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Abstract 

 

Polyketides are low-molecular weight secondary metabolites with diverse biological 

activities.  Polyketide synthase (PKS) and other proteins responsible for producing these 

compounds are often encoded from genes that are clustered in the same genomic region. 

Functional analyses and recent genomic studies are increasingly showing that most fungi are 

capable of producing a repertoire of PKS compounds. In this study, we considered the 

potential of Ceratocystidaceae for producing polyketides by making use of a comparative 

genomics approach. The fungi in this family have diverse lifestyles ranging from being 

saprotrophs, insect associates through to plant pathogens. Our specific aims were to identify 

the putative polyketide biosynthesis gene clusters, to characterize them at the structural and 

phylogenetic levels and to predict the types of polyketide compounds they might produce. 

For this purpose, we used the whole genome sequences from nineteen species in the genera, 

Ceratocystis, Endoconidiophora, Davidsoniella, Huntiella, Thielaviopsis and Bretziella, to 

identify and characterise PKS gene clusters, by employing a range of bioinformatics and 

phylogenetic tools. Our results showed that all of the examined genomes contained putative 

clusters containing a non-reducing type I PKS and a type III PKS. Phylogenetic analyses 

suggested that these genes were already present in the ancestor of the Ceratocystidaceae after 

which they diverged together with the species harbouring them. By contrast, the various 

reducing type I PKS-containing clusters identified in these genomes, appeared to have 

distinct origins during the evolution of this family. Although one of the identified clusters 

potentially allows for the production of melanin, their functional characterization will 

undoubtedly reveal many novel and important compounds implicated in the biology of the 

Ceratocystidaceae.  

 

 

Keywords: Polyketide synthase, gene, cluster  
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1.1. Introduction 

Polyketides belong to a group of low-molecular weight compounds typically referred to as 

secondary metabolites (Keller et al 2005). Polyketides are structurally diverse and show a 

range of biological and pharmacological activities (Keller et al 2005). They are produced in a 

process reminiscent of fatty acid biosynthesis from short chain carboxylic molecules (i.e., 

acyl coenzyme A [CoA]) (Rawlings 1997; Keller et al 2005). The process is catalysed by 

polyketide synthases (PKSs), which may represent one of three types (PKS-I, PKS-II or PKS-

III) depending on their primary structures, sequences and catalytic mechanisms (Chan et al 

2009; Cox and Simpson 2010). 

 

As is true for many other classes of secondary metabolites, the genes required for producing 

polyketides typically occur in the same genomic region where they are usually expressed 

together (Keller et al 2005; Shwab and Keller 2008; Osbourn 2010). In fact, the need for 

coordinated gene expression has been suggested as one of the evolutionary drivers for 

clustering the genetic determinants of secondary metabolite biosynthesis (Khaldi and Wolfe 

2011). Another hypothesis is that clustering confers a selective advantage to the gene cluster 

itself (Walton 2000; Keller et al 2005). Nevertheless, a typical polyketide biosynthesis cluster 

would thus include the core PKS synthase gene for producing the parent compound and 

various additional genes whose products may be involved in processes such as expression 

regulation of the cluster and additional post-translational modifications of the parent 

polyketide (also referred to as tailoring enzymes), as well as its cellular transport (Brown et al 

2012; Osbourn 2010). 

 

In fungi, polyketides are the most abundant secondary metabolites (Keller et al 2005). For 

instance, a recent comparative genomic study of Fusarium graminearum, Fusarium 

oxysporum, and Fusarium verticillioides identified 46 likely secondary metabolite 

biosynthesis gene clusters, of which 87 % comprised PKS genes (Ma et al 2013). Of the three 

known types of PKS, only the PKS-I and PKS-III types have so far been reported from fungi, 

with PKS-II only known so far from bacteria.  

 

Fungal PKS-I closely resembles the fatty acyl synthases of Saccharomyces 

cerevisiae and animals and is a large multi-domain enzyme (Cane et al 1998). Most are 

iterative and thus perform repeated cycles of polyketide chain elongation and associated 
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functional group modification to produce the final polyketide molecule (e.g., a non-iterative 

enzyme would carry out only one cycle of biosynthetic and modification reactions to make a 

diketide). A PKS-I always comprises beta-ketoacyl synthase (KS), acyl carrier protein (ACP) 

and acyl transferase (AT) domains. Some may also contain domains for starter 

acyltransferase (SAT), thioesterase (TE) and C-methyltransferase (MET), as well as the 

product template domain (PT). Those that reduce the ketone groups in their ketide subunits 

may also contain beta-ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER) 

domains (Kroken et al 2003). Therefore, apart from the KS, AT and ACP domains, a non-

reducing (NR) PKS-I (i.e., NR-PKS-1) may include the SAT, TE, PT and MET domains. Its 

reducing (R) counterpart (i.e., R-PKS-1) additionally contains one or more of the KR, DH 

and ER domains, depending on the degree to which keto groups need reduction to hydroxyl 

groups (Cox 2007; Kroken et al 2003).  

 

Compared to PKS-I, PKS-III is much less abundant in fungi (Hashimoto et al 2014). 

However, interest in this protein type is growing due to the numerous compounds it has been 

reported to produce (Austin and Noel 2003) including chalcones, pyrones, phloroglucinols, 

acridones, stilbenes, and resorcinolic lipids (Yu et al 2012; Hashimoto et al 2014). PKS-III is 

also known as the chalcone synthase-like PKS and is architecturally relatively simple, 

consisting of homodimers of identical monomeric KS domains (Austin and Noel 2003). In an 

ACP-independent manner, the single active site in each monomer catalyses full cycles of 

polyketide chain elongation, together with the associated functional group modifications, to 

iteratively form polyketide products (Austin and Noel 2003).  

 

While a wide array of polyketides have been identified and characterized in filamentous fungi 

(Beck et al 1990; Chang et al 1995; Fulton et al 1999; Graziani et al 2004), little information 

is available for Ascomycota classified in the Ceratocystidaceae (Order: Microascales) (De 

Beer et al 2014). Based on the number of anticipated secondary metabolite clusters per fungal 

genome, earlier studies propose that most fungi are capable of synthesizing up to 10-fold 

more secondary metabolites than formerly characterized and identified by chemical analysis 

(Ma et al 2013). Due to their abundance in fungi, the same pattern would potentially also hold 

true for polyketide biosynthesis in the Ceratocystidaceae. Therefore, our overall objectives 

were to identify in these fungi putative polyketide biosynthesis gene clusters (hereafter 

referred to as PKS clusters), to characterize them at the structural and phylogenetic levels and 

to predict the types of polyketide compounds they might produce. For this purpose, we 
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utilized as wide a taxon sampling as possible by including all of the published genome 

sequences for members of this family. In total, we used 20 genomes representing 19 species 

and six genera (i.e., Ceratocystis, Huntiella, Thielaviopsis, Endoconidiophora, Bretziella and 

Davidsoniella) in this family (De Beer et al 2014; De Beer et al 2017). We also included the 

genome for C. adiposa that is known to represent a discrete genus in the family, but whose 

taxonomy has not yet been revised (De Beer et al 2014).  

 

1.2. Materials and methods 

1.2.1. Identification and annotation of PKS clusters 

For each of the 20 genomes included in this study (Table 1), we evaluated the completeness 

of the assemblies using version 2.0 of the programme Benchmarking Universal Single-Copy 

Orthologs (BUSCO) with the Fungal dataset  (Simão et al 2015).  To identify contigs 

containing secondary metabolite biosynthesis clusters we used version 4.0 of the Antibiotics 

and Secondary Metabolite Analysis Shell (antiSMASH) software (Blin et al 2017) at the 

Secondary Metabolite Bioinformatics Portal (http://www.secondarymetabolites.org/; Weber 

and Kim 2016). antiSMASH utilizes the Cluster Assignment by Islands of Sites (CASSIS) 

algorithm to predict and confirm the borders of secondary metabolite biosynthesis clusters, 

which assumes the existence of common regulatory patterns in cluster promoters for cluster 

delimitation (Wolf et al 2016). These annotations were confirmed using programme 

Secondary Metabolite Unknown Regions Finder (SMURF; www.jcvi.org/smurf/) (Khaldi et 

al 2010). 

 

The open reading frames (ORFs) encoded on these contigs (containing putative PKS clusters) 

were then predicted with Web AUGUSTUS (http://bioinf.uni-greifswald.de/augustus/; Stanke 

and Morgenstern 2005). Assigned ORFs were examined for signature domains of the target 

secondary metabolite biosynthesis genes by InterProScan (Zdobnov and Apweiler 2001). 

PKS genes and domains were also annotated with ClustScan (Starcevic et al 2008), which 

additionally predicted the chemical structure of the polyketide product’s linear backbone. 

These domain annotations were verified with the Secondary Metabolites by InterProScan 

(SMIPS) tool (Wolf et al 2016), as well as comparison to those produced manually through 

using the PKS/NRPS analysis website (http://nrps.igs.umaryland.edu/nrps; Bachmann and 

Ravel 2009) and the MOTIF search tool (http://www.genome.jp/tools/motif/). 
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Table 1.  Isolates numbers and genome sequence and completeness information for the species used in this study.  

 

Species 
a
 Isolate number

 

b
 

GenBank Accession 

number 

BUSCO completeness scores 
c
 References 

   Complete and 

Single-copy 

Complete and 

Duplicated 

Fragmented Missing  

B. fagacearum CMW2656 MKGJ00000000 
95,2 

0 3,1 1,7 

Wingfield et al 2016b 

C. adiposa CMW2573 LXGU00000000 
99,3 

0 0,3 0,4 

Wingfield et al 2016a 

C. albifundus CMW13980 JSSU000000000 
97,6 

0 
1,4 1 

Van der Nest et al 2014a 

C. eucalypticola CMW11536 LJOA00000000 
97,9 

0 
1,4 0,7 

Wingfield et al 2015b 

C. fimbriata CMW15049 APWK00000000 
91 

0,3 1,4 7,6 

Wilken et al 2013 

C. harringtonii CMW14789 MKGM0000000 
97,9 

0 0,7 1,4 

Wingfield et al 2016b 

C. manginecans CMW17570 JJRZ000000000 
97,2 

0,3 1,7 1,1 

Van der Nest et al 2014b 

C. platani CF0 LBBL00000000 
99,3 

0 0,4 0 
Belbahri 2015 

C. smalleyii CMW14800 NETT01000000 
99 

0 0,7 0,3 
 

D. virescens CMW17339 LJZU000000000 
97,6 

0 1,4 1 

Wingfield et al 2015b 

E. laricicola CMW20928 LXGT00000000 
98,9 

0,3 0,7 0,4 

Wingfield et al 2016a 

E. polonica CMW20930 LXKZ00000000 
97,6 

0 1,4 1 

Wingfield et al 2016a 

H. bhutanensis CMW8217 MJMS00000000 
96,2 

0,3 2,1 1,7 

Wingfield et al 2016b 

H. decipiens CMW30855 NETU00000000 
96,9 

0,3 2,1 1 

Wingfield et al 2017  

H. moniliformis CMW10134 JMSH00000000 
94,8 

0,3 3,4 1,8 

Van der Nest et al 2014b 

H. omanensis CMW11056 JSUI000000000 
88,6 

0,3 7,9 3,5 

Van der Nest et al 2014a 

H. savannae CMW17300 LCZG00000000 
96,2 

1,7 2,1 1,7 

Van der Nest et al 2015 
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http://www.ncbi.nlm.nih.gov/nuccore/659897181
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T. musarum CMW1546 LKBB00000000 
98,6 

0 1,4 0 

Wingfield et al 2015b 

T. punctulata 1 BPI 893173 LAEV00000000 
99,3 

0,7 0,7 0 

Wingfield et al 2015a 

T. punctulata 2 CMW1032 MJMR01000000 
99,7 

0,7 0,3 0 

Wilken et al 2018 

 
a 

The two isolates of T. punctulata included here are indicated with the digits “1” and „2‟. 

 
b 

Isolates with CMW numbers may be obtained from the culture collection of the Tree Protection Cooperative Programme (TPCP) Forestry and Agricultural Biotechnology Institute 

(FABI) University of Pretoria Pretoria South Africa.  Those with CFO and BPI numbers may be obtained from respectively Istituto per la Protezione delle Piante (Consiglio 

Nazionale delel Ricerche Florence Italy) and the US National Fungus Collections Systematic Botany and Mycology Laboratory Maryland U.S.A 

 
c 

The completeness of each genome assembly and annotation was evaluated with the Benchmarking Universal Single-Copy Orthologs (BUSCO) v. 2 tool, by employing the set of 

single copy genes conserved among all fungi (Simão  et  al  2015). 
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All predicted PKS clusters and PKS domain organizations were evaluated manually 

(Ichikawa et al 2012). For this purpose, similarity searches were done using tblastn and blastp 

against the non-redundant (nr) protein sequence database of the National Centre for 

Biotechnology Information (NCBI; http://blast.ncbi.nlm.nih.gov/). We considered our genes 

homologous to these known ones when they had more than 60% similarity in a blast search, 

and also when their domain architectures had high similarity.  

 

We employed a PCR-based approach for confirming the organization of the genes in each of 

the identified PKS clusters, by making use of a representative from each the five genera 

included in this study. For this purpose, CLC Genomics Workbench v. 8.0.1 (CLCBio, 

Aarhus Denmark) and Primer3 v. 0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/) were used to 

design primers that would allow amplification of individual genes, as well as the regions 

between them. Correlation between predicted and observed amplicon sizes were used as 

evidence that the specific cluster was correctly assembled (see supplementary file S1 for 

details regarding DNA extraction methods, primer sequences, PCR conditions and expected 

product sizes). 

 

1.2.2. Phylogenetic analysis  

The inferred amino acid sequences for the PKS gene or only its KS domain (i.e., encoding 

beta-ketoacyl synthase) were subjected to phylogenetic analysis. The datasets used in these 

analyses consisted of the sequences of the various Ceratocystidaceae species used in this 

study, as well as those for representative taxa obtained from NCBI and Joint Genome 

Institute (JGI; https://jgi.doe.gov/our-science/science-programs/fungal-genomics/). For this 

purpose, blastp with the Ceratocystidaceae sequences were used to query NCBI’s protein 

database, as well as that of the JGI via MycoCosm (Grigoriev et al 2014). In both cases, the 

top sequence hits were downloaded and included in our gene datasets.  

 

Individual gene sequence sets were subjected to multiple sequence alignment based on fast 

Fourier transform (MAFFT; http://mafft.cbrc.jp/alignment/server/) (Katoh et al 2017). 

Phylogenetic trees were inferred with Molecular Evolutionary Genetics Analysis (MEGA) v. 

7 (Tamura et al 2013) by making use of amino acid distances (based on the number of 

differences) and neighbor-joining (Saitou and Nei 1987). We also used MEGA to infer 

maximum likelihood phylogenies for the different datasets by making us of the model 
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parameters indicated by ProtTest (Abascal et al 2005). In both cases, branch support was 

estimated using 1000 bootstrap replicates. 

 

1.3. Results 

1.3.1. Identification and annotation of PKS clusters 

Before identifying PKS genes and clusters, we first evaluated the relative completeness of the 

genome assemblies used in this study. The analyses with BUSCO showed that most 

assemblies were characterized by a high level of completeness as they lacked only 0-1.8% of 

the conserved single-copy genes common to all fungi (Table 1). These data thus showed that 

the genomes examined would allow for meaningful comparisons. To compensate for the two 

assemblies with slightly poorer completeness scores (i.e., C. fimbriata and H. omanensis that 

respectively lacked 7.6% and 3.5%), we included multiple other representatives from the two 

genera with high-quality assemblies in our dataset.   

 

Our analyses with antiSMASH, SMURF, InterProScan, SMIPs, MOTIF and blastp against 

NCBI’s non-redundant protein database indicated that all 20 of the Ceratocystidaceae 

genomes encode PKS genes with high similarity to homologs in various Sordariomycetes 

(Tables 2-4; Supplementary file S2). Examination of the regions surrounding the respective 

PKS genes revealed that they occur in clusters that appeared to be conserved in some 

members of the Ceratocystidaceae. A total of eight such clusters were identified among the 

genomes examined (Figures 1 and 2; see supplementary file S3 for details regarding the 

genomic annotation of these cluster). By using a representative from each genus, the 

organization of these clusters were confirmed using PCR analysis of the inter- and intragenic 

regions. In these analyses, correlation between predicted and observed PCR fragment sizes 

provided evidence that the specific cluster was correctly assembled (Supplementary file S1).   
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Table 2. Comparison of the size (in amino acid residues, aa) and domain structure of the Ceratocystidaceae PKS-III proteins with that of the top BlastP hit in the NCBI database.  

 

 

Ceratocystidaceae PKS-III  Size 

(aa)  

Domain 

Organization
*
 

Information regarding the top BlastP hit 

   Accession number Species Size (aa) Domain 

organization* 

Davidsoniella 426 CHS KFA65321 Stachybotrys chlorohalonata 1159 CHS 

Thielaviopsis 435 CHS KXH46773 Colletotrichum simondsii 442 CHS 

Ceratocystis 434 CHS KFA54710 Stachybotrys chlorohalonata 449 CHS 

Bretziella 839 CHS-MviM OAA68032 Sporothrix insectorum 464 CHS 

Huntiella 739 CHS-MviM KDN65911 Colletotrichum sublineola 442 CHS  

Endoconidiophora 426 CHS XP_016585873 Sporothrix schenckii 440 CHS 

 
*
CHS and MviM correspond to chalcone and stilbene synthase and dehydrogenase domains respectively.  
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Table 3. Comparison of the size (in amino acid residues, aa) and domain structure of the Ceratocystidaceae NR-PKS-I proteins with that of the top BlastP hit in the NCBI database.  

 

Ceratocystidaceae NR-

PKS-I  

Size 

(aa)  

Domain Organization
*
 Information regarding the top BlastP hit 

   Accession number Species Size 

(aa) 

Domain Organization* 

Davidsoniella 2185 KS-AT-DH-ACP-ACP-TE XP016640516 Scedosporidium apiospermum 2166 KS-AT-DH-ACP-ACP-TE 

Thielaviopsis 2184 KS-AT-DH-ACP-ACP-TE AHA15770 Scedosporidium boydii 2171 KS-AT-DH-ACP-ACP-TE 

Ceratocystis 2195 KS-AT-DH-ACP-ACP-TE AHA15770 Scedosporidium boydii 2171 KS-AT-DH-ACP-ACP-TE 

Bretziella 2214 KS-AT-DH-ACP-ACP-TE OLN85997 Colletotrichum chlorophyti 2184 KS-AT-DH-ACP-ACP-TE 

Huntiella 2175 KS-AT-DH-ACP-ACP-TE XP_018155915 Colletotrichum higginsanum 2198 KS-AT-DH-ACP-ACP-TE 

Endoconidiophora 2192 KS-AT-DH-ACP-ACP-TE XP016640516 Scedosporidium apiospermum 

 

2166 KS-AT-DH-ACP-ACP-TE 

 
*
KS AT DH ACP and TE correspond to ketosynthase acyltransferase dehydratase acyl carrier protein and thioesterase domains respectively.  
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Table 4. Comparison of the size (in amino acid residues) and domain structure of the Ceratocystidaceae R-PKS-I proteins with that of the top BlastP hit in the NCBI database.  

 

Ceratocystidaceae R-PKS-

I  

Size 

(aa)  

Domain Organization* Information regarding the top BlastP hit 

   Accession Name Size 

(aa) 

Domain organization* 

 

R-PKS-I homolog A       

Ceratocystis 2272 KS-AT-DH-ER-KR-ACP ALQ32773 Fusarium babinda 2354 KS-AT-DH-ER-KR-ACP 

C. adiposa  2299 KS-AT-DH-ER-KR-ACP ETS00110 Trichoderma reesei 2348 KS-AT-DH-ER-KR 

B. fagacearum 2274 KS-AT-DH-ER-KR-ACP XP_018157330 Colletotrichum higginsianum 2358 KS-AT-DH-ER-KR 

Davidsoniella   2312 KS-AT-DH-ER-KR-ACP ALQ32896 Fusarium poae 2346 KS-AT-DH-ER-KR-ACP 

Endoconidiophora   2312 KS-AT-DH-ER-KR-ACP ALQ32896 Fusarium poae 2346 KS-AT-DH-ER-KR-ACP 

Thielaviopsis   2322 KS-AT-DH-ER-KR-ACP ALQ32804 Fusarium commune 2351 KS-AT-DH-ER-KR-ACP 

Huntiella 

 

2300 KS-AT-DH-MET-ER-KR-ACP ALQ32840 Fusarium euwallaceae 2318 KS-AT-DH-ER-KR-ACP 

R-PKS-I homolog B       

Davidsoniella 2539 KS-AT-DH-MET-ER-KR-ACP KJZ77319 Hirsutella minnesotensis 2477 KS-AT-DH-ER-KR-ACP 

Endoconidiophora  2641 KS-AT-DH-MET-ER-KR-ACP KPM39648 Neonectria ditissima 2595 KS-AT-DH-MET-ER-KR-ACP 

Huntiella 2488 KS-AT-DH-MET-ER-KR-ACP KXX79732 Madurella mycetomatis 2625 KS-AT-DH-MET-ER-KR-ACP 

 

R-PKS-I homolog C 

      

T. punctulata 2551 KS-AT-DH-MET-ER-KR-ACP KJZ77319 Hirsutella minnesotensis 2477 KS-AT-DH-MET-ER-KR-ACP 

Davidsoniella 2565 KS-AT-DH-MET-ER-KR-ACP KJZ77319 Hirsutella minnesotensis 2477 KS-AT-DH-MET-ER-KR-ACP 

Endoconidiophora  2547 KS-AT-DH-MET-ER-KR-ACP KJZ77319 Hirsutella minnesotensis 2477 KS-AT-DH-MET-ER-KR-ACP 

 

R-PKS-I homolog D 

      

Davidsoniella 2513 KS-AT-DH-MET-ER-KR-ACP KPM39648  Neonectria ditissima 2595 KS-AT-DH-MET-ER-KR-ACP 

Thielaviopsis  2546 KS-AT-DH-MET-ER-KR-ACP KJZ77319 Hirsutella minnesotensis 2477 KS-AT-DH-MET-ER-KR-ACP 

       

 

*KS AT ACP DH KR ER and MET correspond to ketosynthase acyltransferase acyl carrier protein dehydratase ketoreductase Enoylreductase and Methyltransferase domains 

respectively.  
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Fig 1. Gene clusters identified in the Ceratocystidaceae as containing type I reducing polyketide synthase (R-

PKS-I) genes. The clusters were named (A-D) based on the phylogenetic relatedness among their PKS genes 

(see Figure 5).  Coding region and orientation are indicated with block arrows. Annotation information in the 

genomes of the respective isolates examined are provided in Supplementary File S3. Abbreviations are as 

follows: MFS = Major facilitator protein, PKS = Polyketide synthase, FA desaturase = Fatty acid desaturase, 

RDRP = RNA dependent RNA polymerase, NAC = NAC transcription factor domain containing protein, GTP 

binding = guanine trimeric nucleotide-binding protein, Co-A transferase = Co acetyl transferase and NUP-54 = 

Nucleoporin 54.   
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Fig 2. Gene clusters identified in the Ceratocystidaceae as containing respectively type I non-reducing 

polyketide synthase (NR-PKS-I) and type III polyketide synthase (PKS-III) genes. Coding region and 

orientation are indicated with block arrows. Annotation information in the genomes of the respective isolates 

examined are provided in Supplementary File S3. Abbreviations are as follows: BZZ-1 = polymerization 

protein, CEFM = major facilitator superfamily, THN reductase = Tetrahydroxynaphthalene reductase.  

 

The identified clusters were grouped based on the domain structure of the predicted PKS 

proteins (Tables 2-4). One of the clusters included a putative PKS-III (Figure 2; Table 2) and 

a single copy of this cluster was also present in all of the Ceratocystidaceae genomes 

examined. The remaining seven clusters all encoded a putative PKS-I that, based on the 

presence/absence of certain domains, were further grouped into those containing R-PKS-I 

(Figure 1) and NR-PKS-I (Figure 2) genes. A single copy of the cluster containing NR-PKS-I 

(designated as such due to absence of KR, ER or DH domains) also occurred in all of the 

genomes examined (Figure 2, Table 3). The remaining six clusters all contained a putative R-

PKS-I because of the presence of domains implicated in ketide reduction (i.e., KR, ER and 

DH) (Figure 5, Table 4).  

 

1.3.2. Phylogenetic analysis  

Phylogenetic analysis separated the Ceratocystidaceae sequences into a distinct and well 

supported clade in both the PKS-III and NR-PKS-I trees (Figures 3 and 4). In these trees, 

similar groupings among the Ceratocystidaceae sequences were also observed. For example, 

the Ceratocystis sequences grouped together and formed the sister clade of a broader clade 
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containing all the other Ceratocystidaceae sequences. The only exceptions were the B. 

fagacearum and C. adiposa sequences, which were nested within this broader 

Ceratocystidaceae clade. These groupings generally mirrored the taxonomy and known 

relationships of the isolates from which the sequences came; i.e., the respective Huntiella and 

Thielaviopsis formed distinct clades, and those from Endoconidiophora and Davidsoniella 

formed a clade (De Beer et al 2014). 

 

Fig 3. Neighbor-joining tree inferred from the PKS-III gene sequences examined in this study. GenBank 

accession numbers or sequence identifiers from genome projects for each sequence are provided in parentheses. 

Similar groups were obtained with the maximum likelihood analysis.  Percentage bootstrap support (based on a 

1000 repeats) is indicated at the internodes, with those for the neighbour-joining distance-based analysis above 

the branches and those for the maximum likelihood below the branches. 
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Fig 4. Neighbor-joining tree inferred from the beta-ketoacyl synthase (KS) domain of the non-reducing PKS-I 

gene sequences examined in this study. GenBank accession numbers or sequence identifiers from genome 

projects for each sequence are provided in parentheses. Similar groups were obtained with the maximum 

likelihood analysis. Percentage bootstrap support (based on a 1000 repeats) is indicated at the internodes, with 

those for the neighbour-joining distance-based analysis above the branches and those for the maximum 

likelihood below the branches. 

 

Phylogenetic analysis of the KS domain of the predicted R-PKS-I protein separated the 

Ceratocystidaceae into four well-supported clades, which we designated A-D (Figure 5). The 

respective R-PKS-I genes included in each of these clades were designated accordingly (i.e., 

R-PKS-I A through to R-PKS-I D) (see Table 3). We also applied these designations to the 

gene clusters in which the respective PKS genes occurred (see Figure 1).   
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Fig 5. Neighbor-joining tree inferred from the beta-ketoacyl synthase (KS) domain of the reducing PKS-I gene 

sequences examined in this study. The four main clades recovered for the Ceratocystidaceae are indicated in 

bold with the letters A-D. Similar groups were obtained with the maximum likelihood analysis.  GenBank 

accession numbers or sequence identifiers from genome projects for each of these sequences are provided in 

parentheses. Percentage bootstrap support (based on a 1000 repeats) is indicated at the internodes, with those for 

the neighbour-joining distance-based analysis above the branches and those for the maximum likelihood below 

the branches. 
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R-PKS-I clade A included sequences from all 20 of the genomes examined in this study, 

although the corresponding cluster of the Huntiella species differed dramatically from that of 

the other Ceratocystidaceae species (Figures 1 and 5). The groupings among the sequences in 

clade A broadly corresponded with taxonomic expectations (De Beer et al 2014).  Clade D 

included sequences from all the Thielaviopsis and Davidsoniella genomes examined, 

although the gene clusters containing these R-PKS-I genes were markedly different between 

the two genera (Figure 1). Clade B included KS sequences from all the Endocondiophora and 

Huntiella species examined, as well as Davidsoniella. Clade C included sequences from all 

the analysed Davisoniella and Endoconidiophora genomes, as well as Thielaviopsis. In both 

clades B and C, the gene clusters in which their corresponding R-PKS-I genes occurred were 

similar in content and organization (Figure 1). Overall, the R-PKS-I phylogeny suggested 

multiple and independent evolutionary origins for the gene in the Ceratocystidaceae (Figure 

5). Clades A and B were respectively nested within larger clades containing homologous 

sequences from other Sordariomycetes, including Knoxdaviesia sp. (Microascales). Clades C 

and D had a sister-group relationship and was also nested within a larger clade containing 

Sordariomycetes homologs.  

 

1.3.3. PKS biosynthetic gene cluster structure and predicted products 

The NR-PKS-I cluster was conserved and present in all of the Ceratocystidaceae genomes 

examined (Figure 2). It consisted of genes encoding 60S ribosomal protein, actin 

polymerization protein BZZ-1, ATP-dependent RNA-helicase, a transcription factor, 1,3,8-

tetrahydroxynaphthalene reductase, a dehydrogenase and a transmembrane protein. These 

protein sequences showed high similarity to those from a range of Sordariomycetes including 

Sedosporium boydii and Colletotrichum higginsianum (supplementary file S3). All of the 

Ceratocystidaceae NR-PKS-I genes also encoded a protein consisting of 2175-2195 amino 

acid residues with the same domain structure (i.e., KS-AT-DH-ACP-ACP-TE).   

 

ClustScan could not predict a product for the Ceratocystidaceae NR-PKS-I cluster, but it 

likely allows for the formation of melanin in these fungi. This is because the NR-PKS-I gene 

and cluster showed high similarity to those from other fungi that produce melanin (Figure 2 

and supplementary files S2 and S3). Also, fungal melanin biosynthesis is known to require a 

1,3,8-trihydroxynaphthalene reductase (Chumley and Valent 1990; Perpetua et al 1996) and a 
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transcription factor (Cho et al 2012), and the genes for both are contained within the 

Ceratocystidaceae NR-PKS-I cluster (see Figure 2).   

 

Although, ClustScan could not predict products for any of the gene clusters containing R-

PKS-I homologs, similarity with known PKS clusters indicated a possible role for the R-

PKS-I B cluster of Davidsoniella, Huntiella and Endoconidiophora, and the R-PKS-I D 

cluster in Davidsoniella. The latter comprised genes coding for the PKS (designated here as 

R-PKS-I), a GTP-binding protein, dehydrogenase, 60S ribosomal protein, protein kinase, 

hydroxylase, cytochrome P-450, Mitochondrial carrier protein, transcription factor and Major 

facilitator protein (Figure 1; supplementary file S3). A cluster with similar architecture and 

gene content also has been identified in Acremonium strictum, where it is involved in 

methylorcinaldehyde synthesis (Bailey et al 2007).  

 

The R-PKS-I B cluster identified in Davidsoniella, Huntiella, Endoconidiophora and 

Bretziella included genes coding for a dehydrogenase, transporter, a hydrolase, the PKS 

(designated here as R-PKS-I), cytochrome P-450, a 26S ribosomal protein, dehydrogenase 

and a hydrolase (Figure 1; supplementary file S3). A cluster with this organization and gene 

content has been previously implicated in the production of mycophenoloc acid in 

Penicillium brevicompactum (Regueira et al 2011; Hansen et al 2011). The core gene of the 

cluster also showed a very high similarity to Madurella mycetomattis lovastatine diketide 

(supplementary file S3). 

 

Although the remaining R-PKS-I clusters and their genes showed high similarity to those in 

other fungi (Figure 2 and supplementary files S2 and S3), ClustScan could also not predict a 

product for any of them. Based on their gene content, however, the R-PKS-I A cluster 

probably does not represent a functional PKS biosynthesis cluster. This is because the region 

surrounding the PKS gene did not contain genes encoding regulatory proteins, proteins that 

would facilitate post-translational modification of the parent polyketide, and cellular transport 

(Brown et al 2012; Osbourn 2010). This is contrast to the situation for the R-PKS-I D cluster 

in Thielaviopsis and the R-PKS-I C cluster in Davidsoniella, Bretziella and 

Endoconidiophora and Huntiella. The latter cluster includes genes encoding multiple 

dehydrogenases, an oxidorecutase and co-A transferase, while the Thielaviopsis R-PKS-I D 

cluster contains genes encoding transcription factors, a transporter and monooxygenase 

(Figure 2 and S3). These genes are typically encoded in functional PKS biosynthetic clusters 
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(Khaldi et al 2010; Keller and Hohn 1997), but their functionality in the Ceratocystidacea 

requires experimental verification.   

 

The PKS-III containing gene cluster, is highly conserved and present in all 20 of the 

Ceratocystidaceae genomes examined (Figure 2). It is composed of a ribonuclease enzyme, a 

mitochondrial 2-oxoglutarate/malate carrier protein, a methylteransferase domain containing 

protein, an ankyrine repeats containing protein, mitochondrial 2-oxodicarboxylate carrier 2, a 

chalcone synthase A (here designated as PKS-III), Bfr-2 and a transcription factor. This 

cluster thus has the requisite gene repertoires of a functional PKS cluster (Seshime et al 

2005), and these genes showed high similarity to those in a range of Sordariomycetes, 

including Stachybotrys, Colletotrichum and Neonectria (supplementary file S3).  

 

1.4. Discussion 

In this study we identified and characterized the repertoire of PKS-containing gene clusters 

potentially involved the production of polyketides in the Ceratocystidaceae. Our results 

showed that the Ceratocystidaceae species harbour between three and six putative PKS 

clusters (two of which are likely not functional). This is comparable to what is known for 

other Ophiostomatoid fungi (Seifert et al 2013), e.g. Ophiostoma ulmi and O. novo-ulmi have 

ten PKS clusters (Sbaraini et al 2017) and Grosmannia clavigera has six (Lah et al 201).  In 

general, however, the Ceratocystidaceae have much fewer PKS clusters than fungi such as 

Trichoderma (Mukherjee et al 2012) and Fusarium (Hansen et al 2015). All of the genomes 

examined in our study contained clusters containing a PKS-III, a NR-PKS-I and at least one 

cluster with a R-PKS-I gene. The only other member of this family for which PKS genes 

and/or clusters have been characterized is E. resinifera in which NR-PKS-I was needed for 

melanin production (Loppnau et al 2004). Our study thus presents a comprehensive 

foundation for exploring the roles of polyketide biosynthesis in this economically important 

group of fungi.  

 

The Ceratocystidaceae NR-PKS-I sequence and domain structure is highly similar to its 

homologs in Neurospora crassa and Colletothrichum sublineola that are involved in melanin 

production (Baroncelli et al 2014). The Ceratocystidaceae cluster containing this gene did 

not exactly match those of other fungi, but the organization of this cluster is not conserved in 

all melanin producing fungi (Keller and Hohn 1997). The fungal melanin biosynthesis PKS is 
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a large multifunctional protein containing KS and AT domains, two tandem ACP domains, 

and a TE domain (sometimes Claisen cyclase) (Vagstad et al 2012). It catalyses the synthesis 

of the pentaketide 1,3,6,8-tetrahydroxynaphthalene, which then undergoes successive 

reduction-dehydration steps to yield 1,8-dihydroxynaphthalene (DHN) from which melanin 

(in fungi referred to as DHN-melanin) is ultimately produced (Butler and Day 1998). Given 

its high similarity to the PKS involved in DHN-melanin biosynthesis and its presence in all of 

the genomes examined, our future research will thus seek to determine whether the 

Ceratocystidaceae NR-PKS-I is indeed involved in the production of this important and 

widely distributed compound (Gómez and Nosanchuk 2003). For example, in E. resinifera, 

disruption of this PKS led to the generation of albino strains (Loppnau et al 2004). Melanin 

production is also known to be an important factor for pathogenicity in high number of 

Ascomycetes (Butler and Day 1998).  

 

Despite the fact that PKS-III is not generally known from the fungi, all of the 

Ceratocystidaceae genomes that were examined here showed a highly conserved cluster that 

contained a homolog of the gene encoding chalcone synthase A (CHS). This cluster was also 

very similar to that reported in Stachybotrys chlorohalonata (Semeiks et al 2014). Few 

studies have examined the role of this enzyme in fungi, but expression analyses have revealed 

that all of the PKS-III genes examined so far, are responsible for the biosynthesis of 

polyketide pyrones and resorcinols (Hashimoto et al 2014). It is thus attractive to speculate 

that the PKS-III identified in this study might have a similar function in the 

Ceratocystidaceae. 

 

PKS-III does not normally have multiple catalytic domains (Chan et al 2009), however our 

study presents an example of where this might not be the case. The PKS-III in all of the 

Huntiella species examined included a dehydrogenase domain together with the normal CHS 

domain. However, structural diversity in the polyketide compounds produced by PKS-III 

usually stem from the diversity of starter and extender units used and other enzymatic 

modifications of the parent compound (Chan et al 2009; Brown et al 2012). Therefore, the 

inclusion of additional catalytic domains may contribute to the diversity of products that 

could potentially be produced by such PKS-III. It is anticipated that with the increasing 

availability of whole genome sequences and development of bioinformatics tools, other 

fungal PKS-IIIs with new and unusual biosynthetic capabilities will be discovered (Vijayan et 

al 2011), as have been shown in plants and bacteria (Morita et al 2010). In fact, according to 
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the knowledge gained from these previous studies on diverse organisms, it should be likely to 

fast track our understanding of the biosynthetic machinery associated with fungal PKS-III 

clusters.  

 

As we mentioned earlier, except for NR-PKS-I, none of the other PKS clusters examined 

were predicted to produce a known compound. Although some of the clusters and core genes 

displayed to other known PKSs, functional analysis is still required. It is thus possible that 

some of our clusters may produce novel compounds. The thioesterase domain is absent in 

some of the identified R-PKS-I genes (TE or CYC), which suggests that the fungi might be 

unable to release their products. As a result, these PKS clusters could probably synthesize 

starter units for other enzymatic systems that have the domain needed for release of the final 

product, as described for zearalenone (Gaffoor and Trail 2006; Kim et al 2005; Lysøe et al 

2006). Alternatively, these clusters could rely on strange accessory enzymes for catalysing 

the metabolites to be released.  

 

Distinctive evolutionary histories were inferred for the three Ceratocystidaceae PKS types. 

The NR-PKS-I and PKS-III clusters were conserved across the family, and the phylogeny 

inferred from their PKS sequences broadly corresponded with the expected relationships 

among the fungi included (De Beer et al 2014). This suggests that the respective clusters were 

already present in the ancestor of the Ceratocystidaceae and that their genetic divergence 

generally matched that of the species hosting them. However, our data for the R-PKS-I genes 

and clusters indicated a scenario involving multiple and independent origins.  In the case of 

R-PKS-I A, a homolog might have been present in the Ceratocystidaceae ancestor, but its 

domain structure and overall gene cluster architecture have changed to a point where the 

Huntiella cluster differed dramatically from those of the other species. In the case of the R-

PKS-I B and C clusters, homologous regions were likely acquired only in specific lineages of 

the Ceratocystidaceae. For example, the R-PKS-I B cluster was present in all of the 

Endoconidiophora, Davidsoniella and Huntiella genomes examined, although Huntiella do 

not represent a close relative of these fungi (De Beer et al 2014). The same was also true for 

the R-PKS-I D in the more distantly related Thielaviopsis and Davidsoniella species, 

although acquisition of the gene was also associated with the development of distinctly 

different gene clusters in the two groups of fungi.   
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Various possible evolutionary mechanisms explain the PKS clusters’ presence and 

distribution within the Ceratocystidaceae genomes examined. Vertical inheritance from 

parent to offspring seems to be the most suitable explanation for the evolution of the family’s 

highly conserved NR-PKS-I and PKS-III clusters. By contrast, some of the R-PKS-I clusters 

were likely acquired in a lineage-specific fashion via horizontal gene transfer (HGT), as have 

been shown for many secondary metabolite biosynthesis clusters in other fungi (Keller et al 

2005; Osbourn 2010). For example, HGT was recently used to explain the distribution of a 

fujikurin-like gene cluster among a wide range and often unrelated plant-associated fungi 

(Sbaraini et al 2013). This is particularly true for the R-PKS-I B and C clusters, although an 

alternative hypothesis for their distribution would involve ancestral duplication, followed by 

subsequent divergence and gene/cluster loss (Kroken et al 2003). We note, however, that 

neither of these hypotheses (i.e., HGT and duplication followed by loss) alone can explain the 

non-homologous structures observed among the R-PKS-I A clusters and among those for R-

PKS-I D. In these instances, initial acquisition (via HGT or gene/cluster duplication and 

losses) combined with de novo cluster formation through rearrangement of existing genetic 

elements most probably led to the clusters observed in extant Ceratocystidaceae (Osbourn 

2010).   
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Supplementary Material 

Supplementary File S1: This file contains information on the PCR-based confirmations of 

gene content and organization of each PKS cluster.   

Supplementary File S2: This file contains information of the top 10 BLAST hits for all PKS 

genes identified in this study. 

Supplementary File S3: This file contains information regarding the annotation of each of the 

PKS clusters identified in the 19 Ceratocystidaceae genomes examined. 
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