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Abstract: During a survey of fungi on electricity utility poles in South Africa, a diverse range of fungi were discovered.
Paecilomyces was frequently isolated, with five species identified using ITS and B-tubulin (BenA) sequences. These
were P. brunneolus, P. dactylethromorphus, P. lecythidis, P. paravariotii and a potential new species. The genomes of
30 of these strains were subsequently sequenced and used in a phylogenomic analysis with 45 previously published
genomes of the genus. Phylogenetic analyses were also conducted using ITS, BenA, calmodulin (CaM), RNA polymerase
Il second largest subunit (RPB2), RNA polymerase Il largest subunit (RPB1), the genes coding for the theta subunit of
the TCP-1 chaperonin complex (Cct8), and for a putative ribosome biogenesis protein (Tsr1). Both phylogenomic and
phylogenetic analyses supported the 15 Paecilomyces species currently accepted and confirmed the novelty of the
new species, which we describe as P. lignorum. The latter is the sister species of P. brunneolus and belongs to a clade
also containing P. variotii and P. paravariotii. Morphologically, the new species produces longer ellipsoidal conidia and
grows more restricted on malt extract agar at 30 °C compared to its closest relatives.
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INTRODUCTION

Paecilomyces typically thrive as saprophytic fungi across a
diverse range of environments. They are characterized by their
branched (verticillate) conidiophores, which bear divergent
whorls of branches and phialides. These phialides feature inflated
bases tapering into long and distinct necks and bend away from
the main axis, and produce yellow-brown conidia in basipetal
chains (Brown & Smith 1957, Samson 1974, Houbraken et al.
2020). Byssochlamys was long regarded as the sexual morph of
Paecilomyces, producing almost naked ascomata, with globose
asci and ellipsoidal, smooth-walled ascospores (Brown & Smith
1957, Stolk & Samson 1971). Samson (1974) monographed
Paecilomyces, introduced a sectional classification and
accepted 31 species. Section Paecilomyces included the meso-
to thermophilic species that produce yellow-brown colonies
and those that produce a sexual morph was associated with
Byssochlamys, Talaromyces and Thermoascus. On the other
hand, section Isarioidea included the species associated with
insects and often are insect-pathogenic, including P. farinosus
(= Isaria farinosa) following the reclassification of the species
proposed by Brown & Smith (1957).

More recent efforts that generated DNA sequences and
phylogenetic analyses resulted in several taxonomic changes.
Luangsa-Ard et al. (2004) first showed that Paecilomyces was
polyphyletic across Eurotiomycetidae and Sordariomycetidae,
with species belonging to Eurotiales (the generic type P. variotii

and other thermophilic species), Hypocreales (P. farinosus,
P. lilacinus and other mesophilic species) and Sordariales (P.
inflatus). Luangsa-ard et al. (2005) subsequently provided a
phylogenetic review of Paecilomyces section Isarioidea based
on ITS and B-tubulin (BenA) and found most species to be
closely related to P. farinosus in Hypocreales and for which
they took up the old generic name Isaria, providing new
combinations to species where appropriate. Luangsa-Ard et
al. (2011) then introduced the new genus Purpureocillium to
accommodate Paecilomyces lilacinus in Ophiocordycipitaceae
(Hypocreales), while Paecilomyces inflatus was reclassified as
Phialemonium inflatum in Cephalothecaceae (Sordariales) by
Perdomo et al. (2013). Houbraken & Samson (2011) divided
the family Trichocomaceae (Eurotiales) into three families,
namely Aspergillaceae (for Aspergillus, Penicillium and related
genera), Thermoascaceae (for Thermoascus and Paecilomyces)
and Trichocomaceae (for Talaromyces, Trichocoma and related
genera). This limited Paecilomyces to the definition of Samson
et al. (2009) who accepted nine species, five that produced
a Byssochlamys sexual morph and four that produced a
Paecilomyces asexual morph. Following “One Fungus = One
Name” Paecilomyces was the preferred name for the clade
(Houbraken & Samson 2011, Houbraken et al. 2020), furthermore
supported by the former that have priority over Byssochlamys
(Reblova et al. 2016). Ten Paecilomyces species were included
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in the accepted species list published for Eurotiales (Houbraken
et al. 2020). This number has since risen to 15 with P. clematidis
(Spetik et al. 2022), P. penicilliformis (Crous et al. 2020) and P.
paravariotii (Urquhart & Idnurm 2023) described more recently.
Furthermore, P. lecythidis and P. maximus, which Samson et al.
(2009) considered synonyms of P. formosus, was shown to be
distinct species following a revision published by Urquhart &
Idnurm (2023).

Paecilomyces has a global distribution and is commonly found
in various indoor and environmental settings. Their thermophilic
and/or xerophilic traits, render them effective spoilage agents
in heat-processed, acidic foods (Pitt & Hocking 2009, Samson
et al. 2019). In the food industry, they can produce mycotoxins
like patulin (e.g. P. dactylethromorphus), byssochlamic acid (P.
divaricatus, P. fulvus, P. lagunculariae and P. niveus) or viriditoxin
(P. variotii) (Samson et al. 2009). Additionally, species are known
to grow on and damaged materials such as wood, leather, paper
and textiles (Brown & Smith 1957), have been isolated from
human and animal samples (Heshmatnia et al. 2017, Anderson
et al. 2022), and from plants and trees (Heidarian et al. 2018,
Sabernasab et al. 2019, Rostami & Jamali 2023). Accurately
linking species with their growing substrates is, however, difficult
as identifications were often based on morphology, which can
be problematic.

A survey was conducted in South Africa to determine the
fungi present on wooden utility poles. From a total of 423 fungal
isolates obtained in the survey (de Meyer 2007), 171 belonged
to the genus Paecilomyces. Strains were found to belong to
five species, including a putative new species. The aim of this
study was, therefore, to compare strains of the putative new
species with others using a consilient approach that included
morphology, DNA sequences and whole genomes sequences.

MATERIALS AND METHODS
Strains

Strains used in this study were isolated in a survey conducted
in 2005 to catalogue the fungi associated with wooden utility
poles in South Africa. Strains were revived from the CMW
research collection [Forestry and Agricultural Biotechnology
Institute (FABI), University of Pretoria, Pretoria, South Africa]. All
strains were deposited in the CMW-IA culture collection housed
at FABI, with representative reference strains also deposited
at CBS (Westerdijk Fungal Biodiversity Institute, Utrecht, the
Netherlands). Strain accession numbers and its associated
metadata is summarized in Table 1.

DNA extraction, sequencing and phylogenetic analyses

Genomic DNA was extracted from colonies grown for 7 d at 25 °C
on malt extract agar (MEA: Oxoid CM0059) using the Quick-DNA
Fungal/Bacterial Miniprep Kit (Zymo Research, CA, USA). The
DNA was stored at -20 °C until used for PCR. The rDNA internal
transcribed spacer region ITS1-5.8S-ITS2 (ITS) and partial
B-tubulin (BenA) gene region was amplified with primer pairs
VIG & LS266 for ITS (Masclaux et al. 1995, de Hoog & Gerrits van
den Ende 1998) and T10 & Bt2b for BenA (Glass & Donaldson
1995, O’Donnell & Cigelnik 1997). The PCR was performed in
25 pl reactions using the Kapa ReadyMix kit (Kapa Biosystems,
Woburn, USA). Reactions consisted of 12.5 uL 2x ReadyMix,

10.5 pL MiliQ H,O, 1 pL template DNA (2.5-25 ng) and 0.5 uL
of each primer (20 uM). Sequencing of the PCR products was
conducted in both directions using BigDye Terminator v. 3.1
Ready Reaction Mix (PerkinElmer, Warrington, UK) and the same
primers used for PCR. Sequencing reactions were analyzed at
the University of Pretoria sequencing facility on an ABI PRISM
3500xL auto-sequencer (Applied Biosystems, CA, USA). Contigs
were assembled in Geneious Prime v. 2024.0.2. (https://www.
geneious.com). The calmodulin (CaM), RNA polymerase Il second
largest subunit (RPB2), RNA polymerase Il largest subunit (RPB1),
the genes coding for the theta subunit of the TCP-1 chaperonin
complex (Cct8), and for a putative ribosome biogenesis protein
(Tsr1) were extracted from genome assemblies (see Tables 1, 2).

A DNA reference sequence database (including ITS, BenA,
CaM, RPB2, RPB1, Tsr1 and Cct8) was prepared largely based on
the accepted species list published for Eurotiales by Houbraken
et al. (2020) and a recent paper by Urquhart & Idnurm (2023).
Strains used for phylogenetic comparisons, its associated
metadata and GenBank accession numbers are listed in Table 1.

Each dataset was aligned with MAFFT v. 7.520 with the G-INS-I
option selected (Katoh & Standley 2013). Datasets were trimmed
and concatenated in Geneious. Maximum Likelihood analyses
were performed with IQ-TREE v. 2.2.2.6 on the concatenated
and single gene datasets. The dataset was partitioned taking
into consideration gene regions, introns and exons. The general
time reversible model with gamma distribution and invariable
sites (GTR+G+l) was applied to all partitions (Abadi et al. 2019).
To calculate node support, a nonparametric bootstrap analysis
with 1 000 repeats was performed in each analysis. Trees were
visualized in TreeViewer v. 2.2.0 (https://treeviewer.org) and
edited for publication in Affinity Publisher v. 2.4.0 (Serif (Europe),
Nottingham, UK). Alignments and tree files were uploaded to
the University of Pretoria’s research data repository hosted on
Figshare (doi: 10.25403/UPresearchdata.25578108).

DNA extraction and genome sequencing and assembly

Strains were grown for 14 d at 25 °C on malt and yeast extract
agar (MYA: 2 % malt extract, 0.5 % yeast extract and 0.5 % agar).
Mycelium was frozen at -80 °C, then lyophilized and pulverized
via bead beating. Genomic DNA was then extracted using the
Zymobiomics Soil Kit (Zymo Research, CA, USA). Sequencing
libraries were prepared with ~100 ng genomic DNA as template
and processed using the KAPA HyperPlus Kit using a PCR-free
workflow (Roche, Switzerland), followed by seven rounds of
amplification to increase library yields. Sequencing libraries
were then pooled and size selected for 300-800 bp fragments
using a QIAGEN GeneRead Size Selection Kit (QIAGEN, Germany).
The size selected libraries were then sequenced on a NovaSeq
Sequencing System (lllumina, USA) to obtain paired-end reads
of 2x151 bp. Adapters and low-quality regions were removed
using Trimmomatic v. 0.36 (Bolger et al. 2014). Genomes were
assembled using SPAdes v. 3.15.4 (Bankevich et al. 2012) using
default parameters. Only contigs larger than 500 were retained
in the final assemblies. Genome statistics and completeness
were assessed using BUSCO v. 5.6.1 with the eurotiales_odb10
dataset (Manni et al. 2021). Assemblies were deposited to
GenBank at the National Center for Biotechnology Information
(NCBI). The genome statistics and genome accessions are listed
in Table 2.
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Phylogenomic analysis

Publicly available Paecilomyces genomes were downloaded
from NCBI and analyzed with those generated in the current
study (see Table 2). The dataset included 77 genomes, with
Monascus floridanus selected as an outgroup. A BUSCO analysis
using the eurotiales_odb10 dataset was run on each genome
to extract the shared complete single copy BUSCO genes into
separate datasets. Each dataset was aligned with MAFFT using
the ‘auto’ algorithm selection and then trimmed using trimAL
v. 1.2 with the “-automatedl” activated (Capella-Gutierrez et
al. 2009). Maximum Likelihood analyses was conducted in 1Q-
TREE, with the most appropriate substitution model selected
and applied using ModelFinder (Kalyaanamoorthy et al. 2017)
and running an ultrafast bootstrapping approximation (1 000
repeats) using UFBoot2 (Hoang et al. 2018). Resulting trees
were collected into a single file and branches with less than
10 % bootstrap support were collapsed. A species tree was then
derived using ASTRAL v.5.7.7 (https://github.com/smirarab/
ASTRAL). Branch lengths of this species tree was estimated
using RAXML v. 8 (Stamatakis 2014), using the ASTRAL tree and a
dataset of all BUSCO alignments concatenated using FASconCAT
v. 1.0.2 (Kiick & Longo 2014) as input. Finally, IQ-TREE was used
to calculate the gene concordance factors (gcf) using the branch
optimised species tree and all BUSCO gene trees as input. Trees
were visualized in TreeViewer v. 2.2.0 (https://treeviewer.org)
and edited for publication in Affinity Publisher v. 2.4.0 (Serif
(Europe), Nottingham, UK). Alignments and tree files were
uploaded to the University of Pretoria’s research data repository
hosted on Figshare (doi: 10.25403/UPresearchdata.25578108).

Morphology

Strains were characterized following methods described
in Samson et al. (2019). Briefly, strains were inoculated at
three-equidistant points onto the growth media Czapek yeast
autolysate agar (CYA), CYA supplemented with 5 % NaCl (CYAS),
MEA, yeast extract sucrose agar (YES), dichloran-glycerol agar
(DG18; Oxoid CM0729), oatmeal agar (OA), and creatine sucrose
agar (CREA). Plates were incubated in the dark, unwrapped,
at 25 °C, with additional CYA, YES, DG18 and OA incubated at
30 °C, and MEA and CREA at 30, 37, 40 and 45 °C. Colour names
and codes used in the description follow Kornerup & Wanscher
(1967).

A Sony alpha 7 Ill camera and Sony FE 90 mm /2.8 Macro
G OSS lens (Tokyo, Japan) was used to photograph colonies.
Microscope photographs were taken using a Zeiss AXIO Imager.
A2 compound and AXIO Zoom.V16 microscope equipped with
an AxioCaM 512 colour camera, run by Zen Blue v. 3.2 software
(Carl Zeiss CMP, Goettingen, Germany). Extended depth of field
images was assembled in Helicon Focus v. 7.5.4 (HeliconSoft,
Kharkiv, Ukraine). The photoplate was prepared in Affinity Photo
v. 2.4.0 [Serif (Europe), Nottingham, UK].

RESULTS
Strains
A total of 30 Paecilomyces strains isolated from wooden utility

poles were revived from the CMW culture collection. These
strainsrepresentasubset of the 171 strains originally isolated and

were selected based on their ITS-RFLP groupings to represent the
diversity amongst the strains (de Meyer 2007). Strains belonged
to five species, including P. brunneolus, P. dactylethromorphus,
P. lecythidis, P. paravariotii and the new species described below
as P. lignorum. Strains of the new species originated from four
collection sites situated in the South African towns Groblersdal,
Plettenberg Bay, Pietermaritzburg and Stellenbosch.

Phylogenetic and phylogenomic analyses

Aligned datasets for ITS, BenA, CaM, RPB2, RPB1, Cct8 and Tsrl
were 619, 547, 609, 1 116, 1 022, and 1 288 and 918 bp long,
respectively. Phylogenetic resolution in single genes was low
(Suppl. Fig. S1). This was clear for P. variotii and P. paravariotii
where poor support was observed for BenA, CaM and RPB2
trees. Due to poor backbone support obtained, single gene
phylogenies cannot be considered incongruent. Considering
identifications, all genes can distinguish between the species,
with BenA proposed as a good DNA barcode in Eurotiales
(Houbraken et al. 2020), noting that CaM is the proposed
barcode for Aspergillus (Samson et al. 2014). Better support was
obtained for the concatenated tree (based on BenA, CaM, RPB2,
RPB1, Cct8 and Tsr1) with all accepted species resolved in well-
defined clades (Fig. 1). The new species is the closest relative of
P. brunneolus, and belongs in a broader clade that also contain
P. variotii and P. paravariotii.

Infraspecies variation between strains of the new species
were low. The similarities with other Paecilomyces species were
relatively low, with ITS differing by at least 40 bp, BenA by 8 bp,
CaM by 21 bp, RPB2 by 17 bp, RPB1 by 18 bp, Cct8 by 24 bp, and
Tsr1 by 10 bp.

The phylogenomic analysis included 77 genomes, 31 of which
was newly generated in this study. Genomes are available for
nine of the 15 accepted species. The BUSCO analysis revealed
completeness score ranging from 93.5-94.7 % and identified
3 132 single copy BUSCO genes present in all 77 genomes
(see Table 2 and doi: 10.25403/UPresearchdata.25578108 for
genome statistics). The obtained species tree had a similar
topology to that of the concatenated tree (Fig. 2). Our new
species is most closely related to P. brunneolus, and they belong
to a clade that include P. variotii and P. paravariotii. Support for
the new species was high, with 98.4 % of the single copy genes
supporting its branch. Although bootstrap support was low for
BenA, CaM, RPB2, the markers typically used for phylogenetic
analyses in Eurotiales, the P. variotii clade was supported by
83 % of the single copy genes and P. paravarotii by 88.4 %. A
large degree of infraspecies variation was observed for P. variotii,
P. paravariotii, P. lecythidis, P. maximus and P. formosus (Fig. 2).

As reported by Urquhart & Idnurm (2023), 8/46 publicly
available genomes are incorrectly named in NCBI (Table
2). One of these (JAPVCBO1) can be attributed to a recent
revision showing that P. lecythidis and P. maximus, previously
considered synonyms of P. formosus (Samson et al. 2009), were
phylogenetically distinct species (Urquhart & Idnurm 2023). Our
analyses confirm that these are well supported distinct species.
Two genomes (JANCMNO1 & JAROOX01) were deposited as
P. variotii, but clearly belongs to the recently described P.
paravariotii (Urquhart & ldnurm 2023). Two other genomes
(BAULO1 & JAPVCBO1) deposited as P. variotii should be renamed
as P. formosus. The genomes deposited as Byssochlamys should
be renamed as P. dactylethromorphus (PNEMO1), P. variotii
(MSJH02) and as Monascus floridanus (NIXAO01).
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Morphology

Generally, strains of the new species morphologically resembled
each other, noting that a large degree of variation was observed
in colony growth rates. These are noted in the formal description
below.

Taxonomy

Paecilomyces lignorum Visagie, Cruywagen & Duong, sp. nov.
MycoBank MB 853456. Fig. 3.

Etymology: Latin, lignorum, meaning “from wood”, named in
reference to the new species isolated from wooden utility poles.

DNA barcodes: ITS = PP191153, BenA = PP197741, CaM
= PP197772, Cct8 = PP197865, RPB1 = PP197834, RPB2 =
PP197803, Tsr1 = PP197896.

Reference genomes: SAMN402509377, SAMN40250929,
SAMN40250930, SAMN40250931, SAMN40250932, SAMN40250933,
SAMN40250934, SAMN40250935, SAMN40250936, SAMN40250938,
SAMN40250939, SAMN40250941, SAMN40250942, SAMN40250943,
SAMN40250944, SAMN40250946.

Colony diam (in mm, after 7 d, at 25 °C): CYA 20-25; CYAS
microcolonies; MEA 50-55; DG18 28-35; YES 10-22; OA 35-40;
CREA 5-8; (at 30 °C): CYA 15-20; MEA 20-35; YES 20-45; DG18
40-50; OA 30-40; CREA 5-10; (at 37 °C): MEA 20-35; CREA
5-10; (at 40 °C): MEA microcolonies —10; CREA microcolonies—5;
(at 45 °C): MEA no growth; CREA no growth.

Colony characters (after 7 d, at 25 °C): CYA colonies moderate,
sulcate, slightly crateriform; margins low, narrow, entire; mycelia
white; texture velutinous; sporulation sparse to moderate areas,
conidia en masse Light Yellow (2A4) to Greyish Yellow to Golden
(4C5-6); soluble pigments absent; exudates absent; reverse
Light Yellow (4A3) and Yellowish Brown (5D5). MEA colonies
moderate, lightly sulcate, raised at centre; margins low, wide,
entire; mycelia white; texture velutinous; sporulation dense,
conidia en masse Light Yellow (2A4) to Greyish Yellow to Golden
to Olive Brown (4C5-6-D5); soluble pigments absent; exudates
absent; reverse Olive Brown to Brown (4C5-5D5). YES colonies
deep, plane in restricted growers, sulcate in fast growing;
margins low, narrow, entire; mycelia white; texture velutinous;
sporulation moderately dense, conidia en masse Light Yellow
(2A4) to Greyish Yellow to Golden to Olive Brown (4C5-6-D5);
soluble pigments absent; exudates absent; reverse Pale Yellow
(3A3) to Olive Brown (4E8). DG18 colonies low, lightly sulcate;
margins low, narrow, entire; mycelia white; texture velutinous;
sporulation moderately dense, conidia en masse Light Yellow
(2A4) to Greyish Yellow to Golden to Olive Brown (4C5-6—D5);
soluble pigments absent; exudates absent; reverse Yellowish
White to Greyish Yellow (4A2-B4). OA colonies low, plane;
margins low, wide, entire; mycelia white; texture velutinous;
sporulation moderately dense, conidia en masse Light Yellow
(2A4) to Greyish Yellow to Golden to Olive Brown (4C5-6—
D5); soluble pigments absent; exudates absent. CREA colonies
moderate growth, acid production absent. A sexual state was
not observed on any media after several months of incubation.

Conidiophores up to 100 um tall, smooth, regular and irregular
branching, consist of dense whorls of verticillate branches, each
with 2 to 5 phialides; branches 7.5-14(—18) x 2.5-4 um; phialides
cylindrical to ellipsoidal base, tapering to a long cylindrical neck,
10-20 x 2.5-3.5 um; conidia smooth, produced in long chains,
ellipsoidal with truncate ends, sometimes only ellipsoidal, 4—6(—
8) x 1.5-2.5(—3.5) um (mean =5.14 + 0.87 x 2.09 + 0.3), average
width/length = 0.4, n = 70. Chlamydospores borne from stalk
up to 40 um long, single, smooth, globose to subglobose, with
truncated end, 6.5-9.5 x 6-9.5 um. Sexual state not observed.

Typus: South Africa, Kwazulu-Natal Province, Pietermaritzburg, from
wood utility pole, 25 Mar. 2003, coll. and isol. by E. de Meyer [holotype
PRU(M) 4585 preserved as dried culture; culture ex-type CMW-IA
005749 = CBS 124309 = CMW 18180 = CN175H6].

Additional strains examined: South Africa, Mpumalanga Province,
Groblersdal, from wood utility pole, 5 Mar. 2003, coll. and isol. by E. de
Meyer, culture CMW-IA 005740 = CMW 18171 = CN175H1; Kwazulu-
Natal Province, Pietermaritzburg, from wood utility pole, 25 Mar 2003,
coll. and isol. by E. de Meyer, cultures CMW-IA 005746 = CBS 124308 =
CMW 18177 = CN175H3, CMW-IA 005747 = CMW 18178 = CN175H4,
CMW-IA 005748 = CMW 18179 = CN175H5, CMW CMW-IA 005753 =
CMW 18184 = CN175I11, CMW-IA 005754 = CMW 18185 = CN17512,
CMW-IA 005755 = CMW 18186 = CN17513, CMW-IA 005756 = CMW
18187 = CN17514, CMW-IA 005758 = CMW 18190 = CN17517; Eastern
Cape Province, Plettenberg Bay, from wood utility pole, 10 Jun. 2003,
coll. and isol. by E. de Meyer, culture CMW-IA 005745 = CBS 124307
= CBS 118902 = CMW 18176 = CN175H2; Western Cape Province,
Stellenbosch, from wood utility pole, 16 Oct. 2003, coll. and isol. by
E. de Meyer, cultures CMW-IA 005750 = CBS 124310 = CMW 18181 =
CN175H7, CMW-IA 005751 = CMW 18182 = CN175HS.

Notes: Paecilomyces lignorum is closely related to P. brunneolus,
P. paravariotii and P. varioti (Figs 1, 2). The ellipsoidal conidia of
the new species are longer than those of P. brunneolus [4—-6(-8)
vs (3.5-)4-5(-5.5) um], while its colonies on MEA incubated at
30 °C grow more restricted (20-35 vs 35-45 mm) (Samson et
al. 2009). These characters also distinguish P. lignorum from P.
paravariotii (3.1-5.0 um; ~45 mm based on CMW-IA 005757)
(Urquhart et al. 2023) and P. variotii (3-6 um; 60-90 mm)
(Samson et al. 2019).

List of accepted Paecilomyces species

Paecilomyces brunneolus (N. Inagaki) Samson & Houbraken,
Persoonia 22: 21. 2009. [MB#512559] = Paecilomyces variotii
var. brunneolus N. Inagaki, Trans. Mycol. Soc. Japan 4: 3. 1962.
[MB#512559]. — Type: NHL (N. Inagaki, 1-72). Ex-type: CBS
370.70 = DTO 093-D7 = IFO 7563. Reproduction: asexual. DNA
barcodes: ITS = EU037050; BenA = EU037068; CaM = EU037033;
RPB2 = MIN969152. Reference genome: SAMN40250940.
Paecilomyces clematidis Spetik et al., Phytotaxa 559: 242.2022.
[MB#843540]. — Type: BRNU 677844. Ex-type: CBS 148466
= MEND-F-0560. Reproduction: asexual. DNA barcodes: ITS
= MZ923760; BenA = MZ927740; CaM = MZ927738; RPB2 =
0L332317. Reference genome: Not available.

Paecilomyces dactylethromorphus Bat. & H. Maia, An. Soc.
Biol. Pernambuco 15: 152. 1957. [MB#302183]. — Type: IMUR
235. Ex-type: CBS 251.55 = DTO 280-D1 = ATCC11971 = IMI
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Fig. 1. Phylogenetic tree of Paecilomyces based on a concatenated dataset of BenA, CaM, RPB2, RPB1, Cct8 and Tsrl. Strains of the new species is
shown in bold text. Bootstrap support in nodes higher than 80 % are indicated at relevant branches (" = ex-type). The tree was rooted to Monascus
floridanus.
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65752 = MUCL 9649. Reproduction: asexual. DNA barcodes:
ITS = FJ389951; BenA = FJ390002; CaM = FJ389960; RPB2
= n.a. Reference genomes: JAPVCEO1, JAPVCFO1l, PNEMO1,
SAMN40250926, SAMN40250927, SAMN40250928.
Paecilomyces divaricatus (Thom) Samson, Houbraken &
Frisvad, Persoonia 22: 21. 2009. [MB#512561]. = Penicillium
divaricatum Thom, U.S.D.A. Bull. Bur. Animal Industr. 118: 72.
1910. [MB#512561]. — Type: CBS 284.48. Ex-type: CBS 284.48 =
DTO 093-D8 = ATCC 10121 = ATCC 18502 = DSM 1961 = IAM5001
= IMI 40025 = NBRC 100534 = NRRL 1115 = QM6764 = VTT
D-83214 = Thom 34. Reproduction: asexual. DNA barcodes:
ITS = FI389931; BenA = FJ389992; CaM = FJ389953; RPB2 = n.a.
Reference genome: Not available.

Paecilomyces formosus Urquhart, J. Fungi 9 (3, no. 285): 9.
2009. [MB#846977]. = Monilia formosa Sakag., et al., Zentralbl.
Bakteriol., 2. Abt. 100: 302. 1939. [MB#252219]. (nom. inval.) =
Paecilomyces formosus Sakag. et al. ex Houbraken & Samson,
Persoonia 22:21.2009. (nom. inval.) [MB#846977]. — Type: CBS
990.73B. Ex-type: CBS 990.73B = DTO 093-D2 = ATCC 10865 =
IMI 58427 = LSHB Pa31 = LSHB X26 = NRRL 1282. Reproduction:
protoheterothallic. DNA barcodes: ITS = FJ389929; BenA =
FJ389993; CaM = FJ389978; RPB2 = MN969154. Reference
genomes: BAULO1, JACXGSO01, JAPVCBO1.

Paecilomyces fulvus Stolk & Samson, Persoonia 6: 354. 1971.
[MB#319107]. — Type: CBS 132.33. Ex-type: CBS 132.33 =
IMI 058421. Reproduction: homothallic. DNA barcodes: ITS
= FJ389939; BenA = FJ389988; CaM = FJ389957; RPB2 = n.a.
Reference genome: JAPVCGO1.

Paecilomyces lagunculariae (C. Ram) Houbraken et al., Stud.
Mycol. 95: 90. 2020. [MB#832559]. = Byssochlamys nivea
var. lagunculariae C. Ram, Nova Hedwig. 16(1-2): 311. 1968.
[MB#832559]. — Type: IMUFPe 2195. Ex-type: CBS 373.70.
Reproduction: homothallic. DNA barcodes: ITS = FI389944; BenA
= FJ389995; CaM = FJ389965; RPB2 = MN969204. Reference
genome: Not available.

Paecilomyces lecythidis C. Ram., Nova Hedwig. 16: 307. 1968.
[MB#335530]. — Type: IMUFPe 2191. Ex-type: CBS 372.70 =
IMUR 2191. Reproduction: protoheterothallic. DNA barcodes:
ITS = FI389926; BenA = FJ389990; CaM = FI389964; RPB2 = n.a.
Reference genomes: JAPVCCO01, JAPVCDO1, SAMN36999128,

SAMN40250922, SAMN40250924, SAMN40250925,
SAMN36999129.
Paecilomyces lignorum Visagie, Cruywagen & Duong,

published here [MB#335531]. — Type: PRU(M) 4585. Ex-type:
CMW-IA 005749 = CBS 124309 = CMW 18180 = CN175HS6.
Reproduction: asexual. DNA barcodes: ITS = PP191153; BenA
= PP197741; CaM = PP197772; RPB2 = PP197803. Reference
genomes: SAMN40250929, SAMN40250930, SAMN40250931,
SAMN40250932, SAMN40250933, SAMN40250934, SAMN40250935,
SAMN40250936, SAMN40250937, SAMN40250938, SAMN40250939,
SAMN40250941, SAMN40250942, SAMN40250943, SAMN40250944,
SAMN40250946.

Paecilomyces maximus C. Ram., Nova Hedwig. 16: 306 (1968)
[MB#335531]. — Type: IMUFPe No. 2192. Ex-type: CBS 113247
= IMUR 2192. Reproduction: protoheterothallic. DNA barcodes:
ITS = FI389921; BenA = FJ390009; CaM = FJ389980; RPB2 = n.a.
Reference genomes: JAPVBYO1, JAPVBZ01, JAPVCAO1.
Paecilomyces niveus Stolk & Samson, Persoonia 6: 351. 1971.
[MB#319117]. — Type: CBS 100.11. Ex-type: CBS 100.11 =
ATCC 22260. Reproduction: homothallic. DNA barcodes: ITS =
FJ389934; BenA = F)389999; CaM = FJ389956; RPB2 = JF417414.
Reference genome: QEILO1.

Paecilomyces paravariotii Urquhart, J. Fungi 9 (3, no. 285): 9
(2023) [MB#846976]. — Type: MELUF 155137a (holotype).
Ex-type: FRR 5287. Reproduction: asexual. DNA barcodes: ITS
= JANCMNO1; BenA = JANCMNO1; CaM = JANCMNO1; RPB2
= JANCMNO1. Reference genomes: JANCMNO1, JAROOXO01,
SAMN40250921, SAMN40250945, SAMN40250947,
SAMN40250948, SAMN40250949.

Paecilomyces penicilliformis Jurjevi¢ & Hubka, Persoonia 44:
431 (2020) [MB#834874]. — Type: BPI 911216 (holotype).
Ex-type: CCF 5755 = CBS 146003 = EMSL 3392. Reproduction:
asexual. DNA barcodes: ITS = LR679769; BenA = LR679768; CaM
= LR778299; RPB2 = n.a. Reference genome: Not available.
Paecilomyces tabacinus Jurjevic et al., Persoonia 36: 409. 2016.
[MB#816870]. — Type: BPI 910044. Ex-type: CBS 141098 =
DTO 412-B7 = CCF 5290. Reproduction: asexual. DNA barcodes:
ITS = LT548280; BenA = MN969434; CaM = LT548288; RPB2 =
MN969210. Reference genome: Not available.

Paecilomyces variotii Bainier, Bull. Soc. Mycol. France 23:
27. 1907. [MB#248517]. — Type: Unknown. Ex-type: CBS
102.74 = DTO 032-18 = DTO 280-D5 = CECT 2803 = NRRL 1116.
Reproduction: heterothallic. DNA barcodes: ITS = EU037055;
BenA = EU037073; CaM = EU037038; RPB2 = MN969153.
Reference genomes: MSJH02, JANCMOO1, JANCMPO1, JANCMQO1,
JAROOKO1, JAROOLO1, JAROOMO1, JAROONO1, JAROOOO1, JAROOPO1,
JAROOQQ1, JAROORO1, JAROOS01, JAROOT01, JAROOUO1, JAROOVO1,
JAROOWO01, JAROOY01, JAROOZ01, JAROPAO1, JAROPBO1, JAROPCO1,
JAROPDO1, JAROPEO1, JAROPFO1, JAROPGO1, JAROPHO1, RCHWO1,
RCNUO1, RHLLO1, SAMN40250923.

Note: Samson (1974) mentioned that CBS 102.74 was probably
the ex-type culture, sent to Charles Thom in 1922 as strain no.
436 from France by O. da Fonseca (D. I. Fennell, pers. comm.).
We were unable to confirm the existence of holotype material.
Paecilomyces zollerniae Stolk & Samson, Persoonia 6: 356
(1971) [MB#319129]. — Type: CBS 374.70. Ex-type: CBS 374.70
= JCM 12808. Reproduction: homothallic. DNA barcodes: ITS
= FJ389933; BenA = FJ390008; CaM = FJ389966; RPB2 = n.a.
Reference genome: Not available.

DISCUSSION

This study reports five Paecilomyces species isolated from
wooden utility poles in South Africa, including P. brunneolus,
P. dactylethromorphus, P. lecythidis, P. paravariotii and a new
species P. lignorum. This finding is supported by morphological
observations, phylogenetic (based on ITS, BenA, CaM, RPB2,
RPB1, Cct8 and Tsr1) and phylogenomic analyses (comparing a
set of 77 genomes of which 31 were generated in this study).
Paecilomyces species have been isolated from wooden
utility poles in various parts of the world (Zabel et al. 1985,
Lopez et al. 1990, Wang & Worral 1992, Laks 1994, Wong &
Pearce 1997, Anagnost et al. 2006). Most of these reports listed
only P. variotii, but their identifications were based only on
morphological observations. The fact that we discovered five
different species of Paecilomyces and none of which represent
P. variotii, suggests that some of the previous reports of this
fungus from wooden poles could represent species other than P.
variotii. Our results suggest that many Paecilomyces species are
present on wooden poles and that many new fungal taxa from
this niche await discovery. Among the novel species obtained
during the survey were three Sporothrix species (de Meyer et al.
2008), a Phaeomoniella species (de Meyer 2007), as well as the
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Fig. 2. Phylogenomic tree of Paecilomyces based on 3 132 single copy genes present in 77 genomes. Numbers above branches represents the gene
concordance factors (gcf). Values for minor terminal clades were not indicated. The tree was rooted to Monascus floridanus.

Paecilomyces species described above.

The most common species found during our survey of
wooden utility poles was P. lecythidis. This species was originally
described from a wood sample of Lecythis unsitatae in Brazil
where it caused brown discolouration to piles of wood (Ram
1968). Our survey isolated the species from the treated outer
regions through to the untreated inner core of creosote treated
pine and eucalypt poles from five different sites in four provinces
(de Meyer 2007). It is clearly a widely distributed fungus that
is common on this niche, irrespective of substrate and climatic

differences.

The three dominant Paecilomyces species, including P
lecythidis, P. lignorum and P. dactylethromorphus, obtained from
utility poles during the survey were tested for their ability to cause
soft rot, but only caused limited weight loss of the wood blocks
(de Meyer 2007). Other researchers have, however, found that
P. variotii can cause soft rot in wood (Leightley 1978). The latter
species was one of the dominant fungi found on wooden utility
poles in Australia and was able to grow on medium containing
chromated copper arsenate, copper sulphate and creosote. It is
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BUSCO completeness (4 191 BUSCOs)*
C:93.9 %[S:93.7 %,D:0.2 %],F:0.8 %,M:5.3 %

C:94.0 %[S:93.8 %,D:0.2 %],F:0.6 %,M:5.4 %

C:94.2 %[S:94.0 %,D:0.2 %],F:0.7 %,M:5.1 %

C:94.2 %[S:93.9 %,D:0.3 %],F:0.7 %,M:5.1 %

C:94.0 %[S:93.8 %,D:0.2 %],F:0.7 %,M:5.3 %

C:94.0 %[S:93.8 %,D:0.2 %],F:0.6 %,M:5.4 %

C:94.2 %[S:94.0 %,D:0.2 %],F:0.6 %,M:5.2 %

C:94.6 %[S:94.4 %,D:0.2 %],F:0.5 %,M:4.9 %

C:94.0 %[S:93.8 %,D:0.2 %],F:0.6 %,M:5.4 %

C:94.1 %[S:93.9 %,D:0.2 %],F:0.5 %,M:5.4 %

C:94.3 %[S:94.1 %,D:0.2 %],F:0.6 %,M:5.1 %

C:94.3 %[S:93.1 %,D:1.2 %],F:0.7 %,M:5.0 %

C:93.7 %[S:93.5 %,D:0.2 %],F:0.8 %,M:5.5 %

Visagie et al.

also capable of causing soft rot in Eucalyptus maculata and Pinus
eliotii wood (Leightley 1978). The dominance of Paecilomyces
species, together with Hormoconis resinae on treated wooden
utility poles in South Africa supports previous data suggesting
that these fungi may be tolerant to certain preservatives
(Leightley 1978). They might even assist in the degradation of
these chemicals, making the wood more susceptible to other
agents of decay. A study showed that a Paecilomyces species was
able to remove arsenic from aquatic systems (Acosta Rodriguez
et al. 2013). Garcia-Pefia et al. (2008) also showed that P. variotii
is capable of degrading benzene, toluene, ethyl benzene and
xylenes. Another wood preservative, 2,4,6-tribromophenol
(TBP), is converted to 2,4,6-tribromoanisole (TBA) by P. variotii
(Whitfield et al. 1997). Clearly further research is necessary to
determine the exact role of these fungi in the process of wood
preservative degradation.

The availability of whole-genome sequence data, together

%
S with those newly generated in this study, has allowed us to
(%) . ..
2 construct an evolutionary backbone for the genus, providing
0 insight into the evolutionary relationships between species
S 3 of Paecilomyces. Our phylogenomic analysis has also enabled
I - o g oo = us to reidentify and correct mislabelled genomic sequences
8582328883888 3 + deposited in the NCBI database. Th
$ 8535392 @s5s s 8 g .§\ eposited in .e : genome .a a. ase.. e genome seqtfences
B e eeesesegeezzl generated for five different species in this study have contribute
w oo o o oo o 99 QI ted for five different this study h tributed
2/ < < << <S5 <535 89 to the growing genomics resources, which will facilitate future
) ] . . . .
@ comparative genomics studies aimed at understanding the
o g biology and ecology of species within the genus.
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A new Paecilomyces species

Fig. 3. Paecilomyces lignorum. A. Colonies from left to right, on CYA, MEA, YES, DG18 and OA. B, D. Colony close-up on MEA. C. Colony close-up on
OA. E. Chlamydospore. F, H-J. Conidiophores. G. Conidia. Scale bars: J = 10 um, applies to E-I.
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Fig. S1. Phylogenetic trees of Paecilomyces based on (from left to right)
BenA, CaM, RPB2, RPB1, Cct8, Tsr1 and ITS. Strains of the new species
is shown in bold text. Bootstrap support in nodes higher than 80 % are
indicated at relevant branches (" = ex-type). The trees were rooted to
Monascus floridanus.
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