea laurifolia and Protea neriifolia by Roets
et al. [19], forms a unique and exclusive genetic lineage
(lineage E) which is sister to the pathogenic clade and
represents, to date, the environmental, non-pathogenic,
species phylogenetically closest to clinical taxa [1].

Materials and methods
Fungal strains and DNA extraction
The whole genomes of four environmental Sporo-
thrix species (S. curviconia CBS 959.73, S. phasma CBS
119588, S. protearum CBS 116654 and S. variecibatus
CBS 121960), obtained from the CBS-KNAW culture
collection (Westerdijk Fungal Biodiversity Institute, The
Netherlands), were sequenced in this study (Table 1).
Total genomic DNA was isolated using the FastDNA"™
SPIN Kit (MP Biomedicals, China) following the man-
ufacturer’s instructions. The integrity of the DNA
molecules was checked using agarose gel electro-
phoresis and the purity of each sample was evaluated
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Table 1 Genome statistics and gene content of nuclear and mitochondrial Sporothrix genomes examined in this study
Nuclear genome statistics S. phasma CBS 119588 S. protearum CBS S. variecibatus S.
116654 CBS 121960 curviconia
CBS 959.73
Total sequenced bases 883,093,002 947,624,674 919,509,964 542,611,844
Number of raw reads 128,870 109,238 106,098 87,407
Mean raw read length (bp) 6852.6 8674.9 8666.6 6207.9
Maximum raw read length (bp) 50,542 44,789 41,751 41,000
Number of corrected reads 114,302 104,897 101,452 78,181
Mean corrected read length (bp) 4889.5 68703 6897.2 49947
Maximum corrected read length (bp) 48,834 41,999 41,488 37,743
Mapped reads (%) 95.7 97.3 96.5 934
Number of total contigs 140 40 21 433
Largest contig (bp) 1,661,333 5,717,463 6,938,270 801,994
Genome size (bp) 30,907,658 38,728,587 38,959,714 35,054,974
GC content (%) 57.1 522 528 54.6
Coverage depth (mean) 23x 22x 22x 13x
Coverage >1x (%) 99.98 100 100 99.94
N50 (bp) 524,569 1,791,310 4,206,442 153,870
N75 (bp) 277,398 1,374,249 3,677,956 83,002
150 (bp) 20 6 4 71
L75 (bp) 39 12 6 149
Total genes 8142 8691 9502 8519
Protein-coding genes 7916 8443 9289 8330
Ribosomal RNAs (rRNAs) 25 40 22 21
Transfer RNAs (tRNAs) 201 208 191 168
Pseudo-tRNAs 25 14 12 16
Mitochondrial genome statistics
Number of total contigs 1 1 1 1
Mitogenome size (bp) 58,395 32,517 25,765 33,128
GC content (%) 24.8 249 257 248
Number of mapped reads 4700 903 922 1504
Coverage depth (mean) 414x 144x 144x 211x
Total genes 56 43 40 44
Protein-coding genes 25 16 15 18
Ribosomal RNAs (rRNAs) 2 2 2 2
Transfer RNAs (tRNAs) 26 25 23 24

spectrophotometrically by measuring the absorbance
Ayo/Aggy and  Aygo/A,s, ratios. High-quality DNA
(Asgo/280 = 1.8) was used for library construction.

Library preparation, genome sequencing and assembly

Fungal genomes were sequenced using the PacBio Sequel
(SMRT) technology (Pacific Biosciences). Sequencing
libraries were generated following PacBio’s protocol for
the SMRTbell Template Prep. Kit 1.0-SPv3 (Pacific Bio-
sciences). SMRTbell templates were annealed with the
sequencing primer v3 and then bound to DNA polymer-
ase 2.0 using the Sequel Binding Kit 2.0 according to the
manufacturer’s recommendations (Pacific Biosciences).

SMRTbell template DNA/polymerase complexes were
captured and loaded onto PacBio Sequel SMRT Cell 1M
v2 using the MagBead Kit v2 (Pacific Biosciences). The
SMRTbell libraries were sequenced using the Sequel
Sequencing Kit 2.1 v2 chemistry.

After SMRT sequencing, for each Sporothrix genome,
PacBio raw data were processed to obtain a high-quality
de-novo genome assembly by using a combined bioinfor-
matics approach based on the use of two different long-
read assemblers, Canu v.2.0 [20] and wtdbg2 v.2.5 [21].
Raw reads were initially processed by Canu pipeline [20]
which generates whole-genome assembly by operating in
three distinct phases based on correction, trimming and
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assembling of the long-reads into uniquely-assemblable
contigs, called unitigs [20]. Subsequently, raw reads were
first corrected with CONSENT v.1.2.3 [22] and then used
by wtdbg2 software [21] to produce a second de-novo
genome assembly. The two draft genome assemblies were
then merged using the C++ program quickmerge [23]
to produce a more contiguous assembly which was sub-
jected to a final refining process by using the “assembly
polishing” function implemented in the CONSENT pro-
gram [22]. Contigs that were less than 500bp in length
were removed from the assemblies and the QUAST pro-
gram v.5.0.2 [24] was used to calculate assembly statistics
and extract qualitative genomic metrics. Finally, the com-
pleteness of the genome assemblies was evaluated using
BUSCO v.3.1.0 [25] by searching for conserved single-
copy orthologs in the eukaryota_odb9, fungi_odb9 and
ascomycota_odb9 lineage datasets [25].

Gene model prediction and functional annotation
of Sporothrix genomes
Sporothrix genomes were annotated using the MAKER
pipeline (v.3.00.0) [26] integrated with two ab-initio gene
predictors, SNAP (v.2.39) [27] and AUGUSTUS (v. 3.3.1)
[28], and two full data sets of proteins and expressed
sequence tags (EST) sequences from Ophiostomatales
(NCBI: txid5151) retrieved from the NCBI Protein and
Nucleotide databases respectively (www.ncbi.nlm.nih.
gov). Additional S. schenckii protein sequences were also
downloaded from the “Sporothrix Genome DataBase”
(http://sporothrixgenomedatabase.unime.it) [29] and
included in the annotation analysis. However, before
using these reference data sets in the annotation pipeline,
we used the CD-HIT program v.4.8.1 [30] for clustering
protein and/or EST sequences (similarity cut-off: 90%) in
order to reduce the redundancy among them and obtain
well-balanced data sets.

Functional annotations for the predicted gene models
were performed using the PANNZER2 webserver [31].

The genome assemblies were also screened to detect
repetitive and transposable elements (TEs) using the
RepeatMasker v.4.1.0 (www.repeatmasker.org) software.
Transfer RNAs (tRNAs) were predicted with the tRNAs-
can-SE software v.1.3.1 [32].

Comparative genomics and phylogenomic analysis
Comparative analysis was performed using our four envi-
ronmental Sporothrix genomes and previously sequenced
and annotated genomes of members of the pathogenic
(strains S. schenckii 109918, S. brasiliensis 5110 and S.
globosa CBS 120340) and environmental strains (S. pal-
lida SPAS8 and S. insectorum RCEF 264 strains) clades of
Sporothrix [12, 14, 15, 29, 33].
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The program OrthoFinder v.2.3.11 [34] was used to
perform protein orthology analysis by clustering sets
of single or multi-copy orthologous genes across all
Sporothrix species. An orthogroup was defined as a set
of genes originating by speciation of a gene existing in
the last common ancestor. For protein-based phyloge-
netic analysis, we selected only orthogroups containing
singleton genes per species. Neurospora crassa OR74A
(GenBank assembly accession: GCA_000182925.2) was
also included and used as outgroup taxon according to
previous studies [1]. The phylogenetic tree was gener-
ated by running the -M msa and —T raxml-ng commands
in OrthoFinder [34] and the resulting tree visualized
and edited by the web-based tool iTOL v3 [35]. Finally,
to investigate the diversity of carbohydrate-active
enzymes (CAZymes), encoded by Sporothrix genomes
(CAZomes), we submitted the entire proteome of each
species to the dbCAN2 meta server [36]. Only hits found
in at least two databases were kept for comparative analy-
sis of Sporothrix CAZomes. Each Sporothrix proteome
was also submitted to KOfamKOALA web service [37] to
retrieve all KEGG Orthology (KO) terms that were used
by the KEGG Mapper tool [38] for linking KO annota-
tion data to KEGG pathway maps and other biochemical
frameworks.

The potential association between KO terms, and/or
pathways, with pathogenic or environmental species was
statistically evaluated using MaAsLin2 software [39].

Assembly and annotation of mitochondrial Sporothrix
genomes
Mitochondrial genomes, including their correspond-
ing mapping reads, were extracted from each Sporothrix
genome assembly using the Samtools utility v.1.12 (www.
htslib.org) and circlator bam2reads v.1.5.5 [40]. Reads
were then assembled using the assemble and fixstart
functions implemented in circlator [40]. The resulting
mitochondrial genomes were finally annotated by Mitos2
[41] using the S. schenckii mitogenome as reference
(GenBank accession n°: NC_015923.1) whereas tRNAs
were predicted by ARWEN v1.2.3 [42] and tRNAscan-SE
v2.0.7 [32]. Redundant features were manually removed
from genome annotations. Additional whole-mitochon-
drial Sporothrix genomes, currently available in the Gen-
Bank database (Fig. 1), were downloaded and employed
for comparative and phylogenetic analysis. Mitochon-
drial protein sequences were compared with OrthoFinder
[34] and then used to generate a hierarchically clustered
heatmap with the R package pheatmap v.1.0.12 (https://
cran.r-project.org/web/packages/pheatmap/index.html).
Annotated homing endonucleases, LAGLIDADG (LD)
and GIY-YIG (GIY) families, were classified by aligning
our Sporothrix HE sequences with the whole fungal HE
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of genome assemblies used in this study are listed after species names

Fig. 1 Nuclear (A) and mitochondrial (B) phylogenetic trees inferred by Maximum likelihood analysis of concatenated orthogroups containing
single-copy representative proteins. The nuclear phylogeny is rooted on N. crassa and bootstrap values >98 are shown. GenBank accession numbers

dataset reported in Megarioti and Koubelis [17]. A mul-
tiple alignment was generated by using the MAFFT pro-
gram v. 7.453 [43] and then used as input for phylogenetic
analysis inferred by FastTree 2 software v. 2.1.11 using
the Whelan and Goldman (WAG) model of amino acid
substitution [44].

Results

Characteristics of sequenced Sporothrix genomes

Overall statistics for nuclear and mitochondrial genome
assemblies obtained in this study are shown in Table 1.
The average read length of the PacBio corrected data
set was >6.8 Kbp for S. protearum and S. variecibatus
and>4.8 Kbp for S. phasma and S. curviconia respec-
tively, with a maximum corrected read length ranging
from 37,743 to 48,834 base pairs (Table 1).

PacBio data from S. variecibatus CBS 121960 gener-
ated the most complete and accurate genome assembly
containing the lowest number of contigs (total contigs:
21; largest contig~7 Mpb), compared to the other three
assemblies (Table 1). The genome of this species was
also the largest in size (38.9 Mbp) followed by that of S.
protearum (38.7 Mbp), S. curviconia (35.0 Mbp), and S.
phasma (30.9 Mbp) (Table 1). Except for S. curviconia
(genome coverage: 13x) the average genome coverage
depth for the other species was estimated to be >22x,
while the genomic G+ C contents were variable rang-
ing from 52.2 in S. protearum to 57.1% in S. phasma
(Table 1).

Phylogenomics, gene content, and landscape
of transposable elements
The number of nuclear genes predicted from each assem-
bly was quite similar and ranged from 8142 in S. phasma
to 9502 in S. variecibatus. S. phasma also showed the
lowest number of protein-coding genes (7916) among
the four sequenced Sporothrix genomes (Table 1). How-
ever, for most of the genome assemblies (S. phasma, S.
protearum and S. variecibatus) we detected a high pro-
portion of complete eukaryotic BUSCO genes (range:
79.5-95.7%; Supplementary Fig. S1) which confirms a
high level of completeness of these genomes and a rela-
tively low portion of fragmented or missing genes. Only
S. curviconia showed slightly less complete BUSCO genes
compared to other assemblies (Supplementary Fig. S1).
Prediction and analysis of mobile genetic elements
revealed a significant difference in both type and abun-
dance of TEs within sequenced genomes (Table 2). This
marked difference was evident especially for class I TEs,
or retrotransposons, which were particularly enriched
in S. protearum genome (n° 664), followed by S. varieci-
batus (n° 434), S. curviconia (n° 363) and S. phasma (n°
140) (Table 2). The genome of this latter species was, in
general, the least TEs-enriched with a total of 205 trans-
posons detected, fewer than half of those found in S.
variecibatus (n° 556) and S. curviconia (n° 481) genomes,
and approximately one-quarter of those identified in S.
protearum (n° 810) (Table 2). However, it is interesting to
note that the S. phasma genome was found to be com-
pletely devoid of some class I (LTR TEs: ERVK, Ngaro
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Table 2 Categories of transposable elements and simple and low complexity DNA repeats detected in Sporothrix genomes

Class | retrotransposons S. phasma CBS 119588 S. protearum CBS 116654  S. variecibatus S.
CBS 121960 curviconia
CBS 959.73
Unidentified LTR element 0 4 2 0
LTR Copia 0 52 0 0
LTR DIRS 0 0 2 0
LTR ERV1 0 14 20 0
LTR ERVK 0 8 2
LTR ERVL 0 2 0
LTR ERVL-MaLR 0 0 2
LTR Gypsy 3 198 62 38
LTR Ngaro 0 126 104 98
LTR Pao 0 188 180 187
LINE CR1 39 0 0 0
LINE CR1-Zenon 0 2 0 0
LINE 0 8 8 2
LINE I-Jockey 6 12 6 4
LINE L1 4 14 10 6
LINE L1-Tx1 0 4 0 4
LINE L2 25 2 2 0
LINE Penelope 9 4 2 0
LINE R1 0 4 2 4
LINE R2 0 0 0 2
LINE Rex-Babar 0 2 4 0
LINE RTE 0 0 0 2
LINE RTE-BovB 33 0 4 0
SINEs 21 20 20 12
Total class | TEs 140 664 434 363
Class Il DNA transposons
Unidentified DNA element 1 12 4 8
CMC-EnSpm 0 30 14 10
CMC-Transib 0 0 2 0
Crypton-A 0 2 0 0
Crypton-V 0 0 0 2
Dada 0 8 10 16
Ginger-1 0 2 2 0
hAT 0 2 0 2
hAT-Ac 34 42 38 26
hAT-Charlie 0 0 0 4
hAT-Tip100 0 2 0 2
Kolobok-T2 0 0 2 4
Maverick 0 4 2 2
Merlin 0 2 0 0
MULE-MuDR 1 0 0 0
MULE-NOF 0 2 10 6
PIF-Harbinger 0 4 4 2
TcMar 0 2 0 0
TcMar-ISRm11 0 0 0 2
TcMar-Tel 0 0 4 2
TcMar-Tigger 7 0 0 0
Zisupton 0 6 4 12
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Table 2 (continued)
Class | retrotransposons S.phasma CBS 119588 S. protearum CBS 116654  S. variecibatus S.
CBS 121960 curviconia
CBS 959.73
RC_Helitron 22 26 26 18
Total class Il TEs 65 146 122 118
Total transposons detected 205 810 556 481
DNA repeats
Simple 15,733 145,298 125,360 163,539
Low complexity 1983 32,284 23,332 32,798

and Pao; non-LTR TEs: LINEs I and R1) and class II
(DNA TEs: CMC-EnSpm, Dada, Maverick, MULE-NOF,
PIF-Harbinger, and Zisupton) transposons compared
to all other Sporothrix genomes examined (Table 2).
In particular, two LTR-transposons (Ngaro and Pao)
were particularly abundant in non-S. phasma genomes
(Table 2). By contrast, we identified two TEs (LINE-CR1
and MULE-MuDR) exclusively in the S. phasma genome
which was also enriched by other TEs that were absent,
or present in very low copy number, in the remaining
genomes (Table 2). Finally, phylogenetic analysis based on
orthologous protein sequences identified by OrthoFinder
placed S. phasma as a sister lineage to the pathogenic
clade, which contains only Sporothrix species of clinical
interest (Fig. 1). On the other hand, S. protearum and S.
variecibatus were grouped into two different but phylo-
genetically close related lineages, while S. curviconia was
the environmental species most distant to the pathogenic
clade (Fig. 1).

Genome-wide identification of core and lineage-specific
genes in Sporothrix spp.

A total of 13,485 orthogroups were found in our and
previously sequenced Sporothrix genomes. Of these,
4271 (31.67%) were species-specific single-copy gene
products distributed as follows: 1625 belonged to S.
schenckii, 699 to S. curviconia, 660 to S. insectorum, 601
to S. phasma, 196 to S. protearum, 184 to S. brasiliensis,
147 to S. variecibatus, 116 to S. pallida, and 43 to S. glo-
bosa. Of the remaining 9214 orthogroups, 3622 (39.3%)
defined the gene core shared by all species (2597 sin-
gle-copy genes and 1025 multiple copies in at least one
genome). Interestingly, 46 orthogroups (~0.3%), of
which 29 containing hypothetical proteins, were shared
exclusively by all members of the pathogenic clade
while only 2, corresponding to “high-affinity iron per-
mease ftrA” and “putative cyclase-domain-containing
protein’, were found in environmental Sporothrix spe-
cies (Supplementary Table S1).

Sporothrix genome-wide analysis of carbohydrate-
active enzyme diversity, identified a total of 2608 protein-
coding genes containing single and/or multiple functional
CAZy domains (total 3468) of which~43.2% (n° 1499)
were represented by glycoside hydrolases (GH), fol-
lowed by carbohydrate binding modules (CBM) (n° 773;
~22.3%), glycosyl transferases (GT) (n° 604; ~17.4%),
auxiliary activities (AA) (n° 426; ~12.3%), carbohydrate
esterase (CE) (n° 159; ~4.6%), and polysaccharide lyases
(PL) (n° 7; 0.2%) (Fig. 2). No statistically significant differ-
ences were observed among clinical and environmental
species (P> 0.05t-student test) in all classes of CAZymes.
However, despite no CAZy families were specifically
associated with clinical or environmental Sporothrix spe-
cies, some families were missing in pathogenic (GH128,
GH29, GH23, GH27, CBM23, CE2, PL26, GT109, GT31,
and GT43), or environmental (CBM38 and CBM56) spe-
cies, respectively (Supplementary Table S2). Moreover,
among polysaccharide lyases, PL38 was found in both
clinical and some environmental species (S. insectorum
and S. pallida), whereas PL26 was detected only in S.
curviconia and S. protearum. No PLs were detected in S.
phasma and S. variecibatus genomes (Fig. 2; Supplemen-
tary Table S2).

Further functional characterization of Sporothrix
genomes, identified a total 3484 unique KO terms of
which 25 (~0.7%) and 111 (~3.2%) were exclusively
detected in pathogenic and environmental species,
respectively (Supplementary Table S3). Using KEGG
Mapper Reconstruct Pathway tool, we reconstructed
the complete maps of metabolic pathways for all Sporo-
thrix species. This analysis revealed that pathways
related to purine, aminoacid and glycan metabolism
contained KEGG modules showing positive correlation
(p-value <0.05) with pathogenic or environmental spe-
cies (Supplementary Table S3). In particular, pathway
modules involved in inosine monophosphate (KEGG
module MO00048) and ornithine biosynthesis (KEGG
module MO00028) were enriched in pathogenic spe-
cies, while GABA shunt (KEGG module M00027) and
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Fig. 2 Barchart representation of CAZy families detected in Sporothrix genomes. Glycoside Hydrolases (GH), Glycosyl Transferases (GT),
Carbohydrate-Binding Modules (CBM), Auxiliary Activities (AA), Carbohydrate Esterases (CE), Polysaccharide Lyases (PL). *The genome annotation
(V2) used for the analysis was downloaded from the Sporothrix Genome DataBase

N-glycosylation by oligosaccharyltransferase (KEGG
module M00072) modules were most abundant in envi-
ronmental species (Supplementary Table S3).

Sporothrix mitogenomes and their variations

PacBio SMRT sequencing allowed to determine the com-
plete sequence of all Sporothrix mitochondrial genomes
which were assembled in a total of four single contigs
consisting of circular DNA molecules of variable length
ranging from 25,765bp (S. variecibatus) to 58,395bp (S.
phasma) in length with an average GC content of ~25%
(Table 1).

Although the total number of predicted genes varied
slightly among the assemblies, we identified a distinc-
tive 15-protein-coding core gene set shared by all Sporo-
thrix mitogenomes investigated here (Fig. 3). However,
additional ORFs (XP_040614266.1, XP_016582542.1,
QGX43789.1 and QGX43775.1), encoding hypotheti-
cal proteins with unknown function, were predicted
in both pathogenic and environmental species (Fig. 3).
Interestingly, except for S. variecibatus, S. globosa and
S. schenckii, the mitochondrial genomes of other Sporo-
thrix species showed the presence of genes encoding
for LD and GIY homing endonucleases (Fig. 3). More
specifically, among the species sequenced in this study,
S. protearum included one single clade-VIII LD (Fig. 3)
located within the second intron of the coxI gene, while
S. curviconia showed two diverse LDs, one located in the

nad3-gene intron and not belonging to any clade (sin-
gleton LD), the other (clade-I LD) mapping in the cox1I-
gene intron 2, in fusion with the upstream exon 2. A large
diversity of HEs was observed in the S. phasma mitog-
enome where 7 LDs and 3 GIYs from different clades
were detected (Fig. 3). Among S. phasma LDs, 4 (clade-I,
clade-II, clade-VI, and clade XI) were found in 3 of the 7
introns of the coxI gene; 2 clade-XXIII LDs were located
in the first and last intron of the nad2 gene respectively
whereas one clade-XXIV LD was inserted in the nad4
intron.

Regarding S. phasma GIY genes, one clade-VIII
GIY was found in the atp6 intron while a clade-III GIY
mapped in fusion with the upstream cox1-gene exon 6. A
third GIY (clade-VII) was found as a free-standing ORF
in the intergenic region between the proline tRNA (¢rnP)
and large subunit ribosomal RNA (rnL) genes. However,
despite the observed differences in HE content and other
protein-coding genes (Fig. 3), phylogenetic relationships,
inferred using the whole mtDNA-encoded proteins, were
perfectly in agreement with current Sporothrix taxonomy
defined by nuclear-gene phylogeny [1] (Fig. 1).

Discussion

In the recent few years, sequencing of thousands of
fungal genomes (http://jgi.doe.gov/fungi) has largely
facilitated and stimulated many molecular studies con-
cerning several aspects of the fundamental biology and
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mitochondrial genomes of clinical and environmental Sporothrix species included in this study. GenBank accession numbers of mitochondrial
genome assemblies included in the comparative analysis are listed after species names

physiology of fungi, including their phylogeny, evolution,
and adaptation [45-47]. The first Sporothrix genome,
that of S. schenckii, was sequenced and deposited in Gen-
bank in 2013 (GenBank: GCA_000474925.1), and since
then the genomes of all pathogenic species have been
sequenced and released [12, 15] thereby providing use-
ful background genetic information for future gene-spe-
cific analyses. Nevertheless, to date, no efforts have been
made to sequence the genomes of related environmental
species that differ in many phenotypic traits (i.e., viru-
lence, pathogenicity, ecology, lifestyle, adaptation), thus
preventing these traits to be explored in detail through
comparison.

In this study, we provide genome sequences of four
environmental Sporothrix species spanning the patho-
genic clade within the genus Sporothrix. A preliminary
comparison of genome size revealed variations in the
environmental lineages with species showing either
increasing (S. protearum, S. variecibatus, S. curviconia, S.
pallida, S. insectorum) or decreasing (S. phasma) nuclear
DNA content compared to members of the pathogenic
clade. Interestingly, S. phasma, very close to the clinical
species with which it shares close phylogenetic relation-
ships [1], showed the smallest genome (~30.9 Mbp). In
fact, previous phylogenetic studies, based on nuclear
gene sequences, placed S. phasma nested with patho-
genic species [1, 6] and we confirmed this close asso-
ciation using phylogenetic analysis of both nuclear and
mitochondrial encoded proteins (Fig. 1).

Based on our bioinformatics data, we noticed that the
reduction of the nuclear genome size in S. phasma cor-
relates with the marked contraction of transposable

elements observed in this species (Table 2). This unusual
low-transposon density was also confirmed in a different
S. phasma strain (CBS 119721; data not shown) which
genome was recently sequenced using Illumina short-
read sequencing data [48]. Moreover, it is also interest-
ing to note that, parallel to the reduction of the nuclear
genome, S. phasma CBS 119588 exhibits a remarkable
expansion of its mitogenome (>58 kbp; Table 1) which
was also observed in the Illumina assembly of another
strain of the same species (CBS 119721) [48]. This spe-
cies possesses the largest mitochondrial genome among
all Sporothrix species examined so far [12, 14, 15, 49]. In
general, Sporothrix mitochondrial genomes show great
diversity in size (Table 1) [12, 14, 15] which is a well-
known phenomenon in fungi [17]. Comparative genome
annotation revealed that both pathogenic and environ-
mental Sporothrix species harbor 15 core protein-coding
genes (cob, coxl, cox2, cox3, atp6, atp8, atp9, nadl, nad?2,
nad3, nad4, nad4lL, nad5, nadé, and rps3) (Fig. 3) usu-
ally found in fungal mitogenomes [50]. However, except
for S. variecibatus, additional ORFs, encoding hypotheti-
cal proteins or HEs, were also found (Fig. 3). In particu-
lar, HEs detected in this study belonged to LD and GIY
families which were initially identified only in S. brasil-
iensis, but not in the S. schenckii [12] or S. globosa mitog-
enomes ([15]; Fig. 3). On the other hand, compared to
S. brasiliensis, S. phasma harbours more HEs which are
responsible for the mitogenome size expansion observed
in this species. A similar trend was also observed in S.
pallida which hosts 4 GIYs and 3 LDs (Fig. 3) but, unlike
S. phasma, only one HE (GIY clade-I) was shared with S.
brasiliensis. However, in general, Sporothrix HEs were
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highly diversified and classified in several distinct clades
according to the recent phylogeny by Megarioti and
Kouvelis [17]. Clade-1/Clade-II LDs and Clade-III GIYs
appear to be the most common homing endonucleases in
Sporothrix spp., but further studies, using more isolates,
are needed to validate these data and confirm the absence
of HE elements in S. globosa and S. schenckii populations.

Another important aspect of our work concerns the
genome-wide analysis of metabolic pathways and genes
encoding carbohydrate-active enzymes, which allowed
us to detect the enrichment of specific metabolic KEGG
modules and CAZy families in both pathogenic and envi-
ronmental Sporothrix species (Supplementary Table S2
and Table S3). Most evident differences were observed
in pathways related to purine, aminoacid and glycan
metabolism. Interestingly, the KEGG pathway mod-
ule M00048, involved in de novo synthesys of purine
nucleotides, was enriched in clinical species, which is in
agreement with previous studies reporting that this bio-
synthetic pathway is essential during host infection and
that deletion of key enzymes in several fungal pathogens
resulted in a reduced virulence and pathogenicity of
the strains [51]. Moreover, several of the CAZy families
found, such as CBM50, CBM18 and GH18, were previ-
ously reported to be markedly expanded in pathogenic
Sporothrix species when compared to other Sordariomy-
cetes and/or thermo-dimorphic fungal pathogens [12,
52]. Teixeira et al. [12], also observed a lack of polysac-
charide lyase genes (CAZy PL family) in the Sporothrix
lineage which was also confirmed in a recent comparative
genomics study [52]. The lack of PL genes in Sporothrix
spp. was interpreted as an evolutionary adaptation from
saprobic/phytopathogenic to animal pathogenic lifestyle
[12] but, unlike previous studies [12, 52], we detected a
novel polysaccharide lyase family (PL38) [53] in clinical
and some environmental species suggesting a continu-
ous gene screening as well as a more in-depth compara-
tive analysis of existing and future Sporothrix genomes.
Caution should be taken when comparing some Sporo-
thrix genome assemblies currently available in Genbank
as they could be derived from still undescribed species
or species whose description and/or naming needs to be
re-evaluated [54]. This is the case in S. insectorum strain
RCEF 264, which genetically deviates from the type strain
of S. insectorum CBS 756.73 suggesting that a revision of
its current taxonomic status is required [54].

In conclusion, the release of genome-wide sequence
data of additional Sporothrix species is certainly a signifi-
cant milestone for Sporothrix community because it sets
the groundwork for future genetic studies and compara-
tive genome analysis among pathogenic and saprophytic
members of the Sporothrix lineage which evolved differ-
ent lifestyles and host specificities.

Page 10 of 12

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-022-08736-W.

Additional file 1: Supplementary Fig. S1. Number of complete, frag-
mented, and missing orthologs obtained by BUSCO analysis for the four
Sporothrix genomes sequenced in this study.

Additional file 2.
Additional file 3.
Additional file 4.

Acknowledgments

We are very grateful to Prof. Vassili N. Kouvelis of the Department of Genetics
and Biotechnology, Faculty of Biology, National and Kapodistrian University
of Athens, Greece for providing us the whole fungal homing endonuclease
sequence dataset used for phylogenetic analysis in this study.

Authors’ contributions

Conceptualization, Orazio Romeo and Huaigiu Huang; Data curation, Domen-
ico Giosa, Junkang Wei, Letterio Giuffré and Ge Shi; Formal analysis, Domenico
Giosa, Letterio Giuffré and Lamya El Aamri; Funding acquisition, Orazio Romeo
and Huaigiu Huang; Investigation, Weian Du, Domenico Giosa and Letterio
Giuffre; Resources, Enrico D'Alessandro, Majida Hafidi, Orazio Romeo and
Huaigiu Huang; Software, Letterio Giuffré; Supervision, Ge Shi, Sybren de
Hoog, Orazio Romeo and Huaigiu Huang; Validation, Junkang Wei, Ge Shiand
Lamya El Aamri; Visualization, Weian Du, Domenico Giosa and Letterio Giuffre;
Writing — original draft, Weian Du, Domenico Giosa, Letterio Giuffre, Sybren de
Hoog, Orazio Romeo and Huaigiu Huang; Writing — review & editing, Junkang
Wei, Enrico D'Alessandro, Majida Hafidi, Sybren de Hoog, Orazio Romeo and
Huaigiu Huang. The author(s) read and approved the final manuscript.

Funding

This work was supported by the National Science Foundation of China (grants
81371746 and 81974300 to H.H.); China Postdoctoral Science Foundation
(grant 2020T130151ZX, D.W)), Science and Technology Planning Project

of Guangdong (grant 2016A020215066 to H.H.); Special Project of Super-
computer Application of Sun Yat-sen University, Guangzhou, China (grant
20190507269 to H.H.); and University of Messina, Italy, (grant agreement
CT_ROMEO_GOM nr. 36036 to O.R).

Availability of data and materials

The draft whole-genome sequences of the four Sporothrix species have
been deposited at DDBJ/ENA/GenBank under the following accession
numbers: JADMNF000000000 (S. curviconia CBS959.73), JADMNG000000000
(S. phasma CBS 119588), JADMNH000000000 (S. protearum CBS 116654) and
JADMNI000000000 (S. variecibatus CBS 121960). PacBio SMRT raw reads have
also been submitted into the Sequence Read Archive (SRA) database under
the following accession numbers: SRX8367671-SRX8367674, associated with
BioProject ID: PRINA633855. The datasets generated and analysed during the
current study are available in the SRA repository, https://www.ncbi.nim.nih.
gov/bi-oproject/?term=prjna633855.

Declarations

Competing of interests
The authors declare that they have no competing interest.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Author details

!'Department of Dermatology and Venereology, the Third Affiliated Hospital
of Sun Yat-sen University, Guangzhou, Guangdong, China. “Department

of Chemical, Biological, Pharmaceutical and Environmental Sciences,


https://doi.org/10.1186/s12864-022-08736-w
https://doi.org/10.1186/s12864-022-08736-w
https://www.ncbi.nlm.nih.gov/bi-oproject/?term=prjna633855
https://www.ncbi.nlm.nih.gov/bi-oproject/?term=prjna633855

Du et al. BMC Genomics (2022) 23:506

University of Messina, Messina, Italy. *School of Pharmaceutical Sciences,

Sun Yat-sen University, Guangzhou, Guangdong, China. *Medical Cosmetic
and Plastic Surgery Center, The Sixth Affiliated Hospital of Sun Yat-sen Univer-
sity, Guangzhou, Guangdong, China. >Department of Biology, Moulay Ismail
University, Zitoune, Meknes, Morocco. ®Department of Veterinary Sciences,
University of Messina, Messina, Italy. ”Center of Expertise in Mycology of Rad-
boud University Medical Center / Canisius Wilhelmina Hospital, Nijmegen, The
Netherlands.

Received: 16 November 2021 Accepted: 4 July 2022
Published online: 12 July 2022

References

1. de Beer ZW, Duong TA, Wingfield MJ. The divorce of Sporothrix and
Ophiostoma: solution to a problematic relationship. Stud Mycol.
2016;83:165-91.

2. Ramirez-Soto MC, Aguilar-Ancori EG, Tirado-Sénchez A, Bonifaz A. Eco-
logical determinants of Sporotrichosis etiological agents. J Fungi (Basel).
2018:4(3):95.

3. Ngubane NP, Dreyer LL, Oberlander KC, Roets F. Two new Sporothrix
species from Protea flower heads in south African grassland and savanna.
Antonie Van Leeuwenhoek. 2018;111(6):965-79.

4. Ostafinska A, Jankowiak R, Bilariski P, Solheim H, Wingfield MJ. Six
new species of Sporothrix from hardwood trees in Poland. MycoKeys.
2021,82:1-32.

5. Orofino-Costa R, Macedo PM, Rodrigues AM, Bernardes-Engemann AR.
Sporotrichosis: an update on epidemiology, etiopathogenesis, laboratory
and clinical therapeutics. An Bras Dermatol. 2017;92(5):606-20.

6. Rodrigues AM, Della Terra PP, Gremido ID, Pereira SA, Orofino-Costa R,
de Camargo ZP. The threat of emerging and re-emerging pathogenic
Sporothrix species. Mycopathologia. 2020;185(5):813-42.

7. da Cruz Bahiense Rocha |, PPD T, Cardoso de Oliveira R, Lubianca Zanotti
R, Falqueto A, de Camargo ZP, et al. Molecular-based assessment of
diversity and population structure of Sporothrix spp. clinical isolates from
Espirito Santo-Brazil. Mycoses. 2021;64(4):420-7.

8. Zhang Y, Hagen F, Stielow B, Rodrigues AM, Samerpitak K, Zhou X, et al.
Phylogeography and evolutionary patterns in Sporothrix spanning more
than 14 000 human and animal case reports. Persoonia. 2015;35:1-20.

9. Sanchotene KO, Madrid IM, Klafke GB, Bergamashi M, Della Terra PP, Rodri-
gues AM, et al. Sporothrix brasiliensis outbreaks and the rapid emergence
of feline sporotrichosis. Mycoses. 2015;58(11):652-8.

10. PAHO/WHO, Pan American Health Organization/Regional Office of the
World Health Organization. Sporothrix brasiliensis, un patdgeno fungico
emergente, notable por su transmisién zoondtica y potencial epidémico
para la salud humana y animal en las Américas. 2019. http://www.
someve.com.ar/index.php/noticias-someve/interes-general/833-sporo
thrix-brasiliensis.html

11. Mora-Montes HM, Dantas Ada S, Trujillo-Esquivel E, de Souza Baptista AR,
Lopes-Bezerra LM. Current progress in the biology of members of the
Sporothrix schenckii complex following the genomic era. FEMS Yeast Res.
2015;15(6):fov065.

12. Teixeira MM, de Almeida LG, Kubitschek-Barreira P, Alves FL, Kioshima
ES, Abadio AK, et al. Comparative genomics of the major fungal agents
of human and animal Sporotrichosis: Sporothrix schenckii and Sporothrix
brasiliensis. BMC Genomics. 2014;15:943.

13. Cuomo CA, Rodriguez-Del Valle N, Perez-Sanchez L, Abouelleil A, Gold-
berg J, Young S, et al. Genome sequence of the pathogenic fungus Sporo-
thrix schenckii (ATCC 58251). Genome Announc. 2014;2(3):e00446-14.

14. D'Alessandro E, Giosa D, Huang L, Zhang J, Gao W, Brankovics B, et al.
Draft genome sequence of the dimorphic fungus Sporothrix pallida,

a nonpathogenic species belonging to Sporothrix, a genus contain-
ing agents of human and feline Sporotrichosis. Genome Announc.
2016/4(2):00184-16.

15. Huang L, Gao W, Giosa D, Criseo G, Zhang J, He T, et al. Whole-genome
sequencing and in Silico analysis of two strains of Sporothrix globosa.
Genome Biol Evol. 2016;8(11):3292-6.

16. Stoddard BL. Homing endonucleases from mobile group | introns: discov-
ery to genome engineering. Mob DNA. 2014;5(1):7.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 11 of 12

Megarioti AH, Kouvelis VN. The coevolution of fungal mitochondrial
introns and their homing endonucleases (GIY-YIG and LAGLIDADG).
Genome Biol Evol. 2020;12(8):1337-54.

Roets F, de Beer ZW, Wingfield MJ, Crous PW, Dreyer LL. Ophiostoma
gemellus and Sporothrix variecibatus from mites infesting Protea infructes-
cences in South Africa. Mycologia. 2008;100(3):496-510.

Roets F, de Beer ZW, Dreyer LL, Zipfel R, Crous PW, Wingfield MJ. Multi-
gene phylogeny for Ophiostoma spp. reveals two new species from
Protea infructescences. Stud Mycol. 2006;55:199-212.

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM. Canu:
scalable and accurate long-read assembly via adaptive k-mer weighting
and repeat separation. Genome Res. 2017;27(5):722-36.

Ruan J, Li H. Fast and accurate long-read assembly with wtdbg2. Nat
Methods. 2020;17(2):155-8.

Morisse P Marchet C, Limasset A, Lecroq T, Lefebvre A. CONSENT: Scalable
self-correction of long reads with multiple sequence alignment. bioRxiv.
2019:546630. https://doi.org/10.1101/546630.

Chakraborty M, Baldwin-Brown JG, Long AD, Emerson JJ. Contiguous and
accurate de novo assembly of metazoan genomes with modest long
read coverage. Nucleic Acids Res. 2016;44(19):e147.

Gurevich A, SavelievV, Vyahhi N, Tesler G. QUAST: quality assessment tool
for genome assemblies. Bioinformatics. 2013;29(8):1072-5.

Simé&o FA, Waterhouse RM, loannidis P, Kriventseva EV, Zdobnov EM.
BUSCO: assessing genome assembly and annotation completeness with
single-copy orthologs. Bioinformatics. 2015;31(19):3210-2.

Campbell MS, Holt C, Moore B, Yandell M. Genome annotation and
curation using MAKER and MAKER-P. Curr Protoc Bioinformatics.
2014;48:4.11.1-39.

Korf I. Gene finding in novel genomes. BMC Bioinformatics. 2004;5:59.
Stanke M, Morgenstern B. AUGUSTUS: a web server for gene prediction
in eukaryotes that allows user-defined constraints. Nucleic Acids Res.
2005;33:W465-7.

Giosa D, Felice MR, Giuffre L, Aiese Cigliano R, Paytuvi-Gallart A, Lo Passo
C, et al. Transcriptome-wide expression profiling of Sporothrix schenckii
yeast and mycelial forms and the establishment of the Sporothrix
genome DataBase. Microb Genom. 2020;6(10):mgen000445.

Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the next-
generation sequencing data. Bioinformatics. 2012;28:3150-2.

Téronen P, Medlar A, Holm L. PANNZER2: a rapid functional annotation
web server. Nucleic Acids Res. 2018:46:W84-8.

Chan PP, Lowe TM. tRNAscan-SE: searching for tRNA genes in genomic
sequences. Methods Mol Biol. 2019;1962:1-14.

Shang Y, Xiao G, Zheng P, Cen K, Zhan S, Wang C. Divergent and
convergent evolution of fungal pathogenicity. Genome Biol Evol.
2016;8(5):1374-87.

Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for
comparative genomics. Genome Biol. 2019;20(1):238.

Letunic |, Bork P. Interactive tree of life (iTOL) v3: an online tool for the
display and annotation of phylogenetic and other trees. Nucleic Acids
Res. 2019;47:W256-9.

Zhang H, Yohe T, Huang L, Entwistle S, Wu P, Yang Z, et al. dbCAN2: a meta
server for automated carbohydrate-active enzyme annotation. Nucleic
Acids Res. 2018;46(W1):W95-W101.

Aramaki T, Blanc-Mathieu R, Endo H, Ohkubo K, Kanehisa M, Goto S, et al.
KofamKOALA: KEGG Ortholog assignment based on profile HMM and
adaptive score threshold. Bioinformatics. 2020;36(7):2251-2.

Kanehisa M, Sato Y. KEGG mapper for inferring cellular functions from
protein sequences. Protein Sci. 2020;29(1):28-35.

Mallick H, Rahnavard A, Mclver LJ, Ma S, Zhang Y, Nguyen LH, et al. Mul-
tivariable association discovery in population-scale meta-omics studies.
PLoS Comput Biol. 2021;17(11):e1009442.

Hunt M, Silva ND, Otto TD, Parkhill J, Keane JA, Harris SR. Circlator:
automated circularization of genome assemblies using long sequencing
reads. Genome Biol. 2015;16:294.

Bernt M, Donath A, Juhling F, Externbrink F, Florentz C, Fritzsch G, et al.
MITOS: improved de novo metazoan mitochondrial genome annotation.
Mol Phylogenet Evol. 2013;69(2):313-9.

Laslett D, Canback B. ARWEN: a program to detect tRNA genes in
metazoan mitochondrial nucleotide sequences. Bioinformatics.
2008;24(2):172-5.


http://www.someve.com.ar/index.php/noticias-someve/interes-general/833-sporothrix-brasiliensis.html
http://www.someve.com.ar/index.php/noticias-someve/interes-general/833-sporothrix-brasiliensis.html
http://www.someve.com.ar/index.php/noticias-someve/interes-general/833-sporothrix-brasiliensis.html
https://doi.org/10.1101/546630

Du et al. BMC Genomics

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

(2022) 23:506

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol.
2013;30(4):772-80.

Price MN, Dehal PS, Arkin AP. FastTree 2--approximately maximum-likeli-
hood trees for large alignments. PLoS One. 2010;5(3):29490.

Galagan JE, Henn MR, Ma LJ, Cuomo CA, Birren B. Genomics of the
fungal kingdom: insights into eukaryotic biology. Genome Res.
2005;15(12):1620-31.

Gabaldén T. Grand challenges in fungal genomics and evolution. Front
Fungal Biol. 2020;1:594855.

Kato RB, Jaiswal AK, Tiwari S, Barh D, Azevedo V, Gées-Neto A. Chapter 12
- Pan-genomics of fungi and its applications. In: Barh D, Soares S, Tiwari
S, Azevedo V, editors. Pan-genomics: applications, challenges, and future
prospects. United States: Academic Press; 2020. p. 251-60.

LiuF, Chen S, Ferreira MA, Chang R, Sayari M, Kanzi AM, et al. Draft
genome sequences of five Calonectria species from Eucalyptus planta-
tions in China, Celoporthe dispersa, Sporothrix phasma and Alectoria
sarmentosa. IMA Fungus. 2019;10:22.

Zhang S, Zhang YJ, Li ZL. Complete mitogenome of the entomopatho-
genic fungus Sporothrix insectorum RCEF 264 and comparative
mitogenomics in Ophiostomatales. Appl Microbiol Biotechnol.
2019;103(14):5797-809.

Medina R, Franco MEE, Bartel LC, Martinez Alcantara V, Saparrat MCN, Bal-
atti PA. Fungal Mitogenomes: relevant features to planning plant disease
management. Front Microbiol. 2020;11:978.

Chitty JL, Fraser JA. Purine acquisition and synthesis by human fungal
pathogens. Microorganisms. 2017;5(2):33.

Prakash H, Karuppiah P, A Al-Dhabi N, Prasad GS, Badapanda C, Chakra-
barti A, et al. Comparative genomics of Sporothrix species and identi-
fication of putative pathogenic-gene determinants. Future Microbiol.
2020:1465-81.

Kikuchi M, Konno N, Suzuki T, Fujii Y, Kodama'Y, Isogai A, et al. A bacterial
endo-B-1,4-glucuronan lyase, CUL-I from Brevundimonas sp. SH203,
belonging to a novel polysaccharide lyase family. Protein Expr Purif.
2020;166:105502.

Zubaer A, Wai A, Patel N, Perillo J, Hausner G. The Mitogenomes of
Ophiostoma minus and Ophiostoma piliferum and comparisons with other
members of the Ophiostomatales. Front Microbiol. 2021;12:618649.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Long-read PacBio genome sequencing of four environmental saprophytic Sporothrix species spanning the pathogenic clade
	Abstract 
	Background: 
	Result: 
	Conclusion: 

	Introduction
	Materials and methods
	Fungal strains and DNA extraction
	Library preparation, genome sequencing and assembly
	Gene model prediction and functional annotation of Sporothrix genomes
	Comparative genomics and phylogenomic analysis
	Assembly and annotation of mitochondrial Sporothrix genomes

	Results
	Characteristics of sequenced Sporothrix genomes
	Phylogenomics, gene content, and landscape of transposable elements
	Genome-wide identification of core and lineage-specific genes in Sporothrix spp.
	Sporothrix mitogenomes and their variations

	Discussion
	Acknowledgments
	References


