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Abstract Emergomyces (Ajellomycetaceae, Ony-
genales) is a genus of dimorphic fungal pathogens
that cause severe, opportunistic infections around
the world. We used long-read nanopore sequencing
to generate de novo genome assemblies followed by
comparative analyses for the type-strains of Emergo-
myces africanus, Emergomyces canadensis, Emer-
gomyces crescens, Emergomyces europaeus, Emer-
gomyces orientalis, Emergomyces pasteurianus,
and Emergomyces soli. The average Emergomyces
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genome was found to be 32,965,087 bp in size (range
28,687,700-35,863,369 bp) with GC%-contents of
42.01-45.72%. Average Nucleotide Identity analysis
of the seven type-strain genomes with the publicly
available Emergomyces and Blastomyces genomes
was performed, showing values of 85-100% similar-
ity between genomes and 85-91% between the twelve
species tested. Furthermore, we formally validate the
species descriptions for Emergomyces crescens and
Emergomyces soli.
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Emergomyces is a genus of thermally dimorphic
human fungal pathogens that belongs to the order
Onygenales (family Ajellomycetaceae) alongside
better-known taxa of human and animal pathogens
including Blastomyces, Coccidioides, Histoplasma,
and Paracoccidioides [1]. Emergomyces species
have emerged as causes of clinical disease, primarily
in immunocompromised patients, around the world
[1]. The genus was proposed less than a decade ago
to accommodate several pathogens isolated from
immunocompromised patients with systemic infec-
tions that resembled Emmonsia parva (since reclas-
sified as Blastomyces parvus) in the mould phase, but
which transformed to small yeast-like cells in host
tissues, rather than the swollen, sessile “adiaspores”
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of E. parva. Specifically, the genus initially included
Emmonsia pasteuriana (=Emergomyces pasteuri-
anus), Emmonsia orientalis (= Emergomyces orien-
talis) and Emergomyces africanus [1, 2], and were
joined soon thereafter by Emergomyces canadensis
and Emergomyces europaeus [3-6]. Lastly, Jiang
and colleagues transferred to the genus two non-
pathogenic species, Emmonsia soli and Emmonsia
crescens, as Emergomyces soli and Emergomyces
crescens, respectively, based on genetic relatedness
[7]. These taxa are outliers in that E. soli is a non-
pathogen that has been isolated only from soil, and
E. crescens transforms to swollen adiaspores rather
than yeasts, and causes a localized pulmonary disease
known as adiaspiromycosis in small mammals [7].
While the geographical distribution of Emergomyces
appears to be widespread, emergomycosis remains a
relatively rare disease, except for E. africanus which
is among the most common clinically encountered
dimorphic fungal pathogens in South Africa, where
it causes severe, disseminated infections in persons
with advanced HIV disease [8, 9].

With the increasing application of molecular
diagnostics to detect and identify fungal pathogens
directly from clinical material there is a need for ref-
erence genomes. Especially with the rapidly develop-
ing applications of metabarcoding and metagenomics
in clinical diagnostics [10, 11]. At present, few highly
fragmented genomes of Emergomyces species have
been made publicly available via NCBI Genome.
Here, we aim to provide high-quality reference
genomes for the type-strains of all seven Emergomy-
ces species.

The type-strains of E. africanus (CBS 136260"),
E. canadensis (CBS 139872"), E. crescens (CBS
177.60"), E. europaeus (CBS 102456"), E. orientalis
(CBS 124587%), E. pasteurianus (CBS 101426%), and
E. soli (CBS 1426077 were obtained from the CBS
Culture Collection (hosted at the Westerdijk Fungal
Biodiversity Institute, Utrecht, Netherlands). The
strains were sub-cultured on Malt-Extract agar (MEA;
Oxoid, Basingstoke, United Kingdom) and incubated
at 25 °C for 2 weeks to obtain enough biomass for
genomic DNA purification using the manual cetyltri-
methylammonium bromide extraction protocol [12].
Genomic DNA quality and quantity was assessed
by Qubit Broad Range kit (ThermoFisher, Waltham,
MA, U.S.A.), 2% agarose gel electrophoresis and by
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TapeStation using the Genomic DNA Screentape
(Agilent, Santa Clara, CA, U.S.A)).

One microgram of genomic DNA was used as
input for long-read nanopore sequencing for which
the library preparation was performed with the SQK-
NBD114.24 kit that enables multiplex sequencing
by ligation of unique barcodes per sample (Oxford
Nanopore Technologies, ONT; Oxford, United King-
dom). The library was loaded onto R10.4.1 flow cells
and raw sequence data was generated with the Min-
ION MKk1D platform (ONT). Raw sequence data was
basecalled using the super-accurate mode with dorado
v7.8.3 model dna_r10.4.1_e8.2_400bps_sup@v4.3.0
implemented in the MinKNOW v25.03.9 standalone
software (ONT). Ultimately, all sequence data per
strain was collected into a single FASTQ file and sub-
sequently quality-controlled prior further downstream
analysis. For this, FASTQ files were filtered using
chopper v0.8.0 for reads of > 1100 bp and a Q-value
of > 10, followed by 50 bp removal of the 5’- and
3’-ends of each read [13]. NanoComp v1.12.0 was
used to create filtered sequence statistics as listed in
Table 1 [13].

De novo genome assemblies were generated using
Flye v2.9.5-b1801 followed by manual curation, which
includes (i) removal of short contigs that have low cov-
erage compared to the nuclear content (< 10kbp) are
caused by barcode-leakage which is a known phenom-
enon with the library kit used; ii) checking the circular-
ity of mitochondrial genomes as this software package
usually places multiple copies of circular fragments
in tandem [14]. The average Emergomyces genome
was found to be 32,965,087 bp in size with a range of
28,687,700 bp (E. soli genome) to 35,863,369 bp (E.
europaeus genome). The assembled genome sequences
in this study of E. africanus CBS 136260" and E. pas-
teurianus CBS 101426" consisted each of 9 fragments
(Table 1). This is a significant improvement as for both
type-strains the genome sequences have been deposited
a decade ago in NCBI Genome (GCA_001660665.1
and GCA_001883825.1, respectively) which are
highly fragmented with 4444 and 1643 scaffolds,
respectively. The genome sequences of E. europaeus
CBS 102456", E. soli CBS 142607, and E. canaden-
sis CBS 1398727 were assembled into slightly more
fragments, being 10, 12 and 13 fragments, respec-
tively (Table 1). The genome sequence of E. crescens
CBS 177.60T consists of 22 fragments, from the same
strain a decade old NCBI deposited genome sequence
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8 (GCA_001008285.1) is available that consists of 1734

- E = § scaffolds, while that of another strain (UAMH 4076;

% g3 % GCA_002572855.1) is also highly fragmented with

S i % 5 2 1288 scaffolds. The genome sequence of E. orientalis

w8 2 B CBS 124587" was the most fragmented with 42 frag-

ments (Table 1). However, this long-read nanopore

- based assembled genome sequence is an improvement

3 S g compared to the two publicly available E. orientalis

e s 2 % genomes deposited in NCBI (GCA_002110485.1 and

§ % [% é § GCA_020085055.1) which were assembled with 108

2 5 E % and 2,498 scaffolds, respectively. The most accurate

se R number of chromosomes has only been determined for

- Histoplasma capsulatum and Paracoccidioides brasil-

o S iensis using various karyotyping tools, which demon-

s g g % strated 5—7 chromosomes for H. capsulatum and 4-5

% g g i § chromosomes in P. brasiliensis [15, 16]. There are no

§ 2 = § E karyotyping data available for Blastomyces and Emer-

N O v 5 gomyces species. To investigate the level of genome

completeness we used TeloVision v0.3.2 to detect telo-

g meric regions in the Emergomyces genome assemblies

. 2 § [17]. This revealed that the genome of E. pasteurianus

§8 22 g was nearly fully telomere-to-telomere assembled, as of

§§ % § § the 8 nuclear fragments 4 had telomeric regions at both

E 2 é %z ends. This suggests that E. pasteurianus CBS 1014267

has 6 chromosomes (Supplementary Data). Two frag-

ments in the genomes of E. africanus CBS 1362607,

o g E. europaeus CBS 102456 and E. canadensis CBS

e 5 z % 139872" had telomeric regions at both ends, while

§ E ) % é this was only seen for one fragment in the genomes of

So| 5% Z E. crescens CBS 177.60" and E. soli CBS 1426077,

= O @ = and no telomere-to-telomere assembled fragments

in E. orientalis CBS 1245877 (Supplementary Data).

S Given this analysis it is expected that, like other closely

® S related genera, Emergomyces species have 5-7 chro-

2 g § % mosomes. Genome completeness was investigated

§ % § é E using compleasm v0.2.7 that assesses the genome

5@ 2 é g E sequence against a benchmarking dataset of lineage-

2 specific single-copy orthologs, in this case the onyge-

:Zv: nales_odb10 dataset [18, 19]. All 7 genome sequences

E g were found to be highly complete, with 48464857

- |2 § % g BUSCO’s present among the 4862 BUSCO assessed

§ % ni % 'é\r % (Table 1). Subsequently, ab initio gene prediction was

ga g g 3 Ec performed using the Helixer v0.3.4 webtool [20]. The

T« 58 = range of predicted genes was found to be 8390-10,899,

g - £, with the highest number of predicted genes for E. ori-
|2 § ER-ER entalis CBS 124587 (Table 1).

: s E % %;5 g The GC% was assessed using the EZBio-

= E S ; E 3 ; Cloud webtool [21] resulting in values between

S8 §22%¢ 42.01-45.72%, which is closely to previously

@ Springer
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Fig.1 Average Nucleotide Identity (ANI) analysis using
pyani v0.2.13.1 which determines the percentage similar-
ity between every pair of genomes. [20] Other publicly avail-
able Emergomyces and Blastomyces genome sequences from
NCBI Genomes were included in this analysis. Species names
are followed by the (type-)strain accession number and NCBI
Genomes accession number (between brackets). Information

reported GC% values of other Onygenales species.
Earlier performed DNA-DNA hybridization experi-
ments showed that E. crescens CBS 177.60" had a
nuclear DNA GC% of 46.8%, and E. pasteurianus
CBS 1014267 (cited as IP 2310.95) a nuclear DNA
GC% of 47.3% [22]. The same study reported overall

Emergomyces africanus CBS 136260 (JBRATR000000000)

LG

Emergomyces pasteurianus UAMH 9510 (GCA_00188385.1)

Emergomyces pasteurianus CBS 101426 (JBRATQ000000000)

Blastomyces parvus UAMH 130 (GCA_002572885.1)

Blastomyces percursus IHEM 26956 (GCA_018296065.1)

Blastomyces emtzantsi MRL-BACNE 1992 (GCA_003206725.1)

Blastomyces gilchristii SLH14081 (GCF_00003855.2)

Blastomyces silverae UAMH 139 (GCA_001014755.1)

CBS 102456 (.

Emergomyces africanus CBS 136260 (GCA_001660665.1)

Emergomyces africanus CBS 136260 (JBRATR000000000)

Emergomyces canadensis CBS 139872 (JBVPGW000000000)

Emergomyces orientalis 52489 (GCA_002110485.1)

is CBS 124587 (JBT
Emergomyces soli CBS 142607 (JBVPGV000000000)
- Emergomyces crescens UAMH 4076 (GCA_002572855.1)

. Emergomyces crescens CBS 177.60 (JBRATP000000000)

GCA_002110485.1

is CBS 139872 (.
is CBS 124587 (JBT

Emergomyces orientalis 52489 (
Emergomyces soli CBS 142607 (JBVPGV000000000)

Emergomyces crescens UAMH 4076 (GCA_002572855.1) -
Emergomyces crescens CBS 177.60 (JBRATP000000000)

presented in bold identifies the here described and analysed
de novo genome assemblies. Raw sequence reads and de novo
genome assemblies are available via the NCBI BioProject
database under accession number PRINA1285980. Addition-
ally, the de novo genome assemblies can be accessed via the
DANS-KNAW Data Station Life Sciences (https://doi.org/10.
17026/LS/SXUBNO)

nuclear DNA GC% of 46.1-47.3% for species belong-
ing to other Onygenales genera. As the in silico GC%
calculation is more accurate than the DNA-DNA
hybridization method, this explains the overestima-
tion of GC% for the latter approach.
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Finally, we compared the nanopore long-read
based genome sequences of the 7 Emergomyces
type-strains to publicly available genome sequences
available from NCBI Genomes. For this, we applied
an Average Nucleotide Identity (ANI) calculation
using pyani v0.2.13.1 which determines the percent-
age similarity between genomes by arbitrarily gen-
erating k-mer fragments (usually 1024 bp) and com-
pare them all against all for every pair of genomes
[23]. Other publicly available Emergomyces and
Blastomyces genome sequences at NCBI Genomes
were included in this analysis, the strain details and
genomic data are presented in Fig. 1 [1, 24, 25].
The two E. pasteurianus strains (CBS 101426 and
UAMH 9510) had an ANI-value of 100%, this also
applies to the two genome sequences of E. africanus
CBS 136260" (Fig. 1) and to that of both E. orienta-
lis strains (52489 and CBS 1245877). This could be
expected for these three species as the genome pairs
per species are the same strain that has been depos-
ited in different culture collections. However, given
the differences in used next-generation sequencing
technology (viz. short-read versus long-read), differ-
ent assemblers used, and the large difference in frag-
ments per genome it was unexpected that the ANI-
values were in all three cases 100%. For example,
two different strains of E. crescens (CBS 177.60T and
UAMH 4076) have an ANI-value of 93%. All other
Emergomyces genome sequences have ANI-values of
85-89% when compared to any of the other genome
sequences in this analysis, even those from Blastomy-
ces species and vice versa. This percentage is more in
the expected range for different species.

Lastly, we observed that the descriptions of the
new combinations for E. crescens and E. soli were in
2019 not validly described by Jiang and colleagues
[7]. Hence, we here take the opportunity to formally
validating these names:

Emergomyces crescens (C.W. Emmons & Jelli-
son) Y.P. Jiang & de Hoog, comb. nov.—Mycobank
MB862275.

Basionym: Emmonsia crescens C.W. Emmons &
Jellison, Ann. New York Acad. Sci. 89: 98, 1960.

Synonyms: Chrysosporium parvum var. crescens
(C.W. Emmons & Jellison) J.W. Carmich., Canad. J.
Bot. 40: 1164, 1962.

Emmonsia parva var. crescens (C.W. Emmons &
Jellison) Oorschot, Stud. Mycol. 20: 59, 1980.

@ Springer

Emergomyces crescens (C.W. Emmons & Jellison)
Y.P. Jiang & de Hoog, Mycopathologia 185: 626,
2020, nom. inval.

Ajellomyces crescens Sigler, J. Med. Vet. Mycol.
34: 305, 1996.

Emergomyces soli (Y.P. Jiang, Borman & de
Hoog) Y.P. Jiang & de Hoog, comb. nov.—Myco-
Bank MB862276.

Basionym: Emmonsia soli Y.P. Jiang, Borman &
de Hoog [as ‘sola’], Fungal Diversity 90: 262, 2018.

Synonym: Emergomyces soli (Y.P. Jiang, Borman
& de Hoog) Y.P. Jiang & de Hoog, Mycopathologia
185: 626, 2020, nom. inval.
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