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Abstract 

Fungal secondary metabolites are often pathogenicity or virulence factors synthesized by genes 
contained in secondary metabolite gene clusters (SMGCs). Nonribosomal polypeptide 
synthetase (NRPS) clusters are SMGCs which produce peptides such as siderophores, the high 
affinity ferric iron chelating compounds required for iron uptake under aerobic conditions. 
Armillaria spp. are mostly facultative necrotrophs of woody plants. NRPS-dependent 
siderophore synthetase (NDSS) clusters of Armillaria spp. and selected Physalacriaceae were 
investigated using a comparative genomics approach. Siderophore biosynthesis by strains of 
selected Armillaria spp. was evaluated using CAS and split-CAS assays. At least one NRPS 
cluster and other clusters were detected in the genomes studied. No correlation was observed 
between the number and types of SMGCs and reported pathogenicity of the species studied. 
The genomes contained one NDSS cluster each. All NDSSs were multi-modular with the 
domain architecture (ATC)3(TC)2. NDSS clusters of the Armillaria spp. showed a high degree 
of microsynteny. In the genomes of Desarmillaria spp. and Guyanagaster necrorhizus, NDSS 
clusters were more syntenic with NDSS clusters of Armillaria spp. than to those of the other 
Physalacriaceae species studied. Three A-domain orthologous groups were identified in the 
NDSSs, and atypical Stachelhaus codes were predicted for the A3 orthologous group. In vitro 
biosynthesis of mainly hydroxamate and some catecholate siderophores was observed. Hence, 
Armillaria spp. generally contain one highly conserved, NDSS cluster although some 
interspecific variations in the products of these clusters is expected. Results from this study 
lays the groundwork for future studies to elucidate the molecular biology of fungal phyto-
pathogenicity. 

Keywords: Basidiomycetes; Comparative genomics; Iron acquisition; Phytopathogenic fungi; 
Secondary metabolism; Siderophore 

 

Introduction 

Microorganisms, including fungi, are known to produce diverse low molecular weight organic 
compounds known as secondary metabolites (SMs). Microbial SMs typically mediate 
ecological interactions such as mutualism (Amin et al. 2009; Johnson et al. 2013), competition 
(Butaitė et al. 2017; Stubbendieck and Straight 2016), predation (Stubbendieck and Straight 
2016) and pathogenicity (Oide et al. 2006), and play a critical role in microbial survival in 
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ecological niches (Kuo et al. 2020; Stubbendieck and Straight 2016). These metabolites include 
terpenes or terpenoids (e.g., Melleolides) (Engels et al. 2011; König et al. 2019), polyketides 
(PKSs; e.g., Lovastatin) (Amnuaykanjanasin et al. 2005; Gunde-Cimerman and Cimerman 
1995), and Nonribosomal peptides (NRPs; e.g., epidithiodioxopiperazines and siderophores) 
(Brandenburger et al. 2017; Eisendle et al. 2003; Kuo et al. 2020; Le Govic et al. 2019; 
Schwecke et al. 2006; Welzel et al. 2005; Winterberg et al. 2010; Yuan et al. 2001). Genes 
involved in fungal SMs biosynthesis are located in secondary metabolite gene clusters 
(SMGCs) which contain genes that encode biosynthetic enzymes such as terpene cyclases, 
polyketide synthases, and Nonribosomal peptide synthetases (NRPSs), usually named 
according to the SM types they produce (Brandenburger et al. 2017; Kadi and Challis 2009; Le 
Govic et al. 2018, 2019 ). 

NRPSs are multifunctional enzymes which assemble the SM backbone structure by use of 
multiple active sites known as domains. The adenylation (A), thiolation (T; also known as 
peptide carrier protein, PCP), and condensation (C) domains are required for NRPS 
functionality. Other domains, classified as accessory domains, such as epimerization (E), 
formylation (F), methylation (M), reduction (R), oxidation (Ox), and thioesterase (TE) are 
optional and confer some structural and functional differences to the NRPs synthesized. A-
domains are responsible for substrate selection and activation using ATP, whereas T- and C-
domains catalyze phosphopantetheine (PP)-linkages of substrates with thioester bonds and 
peptide- or ester-bond formation between two adjacent linked substrates, respectively (Kadi 
and Challis 2009; Walsh 2008). TE domains often terminate NRP synthesis, although reductive 
chain termination is sometimes employed in the synthesis (Kadi and Challis 2009). NRPS are 
described as either monomodular if they contain only one set of the main domains or multi-
modular when they contain more than one complete set of domains and may contain accessory 
domains (Kadi and Challis 2009; Le Govic et al. 2019). The multiplicity of the modules in an 
NRPS as well as the number and types of accessory domains it contains influence the 
complexity and structural diversity of the peptides synthesized (Gaitatzis et al. 2001). 

Other enzymes in NRPS clusters function in glycosylation, acylation, halogenation, or 
hydroxylation for modifying the NRPS substrate or the NRP synthesized, and regulation for 
regulating production of the NRP (Brandenburger et al. 2017; Le Govic et al. 2018, 2019). 
NRPS clusters may also include transporters for transporting the synthesized peptide. Other 
enzymes in the NRPS clusters include monooxygenases, acyltransferases, major facilitator 
transporters, and Zn2Cys6 transcription factor (Brandenburger et al. 2017; Le Govic et al. 2018, 
2019). Genes encoding these proteins have been reported in NRPS-dependent siderophore 
synthetase (NDSS) clusters (Brandenburger et al. 2017; Le Govic et al. 2018, 2019). 

Siderophores are peptides biosynthesized using one of the two main biosynthesis pathways. 
These are the NRPS-dependent siderophore synthetase pathway or the NRPS-independent 
siderophore (NIS) synthetase pathway (Brandenburger et al. 2017; Iftime et al. 2016; Kadi and 
Challis 2009; Kurth et al. 2016; Salwan and Sharma 2020). A third pathway, called the hybrid 
NRPS/NIS pathway, which utilizes a blend of both pathways may also be used (Kadi and 
Challis 2009; Salwan and Sharma 2020). 

Siderophores are used by fungi (Brandenburger et al. 2017; Chen et al. 2019; Johnson et al. 
2013; Koulman et al. 2012; Kuo et al. 2020; Mukherjee et al. 2018; Narh Mensah et al. 2018; 
Schrettl et al. 2007; Wallner et al. 2009; Welzel et al. 2005; Yuan et al. 2001;) and other 
organisms (Audenaert et al. 2002; Butaitė et al. 2017; Carrano et al. 2001; Devireddy et al. 
2010; Kügler et al. 2020; Maglangit et al. 2019; Schrettl et al. 2007; Taguchi et al. 2010; Wang 
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et al. 2021;) to solubilize, sequester, transport/shuttle, and store ferric iron (Fe3+) especially 
under iron-limiting conditions, such as aerobic conditions (Schrettl et al. 2007). Siderophores 
are also involved in other biological functions such as structuring microbial communities and, 
in the case of pathogenic siderophore producers, enhancing virulence factors and suppression 
of host defense mechanisms (Amin et al. 2009; Gu et al. 2020; Paauw et al. 2009; Taguchi et 
al. 2010). Based on the structure of their Fe3+-chelating functional groups, these molecules are 
grouped into five classes; catecholates and phenolates (collectively called aryl caps), 
hydroxamate, carboxylates, and mixed type, which have at least two Fe3+-coordinating 
moieties (Carrano et al. 2001; Haas et al. 2008). 

Fungal siderophores have been implicated in outcompeting or inhibition of plant pathogens, 
alteration of host defense mechanisms such as induced systemic resistance, as well as alteration 
of plant-fungal interactions (Johnson et al. 2013; Mukherjee et al. 2018). The intracellular 
siderophores ferricrocin and hydroxyferricrocin have been reported being required for germ 
tube formation, asexual sporulation, resistance to oxidative stress, catalase A activity, and 
virulence in Aspergillus fumigatus (Schrettl et al. 2007). The plant endophytic fungus, Epichloë 
festucae, produces the extracellular siderophore epichloënin A (Johnson et al. 2013). This 
siderophore is believed to serve as an important molecular/cellular signal for controlling fungal 
growth (Johnson et al. 2013). Lack of epichloënin A can alter the homeostasis of the symbiotic 
relationship between E. festucae and its host, Lolium perenne, from being mutually beneficial 
to being antagonistic (Johnson et al. 2013). Trichoderma spp., including T. virens, produce 
siderophores that suppress growth of Armillaria spp. when they are grown together in cultures 
(Chen et al. 2019). 

Armillaria spp. are terrestrial ubiquitous white-rot basidiomycetes in the family 
Physalacriaceae, and typically have a broad host range (Baumgartner and Rizzo 2002; Coetzee 
et al. 2003; Elías-Román et al. 2018; Prospero et al. 2004; Warwell et al. 2019). Desarmillaria 
spp., that were previously treated as Armillaria spp., are exannulate species which include 
Desarmillaria tabescens and D. ectypa (Koch et al. 2017). Fungi in these genera have 
mycorrhizal, saprophytic, and/or pathogenic symbiotic relationships with plants and most of 
the species are considered to be facultative necrotrophs (Baumgartner and Rizzo 2002; Coetzee 
et al. 2003; Elías-Román et al. 2018; Prospero et al. 2004; Warwell et al. 2019). Other members 
of the Physalacriaceae that were considered in the current study include the closely related 
Guyanagaster necrorhizus, that shares a recent ancestor with Armillaria (Koch et al. 2017), as 
well as Cylindrobasidium torrendii and Oudemansiella mucida. Studies aiming to understand 
and eventually inhibit the predominantly pathogenic Armillaria species and the adverse effects 
they have on horticulture, agriculture, and forestry are therefore warranted. 

In this study, we hypothesize that variation in siderophore production by various species and 
strains of Armillaria may influence the reported pathogenicity of these fungi. To test this 
hypothesis, we investigated the genomes of selected Armillaria spp. and other members of the 
Physalacriaceae to identify the types and numbers of SMGCs in the genomes in silico. We also 
determined the presence and putative characteristics of NRPS-dependent siderophore 
biosynthesis clusters in the genomes. Finally, we characterized the NRPS-dependent 
siderophore biosynthesis genes in comparison to those characterized in other organisms in 
silico. We also utilized bioassays to evaluate the production and the types of siderophores 
produced by strains representing selected Armillaria spp. 
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Materials and methods 

All in silico studies were performed according to the flowchart presented in Fig. S1. For in 
vitro studies, all glassware was washed with 6 M HCl followed by 3 washes with doubly 
deionized H2O (ddH2O) to remove all trace metals before use (Schwyn and Neilands 1987). 
Media were autoclaved at 121 °C for 20 min. 

In silico identification of secondary metabolite gene clusters 

Genome mining of selected strains 

Whole genomes of Armillaria spp. and other members of the Physalacriaceae (Table 1) were 
mined for SMGCs using previously described methods (Agger et al. 2009; Le Govic et al. 
2019; Sayari et al. 2019) but with some modification. In brief, secondary metabolite gene 
clusters in each of the genomes under study were predicted with the Antibiotics & Secondary 
Metabolite Analysis SHell (antiSMASH) using the fungal version (fungiSMASH) v. 
6.0.0alpha1-56f63c8 (Blin et al. 2019a). Genome sequences uploaded into fungiSMASH for 
these analyses were initially annotated, with gene annotation files obtained from the Mycocosm 
fungal genome sequence database of JGI 
(https://mycocosm.jgi.doe.gov/mycocosm/home/releases?flt=Physalacriaceae) in CLC Main 
Workbench v21.0.4 (www.qiagenbioinformatics.com) using the “Annotate with 
GFF/GTF/GVF file” plugin. Relaxed detection strictness was used for these analyses. All extra 
features (excluding the Cluster-border prediction based on transcription factor binding sites 
(CASSIS) feature, which was inactive during the study) were also activated. Cluster boundaries 
were manually delimited up to approximately 10 Kb upstream and 30 Kb downstream of the 
cluster boundaries detected by fungiSMASH. These regions were selected to account for the 
large non-coding region in the A. novae-zelandiae cluster. Minimum Information about a 
Biosynthetic Gene (MIBiG) cluster comparison, ClusterBlast, KnownClusterBlast, Cluster 
Pfam Analysis, and Pfam-based GO term annotation were used for the purpose of detecting 
similar gene clusters. All of these are implemented in fungiSMASH. MIBiG comparison shows 
areas that are similar to the region of the query biosynthetic gene cluster (BGC) in the MIBiG 
Database (Blin et al. 2019b; Medema et al. 2015). ClusterBlast recovers gene clusters from the 
antiSMASH database and other clusters of interest that are homologous to the query gene 
cluster (Medema et al. 2011). KnownClusterBlast shows clusters from the MIBiG database that 
are similar to the current region (Blin et al. 2019a). Various types of secondary metabolite 
clusters were identified in the analyzed genomes by fungiSMASH. However, since the focus 
of this study was on NRPS-dependent siderophore synthetase (NDSS) clusters, all further 
analyses were conducted only on predicted NDSS clusters. 

Gene annotation, gene order confirmation, and generation of cluster synteny maps 

The gene order and orientation were predicted using results obtained from fungiSMASH and 
the genome annotations obtained using CLC Main Workbench. Putative gene annotation was 
done by conducting a tBLASTn search using the amino acid sequences of the respective genes 
(as obtained from fungiSMASH) in the NCBI BLAST web-based tool using default parameters 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The search parameter was altered to include only 
Fungi (taxid:4751) for all the NRPS gene sequences because the sequences were longer than 
4000 amino acids. The top 100 closest orthologs obtained were sorted according to percentage 
identity and the closest experimentally characterized orthologs were used for the putative 
annotation of the identified genes in the clusters. All other genes in the flanking regions beyond 
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the cluster boundaries predicted by fungiSMASH were annotated by conducting tBLASTx 
searches with the annotated sequences using the BLAST tool implemented in CLC Main 
Workbench against the NCBI database. Other information for the flanking genes were obtained 
from InterProScan. Cluster synteny maps were drawn using EasyFig v2.2.5 (Sullivan et al. 
2011). 

In silico characterization of NRPS-dependent siderophore synthetases 

Determination of size, intron number, domain architecture and modular organization of 
NRPSs 

Number of introns of predicted NDSS genes were observed in CLC based on the annotated 
genomes described in “Genome mining of selected strains” which include the use of RNAseq 
data. Size information of these genes were obtained from fungiSMASH. The size of the amino 
acid sequence was confirmed with InterProScan (https://www.ebi.ac.uk/interpro/). The domain 
architectures and modular organizations of identified NDSS were obtained from fungiSMASH, 
as well as Pfam searches in InterProScan using the amino acid sequences. Any disparities 
observed between the data from the two approaches were reconciled with results obtained from 
searches of the amino acid sequence of the respective gene against the Pfam v 33.1 web-based 
tool (https://pfam.xfam.org/). Attempts to use the PKS/NRPS Analysis Website 
(http://nrps.igs.umaryland.edu/) (Bachmann and Ravel 2009), was not successful as most of 
the domains were not recognized by the tool. 

A-domain phylogenetic analyses and substrate specificity prediction 

Datasets of the amino acid sequences of the A-domains of the NDSSs identified in the 
Physalacriaceae (obtained from fungiSMASH) were combined with the A-domain amino acid 
sequences of experimentally characterized NDSSs from other species, which had relatively 
high similarity (based on the results of the BLAST searches conducted under “Gene annotation, 
gene order confirmation, and generation of cluster synteny maps” to the putative NDSS genes 
of the presently studied members of the Physalacriaceae. The amino acid sequence of the A3 
domain of A. novae-zelandiae was obtained from the region identified from Pfam analysis. 
Sequences were aligned using the MUSCLE algorithm in the MEGA X software (Stecher et 
al. 2020). Maximum likelihood algorithm implemented in MEGA X with the LG substitution 
model was used to construct a phylogenetic tree. Nodal support was obtained using 100 
bootstrap replications and with the same setting used to obtain the phylogenetic tree. 

NDSS A-domain specificities (i.e., amino acid codes and substrate specificities) were predicted 
using NRPSpredictor2 (Rausch et al. 2005; Röttig et al. 2011) implemented in fungiSMASH. 
NRPSpredictor2 uses both the signature sequence method (Stachelhaus codes or amino acid 
codes) (Stachelhaus et al. 1999) and the Support Vector Machines (SVM)-based method 
(Rausch et al. 2005; Röttig et al. 2011). The predicted A-domain specificities were compared 
to those of other characterized NDSSs which were found to be orthologous to the NDSSs 
identified in the present study. 
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Assessment of siderophore production potential of selected Armillaria strains 

Fungal strains, maintenance, and growth conditions 

The fungal cultures used were strains of A. fuscipes, A. gallica, A. mellea, A. luteobubalina and 
A. nabsnona (Table 2). These species were selected to represent Armillaria species reported to 
have different ecology in terms of pathogenicity and virulence, and to serve as a proof-of-
concept for siderophore biosynthesis by Armillaria species. Cultures were maintained on malt 
yeast extract agar (MYA) medium (15 g/L malt extract, 2 g/L yeast extract, 15 g/L agar) and 
incubated at 25 ± 2 °C in the dark for 53 days. All reagents were purchased from commercial 
suppliers. 

Siderophore detection 

Siderophore production and activity was detected by both the universal chrome azurol S agar 
(CAS) (Alexander and Zuberer 1991) and the modified chrome azurol S agar medium (split 
CAS/MYA) (Milagres et al. 1999) assays. These methods were used to detect siderophore 
production as well as generally characterize the siderophores produced by the mycelia and 
rhizomorphs of the studied strains of Armillaria species. CAS agar at pH 6.8 was prepared 
using the method described by Alexander and Zuberer (1991). Plates were dried overnight in a 
flow cabinet to ensure excess water was removed and incubation of strains followed the 
description above. Three replicates for each strain on each media were used in this study. 

Split CAS/MYA plates were prepared as follows. CAS agar medium and MYA were separately 
prepared, sterilized and maintained at 50 °C in a water bath. MYA was poured first in the petri 
dishes and allowed to set for 1 h. Half of the set MYA was aseptically cut and discarded, 
followed by pouring the cooled CAS media into the empty half of the plate and allowing to set. 
The experiment was also performed using only MYA media to investigate differences, if any, 
in mycelia and rhizomorph growth rates on the CAS media in comparison to the growth media. 

Cultures were inoculated in the center of the CAS and MYA plates, and in the middle of the 
MYA part of the split CAS/MYA plates. The inoculum consisted of 1 cm2 culture discs sub-
cultured from an actively growing strain on MYA medium. Plates were observed for change 
of the CAS media from blue to reddish-orange, orange, purplish-red, and purple (Arora and 
Verma 2017; Milagres et al. 1999). The type of siderophore produced was classified according 
to the color change. Mycelia macro-morphology was observed directly as judged by the 
investigators to detect any effect of culture media on culture morphology. Un-inoculated plates 
served as the control for this experiment. 

Results 

Identification of secondary metabolite biosynthesis gene clusters 

Secondary metabolite gene clusters in the studied Physalacriaceae genomes 

Different secondary metabolite gene clusters putatively determined as being involved in 
various secondary metabolite biosynthesis were identified in the genomes of the species 
included in this study using in silico analyses (Fig. 1). These SMGCs included NRPS, NRPS-
like, siderophores (suspected NIS clusters), type 1 polyketide synthases (T1PKS), terpenes, as 
well as hybrid clusters including NRPS-Like/Terpene, NRPS-Like/T1 PKS, and 
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Fig. 1. SMGC diversity and distribution in genomes of the studied Armillaria spp. and other Physalacriaceae with different lifestyles. Different classes or types of SMGCs, as 
predicted by fungiSMASH are presented by different colors. NRPS = Nonribosomal polypeptide synthetase, T1PKS = Type1 polyketide synthetase, Siderophores = suspected 
NIS synthetase clusters. NRPS-Like / Terpene, NRPS-Like / T1PKS, T1PKS/Terpene are predicted hybrid clusters. All genomes studied contained at least 22 SMGCs that may 
produce diverse compounds. Oudmuc1 contained 1 SMGC predicted to produce indole (Data not shown). Lifestyle information are summarized from Koch et al. (2017) 
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T1PKS/Terpene clusters. The genome of O. mucida also contained a cluster predicted to be 
involved in the production of indole (data not shown). 

The total number of SMGCs in the Armillaria and Desarmillaria genomes ranged from 32 in 
D. tabescens to 56 in A. borealis (Fig. 1). The most abundant type of gene clusters in the 
genomes were the terpenes (13–30 clusters), followed by NRPS-like (9–19 clusters), and 
T1PKS (1–8 clusters). The maximum number of NPRS, siderophore, and hybrid clusters 
detected were 3, 3, and 5, respectively. Cylindrobasidium torrendii was unique for possessing 
only 4 types of secondary metabolite clusters, totaling 22 in its genome (14 terpenes, 6 NRPS-
like, and 1 each of NRPS and T1PKS). 

No direct correlation was observed between the number and types of SMGCs and reported 
pathogenicity (Fig. 1). For instance, the pathogenic species, A. novae-zelandiae contained 48 
(1 NRPS, 19 terpenes, 4 T1PKS) SMGCs. Likewise, the relatively weakly pathogenic species, 
A. nabsnona also contained 48 SMGCs (1 NRPS, 23 terpenes, 3 T1PKS). The facultative 
necrotrophs which are weakly pathogenic, A. borealis and A. cepistipes, contained a total of 56 
(3 NRPS, 24 terpenes, 8 T1PKS) and 55 (1 NRPS, 30 terpenes, 3 T1PKS) SMGCs, 
respectively. The closely related species, G. necrorhizus contained a total of 30 SMGCs (1 
NRPS, 13 terpene, 1 T1PKS). The pathogenicity of this species is unknown. 

In all the genomes studied, the NRPS gene in only one of the different NRPS clusters identified 
by fungiSMASH in each species showed hits in the MIBiG database. The hit with the strongest 
support for all species (% identity = 27.0, % coverage = 107.1, BLAST score = 1438.0, E 
value = 0.0) was with the epichloenin_A_synthetase cluster (accession number AET13875.1, 
which produces an extracellular siderophore identified in Epichloë festucae). There was no hit 
for the ClusterBlast nor KnownClusterBlast. All further analysis was conducted on this cluster 
since NRPS-dependent siderophore synthetase clusters was the focus of this study. 

Gene annotation and synteny comparison of NRPS-dependent siderophore synthetase 
clusters and flanking genes 

Genome walking of the regions up- and downstream of the clusters identified by fungiSMASH 
(Table S1) revealed that the predicted NDSS clusters in the Armillaria and Desarmillaria 
species studied ranged from approximately 72 Kb in A. fumosa to approximately 100 Kb in A. 
novae-zelandiae. The clusters identified in the other members of the Physalacriaceae were 
approximately 67, 51, and 94 Kb in C. torrendii, G. necrorhizus, and O. mucida, respectively. 

The NDSS clusters in the Armillaria and Desarmillaria species were largely syntenic (Fig. 2, 
Table S2). However, the NDSS genes of A. mellea and D. ectypa showed less conserved 
synteny. The flanking genes located upstream of the NDSS genes contained a syntenic block 
comprising genes that encode RecF/RecN/SMC (involved in structural maintenance of 
chromosomes), choline/ethanolaminephospho-transferase, cellobiose dehydrogenase and at 
least one Major Facilitator Superfamily transporter (MFS) gene. The upstream region also 
contained genes encoding (membrane-bound) hypothetical proteins and natterin-like 
hypothetical proteins. These genes and the intergenic regions also showed a high degree of 
synteny. The genes downstream of the NDSS genes were generally syntenic for most species 
of Armillaria and Desarmillaria although an inversion was observed in A. borealis (Fig. 2). A. 
mellea was unique for possessing cytochrome P450 genes downstream of the NDSS gene. The 
species in the phylogenetic sister genus of Armillaria, D. ectypa and D. tabescens, had unique 
genes downstream of the NDSS genes. The genes putatively encode a member of the 
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Fig. 2. NDSS gene cluster synteny map in annotated genomes of Physalacriaceae. Numbers following the species code are the scaffolds on which the clusters are located. 
Different colors and orientation of arrows represent different putative proteins as determined by tBLASTn searches and direction of transcription respectively. Orthologous 
genes are identically colored. All genes colored gray in the clusters of Cylto1 and Oudmuc1 are not orthologous to the genes in the clusters of the other members of the 
Physalacriaceae. Darker shades of lines between clusters represent higher amino acid similarity between the different clusters based on tBLASTx. Numbers at the ends of the 
clusters are the locations on the scaffolds 
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Isochorismatase family protein, FAD-dependent oxidoreductase, cellobiose dehydrogenase, as 
well as (membrane-bound) hypothetical proteins (Fig. 2, Table S2). These genes were not 
found when a search was conducted further downstream of the cluster for the Armillaria 
species. In addition to these genes, a DNA polymerase gene as well as two copies each of 
protein kinase and putative transcriptional regulator genes were uniquely found in the NDSS 
gene cluster in D. tabescens. Genes flanking the NDSS genes of C. torrendii and O. mucida 
included cytochrome C oxidase, Zn2Cys6 fungal-type domain-containing protein, alpha/beta-
hydrolase, or mannitol dehydrogenase, and various (membrane-bound) hypothetical or 
uncharacterized proteins (data not shown). 

Characteristics of identified NRPSs 

Size, intron number, domain architecture and modular organization of NRPSs 

The size in base pairs (bp) of the NDSS genes ranged from 15,689 in C. torrendii 
(Cylto1_490369) to 19,023 in O. mucida (Oudmuc1_1435297) (Table 3). The smallest and 
largest size of the translated amino acids in these genes was found in Armbor1_1740653 (4329 
aa) and Oudmuc1_1435297 (5353 aa), respectively. The number of introns in the NRPS genes 
ranged from 45 in Cylto1_490369 to 58 in Oudmuc1_1435297 (Table 3). The protein 
sequences of the NDSS genes showed significant matches (query cover 80–97%; percentage 
identity 26.5–34.5%; expected value 0.0) with translated nucleotide sequences of characterized 
NDSS genes in different fungi responsible for hydroxamate ferricrocin-type siderophore 
biosynthesis, as well as the uncharacterized NRPS2 in W. ichthyophaga EXF-994 (Table 3). 
The NDSSs were all multi-modular showing three complete A-T-C modules organization 
ending with two T-C didomains [(A-T-C)3(T-C)2] (Table 4). Guyne1_959764, as well as the 
NDSSs of As. fischeri and F. sacchari, also contained a C-terminal of an A-domain after the 
first A-domain. 
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Fig. 3. Phylogenetic tree and substrate predictions of A1–A3 domains of putative NDSSs in Armillaria and other Physalacriaceae genomes in comparison with NRPS2 of W. 
ichthyophaga and other characterized NDSSs in other fungi. Bootstrap support values greater than 70% are shown above each node. Species names of putative NDSSs in 
Armillaria and other Physalacriaceae genomes are shown followed by ProteinIDs in brackets and the A-domain numbers. All other NDSSs are presented as species (and strain) 
followed by NCBI accession numbers in bracket and the A-domain numbers. Colored areas are A1, A2, and A3 domains of NDSSs respectively. Nodes marked with black 
squares highlight the nodes which group the Physalacriaceae. Nodes marked with black ovals highlight the Armillaria spp., Desarmillaria spp. and G. necrorhizus clade of 
each A-domain. Solid brackets and lines refer to Physalacriaceae species. Dashes refer to other fungal species. All Stachelhaus sequences and (predicted) substrates of all 
characterized NRPS-dependent siderophore synthetases from other fungi except that of As. fischeri NRRL 181 were obtained from various authors (Johnson et al. 2007; 
Schwecke et al. 2006; Welzel et al. 2005; Winterberg et al. 2010). NP = None predicted, HA = hydrophobic-aliphatic amino acids, L-MGO = N5-trans-(α-methyl)-glutaconyl-
N5-hydroxy-L-ornithine, and trans-AMHO = N5-trans-anhydromevalonyl-N5-hydroxyornithine 
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Phylogeny, Stachelhaus sequences, and substrate specificity of A-domains of putative 
NDSSs 

Phylogenetic analysis of the A1–A3 domains of the putative NDSSs placed the sequences in 
three main clusters with strong nodal support in the phylogenetic tree (Fig. 3). These clusters 
represented the different domains A1, A2 and A3, respectively. All A1 domains formed a sister 
group with the A2-domain cluster with 97% bootstrap support. The A3-domain cluster formed 
a sister group to the A1 and A2 clusters. Within the A1 and A2-domain clusters, sequences 
from species in the Physalacriaceae formed respective monophyletic groups. 

Sequences of all Armillaria species, except for those from A. novae-zelandiae, formed 
supported monophyletic groups within the A1 and A3-domain clusters. In the A1 domain 
cluster, the sequence of A. novae-zelandiae was more closely related to that of G. necrorhizus, 
a species that is in the sister genus of Armillaria and Desarmillaria. Within the A2-domain 
cluster, sequences from all Armillaria species formed a strongly supported group. In all three 
domain clusters, sequences from D. ectypa and D. tabescens formed groups separated from the 
Armillaria species but phylogenetically more closely related to species of Armillaria than to 
those of other Physalacriaceae. In all three domain clusters, sequences of G. necrorhizus were 
placed more closely related to Armillaria and Desarmillaria than to sequences from other 
species in the Physalacriaceae. 

Stachelhaus codes and predicted substrate specificities for the A-domains of the predicted 
NDSSs of the members of the Physalacriaceae in comparison to those reported for 
characterized NDSSs in other fungal species gave more insights about the characteristics of the 
presently studied NDSSs (Fig. 3). The code of the A1 domains of the studied species was in 
most cases DPMMWMAINK. Those for A. novae-zelandiae (Armnov1_1625296), E. festucae 
strain E2368, and E. festucae strain F11 were DPMMDG-VFK, DLLMWCAITK, and 
DLLMWCAITK, respectively (Fig. 3). The code of the A2 domains of all the studied members 
of the Physalacriaceae were the same (DVLFIITIIK). This code was shared with the A2 domain 
of the NRPS of the halophilic basidiomycete, W. ichthyophaga EXF-994. In contrast, the A2-
domain code of the basidiomycete, U. maydis 521 was DVQHTITVVK (Schwecke et al. 2006; 
Winterberg et al. 2010). A different A2-domain code (DVQHTITIVK) was shared by the 
ascomycetes, As. fischeri and As. fumigatus (Schwecke et al. 2006). Among these fungi, As. 
nudilans differed in that it contained a valine (val) instead of an isoleucine (iso) at the 8th 
position of the A2-domain code, although both amino acids have hydrophobic side chains. The 
A3 domains were more diverse. C. torrendii (Cylto1_490369) had the distinct A3-domain 
code, GVTALGVGIK, which only shared the last three amino acids of the A3-domain code of 
the Armillaria and Desarmillaria species. O. mucida (Oudmuc1_1435297) also had a unique 
A3-domain code, ESVFVIASFK. 

Siderophore production and mycelia growth of selected Armillaria spp. 

Siderophores were produced by all the strains studied in both the CAS and CAS/MYA media 
(Fig. 4). The CAS media on some of the plates (e.g., A. fuscipes strains CMW2740 and 
CMW3164, and A. mellea strain CMW31132 on CAS) showed different discoloration from 
blue to orange and/or reddish-orange closer to the mycelia to purple and/or purplish-red further 
from the mycelia and rhizomorphs, indicative of co-production of different types of 
(extracellular) siderophores by the strains studied. This was also the case for A. luteobubalina 
strain CMW4974 and A. nabsnona strain CMW6904 on CAS/MYA. The change of CAS media 
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Fig. 4. Representative plates showing siderophore biosynthesis and mycelia and rhizomorph growth of various species and strains of Armillaria. Top and bottom views of 
representative plates of Armillaria spp. on CAS, CAS/MYA, and MYA on 45th day of incubation. Note the color change of the blue CAS media to purplish-red (e.g., CMW3164 
on CAS/MYA), purple (e.g., CMW4456 on CAS), reddish-orange (e.g., CMW3159 on CAS), and/or orange (e.g., CMW6904 on CAS) mostly beyond the margins of the 
mycelia and/or rhizomorphs indicative of production of different types of (extracellular) siderophores. Control plates are the respective uninoculated media. ACB = African 
Clade B 
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from blue to purplish-red for A. fuscipes strains CMW2740 and CMW3164 was notably more 
pronounced on CAS/MYA than on CAS. 

Mycelia culture morphology and growth rates were altered on the CAS media for some cultures 
(Fig. 4). For instance, growth rate of A. luteobubalina strain CMW4974 was fastest on MYA 
followed by CAS/MYA and slowest on CAS by the end of the incubation period. The reverse 
trend was observed for A. nabsnona strain CMW6904 that showed the fastest culture growth 
on CAS and slowest growth on MYA. Armillaria luteobubalina strain CMW4974 changed 
from crustose mycelia on MYA to cottony mycelia on CAS. Both mycelia and rhizomorph 
growth of A. luteobubalina strain CMW4974 and Armillaria sp. ACB strain CMW4456 were 
slower when cultured on CAS and CAS/MYA compared to MYA. 

Discussion 

Genome-wide identification of secondary metabolite gene clusters 

Secondary metabolite gene clusters in the studied genomes 

In this study we explored the diversity of secondary metabolite gene clusters in the genomes 
of Armillaria spp., Desarmillaria spp. and other members of the Physalacriaceae using a 
variety of bioinformatic tools. Different types of SMGCs namely NRPS, T1PKS, NRPS-Like 
and Terpene, as well as hybrid clusters NRPS-Like/T1PKS, NRPS-Like/Terpene 
T1PKS/Terpene were identified in the genomes. Clusters identified to be responsible for 
siderophore biosynthesis (suspected NRPS-independent siderophore biosynthesis clusters) by 
fungiSMASH were also identified in the genomes of the fungi studied. These types of SMGCs 
ranged in their numbers among the fungi. 

There was no correlation in terms of cluster number and fungal lifestyle. Although this was 
unexpected, we postulate that the role of the secondary metabolites/metabolism in the studied 
species in relation to pathogenicity and/or virulence will be influenced by various biotic and 
abiotic factors such as the specific host and its state during host-fungal interaction, competing 
organisms in the environment, pH, temperature, and nutrient availability in the environment, 
and molecular factors such as transcription factors and other regulators. This assertion is 
supported by the fact that pathogenicity and/or virulence of Armillaria spp. and strains are in 
themselves affected by various factors such as intra species variation, forest management 
systems, host species, state of the hosts (e.g., stressed or healthy), as well as environmental 
factors (e.g., elevation) (Legrand et al. 1996; Mesanza et al. 2017; Prospero et al. 2004; Tsykun 
et al. 2012). The factors influencing the regulation and role of (plant-pathogenic) fungal SMs 
has been reviewed by various authors including Macheleidt et al. (2016) and Pusztahelyi et al. 
(2015). 

The results of this research agree with previous studies on secondary metabolite genes and gene 
clusters in Armillaria species. Sipos et al. (2017) showed that 5 trichodiene genes, 1 polyprenyl 
synthase gene, and 6 polyketide synthase genes are expressed in the rhizomorphs of Armillaria 
spp. Engels et al. (2011) have reported on genes and gene clusters responsible for the 
biosynthesis of melleolides and armillyl orsellinates in A. gallica. In addition, various 
polyketides synthesized by polyketide synthases in PKS clusters have been reported to be 
produced by fungi (Gunde-Cimerman and Cimerman 1995). These include lovastatin identified 
in a white-rot basidiomycete species belonging to the genus Pleurotus (Gunde-Cimerman and 
Cimerman 1995), as well as depudecin and 19,20-epoxycytochalasin Q synthesized by the 
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woody plant saprophytic or weakly pathogenic ascomycete species in the genus Xylaria 
(Amnuaykanjanasin et al. 2005). The low (less than 50%) identities of the best hits in 
characterized NRPS gene clusters in MIBiG database, and the absence of hits for ClusterBlast 
and KnownClusterBlast, suggests novelty of these NRPS gene clusters detected in the 
Physalacriaceae. A hit of less than 50% in the MIBiG database was used to predict the novelty 
of thumolycin biosynthetic gene clusters in Bacillus thuringiensis (Zheng et al. 2018). 

Synteny of predicted NDSS gene clusters and neighboring genes 

The predicted NDSS gene clusters and the neighboring genes showed a high degree of 
microsynteny both among the genes and the intergenic regions despite the observed inversion 
and duplication events in some of the clusters. However, there were some variations in the 
cluster for A. mellea, A. novae-zelandiae, D. ectypa, and D. tabescens. Conserved 
synteny/similarity in biosynthetic gene clusters among species from the same genera has 
previously been reported and this is also reflected in this study (Evdokias et al. 2021; Goering 
et al. 2016). 

Compared to the Armillaria spp., the genes downstream from the Aryl-alcohol dehydrogenase 
genes differed in the Desarmillaria spp. Desarmillaria tabescens harbored a unique set of 
genes that included a gene which encodes an isochorismatase family protein. An ortholog of 
this gene was also found in the predicted NDSS gene cluster of G. necrorhizus. An 
isochorismatase and an isochorismate synthase gene have been reported to be located within 
an NDSS gene cluster of Streptomyces sp. strain ATCC 700,974 (Patzer and Braun 2010). This 
cluster synthesizes the catechol-peptide siderophore, griseobactin (Patzer and Braun 2010). 
Additionally, a bifunctional isochorismate lyase/aryl carrier protein, DhbB, has been identified 
in an NRPS-dependent catecholic siderophore biosynthesis operon of Bacillus subtilis, which 
synthesizes itoic acid (2,3-dihydroxybenzoate (DHB)-glycine) (May et al. 2001). 

Genes typical of those in NDSS gene clusters were identified in this study. These included 
monooxygenases, dehydrogenases, oxidoreductases, transferases, transporters, and 
transcription factors (Eisendle et al. 2003; Schwecke et al. 2006; Welzel et al. 2005; Winterberg 
et al. 2010). Contrary to our findings, the NRPS cluster in S. apiospermum contains an L-
ornithine-N5-monooxygenase gene just downstream of the NRPS gene, SAPIO_CDS9032. L-
ornithine-N5-monooxygenase genes have also been reported in the NDSS clusters of the 
ascomycetes, Schizosaccharomyces pombe (Schwecke et al. 2006), As. fumigatus (Schrettl et 
al. 2007), and As. nudilans (Eisendle et al. 2003), as well as the basidiomycetes, C. 
subvermispora (Brandenburger et al. 2017), Omphalotus olearius (Welzel et al. 2005), and 
Ustilago maydis (Winterberg et al. 2010). This enzyme catalyzes N5-hydroxylation of L-
ornithine during hydroxamate-type siderophore biosynthesis (Eisendle et al. 2003). The 
absence of the L-ornithine-N5-monooxygenase genes in the presently studied NDSS gene 
clusters indicates that the products of the latter will be structurally different from those of the 
characterized clusters in other fungi. This assertion is also supported by the absence of a hit in 
the ClusterBlast and KnownClusterBlast searches. 

NDSS gene characteristics 

Genetic and structural characteristics of identified NDSS genes 

The characteristics of the identified NDSS genes were largely similar among the Armillaria 
and Desarmillaria spp. in comparison to other members of the Physalacriaceae and the 
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characterized NDSS genes of other fungi. Similar sizes have been reported for other NDSS 
genes responsible for production of intra- and extracellular siderophores. However, the 
translated NRPS gene of O. mucida (Oudmuc1_1435297) was larger than the sizes recorded 
for the NDSS genes of all the other members of the Physalacriaceae and the characterized 
NDSS genes from the other fungi. 

The number of introns identified in this study compared favorably with those reported for other 
NDSS genes. The NDSS gene, FSO1, in Om. olearius has 48 introns (Welzel et al. 2005). The 
percentage of the translated NDSS genes that were covered by the target sequences (query 
covers) reported by Le Govic et al. (2018) for NDSS of S. apiospermum against the NDSS of 
As. fumigatus Af293 were comparable to those reported herein. The lowest query covers were 
recorded for the translated NDSS genes of A. novae-zelandiae (Armnov1_1625296) and O. 
mucida (Oudmuc1_1435297) in comparison with the characterized NDSS genes of the other 
fungi. 

Our results indicate that the NDSS genes identified in the studied Physalacriaceae genomes 
encode siderophore synthetases. The (A-T-C)3(T-C)2 domain architecture, observed in this 
study, has been previously reported for NDSSs from As. fumigatus, As. nidulans, E. festucae, 
F. sacchari, Om. olearius, and U. maydis (Johnson et al. 2013; Munawar et al. 2013; Schwecke 
et al. 2006; Welzel et al. 2005). These proteins synthesize the hydroxamate-type siderophores, 
ferricrocin (Schrettl et al. 2008; Wallner et al. 2009), ferricrocin (Eisendle et al. 2003), 
epichloënin A (Johnson et al. 2013; Koulman et al. 2012), ferrirhodin (Munawar et al. 2013), 
ferrichrome A (Welzel et al. 2005), and ferrichrome A (Yuan et al. 2001), respectively. All 
genes encoding these proteins, except the gene encoding AAX49356.1 of Om. olearius, were 
orthologous to the genes for NDSSs predicted in the studied Physalacriaceae. 

Results from this study provide some insights into the characteristics of the putative NDSSs of 
the studied Physalacriaceae. The variations in products biosynthesized by known NDSSs, 
irrespective of similarities in domain architectures, demonstrate that NRPSs with the 
same/similar architectures can synthesize different siderophores (Schwecke et al. 2006). 
Likewise, NDSS genes which differ in their domain architectures have been found to 
synthesize homologous products (Schwecke et al. 2006). Hence, based on domain 
architectures, similarity of the products of the presently predicted NDSSs to that reported for 
the orthologous NDSSs which synthesize the characterized siderophores in other fungi cannot 
be fully established. It is also unclear, based on the domain architectures in comparison to 
characterized NDSSs, if the siderophores produced by the NDSS genes of members of the 
Physalacriaceae are intracellular, extracellular, or both. 

A-domain phylogeny, Stachelhaus sequences, and substrate specificity 

Phylogeny of the A-domains of NDSSs in the Armillaria and Desarmillaria species showed 
that the domains are highly conserved. The phylogenetic analyses also placed the A-domains 
into three well supported orthologous groups, which have been designated A1, A2 and A3. The 
Stachelhaus codes and the associated predicted substrate specificities of the A-domains were 
similar to the observations made using the phylogenetic analyses. The codes 
DPMMWMAINK, DVLFIITIIK, DVQHTITVVK, and DVQHTITIVK have been previously 
reported in other NDSSs (Schwecke et al. 2006). 

The A1 domain code, DPMMWMAINK, has previously been predicted to activate serine 
(Schwecke et al. 2006). However, NRPSPredictor2 failed to allow for the prediction of a 
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substrate specificity for the A1 domains bearing DPMMWMAINK code in the NDSSs 
identified in this study except for those of D. tabescens and C. torrendii. The predicted 
candidate substrates of the A1 domains of these species were three proteinogenic amino acids 
with hydrophobic side chains (val, leucine (leu), and iso), and two non-proteinogenic amino 
acids (L-alpha-aminobutyric acid (abu) and isovaline (iva)). 

The A2-domain codes DVLFIITIIK, DVQHTITIVK, and DVQHTITVVK have previously 
been predicted to activate glycine (Schwecke et al. 2006). However, the results from our study 
suggest that DVLFIITIIK activates proline (pro) or leu, DVQHTITIVK activates pro, and 
DVQHTITVVK activates hydrophobic-aliphatic amino acids in general. 

The A3-domain codes found in the members of the Physalacriaceae differed from the A3-
domain codes previously reported for other characterized NDSSs in As. fumigatus, As. 
nudilans, E. festucae, Om. olearius, and U. maydis (Johnson et al. 2007; Schwecke et al. 2006; 
Welzel et al. 2005; Winterberg et al. 2010). The A3 domains of the NRPSs of these species 
activate N5-hydroxy-L-ornithine (L-AHO), N5-trans-anhydromevalonyl-N5-hydroxyornithine 
(trans-AMHO), N5-trans-(α-methyl)-glutaconyl-N5-hydroxy-L-ornithine (L-MGHO), and N5-
trans-(α-methyl)-glutaconyl-N5-hydroxy-L-ornithine (L-MGHO), respectively (Schwecke et 
al. 2006; Welzel et al. 2005; Winterberg et al. 2010). It is noteworthy that L-N5-ornithine 
monooxygenases have been found to be located within the clusters bearing the characterized 
NDSSs in the other fungi (Le Govic et al. 2018; Schwecke et al. 2006). No other gene in the 
characterized NDSS gene clusters in the genomes of the other fungi has been associated with 
an enzyme linked to the other A-domains of the NRPSs encoded by the respective NRPS genes. 

Inaccuracy of NRPS A-domain substrate predictions of various tools including 
NRPSPredictor2 has previously been reviewed in Vassaux et al. (2019). Nonetheless, we have 
demonstrated that the A1-A3 domains of the NDSSs predicted in the genomes of the studied 
Armillaria spp. and other members of the Physalacriaceae may also differ in terms of their 
substrate specificity compared to characterized NDSSs in other fungi. 

Siderophore biosynthesis and mycelia growth of selected strains of Armillaria spp. 

In vitro siderophore biosynthesis was observed in the studied Armillaria spp., irrespective of 
their lifestyle. Change from blue to reddish-orange, orange, purplish-red, and purple 
correspond to production of monohydroxamate, trihydroxamate, catecholate, and catecholate 
siderophores respectively, at neutral pH of CAS-assay medium/solution (Arora and Verma 
2017; Milagres et al. 1999). Our results show that the Armillaria strains included in this study 
produce both hydroxamate and catecholate siderophores. These results concur with earlier 
studies in which co-production of different types of siderophores in vitro has been reported for 
various organisms (Kügler et al. 2020; Maglangit et al. 2019; Wang et al. 2021). To the best of 
our knowledge, the production of siderophores by strains of Armillaria spp. is first to be 
demonstrated in the present study. Our results serve as preliminary evidence that the NDSS 
clusters in Armillaria spp. are potentially functional and may biosynthesize siderophores. This 
is important as it has been established by Wiemann et al. (2013) that the mere existence of a 
SMGC (remnants) in the genomes of organisms such as Fusarium spp. does not necessarily 
translate to production of the associated secondary metabolites. 

Different color changes correspond to different nature of siderophores while different color 
intensities suggest production of different concentration of siderophores (Milagres et al. 1999). 
In the present study, interspecific variation in siderophore biosynthesis was observed both in 
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terms of nature and concentration irrespective of the assay used and the lifestyle of the 
Armillaria spp. Inter-specific variation in siderophore biosynthesis has also been reported for 
Trichoderma spp. (Chen et al. 2019). Biosynthesis of different nature and concentration of 
siderophores were also recorded depending on whether the universal and modified CAS assays 
were used. To the best of our knowledge, the presently observed differences in siderophore 
biosynthesis between these two assays has not been previously reported. The CAS agar 
contained casamino acids while MYA contained malt and yeast extracts. We propose that the 
observed variations in siderophore biosynthesis in the respective assays may be due to different 
substrates used by the presently reported NDSS and the suspected NRPS-independent 
siderophore synthetases in the genomes of Armillaria spp. Substrate specificity assays 
combined with gene modifications and siderophore extraction and characterization will be 
required to assess this assertion. 

Siderophore biosynthesis of Armillaria spp. in this study corroborates previous reports of 
siderophore biosynthesis by various basidiomycetes (Brandenburger et al. 2017; Milagres et 
al. 1999; Narh Mensah et al. 2018; Welzel et al. 2005). The clear zones at the mycelia margins 
of some basidiomycetes species cultured on CAS agar reported by Narh Mensah et al. (2018) 
was, however, not observed in the present study. In C. subvermispora, the NDSS, CsNPS2, 
catalyzes biosynthesis of the trimeric hydroxamate siderophore, basidioferrin (Brandenburger 
et al. 2017). The NDSS cluster in Om. olearius, which contains the orthologous NDSS, FSO1, 
catalyzes biosynthesis of the hydroxamate siderophore, ferrichrome A (Welzel et al. 2005). 

The various strains of Armillaria spp. presently studied also showed differential growth rates 
on CAS. Variation in growth on the respective media was earlier reported for various 
basidiomycetes and other fungi, as well as gram-positive bacteria due to the toxicity of 
HDTMA and the sensitivity of the organisms to the HDTMA contained in CAS media (Schwyn 
and Neilands 1987). As such, the Armillaria strains may vary in their response to HDTMA 
resulting in the different growth rates. It would be interesting to investigate what drives the 
apparent differential response to HDTMA by Armillaria spp. 

Conclusions 

There is currently a large knowledge gap about secondary metabolism in Ascomycota and 
Basidiomycota. This study has contributed to bridging this knowledge gap in Basidiomycota 
from the genomic and biological perspective. We have demonstrated that Armillaria spp. 
generally contain one highly conserved, potentially functional NRPS-dependent siderophore 
synthetase gene cluster although some interspecific variation in the biosynthetic products of 
these clusters is expected. The study has also revealed that the identified NRPS-dependent 
siderophore synthetase gene clusters in the genomes of Desarmillaria spp. and the closely 
related G. necrorhizus are more syntenic to those of Armillaria spp. than to the other 
Physalacriaceae species. Additionally, the products of these NRPS-dependent siderophore 
synthetases and their clusters may be structurally and functionally different (in terms of affinity 
for ferric iron) from those of the characterized NRPS-dependent siderophore synthetase 
clusters in other fungal species. Inter-specific variation in siderophore biosynthesis in 
Armillaria spp. was also recorded. Molecular, biochemical, and biological characterization 
such as gene deletion/mutations, substrate specificity assays, proteomics, metabolomics, and 
co-culturing will be required to fully characterize the genes in these predicted clusters. Such 
studies will also be required to determine the function and relevance of the genes in the clusters, 
investigate the biological roles of the predicted introns in the NRPS-dependent siderophore 
synthetase genes, determine the biosynthetic model/overall biosynthesis pathway of the 
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clusters, characterize the products of the clusters, determine the ability of other organisms to 
utilize the products of the clusters as xenosiderophores, and to elucidate the role of the products 
in pathogenicity/virulence as well as other biological functions of these products if any. This 
is the first report of siderophore biosynthesis by strains of Armillaria spp. 
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