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ABSTRACT

The Ophiostomatales (Ascomycota) accommodates more than 300 species characterized by
similar morphological adaptations to arthropod dispersal. Most species in this order are
wood-inhabiting fungi associated with bark or ambrosia beetles. However, a smaller group of
species occur in other niches such as in soil and Protea infructescences. Recent surveys of
Termitomyces fungus gardens (fungus combs) of fungus-growing termites led to the
discovery of characteristic ophiostomatalean-like fruiting structures. In this study, these
ophiostomatalean-like fungi were identified using morphological characteristics,
conventional molecular markers and whole genome sequencing. In addition, the influence of
the extracts derived from various parts of Termitomyces combs on the growth of these fungi
in culture was considered. Based on phylogenomic analyses, two new genera (Intubia and
Chrysosphaeria) were introduced to accommodate these Ophiostomatalean species.
Phylogenetic analyses revealed that the isolates resided in three well-supported lineages, and

these were described as three new species (Intubia macrotermitinarum, I. oerlemansii and
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Chrysosphaeria jan-nelii). Culture-based studies showed that these species do not depend on
the Termitomyces comb material for growth.

KEY WORDS: Fungus growing termites, Insect associated fungi, Termitomyces,
Ophiostomataceae, 3 new species, 2 new genera

INTRODUCTION

The Ophiostomatales was first described in the late 1900’s to accommodate the single family,
Ophiostomataceae, which at the time included Ceratocystis, Ceratocystiopsis, Ophiostoma,
and Sphaeronaemella (Benny & Kimbrough 1980). These genera share morphologically
similar ascomata and ascospores that are adapted to arthropod dispersal (Malloch &
Blackwell 1993). However, early DNA based phylogenetic studies showed that species of
Ophiostoma and Ceratocystis are not closely related and reside in two different orders
(Ophiostomatales and Microascales) of the Sordariomycetes (Hausner et al. 1993; De Beer et
al. 2013a). Subsequently, numerous phylogenetic studies of the Ophiostomatales have been
done; each including larger numbers of taxa and additional gene regions to address various
questions surrounding the taxonomy and generic placement of many species (Spatafora &
Blackwell 1994; Jacobs et al. 2001; Zipfel et al. 2006; Massoumi Alamouti et al. 2009; De
Beer et al. 2016a).

De Beer & Wingfield (2013) provided an extensive review of the Ophiostomatales based on
the “one fungus one name” principles (Hawksworth et al. 2011). Their phylogenetic analyses,
including all published Ophiostomatales sequences in NCBI GenBank at the time, recognized
six genera. However, the authors concluded that sequences for a greater number of gene
regions and species were needed to resolve the generic boundaries of some lineages. Based
on various revisions, the order now accommodates 12 genera including Afroraffaelea,

Aureovirgo, Ceratocystiopsis, Estyea, Fragosphaeria, Graphilbum, Grosmannia sensu latu
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(s.I.), Hawksworthiomyces, Leptographium s.l., Ophiostoma s.l., Sporothrix, and Raffaelea
(De Beer et al. 2016a; De Beer et al. 2016b; Bateman et al. 2017).

Most of the genera in the Ophiostomatales, especially Ophiostoma s.1., Leptographium s.1.,
Ceratocystiopsis, Grosmannia and Graphilbum, include species that are commonly
associated with Scolytine bark beetles or their galleries (Six 2012; De Beer & Wingfield
2013; Kirisits 2013). However, in addition to these bark beetle associates, four other
ecologically distinct groups have been identified. Two of these are species of Raffaelea and
Afroraffaelea (De Beer et al. 2013a; Bateman et al. 2017), which are symbionts of ambrosia
beetles where they are cultivated within the beetle galleries as a food source (Harrington et al.
2010; Six 2012). Another group of species reside in Sporothrix (De Beer et al. 2016a), which
are associated with mites, soil, Protea infructescences and a few species that are
opportunistic human and animal pathogens (De Lima Barros et al. 2004; De Meyer et al;
2008; Roets et al. 2010; Hofstetter et al. 2013). A fourth ecologically distinct group
accommodates species of Hawksworthiomyces, which appear to have the characteristic ability
to break down the constituents that make up wood (De Meyer et al. 2008; De Beer et al.
2016b).

Ascocarps resembling ophiostomatalean fungi were observed on Macrotermes natalensis
Termitomyces fungus combs in previous studies and fungal cultures were successfully
isolated from this material. The aims of this study were (1) to identify these
ophiostomatalean-like fungi based on conventional molecular markers, whole genome
sequencing and morphological characteristics and (2) to consider if extracts of Termitomyces
combs have an effect on their growth and development.

MATERIALS AND METHODS

Fungal isolations.—
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Termitomyces combs were incubated in the absence of termites for up to two months, during
which they were inspected multiple times for ophiostomatalean-like fruiting bodies. When
observed, single spore drops were lifted from the tips of fruiting bodies using sterilized fine-
tipped tweezers (Dumont®, Montignez, Switzerland) and transferred onto malt extract agar
(MEA) plates containing streptomycin and cycloheximide (2 % malt extract and 2 % Difco®
agar, Biolab, Midrand, South Africa, 0.04 % streptomycin and 0.05 % cycloheximide, Sigma-
Aldrich, Kempton Park, South Africa). The plates were incubated for 7-10 d at ambient
temperature (~20 C) until fungal colonies were visible. The colonies were then inspected and
those with ophiostomatalean-like morphology were sub-cultured by transferring hyphal tips
from the edge of an actively growing colony to a new MEA plate. The sub-culturing was
repeated until pure cultures were obtained. Pure cultures were maintained on MEA and
representatives were submitted to the culture collection (CMW) of the Forestry and
Agricultural Biotechnology Institute (FABI), University of Pretoria, South Africa and the
Westerdijk Fungal Biodiversity Institute (CBS-KNAW), Utrecht, The Netherlands (TABLE
1; SUPPLEMENTARY TABLE 1).

DNA extraction, PCR, and sequencing.—

DNA was extracted for all isolates following the protocol described by De Beer et al. (2014).
The DNA solutions were used as template for PCR and the remainder were stored at -20 C.
Three gene regions were chosen for amplification, sequencing, and phylogenetic analyses.
The 28S ribosomal large subunit (LSU) region was amplified using the primers LROR and
LR5 (Vilgalys & Hester 1990), the ITS1-5.8S-1TS2 region (ITS) was amplified using the
primers ITS1F (Gardes & Bruns 1993) and ITS4 (White et al. 1990), and the partial beta-
tubulin (#-tubulin) gene region was amplified using primers T10 (O'Donnell & Cigelnik
1997) and Bt2b (Glass & Donaldson 1995). PCR reactions were carried out as described by

Duong et al. (2012) in a 25 pL reaction volume and the annealing temperature was 55 C.
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PCR products were treated before sequencing using the ExoSAP-IT™ PCR Product Cleanup
Reagent (ThermoFisher Scientific, Waltham, Massachusetts) following the manufacturer’s
protocols. Sequencing PCR reactions were performed for both forward and reverse primers as
used in PCR. The samples were prepared for sequencing per the BIGDYE® TERMINATOR 3.1
Cycle sequencing protocol (ThermoFisher Scientific) using an annealing temperature of 55 C.
Products were purified using sodium acetate and ethanol precipitation and submitted for
sequencing on an ABI PRISM®3100 Genetic Analyzer (Applied Biosystems, Foster City,
California).

Phylogenetic analyses.—

Consensus sequences were used for BLAST searches against the NCBI GenBank non-
redundant nucleotide sequence database to identify primary taxonomic grouping of the
isolates. Based on these groupings, a total of three datasets were prepared for phylogenetic
analyses (one LSU, one ITS and one S-tubulin). Reference sequences for these datasets were
selected based on the phylogenies of De Beer & Wingfield (2013), De Beer et al. (2016 a &
b) and downloaded from NCBI GenBank (Treebase Project no: 28436). For the analyses of
the S-tubulin dataset, the intron and exon regions were determined for the different isolates
based on the g-tubulin gene map compiled by Yin et al. (2015).

Each dataset was analysed separately due to uneven sequence availability among the different
datasets. Alignments were done using the online version of MAFFT 7 (Katoh & Standley
2013) using default settings. The datasets were treated with GBLOCKS 0.91b (Castresana
2000) using the less stringent options to eliminate poorly aligned positions before
phylogenetic analysis. Maximum parsimony analyses were performed using MEGA 6.06
(Tamura et al. 2013). Phylogenies were generated using Subtree-Pruning-Regrafting
algorithm starting with 10 random initial trees. Alignment gaps and missing data were

included. Node confidence levels were tested using 1000 bootstrap replicates. Maximum
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likelihood analyses were performed using the software RAXMLGUI 2 (Silvestro & Michalak
2012, Elder et al. 2019). Phylogenies were generated following the GENERAL TIME
REVERSIBLE + GAMMA (GTR+G) nucleotide substitution model. Ten parallel runs each with
1000 thorough bootstrap replicates were conducted. Bayesian inference analyses were
performed using MRBAYES 3.2.5 (Ronquist & Huelsenbeck 2003). Phylogenies were
generated following the MARKOV CHAIN MONTE CARLO (MCMC) method using the GTR+G
model. Ten parallel runs, each with four independent Mmcmc chains were conducted. Trees
were sampled every 100" generation for 5 million generations. Estimated sample size (ESS)
and potential scale reduction factor (PSRF) values were used to confirm proper sampling and
run convergence had been achieved. Trees sampled during the burn-in phase (25 % of trees
sampled) were discarded and posterior probabilities were calculated from the remaining trees.
Genome sequencing.—

Due to incongruence between phylogenetic analyses of different gene regions and the unique
ecology of the isolates obtained from Termitomyces combs, we explored the use of
phylogenomic methods to clarify the placement of these species within the
Ophiostomataceae. To this end, the genomes of two isolates (CMW 47056 and CMW 47058)
each representing a newly identified major lineage (referred to as lineage B and A
respectively in the analyses) were sequenced and assembled. Single-conidial isolates of
cultures CMW 47056 and CMW 47058 were grown in McCartney bottles containing 10 mL
malt yeast broth (YM: 2 % malt extract, 0.5 % yeast extract, Biolab, Midrand, South Africa).
The mycelium was collected by centrifugation in 2 mL Eppendorf tubes and freeze dried.
Genomic DNA was extracted from freeze-dried mycelium using the salt-based extraction
method described by Duong et al. (2013). A TruSeq PCR-Free paired-end library (550 bp
average insert sizes) was prepared for each isolate and sequenced using the Illumina

HiSeq2500 Platform (Macrogen Inc, Seoul, Korea) to obtain 251 bp paired-end reads.
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Quiality and adapter trimming of pair-end reads was carried out using TRIMMOMATIC 0.36
(Bolger et al. 2014). De novo assembly of the genomes were carried out using SPADES 3.9
(Bankevich et al. 2012), followed by scaffolding using SSPACE-STANDARD 3.0 (Boetzer et al.
2011). Assembly gaps were filled or extended using GAPFILLER 1.10 (Boetzer & Pirovano
2012). The completeness of each assembly was assessed using the BENCHMARKING
UNIVERSAL SINGLE-COPY ORTHOLOGS (BUSCO) 4.0.5 tool against the Fungi dataset (Seppey et
al. 2019).

Taxon sampling and phylogenomic analyses.—

To improve our understanding on the phylogenetic placement of the putative new species
originating from Termitomyces combs, we performed phylogenomic analyses using both
supermatrix and supertree approaches on protein sequence data. Along with the two newly
generated genome sequences, we included genome data for 32 species, representing 10
currently recognized genera in the Ophiostomatales and four outgroup taxa. All additional
genomes utilized in this study were downloaded from the JGI fungal genome portal
MycoCosm (http://jgi.doe.gov/fungi) and NCBI GenBank
(https://mwww.ncbi.nlm.nih.gov/genbank/) (TABLE 2).

All 34 genomes were assessed using Busco 4.0.5 tool against the Sordariomycota dataset
(Seppey et al. 2019). Common single-copy BUSCO genes shared across all 34 genomes were
identified and their amino acid sequences were extracted from the BUSCO run results.
Individual gene datasets were compiled for each of the Busco genes and aligned with MAFFT
7.407 using the --auto option (Katoh & Standley 2013). After alignment, resulting datasets
were trimmed using TRIMAL 1.4 using the -automatedl option (Capella-Gutiérrez et al. 2009).
Datasets shorter than 100 amino acids after trimming were excluded from further analysis.

Permutation Tail Probability (PTP) tests were conducted to identify datasets with no
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phylogenetic signal and those that resulted in a P-value > 0.01 were excluded from further
analyses.

Supermatrix analyses.
Datasets retained after filtering were concatenated into a single supermatrix using
FASCONCAT 1.04 (Kuck & Meusemann 2010). PARTITIONFINDER 2.1.1 was used to identify
best partition scheme for the concatenated dataset (Lanfear et al. 2017). Maximum likelihood
(ML) analysis was performed on the supermatrix using RAXML with 20 random ML searches
followed by 100 rapid bootstrap replications under the PROTGAMMAJTT model and the
partition scheme was specified according to the PARTITIONFINDER results (Stamatakis &
Alachiotis 2010).

Supertree analyses.
Since phylogenetic reconstruction using the concatenation approach can introduce bias due to
genes with strong phylogenetic signal (Shen et al. 2017), two supermatrix approaches,
namely ASTRAL (Mirarab et al. 2014) and STAG (Emms et al. 2018), were also used in the
phylogenomic analyses. ASTRAL identifies quartet topologies from input gene trees and
searches for the consensus tree that has the maximum number of quartet topologies (Mirarab
et al. 2014). STAG uses a standard “greedy” consensus method to construct a concensus tree,
using distance-based trees that were derived from the input gene trees (Emms et al. 2018).
Individual gene trees were generated for all BUsCO datasets using 1Q-TREE 2 (Minh et al.
2020) with 1000 ultrafast bootstraps and an optimal amino acid substitution model that was
automatically determined (Hoang et al. 2018). The trees obtained from 1Q-TREE were used
directly as input trees for STAG analysis. For ASTRAL analysis, branches in gene trees with less
than 30 % bootstrap support were collapsed before they were used for species tree
construction. To compare the different phylogenomic trees obtained using the three

approaches, tree certainty values were calculated with RAXML using the individual ML trees
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as input trees (Salichos & Rokas 2013). To estimate support for nodes in the species trees
obtained using the three approaches, gene and site concordance factors were calculated in 1Q-
TREE 2 using the gene trees and the supermatrix respectively.

Species descriptions.—

Morphology: Ascomata were removed from sections of Termitomyces combs by soaking the
material in 10 % KOH solution. The recovered ascomata were mounted on glass slides in 80
% lactic acid. To observe asexual structures for the various isolates, cultures were grown
directly on the microscope slide using blocks of MEA. Cultures were maintained for up to 3
days at ambient room temperature before the agar blocks were removed, 80 % lactic acid was
added to the structures left on the slide and then covered with a cover slip. Morphological
observations were made using a Zeiss AxioScop2 microscope with a Zeiss Axiocam 1Cc5
camera attached (Carl Zeiss, Oberkochen, Germany). Measurements were taken for
ascospores, conidia, conidiophores, conidiogenous cells, the ascomatal neck width (base and
tip) and length, as well as some additional characteristics when present. Values were
determined from measurements of 50 or more structures.

Growth study: A growth study was conducted to determine optimal growth conditions for the
different lineages. Two isolates from each lineage were selected for the experiment. Agar

plugs of 5 mm in diameter were excised from the actively growing edge of a 10 d old culture
and placed mycelium side down onto the centre of a 90 mm MEA plate. Plates were

incubated in the dark at a temperature range from 5-35 C at 5 C intervals. Colony diameter
was measured daily for 10 d or until the mycelium reached the edge of the plates. Five

replications were prepared for each of the isolates at each temperature treatment.

Growth on Termitomyces associated media.—
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Selected isolates (TABLE 1) representing all taxa isolated from Termitomyces combs were
grown on different media derived from the Termitomyces combs to determine whether
compounds present in the material enhances their growth and/or sporulation.

Fungus comb enriched medium (FCE): Dried Termitomyces comb was ground to a fine
powder using a mortar and pestle. Ten grams (g) of the ground powder was suspended in 250
mL autoclaved distilled water. The bottle was placed on a rotary shaker for 6 h before the
liquid was collected in 50 mL falcon tubes and centrifuged for 10 min at 8500 rpm. The
supernatant was collected and sterilized using a 0.2 um syringe filter. The filtration step was
repeated once to ensure that the filtrate was free from microbial contaminants. A total of 150
mL of the filter-sterilized extract was added to 850 mL autoclaved MEA kept at 50 C to make
up 1 L medium and immediately poured into Petri plates.

Termitomyces extract medium (TE): Termitomyces sp. (LSU Accession: MT835246; ITS
Accession: MT845206) cultures were grown in McCartney bottles containing 10 mL MY
broth. Cultures were incubated for 2—-3 wk after which the culture broth was collected by
centrifugation at 8500 rpm for 10 min and sterilized using a 0.2 pm syringe filter. The
filtration step was repeated once to ensure that the filtrate was free from microbial
contaminants. A total of 150 mL of the broth was added to 850 mL autoclaved MEA kept at
50 C to make up 1 L medium and immediately poured into Petri dishes.

Termitomyces mycelium medium (TM): The Termitomyces mycelium collected from the
previous step was freeze-dried. A total of 10 g of freeze-dried mycelium was collected and
added to 1 L MEA and macerated into the molten medium using a kitchen stick blender.
After maceration, the mixture was autoclaved for 20 min at 121 C to sterilize before
dispensing into Petri dishes.

Two isolates of each of the three putative new species identified in the phylogenetic analyses

(TABLE 1) were selected to be grown on the various media mentioned above, as well as
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MEA as a control. Agar plugs (5 mm diameter) were excised from the edges of actively
growing cultures and transferred to the centres of 60 mm Petri dishes containing the different
media. Three replicates plates were prepared for each isolate on each of the four media. The
plates were incubated at 25 C and colony measurements were taken every day for 10 d or
until isolates covered the entire plate surface. Incubation was continued for an extended
period (up to two months) to observe cultures for the formation of sexual structures or
changes in growth characteristics.

Statistical analyses.—

To determine if the different media had a significant effect on the growth of the isolates,
statistical analyses were performed on the colony growth measurements taken on day eight of
the growth trial using R (R Core Team, 2017; https://www.R-project.org/). Initial analyses
consisted of Shapiro-Wilk and Levene tests to determine normal distribution and
homogeneity of variance of the collected data. As the data were not normally distributed or
homogeneous, an attempt was made to adjust the data using various methods including
square root, cube root, log and Tukey’s ladder of power transformations and the removal of
outliers. Despite these attempts, the data could not be transformed and therefore the Kruskal-
Wallis rank sum test (Kruskal & Wallis 1952) and ad-hoc Dunn multiple comparisons test
(Dunn 1964) were conducted because they do not require normal distribution or homogeneity
of the data.

RESULTS

Fungal isolation and preliminary identification.—

Isolations from ascomata on the Termitomyces combs yielded 49 isolates (TABLE 1). The
LSU, ITS and g-tubulin regions were sequenced, and representatives were selected for
inclusion in preliminary phylogenetic analyses. Single locus analysis of the LSU dataset

(SUPPLEMENTARY FIG. 1) separated the isolates obtained from the Termitomyces combs
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in two distinct clades (lineage A and B), separate from other species in the
Ophiostomataceae. A representative isolate from each of these clades was selected for whole
genome sequencing and inclusion in phylogenomic analyses.

Genome sequencing.—

Illumina sequencing of two isolates, one from lineage A (CMW 47058 — SAMN18275857)
and one from lineage B2 (CMW 47056 — SAMN18275856), yielded 20 906 584 and

13902 124 paired-end reads respectively. Genome assembly using the Illumina data of
isolate CMW 47056 (B) yielded an assembly of 874 scaffolds (=500 bp in size), an N50 of
55.22 Kb and a genome size of approximately 26.3 Mb, which is within the size range known
for other species of Ophiostomataceae (19.5 Mb Ceratocystiopsis brevicormi (Vanderpool et
al. 2018) — 43.8 Mb Hawksworthiomyces lignivorus (Wingfield et al. 2017)). Genome
assembly using the lllumina data of isolate CMW 47058 (A) yielded an assembly of 398
scaffolds (>500 bp in size), an N50 of 139.18 Kb and a genome size of approximately 16 Mb,
which is the smallest genome sequenced thus far for any species in the Ophiostomataceae.
Busco assessment using the fungi dataset showed the genome assemblies to be mostly
complete, with the assembly of isolate CMW 47056 (B) being 98.4 % and the assembly of
isolate CMW 47058 (A) being 90.1 % complete.

Phylogenomic analyses.—

To clarify the placement of lineages A and B within the Ophiostomataceae, phylogenomic
analyses were performed using whole genome sequence data from 34 species, 30 of which
were species in the Ophiostomatales and four outgroup taxa. A total of 1879 shared single
copy BUsco genes were identified in the genomes of all 34 investigated taxa. Ten of these
were found to be shorter than 100 amino acids after aligning and trimming and thus were
removed from further analyses. The Permutation Tail Probability (PTP) test then identified

four additional alignments that had no phylogenetic signal with a P-value > 0.01, and these
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were also removed from further analyses. Phylogenies obtained from supermatrix (RAXML)
and supertree (ASTRAL and STAG) approaches differed in the placement of isolates
CMWA47056 (B) and CMW 47058 (A) representing two of the lineages identified from
termite fungus combs within the larger Ophiostomataceae (FIG. 1). Based on maximum
likelihood scores, the phylogeny obtained from RAXML analysis scored as the best of the
phylogenies obtained, whereas tree certainty measures indicated that the phylogeny obtained
from STAG analysis had the highest level of certainty. The RAXML phylogeny grouped isolates
CMWA47056 (B) and CMW 47058 (A) as sister taxa and both formed a sister clade to
Ophiostoma. The STAG phylogeny had a similar grouping of isolates CMW47056 (B) and
CMW 47058 (A), but together they formed a sister clade to both Ophiostoma and Sporothrix.
The ASTRAL phylogeny grouped CMW47056 (B) as a sister taxon to Ophiostoma and CMW
47058 (A) as sister taxon to both Ophiostoma and Sporothrix. Other than the conflicting
placement of isolates CMW47056 (B) and CMW 47058 (A) and that of Fragosphaeria
purpurea and Graphilbum fragrans, the placement of the remaining investigated species and
genera in the Ophiostomataceae was consistent in all phylogenomic trees.

Phylogenetic analyses.—

Single locus phylogenetic analyses the of ITS and g-tubulin regions were used to determine
species-level taxonomic assignment of isolates. Isolates of lineage A formed a single, well-
supported clade in both the LSU and ITS analyses (FIG. 2A; SUPPLEMENTARY FIG. 1).
Despite numerous attempts using different temperatures and primer pairs, we were unable to
amplify the g-tubulin region for isolates in lineage A. Isolates of lineage B formed a single
clade in the LSU analyses (SUPPLEMENTARY FIG. 1) but formed two well supported sub-
clades (lineage B1 and lineage B2) in both the ITS and g-tubulin analyses (FIG. 2 A, B).
Using the g-tubulin gene map compiled by Yin et al. (2015) we determined that lineage B1

has an intron arrangement of 2/-/-/5 and lineage B2 an arrangement of 2/3/-/5. The distinct
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intron arrangements for lineage B1 and B2, along with morphological differences between
isolates residing in the two lineages discussed in the Taxonomy section, provides support for
their separation as two distinct species.

TAXONOMY

Based on phylogenetic and phylogenomic analyses, the isolates from Termitomyces combs
separated into three lineages (lineages A, B1 and B2), each distinct from each other and from
all other known species in the Ophiostomataceae. Based on their unique niche and
phylogenetic placement within the various analyses, two new genera are introduced in the
Ophiostomataceae to accommodate the three new species revealed by the different lineages.
Lineage A.—

Chrysosphaeria W.J. Nel, Z.W. De Beer, T.A. Duong gen. nov.

MycoBank no: 837564

Etymology: From Latin chryso-, golden, and -sphaera, sphere or orb, referring to the light
colour of the ascoma bases in the type species.

Diagnosis: Distinguished from all other related genera of the Ophiostomatales due the unique
morphology of the ascomata. Throughout their development, these structures remain golden
brown in colour and the ascomatal necks retain their flexibility (i.e. ability to bend in
different directions without breaking).

Type species: Chrysosphaeria jan-nelii W.J. Nel, ZW. De Beer & T.A. Duong sp. nov. FIG.
3.

MycoBank no: 837566

Typification: SOUTH AFRICA. LIMPOPO PROVINCE: Mookgophong, Amsterdam farm,
ascomata embedded in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. Nel
(holotype PREM 63088). Living ex-type culture CMW 47058 = CBS 141570. GenBank:

LSU= MT637006; ITS = MT637038; f-tubulin = MT649128.
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Etymology: named for the late Professor J. J. C. Nel (1933-2019), a South African
entomologist who worked on termites, grandfather of the first author and from whom she
drew significant inspiration.

Description: Sexual state. Ascomatal bases in culture light to golden brown, globose, (108—
)129-171(-189) um in diameter, ornamented with short hyaline to lightly pigmented hairs.
Ascomatal necks light brown, tapering and becoming hyaline towards apex, flexible, (309—
)502—771(-989) um long, (28-)35-48(-56) um wide at base, (11-)13-18(-22) pum wide at
apex. Ostiolar hyphae present, slightly divergent, hyaline. Asci not seen. Ascospores
produced in slimy droplet at apex of neck, hyaline, short cylindrical to bean shaped, aseptate,
no sheath, (3.0-)3.5-4.5(-5.0) pm x (1.0-)1.5-2 um. Asexual state. Sporothrix-like.
Conidiophores hyaline, micronematous, (24—)38-85(—104) um long. Conidiogenous cells
denticulate, hyaline, (5-)11-39 um. Primary conidia hyaline, aseptate, oblong, (9.0-)10.0—
12.5(-14.5) pm x (3.0-)3.5-4.0(-4.5) um. Secondary conidia hyaline, obovoid, aseptate.
Culture characteristics: Colonies hyaline with white aerial mycelium on MEA, mycelium
mostly superficial on agar, slow growing, growing on average 40 mm in 10 d at 25 C, grows
best at 25 C, no growth at 35 C. Protoperithecia sometimes visible after 1-2 mo in culture.
Additional specimens examined: SOUTH AFRICA. LIMPOPO PROVINCE: Mookgophong,
Amsterdam farm, ascomata embedded in Termitomyces fungal comb of M. natalensis, Feb
2015, W.J. Nel (paratype PREM 63087). Living culture CMW 47057 = CBS 141566.
GenBank: LSU= MT637008; ITS = MT637037. SOUTH AFRICA. LIMPOPO PROVINCE:
Mookgophong, Amsterdam farm, ascomata embedded in Termitomyces fungal comb of M.
natalensis, Feb 2015, W.J. Nel (paratype PREM 63089). Living culture CMW 46495 = CBS
141571. GenBank: LSU= MT637007; ITS = MT637042. SOUTH AFRICA. LIMPOPO

PROVINCE: Mookgophong, Amsterdam farm, ascomata embedded in Termitomyces fungal
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comb of M. natalensis, Feb 2015, W.J. Nel. Living culture CMW 48039. GenBank: LSU=
MT637009; ITS = MT637036.

Notes: Multiple attempts to amplify g-tubulin gene region from C jan-nelii were
unsuccessful. A p-tubulin gene was identified from the genome sequence using a tBLASTX
against the reference S-tubulin sequence from Intubia oerlemansii. Sequence comparison
revealed that the p-tubulin gene of this species is highly divergent from other species of
Ophiostomataceae. Identification of introns based on g-tubulin map compiled by Yin et al.
(2015) showed that C. jan-nelii also has an intron arrangement 2/3/-/5 similar to that in
isolates of I. oerlemansii.

Lineage B.—

Intubia W.J. Nel, Z.W. De Beer, T.A. Duong gen. nov.

MycoBank no: 837565

Etymology: From the Xhosa language, Intubi for termite, recognising the source where the
fungus was found.

Diagnosis: Distinguished from other phylogenetically related genera in the Ophiostomatales
for their unique habitat with dark coloured, ascomata embedded in the substrate of termite
abandoned Termitomyces combs

Lineage B1

Type species: Intubia macrotermitinarum W. J. Nel, Z. W. De Beer, T. A. Duong sp. nov.
FIG. 4.

Mycobank no: 837567

Typification: SOUTH AFRICA. GAUTENG PROVINCE: Pretoria, Rietondale, Plant
protection research institute, ascomata embedded in Termitomyces fungal comb of M.
natalensis, Feb 2015, W.J. Nel (holotype PREM 63090). Living ex-type culture CMW 46496

= CBS 141560. GenBank: LSU = MT636994; ITS = MT637025; BT = MT649132.
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Etymology: named refers to the termite sub-family Macrotermitinae to which all species of
fungus-growing termites belong.

Description: Sexual state. Ascomatal bases dark brown, globose (117-)153-250(—302) um in
diameter. Ascomatal necks uniformly dark, often slightly curved, tapering towards apex,
(1314-)745-2723(—3689) um long, (26-)40-62(-80) pum wide at base, (10-)15-21(-25) pm
wide at apex. Ostiolar hyphae absent. Asci not seen. Ascospores produced in slimy droplet at
apex of the neck, hyaline, cylindrical, sometimes slightly curved, aseptate, no sheath, (5—
)5.5-6.5(—7.0) um x 1.5-2.0 um. Asexual state. Hyalorhinocladiella-like. Conidiophores
hyaline, smooth, arising singly from hyphae, micronematous, 19-67(—143) um long.
Conidiogenous cells smooth, (11-)18-45(-98) um long. Conidia hyaline, bacilliform
tapering toward one end, (6.5-)7.0-9.5(-11.0) um x (2.0-)2.5-3.0 um wide at thickest part,
aseptate, arising from conidiophore or directly from hyphae. Secondary conidia present.
Culture characteristics: Colonies hyaline to whitish on MEA, mycelium superficial on agar
with little aerial mycelium, slow growing, growing on average 39 mm in 10 d at 25 C, grows
best at 30 C growing on average 58.6 mm in 10 d. Ascomata not observed in culture.
Additional specimens examined: SOUTH AFRICA. GAUTENG PROVINCE: Pretoria,
Hatfield, University of Pretoria experimental farm, ascomata embedded in Termitomyces
fungal comb of M. natalensis, Feb 2015, W.J. Nel (paratype PREM 63091). Living culture
CMW 46492 = CBS 141561. GenBank: ITS = MT637030; g-tubulin = MT649129. SOUTH
AFRICA. GAUTENG PROVINCE: Limpopo, Mookgophong, Amsterdam farm, ascomata

embedded in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. Nel. Living culture
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natalensis, Feb 2015, W.J. Nel. Living culture CMW 46494. GenBank: ITS = MT637061; S-
tubulin = MT649121.

Lineage B2

Intubia oerlemansii W.J. Nel, ZW. De Beer & T.A. Duong sp. nov. FIG. 5.

Mycobank no: 837568

Typification: SOUTH AFRICA. GAUTENG PROVINCE: Pretoria, Rietondale, Plant
protection research institute, ascomata embedded in Termitomyces fungal comb of M.
natalensis, Feb 2015, W.J. Nel (holotype PREM 63094). Living ex-type culture CMW 47048
= CBS 141564. GenBank: ITS = MT637024, BT = MT649147.

Etymology: name honours Mr. Arien Oerlemans, owner of the farm, Amsterdam, near
Mookgophong, Limpopo Province, South Africa where many of the fungus combs were
collected.

Diagnosis: Intubia oerlemansii differs from the other species in the genus in that it produces
two conidial forms. There is also a difference in the intron/exon regions of the S-tubulin gene
with I. oerlemansii having exon three and five present and |. macrotermitinarum having only
exon five present.

Description: Sexual state. Ascomatal bases dark brown to black, globose, (109-)135-192(—
233) um diameter. Ascomatal necks dark brown, uniformly dark throughout, (1137-)1393—
1900(-2198) pum long, tapering towards apex, (30-)36-49(—60) um wide at base, (8.0-)10.0—
14.5(-17.5) um wide at apex. Ostiolar hyphae absent. Asci not seen. Ascospores produced in
slimy droplet at apex, hyaline, cylindrical, occasionally slightly curved, aseptate, no sheath,
(5.0-)5.5-6.5(-7.0) pm x 1.0-1.5(-2.0) um. Asexual state. Sporothrix-like. Conidiophores
hyaline, smooth, arising singly, micronematous, (9—-)13-74(-135) um long. Conidiogenous
cells (8-)19-34(-45) um long, denticulate. Conidia of two types. Type 1: formed on hyphae,

hyaline, round to obovoid, aseptate, (3.5-)4.5-5.5(-—6.5) um x (2.5-)3.0-4.0(-5.0) um. Type
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2: formed on conidiophores, hyaline, bacilliform, aseptate, (5.0-)6.0—7.5(-8.5) pm x (1.5—
)2.0-3.0(-3.5) um, secondary conidia present. Culture characteristics: Colonies hyaline to
whitish on MEA, mycelium superficial on agar, little aerial mycelium present, slow growing,
growing on average 36 mm in 10 d at 25 C, grows best at 30 C growing on average 50.4 mm
in 10 d. Ascomata not observed in culture.

Additional specimens examined: SOUTH AFRICA. GAUTENG PROVINCE: Pretoria,
Rietondale, Plant Protection Research Institute, ascomata embedded in Termitomyces fungal
comb of M. natalensis, Feb 2015, W.J. Nel (paratype PREM 93095). Living culture CMW
47056 = CBS 141565. GenBank: LSU = MT637001; ITS = MT637034, BT = MT708983.
SOUTH AFRICA. GAUTENG PROVINCE: Pretoria, Rietondale, Plant Protection Research
Institute, ascomata embedded in Termitomyces fungal comb of M. natalensis, Feb 2015, W.J.
Nel (paratype PREM 63098). Living culture CMW 46498 = CBS 141563. GenBank: LSU =
MT940646; ITS = MT637040, BT = MT649134. SOUTH AFRICA. GAUTENG
PROVINCE: Pretoria, Rietondale, Plant Protection Research Institute, ascomata embedded in
Termitomyces fungal comb of M. natalensis, Feb 2015, W.J. Nel. Living culture CMW
47052. GenBank: LSU = MT637002; ITS = MT637029, BT = MT649151.

Growth on Termitomyces associated media.—

Chrysosphaeria jan-nelii: Analyses of growth rates on various media (MEA, FCE, TE, TM)
using the Kruskal-Wallis rank sum test showed a significant difference in the growth on the
supplemented media compared to the MEA controls for all isolates. Isolates of C. jan-nelii
grew most rapidly on both MEA and FCE media and isolate CMW 47058 of this species had
completely covered the surface of the FCE plates after eight days and, when growth
measurements were assessed (FIG. 6).

There was no significant difference (Dunn’s test) in the growth rate of isolate CMW 47058

on MEA vs. FCE, but a marked increase in average growth on FCE was observed for both C.
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jan-nelii isolates growing, on average, at least 10 mm more than any of the isolates
investigated. Isolates of C. jan-nelii also produced more aerial mycelium on all supplemented
media tested (SUPPLEMENTARY FIG. 2). Fully developed perithecia were observed for
both isolates after 18 d incubation on the FCE media. Protoperithecia was observed on MEA
plates but their formation usually took between 1-2 mo and did not progress beyond this
stage.

Intubia: Isolates of I. macrotermitinarum and I. oerlemansii had a somewhat slower growth
rates compared those of C. jan-nelii. A significant decrease in growth rate was noted on TM
media compared to the MEA control for all four isolates tested. As was observed for the
isolates of C. jan-nelii, an increase in aerial mycelium formation was noted in both species on
FCE medium (SUPPLEMENTARY FIG. 2).

DISCUSSION

In this study, the taxonomic placement of 49 ophiostomatalean isolates growing on
Termitomyces combs collected from the nests of fungus-growing M. natalensis termites was
considered. Single locus phylogenetic analyses of sequence data generated for the rDNA 28S
and ITS regions, along with that of the partial g-tubulin gene, grouped the isolates in three
distinct lineages, which were not closely related to any other species in the
Ophiostomataceae. Due to uncertainty regarding the generic placement of the two main
clades in the phylogeny based on conventional gene sequencing, the genome of a single
isolate residing in each of these clades was sequenced to consider their generic placement in
the Family. Phylogenomic analyses including the genomes of 28 representatives of the
Ophiostomatales, along with two newly sequenced isolates, confirmed their placement as two
distinct lineages in the Ophiostomataceae. Consequently, the two novel genera,

Chrysosphaeria and Intubia, were described to accommodate them. Three novel species,
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Chrysosphaeria jan-nelii, Intubia macrotermitinarum, and I. oerlemansii, were described in
the new genera to accommodate all 49 isolates considered in this study.

Phylogenetic analyses using DNA sequences generated for three different gene regions (LSU,
ITS and g-tubulin) showed that the genera Chrysosphaeria and Intubia reside in the
Ophiostomataceae, but their placement in the Family was not clear. Uncertainty regarding
appropriate generic placement, such as that found in this study, has been observed for other
Ophiostomatalean genera including Hawksworthiomyces (De Beer et al. 2016b) and
Aureovirgo (Van der Linde et al. 2016). Although the LSU and ITS regions are commonly
used in phylogenetic analyses due to their ease of amplification and availability of reference
sequence data (Schoch et al. 2012), these gene regions can be problematic in resolving higher
level taxonomic relationships (Stielow et al. 2015). The availability of whole genome
sequence data for a number of Ophiostomatalean species residing in a variety of different
genera allowed us to adopt a phylogenomic approach to gain insights regarding the generic
placement of the new genera in the Family. The decline in genome sequencing cost and the
development of less computationally demanding phylogenomic analysis approaches will, in
future, improve our ability to appropriately define the limits of genera and species, as has
recently been shown in Fusarium (Geiser et al. 2020), and in the present study.
Phylogenomic analyses using supertree and supermatrix approaches yielded conflicting
results regarding the placement of Chrysosphaeria and Intubia in the larger
Ophiostomataceae. Despite these incongruencies, both approaches suggested that the two
genera were most closely related to, but distinct from Ophiostoma and Sporothrix. Both
RAXML and STAG analyses indicated that Chrysosphaeria and Intubia are sister genera,
suggesting a single origin of association with fungus-growing termites. In the RAXML
phylogeny, both genera grouped as sister to Ophiostoma, whereas in the STAG phylogeny

both genera were grouped as sister to both Ophiostoma and Sporothrix. In the ASTRAL
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analysis, Intubia oerlemansii (CMW47056) grouped as a sister taxon to Ophiostoma while
Chrysosphaeria jan-nelii (CMW47058) grouped as a sister taxon basal to Intubia,
Ophiostoma and Sporothrix. When considering the gene and site concordance factors as
statistical support, the placement of Chrysosphaeria and Intubia in the STAG analysis was
better supported than those from RAXML and ASTRAL.

The uncertainty regarding the generic placement was also seen for Fragosphaeria purpurea
and Graphilbum fragrans when using the different analytical approaches. This problem was
also observed in the phylogenomic study considering the Ophiostomatales by VVanderpool et
al. (2018). Other than the uncertain placements mentioned above, the grouping of the
remaining genera was consistent using the three approaches, as was also true in the
phylogeny of VVanderpool et al (2018). Although we were not able to provide absolute
confidence in the taxonomic placement of Chrysosphaeria and Intubia, phylogenomic
analyses provided deeper insights into their position in the Ophiostomatales. If the taxonomic
placements of the two new genera had relied solely on phylogenetic analyses of the LSU and
ITS gene regions, C. jan-nelii, 1. macrotermitinarum and I. oerlemansii would have been
incorrectly treated as species in Ophiostoma s.l.

Because none of the new species identified in this study grouped with other species in the
Ophiostomatales and had originated from a unique niche, growth factors relating to their
termite association were considered. The fungi were shown to grow more actively on media
supplemented with material from their termite associations than on control plates. Likewise,
extended incubation of these isolates on media supplemented with extracts from the fungal
combs resulted in formation of mature ascomata, which did not occur on any other growth
medium.

Termites are actively involved in tending their monoculture Termitomyces combs,

maintaining them free of invasive “weedy” microbial species (Moriya et al. 2005; Otani et al.



WJ Nel et al. 23

2019). Soon after the death of a colony or artificial removal of the termites from the combs,
Xylaria and Pseudoxylaria spp. rapidly overgrow the Termitomyces combs (Visser et al.
2009, 2011). The same phenomenon was observed with the new taxa described in this study,
which only emerged once the termites were no longer present. However, the origin of the
inoculum of these species remains to be discovered. They could occur in the soil before
construction of the termite mound or alternatively might be acquired in the foraged material
brought into the mound. It is also possible that they could be associates of other fauna such as
mites, which are known to be associated with termites (Eickwort 1990; Wang et al. 2002),
and have been shown to have close associations with other Ophiostomatalean fungi
(Hofstetter et al. 2013; Chang et al. 2020). In this regard, the discovery of two new genera of
fungi closely associated with the biology of termites exposes a fascinating new area of
investigation that deserves to be pursued.

CONCLUSIONS

Ophiostomatalean fungi were discovered for the first time on the Termitomyces fungus combs
of fungus-growing termites. Phylogenetic and phylogenomic analyses showed that these
fungi represent three species residing in two novel genera of Ophiostomataceae. The
Ophiostomatalean species discovered in this study appear to have had a long and specific
association with termites. This emerged from the results of the phylogenomic analyses and
was also consistent with their preferential growth on media containing extracts of the termite-
fungus combs. These fungi appear only after termites have abandoned their combs, which is
similar to other fungi that have been discovered in this unique niche. The role of these fungi
in the biology of the termites or their associates remains to be explored.
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Figure 1. Phylogenomic trees obtained using A. supermatrix (RAXML) and B & C. supertree

(ASTRAL and STAG) approaches. Trees were constructed from 1865 shared single copy
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BUSCO genes present in all taxa investigated. Ln: maximum likelihood score. TC: tree
certainty. TC-All: tree certainty including all conflicting bipartitions. Concordance factors
determined using 1Q-TREE 2 are presented at nodes as gene concordance factor/site
concordance factor (gCF/sCF).

Figure 2. Bayesian inference trees derived from the analysis of A. the internal transcribed
spacer and B. S-tubulin datasets. Bold black bands indicate posterior probabilities of 1.0,
maximum likelihood (ML) and maximum parsimony (MP) bootstrap values above 75%, are
indicated as ML/MP. — indicates an unsupported node in an analysis T = ex-type isolates
Figure 3. Morphological characteristics of the sexual and asexual structures of
Chrysosphaeria jan-nelii sp. nov. (CMW 47058). A. Long-necked ascoma; B. Ascospores C.
Hyaline apex with ostiolar hyphae; D. Ascomata on termite fungus comb with ascospores in
slimy droplets; E. Mature primary conidia giving rise to secondary conidia; F. Primary
conidia; G & H. Conidiogenous cell with conidia; I. pure culture on MEA. Bar: D =200 um;
A=100 pm; C=20um; F, G, H=10 um; B, E=5 pm

Figure 4. Morphological characteristics of sexual and asexual structures of Intubia
macrotermitinarum sp. nov. (CMW 46496). A. Long necked ascoma; B. Ascospores; C.
Apex without ostiolar hyphae; D. Ascoma on termite fungus comb with sticky drop of
ascospores; E. Pure culture on MEA; F. Conidia formation on hyphae; G. Conidiophore with
conidia. Bar: D =500 pm; A =100 pm; C =50 um; F, G=10 um; B=5 pm

Figure 5. Morphological characteristics of sexual and asexual structures of Intubia
oerlemansii sp. nov. (CMW 47056). A. Long-necked ascoma; B. Ascospores; C. Apex
without osiolar hyphae; D. Ascomata on termite fungus comb with ascospores in slimy
droplet; E. and G. Conidia produced on conidiophores; F. Conidia produced on hyphae; H.

Pure culture on MEA. Bar: D = 500pum; A =200 pm; C =20 um; E, F, G=10 um; B=15 pm
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Figure 6. Bar graphs of the average colony growth on the four different supplemented media
types (MEA, FCE, TE, TM) after 8 days of incubation at 25 °C. The data is presented for this
day because isolates of Chrysosphaeria jan-nelii had completely covered the surface of the
FCE media plates and this represented the last day of measurements for the set (set refers to
the entire group of five different types of media plates onto which the isolate was plated). P-
values determined using the Kruskal-Wallis test, significances determined by the Dunn
multiple comparisons test, and perithecial development observed on certain media is
indicated. A. Results for isolates of C. jan-nelii. B. Results for isolates of I.

macrotermitinarum. C. Results for isolates of I. oerlemansii.

i Corresponding authors: Wilma Nel: janine.nel @fabi.up.ac.za/nel.wilma2 @gmail.com; Tuan Duong:
tuan.duong@fabi.up.ac.za



mailto:janine.nel@fabi.up.ac.za/nel.wilma2@gmail.com

Click here to access/download;Figure;Figure1_phylogenomic.tif *

A. RAXML (Supermatrix)
Ln: -22703863.61 J— T
TC: 14,9356 e G, clavigera
TC-All: 14.9299 e | L peosern
~ G. goleiformis
arja P c
il R. quercivoro
r '“‘3 “ R, quercus-mongolicee
TL‘ . : R, sulpburea
niM E. vermicola
l G, peniciifata
ug: m( j R, lauricole
R. oguocate

e[ R albimonens
“ R. aunbrosice

R. arxii

& S schenckll

WA ¢ brosillensis
S s globosum
1 “{"% 3 $, phasma
- 5. pallida
3O ulmi

48] q‘“f

3

= 0. novo-ulmi
V’in. — 0. picece
{ 0. bicolor
— | —0./ps
_m{:' CMW 47056 W
‘CMW 47058 K
o R S Ju»'t ~ €, minuta
’ = H. lignivoro
F. purpureo
Gr. frograns
ayar— P aleaphilum
wm L p FIEGPOT
2 " N. crassa
“ M, grisea

B. STAG (Super tree)
Ln: -22707561,20
TC: 14.9705

TC-All: 15,1428

1133

b(.'![ ~ 6. clovigera
'M-‘L L fundbergii
b : “L procerum
G. galeiformis
me R. quercivora
{ R. quercus-mongolicae
R. sulphurea
T E vermicole
G. penicitlate

3138

—.HQO{‘_ R. louricola

R aguacote
i W‘&E R. aibimanens
4 R. ambrosiae
R. arxii
& '1[— S, brasiliensis
ML TS schenchdl
e L—g glabosum
M s phosma
S. pollida
-{21{“_' 0. wmi
el 0. novo-ulimi
0. piceoe

WrEE H. fignivora

———aan C minute

F. purpurea

Gr. fragrans
i3y P aleophilum

| L. 0
1 . ampelina
e, “N. crossa

— A T

C. ASTRAL (Super tree]
in: -22714818.27 11— G. dovigero
TG 14.6932 st o fundbergii
TC-Al: 19,6098 P L procerum
' G. galeiformis
u!_‘_‘ { R querchvord
| l!f_s_l] R. quercus-mongolicoe
" 05, R. sulphurea
29734 E, vermicola
G, penicitlata
w2 [ R. lauricola
i L R. aguacate
syt [ R. olbimanens
uL : s_.\,(u{;. R coibicalg
R. orxll
" Gr. fragrons
w8, brosiliensis
”f“( 5. schenckii
& e S, globosum
"fﬁsL e S0
B 5. pollid
| s O.ulmi
e sl 0. novo-ulmi
L 0. piceoe
| Loya | O. bicolor
) L~ 0. ips
-1 L CMW 47056 &
wn € minuto
.!}f’_’l - H. ltgnlvom
T F purpurea
""‘f‘r R aleophiium
" D, ampelina
924 N osis
M. grisen



https://www.editorialmanager.com/mycologia/download.aspx?id=65882&guid=97eb9b38-1f4d-46d2-878e-af2fc00e0db8&scheme=1
https://www.editorialmanager.com/mycologia/download.aspx?id=65882&guid=97eb9b38-1f4d-46d2-878e-af2fc00e0db8&scheme=1

Click here to access/download;Figure;Figure2.tif *

ilaed Cuwagags Jan-nelii sp. nov.
CMWA47057 /100
100195 Ophiostoma Ips AY546704 T
100/100 Ophiostoma bicolor DQ268504 T
> Ophfostormna piceae AF198226 T Ell

#4198 ; Ophiostoma ulmi AF 198232
#4/97\ Ophiostoma novo-ulmi AF 198235
[N PR M | Sporothvix phasma DQB21541 T
Sporothrix schenckii NR 147566 T _’L{— Sporothrix schenckil M116911 T
0.02 Sporothvix phasma DQ316219 T =7 Sporothnix pallida F139110 T



https://www.editorialmanager.com/mycologia/download.aspx?id=65883&guid=b16a758a-4c9e-4200-8a36-6256e49a3052&scheme=1
https://www.editorialmanager.com/mycologia/download.aspx?id=65883&guid=b16a758a-4c9e-4200-8a36-6256e49a3052&scheme=1

Click here to access/download;Figure;Figure3_C_jannelii.jpg %



https://www.editorialmanager.com/mycologia/download.aspx?id=65884&guid=2908729e-06a7-4af4-a125-7996107ad75b&scheme=1
https://www.editorialmanager.com/mycologia/download.aspx?id=65884&guid=2908729e-06a7-4af4-a125-7996107ad75b&scheme=1

Click here to
access/download;Figure;Figure4_|_macrotermitinarum.jpg

oo
v e

<.
g
DY

7

J

-

s

2
NI



https://www.editorialmanager.com/mycologia/download.aspx?id=65885&guid=b4be8126-c7cb-4477-8d75-6e3434d64b38&scheme=1
https://www.editorialmanager.com/mycologia/download.aspx?id=65885&guid=b4be8126-c7cb-4477-8d75-6e3434d64b38&scheme=1

Click here to access/download;Figure;Figure5_|_oerlemansii.jpg %

A B E



https://www.editorialmanager.com/mycologia/download.aspx?id=65886&guid=30d0308e-3c53-4d90-8eda-4f42fa4421b6&scheme=1
https://www.editorialmanager.com/mycologia/download.aspx?id=65886&guid=30d0308e-3c53-4d90-8eda-4f42fa4421b6&scheme=1

Click here to access/download;Figure;Figure6_GrowthTrial.jpg %

CMW 47058 (p = 2.319¢%)

MEA

FCE

™

TE

Chrysosphaeria jan-nelii

CMW 46495 (p = 5.557¢™)
c

MEA

FCE
G

™
diu

TE

Intubia marcrotermitinarum

CMW 46496 (p = 1.914¢77)

MEA FCE ™

Growth medium

TE

—_—

Growth (mm

CMW 46492 (p = 1.535¢%)

38+
371
36
35+
34.
33-
32+
311
30

MEA FCE ™

Growth medium

TE

CMW 47056 (p = 2.601e*)

MEA

FC ™

TE
Groth medium

Intubia ocerlemansii

E
€

:

o

CMW 46498 (p = 3.095¢%)

381
37 1
36 1
351
34+
33
324
311
301
29 7
281

MEA

FCE ™
Growth medium

TE

Legend
I Full perithecia development

Wallis rank sum test
‘ Protoperithecia development

p = p-value obtained by Kruskal-

a/bfe= significant variation between
treatments determaned by Dunn’s test

p 5 0.05 indicates significance


https://www.editorialmanager.com/mycologia/download.aspx?id=65887&guid=68542a64-528c-4af1-b0a4-781e8b83e564&scheme=1
https://www.editorialmanager.com/mycologia/download.aspx?id=65887&guid=68542a64-528c-4af1-b0a4-781e8b83e564&scheme=1

Supplementary Material - For Review

Supplementary Figure 1. Bayesian inference tree derived from analysis of LSU data including all
major groups in the Ophiostomatales. Bold light grey bands indicate posterior probabilities above
0.95, medium grey bands indicate MP bootstrap values above 75%, and black bands indicate ML
bootstrap values above 75%. Asteriks (*) indicates a node with full support from BI, ML, and MP
analyses. T = ex-type isolates

Supplementary Figure 2. Bayesian inference tree derived from the analysis of ITS data that included
species and complexes within Ophiostoma s.1. Bold light grey bands indicate posterior probabilities
above 0.95, medium grey bands indicate MP bootstrap values above 75%, and black bands indicate
ML bootstrap values above 75%. Asteriks (*) indicates a node with full support from BI, ML, and MP
analyses. T = ex-type isolates

Supplementary Figure 3. Bayesian inference tree derived from the analysis of -tubulin data that
included species and complexes within Ophiostoma s.1. Bold light grey bands indicate posterior
probabilities above 0.95, medium grey bands indicate MP bootstrap values above 75%, and black
bands indicate ML bootstrap values above 75%. Asteriks (*) indicates a node with full support from
Bl, ML, and MP analyses. Intron/Exon composition is indicated for the various complexes and
lineages on the right-hand side of the figure. T = ex-type isolates

Supplementary Figure 4. Representatives of the new species grown on MEA and different
Termitomyces enriched media plates.

Supplementary Tablel. All fungal isolates obtained and sequenced in this study.
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0. grande CMW22307 T
= Cop. manitobensis DQ294358
Cop. ranaculosa DQ294357
Cop. minutabicolor DQ294359
Cop. minuta CMW4352 G
Cop. minima DQ294361
Cop. neglecta CMW22403 T
F. purpurea AF096191
F. reniformis AB189155
G. penicillata DQ294385
[ Esteya vermicola EU627684
G. cucullata CMW1035 G
G. IeptoFraphioides DQ294382
G. galeiformis DQ294383
L. wageneri v.ponderosae CMW279
L. wageneri v.pseudotsugae CMW154
«E L. wageneri v.wagneri CMW53

L. douglasii CMW2076
L. yamaokae JN135315 T
G.'alacris JN135313 T
G. serpens JN135314 T
d = G. aurea DQ294389
G. clavigera G
L. lundbergii DQ294388
G. huntii DQ294387
[ G. crassivaginata DQ294386
G. laricis DQ294393
G. aenigmatica DQ294391
G. piceiperda DQ294392
— S. fumea KX590855
IO noth%f%gi KX590889 T
I S. luriei KX590886 T
" S. globosa KX590884 T
¥ S. brasiliensis KX590877 T
S. schenckii KX590890 T
[ S. curviconia KX590880 T
_Z. thermarum KR051127 T
M S. bragantina KX590849 T
== 5. epigloea CMW22308 T
[ S. eucalyptigena KR476756 T
S. dimorphospora CMW12529 T
[ S. guttiliformis KX590855 T
S. dentifunda KX5908536T

S. polyporicola CMW5461 T
S. cabrallii KT362229 T
S. phasma DQ316151 T
S. gemella DQ821531 T
S. palmiculminata DQ316143 T
S. proteasedis KX590870 T
S. humicola EF139114 T
S. mexicana KX590887 T
S. pallida EF139121 T
S. stylites EF139115 T
M S. africana DQ316147
S. protearum DQ316145
S. zambiensis KX590874 T
S. gossypina KX590856 T
S. narcissi KX590861 T
S. abietina KX590845 T
S. inflata DQ294351 T
[ S. aurorae KX590848 T
LS. eucastanea KX590843 T
S. rossii KX590844 T
S. variecibatus DQ821537 T
S. splendens AF221013
S. stenoceras DQ294350 T
S. prolifera KX590869 T
S. fusiformis DQ294354 T
— S. lunata KX590859 T
= S. candida KX590850 T
O. nigricarpum DQ294356 T
:Lro. rostrocoronatum KX590871
= O. coronatum KX590851
O. tenellum KX590872
| H. hibbettii KX396547 T
—_ H. crousii KX396548 T
H. taylorii KX396546 T
H. lignivorus EF139120
Il *| H. lignivorus EF139119 T
H. lignivorus EF139118
H. lignivorus KX396545
H. lignivorus EF139117
[ A. volantis KR051134
—[A. volantis KR051131 T
A. volantis KR051133
R. vaginata KT182932 T
* R. sulcati EU177462 T
f R. tritirachium EU177464 T
| R.subalba EU177443 T
R. albimanens EU177452 T
R. ambrosiae CMW25533 T
R. fusca EU177449 T

R. rapaneae KT182930 T
R. scolytodis AM267270
. arxii EU177454 T

R. gnathotrichi EU177460 T
' Gra. fragrans CMW19357
Graphilbum sp.2 AY672929

Podospora decipiens AY780073
ﬁromom crassa AF286411

0.01 Sordaria fimicola AY545728
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ITS

~ Bl > 90%
== MP >75%
=ML > 75%

O. tetropii AY154453
0. patagonicum KT362244
0. breviusculum AB200423T
0. brunneum KU184423 T
0. canum HMO0314385T
0. flexuosum AYS24387 T
0. micansKU184432 T
O. nitidum KU184437T
0. ginghaiense KU184445T
- 0. rachisporum HMO031430T
O. picege AF188226T
qo. cupulatum AF198230T
. setosum AF128828T
O. kryptum AY304436T
0. minus AF234834 CANADA
0. pseudotsugae AY542502
— 0. distortum AYS24386T
O. karelicum EU443762T

[ O. piliferum CMW17155 T )
3 D
]

L 0. fioccosum AF198231 T

0. tapionis KU184455 T )

0. japonicum GU134163 T
0. pallidulum HMO31510T
0. saponiodorum HM031507

0. angusticollis AYS24383
0. denticulataCMW1128T
0. sejunctum AYS3451S T
0. fasciatum EUS13720
O. nigricarpum AY280483 T
0. coronatum AYS24385
0. tenellum AYS34523

0050

B1 - Intubia macrotermitinarum sp. nov.

* [~ Ceratocystiopsis minima EUS13701
Ceratocystiopsis minuta EUS13687 T
Ceratocystiopsis ranaculosa EUS13713T
Ceratocystiopsis manitobensis EUS13714T
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e Bl > 90%
= MP >75%
=— ML > 75%

0 araucarias_ kU228 T
sefosum_KU184296_T
L KU184379_T
0. canum_ HM031518 T
fexvosum KU 184298 T
0. breviusculum AB200427_T
brunnsum_KU184294 T
0. plceas_KU 184312 T
0. qinghalense_KU184316_T
0. micans_KU184303 T
Altgum_ KU 184308_T
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Chrysosphaeria jan-nelii (CMW 47058)

Intubia macrotermitinarum (CMW 46496)
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Supplementary Tablel. All Fungal isolates obtained and sequenced in this study

Species Isolate number Geographical Origin Host GenBank accession numbers
CMW  CBS PREM ITS LSU BT
Lineage A:
48039 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637036 MT637009
Chrysosphaeria jan-nelii
47057 141566 63087  Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637037 MT637008
47058* 141570 63088  Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637038 MT637006 MT649128
46495* 141571 63089  Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637042 MT637007
Lineage B1: 47040 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637014 MT649139
Intubia macrotermitinarum 47041 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637015 MT649140
47042 63092 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637016 MT649141
47043 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637017 MT649142
47044 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637019 MT63695 MT649143
47047 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637023 MT649146
46496 141560 63090  PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637025 MT636994 MT649132
47049 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637026 MT649148
47050 93093 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637027 MT649149
47051 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637028 MT645590 MT649150
46492° 141561 63091 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637030 MT649129
47053 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637031 MT645591 MT649152
47060 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637041 MT636992 MT649156




Species Isolate number Geographical Origin Host GenBank accession numbers
CMW CBS PREM ITS LSU pT
47063 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637045 MT649159
47064 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637046 MT649160
47065 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637047 MT645588 MT649161
47066 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637048 MT636993 MT649162
47067 141562 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637049 MT645589 MT649163
47068 Amsterdam farm, Mookgophong, Limpopo, SA Fungus comb from termite mounds MT637050 MT649164
47069 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MT637060 MT636997 MT649165
46494 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637061 MT649121
47070 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637062 MT649166
47072 University of Pretoria, Experimental farm, Pretoria, SA  Fungus comb from termite mounds MTO067064 MT649168
47074 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637066 MT636991 MT649170
48941 Fungus comb from termite mounds MT835247 PENDING

Lineage B2: 47036 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637010 MT649135

Intubia oerlemansii 47037 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds ~ MT637011 MT649136
47038 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637012 MT649137
47039 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637013 MT636999 MT649138
47045 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637020 MT636998 MT649144
46497 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637021 MT649133
47046 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637022 MT649145




Species

Isolate number

Geographical Origin

Host

GenBank accession numbers

CMW CBS PREM ITS LSU pT

47048 141564 63094 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637024 MT649147
47052 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637029 MT637002 MT649151
47054 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637032 MT649153
47055 63095  PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637033 MT637000 MT649154
47056* 141565 63096 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637034 MT637001 MT708983
46493 63097  PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637035 MT649130
47059 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637039 MT649155
46498* 141563 63098  PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637040 MT940646 MT649134
47061 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637043 MT649157
47062 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637044 MT636996 MT649158
47071 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637063 MT649167
47073 PPRI, Rietondale, Pretoria, SA Fungus comb from termite mounds MT637065 MT649169
48942 Fungus comb from termite mounds MT835248 PENDING

3lsolates used in growth studies

Bold face = ex-type isolates





