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Summary 

 

 

The unique cell walls of macroalgae and fungi are composed of intricate webs of complex 

polysaccharides forming a protective barrier designed to in part to ward off pathogenic and 

opportunistic microbes. The enzymatic systems utilized by microbes to completely 

depolymerize macroalgal and fungal polysaccharides are still poorly elucidated and the 

characterization of novel enzymes will contribute to broaden fundamental knowledge in the 

fields of microbiology, molecular biology, enzymology and biotechnology. Furthermore the 

monomers and oligosaccharides formed by the enzymes reactions shows encouraging 

potentials as high value biochemical precursors, therapeutic agents and nutraceuticals. This 

strongly motivates the systematic search for new enzymes, which are easily produced in 

foreign production hosts and that can produce a variety of oligosaccharides under different 

conditions.             

 

The overall aim of the project was the discovery and the functional characterization of enzyme 

systems involved in the depolymerization of cell wall polysaccharides from both fungi and 

macro algae. For this purpose, an approach using cross disciplinary analysis methods such as 

genomics, proteomics and enzymology was combined, which led to high resolution multi 

angular data of the enzymatic breakdown of polysaccharides by ecologically specialized 

microbes. Fungi were the primary choice of target organisms because of their widely reported 

abilities for secreting high amounts of variable depolymerizing enzymes. The often 

competitive and individualistic lifestyle of these eukaryotes also suggests a higher chance of 

identifying whole enzyme systems necessary for the complete degradation of complex 

polysaccharides. The black marine fungus Paradendryphiella salina was chosen on the basis of 

the reported affinity towards brown macro algae and Trichoderma parareesei for its reported 

necrotic mycoparasitism suggesting both fungi harbored wide enzyme repertoires relevant 

for the complex biomasses in question. The excellent enzyme secretion abilities of both fungi 

were confirmed through culture experiments and enzyme screenings. The systematic 

approach resulted in the discovery and thorough characterization of ten novel polysaccharide 

lyases from the two fungi.  

 

The genome of P. salina were sequenced and annotated with state of the art bioinformatical 

methods. Combined with proteomic analysis of the secretome from the fungal fermentation 

on several species of brown algae four alginate lyases were bioinformatically identified, 

expressed in Pichia pastoris, purified and thoroughly characterized. They constituted the first 

fungal alginate lyases reported in the CAZy database. Three of them belonged to the PL7 

family and were characterized as endo-lytic, producing a variety of oligosaccharides with the 
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highest affinity towards poly-mannuronic acid. The fourth belonged to the PL8 family and 

was characterized as an exo-lytic poly-mannuronic specific lyase, producing dimers and 

monomers. This lyase was the first reported alginate lyase from the PL8 family. Together with 

one of the PL7 lyases they showed a high degree of synergy on alginate. Together all four 

lyases can theoretically degrade the majority of the alginate fraction in the brown algae cell 

wall.      

 

In a similar manner, using the systematic approach the genome of T. parareesei was annotated 

and six lyase genes identified. Based on bioinformatical analysis and prior knowledge gained 

from the discovery of the alginate lyases, the substrate specificity of all six enzymes were 

suggested as glucuronan (poly-glucuronic acid). A shy polysaccharide observed few places in 

nature including fungal cell walls. T. parareesei was subsequently grown on glucuronan and 

cell walls from mushroom fruiting bodies and the plant-pathogen Botrytis cinera. Proteomic 

analysis of the culture supernatants revealed a significant abundance of the lyases in the 

glucuronan and mushroom fermentations. All six lyases were successfully produced in P. 

pastoris and thoroughly characterized, confirming the putative substrate specificity for 

glucuronan. The six lyases were bioinformatically assigned to the four CAZy families; PL7, 

PL8, PL20 and PL38. Except for PL20 they all constituted the first fungal glucuronan lyases in 

their respective families. For PL8 the enzyme constituted the first reported glucuronan lyase 

in the family. Both the PL8 and PL38 were characterized as exo-lytic and the remaining lyases 

as endo-lytic. Additionally, products from the spontaneous tautomerization of the 

unsaturated monomers produced by the PL8 and PL38 were observed through NMR analysis 

and also constitutes the first detailed observation of this phenomena from unsaturated 

glucuronic acid.      

 

The results obtained during this thesis highlights the applicability of the systematic 

multidisciplinary approach for enzyme discovery and contributes significant scientific value 

in relation to the enzymatic depolymerization of polysaccharides found in brown algae and 

fungal cell walls.   
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Dansk sammenfatning 

 

 

Svampe og makroalgers cellevægge er sammensat af komplekse net af polysakkarider, der 

danner en beskyttende barriere designet til delvis at afværge patogener og opportunistiske 

mikrober. De enzymatiske systemer der anvendes af mikrober til depolymerisering af 

makroalge og svampe polysakkarider er stadig dårligt belyst, og karakteriseringen af nye 

enzymer vil bidrage til grundlæggende viden inden for mikrobiologi, molekylærbiologi, 

enzymologi og bioteknologi. De enzym dannede monomerer og oligosakkarider viser gode 

potentialer som højkvalitets biokemiske udgangsstoffer, terapeutiske agenter og kosttilskud. 

Dette motiverer den systematiske søgning efter nye enzymer, der let produceres i 

rekombinante produktionsværter, og som kan producere oligosaccharider under forskellige 

betingelser. 

 

Det overordnede mål for projektet var opdagelsen og den funktionelle karakterisering af 

enzymsystemer, der er involveret i depolymeriseringen af cellevægs polysakkarider fra både 

svampe og makroalger. Til dette formål blev en kombination af tværfaglige analysemetoder 

indenfor genomics, proteomics og enzymologi designet, hvilket potentielt ville føre til 

detaljeret data og perspektiver af den enzymatiske nedbrydning af polysakkarider af 

økologiske specialiserede mikrober. Svampe var de primære objekt organismer på grund af 

deres bredt rapporterede evner til at udskille store mængder af variable depolymeriserende 

enzymer. Den ofte konkurrenceprægede og individualistiske livsstil for disse eukaryoter 

antyder også en større chance for at identificere hele enzymsystemer, der er nødvendige for 

den fuldstændige nedbrydning af komplekse ploysakkarider. Den marine svamp 

Paradendryphiella salina blev valgt på baggrund af dens rapporterede affinitet til brune 

makroalger og Trichoderma parareesei for sin rapporterede nekrotiske mykoparasitiske livstil, 

hvilket tyder på, at begge svampe har brede enzymrepertoirer relevante for de pågældende 

komplekse biomasser. Begge svampes fremragende enzymsekretionsevne blev bekræftet 

gennem dyrkningseksperimenter og enzymscreens. Den systematiske tilgang resulterede i 

opdagelsen og den grundige karakterisering af ti nye polysakkarid-lyaser fra de to svampe. 

 

Genomet af P. salina blev sekventeret og annoteret med de nyeste bioinformatiske metoder. 

Kombineret med proteom analyse af sekretomet fra svampefermenteringen på forskellige 

arter af brune alger, blev fire alginat-lyaser identificeret bioinformatisk, udtrykt i Pichia 

pastoris, oprenset og grundigt karakteriseret. De udgjorde de første svampe alginat-lyaser 

rapporteret i CAZy-databasen. Tre af dem tilhørte PL7-familien og blev karakteriseret som 

endolytiske. Lyaserne opnåede den højeste substrat affinitet mod poly-mannuronsyre og 

producerede oligosaccharider af variable størrelser. Den fjerde lyase tilhørte PL8-familien og 

blev karakteriseret som en exo-lytisk poly-mannuronisk specifik lyase, der producerede 

dimerer og monomerer. Denne lyase var den første rapporterede alginat-lyase fra PL8-
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familien. Sammen med en af PL7-lyaserne viste de en høj grad af synergi på alginat. De fire 

lyaser kan tilsammen i teorien nedbryde størstedelen af alginat fraktionen i cellevægge fra 

brune makroalger. 

 

T. parareesei genomet blev ligeledes annoteret og seks lyase gener identificeret. Baseret på de 

bioinformatiske analyser og den forudgående viden opnået fra opdagelsen af alginat-

lyaserne, blev substratspecificiteten af alle seks enzymer foreslået som glucuronan (poly-

glucuronsyre). Et genert polysakkarid kun observeret få steder i naturen, inklusiv i svampe-

cellevægge. T. parareesei blev efterfølgende dyrket på glucuronan og cellevægge fra svampe-

frugtlegemer og fra den plante-patogene ascomycet Botrytis cinera. Proteom analyser af kultur 

supernatanterne afslørede en signifikant mængde af lyaser i fermenteringerne på glucuronan 

og frugtlegemer. Alle seks lyaser blev med succes produceret i P. pastoris og grundigt 

karakteriserede, hvilket bekræftede den formodede substratspecificitet for glucuronan. De 

seks lyaser blev bioinformatisk tildelt de fire CAZy-familier; PL7, PL8, PL20 og PL38. Bortset 

fra PL20 udgjorde de alle de første svampe-glucuronan lyaser i deres respektive familier. For 

PL8 udgjorde enzymet den første rapporterede glucuronan lyase i familien. Både PL8 og PL38 

blev karakteriseret som exo-lytiske og de resterende lyaser som endo-lytiske. Derudover blev 

produkter fra den spontane tautomerisering af de umættede monomerer produceret af PL8 

og PL38 observeret gennem NMR-analyse og udgør også den første detaljerede observation 

af dette fænomen på umættet glucuronsyre. 

 

Resultaterne opnået under denne afhandling fremhæver anvendeligheden af den 

systematiske multidisciplinære tilgang til enzymopdagelse og bidrager med en betydelig 

videnskabelig værdi i forhold til den enzymatiske depolymerisering af polysakkarider fra 

brune makroalger og svampecellevægge. 
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1. Hypothesis and Objectives 

 

The overall aim of the project was the discovery of novel enzymes relevant for the 

depolymerization of cell wall polysaccharides from both fungi and macro algae. The work 

was primarily based on the main hypothesis H1 from which H2-H4 were derived. These 

hypothesis directed the systematic flow of experiments towards the elucidation of novel 

enzyme systems in two ecologically specialized fungi.     

 

H1 Niche specific organisms like the marine fungus Paradendryphiella salina and the 

mycoparasite Trichoderma parareesei are specialized in enzymatic 

depolymerization of complex polysaccharides from macroalgae and fungal cell 

walls respectively and therefore possesses repertories of enzymes that facilitates 

this depolymerization.  

 

H2 By combining genomics with proteomics obtained by culturing the chosen fungi 

on relevant complex polysaccharides, it is possible to selectively prospect novel 

aspects of the fungal enzyme repertoires.   

  

H3 Thorough characterization analysis results in the discovery of novel enzyme 

functions relevant for brown macroalgae and fungal cell wall polysaccharides.     

 

H4 Complete polysaccharide depolymerization is possible solely via enzymatic 

reactions facilitated by several enzymes from the same fungus.  

For assessing the hypothesis and for directing the experimental work, four objectives were 

formulated.  

Obj. 1. To investigate P. salina and T. parareesei with the focus of highlighting each 

unique enzymatic polysaccharide depolymerization strategy of macroalgal and 

fungal cell wall polysaccharides. 

Obj. 2. To obtain a comprehensive overview of the enzymatic decomposition of algal 

and fungal cell wall polysaccharides employed by the chosen species. 

Obj. 3. To perform recombinant production and functional characterization of selected 

enzymes.    

Obj. 4. To evaluate the possible synergistic and functional roles of the discovered 

enzymes.  



 

2 

 

2. Introduction 

 

 

Note: Some sections in this is chapter are based on the introductions in Paper I, II and III. 

 

2.1. Brown algae cell wall  

Brown macroalgae (Phaeophyceae) are a large and diverse class of phototrophic marine 

macrophytes distributed in about 265 genera and 2040 species where approximately 95% of 

these species are found mostly in cold and temperate waters of the northern hemisphere(1), 

where they are the largest producers of biomass. They belong to the Eukaryote kingdom of 

Chromista referring to their chlorophyll c-containing plastids, and subgroup Heterokonts, 

referring to their flagellated life cycle stage respectively. These characteristics separates them 

from animals, fungi and plants(2).  

    The cell wall of brown algae consists mainly of alginate, fucose-containing sulfated 

polysaccharides (FCSPs) and cellulose in a 3:1:1 ratio(3), but other types of polysaccharides 

like mixed linkage glucan(4) and arabinogalactan proteins have also been reported(5). The 

various polysaccharides are seemingly interlinked together with various polyphenols (Figure 

1). The role multiple roles of the brown algae cell wall include cell elongation, adhesion, 

integrity, defense responses, polarity and turgor adjustments(6).      

 

  
Figure 1. Brown algae cell-wall model representative of species from Fucales. Figure based on Davis et 

al., 2003 and Deniaud-Bouët et al., 2017 (6, 7).   

 

Carbon storage in brown algae consists mainly of laminarin, a polymeric β-1,3-glucan with 

occasional β-1,6 branchpoints , but also of trehalose, a disaccharide α-1,1-glucan and the 

monosaccharide mannitol. The two latter sugars appears to function as osmotic stress 

regulators(8). 
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Generally, marine macroalgae constitute a vast bioresource that is still largely unexploited. 

However, recent heightened scientific attention directed at the polysaccharides of macroalgae 

has revealed a plethora of potential uses spanning from isolated high value nutraceuticals to 

lower value biofuels(9). Nutritionally, edible macroalgae are considered a healthy food and 

excellent source of bioactive compounds, dietary fibers, polyphenols, vitamins, short chain 

fatty acids and protein(10).  

    Enzymes effectively mediate the extraction of bioactive compounds from algal cell 

walls(11). The enzymatic degradation and metabolization of macroalgae by naturally 

associated microorganisms is thus a natural place to look for novel mechanisms to improve 

such extraction methods.  

 

2.1.1. Alginate 

Alginate is a polysaccharide found abundantly in the cell wall matrix of brown algae. It can 

constitute as much as 40% of the cell wall and represents the first line of defense towards 

invading microorganisms such as fungi(12). Alginate is a linear heteropolymer consisting of 

the two uronic acids; β-D-mannuronic acid (M) and its C5 epimer α-L-guluronic acid (G), these 

are linked by 1,4-O-linked glycosidic bonds. The two monomers are primarily found in 

sequences of M (M-blocks) or G (G-blocks), but also in interchangeable MG-blocks (Figure 2). 

The total amount of alginate and M- and G-content can vary across species of brown seaweed 

and across seasons(13). In brown algae alginate is synthesized by the transportation of M-

blocks by flat cisternae (brown algae specific vesicular bodies) beyond the plasma membrane 

were the action of mannuronic acid specific C5-epimerases convert the pure M-blocks to MG- 

and G-blocks. Here it plays pivotal roles as key structural elements, especially in response to 

turgor stress to prevent cell bursting. G-blocks is believed to be responsible for the highest 

level of rigidity via crosslinking Ca2+ ions, forming “egg-box” like structures (Figure 1). It has 

also been suggested that the formation of a covalently bound alginate-phlorotannin network 

stabilizes the alginate matrix(14). Recently it was observed that all three different blocks of 

alginate all localized together in most types brown algae cells suggesting a general role or 

necessity of  the heteropolymer, although it also observed that application of a G-specific lyase 

had the highest impact on apical cell integrity(12).        

    Alginate is also produced as an exopolysaccharide by some bacteria, most notably the 

proteobacterial genus Pseudomonas, which includes the opportunistic human pathogen and 

multi drug resistant Pseudomonas aeruginosa that among other things causes serious lung 

infections in patients. Alginate is believed to play a pivotal part in the drug and immune 

defense resistance of P. aeruginosa and recently a treatment with alginate lyase guided silver 

nanocomposites were used with great success in mouse models(15).       
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Figure 2. Hetero-polymeric units of alginate.     

 

In 2009 the annual production of alginate by extraction from brown algae exceeded 30,000 

metric tons(16).  

    Alginate has wide applications as a viscosity enhancing hydrocolloid, gelling agent and as 

a food and cosmetics additive. In medicine it is for example used in wound dressing, cell 

immobilisation and drug delivery systems(17). An increasing number of promising 

pharmaceutical applications of alginate oligosaccharides have arisen due to the 

oligosaccharides retaining most of the physical and chemical properties of alginate, but 

without the gel-forming quality. The oligosaccharides show promising results in e.g. 

treatment of multi drug resistant bacterial and fungal infections where very few alternatives 

exists(18). There is therefore an increasing attention towards discovering and characterizing 

alginate lyases that can depolymerize alginate in a specific and controlled manner, tailoring 

the oligomers to specific applications.  

 

 2.2. Fungal cell wall 

The fungal cell wall has several functions, but mainly serves as a physical defense barrier and 

rigid scaffold that maintains the integrity of the cell membrane and protects the fungal cells 

from abiotic stress factors like osmotic changes, UV radiation and temperature changes. It 

protects against antagonistic actions from microbial pathogens and opportunists, trying to 

either feed or simply to inhibit or kill the fungal cells in competition over resources.    

    The fungal cell wall structure is comprised of several layers of mixed polysaccharides that 

are covalently interlinked and tethered by glycoproteins(19). The  composition of the fungal 

cell wall varies between species, but the main structural composition for most fungi have been 

identified as chitin, which constitutes a fibrillary layer closest to the cell membrane, followed 

by the second layer of β-1,6 branched, β-1,3-glucans and glycoproteins(20). The third and 

external layer of the fungal cell wall have only been thoroughly studied in a small number of 

ascomycetes, primarily Aspergillus and yeast species, where the main polymers reported were 

α-1,6-mannan, α-1,3-glucan, galactomannan, and glycoproteins(21, 22) (Figure 3). A final 

layer may be present that functions as a type of mucilage or biofilm. In Aspergillus it consists 

of mainly galactosaminogalactan and fulfills roles in adherence and conceals the β-1,3-glucans 

from the host immune recognition(23). A similar layer have been observed in basidiomycetes, 

consisting of β-glucans, however the specific role have not been elucidated(24). 



Introduction 

3 

 

 

Figure 3. The cell wall structures of selected human pathogenic fungal cells. Adapted from (Erwig and 

Gow, 2016 (21). The figure serve to display the commonality of the chitin and β-1,6 branched β-1,3-

glucan layers, and the high variations of the outer layers between species.  

 

When reviewing the subject of fungal cell wall structures, it is hard not accumulate a sense of 

lack in resolution and general overview of the variations and actual polysaccharide structures 

between species. However, when including exo-polysaccharides in the search field, more 

information is uncovered. In culture experiments water soluble polysaccharides can be 

isolated from the supernatant and are therefore often named exo-polysaccharides (EPS). In 

nature, however, most terrestrial fungi are not submerged, which suggests that the exo-

polysaccharides are secreted in the apical matrixes of the cell walls. The reported diversity of 

EPS from fungi and the abiotic influence on the compositions of them are quite staggering(25), 

and paints a picture of a constantly changing sugary landscape, rooted in the constant and 

relentless microbial warfare, where the diverse polysaccharides constitutes defensive 

structures and enzymes the corresponding offensive armament.  

     

An increasing number of studies have reported the immunostimulating effects of fungal 

polysaccharides and formulations from basidiomycetes like Lentinus edodes, Schizophyllum 

commune and Grifola frondosa have passed clinical trials, and are already being marketed. The 

polysaccharides acts as Pathogen-associated molecular patterns (PAMPs) which activate 

innate immune responses by binding to various different receptors and cell types and elevates 

the response and effectiveness of the immune system towards deleterious cells, including 

cancer cells(26, 27). Extracted fungal polysaccharides are already being marketed as 

nutraceuticals across world, but high value therapeutic formulations require much more rigid 

quality control standards, as well as precise formulations. Enzymes targeting specific 
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polysaccharides could potentially facilitate the controlled release, size and branching of highly 

biologically active fungal oligosaccharides.   

 

 2.2.1. Glucuronan 

β-1,4-D-polyglucuronic acid (glucuronan) is a linear homopolymer consisting of D-

Glucuronic Acid (GlcA) residues linked by β-1,4-glycosidic bonds (Figure 4). GlcA is an 

epimer of mannuronic acid (C2), galacturonic acid (C4), alluronic acid (C3) and iduronic acid 

(C-5). The monomer has a pKa of 3.21 categorizing it as a weak acid in solution, which is mainly 

due to the C5 carboxyl group.  

     

 
Figure 4. Structure of glucuronan. 

 

Reports of biological polymers containing glucuronan like structures are few and the 

nomenclature of the polymer is far from stable even to this day, which complicates literature 

searches immensely. However, when attempting to review the collective reports of 

glucuronan-like polymers from biological sources, the polymer seemingly occurs randomly 

in organisms from the very different kingdoms of Bacteria, Protista and Fungi. For Bacteria, 

reports of the polymer can be traced back as far as the late 1960’s, where EPS from species of 

the nitrogen fixing soil bacteria Rhizobium were reported to contain, among other sugars, 

relatively high amounts of GlcA(28). Later on the GlcA part was analyzed and reported as a 

β-1,4-linked polysaccharide(29). In the 1993 a report of a chemically mutated strain of R. 

meliloti (R. meliloti M5N1) capable of excreting relative high amounts (2 g/l per 24 h, 3 ∙ 1O10 

cells/mL) of partly acetylated, high molecular weight (> 60 kDa) glucuronan(30). The 

production and degree of acetylation are greatly influenced by abiotic parameters like 

medium components(31).  

    Glucuronan has also been found in the cell wall of green algae, presumably closely 

associated with the highly valued heteropolymer ulvan, constituting a hindrance for the 

extraction of pure ulvan(32). 

    In the fungal kingdom, glucuronan has only been extremely scarcely reported, most notably 

from the cell walls in Mucor rouxii(33) and as a homopolymeric exopolysaccharides (mucoric 

acid) from various  zygomycetes from Mucorales(34). The estimated molecular weights of the 

polymers varied from 5.5 to 10 kDa(35). Seemingly for basidiomycetes, glucuronan have only 

been detected once, in the fruiting bodies of the relatively rare Japanese Kobayashi 
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Nipponica(36). In that study the polymer was named protuberic acid and isolated by cold water 

extraction of cut fruiting bodies and had an estimated molecular weight of 170 kDa.           

    Besides the biological origins, glucuronan can also be synthesized chemically by the 

regioselective oxidization of the primary alcohol group in cellulose using a system consisting 

of the nitroxide TEMPO, sodium hypochlorite and sodium bromide(37). Because the 

glucuronan in this case originates from cellulose it has in been dubbed cellouronate in some 

reports. The difficulties involved in producing large amounts of pure glucuronan from 

microorganisms makes the cellulose derived polymer an attractive and cheap solution for 

acquiring the substrate for various purposes, such as substrate for lyase reactions. 

    Water soluble oligosaccharides such as oligoglucuronans have numerous potential 

applications as carriers for drugs, solvents, stabilizers, binders and as swelling agents(38, 39). 

They have also shown potentials in biocontrol applications, eliciting strong defense-related 

responses in agricultural plants. Acetylated oligoglucuronans with a DP of 14, produced using 

a crude enzyme extract from Trichoderma sp. GL2 was found to elicit among other defense-

related responses in tomato plants, an increased production of hydrogenperoxide(40). 

Oligoglucuronans obtained from green algae and degraded by a bacterial glucuronan lyase 

also elicited increased defense-related responses in apples against blue and gray mold(41). 

Furthermore, they have been shown to have biological activities on mammalian cells and 

immunostimulating effects on human blood(42).  

    Interestingly, when using the search term “glucuronan” in google patents more than a 1000 

hits are returned. Given this abundance of existing and potential applications, it can be 

surmised that the potentials for a variety of enzymes that can produce controlled mixtures of 

oligoglucuronans under varied conditions, are palpable(42).  

 

2.3. Fungi 

Fungi is a large kingdom of microorganisms, that along with other kingdoms of Animalia, 

Chromista, Plantae and Protista belongs to the superkingdom of Eukaryota(43) (Figure 5). The 

major phylae of fungi include the early lineage zoosporic Chytridiomycota, the filamenteous 

haploid and chitosan producing Mucoromycota, the Basidiomycota and the Ascomycota. The 

two latter phylae constitute the subkingdom known as higher fungi and are classified based 

on their different spore types. Basidiomycetes are commonly known by their large and 

sometimes edible fruiting bodies, as well as some species specialized ability to effectively 

degrade wood. Ascomycetes are best known as aggressive pathogens and molds. Although 

approximately one hundred thousand species have been described so far(44),  it has been 

estimated that there could be as much as 2.2 to 3.8 million different species of fungi in total(45). 

Clearly, these numbers represents an enormous reservoir of undescribed diversity and 

potential discoveries, as well as underlines the evolutionary success and impact of fungi in 

the biosphere.        
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Figure 5. Representative taxonomic tree of the Eukaryota superkingdom with special focus on the 

fungal kingdom. Based on available data from the Eukaryotic Tree of Life 

(http://tol.cgenomics.org/node)(46).   

     

Like animals, fungi are heterotrophs, meaning they are incapable of carbon fixation and 

therefore obtain nutrients from organic sources. The majority of fungi accomplish this by 

secreting high amounts of diverse groups of enzymes, which effectively depolymerize organic 

molecules into easily transported and metabolized components. This ability have allowed 

fungi to adapt to a myriad of different ecological niches and are considered primary 

decomposers, and therefore pivotal players in nutrient cycles(47). The excellent abiotic 

tolerances, high growth speed and diverse enzyme characteristics of certain fungi have been 

utilized with great success by various industries for decades. In the biotech industries, large 

successful companies like Novozymes (the largest commercial enzyme provider 

worldwide(48)) use filamentous saprobic fungi like Aspergillus and Trichoderma for both high 

yield enzyme production and in general as genetic sources of staple and effective enzymes for 

a variety of markets. Approximately 60% of all commercial enzymes listed by the Association 

of Manufacturers and Formulators of Enzyme Products in 2009 (and 2015) originates from 

fungi and are produced in a fungal host. About 70% of the fungal enzymes originate from 

either Aspergillus spp. or Trichoderma spp. and about 65% of them are produced in either strain.                  

 

2.3.1. Marine fungi 

Marine fungi are widespread in various marine environments all over the Globe ranging from 

deep-sea to surface waters(49). These fungi are speculated to play numerous ecological roles 

as saprobes and pathogens of algae and plankton in addition to being symbionts of coral reef 

animals(50). There is currently only 1100 species described as marine fungi although it is 

hypothesized that there exists more than 10.000(51), however these numbers are dwarfed by 

the 2.2 to 3.8 million estimated terrestrial fungal species, which emphasizes the lacking 

knowledge of marine fungi. One of the interesting questions surrounding marine fungi 

pertains to their origin and whether they have evolved in the marine environment or simply 

adapted to it. While both scenarios are likely, depending on the taxonomy, studies suggests 
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that marine asco- and basidiomycete species may predominantly have transitioned from 

terrestrial to marine life(50, 52).  

    The general knowledge of the diversity and distribution of marine fungi is increasing in 

step with improvements in culture-based and molecular identification techniques and 

increased research efforts. These techniques have currently identified 1112 fungal species in 

472 genera(53), but only few of these have been genome sequenced, and the genome of even 

fever have been studied in combination with culture based analyses of enzymatic degradation 

of marine derived organic matter such as marine macroalgae (seaweeds)(54). Limited work 

has been focused on fungal degradation of brown algae, and very little of this has included 

genomic and proteomic analyses of the enzymes involved in the degradation. Numerous 

fungal species have been isolated from brown algae(55). Observations and enzyme screenings 

have shown that many fungi are able to grow on macroalgal substrates by producing enzymes 

that catalyze degradation of algal polysaccharides, enabling them to utilize the algal biomass 

as a carbon-source(56–59), however, a deeper understanding of adaptive changes in the 

enzyme repertoire that is required for fungi to degrade and thrive on macroalgal substrates is 

lacking.  

 

2.3.2. Paradendryphiella salina 

The hyphomycete Paradendryphiella salina, has consistently been associated with saprotrophy 

of brown algae(55, 60–62). It belongs to the class of Dothideomycetes and appear melanized 

in cultures, which suggests it belongs to the group of fungi nicknamed black fungi or black 

yeasts. These fungi are often found in the marine environment and are known for their high 

stress tolerance to abiotic factors such as high UV-radiation, low nutrient availability and high 

salinity(63).  

    The strong association of Paradendryphiella salina to the marine environment and brown 

algae dates back as far as 1916 when the fungus was first isolated and described under the 

name Cercospora salina. Its ecological mode and habitat were described as saprophytic on both 

live and decomposing seaweeds from the North Sea along the coast of England(60). In a major 

work redefining the Alternaria genus it was renamed from Dendryphiella salina to 

Paradendryphiella and placed taxonomically in a sister clade to the Pleospora/Stemphylium clade. 

The phylogenetic analysis placed Paradendryphiella salina close to the terrestrial plant pathogen 

Pleospora herbarum (Stemphylium herbarum asexual morph)(64). Several reports investigating 

enzyme secretion and carbon utilization have confirmed P. salina as more than an epiphyte of 

brown algae because of its ability to degrade and metabolize polysaccharides like alginate, 

laminarin and cellulose from brown algae(65, 66). The combined studies characterize P. salina 

as a halotolerant, saprobic and possibly macroalgae pathogenic fungus, often found on brown 

algae. Based on this, P. salina was identified as an interesting candidate for studying potential 

adaptations of its enzyme repertoire to the breakdown of brown algae polysaccharides. 
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2.3.3. Mycoparasitic fungi 

Mycoparasitism is a relatively common ecological lifestyle found across the major phylae in 

the fungal kingdom. It is defined as one fungus (the prey) being parasitized by another (the 

predator), the prey acting as a source of nutrients for the predator(67). Generally, 

mycoparasitic relationships can be divided into biotrophic and necrotrophic pathogens. The 

biotrophic mycoparasites are host specific and rely on obtaining nutrients from a living host 

without impeding its lifecycle, i.e. the prey and the predator grow and sporulate together. On 

the contrary, the necrotrophic mycoparasites are often defined by opportunistic behavior on 

a wide range of nutrient sources and fungal prey. The primary mode of action is to overgrow 

and kill the prey fungus using various physical and biochemical mechanisms, a principal one 

being the secretion of specific cell wall-degrading enzymes that opens and kills the prey cells, 

while providing nutrients to the predator(68). The enzyme repertories of mycoparasites vary 

according to their host preferences, level of opportunistic behavior and speciation(69).  

 

2.3.4. Trichoderma parareesei 

The most prevalent necrotrophic mycoparasites are species belonging to the Trichoderma 

genus. These filamentous Ascomycetes are amongst the most commonly isolated saprobic 

fungi and many species are regarded as highly opportunistic cosmopolitans(70). However, 

the majority of specialized ecological behaviors observed in this species, such as plant 

endophytic behavior or nematophagy can be accredited to evolution from its fundamental 

nature as a necrotrophic mycoparasite(70). Most Trichoderma species have been isolated from 

fruiting bodies of other fungi, mainly wood rotting basidiomycetes(71, 72), or in the 

rhizosphere closely associated with plant roots where potential fungal preys are found 

abundantly(73, 74). Furthermore comparative genome studies support the hypothesis of 

mycoparasitism as the ancestral ecological mode of Trichoderma by observing gene expansions 

in families of proteases, chitinases and β-1,3-glucanases(75, 76). The known cellulase producer 

and industrial workhorse T. reesei, despite its fame, differs from most Trichoderma species, 

having specialized in degradation of cellulose and hemicellulose (decaying wood) by among 

other adaptations, acquiring a nitrate reductase gene from a basidiomycete allowing it to 

thrive in a nitrogen poor habitat. However, its repertoire of CAZyme families connected to 

mycoparasitism has remained expanded when compared to typical saprobes of other fungal 

linages(77). 

    Trichoderma parareesei is a clonal sympatric agamospecies to the well-known cellulase 

producer and industrial workhorse T. reesei. Phylogenetic analysis of conserved genes showed 

that T. parareesei genetically resembles the ancient ancestor of both species. However, T. 

parareesei showed a much higher level of mycoparasitism through antagonistic action towards 

phytopathogens like Fusarium oxysporum(78), Rhizoctonia solani and Botrytis cinerea, a stronger 

mycelial growth ability and a wider carbon source utilization profile than T. reesei(79, 80). The 

ecophysiological characteristics and the relatively conserved state of its genome, make T. 
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parareesei an excellent candidate for studying fundamental aspects of mycoparasitism, 

including its subset of enzymes that depolymerize the fungal cell wall.  

 

2.4. Carbohydrate active enzymes 

Polysaccharides are the most abundant biopolymers in Nature and despite their relative 

simple chemistry they can be combined in a dizzying multitude of ways fulfilling many 

different biological roles as structural molecules, carbon storage, cell signaling molecules and 

more. The synthesis and degradation of these complex polysaccharides are governed by a 

large group of enzymes collectively termed Carbohydrate-Active enZymes (CAZymes). 

Based on their amino acid sequences these enzymes have been divided into classes, families 

and subfamilies, and listed in the Carbohydrate-Active Enzyme database (CAZy, 

www.cazy.org/)(81). The database is continuously updated with new sequence information 

and experimental data and all new information is thoroughly curated by experts before 

implemented. The advent of CAZy in 1999 fostered a stable nomenclature for CAZymes and 

provided an excellent overview and continuing tool for accelerating research within many 

fields of biological oriented science.   

    There are currently five major classes of CAZymes divided by their major functional role: 

GlycosylTransferases (GTs), forms glycosidic bonds. Glycoside Hydrolases (GHs), cleaves or 

rearranges glycosidic bonds through hydrolysis. Polysaccharide Lyases (PLs), cleaves 

through non-hydrolytic action. Carbohydrate Esterases, cleaves esters through hydrolytic 

action and finally, Auxiliary Activities, which consists of redox enzymes that act in 

conjunction with other CAZymes. New sequences are added to the families if they display 

sufficient sequence similarity to at least one biochemically characterized founding 

member(82). Another defining feature is that the classification is domain based since many of 

the CAZymes are modular by nature and are often comprised of different modules from other 

CAZy families and even non-CAZy modules. Although the classification is not driven by 

substrate specificities, they are often likely linked by divergent evolution from a common 

monospecific ancestor, and it is therefore often possible to distinguish between sequences 

specific for diverse substrates by using sequence based bioinformatical tools(81). If performed 

correctly and properly inspected, this prediction will in many cases provide a correct 

prediction(83–85), but the lack of biochemically characterized members versus the purely 

sequenced based members makes any hard conclusions on the substrate specificities 

inadvisable and should primarily be used as a guide for further experiments. Reversely, the 

absence of any reliable predictions of substrate specificity likely provides a higher novelty of 

discovery and can serve to identify large gaps in the existing knowledge.                  

 

2.4.1. Polysaccharide lyases 

Polysaccharide Lyases (EC 4.2.2.-) catalyze cleavage of uronic acid containing polysaccharides 

by β-elimination(86). As described earlier, PLs can, based on their amino acid sequences, be 

http://www.cazy.org/
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classified into three levels; Classes (folds), families and subfamilies(87). There are currently 41 

PL families listed in CAZy, where 15 of these families are divided into subfamilies. 

Approximately 30,000 sequences are assigned to the 41 families and out of those only 270 

(0.9%) members have been functionally characterized. 2000 sequences are listed as yet non-

classified PLs. Based on the characterized members and CAZy listed functions, PLs can 

depolymerize a wide variety of uronic acid containing substrates found in plants, algae, 

animal tissues, fungi and more (Table 1).  

 

 
 

The generalized mechanism of PLs proposed in 1987 by Gacesa(88) involves a three step 

reaction where i) the negatively charged carboxyl group is neutralized by a positive charge 

(neutralizing group), which lowers the pKa for the C5 proton and allows for ii) a base catalyzed 

proton abstraction from the C5 creating an intermediate enol resulting in iii) an electron 

transfer from C5 to C4 that creates a double bond and eliminates the 4-O glycosidic bond 

between the two residues (Figure 6). This results in a new saturated reducing end at the +1 

subsite and an unsaturated non-reducing end at the -1 subsite. The formed C4-C5 double bond 

absorbs light at 235nm, which allows the reaction to be followed in a UV-spectrophotometer. 

In general, there are two mechanisms for the lyases to achieve the reaction. Either a free amino 

group acts as the neutralizing ion and a Tyr/His as the general base/acid, or a metal ion 

neutralizes while a Lys/Arg acts as the base/acid. These mechanisms are not family specific. 

For alginate lyases for example, both mechanisms has been observed in the PL7 and PL6 

families(89).          

 

Major substrate Enzyme description EC number Polysaccharide lyase families Subfamilies (in brackets)

Mannuronate-specific alginate lyase 4.2.2.3 5, 6, 7, 8, 14, 15, 17, 18, 31, 32, 36, 41 PL14(3), PL17(2), PL7(5, 3), PL8(4), PL6(1)

Guluronate-specific alginate lyase 4.2.2.11 6, 7, 18 PL7(5, 3), PL6(1)

MG-specific alginate lyase 4.2.2.- 6, 7, 18 PL6(1, 2, 3), PL7(1) 

Oligo-alginate lyase 4.2.2.26 6, 7, 14, 15, 17 PL15(1), PL17(2), PL7(5), PL6(1)

Glucuronan Glucuronan lyase 4.2.2.14 5, 7, 14, 20, 31, 38 PL14(1), PL7(4)

Hyaluronate lyase 4.2.2.1 8, 16, 30, 33 PL8(1)

Chondroitin AC lyase 4.2.2.5 8 PL8(3)

Chondroitin B lyase 4.2.2.19 6 PL6(1)

Chondroitin-sulfate-ABC endolyase 4.2.2.20 8, 29, 33, 37 PL8(2)

Heparin lyase 4.2.2.7 8, 12, 13, 15, 21 PL15(2), PL8(2), PL12(2)

Heparin-sulfate lyase 4.2.2.8 12, 15, 21, 37 PL12(2)

Xanthan lyase 4.2.2.12 8 n/a

Gellan lyase 4.2.2.25 33 n/a

Pectate lyase 4.2.2.2 1, 2, 3, 9, 10 PL1(7, 5, 2, 6, 1, 3), PL2(1), PL9(1), PL10(1, 2)

Oligogalacturonide lyase 4.2.2.6 22 PL22(1)

Pectate disaccharide-lyase 4.2.2.9 1, 2, 9 PL1(5), PL2(2), PL9(1)

Pectin lyase 4.2.2.10 1 PL1(4, 8)

Rhamnogalacturonan endolyase 4.2.2.23 4, 9, 11 PL4(1, 4, 2, 3), PL9(1)

Rhamnogalacturonan exolyase 4.2.2.24 11, 26 n/a

Ulvan Ulvan lyase 4.2.2.- 24, 25, 28, 37, 40 n/a

n/a Other 4.2.2.- 1, 9, 14, 21, 23, 27, 34, 35, 39 n/a

Alginate

Glycosaminoglycans

Gum

Pectin

Table 1 | Current overview of the characterized polysaccharide lyases listed in the CAZy database
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Figure 6. Polysaccharide lyase mechanism with poly-mannuronic acid as example substrate.     

 

The combined reaction of endo- and exo-lytic PLs results in the formation of unsaturated 

monomers which undergoes a non-enzymatic spontaneous opening of the pyranose ring 

followed by an enol–keto tautomerization resulting in the loss of the C4-C5 double bond. This 

process occurs within several minutes to hours which has experimental implications for the 

detection of product formation from monomer producing lyases. This gradual loss of the 4,5 

double bond can be followed on a UV-spectrophotometer and the change of conformation is 

visible in Nuclear Magnetic Resonance (NMR) spectrums. The linearization is a necessary step 

for organisms to metabolize the sugar acid, however, the timescale of the spontaneous 

formation is inefficient in a microbial metabolic perspective. For pectinolytic and alginolytic 

bacteria, an enzyme (kdgF), that fascilitates this conversion much faster has been isolated and 

characterized(90). The corresponding pathway in fungi remains undiscovered.        

 

2.4.2. Alginate lyases 

Based on the amino acid sequence, alginate lyases are presently classified in 12 different PL 

families in CAZy (Table 1).  The majority of the characterized alginate lyases are endo-acting 

and some even display multiple specificities towards M- and G-blocks and to a lesser extent 

MG-blocks(91). The specific reactions are classified into endo-acting polyM lyases (EC 4.2.2.3), 

endo-acting polyG lyases (EC 4.2.2.11), MG-lyases (EC 4.2.2.-) and exo-acting oligo-alginate 

lyases (EC 4.2.2.26).  

    Almost all characterized alginate lyases are of bacterial origin, but a few originating from 

algae, animals and vira have also been studied(92–95). Previously two fungal enzymes were 

reported as alginate lyases. One originating from an Aspergillus oryzae isolated from the brown 

algae Dictyota dichotoma showed specificity for MG-blocks. The enzyme size was reported as 

95 kDa under native conditions, but under reducing conditions it split into two polypeptides 

of 45 and 50 kDA(96). The other enzyme originated from a P. salina species and showed 

specificity for M-blocks. The  size of the enzyme was estimated to approximately 35 kDa and 

it had an optimum temperature of 45°C, at pH 5 (97). Unfortunately in both cases the enzymes 

were isolated from supernatants of the fungi and the purified proteins were not sequenced 

subsequently. The lack of any sequence information prevents further efforts to build upon 

these findings, except for repeating the experiments from the bottom. To our knowledge, no 
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studies have reported nucleotide or amino-acid sequences of fungal enzymes specific to 

alginate.          

 

2.4.3. Glucuronan lyases 

In the Carbohydrate-Active Enzyme database (CAZy, www.cazy.org/)(81) glucuronan lyases 

(EC 4.2.2.14) are presently found in six families (PL5, PL7, PL14, PL20, PL31, PL38) (Table 1), 

but only represented by seven experimentally characterized sequences, distributed amongst 

these families. All of them as endo-lytic enzymes. Except for the families PL14 and PL20, all 

characterized glucuronan lyases listed in CAZy are of bacterial origin. One member of the 

PL14 family originating from a Chlorella virus, showed dual specificities for both alginate and 

glucuronan (98).  The PL20 family was created on the basis of an isolated glucuronan lyase 

from Trichoderma reesei expressed when growing on glucuronan. The enzyme displayed the 

endo-lytic cleavage of the substrate with optimum temperature at 50°C, at pH 6.5. The 

addition of Ca2+ ions significantly increased activity and thermostability, indicating calcium 

dependence(99).       

 

2.5. Experimental flow and selected methods 

The experimental core of this PhD project follows a classical enzyme discovery methodology 

with the starting point of the two complex biomasses, brown algae cell walls and fungal cell 

walls. The overall experimental strategy adopted in this project is centered on the enzymatic 

decomposition strategy of fungi from relevant ecological niches. The underlying assumptions 

are that most saprobic fungi have developed large enzyme repertoires capable of degrading 

most polysaccharides in their target biomass and that they possess novel enzyme systems not 

previously characterized (H1). The chosen methodology is highly dynamic and can be varied 

e.g. track 1 vs. track 2 or a combination (Figure 7).   

 

 
Figure 7. Experimental flow and enzyme discovery strategy with associated analysis. 
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Enzyme discovery can also be initiated directly from genomics which is sound in certain cases 

where the target enzymes are well defined and prior annotation data is available, but jumping 

directly to recombinant expression and characterization after the bioinformatic analysis will 

omit any pivotal in vivo information the host organism may provide through culture 

experiments and proteomics. The inclusion of a proteomics step has been crucial for linking 

the substrate specificity to upregulated CAZymes and provided a deeper understanding of 

their roles in the host decomposition strategy. This method can be applied both, pre- (paper 

I) or post- (paper III) the enzyme characterization step, depending on the scientific questions 

in play.  

    The successful discovery and characterization of novel enzymes is typically followed by 

protein crystallization and attempts to resolve the 3D structures leading to analysis of 

structure-function relationships and allowing for targeted protein engineering (Figure 7). This 

area of research is a complex field in itself and was outside of the scope of this study.  

    

The following sections briefly introduces the state of the art on selected methods that has been 

essential in this study.                     

  

2.5.1. Shotgun proteomics 

In the last ten years, quantitative proteomic methods has seen excellent developments in 

accuracy and precision. The powerful combination in the separation power of High-Pressure- 

Liquid-Chromatography (HPLC) with the sensitivity and resolution of tandem Mass 

Spectrometry (MS/MS), provides an effective, simple and reasonably priced method for label 

free quantification of global proteomes, also known as shotgun proteomics.     

    Before shotgun proteomics emerged, global transcriptomic analysis was used for the 

relative quantification of mRNA transcripts, which was assumed to be directly correlated to 

protein expression. This is however a costly analysis and the level of mRNA transcripts may 

not always correlate with actual protein levels for various reasons, including the various 

complicated post-transcriptional mechanisms involved in the translation of mRNA into 

protein and the differences in half-lives between the two types of molecules. Furthermore, if 

proteins and their stoichiometry are the causative forces of the mechanisms we are trying to 

analyze, they should be the ones we study directly(100).      

    The general experimental flow used in this study is initiated by culturing the target fungus 

in mediums containing different carbon sources. The supernatants are then precipitated by 

either trichloroacetic acid or acetone, resolubilized and enzymatically digested by trypsin and 

lysC. The obtained trypsin specific peptides are desalted, separated on HPLC and injected 

into a Q-Exactive system by electrospray ionization. The ions are further separated according 

to their mass charge ratio on a quadrupole, subjected to high collison-induced fragmentation 

and trapped on an orbitrap which converts their image current into mass spectra (Figure 8). 

The spectra is then used for qualitative identification of parent proteins and together with the 

peak intensities a relative abundance can be estimated(101).              
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Figure 8. Experimental flow for the quantitative label-free bottom-up LC-MS/MS proteomic analysis.   

 

Currently, HPLC coupled Q-Exactive systems offers high accuracies and robustness in label-

free proteomic analysis when compared to labelled proteomics and in terms of absolute 

quantitation(102). For the purpose of enzyme discovery of secreted fungal enzymes the main 

challenge in this workflow lies in the experimental setup and success of the preceding fungal 

fermentations. Choosing ideal conditions, carbon sources and time points for obtaining good 

datasets suitable for publication requires screening experiments, proper inoculation setups 

and a general attention to details. Prior to the actual proteomic analysis the culture 

experiments has to be assessed by observing parameters like the variability and level of fungal 

growth, enzyme activities and total protein contents of the supernatants.   

 

2.5.2. Bioinformatical methods 

The last 20 years of exponential sequencing efforts and increasing cost effectiveness and speed 

of the next generation sequencing technologies has led to an accumulation and abundance of 

sequence data. Annotation of protein sequences like CAZYmes rely heavily on automated 

bioinformatics tools. The accuracy of these algorithms is dependent on the curated level of the 

input data. The general term for these types of operations is supervised machine learning. The 

supervision being the input data and possibly the parameters applied to the intermediate 

results. Even with highly curated databases like CAZy, this task is complex, and the general 

paucity of experimentally characterized enzymes with corresponding sequence data is a huge 

bottleneck, e.g. 0.9% of polysaccharide lyases with an EC number listed in CAZy (see section 

2.4.1). Even so, if properly used, bioinformatics accelerates findings in many fields and allows 

for useful extrapolations of experimental data. The choices of specific tools in this study is 

based on personal experiences from past works with regards to speed, accuracy, user- 

friendliness and broad community sentiments. No one tool is perfect and in case of doubt e.g. 

low probability scores or suspicious assignments, manual inspection and cross-referencing 

results from multiple methods should be applied. The following sub-sections introduces a few 

of the principal tools and concepts used in this study for analyzing protein sequence 

homology.                

 

2.5.3. Profile Hidden Markov Models  

Hidden Markov Models (HMMs) are a class of probabilistic graphical model used widely in 

computational biology for predicting a sequence of unknown (hidden) variables from a set of 

observed variables(103). Profile HMMs can be used to represent families of homologous 

protein sequences with the starting point of a Multiple Sequence Alignment (MSA). The MSA 
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provides position specific occurrences of each amino acid, which the profile HMM captures, 

and in addition use position dependent gap penalties and substitution probabilities which 

better reflect biological reality(104). Query sequences are then aligned to the profile, 

generating P-values for the entire comparison of the query sequences, matching conserved 

regions in the profile. Typically if a minimum of homology is found (a positive hit), an E-

value, coverage score and bit score is calculated for further evaluation(105). The thresholds 

for what can be considered a positive hit is case specific and can be adjusted to accommodate 

the specific situations. For example for identifying remote homologs in organisms not well 

represented in the sequence databases. This case would require more relaxed thresholds 

compared to situations where strict and conservative predictions are needed(106).  

    Profile HMMs are particular suited for the multi-modular CAZymes, in that the prediction 

is domain based, as opposed to for example the BLAST algorithms(107). By aligning the 

known catalytic domains in a family based on either clear conserved residues or 3D- structural 

information the profile HMM accurately predicts domains in query sequences from the same 

family. The generated result includes a domain coordinate on the query sequence allowing 

for easy extraction of the domain sequence. The bottleneck in using profile HMMs is of course 

that reliable MSAs have to be generated for family of interest, which is a large number in case 

of whole genome annotations. Luckily several updated collections are freely available from 

for example Pfam(108), Interpro(109) and the dbCAN(110) servers. These collections of profile 

HMMs can then easily be used by for example the standalone HMMer3 package, which has 

the same excellent speed as the BLAST algorithms(105). In case the user needs to update 

specific profiles with new ones or with better alignments, this is easily manageable with the 

standalone programs. Alternatively online servers for protein prediction are also available 

although often with considerable sequence number restrictions.        

 

2.5.4. K-mer based protein clustering 

K-mers can be described simply as substrings of the length k. Any word or sequence consists 

of N number of k-mers. N depends on the length k and the length of the sequence. K-mers are 

for example used as the basis of the central word search element in the BLAST algorithm(111).  

    K-mer clustering is an effective way of reducing complexity of large sequence collections 

and are used widely in bioinformatics, most notably in genome assembly from small reads 

using de Bruijn graphs(112). The first algorithm to employ k-mer clustering of peptides was 

published in 2013, from our group at the time, by the name Peptide Pattern Recognition (PPR). 

Initially, the algorithm was used to identify conserved motifs amongst CAZy families that 

were used for dividing families into subgroups which in many cases correlated with the 

enzyme specificities of experimentally characterized members(113). At that time the main 

alternative method for this level of subgrouping was through phylogeny which was much 

more time consuming, laborious and required manual inspection and curation. The PPR 

clusters could be used in another program (HotPep) to annotate unknown sequences and 

whole genomes very fast and efficiently which made genome comparisons of CAZyme 

repertories much more detailed and meaningful (114, 115). Some problems existed with 

excessive number of subgroupings, scalability and false positive/negative rates of EC number 



Introduction 

16 

 

classifications. Many of these problems were addressed and improved upon in a new program 

CUPP, which was built upon the basic principle of the PPR/HotPep programs, but now among 

several improvements also allowed mismatches in the identified k-mer peptides(83). CUPP is 

an excellent tool for fast prediction of putative CAZYmes and their functions (given the 

necessary experimental data exists), however for optimal performance it is recommended that 

clusters are build using CAZYme domains, which introduces a profile HMM step before 

running the program. However, as with the other programs mentioned, CUPP comes with 

already defined patterns for CAZymes which are usually no more than two years old. The 

standalone program requires knowledge of the python programming language and the 

myriad of adjustable parameters are not very intuitive, making it less optimal, compared to 

profile HMMs, for discovery of remote homologues.        

    In recent years several new tools have popped up attempting to improve the accuracy and 

speed of functional predictions of enzymes using k-mer clustering algorithms, but usually the 

increments of performance are negligible and often a result of minor adjustments of 

parameters and the choice of the enzyme families used as examples(116, 117).  

 

2.5.5. Phylogeny 

A phylogenetic tree is a representation of the relationships of sequences. It is used in fields 

like mathematics, evolutionary biology and molecular biology for various purposes. The most 

well-known is for representing relationships of species to their ancestors. It works similarly 

for protein families and is routinely used by molecular biologists as graphical representations 

of the sequential relationship of enzymes. The overall structure of the tree is referred to as the 

tree topology which consists of internal nodes connected by branches and ending in external 

nodes, also called leaves or tips (Figure 9). The leaves represents the actual sequences used for 

the input and the only truly known entities from which everything else is inferred. The basic 

assumption behind this analysis is that there is an occurring process of accumulating 

mutations inherited by the descendants. The internal nodes represents the hypothetical 

ancestors and the branch lengths represent the amount of change(118).         

    As with profile HMMs the starting point of the phylogenetic analysis is a MSA from which 

the tree is estimated. An unreliable MSA will result in an unreliable tree. Estimating reliability 

of an MSA is not straight forward and in the end the reliability of the tree is the ultimate 

measurement. In this study the general protocol for obtaining reliable alignments have been 

to truncate the input sequences to include only the estimated catalytic domain relevant for the 

family, align it with MAFFT(119), and inspect the alignment manually afterwards to identify 

any obvious outliers or problems that would upset the tree estimation.  

    Several methods for tree estimation exist. The most well-known are neighbor-joining, 

maximum parsimony, Maximum Likelihood (ML) and Baysian inference. The two latter are 

considered the most accurate(120) but Baysian inference is far more time consuming and 

therefore ML is often the chosen method. Briefly, ML is a tree searching algorithm which 

works by finding the tree under a certain model of evolution that most likely represent the 

data by looking through many possible trees(118).  
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Figure 9. Maximum likelihood phylogenetic tree of a subset of protein sequences from the PL8 family. 

The tree scale bar indicates substitution changes per site, which is correlated with branch lengths. The 

term clade is used loosely to describe the topology of diverging sets of branches.    

 

The reliability or robustness of phylogenetic trees can be assessed by several methods, but the 

common method employed by most algorithms is the statistical resampling procedure known 

as bootstrapping. By replacing columns of characters, rebuilding the tree and investigating 

the tree topology the proportion of trees where a branch position is recovered can be presented 

as a percentage known as the bootstrap value(121). These values can then be used to assess 

the reliability of each branch placement in a tree. Rather than rejecting the whole analysis 

based on a few badly supported branches, which may not change the overall topology, it is 

arguably acceptable to use the bootstrap values for identifying the more reliable areas of the 

tree and use these for discussion points.       

    Since the number of alternative tree topologies increases exponentially with the amount of 

sequences in the MSA, which in turn increases the bootstrap process, this can be a very time 

consuming process, but the program RaxML has greatly reduced this process by introducing 

several accelerated estimation steps and effective parallel computing(122, 123). 

    The graphical representation of sequence homology amongst CAZymes offers an excellent 

way of obtaining guidance for enzyme discovery, since it often correlates well with the 

divergence of taxonomy, subfamily classifications and substrate specificities (Figure 9), 

resulting in an increased capability of the researcher to perform informed guesses about the 

function of uncharacterized enzymes, which has been well observed in papers I, II and III.              
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3. Results and Discussion 

 

 

Note: This chapter is based on Papers I, II and III. 

 

3.1. The enzymatic depolymerization of brown algae by P. salina (Paper I)  

This section addresses following hypothesis and corresponding objectives: 

 

H1 Niche specific organisms like the marine fungus Paradendryphiella salina and the 

mycoparasite Trichoderma parareesei are specialized in enzymatic depolymerization of 

complex polysaccharides from macroalgae and fungal cell walls respectively and 

therefore possesses repertories of enzymes that facilitates this depolymerization.  

 

H2 By combining genomics with proteomics obtained by culturing the chosen fungi on 

relevant complex polysaccharides, it is possible to selectively prospect novel aspects 

of the fungal enzyme repertoires.   

 

Obj. 1. To investigate P. salina and T. parareesei with the focus of highlighting each 

unique enzymatic polysaccharide depolymerization strategy of macroalgal and 

fungal cell wall polysaccharides. 

Obj. 2. To obtain a comprehensive overview of the enzymatic decomposition of algal 

and fungal cell wall polysaccharides employed by the chosen species. 

Based on existing literature searches and pilot culture and enzyme screenings P. salina was 

chosen as a viable candidate for discovery of novel fungal enzymes that depolymerizes brown 

algae polysaccharides. The experimental flow was initiated by sequencing and annotating the 

genome of the fungus.  

        

3.1.1. Properties and annotation of the P. salina genome  

The draft genome of P. salina was assembled to a size of 27.4Mbp with an average GC content 

of 52%, a N50 of 32K and an average scaffold size of 15062bp. The assembled transcriptome 

contained 21394 transcripts with an average size of 1789bp and a N50 of 2792 (Supplementary 

table S4 in Paper I). For gene prediction both the genome and transcripts were submitted to 

the AUGUSTUS server, which predicted 9281 proteins in the genome (Supplementary file S1 

in Paper I). The transcripts were used as is, in a tBLASTn search towards the genome predicted 

proteins and were found to match approximately 8600 of predicted proteins after filtering 

(identity > 75%, HSP length > 200bp) (Supplementary file S2 in Paper I). The combined



Results and Discussion 

19 

 

annotations from CUPP, HotPep, dbCAN and InterProScan predicted putative domains for 

8184 proteins of which 448 contained CAZyme domains. CUPP and HotPep annotated 

putative functions for 323 of the putative CAZymes (Supplementary file S2 in Paper I).   

 

Based on the combination of assumed substrate specificities of the CAZymes and the 

monomer analysis of the brown algae, it was possible to identify enzymes in the P. salina 

genome relevant for the complete or partial degradation of all major types of polysaccharides 

in brown algae except FCSPs. Additional efforts to find remote homologues of putative GH29 

and GH107 proteins relevant for FCSP depolymerization, were without success.  Putative 

glycoside hydrolases for complete degradation of cellulose, mixed linkage glucan, 

arabinogalactan, laminarin and trehalose were found. Furthermore a total number of 25 

putative AA9 Lytic Polysaccharide MonoOxygenases (LPMOs) genes were found. The AA9 

LPMOs have been reported to act mainly on crystaline cellulose, which is the broad category 

chosen for them in this study, but there have also been reports of specificity towards 

hemicellulose (124) and xyloglucan (125). Most notably three putative PL7 mannuronate 

specific alginate lyases were also predicted (Table 2).  

 

Table 2. Overview of putative CAZymes found in the P. salina genome relevant for degrading 

polysaccharides in brown algae. Family and functional annotation was performed using dbCAN and 

CUPP (Supplementary File S2 in Paper I). 

 
 

3.1.2. Enzyme activities of P. salina supernatants from brown algae fermentations 

For elucidating the enzymatic secretion pattern on brown algae P. salina was cultured on three 

different species of brown algae with glucose as the control fermentation. To accommodate 

for the slow growth of the fungus the fermentations were conducted for 14 days to obtain and 

Substrate Enzyme activity EC no.

Alginate Mannuronate-specific alginate lyase 4.2.2.3 3 PL7

Cellulose Lytic Polysaccharide MonoOxygenase (LPMO) - 25 AA9

Cellobiose dehydrogenase (acceptor) 1.1.99.18 2 AA3

Endo-β-1,4-glucanase 3.2.1.4 2 GH5 2 GH45 1 GH12

β-1,4-cellobiohydrolase (reducing end) 3.2.1.176 3 GH7

β-1,4-cellobiohydrolase (non-reducing end) 3.2.1.91 2 GH6

β-glucosidase 3.2.1.21 3 GH1 9 GH3

β-1,3-glucan Endo-β-1,3-glucosidase 3.2.1.39 4 GH16 2 GH17 1 GH64 2 GH81 3 GH128

Exo-β-1,3-glucanase 3.2.1.58 4 GH5 3 GH55

Endo-β-1,6-glucanase 3.2.1.75 2 GH5

Exo-β-1,3/1,6-glucanase 3.2.1.- 2 GH131

β-glucosidase 3.2.1.21 3 GH1 9 GH3

β-1,3-glucosidase 3.2.1.- 1 GH132

Mixed linkage glucan Endo-β-1,3(4)-glucanase 3.2.1.6 2 GH16

Endo-β-1,3-glucosidase 3.2.1.39 2 GH17

Arabinogalactan β-1,3-galactosidase 3.2.1.145 1 GH43

Endo-β-1,6-galactosidase 3.2.1.164 2 GH5

β-galactosidase 3.2.1.23 3 GH2 2 GH35

Trehalose α,α-trehalase 3.2.1.28 2 GH37 1 GH65

CAZyme family(ies)
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accumulate high amounts of enzyme. The enzyme activity of the fermentation supernatants 

were tested on a variety of substrates found in plant, fungal and brown algal cell walls. Overall 

α-amylase activity was equally strong in all fermentations regardless of substrate (Figure 10a). 

In the carbon limited fermentation, amylase activity was observed very soon after day two 

together with protease activity (Supplementary figure S3 in Paper I). Endo-β-1,3-glucanase 

activity was also observed in all fermentations, but at significantly higher levels in two of the 

brown algae fermentations (Figure 10a). Unique to the brown algae fermentations were endo-

β-1,4-glucanase, endo-β-1,4-mannanase, endo-β-1,4-xylanase, mixed linkage endo-β-

glucanase (Figure 10a) and alginate lyase activity (Figure 10b). No fucoidanase activities were 

observed in the C-PAGE assay (Supplementary figure S4 in Paper I). 

 

 

 
Figure 10. Enzyme activities in the fermentation supernatants. The supernatants of P. salina after 14 

days of incubation on brown algae and under carbon starvation were assayed on a variety of substrates 

at pH 5 and 30 °C. a) AZCL assay of endo-lytic activities after 45 hours of incubation. b) Alginate lyase 

activity after two hours of incubation. Five biological replicates for each type of fermentation were 

analyzed. 
 

3.1.3. Proteomic analysis of the P. salina supernatants 

 662 proteins from P. salina were identified across the fermentations (Supplementary file S2 in 

Paper I). The relative abundance analysis of the secretomes of the four fermentations revealed 

different profiles for each of the four types (Figure 11). As expected, based on the enzyme 

activities, CAZymes were represented two to three times higher in the fermentations with 

algae, both in relative distribution (Figure 11b-d), but also in quantities (Supplementary file 

S2 in Paper I) compared to the carbon limited fermentation which favored proteases and other 

proteins (Figure 11a ).  
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    Highly abundant in all fermentations were several α-glucosidases (EC 3.2.1.20), a starch 

specific AA13 LPMO with an appended CBM20 and a GH13 α-amylase (EC 3.2.1.1) also with 

a CBM20 appended; the latter enzyme was most likely constitutively expressed and 

responsible for the observed amylase activity (Figure 10a). Starch-like polysaccharides or the 

genes necessary for their synthesis have not been found in brown algae.     

    All three algal P. salina fermentations contained high amounts of cellulases, in particular 

high in the S. latissima fermentation where cellulases constituted 41% of the total abundance 

(Figure 11d). This was due to two reducing end acting GH7 β-1,4-cellobiohydrolase (EC 

3.2.1.176) that constituted approximately 35% of the proteome. Together with a non-reducing 

end-acting GH6 β-1,4-cellobiohydrolase (EC 3.2.1.91) and a GH5 endo-1,4-β-glucanase (EC 

3.2.1.4) (Supplementary file S2 in Paper I), these were most likely linked to the observed 

cellulase activity (Figure 10a).   

    The majority of CAZymes in the carbon limited fermentation consisted of β-1,3-glucanases, 

also known as laminarinases (126), from nine different families (Supplementary file S2 in 

Paper I). The two most abundant enzymes were putative endo-β-1,3-glucosidases (EC 

3.2.1.39): a GH17  and a GH55. These were also the most abundant in the fermentations with 

algae (Supplementary file S2 in Paper I) and most likely linked to the observed endo-β-1,3-

glucanase activity (Figure 10a).    

    The P. salina fermentations with A. nodosum diverged from the other fermentations with 

high percentages of AA7 glucose-oxidases, AA3-oxidoreductases and a putative 

gluconolactonase. Together, these enzymes constituted as much as 47% of the secretome 

(Figure 11b). The essential activities for gluconic acid production in Aspergillus niger were 

found to consist of an AA3 glucose-oxidase (EC 1.1.3.4), a catalase (EC 1.11.1.6) and a 

gluconolactonase (EC 3.1.1.17) (127).  

    Of other noteworthy observations was a GH11 endo-β-1,4-xylanase, which was 

upregulated in the F. serratus fermentation (Supplementary file S2 in Paper I). This enzyme 

was most likely responsible for the activity observed on arabinoxylan and xylan (Figure 10a). 

Additionally, two putative pectate lyases (EC 4.2.2.2), a PL3 and a PL1 were observed solely 

in the fermentations with algae, but in minor quantities (Supplementary file S2 in Paper I).  

    Proteins upregulated in the fermentations with algae other than CAZymes included 

abundant proteases/peptidases, a highly abundant lipase and a catalase (Supplementary file 

S2 in Paper I). One of the most abundant single proteins in all the P. salina fermentations was 

a 193aa long unknown protein with homology to allergen-like proteins in other fungi (Figure 

11). This protein is most likely a SSCRP commonly found in high abundances in fungal 

secretomes. 

    The all fermentations with brown algae contained significantly higher levels of PL7 alginate 

lyases (5-16%), as was expected based on the observed alginate lyase activity (Figure 10b), but 

surprisingly also of the PL8 lyase that constituted 4-12% of the observed proteins in the 

fermentations with algae (Figure 11). The PL8 was only predicted by profile HMMs from 

dbCAN and Interpro, but not CUPP. The Interpro model predicted the protein as a 

chondroitin specific lyase, this was however not based on any specific subgroup homology 
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but more a general annotation for this family since this was the prevalent specificity of the 

assigned characterized bacterial sequences. Alginate specificity had not been observed in the 

PL8 family and chondroitin have not before been found in brown algae so the high abundance 

of this lyase naturally spiked our interest.          

     

 
Figure 11. Relative composition of the secreted proteomes of P. salina incubated on three species of 

brown algae and under carbon starvation. a) Carbon limited, b) F. serratus, c) S. latissima, d) A. nodosum. 

The compositions were derived from LC-MS/MS calculated iBAQ values (Supplementary File S2 in 

Paper I). Proteins representing less than one percent were accumulated under the “other” category. 
 

The novelty of the first sequenced-based fungal alginate lyases and the mysterious specificity 

of fungal PL8 lyase prompted us to choose these four lyases for further sequence analysis and 

recombinant protein production and characterization. The four proteins were named 

PsAlg7A, PsAlg7B, PsAlg7C (PL7) and PsMan8A (PL8).  

 

3.1.4. Discussion 

Generally, the enzymatic capabilities of P. salina suggest that this fungus is capable of 

degrading most components of brown algae, seagrasses, diatoms and terrestrial plant 

material, which is indicative of a broad and saprobic lifestyle with plant pathogenic traits. The 

P. salina genome harbored 150-250 fewer CAZymes and 60-130 fewer sugar transporters 

compared to its close terrestrial relatives (paper I). However, in spite of the lower numbers of 

CAZymes, P. salina still harbors CAZymes relevant for degradation of most of the major types 

of terrestrial polysaccharides, e.g. cellulases, pectinases, hemicellulases and starch-degrading 

enzymes. Based on the high percentage of shared CAZymes with its terrestrial plant-

pathogenic family members and the acquired alginate lyases, it seems plausible that P. salina 

belongs to the proposed group of marine fungi that were secondary colonizers from the 

terrestrial to the marine environment(54, 128). The combined data from the genome 
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annotation, activity assays and proteomic analysis confirmed that the alginate lyases were 

abundantly present and active in the fermentations with brown algae. The results thus 

indicates that P. salina is capable of degrading the alginate in the brown algae cell wall, thereby 

exposing other polysaccharides for enzymatic degradation.    

    Given the abundance of brown algae in the marine environment and high amount of 

alginate (35-40%) in their cell wall(3),(paper I), it is curious that alginate degradation by 

marine fungi is a relatively rarely observed phenomena(53, 62). Part of the explanation could 

very well be that marine fungi is under-evaluated, lacking sequenced genomes and 

recombinant protein studies. Indeed only very few detailed characterizations of fungal 

alginate lyases exists, none of which provides the sequence information(96, 97) making it 

difficult to replicate or to build upon. No alginate lyases from other enzyme families were 

found in P. salina, thus it is reasonable to conclude that one of these genes is identical to a 

poly-specific β-1,4-mannuronide lyase (EC 4.2.2.3) isolated from the supernatant of a different 

strain, P. salina IFO32139(129). However, this study did not produce the sequence of the 

protein and therefore no family classification or homology to other enzymes was provided. 

    The presence of three PL7 sequences in the P. salina genome is by itself not surprising given 

the wealth of putative fungal PL7 sequences found in Genbank, however the phylogenetic 

relationship of these three sequences in a clade dominated almost solely by bacterial alginate 

lyases raises interesting questions about the origin of these genes. Weather they are the result 

of an ancient horizontal transfer event from an unknown ancestral marine bacteria, as 

observed for the brown algae Ectocarpus siliculosus(3) or possibly the result of convergent 

evolution on the basis of  the same PL7 ancestor as the terrestrial fungi. Both scenarios support 

the hypothesis that P. salina evolved from a terrestrial fungus. Indeed the P. salina genome 

harbors a large amount of transposable elements compared to its close terrestrial relatives, 

suggesting that is has a higher ability for rearranging and mutating its genes, creating new 

substrate specificities and discarding genes that does not serve a function in its current 

ecological niche (paper I). 

 

In conclusion the findings from paper I were in good agreement with both H1, that the marine 

fungus P. salina which has consistently been connected to saprotrophy of brown algae indeed 

possessed a wide enzymatic repertoire for degradation of the algal polysaccharides, and with 

H2, that the combination of genomics and proteomics leads to a detailed overview of 

abundantly secreted enzymes readily prospected for novel enzymes. The findings lead to the 

selection of the four lyases PsAlg7A, B, C and PsMan8A for recombinant production and 

characterization.      
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3.1.5. Experimental considerations 

Fungal strain and brown algae species 

The chosen strain of Paradendryphiella salina CBS112865 (G.K. Sutherland) Woudenb. & Crous, 

obtained from CBS-KNAW culture collection, was isolated from the brown algae Fucus 

serratus in the North Sea in more recent times (>2005)(55). The factors for consideration were 

relevant isolation material and age in culture collection, since the metabolic and catabolic 

strength of fungal strains deteriorate over time in culture collections and laboratory settings. 

Regarding choice of brown algae species the considerations were mainly to cover interspecies 

variations of cell wall polysaccharide compositions. Therefore three different species of brown 

algae abundantly present in the northern hemisphere and covering the orders of Laminariales 

and Fucales were selected. Ascophyllum nodosum was harvested along the coastline of Norway 

(European Protein, Bække, Denmark). Fucus serratus was harvested in the Kattegat Sea (Dansk 

TANG, Nykøbing Sj., Denmark). Saccharina latissima was harvested along the coastline of the 

Faroe Islands (Ocean Rainforest, Kaldbak, Faroe Islands). All three species were obtained in 

dry form and milled to particle sizes under 1mm.  

 

Culture conditions 

The slow growth of P. salina is proportional to slow accumulation of enzymes in the 

supernatant, which lead to long fermentation times for reaching detectable enzyme activities. 

This had implications for higher variability in the replicates, which was addressed by 

inoculating with quantified spore suspensions and including 0.10% (w/v) of glucose for 

facilitating higher initial growth rates and increasing the number of replicates for each carbon 

source to five. Controls included un-inoculated medium and a carbon restricted fermentation 

consisting only of the base medium with 0.10% glucose. The purpose of the latter control was 

to compare enzyme secretion under starvation with the algae induced enzyme secretion. The 

theoretical basis of this is that fungi prey on the outer layers of their cell wall during starvation 

by secreting cell wall active enzymes which could cover some of the same categories of 

enzymes relevant for both fungal and brown algae cell walls. All fermentations were 

conducted with 100ml of medium in standard 250ml Erlenmeyer flasks for good aeration and 

were routinely checked for contamination by microscopy. 

 

Genome and transcriptome sequencing and assembly 

To ensure a more accurate genome protein prediction regarding splice site variation etc., the 

transcriptome derived from a P. salina fermentation on S. latissima was also sequenced and 

assembled alongside the genome. The genome was submitted to the Augustus server with the 

assembled transcripts as hints for whole genome protein prediction.       
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3.2. Characterization of P. salina alginate lyases (Paper II) 

This section addresses following hypothesis and corresponding objectives: 

 

H3 Thorough characterization analysis results in the discovery of novel enzyme 

functions relevant for brown macroalgae and fungal cell wall polysaccharides.     

 

Obj. 3. To perform recombinant production and functional characterization of selected 

enzymes.    

The findings in the previous section lead the selection of PsAlg7A, B, C and PsMan8A for 

recombinant production and characterization.   

 

3.2.1. Sequence analysis  

The three PL7 encoding genes did not contain any introns. The GC percentage did not 

significantly vary from the contigs they were found in or from the average GC content of the 

genome. PsALg7A, PsALg7B and PsALg7C with lengths of 243, 245 and 240 amino acids (aa), 

respectively. The calculated molar weight of each of the proteins were approximately 25kDa. 

The results from the Interproscan server were in agreement with the dbCAN predictions. All 

three harbored eukaryotic signal peptides of 19–22 amino acids long and a PL7 catalytic 

domain as predicted by Phobius and dbCAN, respectively (Figure 12a).  

    The gene encoding PsMan8A was found located next to PsAlg7A (Figure 12b), contained 

several introns and the derived 786 amino acid long protein sequence (85kDA) was predicted 

by the dbCAN HMM model to contain a PL8 lyase subfamily 4 catalytic domain. The sequence 

also harbored a 23 amino acids long eukaryotic signal peptide. The HMM model predicted 

the catalytic domain from amino acid position 391–633 with loose parameters (E-value < 1e-5, 

coverage > 0.3). The Interproscan server predicted a longer PL8 lyase catalytic domain 

(IPR038970) from amino acid position 85–645 (Figure 12a). 

 

Genetic environment 

The four genes were located on three different contigs in the P. salina genome. PsAlg7A and 

PsMan8A were located on the same contig (9079 nucleotides) next to each other in two 

different transcriptional directions. Downstream of them were a predicted sulfatase S1_6 gene 

and a gene of unknown function (Figure 12b). PsAlg7B was located on a small contig (3889 

nucleotides) with no other predicted genes. PsALg7C was located on the longest of three 

contigs (25230 nucleotides), but with only four other predicted genes of little or no relevance 

to alginate depolymerization (Figure 12b).      
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Figure 12. Sequence features of the four lyases. a) HMM-based domain architecture of the four alginate 

lyase protein sequences. Signal peptides were predicted by Phobius (blue) and the catalytic domains 

by HMMer using dbCAN models (orange) and the Interproserver (yellow). The numbers indicate the 

location of the predicted domain on the full length sequence. b) Contig-based genetic environment of 

the lyases. The contig accession numbers from Genbank are displayed in front of each sequence. The 

predicted genes, annotation and transcription direction are represented by the colored arrows. The 

number-scale on each contig represents the nucleotide count. 

 

Homology search by Blastp  

A BLASTp analysis revealed the top hits of the results of the three PL7 lyases to share the 

highest identity with each other at approximately 50% and the remaining closest hits belonged 

to putative PL7 proteins amongst various marine bacteria with the highest identity of 33% 

(Supplementary table S7 in Paper I). The result of PsMan8A returned only terrestrial fungal 

sequences of putative PL8 proteins within the first 100 hits. The closest hit was a putative 

Chondroitinase-AC from Tolypocladium ophioglossoides (KND87076.1) sharing a 63% sequence 

identity with PsMan8A, this sequence was however not found in CAZy. The closest sequence 

in the PL8 family in CAZy was similarly a putative Chondroitinase-AC from Metarhizium 

brunneum (QLI65685.1), which share 59% identity with PsMan8A.            

 

Phylogenetic analysis 

The three PL7 alginate lyases from P. salina clustered together in a major clade dominated by 

marine proteobacteria. The only other sequence of eukaryotic origin in this clade belongs to 

the red seaweed Pyropia yezoensis. All characterized members of this clade have been 

characterized as β-mannuronate specific lyases(92, 130–132) (EC 4.2.2.3) (Figure 13). The data 

infer that the three P. salina PL7 sequences constitute their own subclade with no other 

members, reflecting the low sequence similarity from the BLASTp analysis. Members in this 

major clade of the PL7 family has not yet been classified in a subfamily in CAZy . The other 
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known fungal PL7 sequences cluster together in a different clade that is classified as subfamily 

4 in CAZy (Figure 13), which only contain glucuronan lyases (EC 4.2.2.14) (84). Recently three 

putative PL7 proteins were annotated in a marine Calcarisporium sp. KF525 

(Basidiomycota)(133) and it would have been interesting to include these sequences in the 

phylogenetic analysis, however no sequence information from this genome was available at 

the time of this study. 

 

 
Figure 13. Maximum likehood tree of selected PL7 family sequences from the CAZy database. The * 

indicate EC number of characterized members (4.2.2.3 = polyM-specific alginate lyase). The single 

numbers indicate subfamily classification from CAZy. The branch colors indicate phylae. Branch 

numbers indicate bootstrap values from a thousand replicates. This tree is a pruned and updated 

version of a larger tree (Supplementary Figure S1 in Paper I).  

The phylogenetic analysis of selected PL8 sequences showed that PsMan8A clustered in a 

large solitary fungal clade with PL8 sequences exclusively from terrestrial fungi. The clade 

separation of the PL8 phylogenetic tree was strongly governed firstly by enzyme specificity 

and secondarily by taxonomy, this observation is corroborated by the high bootstrap values 

in the major clade formations. The fungal clade is unique in the respect that it contains no 

other functionally characterized members. PsMan8A was placed on a solitary branch in the 

fungal clade, which most likely signifies the lack of sequences in CAZy with similar functions, 

which is plausible considering PsMan8A is the only sequence originating from a marine 

fungus (Figure 14).        
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Figure 14. Maximum likelihood phylogenetic tree of selected PL8 protein sequences from the CAZy 

database including subfamily and EC number classifications. Due to the limited number of reported 

fungal PL8 sequences in CAZy, some additional putative fungal PL8 sequences were added from 

Genbank, found by Blastp analysis and subsequent PL8 HMM analysis. Enzyme activities correspond 

to EC numbers as follows; 4.2.2.1 = hyaluronate lyase, 4.2.2.5 = chondroitin AC lyase, 4.2.2.20 = 

chondroitin ABC lyase, 4.2.2.12 = xanthan lyase, 4.2.2.26- = Exo-acting polyM lyase. Numbers on 

branches represents bootstrap values from 1000 replicates.  

3.2.2. Biochemical characterization 

PsAlg7A, -B and -C all showed activity on commercial alginate, polyM and polyG. PsMan8A 

only showed significant activity on polyM. None showed activity on chondroitin AC, 

chondroitin B, hyaluronic acid or polyMG under the selected conditions.  

    The pH optima of the alginate lyases was determined to be pH 5 for PsAlg7A and PsMan8A, 

and pH 8 for PsAlg7B and –C, showing classical bell-shapes for both pairs of enzymes (Figure 

15a). The temperature optimum for PsAlg7A was 35 °C, but showed more than 80% activity 

in the range of 25-37 °C. PsAlg7B and -C showed distinct optima at 40 °C. PsMan8A also had 

a very distinct optimum temperature at 25 °C (Figure 15b).                                                                          

    The effect of NaCl was investigated and showed that none of the enzymes required NaCl 

to function, but a 40–70% increase was observed in activity was observed in presence of NaCl. 

PsALg7A, -B and -C showed the highest activity near 200 mM, which only decreased slightly 

with increasing concentrations as high as 500 mM. PsMan8A showed a sharp peak at 150 mM 

and then a steep decrease of relative activity to 30% at 500 mM (Figure 15c).  

    The effects of some metal ions were investigated. PsMan8A activity was promoted by all 

the tested metal ions (Figure 15d).    
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 Mn2+ and Ni2+ promoted activity of all the alginate lyases. Zn2+ increased activity of PsAlg7A 

with 20% and PsMan8A with 110%, but interestingly, presence of Zn decreased the activity of 

PsAlg7B and C. EDTA decreased activity for all the enzymes.  

 

 
Figure 15. Biochemical characterization of the four alginate lyases PsAlg7A, -B, -C. and PsMan8A on 

polyM under std. assay conditions. A) pH-optimum. B) Temperature-optimum. C) Effect of NaCl. D) 

Effect of divalent ions and EDTA with 150mM NaCl. Error bars represents standard errors on 

triplicates. 

Kinetic parameters 

The plots of initial rate kinetics on increasing substrate concentrations showed classical 

Michaelis-Menten curves for PsAlg7A, -B and -C on the competent substrates alginate and 

polyM. The same applied for PsAlg7B and –C on polyG, however for PsAlg7A the plot 

appeared linear (Supplementary Figure S3 in Paper II). The lack of saturation could suggest 

that the observed activity may have been due to residual polyM chains in the substrate. Indeed 

when adjusting the substrate concentrations to 18% of the measured amounts and comparing 

the initial velocities of the adjusted polyG to the ones observed on polyM the slopes of V0 were 

quite similar. For these reasons we chose to omit the apparent kinetic parameters for PsAlg7A 

on polyG in Table 3. For all three recombinant PL7 enzymes the lack of substrate affinity was 

reflected in the 5-10 fold higher Km values and corresponding lower catalytic efficiency 

constants (kcat/Km) on polyG, when compared to alginate and polyM (Table 3). The highest 

catalytic efficiency for all enzymes was found on polyM, followed closely by alginate for the 
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PL7 alginate lyases. This suggests that M-blocks are the preferred substrate for all the 

enzymes, which is less available in the more recalcitrant alginate and in lower concentration. 

Interestingly PsMan8A showed activity exclusively on polyM, strongly indicating this 

enzyme to be strictly exo-acting and therefore finding no accessible M-block attack-sites on 

alginate. The SA of PsMan8A was the lowest of all despite having the second highest kcat. The 

explanation of course being that the SA does not take the size of the enzyme into account in 

which case the PsMan8A SA would be approximately three times higher.  

 

Table 3. Kinetic parameters and Specific Activity (SA) for the four alginate lyases on commercial 

substrates. The parameters were calculated by fitting the Michaelis-Menten model in the program 

Origin. ± represents standard errors on triplicates.   

 
 

Due to differences in type of assay (A235, reducing-end etc.), definitions of units and the general 

lack of kinetic parameters of alginate lyases in literature, major comparisons of catalytic rates 

and specific activities of alginate lyases are difficult, however it seems the P. salina alginate 

lyases compares similarly to other PL7 alginate lyases. The reported SA of several of members 

of the clade shared with PsAlg7A, -B and -C, is ranged between 1400-1600 U/mg. This includes 

the PL7 from the red algae Pyropia yezoensis(92) and two bacterial ones from a Vibrio sp.(134) 

and a Nitratiruptor sp.(132). The endolytic PL7 enzyme AlyA1 from the marine bacterium 

Zobellia galactanivorans had a kcat ranging from 12 to19 s-1 (dependent on the polyG 

concentration in alginate), Km between 1,7 to 6 mM and catalytic efficiency constants between 

3 to 7. 
 

 

 

 

Enzyme Parameter Alginate PolyM PolyG

SA (U mg-1) 245 ± 4.4 1263 ± 6.5 na.

Km (mM) 0.039 ± 0.001 0.17 ± 0.003 na.

Kcat (s
-1

) 0.65 ± 0.012 3.4 ± 0.02 na.

Kcat/ Km 16 19 na.

SA (U mg-1) 1008 ± 21 1459 ± 6.8 832 ± 22

Km (mM) 0.013 ± 0.001 0.017 ± 0.001 0.05 ± 0.01

Kcat (s
-1

) 2.6 ± 0.053 3.8 ± 0.02 2.1 ± 0.06

Kcat Km
-1 207 216 43

SA (U mg-1) 2889 ± 31.1 4481 ± 47 3267 ± 39

Km (mM) 0.018 ± 0.001 0.02 ± 0.001 0.22 ± 0.001

Kcat (s
-1

) 7.3 ± 0.079 11 ± 0.12 8.3 ± 0.10

Kcat Km
-1 409 470 37

SA (U mg-1) na. 1093 ± 17 na.

Km (mM) na. 0.21 ± 0.0067 na.

Kcat (s
-1

) na. 9.7 ± 0.15 na.

Kcat Km
-1 na. 46 na.

PsMan8A

PsAlg7A

PsAlg7B

PsAlg7C
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3.2.3. Synergy and enzymatic product formation (Paper II) 

This section addresses following hypothesis and corresponding objectives: 

 

H4 Complete polysaccharide depolymerization is possible solely via enzymatic 

reactions facilitated by several enzymes from the same fungus.  

 

Obj. 4. To evaluate the possible synergistic and functional roles of the discovered 

enzymes.  

 

The specificity of PsMan8A towards polyM, prompted an investigation of any possible endo-

exo synergy effect on alginate between PsAlg7A and PsMan8A as they share pH optima, 

immediate genetic location and was found to be co-secreted together by P. salina when grown 

on several different brown algae species.  

 

Synergy of PsAlg7A and PsMan8A 

The degree of synergy (DS) was defined as the ratio between the measured specific activity 

(SA) and the theoretical linear SA(135), by that definition the DSmax is the optimal ratio at the 

chosen enzyme load where the enzymes cooperate the most effectively and obtains the highest 

difference between the measured SA and theoretical SA. The DSmax and optimal ratios may 

change with increasing substrate concentrations, enzyme concentrations and assay time as 

observed with cellulases(135). The objective with this experiment was however not to perform 

an exhaustive hunt for the optimal conditions of synergy, but to introduce the phenomena 

and illuminate the relationship and roles of PsAlg7A and PsMan8A further. On alginate the 

DSmax reached 3.2 in this setup with the ratio of 30% PsAlg7A and 70% PsMan8A (Figure 

16a). The negative slope of the theoretical SA on polyM (Figure 16b) is an effect of the higher 

turnover rate of PsMan8A compared to PsAlg7A since the obstacle of alginate recalcitrance 

no longer applies. There is however still a slight synergy effect seen, probably on account of 

the lack of substrate saturation for PsMAn8A thereby allowing PsAlg7A to provide some 

additional attack sites on polyM. As observed with cellulases the DSmax and SAmax is not found 

at same ratio of the two enzymes(135). It seems SAmax is governed by the turnover rate of the 

most effective enzyme, which not necessarily means this is the point where the two enzymes 

work together most optimally. On alginate PsMan8A is entirely dependent on PsAlg7A to 

deliver attack-sites and therefore it is the least effective enzyme on alginate resulting in a very 

low theoretical SA when approaching 100% PsMan8A.   
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Figure 16. Endo-exo synergy experiment of PsAlg7A and PsMan8A. The total enzyme load were at all 

points 0,2uM with varying ratios the two enzymes indicated by the % PsAlg7A on the x-axis which 

indicates the load of PsMAn8A indirectly (% PsMAN8A = 100% - % of PsALg7A). The dashed line on 

the top panels represents the theoretical specific activities (SA) without the effect of synergy. The solid 

line through the SA data points in the top panels represents spline fits which were used with the 

theoretical SA for calculating the curve in the bottom panels showing the degrees of synergy (DS). 

DSmax = maximum degree of synergy. SAmax = maximum specific activity. Error bars represents 

standard deviation from triplicate experiments. A) Alginate (1,5 mg/ml). B) PolyM (1,5 mg/ml). 

 

An obvious interpretation of the synergy results is that the endo-acting PsAlg7A provides 

attack sites to the exo-acting PsMAn8A and together the enzymes thus catalyze degradation 

of the substrate further and at a higher rate than when on their own. On alginate the exo-

acting PsMan8A has almost no activity because of the lack of available polyM chain ends until 

the endo-acting PsAlg7A provides fresh attack sites. On pure polyM the DS most likely 

represents the distance in concentration to the substrate saturation point of PsMan8A. The 

significant synergy (as opposed to just an addition effect) indicates that the PsMAn8A indeed 

benefits from the apparent polyM preference of PsAlg7A (Table 3), and implies that PsMAn8A 

may attack the non-reducing ends containing terminal unsaturated polyM. However, the 

synergy may also include a true “kinetic effect” as shorter oligosaccharides move faster and 

may impart lesser micro environmental viscosity effects than longer chains. 
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Product profiles of P. salina alginate lyases 

The product profile of PsAlg7A on alginate and polyM (Figure 17a-b) showed an 

accumulation over time of products ranging from 7 to 2 degree of polymerization (DP) with a 

clear accumulation of DP5 and DP3 oligomers consistent with endo-action (see also Figures 

S4 and S5). As seen in the substrate screening, PsMan8A showed no detectable product 

formation on alginate, but on polyM, DP2 and DP1 were formed exclusively (Figure 17a-b, 

Supplementary Figures S4-I and S6 in Paper II). In general, unsaturated monosaccharides like 

DP1, and its non-enzymatic conversion product 4-deoxy-L-erythro-5-hexoseulose urinate 

(DEH), are poorly ionized, which results in decreased intensity especially at the target mass 

of 500 Da in the smart parameter setting applied in this study. Hence, the accumulation of 

DP1 intensities were lower than DP2. The formed products in the synergy experiment 

between PsAlg7A and PsMan8A on both alginate and polyM (Figure 17a-b) showed an 

accumulation of DP3 products the first 20 min matching the product profile of PsAlg7A, 

followed by a decrease as those oligomers became depolymerized to DP2 and DP1 by 

PsMan8A. These results signify that PsMan8A effectively depolymerizes polyM chains of 

varied lengths, from long chains down to DP3, creating only DP2 and DP1 sized products, 

indicative of exo-action. In contrast, PsAlg7A, B, and C all catalyze depolymerization of 

alginate, polyM, and polyG to oligomers, without monomer formation, indicative of endo-

action. PsAlg7B and PsAlgC showed very similar product profiles. Interestingly DP6 and DP5 

oligomers were the main products on alginate (Figure 17c), but on polyM and polyG, DP3 

oligomers were prominent (Figure 17d-e). This may speak to the previously mentioned 

recalcitrance of alginate versus the more easily accessible purified constituents. As with 

PsAlg7A, B and C also produced a minor fraction of DP2 products, but significantly more on 

polyG than on polyM and alginate (Figure 17c-e). 
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Figure 17. Heat maps of averaged relative intensities derived from the LC-ESI-MS analysis of time-

course experiments for the alginate lyases: a) PsAlg7A and PsMan8A acting on alginate alone and in 

synergy; b) PsAlg7A and PsMan8A on polyM alone and in synergy; c) PsAlg7B and PsAlg7C on 

alginate; d) PsAlg7B and PsAlg7C on polyM; e) PsAlg7B and PsAlg7C on polyG. Barchart 

representations of the data including the standard errors from triplicate experiments can be found in 

the Supplementary Materials, Figure S4 (Paper II). Example chromatograms from PsAlg7A and 

PsMan8A on polyM with thorough descriptions can be found in the Supplementary Materials, Figures 

S5–S8 (Paper II). 

3.2.4. Discussion  

The phylogenetic analysis of the PL7 sequences from P. salina indicated them to be 

mannuronic acid specific, which we confirmed by performing enzyme kinetics on the purified 

PsALg7A, PsAlgB and PsAlgC, the two latter which also showed a low activity towards 

guluronic acids, which seems to be a common occurrence in the PL7 family(92, 136). 

Considering that the carbohydrate analysis of the algae used in this study showed 

mannuronic acid contents to be approximately two-fold higher than guluronic acid contents 

in all three brown algae species (Paper I), it is plausible that the specificities of the enzymes 

would mirror this composition. The product profile of PsAlg7B and -C revealed the 

depolymerization of polyG to produce dimers which may be transported in to the cell by an 

unknown MFS transporter, where it can act as a signaling molecule to initiate expression of 

more alginate lyases, as observed with other sugar dimers in terrestrial fungi(137). The general 

product profiles of all three PL7 establishes their mode of action as endo-lytic, producing 

various lengths of oligomers from DP8 to DP2.      

    Previously P. salina’s ability to grow with polyM as the sole carbon source have been 

demonstrated(65), and the characterization of the exo-lytic PsMan8A represents genetic 

evidence of this ability, constituting the final crucial step of complete degradation of polyM 
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to monomers, necessary for efficient uptake and metabolization of mannuronic acid. The role 

of the PsMan8A and the phylogenetic placement of this sequence amongst terrestrial fungal 

sequences with unknown substrate specificities indicate a specific adaption for the complete 

degradation of polyM. The PL8 family is almost exclusively comprised of bacterial endo- and 

exo-enzymes acting on glycosaminoglycans (GAGs), a family of linear, complex and highly 

sulfated polysaccharides found in animal tissue and often observed as proteoglycans(138). At 

the time of writing there were 2733 bacterial and 9 fungal PL8 sequences (including PsMan8A) 

in CAZy. None of the fungal sequences have been characterized, suggesting that these 

sequences are rare or simply under-evaluated. In the phylogenetic analysis almost all the 

fungal enzymes formed a very distinct clade suggesting unique sequence features compared 

to the bacterial sequences. This is corroborated by the CAZy PL8 subfamily 4 classification of 

members of the fungal clade, including PsMan8A. Weather some of these fungal enzymes also 

are specific for alginate is possible, but unlikely, since all the sequences originate from fungi 

found in terrestrial environments, were alginate is very scarce, produced only by a few 

specialized bacterial genera(139). Indeed the results reported in paper III show that a PL8 from 

Trichoderma parareesei is specific for glucuronan and not alginate. Furthermore two putative 

PL8 proteins from a terrestrial Trametes versicolor F21a ( Basidiomycota) were previously 

observed in a proteomic analysis of the fungal supernatant from a fermentation on freshwater 

microalgae (140). To our knowledge alginate has not been observed in  microalgae, but 

glucuronic acid has been found in the EPS produced by them(141) suggesting a shared 

specificity to the Trichoderma PL8. Furthermore the exclusive formation of DP2 and DP1, 

coupled with the lack of activity on alginate reveals the mode of PsMan8A as purely exo-lytic 

on polyM. This is also a first report of an exo-lytic fungal alginate lyase.  

    The pairwise differences in pH optima of PsAlg7A-PsMan8A (pH 5) and PsAlg7B-PsAlg7C 

(pH 8), and the differences in secretion levels from P. salina observed in the proteomic data, 

where the amount of PsAlg7B and PsAlg7C where significantly lower than two others, allows 

for the likely hypothesis that PsAlg7B and PsAlg7C are secreted in the initial stages of 

fermentation, when the pH is governed by the sea water, which matches their optima. As the 

fungus hyphae digs further in the alginate rich exo-cellular layers of the brown algae, the 

micro-environment changes and pH is lowered, perhaps by the release of products from 

PsAlg7B and -C or by the production of acids from the fungus, PsAlg7A and PsMan8A are 

secreted and act in effective synergy to completely depolymerize the polyM portion of the 

now disrupted alginate, thereby granting the fungus a carbon source and exposing the other 

polysaccharides of the brown algae cell wall matrix. This hypothesis fits well with the effect 

of NaCl on PsAlg7B and PsAlg7C, which showed no significant decline in activity as the 

salinity in the reactions approached that of seawater (600 mM)(142). The potential interest of 

the fungus for an initial fast and effective disruption of alginate is mirrored in the catalytic 

efficiency constants of PsAlg7B and PsAlg7C, which were more than an order of magnitude 

higher on alginate, polyM and polyG compared to PsAlg7A and PsMan8A.  

    It is interesting that none of the recombinant enzymes showed activity on polyMG, which 

leads to a myriad of possible reasons. It is possible that an undiscovered enzyme without any 

resemblance to existing CAZymes is responsible for the degradation of polyMG, but more 
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likely is that the fungus simply does not need to degrade this fraction for accessing the other 

polysaccharides in the brown algae cell wall. 

 

These combined results corroborates H3 and H4 and underlines the uniqueness of the 

enzymatic machinery employed by P. salina for alginate depolymerization, and may 

furthermore inspire development of new biotechnology applications of P. salina alginate 

lyases for tailoring alginate oligomers for novel uses. Currently all commercially available 

alginate lyases are of bacterial origin and the fungal alginate lyases of ascomycete origin 

allows for introducing recombinant production in high titer production strains from 

Aspergillus and Trichoderma.     

 

3.2.5. Experimental considerations 

Recombinant protein production  

The genes for lyases were codon optimized for the expression host Pichia pastoris and 

synthesized and cloned into pPICZαA vectors compatible with P. pastoris X-33. Unfortunately 

the PsMan8A construct was unstable in E. coli and degraded rapidly. The gene was instead 

transferred to the Pichia pink system vector pPink-HC instead and transformed into the E. coli 

plasmid propagation strain EPI400, were it was stable enough to produce sufficient DNA for 

transformation into the PichiaPink strain 4.         

 

Synergy of PsAlg7A and PsMan8A   

Synergy was investigated by combining loadings of PsAlg7A and PsMan8A to a total of 0.2 

uM enzyme in the reactions. The enzymes were incubated with 1.5 g·L-1 alginate or polyM, 

150 mM NaCl and 2 mM ZnCl2, in UB4 buffer pH 5 at 30°C. Activity was measured as 

described above under standard assay conditions. Degrees of Synergy (DS) were defined as 

the ratio between the theoretical activity without synergy and the specific activity(135).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results and Discussion 

37 

 

3.3. Glucuronan lyases in Trichoderma parareesei (Paper III) 

The focus of this section pertains to discovery of fungal cell wall active enzymes and addresses 

following hypothesis and corresponding objectives: 

 

H1 Niche specific organisms like the marine fungus Paradendryphiella salina and the 

mycoparasite Trichoderma parareesei are specialized in enzymatic 

depolymerization of complex polysaccharides from macroalgae and fungal cell 

walls respectively and therefore possesses repertories of enzymes that facilitates 

this depolymerization.  

H2 By combining genomics with proteomics obtained by culturing the chosen fungi 

on relevant complex polysaccharides, it is possible to selectively prospect novel 

aspects of the fungal enzyme repertoires.   

H3 Thorough characterization analysis results in the discovery of novel enzyme 

functions relevant for macroalgae and fungal cell wall polysaccharides.     

H4 Complete polysaccharide depolymerization is possible solely via enzymatic 

reactions facilitated by several enzymes from the same fungus.  

Obj. 1. To investigate P. salina and T. parareesei with the focus of highlighting each 

unique enzymatic polysaccharide depolymerization strategy of macroalgal and 

fungal cell wall polysaccharides. 

Obj. 2. To obtain a comprehensive overview of the enzymatic decomposition of algal 

and fungal cell wall polysaccharides employed by the chosen species. 

Obj. 3. To perform recombinant production and functional characterization of selected 

enzymes.    

Obj. 4. To evaluate the possible synergistic and functional roles of the discovered 

enzymes.  

 

Similar to the previous section T. parareesei was chosen based on its reported ecological mode, 

the positive response in culture and enzyme screenings and the added advantage of an 

already sequenced genome. Furthermore the knowledge obtained from the previous sections 

and Paper I and II regarding PL families in fungi, inspired aspects in the following study. 

Specifically the observations regarding the shared substrate specificity between PL7 and PL8 

lead to a similar hypothesis for PL7 and PL8 lyases observed in the genome of T. parareesei 

and other mycoparasitic fungi. 
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3.3.1. Genomic annotation of polysaccharide lyases in T. parareesei 

Genome wide annotation of CAZymes in the T. parareesei genome revealed six genes encoding 

polysaccharide lyases belonging to the families PL7, 8, 20 and 38. All enzymes contained a 

predicted signal peptide and a single catalytic domain. The six genes were located on different 

genomic contigs in the genome of T. parareesei. Functional prediction using peptide clustering 

(CUPP) suggested that TpPL20A, B and TpPL38A are glucuronan specific lyases (EC 4.2.2.14) 

(Table 4). The two PL7 sequences did not yield a functional prediction but were assigned to 

the PL7 subfamily 4 by both the dbCAN HMM models and by CUPP (Table 4). PL7_4 contains 

all the members of terrestrial fungal origin assigned to the PL7 family including one 

functionally characterized member, a glucuronan lyase from the actinobacterium 

Catenulispora acidiphila(84).  

 

 

 

One enzyme was assigned to the PL8 subfamily 4 (PL8_4) (Table 4), but only by profile HMMs. 

The PL8 family mainly contains bacterial endo and exo lyases acting on glycosaminoglycans, 

and one fungal enzyme from Paradendryphiella salina recently characterized as an exo-

mannuronic acid lyase(143). To our knowledge, glucuronan specificity has not hitherto been 

reported for other PL8 family members. 

 

3.3.2 Recombinant production and purification of six polysaccharide lyases    

The sequences of the six lyases were codon optimized for expression in Pichia pastoris, his-

tagged, and successfully produced in P. pastoris X-33 under methanol induction, and purified. 

Treatment with EndoH enzyme revealed most of the recombinant lyases except TpPL20A and 

B to be N-glycosylated, which corresponded with the predicted sites from the NetNGlyc 

server. The molecular weights of the deglycosylated proteins derived from the SDS-PAGE gel 

tracks were in accord with their predicted sizes (Table 4, Supplementary Figure 1 in Paper III).    

 

Genbank 

accession no.
Designation* 

Native 

size (aa)

Family 

predictiona 

(dbCAN) 

Domain 

(aa)

Family 

predictiona  

(CUPP) 

EC 

prediction 

(CUPP)

Secretion 

signal (aa)

Predicted size 

of  protein 

(kDa)

OTA00986.1 TpPL7A 252 PL7_4 31-249 PL7_4 - jan-20 26

OTA01262.1 TpPL7B 248 PL7_4 29-248 PL7_4 - jan-18 25

OTA05836.1 TpPL8A 785 PL8_4 387-632 nd. - jan-19 85

OTA06285.1 TpPL38A 422 PL38 82-358 PL38 4.2.2.14 jan-27 46

OSZ99920.1 TpPL20A 258 PL20 23-257 PL20 4.2.2.14 jan-19 29

OTA07247.1 TpPL20B 258 PL20 24-257 PL20 4.2.2.14 jan-20 29

* This study

Table 4 | Predicted features of the polysaccharide lyases in T. parareesei .

a '_4' denotes predicted subfamily 
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3.3.3. Biochemical characterization 

The purified recombinant enzymes were tested on a panel of various commercial uronide- 

polymeric substrates relevant for the reported substrate specificities found in the CAZy 

families, including alginate, chondroitin and hyaluronan. No activity was found (even under 

different conditions of pH and temperature). Since no commercial source of glucuronan was 

available we opted to produce glucuronan by TEMPO mediated oxidation of commercial 

regenerated cellulose (Rayon)(37). Anion exchange chromatography of the monomer 

composition after acid hydrolysis revealed glucuronic acid as the major constituent with low 

amounts of residual xylose and glucose. Using size exclusion chromatography the average 

size of the majority of the polymer was determined to be approximately 12 kDa 

(Supplementary Figure 2 in Paper III) corresponding to an average Degree of Polymerization 

(DP) of 68.            

 

The recombinant enzymes were tested on a panel of relevant uronic acid polymers in three 

different pH conditions. All six lyases showed activity solely on glucuronan. Optimal reaction 

conditions on glucuronan for the six lyases exhibited optimal pH profiles ranging from pH 4-

7 and temperature optima between 40-50°C (Table 5). All enzymes except TpPL20B exhibited 

>35% activity from 25°C to 55°C, TpPL20B was more than 40% active between 25-50°C 

(Supplementary Figure 3 in Paper III). None of the lyases required NaCl to work, but except 

for TpPL7B and TpPL8A they all showed enhanced activity in the presence of 100-200 mM 

NaCl, with TpPL38A responding with more than six-fold increased relative activity at 200 

mM NaCl (Table 5). For TpPL8A an inhibitory effect occurred already at 100 mM 

(Supplementary Figure 3 in Paper III). Except for TpPL38A all enzymes showed decreased 

activity beyond 300 mM NaCl. Salts can affect the stability, solubility and surface charge of 

the enzymes. It has also been hypothesized that salt can affect the substrate, making it more 

accessible by removing water and shielding the negative charge(144).  

    The effect of divalent cations were investigated under the optimal conditions for each 

enzyme. TpPL8A showed only weakly enhanced activity and no inhibitory effects of any of 

the cations were observed. TpPL20A and B required Ca2+ for activity with optimal levels of 6 

mM and 4 mM at the protein concentration tested, whilst TpPL7A, TpPL7B and TpPL38A 

were inhibited by Ni2+ and Zn2+ but, except for TpPL7B, unaffected by Ca2+, Mg2+ and Mn2+ 

(Table 5). 

 

Kinetic parameters               

The molar extinction coefficient specific for the lyase formed double bond required for 

calculating product formation, was determined experimentally to 6368 ± 317 cm-1 M-1 

equivalent to the previously described coefficient of 6150 cm-1 M-1 (Supplementary Table 1 in 

Paper III) widely used for calculating kinetic parameters for alginate lyases(143, 145). The 

plots of initial rate kinetics on increasing concentrations of glucuronan showed classical 

Michaelis–Menten curves for all six lyases (Supplementary Figure 4 in Paper III). TpPL7A 
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showed the highest turnover number (kcat) near 2280 s-1 and a high specificity constant (kcat/Km) 

of 616 (s-1 mM-1), which was primarily due to the high turnover number. The kcat of TpPL7A 

was more than 4-fold higher than the second highest, which was that of TpPL7B, which had 

kcat of 473 s-1 (Table 5). TpPL20A had the turnover rate, more than 7500 times lower than 

TpPL7A and 18 times lower than TpPL20B (Table 5).  

 

Table 5 | Kinetic parameters and biochemical characterization of the T. parareesei glucuronan lyases.  

    TpPL7A TpPL7B TpPL8A TpPL38A TpPL20A TpPL20B 

Kinetic parameters               

               kcat (s
-1) 

 
2276.5 ± 20.1 473.3 ± 33.1 102.8 ± 2.2 50.4 ± 0.4 0.3 ± 0.01 5.6 ± 0.2 

               Km (mM) 
 

3.7 ± 0.2 3.8 ± 1.1 14.1 ± 0.6 12.1 ± 0.3 1.5 ± 0.1 1.0 ± 0.2 

               kcat / Km (s-1 mM-1) 
 

615.9 124.1 7.3 4.2 0.2 5.5 

Optimal conditions         

               pH optimum 
 

7 5 4 6 6 6 

            Temp. optimum (°C) 40 50 45 50 45 40 

              NaCl (0-500 mM)  129% 100% 100% 668% 181% 170% 

   (100 mM) (0 mM) (0 mM) (200 mM) (150 mM) (200 mM) 

Divalent cations (2 mM)         

               Ca2+  
 

99% 83% 108% 97% 100% (6 mM)a 100% (4 mM)a 

               Mg2+  
 

102% 85% 101% 100% 0% 0% 

               Mn2+  
 

96% 77% 103% 94% 0% 0% 

               Ni2+  
 

13% 67% 101% 70% 0% 0% 

               Zn2+    18% 41% 110% 51% 0% 0% 

± indicates standard deviation from triplicate experiments 

a Optimal concentration determined for the activator cation          

 

 

Due to the lack of reported kinetic parameters of glucuronan lyases, specific comparisons of 

catalytic rates were not possible, but in general the T. parareesei lyases, except for the 

extraordinarily fast TpPL7A, have comparable kinetic parameters (values within a 10-fold) to 

fungal pectin lyases(146), fungal alginate lyases(143) and bacterial chondroitin lyases(147).  

 

3.3.4. Product profiles of the glucuronan lyases 

Size exclusion patterns of the enzymatic reaction products revealed a major shift in size of the 

large polymeric part (12 kDa) of the substrate after reaction with the enzymes TpPL7A, 

TpPL7B, TpPL20A and TpPL20B, indicating a typical endo-lytic behavior. In contrast, only a 

slight increase of small sized products and no significant shift in the large part were observed 

in the reactions containing TpPL8A and TpPL38A, indicating a typical exo-lytic behavior 

(Figure 18a). 
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Figure 18. Product profiles of each of the six recombinant glucuronan lyases from T. parareesei during 

reaction on glucuronan. a) High performance size exclusion chromatography patterns of 2h enzyme 

reactions on glucuronan. b) Heat maps of averaged relative intensities derived from LC-ESI-MS 

analysis of oligoglucuronan formation during time course experiments. 

The oligosaccharide product profiles of the PLs were further investigated using LC-ESI-MS 

analysis of the reaction products from time-course experiments. These analyses revealed 

accumulation of products ranging from DP2 to DP6 for the four endo-lytic lyases where DP3 

was the most abundant oligosaccharide for TpPL7A, TpPL20A and TpPL20B and DP2 was 

most abundant for TpPL7B (Figure 18b).  

 

TpPL8A and TpPL38A only accumulated DP2 and DP1, which is consistent with their 

proposed exo-lytic mode of action. To further confirm and investigate the action-mode of 

TpPL8A and TpPL38A, the reactions were followed with in-situ NMR (Figure 19).  

In NMR the 1H signals near 5.75 ppm represent the olefinic hydrogen signals of ΔGlcA, which 

in the absence of 1H signals for free saturated GlcA indicates that TpPL8A and TpPL38A 

cleave glucuronan from the reducing end (Figure 19c-d). NMR spectroscopy validates that 

TpPL8A liberates monomeric ΔGlcA, while TpPL38A liberates labile monomeric ΔGlcA in 

addition to short stable oligoglucuronan. The combined results show that the entire 

complement of glucuronan lyases in T. parareesei catalyze the complete degradation of 

glucuronan to dimers and monomers under various conditions.  

 

Non-enzymatic conversion of unsaturated glucuronic acid monomers  

Unsaturated monosaccharide products from PLs can convert non-enzymatically to saturated 

compounds (Figure 19a), e.g. α-keto-glucuronic acid observed as a decrease of unsaturated 

monomers over time. This phenomena has previously been reported and examined for 
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unsaturated monomeric products from alginate lyases(90, 148) and although observed for a 

bacterial PL38 glucuronan lyase(149), it has not been generally established for glucuronan 

lyases yet.   

    The loss of the 4,5 double bond results in a decrease of the A235 signal over time. Following 

the absorbance of the reactions of all six PLs for several hours, resulted in the decrease of 

signal for both TpPL8A and TpPL38A reactions (Figure 19b). To further elucidate this 

phenomenon and to follow the product formation and its interconversion, time-resolved in 

situ 1H time-resolved NMR was employed for TpPL8A and TpPL38A for 24 h (Figure 19b-c), 

which allowed the identification of the main products of monomer rearrangements to 

products without olefinic double bonds (Supplementary Figure 5 in Paper III).  

    First the cyclic ΔGlcA dominates, followed by the non-enzymatic ring opening of ΔGlcA 

leading to the formation of an aldo-hydrate that retains a keto group at position 5 and a 

ketoaldo-hydrate. The aldo-hydrate undergoes intermolecular cyclization leading to the 

formation of a 5-membered hemi-ketal (Figure 19a). Notably, the non-enzymatic conversion 

of ΔGlcA was faster at pH 6 (TpPL38A) than at pH 4 (TpPL8A) (Figure 19c-d). TpPL38A was 

found to form both monomeric and oligomeric product at comparable amounts, consistent 

with signal loss of 4,5 double bond that is intermediate between rearrangements upon 

TpPL8A catalyzed monomer formation and the formation of stable non-monomeric products 

from TpPL7 and TpPL20 enzymes (Figure 19b). 
 

 

 

Figure 19. Non-enzymatic conversion of unsaturated glucuronic acid monomers. a) Proposed reaction 

scheme. b) Degradation kinetics of the six glucuronan lyases. A235 was measured continuously at 40°C 

and pH 5 with 8 mM glucuronan, 100 mM NaCl, 2 mM CaCl and under otherwise standard assay 

parameters. c) 1H NMR-spectrum of 24h time series for TpPL8A reaction at pH 4 and 30°C. d) 1H NMR-

spectrum of 24h time series for TpPL38A reaction at pH 6 and 30°C. 
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3.3.5. Proteomic analysis of T. parareseei secretomes on four different carbon sources 

To approach an understanding of how ecologically relevant substrates (asco- and 

basdiomycete cell walls and glucuronan) might affect the induction and secretion of 

glucuronan lyases and other secreted CAZymes in T. parareesei, we analyzed the extracellular 

proteome of the fungus after 24 hours of fermentation on liquid media containing i) fruiting 

body cell walls from the basidiomycete Agaricus bisporus (Fungal Cell Wall Medium-

basdiomycete, FCWM-B), ii) mycelial cell wall from the ascomycete and known 

phytopathogen Botrytis cinerea (ascomycete, FCWM-A), iii) pure glucuronan  and iv) glucose 

(Glc). The latter fermentation constituted the negative control under glucose repression of 

carbohydrate catabolism. To avoid autolysis by long exposure to fungal cell wall degrading 

enzymes, which would lead to systematic contamination of the secretome and eventual 

cessation of the active fermentation, while still insuring a strong proteomic response, T. 

parareesei mycelium was grown for four days in a liquid glucose medium prior to being 

transferred to a fresh medium containing the four selected substrates. Prior to the shake-flask 

fermentations, a growth experiment on agar plates confirmed the ability of T. parareesei to 

efficiently utilize all the substrates as carbon sources (Supplementary Figure 6 in Paper III). 

The protein abundances were not normalized to total protein content, since the fungal cell 

wall media contain abundant amino acid sources, which is indistinguishable from secreted T. 

parareesei proteins in a total protein determination. However it was noteworthy that total 

protein content of the glucuronan fermentation was 5-fold higher than the glucose control 

(Supplementary Figure 7 in Paper III) indicating a significantly induced secretome. 

 

The glucuronan lyase activity of the fungal supernatants was significantly higher in the 

glucuronan and FCWM-B fermentations (Figure 20a), suggesting a higher level of secreted 

glucuronan lyases. The proteomic analysis of the supernatants confirmed this observation on 

glucuronan and FCWM-B (Figure 20b-d). Of the six glucuronan lyases, only TpPL20A was 

not detected in any of the supernatants and TpPL7B was only detected in small amounts on 

glucuronan and FCWM-B fermentations (Figure 20c). The very low or absent secretion of 

TpPL7B and 20A suggest that they are governed by transcriptional inducers different than 

glucuronic acid or that they are under active repression in the conducted experiments. 
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Figure 20. Secreted proteome analysis from T. parareesei after 24 hours of growth on four different 

carbon sources. FCWM-B= Fungal Cell Wall Medium-Basidiomycete (A. bisporus), FCWM-A= Fungal 

Cell Wall Medium-Ascomycete (B. cinerea), Glc= Glucose. The intensity based abundances of each 

detected protein were normalized to the sum of each replicate. Error bars represent standard deviation 

from triplicate experiments. Asterisks represents p-values from one-way ANOVA post-hoc Tukey 

comparison of means. *= p ≤ 0.05, **= p ≤ 0.01, **** = p ≤ 0.0001. a) Glucuronan assays of the fermentation 

supernatants under standard assay conditions. b) Summed abundances of the detected glucuronan 

lyases, described as percentage of the secretome for each substrate. c) Abundances of each individual 

glucuronan lyases. d) Abundances of CAZymes categorized by substrate specificity (Supplementary 

Table 2 Paper III). The six most abundant categories and with relevance for fungal cell wall degradation 

are shown. P-values were calculated against the glucose fermentation only. e) Pie charts representing 

the averaged overall distribution of abundances in the secreted proteomes. (SSCRP = Small Secreted 

Cysteine-Rich Proteins). 
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Interestingly, significant differences of ratios between CAZymes related to fungal cell wall 

carbohydrates were observed between glucuronan, FCWM-B and Glc, but not between Glc 

and FCWM-A. Glucuronan significantly induced glucuronan lyases, β-1,3-glucanases and 

proteoglycan active hydrolases. FCWM-B significantly induced glucuronan lyases, β-1,6-

glucanases and proteoglycan active hydrolases (Figure 20d). No significant differences in 

relative abundance of GH18 chitinases were observed between the fermentations, which 

agrees with the role of chitin as a structural and recalcitrant polysaccharide and therefore not 

a target for depolymerization in the early onset of enzymatic attack.  

    Observations of the distribution of all the detected proteins in the secreted proteome 

showed similar profiles regarding CAZymes and proteases across the fermentations. 

Interestingly the relative amount of Small Secreted Cysteine-Rich Proteins (SSCRP) 

dominated in the FCWM-B supernatant (Figure 20e). SSCRPs in fungi are proposed to play 

roles in virulence, blocking proteases and protecting their chitin from foreign chitinases(150). 

    To confirm the presence or absence of glucuronic acid in the fungal cell walls of A. bisporus, 

B. cinerea and T. parareesei itself, we exposed the cell wall materials to strong acid hydrolysis, 

and subsequently quantified the release of sugar monomers with HPAEC-PAD analysis. A. 

bisporus cell walls were found to release approximately 2.7% glucuronic acid out of all the 

detected sugars. None was detected in B. cinerea and only trace amounts in T. parareesei 

(Supplementary Figure 8 in Paper III). The amount found in A. bisporus may be 

underestimated since the polymer has been reported as highly resistant to acid hydrolysis(35, 

151). Overall, the proteomic analysis strongly indicated glucuronan as a potent inducer of 

glucuronan lyases and other fungal cell wall active CAZymes. Furthermore a mix of all six 

recombinant lyases were added to lyophilized cell walls of T. parareesei, B. cinerea and A. 

bisporus for 24h and the reaction products were similarly analyzed on HPAEC-PAD. Released 

glucuronic acid were only detected from the A. bisporus cell walls in similar quantities to the 

strong acid hydrolysis (data not shown).   

3.3.6. Phylogenetic analysis 

To further investigate and map the occurrence of genes encoding proteins from the same and 

similar PL families to the ones found in T. parareesei, throughout the fungal kingdom, we 

carefully selected more than 70 publically available fungal genomes from the NCBI database, 

covering the major taxonomic groups and ecological niches, and annotated their full 

repertories of polysaccharide lyases using Hidden Markov Models (HMMs).  

    The annotated sequences were used for both, phylogenetic analysis in combination with 

CAZy sequences and for a comparison of PL genes across the fungal kingdom. Non-

redundant (<90% similarity) subsets of the catalytic domains predicted by the dbCAN 

provided, were used to generate maximum likelihood phylogenetic trees of the families 

containing at least one member characterized as a glucuronan lyase. Thus providing an 

overview of the sequence based relationship of the T. parareseei lyases in the context of their 

corresponding PL families and obtaining a broader perspective of the distribution of similar 

genes in fungi (Figure 21).  
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The PL7 family is currently the largest family of alginate lyases in the CAZy database, the 

majority of sequences originating from Bacteria. The overall clade divergence appears driven 

by substrate specificities towards either alginate or glucuronan as judged from the formation 

of two very distinct clades that both contain bacterial and eukaryotic sequences.  

    The subfamily 4 clade contains the only characterized glucuronan lyase from a Catenulispora 

acidiphila species(84). TpPL7A and TpPL7B both located centrally in the fungal part of the 

subfamily 4 clade under two different subclades, suggesting a general glucuronan substrate 

specificity for this entire subfamily (Figure 21a). Because of the strong connection to alginate, 

sequences from terrestrial fungi assigned to this family are often annotated as alginate lyases, 

which in the light of our present results warrant a re-evaluation. 

    Different from the PL7 family, the clade formation in the PL20 phylogenetic tree was 

seemingly governed by taxonomy, with fungi in the Hypocreales order including TpPL20A 

and B, separated from bacteria and other Ascomycetes (Figure 21b). The PL20 family was 

created on basis of a T. reesei glucuronan lyase TrGL (accession BAG80639.1)(99) which is 

100% identical to TpPL20B. Similarly TpPL20A is identical to an uncharacterized T. reesei 

protein (XP_006969120.1). Because no subfamily classification has been assigned to this family 

by CAZy, we performed peptide based clustering by CUPP. Peptide clustering has been 

shown to be highly correlated with family classification and substrate specificities, 

capitalizing on the same underlying sequence patterns governing the CAZy classifications(83, 

152). The clustering produced a single cluster (data not shown), indicating that the overall 

sequence similarity of the PL20 family is highly conserved and that the family most likely is 

monospecific to glucuronan. 

    Sequences from the very recently created PL38 family (created 2020)(153) was also subjected 

to peptide clustering, which revealed numerous clusters that generally followed the 

seemingly taxonomically driven clade divergence of the tree. The largest cluster comprised 

both the ascomycete sequences including TpPL38A and an adjacent clade of Actinobacteria, 

but not the nearby Proteobacteria clade containing the characterized Brevundimonas lyase(153) 

(Figure 21c). 
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Figure 21. Maximum likelihood phylogenetic trees of protein sequences from the four PL families. All 

six lyases from T. parareesei were identical (90-100%) to T. reesei sequences (orthologous). For that reason 

the T. reesei sequences were omitted during the redundancy check. Characterized members are 

highlighted by symbols at the node ending. Subfamily annotations are highlighted by the colored 

ellipsis next to the species names. Branch numbers indicate bootstrap values above 50. a) PL7, b) PL20, 

c) PL38. CUPP clusters are shown by the colored strips preceding the species names, d) PL8.  
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The pattern of clade divergence and cluster groups mirrored the large sequence variety within 

the family, which in this case is not necessarily indicative of a wide substrate specificity. The 

sequences listed in the CAZy database already include a variety of bacterial and fungal 

sequences, the latter group comprising solely Basidio- and Mycomycota sequences. To our 

knowledge, TpPL38A constitutes the first characterized fungally derived member of family 

PL38. Likewise, TpPL8A is the first reported glucuronan lyase in the PL8 family. As observed 

in family PL7, the clade divergence of the PL8 tree was governed by substrate specificity, 

which correlates with the subfamily annotations potentially classifying subfamily 4 in the 

diverged fungal clade as glucuronan and alginate specific. The latter specificity originates 

from a PL8 mannuronate specific lyase from the marine ascomycete Paradendryphiella salina 

(Paper II) (Figure 21d). 

 

3.3.7. Polysaccharide lyases in the fungal kingdom 

A complete overview of the annotated PL genes in a representative subset of genomes of fungi 

from different ecological niches and taxonomies, revealed distinct patterns of lyase families 

dependent on niche and taxonomy. Based on the enzyme characterizations and phylogenetic 

analyses of the PL7, 8, 20 and 38 families, it is likely that the putative lyases assigned to these 

families from the terrestrial Ascomycetes share the substrate specificity towards glucuronan. 

These PL families were found highly prevalent in Trichoderma, Hypomyces and Cladobotryum 

species that exhibits strong necrotrophic mycoparasitic traits towards saprobic 

Basidiomycetes like A. bisporus(154, 155) (Figure 22), In contrast, virtually no putative 

glucuronan lyases were found for the more host specific mycoparasites Clonostachys rosea and 

Pseudozyma flocculosa. 

    Interestingly, another distinct pattern of genes belonging to the families 8, 14 and 38 was 

identified in wood-rotting Basidiomycetes and members of the Mucoromycota phyla (Figure 

22). With very few exceptions families PL7 and PL20 seemed exclusive to Ascomycetes, while 

PL14 seemed exclusive to Basidiomycetes and Mucoromycetes. To our knowledge, no fungal 

enzymes have been characterized from the PL14 family, but a glucuronan specific enzyme 

from a Chlorovirus strain has been described(81). The remaining characterized members of 

this family are bacterial alginate lyases, but alginate is not a biologically relevant substrate for 

terrestrial fungi. Therefore, a phylogenetic analysis of this family was also conducted. It 

revealed the putative PL14 sequences from Basidio- and Mycomycota to form two distinct 

clades closest to the root of the tree. The Chlorovirus clade containing the characterized 

glucuronan lyase placed in between the two clades suggesting a possible shared substrate 

specificity (Supplementary Figure 9 in Paper III). It is however important to emphasize that 

extrapolations at this level should only be utilized as a general guidance. To note, both 

Basidio- and Mucoromycete species harbor few (approximately 1.5 on average) genes 

encoding PL8, PL38 but a larger number of PL14 encoding genes (approximately 4 on 

average).   
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Figure 22. Heatmap showing genome annotations of PL genes in a broad selection of fungi, covering 

major ecological niches and taxonomic groups. This is a representative subset of a larger Table 

(Supplementary Figure 10 in Paper III). The putative substrate categories, glucuronan, GlucosAmino 

Glycans (GAG) and pectin are inferred by substrate specificities of experimentally characterized 

members of the CAZy families and phylogenetic analysis of the protein sequences.  

A principal component analysis using the same annotation data, confirmed the pattern 

observed in the heatmap. The separation of Ascomycete clusters was governed by the 

presence and absence of glucuronan and pectin lyases respectively, which also correlates with 

ecological niches and taxonomy. Basidio- and Mucoromycota species clusters together away 

from the Ascomycetes governed by the absence of pectin lyases, PL7 and PL20 genes and the 

presence of PL8, PL14 and PL38 genes (Figure 23). 
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Figure 23. Biplot of principal component analysis based on the annotated PL genes of the same subset 

of genomes of fungi shown in Fig. 5. Few outliers have been removed for graphical purposes. Arrows 

indicate which components (PL families) influencing the placement of fungi in the two-dimensional 

space. 

 

3.3.8. Discussion  

Across the fungal kingdom, Trichoderma and Hypomyces species displays the largest variety of 

glucuronan lyases. Coupled with the active secretion in response to the substrate, the variety 

suggests a functional purpose and niche adaptation in T. parareesei, which has not previously 

been described in the fields related to mycoparasitic behaviour. These observations have 

implications for the underlying complexity of the lifestyle for certain groups of fungi and 

opens new interesting questions regarding the presence of these lyases and their substrate 

throughout the different kingdoms in microbes.  

 

The active secretion of glucuronan lyases by T. parareesei in the presence of Basidiomycete cell 

wall material and the detection of glucuronic acid in those cell walls imply an ecological 

connection between Trichoderma and necrotrophic mycoparasitism of Basidiomycetes. As 

observed in the fermentations on the B. cinerea cell walls and pure glucose, respectively, the 

absence of glucuronan results in no or minute secretion of glucuronan lyases. These 

observations fit well with other observed catabolic responses of fungi towards 

polysaccharides. The mechanism appears to be that the monomeric products generated by the 

depolymerization of glucuronan, passes the cell membrane and induces specific regulons 

including production and secretion of glucuronan lyases which facilitates a release of more 

product, creating a positive feedback loop(156). The long term outcome of this mechanism 
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could result in the either a gain (including duplication) or loss of the genes enabling a higher 

adaption to certain ecological niches(69, 157). A possible example could be the almost 

complete absence of putative glucuronan lyases in the mycoparasite Clonostachys rosea. This 

species belongs to the Hypocreales order, but is more closely related to Fusarium than to 

Trichoderma species. Clonostachys rosea is known to be specific towards phytopathogenic 

Ascomycetes and employs mechanisms of pathogenicity different from Trichoderma(69). A 

very similar observation amongst the Basidiomycetes is the case of Pseudozyma flocculosa, a 

biocontrol agent and mycoparasite of its close phytopathogenic relatives in the Ustilago 

genus. The genome of P. flocculosa is very similar to its relatives and shows no significant 

expansions of fungal cell wall degrading enzymes(158). In both cases neither prey nor 

predator contains any significant putative glucuronan lyases and it is reasonable to speculate 

that the substrate is not present in the prey cell walls. 

    The presence of putative polysaccharide lyases with a similar specificity in Basidiomycetes 

is likely considering the hypothesis that they produce glucuronan themselves. The rationale 

for the presence of putative PLs with a similar specificity in Basidiomycetes is that 

depolymerizing enzymes are needed for restructuring and recycling the polysaccharide 

through growth cycles as observed with chitinases and -1,3/1,6-glucanases(159). 

Furthermore similar patterns of PL8, 38 and 14 families were found in members of the 

Mucoromycota phylum, which contains the only fungal species reported to produce 

glucuronan in the form of mucoric acid(33, 35).  

    These observations suggest that a diverse repertoire of glucuronan lyases is not strictly a 

Hypocrealian or common mycoparasitic trait, but may also be connected to certain ecological 

niches and opportunistic behaviours. Indeed, the only fungal genomes harboring very few or 

none putative glucuronan lyase genes across the phyla were fungi classified as 

phytopathogenic. Instead, high numbers of pectin lyases were prevalent in these species, 

suggesting that glucuronan is not found in plants. However, considering the vast amounts of 

putative bacterial glucuronan lyases already classified in the CAZy database, it is tempting to 

speculate that glucuronan occurs much more widely in ecological niches connected to soil and 

the rhizosphere than what is currently recognized. 

 

Given the simple structural nature of the substrate, the whole complement of glucuronan 

lyases in T. parareesei represents sufficient diversity to constitute an enzymatic machinery that 

facilitates the complete degradation of glucuronan. The discovery of TpPL8A and TpPL38A 

as novel exo-acting enzymes lead to a complete degradation of the polymer to easily 

absorbable dimers and monomers. It is likely that these monomers then further restructure 

before entering the D‐glucuronate catabolic pathway similar to the one found in 

Aspergilli(160). Based on the various characteristics and differentiated secretion, it is possible 

that the degradation occurs in stages, initiated by the highly efficient TpPL7A at neutral pH. 

As the pH drops in the microenvironment, either as a result of product-release or the fungus 
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own production of acid, other glucuronan lyases are produced, finishing with TpPL8A that 

completes the degradation in the lower pH area. 

 

Oligosaccharides such as oligoglucuronans have numerous potentially attractive applications 

in various industries, for instance as drug carriers, solvents, stabilizers, binders and swelling 

agents(38). They also have proven potential in biocontrol applications, eliciting strong 

defense-related responses in agricultural plants like tomatoes(40) and apples against blue and 

gray mold(41). Also biological activities on mammalian cells and immune-stimulating effects 

on human blood using oligoglucuronans have been observed(42). Given this abundance of 

existing and potential applications of oligoglucuronans, a variety of enzymes that can produce 

controlled mixtures of oligoglucuronans under varied conditions appear valuable. The six 

glucuronan lyases described in this study are easily produced recombinantly in a foreign host 

like P. pastoris (or perhaps natively in Trichoderma itself). We therefore anticipate that the 

enzyme machinery described herein harbors promising options for industrial applications.  

 

In conclusion, the findings from Paper III corroborates H1-H4 in a similar manner as Paper I 

and II. The findings in Paper III e.g. the discovery and thorough characterization of the full 

complement of glucuronan lyases in T. parareesei and the inferred connection to ecological 

modes in the fungal kingdom establishes a solid foundation for further systematic enzyme 

discovery of glucuronan lyases and paves the way for the elucidation of the role and 

occurrence of glucuronan in nature as well as providing new knowledge of necrotic 

mycoparasitic behavior. Several of the characterized lyases are also excellent targets for 

structure-function analysis, which has already commenced. The extraordinarily fast TpPL7A 

being a good example of an excellent candidate for investigating the structural arrangements 

causing the high catalytic rate of the enzyme. Knowledge that could become valuable in 

protein engineering projects.         

 

3.3.9. Experimental considerations 

Culture conditions 

Compared to P. salina, T. parareesei displays much more rapid growth and enzyme secretion, 

which required different culture conditions and experimental flow. As already touched upon 

in the results, the enzyme repertoire secreted by T. parareesei in the presence of foreign fungal 

cell walls eventually leads to autolysis in a liquid medium, which in turn leads to 

contamination of the secretome and death of the fungus. To avoid this phenomena while still 

insuring a strong proteomic response, T. parareesei mycelium was grown for four days in a 

liquid glucose medium prior to being transferred to a fresh medium containing the four 

selected substrates. This ensured a high amount of active mycelium which rapidly (within 24 

hours) responded to new substrates by secreting high amounts of enzymes.  
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Production of glucuronan 

Because it was not possible to identify a commercial source of high molecular weight 

glucuronan different avenues for producing the substrate in-house were explored. This 

included fermentation of Rhizobium and Mucor strains, which was unsuccessful in producing 

the required amount and purity suitable for enzyme characterization. The TEMPO oxidation 

of amorphous cellulose provided a relatively straightforward means of obtaining the 

necessary amounts with a high degree of purity. The possible toxicity from the chemicals used 

in this process was tested in a simple growth experiment and the detrimental effects, if any, 

were negligible.     

 

Molar extinction coefficient for C4-C5 double bond formation on glucuronan 

The PL mediated formation of the C4-C5 double bond on uronic acids, which absorbs light at 

235nm, constitutes a convenient method for the direct and reliable quantitation of product 

formation using the Lambert-Beer law. For this purpose an accurate molar extinction 

coefficient is needed and although the coefficient have been determined for formed double 

bonds in heteropolymers like alginate and pectin, it is not necessarily the same for glucuronan. 

Factors like spatial disposition of the substrate, background absorption from solvents and 

aromatics, influences the value of the coefficient(161). To our knowledge the coefficient have 

not been experimentally determined for the glucuronan lyase reaction and therefore rather 

than use an unverified value for another substrate, we opted to determine the coefficient by 

quantifying the reaction product via reducing-end assay using glucuronic acid monomers as 

a standard and measuring the absorption of the same reaction at 235nm. The reaction was 

performed in triplicates at three different substrate concentrations with TpPL7B. The choice 

of enzyme was arbitrary. The obtained values were used to calculate the molar extinction 

coefficient using the Lambert-Beer equation.  
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4. Conclusion 

 

 

Through evolution, fungi and macroalgae have developed cell walls composed of unique 

networks of fibrillary and amorphous polysaccharides that differ from plants and each other, 

but not without similarities. The precise composition of their cell walls as well as the 

enzymatic systems utilized by microbes for the depolymerization of the polysaccharides 

constituting the cell walls are still poorly elucidated. The discovery of novel enzymes relevant 

for these polysaccharides will contribute to broaden fundamental knowledge in the fields of 

microbiology, molecular biology, enzymology and biotechnology. From an applied point of 

view, both algal and fungal oligosaccharides show great potential as therapeutic agents and 

nutraceuticals, motivating the enzyme mediated extraction and synthesis of tailor-made 

bioactive oligosaccharides. Furthermore fungal and macro algal biomasses are already 

produced in big quantities worldwide, mainly for food ingredients and biochemicals. The 

remaining biomass after extraction, generally considered as a low-value by-product and 

typically used for feed and biogas, represents a great opportunity for enzymatic extractions 

incorporated into future circular bio-economy systems.   

 

The overall aim of the project was the discovery and the functional characterization of enzyme 

systems involved in the depolymerization of cell wall polysaccharides from both fungi and 

macro algae. For this purpose, an approach using cross disciplinary analysis methods such as 

genomics, proteomics and enzymology was developed and led to high resolution multi 

angular data of the enzymatic breakdown of polysaccharides by ecologically specialized 

fungi. This approach resulted in the discovery and thorough characterization of ten novel PLs 

from two fungi: A marine fungi for the degradation of brown macroalgae cell walls, and a 

mycoparasitic fungi for the depolymerization of fungal cell walls. The main characteristics of 

the discovered enzymes and the key findings are summarized in Figure 24.  

 

The marine black fungus Paradendryhiella salina was chosen based on the consistently reported 

affiliation with brown macroalgae and the production of detectable enzymes in basic culture 

experiments. This fungus has not been identified in any terrestrial habitats, which suggests an 

ecology of a true marine fungus, which has adapted to this environment and the carbon 

sources found there. The sequenced genome revealed a CAZyme repertoire similar to the 

closest terrestrial relatives except for one PL8 and three PL7 alginate lyases. All four lyases 

were abundantly secreted in the proteomes of P. salina when growing on three different brown 

algae species, compared to the carbon restricted control fermentation. These findings 

corroborated H1 and H2 well and led to the successful recombinant production in P. pastoris 

and in-depth characterization of all four lyases showing different substrate specificities and 

modes of action for the near complete degradation of alginate. Furthermore the sequenced 
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genome and obtained proteomic data constitutes a useful resource for any future studies 

involving marine fungi and their secreted proteomes.  

 

 
Figure 24. Overview of the main characteristics and key findings of the discovered enzymes in this 

study. 

 

The four recombinant alginate lyases showed pairwise pH optima and different substrate 

specificities. PsMan8A was revealed as an exo-lytic and polyM-specific lyase which 

constituted both the first alginate specificity and the first characterized fungal member of the 

PL8 family.  The genetic proximity, shared pH optimum and comparable proteomic 

abundance with the endo-lytic PsAlg7A suggested a synergistic action between the two 

enzymes on alginate. This was confirmed experimentally, with the pair of lyases reaching 

more than three degrees of synergy without any optimization experiments. This synergy 

accounts for the complete depolymerization of the polyM fraction of alginate and allows P. 

salina to utilize polyM as a carbon source. Based on their product profiles, PsAlg7B and -C 

were also characterized as endo-lytic with dual specificities on both polyM and polyG. 

Collectively the four enzymes account for the depolymerization of the majority of alginate 

which corroborates H3 and H4.  

 

The known necrotrophic mycoparasite T. parareesei was selected in this study, similarly to P. 

salina, for its ecological connection to the enzymatic degradation of the fungal cell wall and its 

extraordinary compliance in enzyme screening experiments. The genome of T. parareesei was 

already available from Genbank and allowed a whole genome annotation early in the 

experimental flow. The annotation revealed six PLs from four different families, two of which 

were the PL7 and PL8 families and were not annotated as glucuronan lyases by CUPP. 

Proteomic analysis of the secretome of T. parareesei when grown on glucuronan and A. bisporus 

fruiting bodies revealed significant secretion of five of the PLs when compared to the glucose 

control and B. cinera fermentations. HPAEC-PAD analysis of the acid hydrolysate of A. 
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bisporus fruiting bodies revealed a minor percentage of GlcA suggesting the presence of 

glucuronan-like structures in these cell walls unlike B. cinera cell wall where no GlcA was 

detected. These observations were also in agreement with H1 and H2.  

 

All six recombinant TP lyases were successfully produced in P. pastoris and thoroughly 

characterized on glucuronan, which was the only observed substrate specificity (Figure 24).  

Similarly to PsMan8A, TpPL8A was also characterized as exo-acting by producing mainly 

unsaturated glucuronic acid monosaccharides observed by both LC-ESI-MS and NMR. This 

constituted another new substrate specificity for the PL8 family and the second characterized 

enzyme of fungal origin. TpPL38A was also characterized as exo-lytic producing both dimers 

and monomers. The spontaneous rearrangement of the unsaturated GlcA monomers to 

saturated linear products was established and a reaction scheme for this conversion was 

proposed based on the real-time product formation observed by NMR (Figure 19a).  Together 

with the endo-lytic acting PL7 and PL20 enzymes, a complete enzymatic system for the 

depolymerization of glucuronan was characterized, corroborating H3 and H4. TpPL7A 

revealed an outstanding high catalytic rate which paves the way for future structure-function 

relationship studies to investigate what could be the key determinants responsible for high 

catalytic efficiency of this enzyme.  

 

The phylogenetic analysis of the four different families of PLs, including the additionally 

annotated fungal sequences strongly suggest a shared substrate specificity with the 

characterized lyases from T. parareesei, however additional experiments are required to further 

assert this hypothesis.  The sheer abundance of similar putative glucuronan lyases throughout 

the fungal kingdom poses interesting questions about the catabolic role and occurrence of the 

glucuronan substrate in nature. The results obtained in this thesis could be used to inspire 

further studies directed toward the detection and mapping of glucuronan-like 

polysaccharides throughout ecological niches in nature, as well characterizing more putative 

fungal and bacterial glucuronan lyases.  

 

The collective results obtained in this thesis corroborate the underlying hypotheses and 

demonstrate the strength of multidisciplinary approach for systematic enzyme discovery. The 

combination of genomics, proteomics and enzyme screening of ecological relevant microbes 

can be used to identify novel enzyme systems utilized by the organisms for depolymerization 

of any complex biomass. The omic datasets generated can be utilized for further discoveries 

and the characterized lyases in this study are excellent targets for structure-function studies, 

but also for biotechnology applications involving degradation of fungal and algal biomass, as 

well as the synthesis of defined oligosaccharides from alginate and glucuronan substrates.          
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proteomic enzyme analysis of the 
marine fungus Paradendryphiella 
salina reveals alginate lyase as a 
minimal adaptation strategy for 
brown algae degradation
Bo pilgaard1, casper Wilkens1, florian-Alexander Herbst2, Marlene Vuillemin1,  
nanna Rhein-Knudsen1, Anne S. Meyer  1 & Lene Lange3

We set out to investigate the genetic adaptations of the marine fungus Paradendryphiella salina 
CBS112865 for degradation of brown macroalgae. We performed whole genome and transcriptome 
sequencing and shotgun proteomic analysis of the secretome of P. salina grown on three species of 
brown algae and under carbon limitation. Genome comparison with closely related terrestrial fungi 
revealed that P. salina had a similar but reduced CAZyme profile relative to the terrestrial fungi except 
for the presence of three putative alginate lyases from Polysaccharide Lyase (PL) family 7 and a putative 
PL8 with similarity to ascomycete chondroitin AC lyases. Phylogenetic and homology analyses place 
the PL7 sequences amongst mannuronic acid specific PL7 proteins from marine bacteria. Recombinant 
expression, purification and characterization of one of the PL7 genes confirmed the specificity. 
proteomic analysis of the P. salina secretome when growing on brown algae, revealed the PL7 and 
PL8 enzymes abundantly secreted together with enzymes necessary for degradation of laminarin, 
cellulose, lipids and peptides. Our findings indicate that the basic CAZyme repertoire of saprobic and 
plant pathogenic ascomycetes, with the addition of PL7 alginate lyases, provide P. salina with sufficient 
enzymatic capabilities to degrade several types of brown algae polysaccharides.

Knowledge of the diversity and distribution of marine fungi is increasing in step with improvements in 
culture-based and molecular identification techniques and increased research efforts1–9. Numerous fungal spe-
cies have been isolated from brown algae1 and observations and enzyme screenings have shown them to be able 
to grow on macroalgal substrates while producing enzymes that catalyze degradation of algal polysaccharides2–5, 
however, only few marine fungi have been genome sequenced and even fewer studied in combination with 
culture-based analyses of enzymatic degradation of marine macroalgae (seaweeds)6.

The observed association of the fungus Paradendryphiella salina (Ascomycota) to brown algae dates back to 
1916 when the fungus was first described as Cercospora salina. Its ecological mode and habitat were described as 
saprophytic on seaweeds7. Several reports investigating enzyme secretion and carbon utilization have confirmed 
the ability of P. salina to utilize alginate, laminarin and cellulose from brown algae8,9. Based on this we identified 
P. salina as an interesting candidate for studying potential adaptations of its enzyme repertoire to the breakdown 
of brown algae polysaccharides.

Brown macroalgae (Phaeophyceae) are a large and diverse class of marine macrophytes found abundantly in 
the seas of the southern and northern hemisphere10. The cell wall of brown algae consists mainly of alginate, the 
most abundant polysaccharide found in the outermost cell wall layer11, fucose-containing sulfated polysaccha-
rides (FCSPs) and cellulose in a 3:1:1 ratio10. Presence of mixed linkage glucan (MLG)12 and arabinogalactans 
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linked to proteins have also been reported13. Carbon storage in brown algae consists mainly of laminarin, whilst 
trehalose and mannitol appear to function more as osmotic stress regulators14.

As a part of our quest to annotate enzymes for the biorefining of brown algae, this study was undertaken to 
elucidate the enzymatic repertoire utilized by a known saprophytic marine fungus in the breakdown of brown 
algae and to examine the degree of enzyme overlap shared by this fungus with its terrestrial counterparts. By 
using a combination of genomics, culture-based methods and shotgun proteomics we show that P. salina secretes 
enzymes capable of catalyzing degradation of a range of polysaccharides found in brown macroalgae, notably 
also alginate. Our study also indicates that alginate lyase is the only additional enzyme adaptation necessary for 
allowing P. salina to degrade brown algae, when compared to its terrestrial relatives.

Methods
Brown macroalgae species. Ascophyllum nodosum was harvested along the coastline of Norway 
(European Protein, Bække, Denmark). Fucus serratus was harvested in the Kattegat Sea (Dansk TANG, Nykøbing 
Sj., Denmark). Saccharina latissima was harvested along the coastline of the Faroe Islands (Ocean Rainforest, 
Kaldbak, Faroe Islands). All three species were obtained in dry form and milled to particle sizes under 1 mm.

fungal strain and culture conditions. Paradendryphiella salina CBS112865 (G.K. Sutherland) Woudenb. 
& Crous, isolated from F. serratus in the North Sea, was obtained from CBS-KNAW culture collection (www.
westerdijkinstitute.nl/collections/) and maintained on 2% oatmeal agar. Spores were added in a final concentra-
tion of 105 spores/ml. The base medium used for all fermentations was prepared with 0.10% (w/v) glucose and 
otherwise as previously described15. The three species of powdered brown algae were autoclaved (121 °C, 20 min.) 
before being added to the base medium at 2% w/v. The carbon limited medium consisted solely of the base 
medium. All fungal fermentations were carried out in five replicates (23 °C, 180 rpm, 14 days) in standard 250 ml 
Erlenmeyer flasks. All fermentations were routinely checked for contamination by microscopy. One of the repli-
cates in the P. salina fermentation of A. nodosum failed due to an inoculation error, thus only four yielded results.

Genome and transcriptome sequencing and assembly. DNA was extracted from P. salina mycelium 
growing in liquid YPD medium for 4 days using a Qiagen (Venlo, Holland) DNeasy plant minikit. RNA was 
extracted from mycelium growing in liquid base medium with 2% S. latissima for 7 days using a Qiagen RNeasy 
minikit. mRNA was purified by polyA capture, fragmented and converted to double-stranded cDNA. The “dUTP 
method” was used to generate strand-specific mRNA-seq libraries16. Paired-end sequence reads (125 bp) were 
generated using an Illumina HiSeq 2500. FASTQ sequence files were generated using Illumina Casava (1.8.3) 
for DNA and bcl2fastq2 (2.18) for RNA. The draft genome was assembled using the CLC genomics workbench 
(9.5.1). Misassemblies and nucleotide disagreement between the Illumina data and the contig sequences were 
corrected with Pilon17 (1.20). The contigs were linked into scaffolds using SSPACE Premium scaffolder (2.3)18 and 
the gapped regions within the scaffolds were partially closed in an automated manner using GapFiller (1.10)19. 
The transcriptome was assembled by performing genome alignment using Tophat2 (2.1.1)20. The alignment was 
used to guide a de novo assembly of the RNA reads using Trinity (2.4.0)21.

Gene prediction and annotation. Genome-wide gene prediction was accomplished by creating a train-
ing set using AUGUSTUS (2.7) (http://bioinf.uni-greifswald.de/webaugustus/)22 using the assembled transcripts 
as hints. The predicted protein sequences were annotated using HMMer323 with dbCAN24 models using an 
E-value threshold of 10−5, InterProScan 525 and BLASTp26 (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Phobius27 
and Euk-mPLoc (2.0)28 (http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/) were used for subcellular localization 
and transmembrane domain prediction. For functional predictions of CAZymes, HotPep29 and CUPP30 were 
used. Substrate specificities of CAZymes were inferred by manual inspection of CAZy (www.cazy.org)31 and the 
BRENDA database (www.brenda-enzymes.org)32. Another version of HotPep was used for prediction of protease 
families33 (https://sourceforge.net/projects/hotpep-protease/). For all accepted annotations at family level, at least 
two different methods had to agree. Sulfatase annotation consisted of BLASTp searching sulfatase hits found with 
InterProScan in the SulfAtlas34 database (http://abims.sb-roscoff.fr/sulfatlas/) with E-value 0 as threshold.

phylogenetic analysis. Phylogenetic analyses were performed by aligning the amino acid sequences of the 
putative catalytic domains with Mafft35 which were manually inspected in CLC main workbench (8). Maximum 
likelihood analyses were performed with RaxML blackbox36 using WAG as substitution matrix and otherwise 
default parameters at the CIPRESS server (www.phylo.org/)37. RaxML reached the MRE-based Bootstopping 
criterion after 252 replicates.

Genome comparison. Genome protein sequences were downloaded from Genbank38. Local BLASTp 
searches of protein sequences were executed in CLC main workbench (version 8) with default parameters. Venn 
analysis and diagram development of CAZymes were performed online (http://bioinformatics.psb.ugent.be/
webtools/Venn/).

carbohydrate monomer composition. Carbohydrate monomer composition was determined by 
HPAEC-PAD analysis following a two-step sulfuric acid hydrolysis as previously described39.

Shotgun proteomic analysis of fungal secretomes. Protein precipitation was performed as previously 
described40. The precipitated proteins were diluted in digestion buffer, consisting of 10% Acetonitrile and 50 mM 
HEPES buffer pH 8.5. 10 μg of protein from each sample was reduced, alkylated and in-solution digested with 
trypsin (Sigma-Aldrich, St. Louise, MI, US) and LysC (Wako, Osaka, Japan) and desalted on C18 filters (Thermo 
Fisher Scientific, Rockford, USA). 1 μg from each sample was analysed by Liquid Chromatography-tandem 

https://doi.org/10.1038/s41598-019-48823-9
http://www.westerdijkinstitute.nl/collections/
http://www.westerdijkinstitute.nl/collections/
http://bioinf.uni-greifswald.de/webaugustus/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/
http://www.cazy.org
http://www.brenda-enzymes.org
https://sourceforge.net/projects/hotpep-protease/
http://abims.sb-roscoff.fr/sulfatlas/
http://www.phylo.org/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/


3Scientific RepoRtS |         (2019) 9:12338  | https://doi.org/10.1038/s41598-019-48823-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Mass Spectrometry (LC-MS/MS) as previously described40. Protein identification was performed using the 
open-source software MaxQuant (1.6.3.4)41 and Perseus42 as previously described40. A hit was only considered if 
present in three out of five biological replicates. The iBAQ values were normalized across the samples by multi-
plying them with factors calculated from the original protein concentration in the supernatants (Supplementary 
Table S1) before being averaged across the replicates and used for further analyses.

enzyme assays of supernatants. The AZurine CrossLinked (AZCL) assay was carried out in 96-well 
microtiter plates as suggested by the manufactor. Each of the 12 selected AZCL substrates (Supplementary 
Table S2) (Megazyme, Bray, Ireland) was prepared by adding 0.01% w/v of substrate to 0.1% agarose dissolved in 
0.05 M Britten-Robinson (BR) buffer43 (pH 5). Each well contained 200 μl of substrate and 100 μl of supernatant. 
The plates were incubated (30 °C, 45 h), centrifuged (15 min. 3000 g) and 100 μl of reaction was transferred to a 
new plate and quantified by measuring A590.

Alginate lyase activity was assayed on 1.5 mg/ml sodium alginate from F. vesiculosus (Sigma) mixed with 
10 mM BR buffer (pH 5). The reactions were carried out in 96-well microtiter plates by mixing 20 μl of sample with 
180 μl of substrate and incubating (30 °C, 120 min.) Degradation of substrates was monitored by measuring A235.

Fucoidanase activity was assayed on fucoidan extracted from Fucus evanescens and Fucus vesiculosus using 
Carbohydrate–Polyacrylamide Gel Electrophoresis (C-PAGE) as previously described44.

Genes, cloning, expression and purification of PL7 alginate lyase. An open reading frame encod-
ing PsAlg7A (ENA acc. LR536815) was identified in P. salina. The gene sequence was truncated to exclude 
the 22 amino acids long predicted signal peptide. The codon optimized gene including a C-terminal His-tag 
(Supplementary Table S3) for Pichia pastoris was cloned into pPICZαA (GenScript, Piscataway, NJ, USA). 
The resulting construct was transformed into E. coli strain DH5α and selected on low salt LB agar plates with 
25 μg ml−1 zeocin and propagated in low salt LB medium with 25 μg ml−1 zeocin (Invitrogen, Carlsbad, CA, USA). 
The pPICZαA-PsAgl7A construct was linearized by PmeI (New England BioLabs, Ipswich, MA, USA), trans-
formed into P. pastoris X-33 by electroporation (Micropulser; Bio-Rad, Hercules, CA, USA), and selected (30 °C, 
3 days) on yeast peptone dextrose plates with 100 μg ml−1 zeocin. Transformants were grown in a 5 L Sartorius 
Biostat Aplus fermenter via glycerol fed batch fermentation at 30 °C for 24 hours. Then, a methanol fed-batch 
phase was initiated to induce expression and secretion of the enzyme. After 96 hours of methanol induction at 
20 °C. The cell-free supernatant was concentrated and buffer-exchanged into 50 mM Tris, 500 mM NaCl, 20 mM 
imidazole pH 7.5 by ultrafiltration using the cross-flow filter reactor equipped with a 10 kDa cutoff membrane 
(Millipore, Sartorius, Goettingen, Germany). The supernatant was applied to a 5 ml HisTrap FF HP column 
(GE Healthcare Uppsala, Sweden) equilibrated with 50 mM Tris, 500 mM NaCl, 20 mM imidazole pH 7.5 and 
eluted (2 ml.min−1) by a linear 20–500 mM imidazole gradient (30 CV). Fractions containing the target enzymes 
were pooled, concentrated (Viaspin (10 kDa), Goettingen, Germany), Sartorius) and applied to a Hiload 16/60 
Superdex G75 column (GE Healthcare) equilibrated with 10 mM NaOAc, 150 mM NaCl, pH 6 (0.5 ml.min−1). 
Fractions containing pure target enzymes were concentrated (Viaspin (10 kDa), Sartorius) and stored at 4 °C. The 
purity was checked on 12% SDS-PAGE gels. The theoretical molar extinction coefficient and size were calculated 
using ProtParam (http://web.expasy.org/protparam) to 30035 M−1 cm−1 and 25.445 kDa. Protein concentrations 
were determined by A280 using the theoretically obtained molar extinction coefficients.

enzyme kinetics assays. Reactions on 0.1875 mg ml−1 of PsAlg7A were set up in triplicates in a 96 well 
quartz plate. Alginate (Sigma), polyguluronic acid (larger than 5 kDa) (Carbosynth, Compton, UK), and pol-
ymannuronic acid (larger than 5 kDa) (Carbosynth) substrates were prepared in 20 mM Britten-Robinson, 
200 mM NaCl, pH 5 buffer. Substrate concentrations ranging from 0.025 to 1.5 mg ml−1 were assayed. To deter-
mine enzyme kinetics, the averaged initial velocities (linear range over 10 minute runs) in milli-absorbance units 
(mAU) at A235 were calculated to mM per seconds of 4-deoxy-4,5-unsaturated mono-uronates from measure-
ment of double bonds at absorbance of 235 nm caused by lyase induced β-elimination, versus the substrate con-
centrations using the extinction coefficient of 6150 M−1 cm−145,46.

Results
Genome properties and comparison. The draft genome of P. salina was assembled to a size of 27.4Mbp 
with an average GC content of 52%, a N50 of 32 K and an average scaffold size of 15062 bp. The assembled 
transcriptome contained 21394 transcripts with an average size of 1789bp and a N50 of 2792 (Supplementary 
Table S4). For gene prediction both the genome and transcripts were submitted to the AUGUSTUS server, which 
predicted 9281 proteins in the genome (Supplementary File S1). The transcripts were used as is, in a tBLASTn 
search towards the genome predicted proteins and were found to match approximately 8600 of predicted pro-
teins after filtering (identity >75%, HSP length >200 bp) (Supplementary File S2). The combined annotations 
from CUPP, HotPep, dbCAN and InterProScan predicted putative domains for 8184 proteins of which 448 con-
tained CAZyme domains. CUPP and HotPep annotated putative functions for 323 of the putative CAZymes 
(Supplementary File S2).

In order to elucidate P. salina potential genetic macroalgae specific specializations, a genome comparison of 
a terrestrial fungus belonging to the same family was undertaken. Candidates were found by BLASTn (mega-
blast)47 of the ribosomal barcode from P. salina (accession MH873443.1) against the The Whole Genome (WGS) 
blast database with restriction to Pleosporaceae (taxid:28556). The first hit was the terrestrial plant pathogen 
Stemphylium lycopersici at E-value 0.0, 100% query coverage and 98% identity (Supplementary Table S5). The 
result correlated with the reported close taxonomic relationship of P. salina and Stemphylium species48. The pro-
tein sequences from the S. lycopersici genome (accession ASM119154v1)49 were subjected to the same annotation 
analyses as P. salina and used for comparisons (Supplementary File S3). The P. salina and S. lycopersici cross 
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genome BLASTp showed a 98.3% agreement between the annotations of CAZymes and an average pairwise iden-
tity of 88% (±10). Of the 9282 predicted P. salina proteins, 7581 showed 75% identity or higher to S. lycopersici 
proteins, 461 proteins fell under the E-value threshold of these, and 274 remained unannotated (Supplementary 
File S3). The CAZyme annotations were binned according to broad substrate specificities and compared. The two 
fungi showed similar substrate profiles, however, P. salina generally had reduced numbers of CAZYme encoding 
genes in most categories related to polysaccharides found mainly in the primary plant-cell walls of terrestrial 
plants, the most significant being hemicellulose, pectin, β-galactan and α-arabinan. Chondroitin AC lyase (chon-
droitin sulfate) and alginate lyase were unique to P. salina (Fig. 1).

Protein sequences from two additional fungal plant pathogens, Bipolaris maydis (Ascomycota) (accession 
GCF_000354255.1)50 and Alternaria alternate (Ascomycota) (accession GCF_001642055.1)51, found amongst 
the top BLASTn results were included in a broad CAZyme comparison, to broaden the taxonomic variance. 
The CAZyme profiles showed high similarity with respect to families and paralogue copies within them (Fig. 2) 
(Supplementary Table S6). Compared to the three terrestrial fungal plant pathogens, P. salina harbored 25% fewer 
CAZyme domains than S. lycopersici and B. maydis and 35% fewer than A. alternata. Approximately the same 
relationship applied for the putative sugar transporters (Table 1).

Figure 1. Comparative distribution of CAZymes in P. salina and its terrestrial relative S. lycopersici, binned 
according to substrate specificities. CAZy domains were annotated with dbCAN HMM models and CUPP. 
Substrate designations were inferred by using the predicted functions from CUPP (Supplementary Files S2 and S3).

Figure 2. Venn diagram of shared CAZyme domain families between P. salina (Ps), and the terrestrial fungi:  
S. lycopersici (Sl), A. alternata (Aa) and B. maydis (Bm). The domains were annotated using dbCAN HMM 
models and CUPP (Supplementary Table S6). The three unique families in P. salina (indicated in the blue zone) 
were PL7, PL8 and CBM24.
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Unique to P. salina were three PL7 alginate lyases, in addition to a PL8 protein with similarity to ascomycete 
chondroitin AC lyases, and a CBM24 appended to a GH18 domain (Fig. 2). Family GH18 harbors enzymes such as 
chitinases and CBM24 has been reported to bind to α-1,3-mutan, a mixed linkage glucan from Streptococcus sp.52.

Brown algae sugar monomer composition. Three brown algae species A. nodosum, F. serratus and  
S. latissima were selected representatives of the orders Fucales and Laminariales, commonly found in the North 
Sea. To assess the content and variation of sugars in the selected species, we performed monomer composition 
analysis by acid hydrolysis with subsequent HPAEC-PAD of products. The analysis showed the combined content 
of guluronic and mannuronic acids, which constitute alginate, to be as high as 30–40% in all three species of algae 
(Fig. 3). Fucose content, assumed to mainly stem from FCSPs, varied significantly across the three species, with  
A. nodosum containing almost 10%. The majority of the glucose is assumed to come from laminarin and cellulose 
of which F. serratus contained almost double the amount compared to A. nodosum. Mannitol content was rela-
tively the same for all the species at approximately seven percent. The total sugar content averaged around 62% 
of the dry weight (Fig. 3).

enzymes relevant for brown algae cell wall degradation in the P. salina genome. Based on the 
combination of assumed substrate specificities of the CAZymes and the monomer analysis of the brown algae, it 
was possible to identify enzymes in the P. salina genome relevant for the degradation of all major types of poly-
saccharides in brown algae except FCSPs (Table 2).

The predicted PL7 genes were found on three different contigs and interestingly none of them contained 
introns. The GC percentage did not significantly vary from the contigs they were found in or the average GC 
content of the genome (Supplementary File S4). The top ten hits of the BLASTp analysis revealed marine bac-
terial sequences with the highest identities at a maximum of 30% similarity and no fungal hits despite several 
fungal sequences being listed in CAZy (Supplementary Table S7). Furthermore, the fungal PL7 members in 
CAZy all belong to subfamily four, but the dbCAN result of the three P. salina sequences yielded no such hit 
(Supplementary File S2). To expand on this, the sequences were aligned with PL7 domain sequences derived from 
CAZy and analyzed in a maximum likelihood phylogenetic analysis (Fig. 4 and Supplementary Fig. S1). The three 
P. salina PL7 sequences clustered together in a clade dominated by marine proteobacteria and a single sequence 
from the red seaweed Pyropia yezoensis, all without any subfamily classifications. All characterized members 
of this clade have been characterized as β-mannuronate specific lyases53–56 (EC 4.2.2.3) (Fig. 4). Recently three 
putative PL7 proteins were annotated in a marine Calcarisporium sp. KF525 (Basidiomycota)57 and it would have 
been interesting to include these sequences in the phylogenetic analysis, however no sequence information from 
this genome was available at the time of this study.

Organism
Auxiliary 
Activities

Carbohydrate 
Esterases

Polysaccharide 
Lyases

Glycosyl- 
Transferases

Glycoside 
Hydrolases

Total 
CAZymes

Major Facilitator 
(PF07690)

Sugar (and other) 
transporter (PF00083)

Total 
transporters

Ps 86 55 22 209 82 454 157 73 230

Sl 136 80 23 278 99 616 205 91 296

Bm 141 77 16 274 99 607 219 78 297

Aa 167 95 26 303 108 699 256 104 360

Table 1. Summary of annotated CAZymes and potential sugar transporters in P. salina (Ps), S. lycopersici (Sl), 
B. maydis (Bm) and A. alternata (Aa). CAZymes were annotated using dbCAN HMM models and CUPP and 
putative transporter genes were annotated using PFAM HMM models.

Figure 3. HPAEC-PAD based analysis of monomer sugars in three species of brown algae. GluA (glucuronic 
acid), GuluA (guluronic acid), ManA (mannuronic acid). The samples were analyzed in triplicates.
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We found putative genes for the complete degradation of cellulose in P. salina (Table 2). Additionally, a total 
number of 25 putative AA9 Lytic Polysaccharide MonoOxygenases (LPMOs) genes were found. The AA9 LPMOs 
have been reported to act mainly on cellulose which is the broad category chosen for them in this study, but there 
have also been reports of specificity towards hemicellulose58 and xyloglucan59.

Three different sulfatases were annotated: an aryl S1_6 N-acetylglucosamine-6-sulfatase (EC 3.1.6.14) (g8134.
t1), a S1_12 choline-sulfatase (EC 3.1.6.6) (g7726.t1) and a S3 alkyl sulfatase (g9014.t1). Only the S1_6 sulfatase 
of these three was predicted for extracellular secretion. Five sulfate transporter proteins (PF00916, PF01740) were 
also found: one sulfate permease 1 (2.A.53.1.1) (g6037.t1), three sulfate permease 2 proteins (2.A.53.1.2) (g1349.
t1, g2846.t1, g5922.t1) and a putative sulfate transporter (2.A.53.1.11) (g1670.t1) (Supplementary File S2).

the P. salina genome contains enzymes relevant for degradation of algal carbon storage com-
pounds. A wide variety of putative β-1,3-glucanases were identified in the P. salina genome (Table 2). It is also 
likely that some of the numerous putative GH1 and GH3 β-glucosidases identified are active on β-1,3 oligosac-
charides catalyzing the release of glucose.

We found several enzymes belonging to the mannitol II degradation pathway. A mannitol dehydroge-
nase (EC 1.1.1.255) (g460.t1), which converts d-mannitol into d-mannose, which is further converted to 
d-mannose-6-phosphate by hexokinases and then to d-fructose-6-phosphate by mannose-6-phosphate-isomerase 
before entering the glycolysis II pathway60. Two such putative isomerases and multiple hexokinases were found. 
The presence of one mannitol-1-phosphate 5-dehydrogenase (EC 1.1.1.17) (g1637.t1) belonging to the mannitol 
I degradation pathway indicates P. salina has its own mannitol metabolism61 (Supplementary File S2).

Three putative trehalase genes (EC 3.2.1.28) were found in P. salina: one GH65 with a CBM32 and a signal 
peptide appended and two GH37, the latter also containing a signal peptide but no CBM (Table 2). The presence 
of three GT20 genes, two α, α-trehalose-phosphate synthases (EC 2.4.1.15) and one trehalose-phosphatase (EC 
3.1.3.12) (Supplementary File S2) indicates that P. salina also has its own trehalose pathway.

oxidative enzymes. A total of 16 putative peroxidase genes were found: four AA2 peroxidases, five cat-
alases, three haem peroxidases, one glutathione peroxidase, two chloroperoxidases and a bromoperoxidase/
chloroperoxidase gene (Supplementary File S2). In a comprehensive search for vanadium-dependent halop-
eroxidases (VHPO’s), the genome was searched for all PAP2 domains (PF01569). Nine sequences were found 
which were subsequently aligned with the sequences used by Fournier and colleagues62 and analyzed with max-
imum likelihood analysis. The phylogenetic tree showed that one PAP2 sequence (g2873.t1) was positioned 
with vanadium-dependent bromoperoxidases (VBPOs) from brown algae and another sequence along with 
vanadium-dependent chloroperoxidases from fungi (VCPOs) (g3610.t1). The remaining PAP2 sequences were 
positioned with putative acid phosphatases (Supplementary Fig. S2).

Other putative oxidative enzymes found included eight laccases, numerous AA7 sugar oxidases, AA3 oxidore-
ductases and five tannases (Supplementary File S2).

P. salina produces active enzymes under both carbon limitation and fermentation of brown algae.  
We tested the fermentation supernatants on a variety of substrates found in plant, fungal and brown algal cell 

Substrate Enzyme activity EC no. CAZyme families

Alginate Mannuronate-specific alginate lyase 4.2.2.3 3 PL7

Cellulose

Lytic Polysaccharide MonoOxygenase (LPMO) — 25 AA9

Cellobiose dehydrogenase (acceptor) 1.1.99.18 2 AA3

Endo-β-1,4-glucanase 3.2.1.4 2 GH5 2 GH45 1 GH12

β-1,4-cellobiohydrolase (reducing end) 3.2.1.176 3 GH7

β-1,4-cellobiohydrolase (non-reducing end) 3.2.1.91 2 GH6

β-glucosidase 3.2.1.21 3 GH1 9 GH3

β-1,3-glucan

Endo-β-1,3-glucosidase 3.2.1.39 4 GH16 2 GH17 1 GH64 2 GH81 3 GH128

Exo-β-1,3-glucanase 3.2.1.58 4 GH5 3 GH55

Endo-β-1,6-glucanase 3.2.1.75 2 GH5

Exo-β-1,3/1,6-glucanase 3.2.1.- 2 GH131

β-glucosidase 3.2.1.21 3 GH1 9 GH3

β-1,3-glucosidase 3.2.1.- 1 GH132

Mixed linkage glucan
Endo-β-1,3(4)-glucanase 3.2.1.6 2 GH16

Endo-β-1,3-glucosidase 3.2.1.39 2 GH17

Arabinogalactan

β-1,3-galactosidase 3.2.1.145 1 GH43

Endo-β-1,6-galactosidase 3.2.1.164 2 GH5

β-galactosidase 3.2.1.23 3 GH2 2 GH35

Trehalose α,α-trehalase 3.2.1.28 2 GH37 1 GH65

Table 2. Overview of putative CAZymes found in the P. salina genome relevant for degrading polysaccharides in 
brown algae. Family and functional annotation was performed using dbCAN and CUPP (Supplementary File S2).

https://doi.org/10.1038/s41598-019-48823-9


7Scientific RepoRtS |         (2019) 9:12338  | https://doi.org/10.1038/s41598-019-48823-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

walls. Overall α-amylase activity was equally strong in all fermentations regardless of substrate (Fig. 5a). In the 
carbon limited fermentation, amylase activity was observed very soon after day two together with protease activity 
(Supplementary Fig. S3). Endo-β-1,3-glucanase activity was also observed in all fermentations, but at significantly 
higher levels in two of the brown algae fermentations (Fig. 5a). Unique to the brown algae fermentations were 
endo-β-1,4-glucanase, endo-β-1,4-mannanase, endo-1,4-xylanase, mixed linkage endo-β-glucanase (Fig. 5a) and 
alginate lyase activity (Fig. 5b). No fucoidanase activities were observed in the C-PAGE (Supplementary Fig. S4).

Characterization of PsAlg7A confirmed the preference for mannuronic acid. To confirm the in 
silico prediction of the mannuronic acid specificity (EC 4.2.2.3) of the PL7 lyases we chose the most abundantly 
secreted PL7 (PsAlg7A) (g8132.t1) for recombinant expression in P. pastoris. The recombinant PsAlg7A had an 
approx. size of 25 kDa according to the SDS-PAGE (Supplementary Fig. S5, lane 2), which corresponds with the 
predicted molecular mass. PsAlg7A displayed a higher kcat for polymannuronic acid than for alginate or polygulu-
ronic acid and a lower Km for polymannuronic acid compared to polyguluronic acid (Table 3, Fig. 6), confirming 
the in silico predicted specificity for PsAlg7A.

the secreted proteome of P. salina reveal similarities and differences in enzyme profiles 
depending on which algal strain is used as substrate. Maxquant identified 662 proteins from P. salina 
across the fermentations (Supplementary File S2).

The relative quantity analysis of the secretomes of the four fermentations revealed different profiles for each 
of the four types (Fig. 7). As expected, based on the enzyme activities, CAZymes were represented two to three 
times higher in the fermentations with algae, both in relative distribution (Fig. 6b–d), but also in quantities 
(Supplementary File S2) compared to the carbon limited fermentation which favored proteases and other proteins 
(Fig. 7a).

Figure 4. Maximum likelihood phylogenetic analysis of selected CAZy-listed PL7 protein sequences, including 
the three sequences from P. salina found in this study. The species names are indicated along with accession 
numbers of corresponding PL7 sequences. Branch numbers indicate bootstrap values. The tree scale bar 
indicates substitution changes per site. A *indicate EC numbers of characterized members listed in CAZy. 
Sequences belonging to PL7 subfamily 4 are indicated in the same column. The tree was pruned from a larger 
phylogenetic tree containing all CAZy listed sequences (Supplementary Fig. S1).
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Highly abundant in all fermentations were several α-glucosidases (EC 3.2.1.20), a starch specific AA13 LPMO 
with an appended CBM20 and a GH13 α-amylase (EC 3.2.1.1) also with a CBM20 appended; the latter enzyme 
was most likely constitutively expressed and responsible for the observed amylase activity (Fig. 5a). Starch-like 
polysaccharides or the genes necessary for their synthesis have not been found in brown algae.

The fermentations with algae contained significantly higher levels of PL7 alginate lyases (5–16%), as was 
expected based on the observed alginate lyase activity (Fig. 5b), but surprisingly also of the PL8 lyase that consti-
tuted 4–12% of the observed proteins in the fermentations with algae (Fig. 7).

All three algal P. salina fermentations contained high amounts of cellulases, in particular high in the S. latis-
sima fermentation where cellulases constituted 41% of the total protein content (Fig. 7d). This was due to two 
reducing end acting GH7 β-1,4-cellobiohydrolases (EC 3.2.1.176) (g4260.t1, g793.t1) that constituted approx-
imately 35% of the proteome. Together with a non-reducing end-acting GH6 β-1,4-cellobiohydrolase (EC 
3.2.1.91) (g468.t1) and a GH5 endo-1,4-β-glucanase (EC 3.2.1.4) (g5427.t1) (Supplementary File S2), these were 
most likely linked to the observed cellulase activity (Fig. 5a).

The majority of CAZymes in the carbon limited fermentation consisted of β-1,3-glucanases, also known as 
laminarinases63, from nine different families (Supplementary File S2). The two most abundant enzymes were 
putative endo-β-1,3-glucosidases (EC 3.2.1.39): a GH17 (g2064.t1) and a GH55 (g36.t1). These were also the 
most abundant in the fermentations with algae (Supplementary File S2) and most likely linked to the observed 
endo-β-1,3-glucanase activity (Fig. 5a).

The P. salina fermentations with A. nodosum diverged from the other fermentations with high percentages 
of AA7 glucose-oxidases, AA3-oxidoreductases and a putative gluconolactonase. Together, these enzymes 
constituted as much as 47% of the secretome (Fig. 7b). The essential activities for gluconic acid production in 
Aspergillus niger were found to consist of an AA3 glucose-oxidase (EC 1.1.3.4), a catalase (EC 1.11.1.6) and a 
gluconolactonase (EC 3.1.1.17)64.

Of other noteworthy observations was a GH11 endo-β-1,4-xylanase, which was upregulated in the F. serratus 
fermentation (Supplementary File S2). This enzyme was most likely responsible for the activity observed on arab-
inoxylan and xylan (Fig. 5a). Additionally, two putative pectate lyases (EC 4.2.2.2), a PL3 and a PL1 were observed 
solely in the fermentations with algae (Supplementary file S2).

Proteins upregulated in the fermentations with algae other than CAZymes included abundant proteases/pepti-
dases, a highly abundant lipase and a catalase (Supplementary File S2). One of the most abundant single proteins 
in all the P. salina fermentations was a 193aa long unknown protein with homology to allergen-like proteins in 
other fungi (g5788.t1) (Fig. 7).

Figure 5. Enzyme activities in the fermentation supernatants. The supernatants of P. salina after 14 days of 
incubation on brown algae and under carbon starvation were assayed on a variety of substrates at pH 5 and 
30 °C. (a) AZCL assay of endo-lytic activities after 45 hours of incubation. (b) Alginate lyase activity after two 
hours of incubation. Five biological replicates for each type of fermentation were analyzed.

Substrate Vmax (μM/s) Km (mM) Kcat (s−1) Kcat/Km (mM−1 s−1)

Alginate 0.49 ± 0.03 0.68 ± 0.12 0.66 ± 0.04 0.97

polymannuronic acid 2.5 ± 0.15 2.8 ± 0.41 3.4 ± 0.18 1.2

polyguluronic acid 1.9 ± 0.38 19 ± 5.4 2.1 ± 0.33 0.11

Table 3. PsAlg7A kinetic parameters on alginate, polymannuronic acid and polyguluronic acid. Values ± denotes 
the standard error.
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Discussion
The annotation analysis of the P. salina genome revealed a repertoire of putative enzymes, which theoretically 
degrade the majority of the polysaccharides in brown algae, including alginate. The P. salina genome har-
bored 150–250 fewer CAZymes and 60–130 fewer sugar transporters compared to its close terrestrial relatives 
(Table 1). However, in spite of the lower numbers of CAZymes, P. salina still harbors CAZymes relevant for deg-
radation of most of the major types of terrestrial polysaccharides, e.g. cellulases, pectinases, hemicellulases and 
starch-degrading enzymes.

The proteomic and genomic analysis of the CAZymes of P. salina strongly suggests that presence of the PL7 
alginate lyases is one of the most significant adaptations of P. salina to thrive on brown macro-algae. The absence 
of alginate lyase families in the terrestrial relatives, the absence of introns in the genes and the phylogenetic 
placement among bacterial sequences could indicate possible horizontal gene transfers from marine bacteria, 
granting P. salina the ability to degrade alginate. This hypothesis however, is difficult to confirm and the GC con-
tent analysis of the genes and the low sequence identity to all other PL7 proteins provided no further evidence. 
The gene loss of the PL7 genes in the terrestrial fungi is also a possibility, but even more difficult to confirm. No 
alginate lyases from other enzyme families were found in P. salina, thus it is reasonable to conclude that one of 
these genes is identical to a poly-specific β-1,4-mannuronide lyase (EC 4.2.2.3) isolated from the supernatant 
of a different strain, P. salina IFO3213965. However, this study did not produce the sequence of the protein and 
therefore no family classification or homology to other enzymes was provided. Our phylogenetic analysis of the 
PL7 sequences from P. salina indicated them to be mannuronic acid specific, which we confirmed by performing 
enzyme kinetics on the purified PsAlg7A, which also showed a low activity towards guluronic acids, which seems 
to be a common occurrence in the PL7 family53,66. Considering that the carbohydrate analysis of the algae used in 

Figure 6. Michaelis-Menten plots of PsAlg7A. Evolution of initial velocities measured as the formation of 
double bonds for increasing substrate concentrations of (a) alginate, (b) polymannuronic acid and  
(c) polyguluronic acid.

Figure 7. Relative composition of the secreted proteomes of P. salina incubated on three species of brown 
algae and under carbon starvation. (a) Carbon limited, (b) F. serratus, (c) S. latissima, (d) A. nodosum. The 
compositions were derived from LC-MS/MS calculated iBAQ values (Supplementary File S2). Proteins 
representing less than one percent were accumulated under the “other” category.
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this study showed mannuronic acid contents to be approximately two-fold higher than guluronic acid contents in 
all three brown algae species, it is plausible that the specificities of the enzymes would mirror this composition. 
To our knowledge PsAlg7A is the first recombinantly expressed and characterized PL7 from a marine fungus. The 
combined data from the activity assays and proteomic analysis confirmed that the PL7 proteins were abundantly 
present and active in the fermentations with brown algae. Our study thus indicates that P. salina is capable of 
degrading the alginate in the brown algae cell wall, thereby exposing other polysaccharides for enzymatic deg-
radation. Such polysaccharides may for example be cellulose microfibrils, which P. salina appears to be able to 
degrade due to the numerous putative cellulases in its genome and corroborated by their active presence in the 
fermentation supernatants. This is not surprising considering that cellulases are quite common enzymes found in 
many if not all plant cell wall degrading fungi as well as in fungi not typically associated with cellulose degrada-
tion33. Cellulase activity and quantity were significantly higher in the algal fermentations compared to the carbon 
limited fermentation (Fig. 5a). Yet the presence of minor amounts of cellulase activity in the carbon limited fer-
mentation suggests these enzymes are either constitutively expressed in small amounts or induced by starvation.

The carbon storage compounds in brown algae all have similar roles and structures in fungi. There is for 
example a partial structural overlap between the β-1,3-glucan found in fungal cell walls67 and the brown algal 
laminarin. The only differences between these compounds are the terminal d-mannitol residues in the algal 
M-series laminarin14. Filamentous fungi utilize β-1,3-glucanases in the synthesis, remodeling and recycling of 
the β-1,3-glucan in their cell wall, but also in connection with mycoparatism68. Our data indicates that the same 
putative β-1,3-glucan active enzyme, which is expressed by P. salina when carbon limited, is significantly upreg-
ulated when P. salina grows on brown algae.

Mannitol is an abundant sugar found in both fungi60 and brown algae14 and mostly related to carbon stor-
age and stress tolerance. P. salina has been shown to utilize mannitol as sole carbon source8. This indicates that  
P. salina can metabolize extracellular sources of mannitol. We found genes belonging to both the mannitol I and 
II degradation pathways, which indicates that P. salina is capable of both synthesis and metabolization. Similarly, 
trehalose is found in both fungi69 and brown algae14. Fungi are known to utilize both cytosolic and extracellular 
sources of trehalose70, and our data suggests that this is the case in P. salina as well.

The numerous catalases and peroxidases may allow P. salina to cope with defense-related oxidative bursts in 
the form of hydrogen peroxide from brown algae. Such responses have been observed in Laminaria digitata where 
oligo-guluronates from alginate degradation was observed to elicit oxidative defenses in the algae71. The VHPOs 
may play a similar role72 during attack by the fungus by remobilizing halides from the algae or playing a role in 
hyphal invasion of the algal cell wall, as has been hypothesized for the many terrestrial fungi where a similar 
enzyme has been found73. Reactive oxygen species (ROS), including hydrogen peroxide, play several critical roles 
in terrestrial plants during plant-fungal interactions74 and fungi have numerous coping mechanisms in place for 
dealing with ROS75,76. Recently, it has been observed that LPMOs are effectively activated by hydrogen peroxide 
prior to the degradation of substrates like cellulose77. The numerous AA9 LPMOs found in the P. salina genome 
and in the algal fermentations suggest that they play an important role in the degradation of the brown algal cell. 
It is possible that the fungal LPMOs in synergy with peroxidases could provide an ingenious way to use the algal/
plant defense against itself while speeding up the degradation of polysaccharides like cellulose and hemicellulose. 
Extensive additional experiments would need to be performed to confirm these hypotheses. Unfortunately this 
stretches beyond the scope of this study.

The identification of a putative PL8 chondroitin AC lyase gene in P. salina without any equivalent genes in the 
compared terrestrial fungi and the fact that this enzyme was highly abundant in the algal fermentations raises 
interesting questions regarding the role and substrate specificity of the lyase. Chondroitin sulfate belongs to the 
glycosaminoglycan (GAG) family of linear heteropolysaccharides attached covalently to proteins forming pro-
teoglycans78. These types of proteoglycans are almost exclusively associated with animal tissues and cells79 and 
to our knowledge have never been found in algae or fungi. Two putative PL8 proteins from Trametes versicolor 
F21a (Basidiomycota) were previously found by proteomic analysis when the fungus fermented microalga, one 
of which significantly upregulated80.

Aside from the numerous β-glucan active enzymes, the P. salina genome like that of S. lycopersici contains 
abundant hemicellulolytic and pectinolytic enzymes. As many as 36 putative pectinase genes were annotated in 
the genome suggesting that P. salina effectively degrades pectin. The shared sequence identities with S. lycopersici 
pectinases, like many of the other CAZymes in the P. salina genome, indicate commonalities between marine 
and terrestrial sources of pectin. Pectinases indeed seem to be a common occurrence in marine ascomycetes6,81 
and they can even be induced by terrestrial sources of pectin82. In the case of marine bacteria, various horizontal 
gene transfers of whole pectinolytic loci from terrestrial bacteria have been observed, which might indicate an 
evolutionary pressure towards the metabolization of marine pectin, said to stem from seagrasses and marine 
diatoms83,84. The two putative pectate lyases found solely in the P. salina fermentations with brown algae raises 
an interesting question regarding their substrate specificities. Similarly, in the fermentation with F. serratus as 
substrate, the observation of endo-xylanase activity on xylan and arabinoxylan linked to the presence of a GH11 
endo-xylanase is slightly perplexing. The proposed model of the brown algal cell wall incorporates short-chained 
hemi-cellulose molecules85. However, to our knowledge no polysaccharide with a xylan backbone has been iden-
tified in brown algae. Like the pectinases, the large number of annotated hemicellulases in the P. salina genome is 
most likely relevant for seagrasses86 and various terrestrial sources washed out to sea.

Generally, the enzymatic capabilities of P. salina suggest that this fungus is capable of degrading most com-
ponents of brown algae, seagrasses and terrestrial plant material, which is indicative of a broad and saprobic 
lifestyle with plant pathogenic traits. Based on the high percentage of shared CAZymes with its plant-pathogenic 
family members and the acquired alginate lyases, it seems plausible that P. salina belongs to the proposed group 
of marine fungi that were secondary colonizers from the terrestrial to the marine environment6,87.
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This study provides detailed insights into the adaptations and brown algae enzymatic degradation pattern in a 
marine fungus. Our genome analysis indicates that the repertoire of enzymes found in P. salina is highly similar 
to that of terrestrial saprobic and plant pathogenic fungi from the same family. With this enzymatic repertoire 
and an acquired ability to degrade alginate, P. salina is capable of degradation and metabolization of most major 
polysaccharides from brown algae.

Data Availability
The draft genome and transcriptome assemblies, along with the cDNA paired-end reads were submitted to the 
European Nucleotide Archive (ENA) (www.ebi.ac.uk/ena) under the study accession number PRJEB30354. The 
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 
partner repository with the dataset identifier PXD012152 (www.proteomexchange.org/). All other data generated 
or analyzed during this study are included in this published article and its Supplementary Information files.
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Supplementary figures and tables 
 

 

Table S1. Protein concentrations in fermentation supernatants. Protein concentrations determined by 

the Pierce BCA Protein Assay Kit. Includes the calculated dilution factors for each sample used for 

normalizing the LC-MS/MS iBAQ values.  

 

Table S2. The selected AZurine-Cross-Linked substrates, structural description and supposed enzyme 

activity as described by the supplier. 

 

 

#
Protein in  

supernatants

Volume used 

for TCA

Protein* in 100ul 

resolubilized GdHcl   

Factor used for MS 

data normalization

G1 0.00068 40ml 0.271 0.011

G2 0.00087 40ml 0.349 0.014

G3 0.00118 40ml 0.472 0.019

G4 0.0011 40ml 0.439 0.017

G5 0.00052 40ml 0.208 0.008

A1 n.a n.a n.a n.a

A2 0.01137 2ml 0.227 0.180

A3 0.01372 2ml 0.274 0.218

A4 0.01058 2ml 0.212 0.168

A5 0.01263 2ml 0.253 0.200

F1 0.03158 2ml 0.632 0.501

F2 0.03439 2ml 0.688 0.545

F3 0.03297 2ml 0.659 0.523

F4 0.04017 2ml 0.803 0.637

F5 0.03466 2ml 0.693 0.549

S1 0.05178 2ml 1.036 0.821

S2 0.0461 2ml 0.922 0.731

S3 0.0428 2ml 0.856 0.679

S4 0.06307 2ml 1.261 1.000

S5 0.04419 2ml 0.884 0.701

*BCA measurement in mg/ml

A. 

nodosum

F. serratus

Carbon 

starved

S. latissima

AZCL substrate Polysaccharide description
Endo-enzyme activity listed 

by supplier (Megazyme)

Dextran Dextran Dextranase

Amylose Amylose α-amylase

Curdlan Liniar β-1,3-glucan with very few 1,6 internal branch points β-1,3-glucanase

Pachyman Branched β-1,3-glucan with a 1,3 branch point on every 50 glucose and few  

1,6 internal branch point every five residue 

β-1,3-glucanase

β-glucan (barley) 1,3-1,4 mixed linkage β-glucan β-1,3-1,4 -glucanase

Galactan (potato) Liniar β-1,4-galactan β-1,4-galactanase

HE-cellulose Amorphous cellulose β-1,4-glucanase

Galactomannan (Carob) β-1,4-mannan with galactose substitutions β-1,4-mannanase

ArabinoXylan (wheat) Liniar β-1,4-xylan with arabinose substitions β-1,4-xylanase

Xylan (birch) Linar β-1,4-xylan β-1,4-xylanase

Xyloglucan (tamarin) β-1,4-glucan backbone with α-D-xylopyranose substitutions β-1,4-glucanase

Casein Casein Protease
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Name Gene 

PsAlg7A TACACTGCTCCATCTACTGAATCTAAGTTTACTGAGGTTTTGTCTAAGGCTAAATTGCAATATCCTACTTCT
ACTACTGTTGCTTTCGCTGATGATTTGTTGGATGGTTACGCTGCTTCTTACTTCTATTTGACTTCTGATTTGT
ACATGCAATTCCAAGTTGCTGGTTCTTCTCAAAGATCTGAATTGAGAGAAATGGAGACTTCTGGAGATGA
GGCTGCTTGGGATTGTACTGGTTCTACTGCTCATGTTGCTTCTGCTCAAATTGCTATTCCAGTTCAAGAAG
ATGGTATTGAAGAGGTTACTATTTTGCAAGTTCACGATTCTGATGTTACTCCTGTTTTGAGAATCTCTTGGG
TTTCTTCTATCACTATCGATGGTGTTACTTCTGAAGATGTTGTTTTGGCTACTATCAGAAACGGTATCGATG
ATTCTACTGCTACTAAGACTGTTTTGCAAGCTCATACTACTTCTAGAACTGAGTTTAATATCAACGTTCAAA
ACTCTAAGTTGTCTATCACTGTTGATGGTACTACTGAATTGGATGAGGCTGATATCTCTCAATTCGATGGT
TCTACTTGTTACTTCAAGGCTGGTGCTTATAACAATAACCCAACTGATACTTCTGCTAACGCTAGAATTAAA
ATGTACGAATTGGAGTGG 

Table S3. Nucleotide sequence encoding PsAlg7A. Codon optimized for P. pastoris.   

 

Table S4. Sequencing and assembly statistics from the P. salina genome and transcriptome assemblies. 

 

Table S5. Top hits from the BLASTn analysis of the consensus ribosomal nucleotide sequence from P. 

salina (accession MH873443.1).   

Type
Number of 

reads

Sample Yield 

(in MB)

Average Quality 

scores (Phred)
Total reads

 Mapped 

reads

Genome 14426983 3418 38 28853966 27826167

Transcriptome 9899844 2441 38 19799688 18962918

Type
Mapped reads 

in pairs

Average 

coverage
Insert size median Scaffolds Sum (bp) 

Genome 27457561 120,43 303 1818 27.384.128

Transcriptome 18588240 61,12 201 21394 38280753

Type GC (%)
Max scaffold 

size
Min. scaffold size

Average 

scaffold size
N25 

Genome 52,13 139 302 15 54

Transcriptome 53 17552 201 1789 4453

Type  N50 N75 Gaps Size of gaps

Genome 33 17 108 241

Transcriptome 2792 1643 0 0

Query Description

Max 

score

Total 

score

Query 

cover
E-value Identity Accession

MH873443.1 Stemphylium lycopersici strain CIDEFI 213 scaffold_250 2145 2145 100% 0 98% QGDH01000250.1

Stemphylium lycopersici strain CIDEFI 212 scaffold_311 2145 2145 100% 0 98% QGDG01000311.1

Curvularia sp. IFB-Z10 scaffold_33 1901 1901 100% 0 94% JPSZ01000033.1

Bipolaris maydis C5 COCHEscaffold_9_Cont22 1881 1881 100% 0 94% AIDY01000022.1

Alternaria brassicicola strain Abra43 tig00000030_pilon 1875 3750 100% 0 94% PHFN01000024.1

Alternaria brassicicola strain Abra43 tig00000029_pilon 1862 2574 100% 0 94% PHFN01000023.1

Bipolaris oryzae isolate TG12bL2 contig_45 1862 1862 100% 0 94% LNFW01000034.1

Alternaria sp. MG1 NODE_21 1858 1858 100% 0 94% QPFE01000018.1

Alternaria alternata strain B2a contig_50 1858 1858 100% 0 94% LSHC01000019.1

Alternaria alternata strain Z7 contig089-7934 1858 3717 100% 0 94% LPVP01000083.1
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Table S6. HMMer analysis using dbCAN models of the fungal genomes used in this study. This data was 

used for the VENN analysis. 

Family P. salina S. lycopersici B. maydis A. alternate Family P. salina
S. 

lycopersici
B. maydis A. alternate

GH1 3 3 3 3 AA1 7 7 8 8

GH2 5 8 7 7 AA2 5 7 10 9

GH3 11 15 17 18 AA3 13 30 32 41

GH5 15 20 17 21 AA4 2 3 4 4

GH6 2 3 3 3 AA5 5 5 5 5

GH7 4 4 6 4 AA6 1 1 1 1

GH10 3 4 5 7 AA7 20 46 43 57

GH11 3 5 5 5 AA8 1 0 1 1

GH12 2 3 3 5 AA9 25 28 24 32

GH13 7 7 7 7 AA10 0 0 0 0

GH15 2 2 2 2 AA11 4 5 9 5

GH16 18 18 17 18 AA12 1 3 3 3

GH17 6 6 6 8 AA13 1 1 1 1

GH18 10 12 16 12 Subtotal 85 136 141 167

GH20 2 3 3 3 CE1 18 28 31 37

GH26 0 1 1 1 CE2 1 1 0 1

GH27 1 4 3 3 CE3 2 4 4 7

GH28 6 7 3 8 CE4 11 14 14 16

GH29 0 0 1 0 CE5 8 15 13 14

GH30 2 2 2 3 CE7 0 1 0 0

GH31 5 9 9 10 CE8 5 7 3 7

GH32 3 3 3 3 CE9 2 2 3 2

GH33 0 0 1 1 CE12 4 3 4 5

GH35 2 6 4 6 CE14 1 0 1 1

GH36 1 1 1 1 CE15 1 2 1 2

GH37 2 2 2 2 CE16 2 3 3 3

GH38 1 1 1 1 Subtotal 55 80 77 95

GH43 9 20 18 20 PL1 7 10 6 11

GH45 2 2 3 3 PL3 5 6 5 7

GH47 10 11 11 10 PL4 5 4 4 4

GH51 2 2 2 2 PL7 3 0 0 0

GH53 0 1 1 1 PL8 1 0 0 0

GH54 0 1 1 1 PL9 0 1 0 1

GH55 3 4 3 5 PL11 0 0 0 1

GH62 3 2 2 2 PL22 0 1 0 1

GH63 3 3 3 3 PL26 1 1 1 1

GH64 1 1 1 1 Subtotal 22 23 16 26

GH65 1 1 1 1 GT1 5 9 6 9

GH67 1 1 1 1 GT2 12 15 16 14

GH71 0 1 1 1 GT3 1 1 1 1

GH72 6 6 7 6 GT4 5 5 5 6

GH74 3 4 4 4 GT8 6 5 8 6

GH76 8 10 9 10 GT15 3 4 4 4

GH78 2 5 3 7 GT20 3 3 3 3

GH79 1 3 3 3 GT21 1 2 1 2

GH81 3 2 2 2 GT22 4 3 4 4

GH85 1 1 1 1 GT23 0 0 1 0

GH88 0 1 1 2 GT24 1 1 1 1

GH92 1 6 5 5 GT25 1 2 2 4

GH93 1 2 4 2 GT28 0 0 1 0

GH94 1 1 1 1 GT31 4 4 3 7

GH95 2 2 2 2 GT32 4 7 8 9

GH105 3 3 4 4 GT33 1 1 1 1

GH106 0 0 1 0 GT34 8 10 9 9

GH109 9 11 8 16 GT35 1 1 1 1

GH113 0 1 0 0 GT39 3 3 3 3

GH114 1 1 1 2 GT48 1 1 1 1

GH115 2 2 3 5 GT50 1 1 1 1

GH125 3 3 3 3 GT54 1 1 0 0

GH127 0 1 0 0 GT55 0 0 0 1

GH128 5 5 6 6 GT57 3 2 3 3

GH131 3 3 5 4 GT58 1 1 1 1

GH132 1 1 1 1 GT59 1 0 1 1

GH134 0 1 0 0 GT62 3 3 3 3

GH135 1 2 2 2 GT66 1 1 1 1

GH141 0 0 1 0 GT69 3 4 2 3

GH142 0 1 0 1 GT71 1 1 1 2

GH145 1 1 1 1 GT76 0 1 1 1

Subtotal 209 278 274 303 GT90 3 7 6 6

Total 478 616 607 699 Subtotal 82 99 99 108

Diff 138 129 221

Diff % 22 21 32

AA 86 136 141 167

CE 55 80 77 95

PL 22 23 16 26

GH 209 278 274 303

GT 82 99 99 108
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Table S7. Top hits from the BLASTp analysis of the putative PL7 protein sequences found in the P. salina 

genome.    

 

 

 

 

 

 

 

 

 

Description
Max 

score

Total 

score

Query 

cover
E value Identity Accession

g8132.t1 polysaccharide lyase family 7 protein [Nitratiruptor sp. SB155-2] 89 89 90% 1.00E-17 30% WP_012081562.1

polysaccharide lyase family 7 protein [Gayadomonas joobiniege] 80.9 80.9 90% 2.00E-14 29% WP_017446946.1

polysaccharide lyase family 7 protein [Aquimarina pacifica] 79.3 79.3 91% 2.00E-13 31% WP_025741611.1

hypothetical protein [Aquimarina aggregata] 74.7 74.7 89% 9.00E-12 28% WP_066313446.1

polysaccharide lyase family 7 protein [Actinoplanes globisporus] 67.4 67.4 65% 1.00E-09 32% WP_020512297.1

T9SS C-terminal target domain-containing protein [Lewinella cohaerens] 64.7 64.7 48% 3.00E-08 34% WP_020534342.1

hypothetical protein BC351_05040 [Paenibacillus ferrarius] 62 62 78% 1.00E-07 28% OPH57857.1

putative alginate lyase AlyVOB [Alcanivorax hongdengensis A-11-3] 62.4 62.4 88% 1.00E-07 26% EKF75036.1

MULTISPECIES: polysaccharide lyase family 7 protein [Streptomyces] 62 62 98% 1.00E-07 28% WP_019072329.1

polysaccharide lyase family 7 protein [Paenibacillus ferrarius] 62 62 78% 1.00E-07 28% WP_079413516.1

g6933.t1 Alginate lyase 2 domain protein [Rhodopirellula sp. SWK7] 96.3 96.3 92% 2.00E-20 30% EMI43849.1

polysaccharide lyase family 7 protein [Rhodopirellula sp. SWK7] 96.7 96.7 92% 3.00E-20 30% WP_052329521.1

hypothetical protein BU14_1709s0001 [Porphyra umbilicalis] 93.6 93.6 80% 2.00E-19 32% OSX69237.1

polysaccharide lyase family 7 protein [Vibrio hyugaensis] 89.4 89.4 96% 1.00E-17 28% WP_052437450.1

polysaccharide lyase family 7 protein [Caminibacter mediatlanticus] 82 82 90% 4.00E-15 29% WP_007473671.1

hypothetical protein [Alcanivorax nanhaiticus] 73.9 73.9 81% 7.00E-12 27% WP_035229412.1

hypothetical protein [Alcanivorax sp. P2S70] 68.2 68.2 69% 7.00E-10 28% WP_022986244.1

putative alginate lyase AlyVOB [Alcanivorax hongdengensis A-11-3] 66.6 66.6 81% 2.00E-09 27% EKF75036.1

MULTISPECIES: hypothetical protein [Lebetimonas] 65.1 65.1 57% 3.00E-09 31% WP_024788376.1

hypothetical protein [Alcanivorax hongdengensis] 66.6 66.6 81% 3.00E-09 27% WP_083851681.1

g8867.t1 Alginate lyase 2 domain protein [Rhodopirellula sp. SWK7] 101 101 94% 3.00E-22 32% EMI43849.1

polysaccharide lyase family 7 protein [Rhodopirellula sp. SWK7] 100 100 96% 6.00E-22 33% WP_052329521.1

polysaccharide lyase family 7 protein [Psychromonas sp. SP041] 85.1 85.1 86% 7.00E-16 31% WP_081695320.1

hypothetical protein [Aquimarina aggregata] 78.6 78.6 87% 4.00E-13 28% WP_066313446.1

polysaccharide lyase family 7 protein [Hippea jasoniae] 69.3 69.3 94% 2.00E-10 27% WP_051904545.1

polysaccharide lyase family 7 protein [Aquimarina pacifica] 67.8 67.8 91% 2.00E-09 26% WP_025741611.1

hypothetical protein [Psychromonas sp. SP041] 57 57 96% 8.00E-06 25% WP_025563003.1

putative alginate lyase AlyVOB [Alcanivorax hongdengensis A-11-3] 49.3 49.3 59% 0.002 29% EKF75036.1

hypothetical protein [Alcanivorax hongdengensis] 49.3 49.3 59% 0.003 29% WP_083851681.1

hypothetical protein [Rhizobiales bacterium] 49.3 49.3 58% 0.003 30% WP_113106616.1
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Figure S1. Maximum-likelihood phylogenetic tree (including bootstrap values and accession numbers) of 

all the PL7 sequences listed in the CAZy database. Only the catalytic domains predicted by dbCAN were 

used for the multiple alignment. The colors of branches and organism names represents phylae. The 

clades selected for figure 4 are highlighted by organism names. 
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Figure S2. Maximum likelihood phylogeny of PAP2 containing sequences from P. salina aligned with 

known Vanadium-Halo-PerOxidases (VHPO) and acid phosphatases. Blue colored accession numbers 

indicate P. salina sequences; orange accession numbers indicate fungal vanadium-dependent 

chloroperoxidases and bright green indicate vanadium-dependent bromoperoxidases from macro algae. 

Blue branches indicate acid phosphatases and red branches VHPOs. 
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Figure S3. 14-day time-course experiment following the carbon limited P. salina fermentations. All AZCL 

substrates were tested for activity.  

 

Figure S4. C-page results from enzymatic reactions using three out of five P. salina supernatants from day 

14 on fucoidan from F. versiculocus. 
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Figure S5. 12% SDS-PAGE gel of the purified PsAlg7A. 
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Abstract: Alginate is an anionic polysaccharide abundantly present in the cell walls of brown
macroalgae. The enzymatic depolymerization is performed solely by alginate lyases (EC 4.2.2.x),
categorized as polysaccharide lyases (PLs) belonging to 12 different PL families. Until now, the
vast majority of the alginate lyases have been found in bacteria. We report here the first extensive
characterization of four alginate lyases from a marine fungus, the ascomycete Paradendryphiella salina,
a known saprophyte of seaweeds. We have identified four polysaccharide lyase encoding genes
bioinformatically in P. salina, one PL8 (PsMan8A), and three PL7 alginate lyases (PsAlg7A, -B, and
-C). PsMan8A was demonstrated to exert exo-action on polymannuronic acid, and no action on
alginate, indicating that this enzyme is most likely an exo-acting polymannuronic acid specific lyase.
This enzyme is the first alginate lyase assigned to PL8 and polymannuronic acid thus represents
a new substrate specificity in this family. The PL7 lyases (PsAlg7A, -B, and -C) were found to be
endo-acting alginate lyases with different activity optima, substrate affinities, and product profiles.
PsAlg7A and PsMan8A showed a clear synergistic action for the complete depolymerization of
polyM at pH 5. PsAlg7A depolymerized polyM to mainly DP5 and DP3 oligomers and PsMan8A to
dimers and monosaccharides. PsAlg7B and PsAlg7C showed substrate affinities towards both polyM
and polyG at pH 8, depolymerizing both substrates to DP9-DP2 oligomers. The findings elucidate
how P. salina accomplishes alginate depolymerization and provide insight into an efficient synergistic
cooperation that may provide a new foundation for enzyme selection for alginate degradation in
seaweed bioprocessing.

Keywords: alginate lyase; polysaccharide lyase; marine fungi; enzyme characterization; alginate;
polymannuronic acid; polyguluronic acid; exo-acting

1. Introduction

Marine fungi are widespread in various marine environments all over the Globe rang-
ing from deep-sea to surface waters [1]. These fungi appear to play numerous ecological
roles as saprobes and pathogens of algae and plankton in addition to being symbionts
of coral reef animals [2]. There is currently only 1100 species described as marine fungi
although it is hypothesized, based on simple extrapolation, that there exists more than
10,000 species [3]. These numbers are dwarfed by the 60,000 described and the estimated
1.5 million terrestrial fungal species [4], and emphasize the lacking knowledge of marine
fungi. One of the interesting questions surrounding marine fungi pertains to their origin;
more specifically, whether they have evolved in the marine environment or simply adapted
to it. While both scenarios are likely, depending on the taxonomy, studies suggest that
marine asco- and basidiomycete species may predominantly have transitioned from terres-
trial to marine life [2,5]. One such ascomycete suspected to have transitioned in this way
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is the hyphomycete Paradendryphiella salina, which consistently has been associated with
saprotrophy of brown algae [6–9].

P. salina belongs to the class of Dothideomycetes and appears melanized, which
suggests it belongs to the group of fungi called black fungi or black yeasts. These fungi are
often found in the marine environment and are known for their high stress tolerance to
abiotic factors such as high UV-radiation, low nutrient availability, and high salinity [10].

Alginate is a polysaccharide found abundantly in the cell wall matrix of brown algae.
It can constitute as much as 40% of the cell wall and represents the first line of defense to-
wards invading microorganisms such as fungi [11]. Alginate is a linear heteropolymer con-
sisting of the two uronic acids; β-D-mannuronic acid (M) and its C5 epimer α-L-guluronic
acid (G), these are linked by 1,4-O-linked glycosidic bonds. The two monomers are pri-
marily found in sequences of M (M-blocks) or G (G-blocks), but also in interchangeable
MG-blocks. The total amount of alginate and M- and G-content can vary across species of
brown seaweed and across seasons [12]. Estimated annual sales volumes of alginate from
brown algae was 30,000 metric tons in 2014 data [13]. Alginate has wide applications as a
viscosity enhancing hydrocolloid, gelling agent, and as a food and cosmetics additive. In
medicine it is for example used in wound dressing, cell immobilization, and drug delivery
systems [14]. An increasing number of promising pharmaceutical applications of alginate
oligosaccharides have arisen due to the oligosaccharides retaining most of the physical and
chemical properties of alginate, but without the gel-forming quality. The oligosaccharides
show promising results in e.g., treatment of multidrug resistant bacterial and fungal infec-
tions where very few alternatives exist [15]. There is therefore increasing attention towards
discovering and characterizing alginate lyases that can depolymerize alginate in a specific
and controlled manner, for production of tailored oligomers to specific applications.

Based on their amino acid sequence, alginate lyases are presently classified in 12 dif-
ferent polysaccharide lyase (PL) families in the Carbohydrate-Active-EnZYme-database
(CAZy) (www.cazy.org) [16]. Alginate lyases catalyze alginate depolymerization by β-
elimination, producing ∆4,5 unsaturated bonds at the nonreducing end of one of the
cleavage products [16]. Almost all characterized alginate lyases are of bacterial origin, but
a few originating from algae, animals, and vira have been identified [17–20]. The major-
ity of the known alginate lyases are endo-acting and some display multiple specificities
towards M- and G-blocks and to a lesser extent MG-blocks [21]. The specific reactions
are classified into endo-acting polyM lyases (EC 4.2.2.3), endo-acting polyG lyases (EC
4.2.2.11), exo-acting oligo-alginate lyases (EC 4.2.2.26), and MG-lyases (EC 4.2.2.-).

In a previous study we genome sequenced P. salina CBS112865 and analyzed the
genome and its secreted proteome when P. salina was growing on different species of
brown algae. Amongst other enzymes we identified four lyases, which we hypothesized to
be essential for the ability of P. salina to penetrate the brown algae cell walls and allow it to
grow on the brown macroalgae. Three lyases from the PL7 family, that the phylogenetic
analysis suggested to be alginate lyases, and one lyase from the PL8 family with unknown
substrate specificity were tentatively identified via the genomic analysis. Two of the four
lyases, specifically PsAlg7A and PsMan8A, were highly secreted by the fungus after 14 days
of growth on different brown macroalgae species [22]. The objective of the present study
was to obtain an understanding of P. salina’s ability depolymerize alginate by performing
an in-depth characterization of these four enzymes with respect to substrate specificities,
reaction optima, enzyme kinetics, product formation, and explore any possible synergies
between the endo-exo functions of PsAlg7A and PsMan8A.

2. Materials and Methods
2.1. Substrates

Sodium alginate, Chondroitin AC, Chondroitin B, and Hyaluronic acid were pur-
chased from Sigma (Sigma Aldrich, Saint-Louis, MO, USA). Polymannuronic acid (85%
purity, >5000 Da) (polyM) and polyguluronic acid (80% purity) (polyG) were purchased

www.cazy.org
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from Carbosynth (Carbosynth, Compton, UK). PolyMG (DP30) was kindly donated by the
Finn Aachmann lab (Trondheim, Norway).

2.2. Sequence Analysis

Putative catalytic domains of CAZymes were predicted by HMMER v. 3.3.1 [23]
using the most recent (07-30-2020) Hidden Markov Models (HMMs) from the dbCAN
server (http://bcb.unl.edu/dbCAN2) [24] by applying the default E-value (<1 × 10−3)
and coverage (>0.3) cutoffs in the hmmscan-parser script from dbCAN. Additionally, the
Interproscan server (https://www.ebi.ac.uk/interpro/) [25] was used as a tool for sec-
ondary conformational domain prediction along with prediction of proteins other than
CAZymes. Signal peptide predictions were performed using the Phobius webserver
(https://phobius.sbc.su.se/) [26]. N-glycosylation sites were predicted using the NetNG-
lyc 1.0 Server (www.cbs.dtu.dk/services/NetNGlyc) [27].

2.3. Phylogenic Analysis of PL8 Sequences

All PL8 protein sequences listed in CAZy including that of PsMan8A (VYG66350.1 (de-
posited by us)) were downloaded from GenBank (www.ncbi.nlm.nih.gov/) [28]. The phy-
logenic analysis was performed by aligning the dbCAN predicted catalytic domain se-
quences with Mafft [29], which were manually inspected in CLC main workbench (8).
Maximum likelihood analyses were performed with RaxML blackbox [30] using LeGas-
cuel substitution matrix [31] and otherwise default parameters at the CIPRESS server
(www.phylo.org/) [32]. RaxML stopped the rapid bootstrap search after 360 replicates
with the MRE-based Bootstopping criterion.

2.4. Genes, Cloning, Expression, and Purification of PsAlg7A, -B, -C, and PsMan8A
Alginate Lyases

Cloning, expression, and purification of PsAlg7A (GenBank accession VFY81779.1),
PsAlg7B (GenBank accession CAD6594632.1) and PsAlg7C (GenBank accession
CAD6594633.1) were performed as previously described [22]. The open reading frame
encoding PsMan8A was identified in the P. salina genome (GenBank accession GCA_
900634815.1) as described previously [22]. The mature gene (GenBank accession
VYG66350.1) excluding a 23 amino acids long predicted signal peptide, but including
a C-terminal 6×His-tag, was codon optimized for Pichia pastoris expression, synthesized by
GenScript (Piscataway, NJ, USA), and cloned into the pPink-HC vector (Invitrogen, Carls-
bad, CA, USA). The resulting construct was transformed into Escherichia coli strain EPI400
and selected on LB agar plates supplemented with 100 µg mL−1 ampicillin. The pPink-HC-
PsMan8A construct was linearized using PmeI (New England BioLabs, Ipswich, MA, USA)
and transformed into P. pastoris PichiaPink strain 4 as previously described [33]. White
transformants were selected on PAD plates (Invitrogen). Expression and purification of
all recombinant proteins were performed as previously described [22]. The theoretical
molar extinction coefficient and sizes of the recombinant enzymes were calculated using
ProtParam (http://web.expasy.org/protparam) [34] (Supplementary Material, Table S1).

Protein concentrations were determined by A280 using the theoretically obtained
molar extinction coefficients (Table S1). Deglycosylation of PsAlg7B and PsMan8A was
performed by adding EndoH (New England Biolabs, Ipswich, MA, USA) to the purified
glycoproteins and incubating at 37 ◦C for 1 h. The purity of the recombinant proteins and
the effect of the EndoH treatment were checked on SDS-PAGE gels (Figure S1).

2.5. Standard Assay Conditions

Alginate lyase activity was determined by monitoring the formation of the 4,5-
unsaturated bonds at the nonreducing end by following the absorbance at A235 at regular
time intervals for 10 min spectrophotometrically. Reactions were carried out at optimum
temperatures, 35 ◦C for PsAlg7A, 40 ◦C for PsAlg7B and PsAlg7C, and 25 ◦C for PsMan8A,
using 1.5 g·L−1 of substrate in 20 mM UB4 buffer [35] at optimum pH, pH 5 for PsAlg7A
and PsMan8A and pH 8 for PsAlg7B and PsAlg7C, and 150 mM NaCl for PsAlg7A and
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https://www.ebi.ac.uk/interpro/
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PsMan8A and 250 mM NaCl for PsAlg7B and PsAlg7C in a 96-well quartz plate (Corning,
New York, NY, USA). All measurements were performed in triplicates. One unit (U) was
defined as the amount of the enzyme required to increase by 0.1 absorbance units at 235 nm
(A235) per minute.

2.6. Biochemical Characterization

The substrate specificity was assessed for each enzyme under standard assay condi-
tions and using 1.5 g·L−1 of substrate (alginate, polyM, polyG, polyMG, chondroitin AC,
chondroitin B, or hyaluronic acid,) in 20 mM UB4 buffer at three different pH values (pH 4,
6, and 8). Activities were quantified by monitoring the absorbance at A235, as described
above. The pH optimum was determined for each enzyme under standard assay conditions
using 1.5 g·L−1 of substrate in 20 mM UB4 buffer ranging from pH 2 to 8 for PsAlg7A and
PsMan8A and in 20 mM MIB (malonic acid, imidazole, boric acid) buffer ranging from
pH 4 to 10 for PsAlg7B and PsAlg7C. The optimum temperature was determined for each
enzyme under standard assay conditions within a temperature range of 10–50 ◦C PsAlg7A
and PsMan8A and 25–50 ◦C for PsAlg7B and -C.

The effect of NaCl on enzyme activity was investigated under standard assay con-
ditions with varying NaCl concentrations (15–500 mM). The effects of divalent ions and
EDTA on the activity of the enzyme were analyzed by incubating the purified enzyme
at 4 ◦C for 24 h with CaCl2, ZnCl2, MgCl2, NiCl2, and MnCl2 at a final concentration of
2 mM and measuring the activity under standard conditions. Prior to the incubations, the
enzymes were incubated with 2 mM EDTA for 10 min, and then dialyzed twice against the
elution buffer.

2.7. Kinetics of PsAlg7A, PsAlg7B, PsAlg7C, and PsMan8A

For each enzyme, initial velocities were quantified on sodium alginate, polyM, and
polyG (0.25 to 15 g·L−1) under standard assay and optimum conditions. The average initial
velocities quantified in milli-absorbance units (mAU) at A235 per second were converted
to mM of product formed via measuring the amount of 4,5-unsaturated bonds formed
per second using the extinction coefficient of 6150 M−1 cm−1 [36,37]. Kinetic parameters
were determined for each enzyme by plotting initial velocities, quantified as above, against
initial substrate concentration. Km and kcat were obtained by fitting the Michaelis–Menten
equation vo = Vmax/(1 + (Km/[S0]) using Origin (OriginLab Corporation, Northampton,
MA, USA) where vo is the initial velocity, [S0] the initial substrate concentration, Vmax the
maximum rate, and Km the Michaelis constant.

2.8. Synergy of PsAlg7A and PsMan8A

Synergy was investigated by combining loadings of PsAlg7A and PsMan8A to a total
of 0.2 µM enzyme in the reactions. The enzymes were incubated with 1.5 g·L−1 alginate
or polyM, 150 mM NaCl and 2 mM ZnCl2, in UB4 buffer pH 5 at 30 ◦C. Activity was
measured as described above under standard assay conditions. Degree of Synergy (DS)
were defined as the ratio between the theoretical activity without synergy and the Specific
Activity (SA) [38].

2.9. Action Pattern and Degradation Product Analysis by LC-MS

Duplicate reactions were prepared under standard assay conditions. Samples were
taken at different reaction times (10, 20, 60, and 120 min). The reactions were stopped by
addition of acetonitrile (Sigma) to a final concentration of 50%. Prior to LC/MS analysis
each sample was spun down for 10 min at 10,000× g. Identification and relative quantifica-
tion of 4,5-unsaturated alginate oligosaccharides was performed by liquid chromatography
electrospray ionization mass spectrometry (LC-ESI-MS) on an Amazon SL iontrap (Bruker
Daltonics, Bremen Germany) coupled to an UltiMate 3000 UHPLC equipped with an
Ultimate RS diode array detector (Dionex, Sunnyvale, CA, USA). A 5 µL sample in 50%
acetonitrile was injected on a GlycanPac AXH-1 column (150 mm × 2.1 mm, Thermo Fisher
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Scientific. Waltham, MA, USA). The chromatography was performed at 0.4 mL/min at
30 ◦C on a three-eluent system composed of eluent A (water), eluent B (100 mM ammonium
formate pH 5), and C (acetonitrile). Eluent A was kept at 19% at all time. The elution
profile was as follows (time indicated in min): 0–35, linear gradient to 1–19% B; 35–40,
linear gradient to 1% B; 40–50, isocratic 1% B. The electrospray was operated in negative
mode with UltraScan mode and a scan range from 100–2000 m/z, smart parameter setting
of 500 m/z, capillary voltage at 4.5 kV, end plate off-set 0.5 kV, nebulizer pressure at 3.0 bar,
dry gas flow at 12.0 L/min, and dry gas temperature at 280 ◦C. Relative quantification of
compound intensities was performed in Compass QuantAnalysis 2.2 (Bruker Daltonics,
Bremen, Germany). Compound intensities were deducted the substrate control reactions
without enzymes.

3. Results
3.1. Genetic Environment

The four genes were located on three different contigs in the P. salina genome. PsAlg7A
and PsMan8A were located on the same contig (9079 nucleotides) next to each other in two
different transcriptional directions. Downstream of them were a predicted sulfatase S1_6
gene and a gene of unknown function (Figure 1B). PsAlg7B was located on a small contig
(3889 nucleotides) with no other predicted genes. PsALg7C was located on the longest of
three contigs (25,230 nucleotides), but with only four other predicted genes of little or no
relevance to alginate depolymerization (Figure 1B).
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Figure 1. (A) HMM-based domain architecture of the four alginate lyase protein sequences. Signal peptides were predicted
by Phobius (blue) and the catalytic domains by HMMer using dbCAN models (orange) and the Interproserver (yellow).
The numbers indicate the location of the predicted domain on the full length sequence. (B) Contig-based genetic environment
of the lyases. The contig accession numbers from GenBank are displayed in front of each sequence. The predicted genes,
annotation, and transcription direction are represented by the colored arrows. The number-scale on each contig represents
the nucleotide count.

3.2. Sequence Analysis

The gene prediction and subsequent annotation of the P. salina genome revealed three
genes without introns predicted to belong to the PL7 family. The corresponding proteins,
PsALg7A, PsALg7B, and PsALg7C consisted of 243, 245, and 240 amino acids, respectively.
The calculated molar weight of each of the proteins were approximately 25 kDa. The
results from the Interproscan server were in agreement with the dbCAN predictions. All
three harbored eukaryotic signal peptides of 19–22 amino acids long and a PL7 catalytic
domain as predicted by Phobius and dbCAN, respectively (Figure 1A). The fourth gene,
which sparked our attention due to it being located next to the PsAlg7A, contained several
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introns and the derived 786 amino acid long protein sequence (85 kDA) was predicted
by the dbCAN HMM model to contain a PL8 lyase subfamily 4 catalytic domain. The
sequence also harbored a 23 amino acids long eukaryotic signal peptide. The HMM model
predicted the catalytic domain from amino acid position 391–633 with loose parameters
(E-value < 1× 10−5, coverage > 0.3). The Interproscan server predicted a longer PL8 lyase
catalytic domain (IPR038970) from amino acid position 85–645 (Figure 1A).

3.3. Blastp Analysis

A BLASTp analysis revealed the top hits of the results of the three PL7 lyases to
share the highest identity with each other at approximately 50% and the remaining closest
hits belonged to putative PL7 proteins amongst various marine bacteria with the highest
identity of 33%. The result of PsMan8A returned only terrestrial fungal sequences of
putative PL8 proteins within the first 100 hits. The closest hit was a putative Chondroitinase-
AC from Tolypocladium ophioglossoides (KND87076.1) sharing a 63% sequence identity with
PsMan8A, this sequence was however not found in CAZy. The closest sequence in the PL8
family in CAZy was similarly a putative Chondroitinase-AC from Metarhizium brunneum
(QLI65685.1), which share 59% identity with PsMan8A.

3.4. Phylogenetic Analysis

The phylogenetic relationship of the three PsPL7s has been described in an earlier
study [22]. In brief, the three PL7 alginate lyases from P. salina clustered together in a major
clade dominated by marine proteobacteria [22]. The only other sequence of eukaryotic
origin in this clade belongs to the red seaweed Pyropia yezoensis. The data infer that the three
P. salina PL7 sequences constitute their own subclade with no other members, reflecting the
low sequence similarity from the BLASTp analysis (Figure 2).

J. Fungi 2021, 7, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 2. Maximum likelihood tree of selected PL7 family sequences from the CAZy database. The * indicate EC number 
of characterized members (4.2.2.3 = polyM-specific alginate lyase). The single numbers indicate subfamily classification 
from CAZy. The branch colors indicate phylae. Branch numbers indicate bootstrap values. The tree scale bar indicates 
substitution changes per site. This tree is a pruned and updated version of the tree presented in a previous study [22]. 

 
Figure 3. Maximum likelihood phylogenetic tree of selected PL8 protein sequences from the CAZy 
database including subfamily and EC number classifications. Due to the limited number of re-
ported fungal PL8 sequences in CAZy, some additional putative fungal PL8 sequences were 
added from GenBank, found by Blastp analysis and subsequent PL8 HMM analysis. Enzyme ac-
tivities correspond to EC numbers as follows; 4.2.2.1 = hyaluronate lyase, 4.2.2.5 = chondroitin AC 
lyase, 4.2.2.20 = chondroitin ABC lyase, 4.2.2.12 = xanthan lyase, 4.2.2.26 = Exo-acting polyM lyase. 
Numbers on branches represent bootstrap values. The tree scale bar indicates substitution changes 
per site. A dendrogram including accession numbers for all sequences is shown in Figure S2. 

Figure 2. Maximum likelihood tree of selected PL7 family sequences from the CAZy database. The * indicate EC number
of characterized members (4.2.2.3 = polyM-specific alginate lyase). The single numbers indicate subfamily classification
from CAZy. The branch colors indicate phylae. Branch numbers indicate bootstrap values. The tree scale bar indicates
substitution changes per site. This tree is a pruned and updated version of the tree presented in a previous study [22].
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Members in this major clade of the PL7 family has not yet been classified in a subfamily
in CAZy. The other known fungal PL7 sequences cluster together in a different clade that
is classified as subfamily 4 in CAZy (Figure 2), which only contain glucuronan lyases
(EC 4.2.2.14) [39].

The phylogenetic analysis of the native sequence of PsMan8A clustered in a large
solitary fungal clade with PL8 sequences exclusively from terrestrial fungi. The clade
separation of the PL8 phylogenetic tree was strongly governed firstly by enzyme specificity
and secondarily by taxonomy, this observation is corroborated by the high bootstrap values
in the major clade formations. The fungal clade is unique in the respect that it contains no
other functionally characterized members. PsMan8A was placed on a solitary branch in
the fungal clade, which most likely signifies the lack of sequences in CAZy with similar
functions, which is plausible considering PsMan8A is the only sequence originating from a
marine fungus (Figure 3).
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Figure 3. Maximum likelihood phylogenetic tree of selected PL8 protein sequences from the CAZy
database including subfamily and EC number classifications. Due to the limited number of reported
fungal PL8 sequences in CAZy, some additional putative fungal PL8 sequences were added from
GenBank, found by Blastp analysis and subsequent PL8 HMM analysis. Enzyme activities correspond
to EC numbers as follows; 4.2.2.1 = hyaluronate lyase, 4.2.2.5 = chondroitin AC lyase, 4.2.2.20 = chon-
droitin ABC lyase, 4.2.2.12 = xanthan lyase, 4.2.2.26 = Exo-acting polyM lyase. Numbers on branches
represent bootstrap values. The tree scale bar indicates substitution changes per site. A dendrogram
including accession numbers for all sequences is shown in Figure S2.

3.5. Expression and Purification

All recombinant enzymes were successfully expressed in P. pastoris and purified
to 95% homogeneity, assessed by the absence of multiple bands on the SDS-PAGE gel
(Supplementary material, Figure S1A). The molar weights derived from the SDS-PAGE gel
tracks of PsAlg7A and PsAlg7C were in accord with their predicted sizes (approximately
25.5 kDa). However, both PsAlg7B and PsMan8A appeared to migrate less than expected,
presenting a higher molar weight than anticipated. We ascribe this to be partly a result of
glycosylation, which is in accordance with predicted N-glycosylation sites (Supplementary
material Table S1), and partly slightly retarded protein mobility during the electrophoresis.
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After deglycosylation with EndoH, the molar weights of PsAlg7B and PsMan8A matched
their predicted sizes (approx. 26 and 85.3 kDa) (Supplementary material, Figure S1B).

3.6. Biochemical Characterization

PsAlg7A, -B, and -C all showed activity on commercial alginate, polyM, and polyG.
PsMan8A only showed significant activity on polyM. None showed activity on chondroitin
AC, chondroitin B, hyaluronic acid, or polyMG under the selected conditions.

The pH optimum of the alginate lyases was determined to be pH 5 for PsAlg7A
and PsMan8A, and pH 8 for PsAlg7B and PsAlg7C, showing classical bell-shapes for
all enzymes (Figure 4A). The temperature optimum for PsAlg7A was 35 ◦C, but this
enzyme showed more than 80% activity in the range of 25–37 ◦C. PsAlg7B and PsAlg7C
had distinct optima at 40 ◦C. PsMan8A also had a very distinct optimum temperature at
25 ◦C (Figure 4B).
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NaCl; (D) effect of divalent ions and EDTA with 150 mM NaCl. Error bars represent standard errors
on triplicates.

The effect of NaCl was investigated and showed that none of the enzymes required
NaCl to function, but a 40–70% increase in activity was observed in presence of NaCl.
PsALg7A, -B, and -C showed the highest activity at around 200 mM, which only decreased
slightly with increasing concentrations as high as 500 mM. PsMan8A showed a sharp peak
at 150 mM and then a steep decrease of relative activity to 30% at 500 mM NaCl (Figure 4C).
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The effects of metal ions were also investigated and surprisingly the activity of Ps-
Man8A was promoted by all the tested metal ions (Figure 4D). Mn++ and Ni++ promoted
activity of all the alginate lyases. Zn++ increased activity of PsAlg7A with 20% and Ps-
Man8A with 110%, but interestingly, presence of Zn decreased the activity of PsAlg7B and
PsAlg7C. EDTA decreased activity for all the enzymes (Figure 4D).

3.7. Kinetic Parameters of PsAlg7A, PsAlg7B, PsAlg7C, and PsMan8A

The plots of initial rate kinetics on increasing substrate concentrations showed classical
Michaelis–Menten curves for PsAlg7A, -B, and -C on the substrates alginate and polyM.
The same applied for PsAlg7B and -C on polyG, however, for PsAlg7A the plot appeared
linear (Figure S3). The lack of saturation could suggest that the observed activity may
have been due to residual polyM chains in the substrate. Indeed, when adjusting the
substrate concentrations to 18% of the measured amounts, and comparing the initial
velocities of the adjusted polyG to the ones observed on polyM the slopes of v0 were quite
similar. For these reasons we chose to omit the apparent kinetic parameters for PsAlg7A
on polyG in Table 1. For all three recombinant PL7 enzymes the lower substrate affinity
was reflected in the 5–10 fold higher Km values and the correspondingly lower specificity
constants (kcat/Km) on polyG, when compared to alginate and polyM (Table 1). The highest
catalytic efficiency for all enzymes was found on polyM, followed closely by alginate for
the PL7 alginate lyases. This suggests that M-blocks are the preferred substrate for all
the enzymes. Interestingly, PsMan8A showed significant activity exclusively on polyM,
strongly indicating this enzyme to be strictly exo-acting and therefore finding only few to
none accessible M-block attack-sites on alginate. The specific activity of PsMan8A was the
lowest of all despite this enzyme having the second highest kcat. The explanation of course
being that the specific activity does not take the size of the enzyme into account in which
case the specific activity of PsMan8A would be approximately three times higher.

Table 1. Kinetic parameters and specific activities (SA) for the four alginate lyases on commercial
substrates. The parameters were calculated by fitting the Michaelis–Menten model in the program
Origin. ± represents standard errors on triplicates.

Enzyme Parameters Alginate PolyM PolyG

PsAlg7A

SA (U mg−1) 245 ± 4.4 1263 ± 6.5 n/a
Km (mM) 3.9 ± 0.1 17.4 ± 0.3 n/a
kcat (s−1) 0.65 ± 0.01 3.4 ± 0.02 n/a
kcat/Km 0.16 0.19 n/a

PsAlg7B

SA (U mg−1) 1008 ± 21 1459 ± 6.8 832 ± 22
Km (mM) 1.3 ± 0.1 1.7 ± 0.1 5.0 ± 0.1
kcat (s−1) 2.6 ± 0.05 3.8 ± 0.02 2.1 ± 0.06
kcat/Km 2.07 2.16 0.43

PsAlg7C

SA (U mg−1) 2889 ± 31.1 4481 ± 47 3267 ± 39
Km (mM) 1.8 ± 0.1 2.4 ± 0.1 22.0 ± 0.1
kcat (s−1) 7.3 ± 0.079 11 ± 0.12 8.3 ± 0.10
kcat/Km 4.1 4.7 0.4

PsMan8A

SA (U mg−1) nd. 1093 ± 17 nd.
Km (mM) nd. 21.0 ± 0.7 nd.
kcat (s−1) nd. 9.7 ± 0.2 nd.
kcat/Km nd. 0.5 nd.
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Due to differences in type of assay used in different reports, definitions of units and the
general lack of kinetic parameters for alginate lyases in the literature, major comparisons of
catalytic rates and specific activities of alginate lyases are difficult. However, it seems the
P. salina alginate lyases compare similarly to other PL7 alginate lyases. The reported specific
activities of several of members of the clade shared with PsAlg7A, -B, and -C, range between
1400 and 1600 U/mg. This includes the PL7 from the red algae Pyropia yezoensis [17] and
two bacterial ones from a Vibrio sp. [40] and a Nitratiruptor sp. [41]. The endolytic PL7
enzyme AlyA1 from the marine bacterium Zobellia galactanivorans had a kcat between 12
and 19 s−1 (dependent on the polyG concentration in alginate), Km value between 1.7 and
6 mM, and catalytic specificity constant (kcat/Km) between 3 and 7.

3.8. Synergy of PsAlg7A and PsMan8A

The specificity of PsMan8A towards polyM, prompted us to investigate any possible
endo-exo synergy effect on alginate between PsAlg7A and PsMan8A as they share pH
optima, immediate genetic location, and was found to be co-secreted by P. salina when
grown on several different brown algae species under similar conditions [22].

The degree of synergy (DS) was defined as the ratio between the measured specific
activity (SA) and the theoretical, linear specific activity increase in response to an additive
effect of enzyme load [38]. By that definition the DSmax is thus the optimal ratio between
two enzymes at the chosen enzyme load where the enzymes cooperate the most effectively
and obtain the highest difference between the measured specific activity of the two enzymes
and their theoretical (additive) specific activity. The DSmax and optimal ratios may change
with increasing substrate concentrations, enzyme concentrations, and assay time as ob-
served with cellulases [38]. The objective with this experiment was however not to perform
an exhaustive hunt for the optimal conditions of synergy, but to introduce the phenomena
and illuminate the relationship and roles of PsAlg7A and PsMan8A further. On alginate
the DSmax reached 3.2 in this setup with the ratio of 30% PsAlg7A and 70% PsMan8A
(Figure 5A). The negative slope of the theoretical specific activity on polyM (Figure 5B) is
an effect of the higher turnover rate of PsMan8A compared to PsAlg7A since the obstacle of
alginate recalcitrance no longer applies. There is however still a slight synergy effect seen,
probably on account of the lack of substrate saturation for PsMAn8A thereby allowing
PsAlg7A to provide some additional attack sites on polyM. As observed with cellulases
the DSmax and SAmax is not found at the same ratio of the two enzymes [38]. SAmax is
governed by the turnover rate of the most effective enzyme. This does not necessarily mean
that this is the point where the two enzymes work together most optimally. On alginate
PsMan8A is entirely dependent on PsAlg7A to deliver attack-sites and therefore it is the
least effective enzyme on alginate resulting in a low theoretical specific activity when
approaching 100% PsMan8A.

An obvious interpretation of the synergy results (Figure 5) is that the endo-acting
PsAlg7A provides attack sites to the exo-acting PsMan8A and together the enzymes thus
catalyze degradation of the substrate further and at a higher rate than when each enzyme
is acting on their own. On alginate the exo-acting PsMan8A has almost no activity because
of the lack of available polyM chain ends until the endo-acting PsAlg7A provides fresh
attack sites. On pure polyM the DS most likely represents the distance in concentration
to the substrate saturation point of PsMan8A. The significant synergy (as opposed to just
an addition effect) indicates that the PsMan8A indeed benefits from the apparent polyM
preference of PsAlg7A (Table 1), and implies that PsMan8A may attack the nonreducing
ends containing terminal unsaturated polyM. However, the synergy may also include
a true “kinetic effect” as shorter oligosaccharides move faster and may impart lesser
microenvironmental viscosity effects than longer chains.
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3.9. Product Profiles of P. salina Alginate Lyases

The product profile of PsAlg7A on alginate and polyM (Figure 6A,B) showed an
accumulation over time of products ranging from 7 to 2 degree of polymerization (DP)
with a clear accumulation of DP5 and DP3 oligomers consistent with endo-action (see also
Figures S4 and S5). As seen in the substrate screening, PsMan8A showed no detectable
product formation on alginate, but on polyM, DP2 and DP1 were formed exclusively
(Figure 6A,B, Figures S4-I and S6). In general, unsaturated monosaccharides like DP1,
and its nonenzymatic conversion product 4-deoxy-L-erythro-5-hexoseulose urinate (DEH),
are poorly ionized, which results in decreased intensity especially at the target mass of
500 Da in the smart parameter setting applied in this study. Hence, the accumulation of
DP1 intensities were lower than DP2. The formed products in the synergy experiment
between PsAlg7A and PsMan8A on both alginate and polyM (Figure 6A,B) showed an
accumulation of DP3 products the first 20 min matching the product profile of PsAlg7A,
followed by a decrease as those oligomers became depolymerized to DP2 and DP1 by
PsMan8A. These results signify that PsMan8A effectively depolymerizes polyM chains of
varied lengths, from long chains down to DP3, creating only DP2 and DP1 sized products,
indicative of exo-action. In contrast, PsAlg7A, B, and C all catalyze depolymerization
of alginate, polyM, and polyG to oligomers, without monomer formation, indicative of
endo-action.

PsAlg7B and PsAlgC showed very similar product profiles. Interestingly DP6 and
DP5 oligomers were the main products on alginate (Figure 6C), but on polyM and polyG,
DP3 oligomers were prominent (Figure 6D,E). This may speak to the previously mentioned
recalcitrance of alginate versus the more easily accessible purified constituents. As with
PsAlg7A, B and C also produced a minor fraction of DP2 products, but significantly more
on polyG than on polyM and alginate (Figure 6C–E).
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the alginate lyases: (A) PsAlg7A and PsMan8A acting on alginate alone and in synergy; (B) PsAlg7A and PsMan8A on
polyM alone and in synergy; (C) PsAlg7B and PsAlg7C on alginate; (D) PsAlg7B and PsAlg7C on polyM; (E) PsAlg7B and
PsAlg7C on polyG. Barchart representations of the data including the standard errors from triplicate experiments can be
found in the Supplementary Materials, Figure S4. Example chromatograms from PsAlg7A and PsMan8A on polyM with
thorough descriptions can be found in the Supplementary Materials, Figures S5–S8.

4. Discussion

Given the abundance of brown algae in the marine environment and high amount
of alginate in their cell wall [42], it is surprising that alginate degradation by marine
fungi is a relatively rarely observed phenomenon [8,43]. Part of the explanation could
very well be that marine fungi are insufficiently studied, lacking sequenced genomes and
recombinant protein studies. Indeed, only very few detailed characterizations of fungal
alginate lyases exist, none of which provides the sequence information [44,45] making it
difficult to replicate or to build upon. The presence of three PL7 sequences in the P. salina
genome is by itself not surprising given the wealth of putative fungal PL7 sequences found
in GenBank. However, the phylogenetic relationship of these three sequences in a clade
dominated almost solely by bacterial alginate lyases raises interesting questions about the
origin of these genes. Whether they are the result of an ancient horizontal transfer event
from unknown marine bacteria, as observed for the brown algae Ectocarpus siliculosus [42],
or possibly the result of convergent evolution on the basis of the same PL7 ancestor as
the terrestrial fungi remains an open question. Both scenarios support the hypothesis that
P. salina evolved from a terrestrial fungus. Indeed the P. salina genome harbors a large
amount of transposable elements compared to its close terrestrial relatives, suggesting that
it has a very high ability for rearranging and mutating its genes, creating new substrate
specificities and discarding genes that does not serve a function in its current ecological
niche [22].

Previously P. salina’s ability to grow with polyM as the sole carbon source has been
demonstrated [46], and the discovery of PsMan8A represents genetic evidence of this ability,
being the final crucial step of complete degradation of polyM to monomers necessary for
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efficient uptake and thus metabolization of mannuronic acid. The role of the PsMan8A
and the phylogenetic placement of this sequence amongst terrestrial fungal sequences with
unknown substrate specificities indicate a specific adaption for the complete degradation
of polyM. The PL8 family is almost exclusively composed of bacterial endo-, exo-enzymes
acting on glycosaminoglycans (GAGs), a family of linear, complex, and highly sulfated
polysaccharides found in animal tissue and often observed as proteoglycans [47]. At the
time of writing (December 2020) there were 2733 bacterial and nine fungal PL8 sequences
(including PsMan8A) in the CAZy database. None of the fungal sequences have been
characterized, suggesting that these sequences are rare or simply underinvestigated. In the
phylogenetic analysis almost all the fungal enzymes formed a very distinct clade suggesting
unique sequence features compared to the bacterial sequences. That the fungal enzymes
form a distinct clade is corroborated by the CAZy PL8 subfamily 4 classification of members
of the fungal clade, including PsMan8A. Whether some of these fungal enzymes are specific
for alginate is possible, but unlikely, since all the sequences originate from fungi found in
terrestrial environments, where alginate is very scarce, produced only by a few specialized
bacterial genera [48]. This further underlines the uniqueness of PsMan8A and P. salina.

The pairwise differences in pH optima of PsAlg7A-PsMan8A (pH 5) and PsAlg7B-
PsAlg7C (pH 8), and the differences in secretion levels from P. salina observed in the
proteomic study on brown algae after 14 days of fermentation, where the amount of
PsAlg7B and PsAlg7C were significantly lower than two others [22], allow for the likely
hypothesis that PsAlg7B and PsAlg7C are secreted in the initial stages of fermentation,
when the pH is governed by the seawater, which matches their optima. As the fungus’
hyphae dig further into the alginate rich exocellular layers of the brown algae, the micro-
environment changes. In turn, pH is lowered, perhaps by the release of products from
PsAlg7B and PsAlg7C or by the production of acids from the fungus, PsAlg7A and Ps-
Man8A are secreted and act in effective synergy to completely depolymerize the polyM
portion of the now disrupted alginate, thereby granting the fungus a carbon source and
exposing the other polysaccharides of the brown algae cell wall matrix. This hypothesis
fits well with the effect of NaCl on PsAlg7B and PsAlg7C, which showed no significant
decline in activity as the salinity in the reactions approached that of seawater (600 mM) [49].
The potential interest of the fungus for an initial fast and effective disruption of alginate
is mirrored in the high specificity constants (kcat/Km) of PsAlg7B and PsAlg7C, which
were more than an order of magnitude higher on alginate and polyM compared to those
on polyG, yet the kcat values of PsAlg7C on alginate, polyM, and polyG were similar.
A recent study using immune-localization revealed the that the alginate showed layered
properties with the polyG-rich layer as the outermost followed by a MG-rich and finally a
polyM-rich layer [11], which to some extent matches the substrate specificities of the four
alginate lyases from P. salina. The product profile of PsAlg7B and PsAlg7C revealed the
depolymerization of polyG to produce dimers, which may be transported into the cell by
an unknown MFS transporter, where it can act as a signaling molecule to initiate expression
of more alginate lyases, as observed with other sugar dimers in terrestrial fungi [50].

5. Conclusions

In the present study we expressed and purified four novel fungal alginate lyases from
P. salina and characterized them in depth. Our findings reveal the action and substrate
specificity of the P. salina PL8 lyase (PsMan8A) and show with a high degree of certainty that
the mode of action of this enzyme is exo-action on polyM. A significant synergistic effect
between the PsMan8A and the endo-acting PsAlg7A was also observed, corroborating the
suggested exo-action of the PsMan8A. To our knowledge this is the first report describing
the characterization of several new sequence-derived recombinant fungal alginate lyases
and notably a first discovery of an exo-polyM acting PL8 alginate lyase.

This study provides new and detailed insights about fungal derived alginate lyases.
The data provide a new foundation for understanding how marine fungi accomplish de-
polymerization of alginate to support growth on brown macroalgae, and may furthermore
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inspire development of new biotechnology applications of P. salina alginate lyases for
tailoring alginate oligomers for novel uses.
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charts of the averaged intensities from the LC-ESI-MS analysis, Figure S5: Elution profile of observed
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Supplementary file 1  

 

 

Table S1. Protein characteristics based on the recombinant sequences calculated by ProtParam and NetNGlyc. 

Protein-name Amino acids N-glycosylation sites Molar mass kDa Theoretical pI Ext. coefficient (ε [M-1cm-1]) 

PsAlg7A 231 1 25.446 4.46 30035 

PsAlg7B 233 1 25.995 5.20 36900 

PsAlg7C 234 1 25.852 4.86 36565 

PsMan8A 773 10 85.307 4.48 151190 

 

 

 

 

 

Figure S1. SDS-PAGE of the purified recombinant enzymes: (A) Untreated purified enzymes; (B) PsAlg7B and PsMan8A after EndoH 
deglycosylation treatment.    
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Figure S2. Dendrogram rendering of the maximum likelihood phylogenetic tree of PL8 sequences. Genbank accession numbers are 
placed at the ends of the nodes. 
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Figure S3. Dot plots of initial velocities vs. substrate concentration with the Michaelis-Menten model fitted by Origin (red line): (A) 
PsAlg7A; (B) PsAlg7B; (C) PsAlg7C; (D) PsMan8A. 
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Figure S4-I. Barcharts of the averaged intensities from the LC-ESI-MS analysis of time-course experiments for the alginate lyases. 

These data show the underlying values represented in the Figure 6 heat maps in the main article: Here, specifically the results for 

the action of the individual enzymes PsAlg7A and PsMan8A on alginate and polyM, respectively (explanations behind the LC-ESI-MS 

data interpretations are outlined in Figures S5-S8, below). Error bars represent standard deviation from triplicate experiments.  
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Figure S4-II. Barcharts of the averaged intensities from the LC-ESI-MS analysis of time-course experiments for the alginate lyases. 

These data show the underlying values represented in the Figure 6 heat maps in the main article: Here, specifically the results for  

the combinations of enzymes PsAlg7A and PsMan8A on alginate and polyM, respectively (upper panel) and the data for the 

individual actions of PsAlg7B and PsAlg7C on alginate (lower panel). Error bars represent standard deviation from triplicate 

experiments.  
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Figure S4-III. Barcharts of the averaged intensities from the LC-ESI-MS analysis of time-course experiments for the alginate lyases. 

These data show the underlying values represented in the Figure 6 heat maps in the main article: Here, specifically the results for 

the enzymes PsAlg7B and PsAlg7C acting on polyM (upper panel) and on polyG (lower panel). Error bars represent standard 

deviation from triplicate experiments.  
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Figure S5. Elution profile of observed structures from PsAlg7A acting on polyM after 120 min. Extracted ion chromatograms of DP1-

7 corresponding to retention times of DP1: 5.1 min, DP2: 22.9 min, DP3: 29.3 min, DP4: 34.0 min, DP5: 37.8 min, DP6: 41.3 min, 

DP7: 44.3 min.  
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Figure S6. A: Extracted ion chromatogram of 176 and 351 m/z from PsMan8A acting on polyM after 120 min indicating DP1 at 5.0 

min, DP2 at 23.1 min (0.1-0.2 min shift in retention time, compared to figure S5) B: full scan at 5.0 min. Red rhombus indicates the 

most abundant and second most abundant peaks. C: Fragmentation pattern of 175 m/z at 5.0 min. Blue rhombus indicates mother 

ion. D: Fragmentation pattern of 351 m/z at 5.0 min. Blue rhombus indicates mother ion. E: Fragmentation pattern of 351 m/z at 

23.0 min. Blue rhombus indicates mother ion. 
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Figure S7. Product development of DP1 over time. Ion extracted chromatograms of 175 and 351 m/z in reactions of PsAlg7A acting 

on polyM after A: 5 min, B: 10 min, C: 20 min, D: 60 min, E: 120 min. The time course reveals no development of DP1 over time for 

the endo-lytic PsAlg7A.  
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Figure S8. Product development of DP1 over time: Ion extracted chromatograms of 175 and 351 m/z in reactions of PMan8A acting 

on polyM after A: 5 min, B: 10 min, C: 20 min, D: 60 min, E: 120 min. The time course reveals a clear development of DP1 for the 

exo-lytic PsMan8A. 

 

 

Notes to Supplementary Figures S5-S8 

The major masses at 5.0 minutes are 175 and 351 m/z. 175 m/z correspond to the [M-H]-1 adduct of monomeric dehydrated 

hexuronic acid. 351 m/z corresponds to a hexuronic acid monomer in a di-adduct state [2M-H]-1 due to the ionization process 

diagnosed by the lack of fragmentation in the range between 175 and 351 m/z. Contrary to this is the fragmentation of 351 m/z at 

23.0 min (Figure S6, D) showing fragments in the range between 175 and 351 m/z, indicating the presence of the [M-H]-1 adduct of 

DP2. Hence, in order to quantify the formation of DP1 relatively, the extracted ion chromatogram of DP1 is comprised of both 175 

and 351 m/z. 
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Abstract  

Necrotic mycoparasites such as species of Trichoderma attack their fungal prey predominantly 

by secreting carbohydrate-active enzymes that depolymerize carbohydrates in the cell wall of 

the prey. However, the complexity of this behavior and the specific enzymes and cell wall 

substrates involved remain elusive. Glucuronan lyases (EC 4.2.2.14) catalyze depolymerization 

of β-(1,4)-polyglucuronic acid (glucuronan). Only few glucuronan lyases have been 

characterized until now, most of them originating from Bacteria. Here we report the recombinant 

production and functional characterization of the full complement of six glucuronan specific 

polysaccharide lyases in the mycoparasite Trichoderma parareesei. The enzymes belong to 

four different polysaccharide lyase families and showed different reaction optima and product 

profiles. Four were endo-lytic and two, TpPL8A and TpPL38A, displayed exo-lytic action, not 

previously reported for glucuronan lyases. NMR revealed that the monomeric end-product from 

TpPL8A and TpPL38A underwent spontaneous rearrangements to tautomeric forms. Proteomic 

analysis of the secretomes from T. parareesei growing on pure glucuronan and lyophilized 

Basidiomycete fruiting bodies, respectively, induced secretion of five of the glucuronan lyases. 

By systematic genome annotation, principal component and phylogenetic analysis, we show 

that glucuronan lyases are potentially found in certain ecological and taxonomic groups in the 

fungal kingdom. The findings suggest that glucuronan lyases are associated with the 

mycoparasitic lifestyle of T. parareesei towards Basidiomycetes. 

mailto:asme@dtu.dk
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Introduction  

Mycoparasitism is a relatively common ecological lifestyle prevalent across the major phyla in 

the fungal kingdom. It is defined as one fungus (prey) being parasitized by another (predator), 

with the prey acting as a source of nutrients for the predator1. Mycoparasitic fungi are generally 

divided into being either biotrophic or necrotrophic pathogens. Biotrophic mycoparasites are 

host specific and rely on obtaining nutrients from a living host without impeding its lifecycle, i.e. 

the prey and the predator grow and sporulate together. In contrast, necrotrophic mycoparasites 

are defined as aggressive opportunists that actively kill their prey. Necrotic mycoparasites thrive 

on a wide range of nutrient sources and fungal hosts. Their primary mode of action is to 

overgrow and kill the prey fungus using various physical and biochemical mechanisms, a 

principal one being the secretion of specific cell wall-degrading enzymes that open and kill the 

prey cells while providing nutrients to the predator2. The enzyme repertories of mycoparasites 

vary with their host preferences, level of opportunistic behavior and speciation3. The most 

prevalent necrotrophic mycoparasites are found in the Trichoderma genus. These filamentous 

Ascomycetes are amongst the most commonly isolated saprobic fungi and many Trichoderma 

species are regarded as highly opportunistic cosmopolitans4. However, the majority of 

specialized ecological behaviors observed in this species such as plant endophytic behavior or 

nematophagy can be accredited to evolution from their fundamental nature as a necrotrophic 

mycoparasite4. Most Trichoderma species have been isolated from fruiting bodies of other fungi, 

mainly wood rotting basidiomycetes5,6 or from the rhizosphere, closely associated with plant 

roots where potential fungal prey are found abundantly7,8. Comparative genome studies support 

the hypothesis of mycoparasitism as the ancestral ecological mode of Trichoderma by 

observing gene expansions in families of proteases, chitinases and β-1,3-glucanases9,10.  

Trichoderma parareesei is a clonal sympatric agamospecies to the well-known cellulase 

producer and industrial workhorse T. reesei. Phylogenetic analysis of conserved genes shows 

that T. parareesei genetically resembles the ancient ancestor of both T. reesei and T. 

parareesei, species, but amongst a range of Trichoderma species, T. parareesei has been 

reported to exert  aggressive mycoparasitism through antagonistic action towards 

phytopathogens like Fusarium oxysporum11, Rhizoctonia solani, and Botrytis cinerea, and a 

stronger mycelial growth ability and a wider carbon source utilization profile than T. reesei12,13. 

The ecophysiological characteristics and the relatively conserved state of its genome make T. 

parareesei an excellent candidate for studying fundamental aspects of its subset of enzymes 

that depolymerize the fungal cell wall. 
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Functioning as a physical defense barrier, the fungal cell wall structure is comprised of several 

layers of glycoproteins and carbohydrates that vary among fungal species. The main cell wall 

constituents for most fungi have been identified as chitin, α-1,3-glucan, and β-1,6 branched β-

1,3-glucans, as well as glycoproteins14. The external layer of the fungal cell wall has only been 

studied in a small number of ascomycetes, primarily in Aspergillus and yeast species, where 

the main polymers reported are α-1,6-mannan, α-1,3-glucan, galactomannan, and 

glycoproteins15,16. 

The enzymatic synthesis and depolymerization of the fungal cell wall polysaccharides is 

catalyzed by carbohydrate-active-enzymes (CAZymes)17. Depolymerizing CAZymes are 

necessary for all fungi to restructure and recycle their own cell wall polysaccharides. 

Necrotrophic mycoparasites often utilize the same classes of enzymes to attack their prey. 

However, genome comparisons of Trichoderma and Hypomyces species indicate that the 

CAZymes families harboring enzymes presumed involved in such mycoparasitic attack are 

highly expanded, suggesting a strong evolutionary niche adaptation3,9. 

Previous genome comparisons have only included glycoside hydrolase (GH) families related to 

chitin, β-1,3/1,6-glucan, and α-mannan degradation. These GH families represent a limited part 

of mycoparasitic enzyme repertoires and thus do not reflect the complexity and diversity of 

fungal cell wall polysaccharides nor of CAZymes annotated in Trichoderma genomes10. Notably, 

polysaccharide lyases have, to our knowledge, not been mentioned in previous genome 

comparisons or reported related to mycoparasitic traits. 

Polysaccharide Lyases (EC 4.2.2.-) (PLs) catalyze cleavage of uronic acid containing 

polysaccharides by β-elimination, producing Δ4,5 unsaturated bonds at the non-reducing end 

of one of the reaction products18. In the Carbohydrate-Active enzyme database 

(www.cazy.org/)17, glucuronan lyases (EC 4.2.2.14) are presently distributed in six PL families 

(PL5, PL7, PL14, PL20, PL31, PL38), but only represented by seven experimentally 

characterized sequences, distributed amongst these families. Glucuronan (β-1,4-polyglucuronic 

acid) is a linear homopolymer consisting of glucuronic acid residues linked by β-1,4-glycosidic 

bonds. To date, glucuronan has only been identified in a few organisms, notably in the cell wall 

of green algae19, in the cell wall and extracellular matrix of certain Mucor species20,21, and as an 

exopolysaccharide from a mutated strain of the bacterium Rhizobium meliloti22. 

The general lack of knowledge surrounding glucuronan lyases and their substrate, motivated 

us to attempt to unravel the possible functional roles of glucuronan lyases in T. parareesei. We 

therefore analyzed the genome and notably predicted the putative catalytic domains of 

CAZymes encoded by T. parareesei, performed comprehensive enzyme characterizations, 
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secreted proteome analysis, and large genome comparisons across the fungal kingdom, and 

obtained data that suggest the novel theory that glucuronan lyases appear to be associated 

with mycoparasitism of T. parareesei, and may be key players in mycoparasitism in general. 

Results 

Genomic annotation of polysaccharide lyases in T. parareesei 

Genome wide annotation of CAZymes in the T. parareesei genome revealed six genes 

encoding polysaccharide lyases belonging to the families PL7, 8, 20 and 38. All enzymes 

contained a predicted signal peptide and a single catalytic domain. The six genes were located 

on different genomic contigs in the genome of T. parareesei. Functional prediction using peptide 

clustering (CUPP) suggested that TpPL20A, B and TpPL38A are glucuronan specific lyases 

(EC 4.2.2.14) (Table 1). The two PL7 sequences did not yield a functional prediction but were 

assigned to the PL7 subfamily 4 by both the dbCAN HMM models and by CUPP (Table 1). 

PL7_4 contains all the members of terrestrial fungal origin assigned to the PL7 family including 

one functionally characterized member, a glucuronan lyase from the actinobacterium 

Catenulispora acidiphila23.  

 

Table 1 | Predicted features of the polysaccharide lyases in T. parareesei. 

Genbank 
accession no. 

Designation*  
Native size 

(aa) 

Family 
predictiona 
(dbCAN)  

Domain (aa) 
Family 

predictiona  
(CUPP)  

EC prediction 
(CUPP) 

Secretion 
signal (aa) 

Predicted size of 
recombinant protein 

(kDa) 

OTA00986.1 TpPL7A 252 PL7_4 31-249 PL7_4 - 1-20 26 

OTA01262.1 TpPL7B 248 PL7_4  29-248 PL7_4 - 1-18 25 

OTA05836.1 TpPL8A 785 PL8_4 387-632 nd. - 1-19 85 

OTA06285.1 TpPL38A 422 PL38 82-358 PL38 4.2.2.14 1-27 46 

OSZ99920.1 TpPL20A 258 PL20 23-257 PL20 4.2.2.14 1-19 29 

OTA07247.1 TpPL20B 258 PL20 24-257 PL20 4.2.2.14 1-20 29 

* This study 
                

a '_4' denotes predicted subfamily  
            

 

One enzyme was assigned to the PL8 subfamily 4 (PL8_4) (Table 1). The PL8 family mainly 

contains bacterial endo and exo lyases acting on glycosaminoglycans, and one fungal enzyme 

from Paradendryphiella salina recently characterized as an exo-mannuronic acid lyase24. To 

our knowledge, glucuronan specificity has not hitherto been reported for other PL8 family 

members. 
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Production and purification  

The sequences of the six lyases were codon optimized for expression in Pichia pastoris, his-

tagged, and successfully produced in P. pastoris X-33 under methanol induction, and purified. 

Treatment with EndoH enzyme revealed most of the recombinant lyases except TpPL20A and 

B to be N-glycosylated, which corresponded with the predicted sites from the NetNGlyc server. 

The molecular weights of the deglycosylated proteins derived from the SDS-PAGE gel tracks 

were in accord with their predicted sizes (Table 1, Supplementary Fig. 1).    

Substrate affinity  

The purified recombinant enzymes were tested on a panel of various commercial uronide- 

polymeric substrates relevant for the reported substrate specificities found in the CAZy families, 

including alginate, chondroitin and hyaluronan. No activity was found (even under different 

conditions of pH and temperature). Since no commercial source of glucuronan was available 

we opted to produce glucuronan by TEMPO mediated oxidation of commercial regenerated 

cellulose (Rayon)24. Anion exchange chromatography of the monomer composition after acid 

hydrolysis revealed glucuronic acid as the major constituent with low amounts of residual xylose 

and glucose. Using size exclusion chromatography the average size of the majority of the 

polymer was determined to be approximately 12 kDa (Supplementary Fig. 2) corresponding to 

an average Degree of Polymerization (DP) of 68.            

Biochemical characterization 

The recombinant enzymes were tested on a panel of relevant uronic acid polymers in three 

different pH conditions. All six lyases showed activity solely on glucuronan. Optimal reaction 

conditions on glucuronan for the six lyases exhibited optimal pH profiles ranging from pH 4-7 

and temperature optima between 40-50°C (Table 2). All enzymes except TpPL20B exhibited 

>35% activity from 25°C to 55°C, TpPL20B was more than 40% active between 25-50°C 

(Supplementary Fig. 3). None of the lyases required NaCl to work, but except for TpPL7B and 

TpPL8A they all showed enhanced activity in the presence of 100-200 mM NaCl, with TpPL38A 

responding with more than six-fold increased activity at 200 mM NaCl (Table 2). For TpPL8A 

an inhibitory effect occurred already at 100 mM (Supplementary Fig. 3). Except for TpPL38A all 

enzymes showed decreased activity beyond 300 mM NaCl. Salts can affect the stability, 

solubility and surface charge of the enzymes. It has also been hypothesized that salt can affect 

the substrate, making it more accessible by removing water and shielding the negative charge25.  

The effect of divalent cations were investigated under the optimal conditions for each enzyme. 

TpPL8A showed only weakly enhanced activity and no inhibitory effects of any of the cations 
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were observed. TpPL20A and B required Ca2+ for activity with optimal levels of 6 mM and 4 mM 

at the protein concentration tested, whilst TpPL7A, TpPL7B and TpPL38A were inhibited by Ni2+ 

and Zn2+ but, except for TpPL7B, unaffected by Ca2+, Mg2+ and Mn2+ (Table 2). 

Kinetic parameters               

The molar extinction coefficient specific for the lyase formed double bond required for 

calculating product formation, was determined experimentally to 6368 ± 317 cm-1 M-1 equivalent 

to the previously described coefficient of 6150 cm-1 M-1 (Supplementary Table 1) widely used 

for calculating kinetic parameters for alginate lyases24,26. 

The plots of initial rate kinetics on increasing concentrations of glucuronan showed classical 

Michaelis–Menten curves for all six lyases (Supplementary Fig. 4). TpPL7A showed the highest 

turnover number (kcat) near 2280 s-1 and a high specificity constant (kcat/Km) of 616 (s-1 mM-1), 

which was primarily due to the high turnover number. The kcat of TpPL7A was more than 4-fold 

higher than the second highest, which was that of TpPL7B, which had kcat of 473 s-1 (Table 2). 

TpPL20A had the turnover rate, more than 7500 times lower than TpPL7A and 18 times lower 

than TpPL20B (Table 2).  

Table 2 | Kinetic parameters and biochemical characterization of the T. parareesei glucuronan lyases.  

    TpPL7A TpPL7B TpPL8A TpPL38A TpPL20A TpPL20B 

Kinetic parameters               

               kcat (s-1) 
 

2276.5 ± 20.1 473.3 ± 33.1 102.8 ± 2.2 50.4 ± 0.4 0.3 ± 0.01 5.6 ± 0.2 

               Km (mM) 
 

3.7 ± 0.2 3.8 ± 1.1 14.1 ± 0.6 12.1 ± 0.3 1.5 ± 0.1 1.0 ± 0.2 

               kcat / Km (s-1 mM-1) 
 

615.9 124.1 7.3 4.2 0.2 5.5 

Optimal conditions         

               pH optimum 
 

7 5 4 6 6 6 

            Temperature optimum (°C) 40 50 45 50 45 40 

              Salt (NaCl) (0-500 mM)  129% 100% 100% 668% 181% 170% 

   (100 mM) (0 mM) (0 mM) (200 mM) (150 mM) (200 mM) 

Divalent cations (2 mM)         

               Ca2+  
 

99% 83% 108% 97% 100% (6 mM)a 100% (4 mM)a 

               Mg2+  
 

102% 85% 101% 100% 0% 0% 

               Mn2+  
 

96% 77% 103% 94% 0% 0% 

               Ni2+  
 

13% 67% 101% 70% 0% 0% 

               Zn2+    18% 41% 110% 51% 0% 0% 

± indicates standard deviation from triplicate experiments 

a Optimal concentration determined for the activator cation          
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Due to the lack of reported kinetic parameters of glucuronan lyases, specific comparisons of 

catalytic rates were not possible, but in general the T. parareesei lyases, except for the 

extraordinarily fast TpPL7A, have comparable kinetic parameters (values within a 10-fold) to 

fungal pectin lyases27, fungal alginate lyases24 and bacterial chondroitin lyases28.  

Product profiles of the glucuronan lyases 

Size exclusion patterns of the enzymatic reaction products revealed a major shift in size of the 

large polymeric part (12 kDa) of the substrate after reaction with the enzymes TpPL7A, TpPL7B, 

TpPL20A and TpPL20B, indicating a typical endo-lytic behavior. In contrast, only a slight 

increase of small sized products and no significant shift in the large part were observed in the 

reactions containing TpPL8A and TpPL38A, indicating a typical exo-lytic behavior (Fig. 1a). 

 

Figure 1. Product profiles of each of the six recombinant glucuronan lyases from T. parareesei 

during reaction on glucuronan. a) High performance size exclusion chromatography patterns of 

2h enzyme reactions on glucuronan. b) Heat maps of averaged relative intensities derived from 

LC-ESI-MS analysis of oligoglucuronan formation during time course experiments. 

The oligosaccharide product profiles of the PLs were further investigated using LC-ESI-MS 

analysis of the reaction products from time-course experiments. These analyses revealed 

accumulation of products ranging from DP2 to DP6 for the four endo-lytic lyases where DP3 

was the most abundant oligosaccharide for TpPL7A, TpPL20A and TpPL20B and DP2 was 

most abundant for TpPL7B (Fig. 1b).  
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The two exo-lytic enzymes TpPL8A and TpPL38A only accumulated DP2 and DP1, which is 

consistent with their proposed exo-lytic mode of action. To further confirm and investigate the 

action-mode of TpPL8A and TpPL38A, the reactions were followed with in-situ NMR (Fig. 2).  

In NMR the 1H signals near 5.75 ppm represent the olefinic hydrogen signals of ΔGlcA, which 

in the absence of 1H signals for free saturated GlcA indicates that TpPL8A and TpPL38A cleave 

glucuronan from the reducing end (Fig. 2c and 2d). NMR spectroscopy validates that TpPL8A 

liberates monomeric ΔGlcA, while TpPL38A liberates labile monomeric ΔGlcA in addition to 

short stable oligoglucuronan. The combined results show that the entire complement of 

glucuronan lyases in T. parareesei catalyze the complete degradation of glucuronan to dimers 

and monomers under various conditions.  

Non-enzymatic conversion of unsaturated glucuronic acid monomers  

Unsaturated monosaccharide products from PLs can convert non-enzymatically to saturated 

compounds (Fig. 2a), e.g. α-keto-glucuronic acid observed as a decrease of unsaturated 

monomers over time. This phenomena has previously been reported and examined for 

unsaturated monomeric products from alginate lyases29,30 and although observed for a bacterial 

PL38 glucuronan lyase31, it has not been generally established for glucuronan lyases yet.   

The loss of the 4,5 double bond results in a decrease of the A235 signal over time. Following the 

absorbance of the reactions of all six PLs for several hours, resulted in the decrease of signal 

for both TpPL8A and TpPL38A reactions (Fig. 2b). To further elucidate this phenomenon and 

to follow the product formation and its interconversion, time-resolved in situ 1H time-resolved 

NMR was employed for TpPL8A and TpPL38A for 24 h (Fig. 2b, 2c), which allowed the 

identification of the main products of monomer rearrangements to products without olefinic 

double bonds (Supplementary Fig. 5).  

First the cyclic ΔGlcA dominates, followed by the non-enzymatic ring opening of ΔGlcA leading 

to the formation of an aldo-hydrate that retains a keto group at position 5 and a ketoaldo-hydrate. 

The aldo-hydrate undergoes intermolecular cyclization leading to the formation of a 5-

membered hemi-ketal (Fig. 2a). Notably, the non-enzymatic conversion of ΔGlcA was faster at 

pH 6 (TpPL38A) than at pH 4 (TpPL8A) (Fig. 2c, 2d). TpPL38A was found to form both 

monomeric and oligomeric product at comparable amounts, consistent with signal loss of 4,5 

double bond that is intermediate between rearrangements upon TpPL8A catalyzed monomer 

formation and the formation of stable non-monomeric producs from TpPL7 and TpPL20 

enzymes (Fig 2b). 
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Figure 2. Non-enzymatic conversion of unsaturated glucuronic acid monomers. a) Proposed 

reaction scheme. b) Degradation kinetics of the six glucuronan lyases. A235 was measured 

continuously at 40°C and pH 5 with 8 mM glucuronan, 100 mM NaCl, 2 mM CaCl and under 

otherwise standard assay parameters. c) 1H NMR-spectrum of 24h time series for TpPL8A 

reaction at pH 4 and 30°C. d) 1H NMR-spectrum of 24h time series for TpPL38A reaction at pH 

6 and 30°C. 

Proteomic analysis of T. parareseei secretomes from fermentations on four different 

carbon sources 

To approach an understanding of how ecologically relevant substrates (Asco and Basdiomycete 

cell walls and glucuronan) might affect the induction and secretion of glucuronan lyases and 

other secreted CAZymes in T. parareesei, we analyzed the extracellular proteome of the fungus 

after 24 hours of fermentation on liquid media containing i) fruiting body cell walls from the 

Basidiomycete Agaricus bisporus (Fungal Cell Wall Medium-Basdiomycete, FCWM-B), ii) 

mycelial cell wall from the Ascomycete and known phytopathogen Botrytis cinerea 

(Ascomycete, FCWM-A), iii) pure glucuronan  and iv) glucose (Glc). The latter fermentation 

constituted the negative control under glucose repression of carbohydrate catabolism. To avoid 

autolysis by long exposure to fungal cell wall degrading enzymes, which would lead to 

systematic contamination of the secretome and eventual cessation of the active fermentation, 

while still insuring a strong proteomic response, T. parareesei mycelium was grown for four 

days in a liquid glucose medium prior to being transferred to a fresh medium containing the four 
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selected substrates. Prior to the shakeflask fermentations, a growth experiment on agar plates 

confirmed the ability of T. parareesei to efficiently utilize all the substrates as carbon sources 

(Supplementary Fig. 6). The protein abundances were not normalized to total protein content, 

since the fungal cell wall media contain abundant amino acid sources, which is indistinguishable 

from secreted T. parareesei proteins in a total protein determination. However it was noteworthy 

that total protein content of the glucuronan fermentation was 5-fold higher than the glucose 

control (Supplementary Fig. 7) indicating a significantly induced secretome. 

The glucuronan lyase activity of the fungal supernatants was significantly higher in the 

glucuronan and FCWM-B fermentations (Fig 3a), suggesting a higher level of secreted 

glucuronan lyases. The proteomic analysis of the supernatants confirmed this observation on 

glucuronan and FCWM-B (Fig. 3b, 3c, 3d). Of the six glucuronan lyases, only TpPL20A was not 

detected in any of the supernatants and TpPL7B was only detected in small amounts on 

glucuronan and FCWM-B fermentations (Fig. 3c). The very low or absent secretion of TpPL7B 

and 20A suggest that they are governed by transcriptional inducers different than glucuronic 

acid or that they are under active repression in the conducted experiments. 

Interestingly, significant differences of ratios between CAZymes related to fungal cell wall 

carbohydrates were observed between glucuronan, FCWM-B and Glc, but not between Glc and 

FCWM-A. Glucuronan significantly induced glucuronan lyases, β-1,3-glucanases and 

proteoglycan active hydrolases. FCWM-B significantly induced glucuronan lyases, β-1,6-

glucanases and proteoglycan active hydrolases (Fig. 3d). No significant differences in relative 

abundance of GH18 chitinases were observed between the fermentations, which agrees with 

the role of chitin as a structural and recalcitrant polysaccharide and therefore not a target for 

depolymerization in the early onset of enzymatic attack.  

Observations of the distribution of all the detected proteins in the secreted proteome showed 

similar profiles regarding CAZymes and proteases across the fermentations. Interestingly the 

relative amount of Small Secreted Cysteine-Rich Proteins (SSCRP) dominated in the FCWM-B 

supernatant (Fig. 3e). SSCRPs in fungi are proposed to play roles in virulence, blocking 

proteases and protecting their chitin from foreign chitinases32. 

To confirm the presence or absence of glucuronic acid in the fungal cell walls of A. bisporus, B. 

cinerea and T. parareesei itself, we exposed the cell wall materials to strong acid hydrolysis, 

and subsequently quantified the release of sugar monomers with HPAEC-PAD analysis. A. 

bisporus cell walls were found to release approximately 2.7% glucuronic acid out of all the 

detected sugars. None was detected in B. cinerea and only trace amounts in T. parareesei 

(Supplementary Fig. 8). The amount found in A. bisporus may be underestimated since the 
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polymer has been reported as highly resistant to acid hydrolysis21,22. Overall, the proteomic 

analysis strongly indicated glucuronan as a potent inducer of glucuronan lyases and other 

fungal cell wall active CAZymes.  

 

 

Figure 3. Secreted proteome analysis from T. parareesei after 24 hours of growth on four 

different carbon sources. FCWM-B= Fungal Cell Wall Medium-Basidiomycete (A. bisporus), 

FCWM-A= Fungal Cell Wall Medium-Ascomycete (B. cinerea), Glc= Glucose. The intensity 

based abundances of each detected protein were normalized to the sum of each replicate. Error 

bars represent standard deviation from triplicate experiments. Asterisks represents p-values 

from one-way ANOVA post-hoc Tukey comparison of means. *= p ≤ 0.05, **= p ≤ 0.01, **** = p 

≤ 0.0001. a) Glucuronan assays of the fermentation supernatants under standard assay 

conditions. b) Summed abundances of the detected glucuronan lyases, described as 

percentage of the secretome for each substrate. c) Abundances of each individual glucuronan 

lyases. d) Abundances of CAZymes categorized by substrate specificity (Supplementary Table 

2). The six most abundant categories and with relevance for fungal cell wall degradation are 

shown. P-values were calculated against the glucose fermentation only. e) Pie charts 

representing the averaged overall distribution of abundances in the secreted proteomes. 

(SSCRP = Small Secreted Cysteine-Rich Proteins). 

Polysaccharide lyases in the fungal kingdom  

To further investigate and map the occurrence of genes encoding proteins from the same and 

similar PL families to the ones found in T. parareesei, throughout the fungal kingdom, we 

carefully selected more than 70 publically available fungal genomes from the NCBI database, 

covering the major taxonomic groups and ecological niches, and annotated their full repertories 

of polysaccharide lyases using Hidden Markov Models (HMMs).  

The annotated sequences were used for both, phylogenetic analysis in combination with CAZy 

sequences and for a comparison of PL genes across the fungal kingdom. Non-redundant (<90% 

similarity) subsets of the catalytic domains predicted by the dbCAN provided, were used to 
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generate maximum likelihood phylogenetic trees of the families containing at least one member 

characterized as a glucuronan lyase. Thus providing an overview of the sequence based 

relationship of the T. parareseei lyases in the context of their corresponding PL families and 

obtaining a broader perspective of the distribution of similar genes in fungi (Fig. 4).  

The PL7 family is currently the largest family of alginate lyases in the CAZy database, the 

majority of sequences originating from Bacteria. The overall clade divergence appears driven 

by substrate specificities towards either alginate or glucuronan as judged from the formation of 

two very distinct clades that both contain bacterial and eukaryotic sequences.  

The subfamily 4 clade contains the only characterized glucuronan lyase from a Catenulispora 

acidiphila species23. TpPL7A and TpPL7B both located centrally in the fungal part of the 

subfamily 4 clade under two different subclades, suggesting a general glucuronan substrate 

specificity for this entire subfamily (Fig 4a). Because of the strong connection to alginate, 

sequences from terrestrial fungi assigned to this family are often annotated as alginate lyases, 

which in the light of our present results warrant a re-evaluation. 

Different from the PL7 family, the clade formation in the PL20 phylogenetic tree was seemingly 

governed by taxonomy, with fungi in the Hypocreales order including TpPL20A and B, 

separated from bacteria and other Ascomycetes (Fig. 4b). The PL20 family was created on 

basis of a T. reesei glucuronan lyase TrGL (accession BAG80639.1)33 which is 100% identical 

to TpPL20B. Similarly TpPL20A is identical to an uncharacterized T. reesei protein 

(XP_006969120.1). Because no subfamily classification has been assigned to this family by 

CAZy, we performed peptide based clustering by CUPP. Peptide clustering has been shown to 

be highly correlated with family classification and substrate specificities, capitalizing on the 

same underlying sequence patterns governing the CAZy classifications34,35. The clustering 

produced a single cluster (data not shown), indicating that the overall sequence similarity of the 

PL20 family is highly conserved and that the family most likely is monospecific to glucuronan. 

Sequences from the very recently created PL38 family (created 2020)36 was also subjected to 

peptide clustering, which revealed numerous clusters that generally followed the seemingly 

taxonomically driven clade divergence of the tree. The largest cluster comprised both the 

ascomycete sequences including TpPL38A and an adjacent clade of Actinobacteria, but not the 

nearby Proteobacteria clade containing the characterized Brevundimonas lyase36 (Fig. 4c). 
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Figure 4. Maximum likelihood phylogenetic trees of protein sequences from the four PL families. a) PL7 

family: b) PL20 family, c) PL38 family. CUPP clusters are shown by the colored strips preceding the 

species names, d) PL8 family. All sequences were subjected to redundancy, fragmentation and alignment 

checks. All six lyases from T. parareesei were identical (90-100%) to T. reesei sequences (orthologous). 

For that reason the T. reesei sequences were omitted during the redundancy check. Characterized 

members are highlighted by symbols at the node ending. Subfamily annotations are highlighted by the 

colored ellipsis next to the species names. Branch numbers indicate bootstrap values above 50.  
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The pattern of clade divergence and cluster groups mirrored the large sequence variety within 

the family, which in this case is not necessarily indicative of a wide substrate specificity. The 

sequences listed in the CAZy database already include a variety of bacterial and fungal 

sequences, the latter group comprising solely Basidio- and Mycomycota sequences. To our 

knowledge, TpPL38A constitutes the first characterized fungally derived member of family 

PL38. Likewise, TpPL8A is the first reported glucuronan lyase in the PL8 family. As observed 

in family PL7, the clade divergence of the PL8 tree was governed by substrate specificity, which 

correlates with the subfamily annotations potentially classifying subfamily 4 in the diverged 

fungal clade as glucuronan and alginate specific. The latter specificity originates from a PL8 

mannuronate specific lyase from the marine ascomycete Paradendryphiella salina24 (Fig. 4d). 

Genomewide comparisons of predicted polysaccharide lyase genes in fungi  

A complete overview of the annotated PL genes in a representative subset of genomes of fungi 

from different ecological niches and taxonomies, revealed distinct patterns of lyase families 

dependent on niche and taxonomy. Based on the enzyme characterizations and phylogenetic 

analyses of the PL7, 8, 20 and 38 families, it is likely that the putative lyases assigned to these 

families from the terrestrial Ascomycetes share the substrate specificity towards glucuronan. 

These PL families were found highly prevalent in Trichoderma, Hypomyces and Cladobotryum 

species that exhibits strong necrotrophic mycoparasitic traits towards saprobic Basidiomycetes 

like A. bisporus37,38 (Fig. 5), In contrast, virtually no putative glucuronan lyases were found for 

the more host specific mycoparasites Clonostachys rosea and Pseudozyma flocculosa. 

Interestingly, another distinct pattern of genes belonging to the families 8, 14 and 38 was 

identified in wood-rotting Basidiomycetes and members of the Mucoromycota phyla (Fig 5). With 

very few exceptions families PL7 and PL20 seemed exclusive to Ascomycetes, while PL14 

seemed exclusive to Basidiomycetes and Mucoromycetes. To our knowledge, no fungal 

enzymes have been characterized from the PL14 family, but a glucuronan specific enzyme from 

a Chlorovirus strain has been described17. The remaining characterized members of this family 

are bacterial alginate lyases, but alginate is not a biologically relevant substrate for terrestrial 

fungi. Therefore, a phylogenetic analysis of this family was also conducted. It revealed the 

putative PL14 sequences from Basidio- and Mycomycota to form two distinct clades closest to 

the root of the tree. The Chlorovirus clade containing the characterized glucuronan lyase placed 

in between the two clades suggesting a possible shared substrate specificity (Supplementary 

Fig. 9). It is however important to emphasize that extrapolations at this level should only be 

utilized as a general guidance. To note, both Basidio- and Mucoromycete species harbor few 
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(approximately 1.5 on average) genes encoding PL8, PL38 but a larger number of PL14 

encoding genes (approximately 4 on average).   

 

Figure 5. Genome annotation of PL genes in a broad selection of fungi, covering major ecological niches 

and taxonomic groups. This is a representative subset of a larger Table (Supplementary Fig. 10). The 

putative substrate categories, glucuronan, GlucosAmino Glycans (GAG) and pectin are inferred by 

substrate specificities of experimentally characterized members of the CAZy families and phylogenetic 

analysis of the protein sequences.  

A principal component analysis using the same annotation data, confirmed the pattern observed 

in the heatmap. The separation of Ascomycete clusters was governed by the presence and 

absence of glucuronan and pectin lyases respectively, which also correlates with ecological 

niches and taxonomy. Basidio and Mucoromycota species clusters together away from the 

Ascomycetes governed by the absence of pectin lyases, PL7 and PL20 genes and the presence 

of PL8, PL14 and PL38 genes (Fig 6). 
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Figure 6. Biplot of principal component analysis based on the annotated PL genes of the same subset 

of genomes of fungi shown in Fig. 5. Few outliers have been removed for graphical purposes. Arrows 

indicate which components (PL families) influencing the placement of fungi in the two-dimensional space. 

Discussion  

Across the fungal kingdom, Trichoderma and Hypomyces species displays the largest variety 

of glucuronan lyases. Coupled with the active secretion in response to the substrate, the variety 

suggests a functional purpose and niche adaptation in T. parareesei, which has not previously 

been described in the fields related to mycoparasitic behaviour. These observations have 

implications for the underlying complexity of the lifestyle for certain groups of fungi and opens 

new interesting questions regarding the presence of these lyases and their substrate throughout 

the different kingdoms in microbes.  

The active secretion of glucuronan lyases by T. parareesei in the presence of Basidiomycete 

cell wall material and the detection of glucuronic acid in those cell walls imply an ecological 

connection between Trichoderma and necrotrophic mycoparasitism of Basidiomycetes. As 

observed in the fermentations on the B. cinerea cell walls and pure glucose, respectively, the 

absence of glucuronan results in no or minute secretion of glucuronan lyases. These 

observations fit well with other observed catabolic responses of fungi towards polysaccharides. 

The mechanism appears to be that the monomeric products generated by the depolymerization 

of glucuronan, passes the cell membrane and induces specific regulons including production 
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and secretion of glucuronan lyases which facilitates a release of more product, creating a 

positive feedback loop39. The long term outcome of this mechanism could result in the either a 

gain (including duplication) or loss of the genes enabling a higher adaption to certain ecological 

niches3,40. A possible example could be the almost complete absence of putative glucuronan 

lyases in the mycoparasite Clonostachys rosea. This species belongs to the Hypocreales order, 

but is more closely related to Fusarium than to Trichoderma species. Clonostachys rosea is 

known to be specific towards phytopathogenic Ascomycetes and employs mechanisms of 

pathogenicity different from Trichoderma3. A very similar observation amongst the 

Basidiomycetes is the case of Pseudozyma flocculosa, a biocontrol agent and mycoparasite of 

its close phytopathogenic relatives in the Ustilago genus. The genome of P. flocculosa is very 

similar to its relatives and shows no significant expansions of fungal cell wall degrading 

enzymes41. In both cases neither prey nor predator contains any significant putative glucuronan 

lyases and it is reasonable to speculate that the substrate is not present in the prey cell walls. 

The presence of putative polysaccharide lyases with a similar specificity in Basidiomycetes is 

likely considering the hypothesis that they produce glucuronan themselves. The rationale for 

the presence of putative PLs with a similar specificity in Basidiomycetes is that depolymerizing 

enzymes are needed for restructuring and recycling the polysaccharide through growth cycles 

as observed with chitinases and -1,3/1,6-glucanases42. Furthermore similar patterns of PL8, 

38 and 14 families were found in members of the Mucoromycota phylum, which contains the 

only fungal species reported to produce glucuronan in the form of mucoric acid20,21.  

These observations suggest that a diverse repertoire of glucuronan lyases is not strictly a 

Hypocrealian or common mycoparasitic trait, but may also be connected to certain ecological 

niches and opportunistic behaviours. Indeed, the only fungal genomes harboring very few or 

none putative glucuronan lyase genes across the phyla were fungi classified as 

phytopathogenic. Instead, high numbers of pectin lyases were prevalent in these species, 

suggesting that glucuronan is not found in plants. However, considering the vast amounts of 

putative bacterial glucuronan lyases already classified in the CAZy database, it is tempting to 

speculate that glucuronan occurs much more widely in ecological niches connected to soil and 

the rhizosphere than what is currently recognized. 

Given the simple structural nature of their substrate, the whole complement of glucuronan 

lyases in T. parareesei represents sufficient diversity to constitute an enzymatic machinery that 

facilitates the complete degradation of glucuronan. The discovery of TpPL8A and TpPL38A as 

novel exo-acting enzymes lead to a complete degradation of the polymer to easily absorbable 

dimers and monomers. It is likely that these monomers then further restructure before entering 
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the D‐glucuronate catabolic pathway similar to the one found in Aspergilli43. Based on the 

various characteristics and differentiated secretion, it is possible that the degradation occurs in 

stages, initiated by the highly efficient TpPL7A at neutral pH. As the pH drops in the 

microenvironment, either as a result of product-release or the fungus own production of acid, 

other glucuronan lyases are produced, finishing with TpPL8A that completes the degradation in 

the lower pH area. 

Oligosaccharides such as oligoglucuronans have numerous potentially attractive applications 

in various industries, for instance as drug carriers, solvents, stabilizers, binders and swelling 

agents44. They also have proven potential in biocontrol applications, eliciting strong defense-

related responses in agricultural plants like tomatoes45 and apples against blue and gray mold46. 

Also biological activities on mammalian cells and immune-stimulating effects on human blood 

using oligoglucuronans have been observed47. Given this abundance of existing and potential 

applications of oligoglucuronans, a variety of enzymes that can produce controlled mixtures of 

oligoglucuronans under varied conditions appear highly valuable. The six glucuronan lyases 

described in this study are easily produced recombinantly in a foreign host like P. pastoris (or 

perhaps natively in Trichoderma itself). We therefore anticipate that the enzyme machinery 

described herein harbors promising options for industrial applications.  

Methods  

Materials 

Trichoderma parareesei CBS12592513 isolated from soil in South America was obtained from 

CBS-KNAW culture collection (www.westerdijkinstitute.nl/collections/). Botrytis cinerea 

IBT42711 was obtained from the IBT Culture Collection of Fungi (Technical University of 

Denmark, Lyngby, Denmark). Organically grown mature Agaricus bisporus fruiting bodies were 

procured commercially (Salling group, Brabrand, Denmark). Sodium alginate, Chondroitin AC, 

Chondroitin B and Hyaluronic acid, were purchased from Sigma (Sigma-Aldrich, Saint-Louis, 

MO, USA). Polymannuronic acid and polyguluronic acid, were purchased from Carbosynth 

(Carbosynth, Compton, UK).  

Sequence analysis and phylogeny  

Predicted protein sequences from all genomes used in this study (Supplementary Table 3) 

including that of T. parareesei CBS125925 (GCA_001050175.1) were downloaded from NCBI 

(www.ncbi.nlm.nih.gov/)48. In the few cases were predicted protein sequences were not 

available for the chosen genomes, they were predicted with the Augustus web server (bioinf.uni-
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greifswald.de/webaugustus)49 using pre-trained parameters from Fusarium graminearium. 

Putative catalytic domains of CAZymes were predicted by HMMER v. 3.3.150 using the most 

recent (07-30-2020) Hidden Markov Models (HMMs) from the dbCAN server 

(http://bcb.unl.edu/dbCAN2)51. The results underwent strict post analysis cut-off values by 

applying a coverage threshold of 0.35 and an E-value threshold of 1·10-5. When meeting the 

necessary thresholds the results included inferred subfamilies. Subfamily classifications in 

CAZy were used as positive controls. The Interproscan server (www.ebi.ac.uk/interpro/)52 was 

also used as a tool for secondary conformational domain prediction along with prediction of 

proteins other than CAZymes. Signal peptide predictions were performed using the Phobius 

webserver (https://phobius.sbc.su.se/ )53. CUPP54 was used for protein clustering under default 

parameters. Broad substrate categories of CAZymes were inferred manually by cross-

referencing listed functions in CAZy (www.cazy.org)17 and the BRENDA database 

(www.brenda-enzymes.org)55. Principal component analysis was performed in Rstudio56 using 

the FactoMineR package57.   

Phylogenic analysis  

Isolated catalytic domains from sequences listed in CAZy and HMM annotated sequences from 

the fungal genomes were screened for redundancy using CD-HIT58 (<90% similarity) under 

default parameters. The sequences were aligned with Mafft59 and manually inspected in CLC 

main workbench (8). The alignments were used to perform Maximum likelihood phylogeny with 

RaxML blackbox60 using LeGascuel substitution matrix61 and otherwise default parameters at 

the CIPRESS server (www.phylo.org/)62. RaxML stopped the rapid bootstrap search after 

meeting the MRE-based Bootstopping criterion. 

Preparation of glucuronan  

Glucuronan (β-1,4-polyglucuronic acid) was prepared by TEMPO-mediated oxidation of 

commercial Rayon (Krestoffer, Søborg, Denmark) as previously described63 using TEMPO 

(2,2,6,6-tetramethylpipedine-1-oxyl radical, Sigma), sodium bromide (Sigma) and 11% sodium 

hypochlorite solution (Merck, Darmstadt, Germany). The reaction time was adjusted to 30 min. 

and reactions were spun down for 10 min. to remove potential residual un-oxidized cellulose 

prior to quenching by ethanol 96% ethanol (Merck) and washed twice in 70% acetone (Sigma).   

Genes, cloning, expression and purification of glucuronan lyases 

The six mature genes of TpPL7A (OTA00986.1), TpPL7B (OTA01262.1), TpPL8A 

(OTA05836.1), TpPL20A (OSZ99920.1), TpPL20B (OTA07247.1) and TpPL38A (OTA06285.1) 

excluding their predicted signal peptides were codon optimized for Pichia pastoris expression 
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(GenScript, Piscataway, NJ, USA) and cloned into the pPICZaA vector (Invitrogen, Carlsbad, 

CA, USA) using EcoRI and SalI restriction sites. Plasmids were linearized by PmeI 

(ThermoFisher, Waltham, MA, USA) and transformed into P. pastoris X-33. Production and 

purification of all recombinant proteins were performed as previously described64. Based on the 

sequences of the recombinant enzymes the theoretical molar extinction coefficient and sizes 

were calculated using ProtParam (http://web.expasy.org/protparam)65. Protein concentrations 

were determined by A280 using the obtained molar extinction coefficients. Deglycosylation of the 

purified recombinant enzymes was performed by adding EndoH (New England Biolabs, Ipswich, 

USA) to the purified glycoproteins and incubating at 25 °C for 3 h. The purity of the recombinant 

proteins and the effect of the EndoH treatment were checked on 4-12% gradient SDS-PAGE 

gels (Supplementary Fig. 1). 

Standard assay conditions  

Polysaccharide lyase activity was determined by monitoring the formation of 4,5-unsaturated 

bonds at the non-reducing end by continuously following the absorbance at A235 nm for 10 min 

using Multiskan® GO spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). 

Unless otherwise stated reactions were carried out at 30 °C in 20 mM UB4 buffer66 pH 6 with 

1.5 g·L-1 of glucuronan in a 96-well quartz plate (Corning, New York, USA). Each enzyme was 

used in the following final concentrations; TpPL7A (0.00015 µM), TpPL7B (0.0029 µM), TpPL8A 

(0.0018 µM), TpPL38A (0.0066 µM), TpPL20A (0.2804 µM) and TpPL20B (0.0524 µM). All 

reactions were performed in triplicate.  

Biochemical characterization 

The substrate specificities were assessed for each enzyme under standard assay conditions at 

pH 4, 6 and 8 using glucuronan, alginate, polymannuronic acid, polyguluronic acid, chondroitin 

AC, chondroitin B and hyaluronic acid as substrates. Once the specific substrates for all 

recombinant enzymes were established, the pH optimum was determined for each of them 

using 20 mM UB4 buffer ranging from pH 2 to 8. The optimum temperature was determined at 

the optimum pH for each enzyme within a range of 25 °C to 55 °C. The effect of NaCl on enzyme 

activity was investigated under optimum pH, temperature and otherwise standard assay 

conditions with varying NaCl concentrations (0 to 500 mM). The effect of divalent ions (CaCl2, 

ZnCl2, MgCl2, NiCl2, and MnC l2), at a final concentration of 2mM on the activity of the enzymes 

were investigated by measuring the activity of the enzymes under standard conditions. Prior to 

the reactions the enzymes were incubated with 2mM EDTA for 10 minutes and then dialyzed 

twice against the activity buffer to remove any bound metals from the production and 
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purification. In case of TpPL20A and B, concentrations of CaCl2 ranging from 0 to 7 mM were 

tested to identify the optimum under standard assay conditions.    

Molar extinction coefficient of the C4-C5 double bond formed by glucuronan cleavage by 

lyases 

The molar extinction coefficient of the C4-C5 double bond formed from the cleavage by 

glucuronan lyases was experimentally determined using the Beer-Lambert law, by measuring 

both the absorbance at 235 nm and the reducing ends generated during the reaction of TpPL7B 

under optimum conditions. The reactions were carried out at three different substrate 

concentrations (0.8, 1 and 1.5 g·L-1) at 40°C, 20 mM UB4 buffer pH 5, for 5 min. The reducing 

ends resulting from glucuronan degradation by TpPL7B were quantified by the para-

hydroxybenzoic acid hydrazide (PAHBAH) assay67 using glucuronic acid (Sigma) as a standard. 

Kinetics parameters 

For each enzyme, initial velocities were quantified on glucuronan with concentrations varying 

from 0.1 to 10 g·L-1 at optimum conditions specific to each enzyme. The average initial velocities 

quantified in milli-absorbance units (mAU) at A235nm per second were converted to mM of product 

generated via measuring the amount of 4,5-unsaturated bonds formed per second using the 

experimentally confirmed extinction coefficient of 6368 M-1cm-1. Kinetic parameters were 

determined for each enzyme by plotting initial velocities against substrate concentrations. Km 

and kcat were obtained by fitting the Michaelis-Menten equation vo = Vmax /(1+(Km/[S0]) using 

Origin ® 2019 software (OriginLab Corporation, Northampton, MA, USA) where vo is the initial 

velocity, [S0] the initial substrate concentration, Vmax the maximum rate, and Km the Michaelis 

constant.  

High Performance Size Exclusion Chromatography (HP-SEC) 

HP-SEC of 120 min. enzyme reactions under optimum conditions using 10 g·L-1 of glucuronan, 

was performed using a TSKgel® G3000PW column and refractive index detection as previously 

described27.A polynomial relationship between logarithmic molecular weight and retention time 

was established using pullulan standards (Sigma) as external calibration references. 

Action pattern and degradation product analysis by Liquid Chromatography-Mass 

Spectrometry (LC-MS) 

Duplicate reactions were prepared under optimal assay conditions for each recombinant 

enzyme. For pH under 7 20mM sodium acetate buffers were used, for pH 7 an ammonium 

chloride buffer was chosen. Samples were taken at different reaction times (5, 10, 20, 60, and 
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120 min). The reactions were stopped by heating the samples at 95°C for 5 min. Final sample 

preparation and LC-MS analysis was carried out as previously described24. 

Nuclear Magnetic Resonance (NMR) 

NMR Samples (500 µL, 95% H2O/5% D2O) were prepared with 100 mM NaCl and 5 mM acetate 

buffer to study degradation of -glucuronan (20 mg) by TpPL8A (pH 4.0) and TpPL38A (pH 

6.0), respectively. All NMR spectra were recorded at 30°C (reactions at 40°C were deemed too 

fast for identification of the various intermediates and products) on an 800 MHz Bruker Avance 

III NMR spectrometer equipped with an 18.7 T Oxford Magnet and a Bruker TCI CryoProbe. 

The reaction was followed in situ over time by a sequence of one-dimensional 1H NMR 

experiments employing excitation sculpting for water suppression. This time-series of one-

dimensional 1H NMR was implemented as a pseudo-2D experiment, which sampled the NMR 

signal (with spectral width of 14 ppm) during an acquisition time of 1.46 seconds and employed 

an inter-scan relaxation delay of 5 seconds. Up to 512 time points were recorded for a reaction 

time of up to 29 h. A series of two-dimensional assignment spectra was acquired to identify the 

residual reaction intermediates and products on the post-reaction material sample. 1H-1H 

TOCSY NMR spectra were acquired sampling the FID for 128 and 32 milliseconds by acquiring 

1024256 complex data points in the direct and indirect dimension, respectively, and employing 

an excitation sculpting scheme for water suppression. 1H-1H COSY spectra were recorded by 

sampling the FID for 160 and 40 milliseconds by acquiring 1024256 complex data points in the 

direct and indirect dimension, respectively, and employing presaturation of water signal 

suppression. 1H-13C HSQC spectra were recorded by sampling the FID for 128 and 8 

milliseconds by acquiring 1024200 complex data points, and 1H-13C HMBC spectra (with a 

spectral width of 220 ppm around an offset of 110 ppm in the 13C dimension) were recorded by 

sampling the FID for 197 and 4.5 milliseconds by acquiring 2048200 complex data points. All 

NMR spectra were processed with ample zero filling in all spectral dimensions in Bruker Topspin 

3.5 pl7 software and integrated in the same software.  

Culture conditions of fungal fermentations  

Unless otherwise stated all chemicals and media components were purchased from Sigma. All 

actively growing fungi were maintained on Potato Dextrose Agar (PDA) at room temperature. 

B. cinerea cell walls were prepared by inoculating 200 ml of potato dextrose medium with spore 

suspension and grown in an orbital shaker at 160 rpm, at 25°C for 7 days. The culture was spun 

down, washed twice in sterile water, lyophilized and powdered. Matured Agaricus bisporus 

fruiting bodies (stem and cap) were washed, lyophilized and powdered. Both of the fungal cell 
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wall preparations were added to the base medium at a final concentration of 2% w/v before 

autoclaved at 121°C for 20 min. The glucuronan and glucose were filter sterilized before added 

to the base medium at a final concentration of 0.1% w/v. The base medium was composed of 

0.1% (w/v) tryptone (Bacto, NSW, Australia), 0.03% (w/v) urea, 0.2% (w/v) KH2PO4, 0.14% (w/v) 

(NH4)2SO4, 0.03% (w/v) MgSO4·7H2O, 0.06% Tween 20 and 2% (v/v) trace elements solution 

containing 0.025% (w/v) FeSO4, 0.0085% (w/v) MnSO4, 0.007% (w/v) ZnSO4 and 0.01% (w/v) 

CaCl2. Trichoderma parareesei spore suspension was added at a final concentration of 105 

spores/ml to 250 ml baffled flask containing 100 ml of Yeast Peptone, Dextrose (YPD) medium, 

sealed with AeraSeal film and grown for 4 days, at 120 rpm, at 28°C. The produced mycelium 

was then spun down at 4400 rpm for 5 min., washed in 50 ml of sterile water and then transferred 

to the base medium containing the four different carbon sources each in triplicates. These 

cultures were grown for 24 hours, at 120 rpm and 28°C before being spun down and the 

supernatant removed for assaying and proteomic analysis. All fermentations were routinely 

checked for contamination by microscopy. Total protein content was assessed by Pierce BCA 

assay (Thermo Scientific, Massachusetts, USA) using bovine serum albumin as standard. 

Glucuronan activity was assessed under standard assay conditions with 100 mM NaCl and 4 

mM CaCl2.  

Global proteomic analysis of fungal secretomes 

The total protein content in 10 ml of the fungal supernatants was precipitated by adding 40 ml 

of ice cold acetone (Sigma) and stored overnight at -20°C. The protein pellet was centrifuged 

at 10,000 g for 10 min. and residual acetone was evaporated at room temperature. The protein 

pellet was resolubilized in 6M Guanidinium hydrochloride and then diluted in digestion buffer, 

consisting of 10% Acetonitrile (Sigma) and 50mM HEPES buffer pH 8.5 (Sigma). 10μg of protein 

from each sample was reduced, alkylated, in-solution digested with LysC (Wako, Osaka, Japan) 

and trypsin (Sigma) and desalted on C18 filters (CDS Empore, Oxford, USA) before being 

concentrated in an Eppendorf Speedvac  and resolubilized in a solution containing 2% 

acetonitrile, 1% trifluoroacetic acid and iRT peptides (Biognosys, Schlieren, Schweiz). 1μg from 

each sample were loaded onto a 2 cm C18 trap column (ThermoFisher), connected in-line to a 

15 cm C18 reverse-phase analytical column (Thermo EasySpray) using 100% Buffer A (0.1% 

Formic acid in water) at 750 bar in a Thermo EasyLC 1200 HPLC system (ThermoFisher). 

Peptides were eluted over a 140 min gradient ranging from 10 to 60% of 80% acetonitrile, 0.1% 

formic acid at 250 nL/min, and a Q-Exactive instrument (Thermo Scientific) was run in a DD-

MS2 top 10 method. Full MS spectra were collected at a resolution of 70,000, with an automatic 

gain control (AGC) target of 3 × 106 or maximum injection time of 20 ms and a scan range of 
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300 to 1750 m/z. The MS2 spectra were obtained at a resolution of 17,500, with an AGC target 

value of 1 × 106 or maximum injection time of 60 ms, a normalized collision energy of 25, and 

an intensity threshold of 1.7 × 104 . Dynamic exclusion was set to 60 s, and ions with a charge 

state <2 or unknown were excluded. The raw files were analyzed using Proteome Discoverer 

2.4. Label-free Quantitation (LFQ) was enabled in the processing and consensus steps, and 

spectra were matched against the predicted proteins from the T. parareesei CBS125925 

genome (GCA_001050175.1). Carbamidomethylation of cysteines was defined as fixed 

modification and oxidation of methionines, deamidation and N-terminal acetylation as variable 

modifications. The remaining settings were kept on default, including a maximum peptide and 

protein false discovery rate of 1%. The LFQ intensities for each protein hit present in at least 

two of the biological replicates, were converted to a percentage of the sum of all LFQ values in 

the given replicate. Significant differences of abundance were estimated by performing one-way 

ANOVA post-hoc Tukey comparison of means in Origin 2019. Mass spectrometry analysis was 

performed at the DTU Proteomics Core, Technical University of Denmark. 

Carbohydrate monomer composition of fungal cell walls  

Glucuronan and lyophilized fungal cell walls were subjected to a two-step sulfuric acid 

hydrolysis as described in the NREL method68. Monosaccharides were quantified by high 

performance anion exchange chromatography with pulsed amperometric detection (HPAEC-

PAD) using a Dionex ICS-5000 system (DionexCorp, Sunnyvale, CA, USA) equipped with a 

CarboPac PA1 analytical column (250 × 4 mm) and a CarboPac PA1 guard column 

(250 × 4 mm). The elution was performed at a flow rate of 1 ml/min with water for 38 min, 

followed by a wash with 500 mM NaOH for 15 min and equilibrated with water for 22 min. 

Detection was done by post-column addition of 500 mM NaOH at 0.2 ml/min. Standards of 

fucose, arabinose, rhamnose, galactose, glucose, xylose, mannose, galacturonic acid and 

glucuronic acid were used for quantification. 
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Figure 1. 4-12% gradient SDS-page gels of the purified recombinant lyases, before and after endoH treatment. EndoH is marked by 
text closest to the band representing it.     

 

 

 

Figure 2. HP-SEC of the TEMPO prepared polyglucuronic acid at a concentration of 10 g/l. The peaks of the pullulan size standards 

are marked by x and the size in kDa. 

 

 

 

 

 

 

 



 

Figure 3. Biochemical characterisations of the six recombinant glucuronan lyases from T. parareesei. Errorbars represent standard 

deviations from triplicate experiments.  



Glucuronan 
(mg/ml)  

A235 S.D. 
Reduced ends 

(mM) 
S.D. E 

0,8 0,2205 0,0025 0,0641 0,0419 6621 

1,0 0,5154 0,0064 0,1650 0,0074 6013 

1,5 0,3218 0,0006 0,0957 0,0298 6470 

Mean     6368 ± 317 

Table 1. Experimental determination of the extinction coefficient (E) for the enzymatic 4,5 double bond formation in glucuronan. 

Glucuronic acid was used as quantitative standard in the reducing end assay.TpPL7B was used for producing stable double bonds 

in the substrate under standard assay conditions.     

 

 

Figure 4. Initial rates at optimum conditions under increasing substrate concentrations. Red lines are fitted Michaelis-Menten 

curves. Calculated Vmax and km values are displayed in the grey boxes. Errorbars represent standard deviations from triplicate 

experiments. The graphs and model-fittings were performed in Origin v. 2019b.   

 

 



 

 

Figure 5. NMR, 1H and 13C chemical shift assignments for the main isomers of the displayed molecules. 

 

 

 



 

Figure 6. Agar plates showing growth of T. parareseei after six days at 30°C on the various carbon sources used in this study. 

 

 

Figure 7. Total protein content of fermentation supernatant. Estimated by BCA with BSA as standard. Errorbars represent standard 

deviations from triplicate experiments.   

 

Figure 8. HPAEC-PAD analysis of sugar monomer composition of fungal cell walls after acid hydrolysis, values are normalized to 

total amount of detected sugars. Errorbars represents standard deviation of triplicate analysis.  



 

 

 

Table 2. Subset of the most abundant CAZymes found in the proteomics analysis. The standard deviations are based on triplicate 

experiments.   

 

 

 

Accession CAZy family EC number Enzyme description Substrate  Glucuronan Std. d FCWM-B Std. d FCWM-A Std. d Glucose Std. d 

OTA07244.1 GH15 3.2.1.3 glucan 1,4-α-glucosidase Starch 0.221 0.011 0.326 0.139 0.058 0.031 0.097 0.020

OTA07404.1 GH13_1 3.2.1.1 α-amylase Starch 0.000 0.000 0.212 0.067 0.000 0.001 0.012 0.010

OTA02846.1 GH31 - - Starch 0.265 0.020 0.102 0.042 0.121 0.085 0.294 0.089

OTA01276.1 GH79 - - Proteoglycan 0.342 0.085 1.231 0.158 0.004 0.002 0.004 0.002

OTA07787.1 GH79 3.2.1.31 β-glucuronidase Proteoglycan 0.572 0.088 0.892 0.185 0.062 0.046 0.091 0.097

OTA03228.1 GH89 3.2.1.50 α-N-acetylglucosaminidase Proteoglycan 0.032 0.001 0.067 0.078 0.034 0.018 0.061 0.020

OTA08831.1 GH20 3.2.1.52 β-N-acetylhexosaminidase Proteoglycan 0.270 0.070 0.014 0.017 0.024 0.009 0.099 0.054

OTA01106.1 GH20 3.2.1.52 β-N-acetylhexosaminidase Proteoglycan 0.053 0.004 0.000 0.000 0.081 0.028 0.071 0.016

OTA02666.1 AA2 - - Oxidase 0.064 0.022 0.220 0.044 0.101 0.016 0.144 0.062

OTA07476.1 AA7 - - Oxidase 1.083 0.183 0.209 0.069 4.863 1.046 2.833 0.093

OTA07907.1 AA5 - - Oxidase 0.380 0.041 0.073 0.036 0.923 0.174 0.382 0.068

OTA02290.1 AA14 - - Oxidase 0.039 0.006 0.059 0.016 0.131 0.026 0.049 0.012

OTA02426.1 AA7 - - Oxidase 0.267 0.014 0.049 0.017 0.231 0.098 0.080 0.066

OTA03014.1 AA2 - - Oxidase 0.175 0.011 0.025 0.026 0.260 0.059 0.107 0.056

OTA03614.1 AA2 1.11.1.5 cytochrome-c peroxidase Oxidase 0.098 0.004 0.006 0.002 0.038 0.006 0.070 0.017

OTA03261.1 GH38 3.2.1.24 α-mannosidase α-1,6-mannan 0.078 0.018 0.000 0.000 0.077 0.016 0.119 0.044

OTA05230.1 GH92 3.2.1.24 α-mannosidase α-1,6-mannan 0.023 0.002 0.000 0.000 0.052 0.012 0.057 0.016

OTA02561.1 GH71 3.2.1.59 glucan endo-1,3-α-glucosidase α-1,3-glucan 0.004 0.001 0.006 0.003 0.007 0.005 0.015 0.007

OTA00561.1 GH71 3.2.1.59 glucan endo-1,3-α-glucosidase α-1,3-glucan 0.040 0.012 0.000 0.000 0.016 0.006 0.036 0.012

OSZ99865.1 CBM24 3.2.1.59 glucan endo-1,3-α-glucosidase α-1,3-glucan 0.038 0.006 0.000 0.000 0.005 0.004 0.129 0.163

OTA05307.1 GH54 - - Xylan 0.163 0.019 0.467 0.109 0.272 0.214 0.399 0.125

OTA05875.1 GH115 3.2.1.131 xylan α-1,2-glucuronosidase Xylan 0.066 0.013 0.000 0.000 0.023 0.002 0.067 0.031

OTA01922.1 GH18 3.2.1.96mannosyl-glycoprotein endo-β-N-acetylglucosaminidaseGlycoprotein 0.165 0.016 0.251 0.126 0.062 0.042 0.188 0.068

OTA05399.1 GH47 3.2.1.113 mannosyl-oligosaccharide 1,2-α-mannosidase Glycoprotein 0.225 0.019 0.220 0.162 0.267 0.142 0.427 0.237

OTA07247.1 PL20_B 4.2.2.14 glucuronan lyase Glucuronan 0.412 0.016 0.863 0.453 0.003 0.002 0.007 0.003

OTA00986.1 PL7_4_A - - Glucuronan 0.822 0.102 0.236 0.209 0.019 0.003 0.124 0.182

OTA01262.1 PL7_4_B - - Glucuronan 0.049 0.023 0.083 0.099 0.001 0.000 0.001 0.000

OTA06285.1 PL38 4.2.2.14 glucuronan lyase Glucuronan 0.348 0.151 0.067 0.048 0.010 0.007 0.009 0.003

OTA05836.1 PL8_4 - - Glucuronan 0.959 0.181 0.049 0.026 0.018 0.000 0.024 0.014

OSZ99978.1 - 3.2.1.22 α-galactosidase Galactan 0.141 0.038 0.000 0.000 0.014 0.003 0.024 0.012

OTA00159.1 GH2 3.2.1.146 β-galactofuranosidase Peptidophosphogalactomannan 0.252 0.074 0.000 0.000 0.034 0.025 0.043 0.024

OTA07992.1 CBM66 3.2.1.146 β-galactofuranosidase Peptidophosphogalactomannan 0.077 0.002 0.000 0.000 0.174 0.048 0.200 0.095

OTA00212.1 GH75 3.2.1.132 chitosanase Chitosan 0.423 0.087 1.053 0.229 0.015 0.004 0.034 0.006

OTA04600.1 GH18 3.2.1.14 chitinase Chitin 0.325 0.027 0.146 0.045 0.425 0.095 0.654 0.402

OTA00069.1 GH2 3.2.1.165 exo-1,4-β-D-glucosaminidase Chitosan 0.631 0.114 0.043 0.027 0.142 0.094 0.045 0.021

OTA08247.1 GH18 3.2.1.14 chitinase Chitin 0.220 0.007 0.000 0.000 0.247 0.040 0.392 0.104

OTA06834.1 GH18 3.2.1.14 chitinase Chitin 0.107 0.015 0.000 0.000 0.194 0.058 0.229 0.128

OTA01114.1 CE4 - - Chitin 0.029 0.005 0.000 0.000 0.102 0.032 0.033 0.020

OTA00434.1 GH18 3.2.1.14 chitinase Chitin 0.017 0.005 0.000 0.000 0.009 0.002 0.020 0.006

OTA04876.1 GH5_5 3.2.1.4 cellulase β-1,4-glucan 0.006 0.008 0.037 0.022 0.037 0.035 0.153 0.119

OTA02682.1 GH3 - - β-1,4-glucan 0.003 0.000 0.005 0.006 0.002 0.001 0.000 0.000

OSZ99894.1 GH3 - - β-1,4-glucan 0.016 0.002 0.000 0.000 0.015 0.005 0.017 0.004

OTA01208.1 GH30_3 3.2.1.75 glucan endo-1,6-β-glucosidase β-1,6-glucan 0.147 0.007 1.567 0.488 0.045 0.004 0.064 0.010

OTA00769.1 GH55 3.2.1.58 glucan 1,3-β-glucosidase β-1,3-glucan 0.875 0.203 0.335 0.165 0.228 0.097 0.488 0.225

OTA05146.1 GH55 3.2.1.39 glucan endo-1,3-β-D-glucosidase β-1,3-glucan 0.443 0.042 0.238 0.124 0.051 0.014 0.016 0.009

OTA02562.1 GH64 3.2.1.39 glucan endo-1,3-β-D-glucosidase β-1,3-glucan 0.661 0.060 0.229 0.067 0.828 0.566 0.869 0.328

OTA08417.1 GH128 - - β-1,3-glucan 0.000 0.000 0.147 0.070 0.000 0.000 0.000 0.000

OTA08148.1 GH55 - - β-1,3-glucan 2.400 0.284 0.108 0.078 0.032 0.020 0.014 0.011

OTA01266.1 GH55 3.2.1.39 glucan endo-1,3-β-D-glucosidase β-1,3-glucan 0.023 0.001 0.065 0.013 0.014 0.007 0.011 0.008

OTA01439.1 GH128 - - β-1,3-glucan 0.005 0.001 0.038 0.008 0.008 0.002 0.011 0.006

OTA04977.1 GH55 3.2.1.39 glucan endo-1,3-β-D-glucosidase β-1,3-glucan 0.024 0.004 0.020 0.022 0.016 0.003 0.016 0.001

OTA04295.1 GH81 3.2.1.39 glucan endo-1,3-β-D-glucosidase β-1,3-glucan 0.000 0.000 0.019 0.019 0.001 0.000 0.000 0.000

OTA01419.1 GH132 3.2.1.x - β-1,3-glucan 0.354 0.045 0.000 0.000 0.337 0.022 0.388 0.091

OTA06148.1 GH16_3 3.2.1.6 endo-1,3(4)-β-glucanase β-1,3-glucan 0.238 0.031 0.000 0.000 0.536 0.065 0.265 0.071

OTA06837.1 GH128 - - β-1,3-glucan 0.121 0.071 0.000 0.000 0.121 0.024 0.130 0.093

OTA05871.1 GH81 3.2.1.39 glucan endo-1,3-β-D-glucosidase β-1,3-glucan 0.011 0.002 0.000 0.000 0.006 0.002 0.010 0.003

OTA01208.1 GH30_3 3.2.1.75 glucan endo-1,6-β-glucosidase β-1,6-glucan 0.147 0.007 1.567 0.488 0.045 0.004 0.064 0.010

OTA07339.1 GH5_15 3.2.1.75 glucan endo-1,6-β-glucosidase β-1,6-glucan 0.004 0.000 0.000 0.000 0.015 0.005 0.017 0.004

Normalized intensities



 

 

Figure 9. Maximum likelihood phylogenetic tree of protein sequences from the PL14 family. All sequences were subjected to redundancy, 

fragmentation and alignment checks. Characterized members are highlighted by symbols at the node ending. Subfamily annotations are highlighted by 

the colored ellipsis next to the species names. Branch numbers indicate bootstrap values above 50. 



 

Figure 10. Genome annotation of PL genes in a broad selection of fungi, covering major ecological niches and taxonomic groups. 

The putative substrate categories, glucuronan, GlucosAmino Glycans (GAG) and pectin are inferred by substrate specificities of 

experimentally characterized members of the CAZy families and phylogenetic analysis of the protein sequences. 

GAG

PL7 PL8 PL20 PL38 PL14 PL35 PL1 PL3 PL4 PL9 PL11 PL26 PL27

Ascomycota Hypocreales Trichoderma asperellum Mycoparasitic - 3 1 2 2 0 0 1 0 0 0 0 0 0

Ascomycota Hypocreales Trichoderma atroviride Mycoparasitic - 3 1 2 2 0 0 2 0 0 0 0 0 0

Ascomycota Hypocreales Trichoderma gamsii Mycoparasitic - 3 1 2 2 0 0 2 0 0 0 0 0 0

Ascomycota Hypocreales Trichoderma harzianum Mycoparasitic - 3 1 2 2 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Trichoderma longibrachiatum Mycoparasitic - 2 1 2 1 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Trichoderma parareesei Mycoparasitic - 2 1 2 1 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Trichoderma reesei QMA Mycoparasitic - 2 1 2 1 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Trichoderma virens Mycoparasitic - 3 1 2 2 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Cladobotryum protrusum Mycoparasitic - 4 1 2 2 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Hypomyces perniciosus Mycoparasitic - 2 1 1 1 0 0 0 0 0 0 0 0 1

Ascomycota Hypocreales Hypomyces rosellus Mycoparasitic - 4 1 2 2 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Pochonia chlamydosporia Nematophagous - 5 1 1 2 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Escovopsis weberi Mycoparasitic - 1 1 0 2 0 0 2 0 0 0 0 0 0

Ascomycota Hypocreales Cordyceps fumosorosea Entomopathogenic - 1 1 1 0 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Cordyceps militaris Entomopathogenic - 1 1 1 0 0 1 0 0 0 0 0 0 0

Ascomycota Hypocreales Ophiocordyceps sinensis Entomopathogenic - 2 0 0 0 0 0 0 0 0 0 0 0 0

Ascomycota Hypocreales Clonostachys rosea Mycoparasitic - 0 0 1 0 0 0 18 11 4 1 2 1 3

Ascomycota Hypocreales Fusarium graminearum Phytopathogenic - 0 0 1 0 0 0 9 7 3 1 0 1 0

Ascomycota Hypocreales Fusarium fujikuroi Phytopathogenic - 0 0 0 0 0 0 11 5 2 2 0 1 0

Ascomycota Hypocreales Fusarium oxysporum Saprobic - 0 0 0 0 0 0 10 7 4 2 1 1 0

Ascomycota Eurotiales Aspergillus aculeatus Saprobic - 1 0 0 0 0 0 6 0 3 0 0 1 0

Ascomycota Eurotiales Aspergillus flavus Saprobic - 1 0 2 0 0 0 12 3 3 1 0 2 1

Ascomycota Eurotiales Aspergillus fumigatus Saprobic - 0 0 1 1 0 0 6 3 3 1 0 1 0

Ascomycota Eurotiales Aspergillus nidulans Saprobic - 0 0 2 0 0 0 8 5 4 1 1 1 1

Ascomycota Eurotiales Aspergillus niger Saprobic - 0 0 0 0 0 0 6 0 2 0 0 0 1

Ascomycota Eurotiales Penicillium chrysogenum Saprobic - 0 0 1 0 0 0 5 1 2 0 0 1 0

Ascomycota Eurotiales Penicillium roqueforti Saprobic - 0 0 0 0 0 0 2 0 2 0 0 0 0

Ascomycota Eurotiales Talaromyces marneffei Saprobic - 1 0 1 0 0 1 2 0 0 0 0 0 0

Ascomycota Eurotiales Talaromyces verruculosus Saprobic - 1 0 1 0 0 0 3 0 0 0 0 1 0

Ascomycota Eurotiales Penicillium expansum Phytopathogenic - 0 0 2 0 0 0 4 1 2 0 0 0 0

Ascomycota Eurotiales Penicillium digitatum Phytopathogenic - 0 0 0 0 0 0 3 1 2 0 0 0 0

Ascomycota Glomerellales Verticillium alfalfae Phytopathogenic - 0 0 0 0 0 0 16 11 4 2 1 1 0

Ascomycota Glomerellales Verticillium dahliae Phytopathogenic - 0 0 0 0 0 0 16 11 5 2 1 1 0

Ascomycota Helotiales Botrytis cinerea Phytopathogenic - 1 0 0 0 0 0 7 2 0 0 0 0 0

Ascomycota Helotiales Sclerotinia sclerotiorum Phytopathogenic - 1 0 0 0 0 0 4 0 0 0 0 0 0

Ascomycota  Sordariales Podospora anserina Saprobic - 0 0 0 0 0 1 4 2 1 0 0 0 0

Ascomycota Pleosporales Paradendryphiella salina Saprobic - 3 1 0 0 0 0 6 5 5 0 0 1 0

Basidiomycota Agaricales Agaricus bisporus Saprobic - 0 1 0 1 4 1 2 1 1 0 0 1 0

Basidiomycota Agaricales Termitomyces Saprobic - 0 3 0 1 7 1 2 1 1 0 0 0 0

Basidiomycota Agaricales Coprinopsis cinerea Saprobic - 0 1 0 3 7 3 1 2 2 0 0 0 0

Basidiomycota Agaricales Fistulina hepatica Wood-rot - 0 1 0 0 4 1 1 0 1 0 0 0 0

Basidiomycota Agaricales Lentinus edodes Wood-rot - 2 0 0 2 3 1 3 0 0 0 0 0 0

Basidiomycota Agaricales Schizophyllum commune Wood-rot - 0 1 0 1 2 1 5 4 3 1 0 1 0

Basidiomycota Auriculariales Auricularia subglabra Wood-rot - 1 2 0 6 13 2 2 1 1 0 0 1 0

Basidiomycota Cantharellales Botryobasidium botryosum Wood-rot - 0 1 0 0 3 1 4 3 1 0 0 0 0

Basidiomycota Gloeophyllales Gloeophyllum trabeum Wood-rot - 0 1 0 1 6 1 0 0 2 0 0 0 0

Basidiomycota Polyporales Grifola frondosa Wood-rot - 0 2 0 2 4 2 0 0 0 0 0 0 0

Basidiomycota Polyporales Phanerochaete carnosa Wood-rot - 0 1 0 2 4 1 0 0 0 0 0 0 0

Basidiomycota Polyporales Postia placenta Wood-rot - 0 0 0 1 5 1 0 0 0 0 0 0 0

Basidiomycota Polyporales Trametes versicolor Wood-rot - 0 2 0 2 6 2 0 0 1 0 0 0 0

Basidiomycota Cantharellales Rhizoctonia solani Phytopathogenic - 0 3 0 5 5 1 28 18 10 2 0 1 0

Basidiomycota Tremellales Cryptococcus gattii Saprobic - 0 0 0 2 2 1 0 0 1 0 0 0 0

Basidiomycota Ustilaginales Moesziomyces antarcticus Saprobic - 0 0 0 0 1 1 1 0 0 0 0 0 0

Basidiomycota Pucciniales Puccinia striiformis Phytopathogenic - 0 0 0 0 0 1 3 0 0 0 0 0 0

Basidiomycota Pucciniales Puccinia triticina Phytopathogenic - 0 0 0 0 0 1 4 0 0 0 0 0 0

Basidiomycota Ustilaginales Ustilago maydis Phytopathogenic - 0 0 0 0 0 1 1 0 0 0 0 0 0

Basidiomycota Ustilaginales Pseudozyma flocculosa Mycoparasitic - 0 0 0 0 0 1 1 1 1 0 0 0 0

Mucoromycota Mucorales Parasitella parasitica Mycoparasitic - 0 2 0 2 2 0 0 0 0 0 0 0 0

Mucoromycota Mucorales Lichtheimia ramosa Saprobic - 0 0 0 4 6 0 0 0 0 0 0 0 0

Mucoromycota Mucorales Mucor circinelloides Saprobic - 0 2 0 2 2 0 0 0 0 0 0 0 0

Mucoromycota Mucorales Rhizopus delemar Saprobic - 0 1 0 3 5 0 0 0 0 0 0 0 0

Zoopagomycota Zoopagales Syncephalis pseudoplumigaleata Mycoparasitic - 0 0 0 0 0 0 0 0 0 0 0 0 0

Zoopagomycota Zoopagales Piptocephalis cylindrospora Mycoparasitic - 0 0 0 3 3 0 0 0 0 0 0 0 0

Chytridiomycota Rhizophydiales Batrachochytrium dendrobatidis Parasitic - 0 0 0 1 4 0 0 0 0 0 0 0 0

Chytridiomycota Spizellomycetales Spizellomyces punctatus Parasitic - 0 0 0 2 2 0 0 0 0 0 0 0 0

Chytridiomycota Rhizophydiales Rhizophlyctis rosea Saprobic - 0 0 0 2 1 0 4 4 2 0 0 0 0

Chytridiomycota Monoblepharidales Gonapodya prolifera Saprobic - 0 0 0 0 0 0 6 3 0 0 0 0 0

Blastocladiomycota Blastocladiales Catenaria anguillulae Parasitic - 0 0 0 0 0 0 0 1 0 0 0 0 0

Oomycota Saprolegniales Achlya hypogyna Phytopathogenic - 1 0 0 0 0 0 1 0 0 0 0 0 0

Species
Glucuronan Pectin 

Phylum Order Ecology



 

Table 3. Genomes downloaded from NCBI and used in this study.  

Strain name NCBI assembly accession number

Achlya hypogyna GCA_002081595.1

Agaricus bisporus GCA_000300575.1 Agabi_varbisH97_2

Aspergillus aculeatus GCF_001890905.1_Aspac1

Aspergillus flavus GCA_000006275.3

Aspergillus fumigatus GCF_000002655.1_ASM265v1

Aspergillus nidulans GCF_000149205.2_ASM14920v2

Aspergillus niger GCF_000002855.3_ASM285v2

Auricularia subglabra GCF_000265015.1_Auricularia_subglabra_SS-5_V1.0

Batrachochytrium dendrobatidis GCF_000203795.1_v1.0

Botryobasidium botryosum GCA_000697705.1_Botbo1

Botrytis cinerea GCF_000143535.2_ASM14353v4

Catenaria anguillulae GCA_002102555.1_Catan2

Cladobotryum protrusum GCA_004303015.1_ASM430301v1

Clonostachys rosea GCA_000963775.2_ASM96377v2

Coprinopsis cinerea GCF_000182895.1_CC3

Cordyceps fumosorosea GCF_001636725.1_ISF_1.0

Cordyceps militaris GCF_000225605.1

Cryptococcus gattii GCF_000185945.1_ASM18594v1

Escovopsis weberi GCA_001278495.1_ASM127849v1

Fistulina hepatica GCA_000934395.1_Fishe1

Fusarium fujikuroi GCF_900079805.1_Fusarium_fujikuroi_IMI58289_V2

Fusarium graminearum GCF_000240135.3_ASM24013v3

Fusarium oxysporum GCF_000149955.1_ASM14995v2

Gloeophyllum trabeum GCF_000344685.1_Glotr1_1

Gonapodya prolifera GCA_001574975.1_Ganpr1

Grifola frondosa GCA_001683735.1_ASM168373v1

Hypomyces perniciosus GCA_008477525.1_ASM847752v1

Hypomyces rosellus GCA_011799845.1_ASM1179984v1

Lentinus edodes GCA_002003045.1

Lichtheimia ramosa GCA_000945115.1_Lramosa_hybrid_454_Illumina

Lichtheimia ramosa GCA_000945115.1

Moesziomyces antarcticus GCF_000747765.1_ASM74776v1

Mucor circinelloides GCA_000401635.1_Muco_sp_1006Ph_V1

Ophiocordyceps sinensis GCA_012934285.1_ASM1293428v1

Paradendryphiella salina GCA_900634815.1

Parasitella parasitica GCA_000938895.1_PP.v1

Penicillium chrysogenum GCA_000710275.1_ASM71027v1

Penicillium digitatum GCF_000315645.1_PdigPd1_v1

Penicillium expansum GCF_000769745.1_ASM76974v1

Penicillium roqueforti GCA_000513255.1_PROQFM164_20130607

Phanerochaete carnosa GCF_000300595.1_Phanerochaete_carnosa_HHB-10118-Sp_v1.0

Piptocephalis cylindrospora GCA_003614145.1_Pipcy3_1

Pochonia chlamydosporia GCF_001653235.2_ASM165323v2

Podospora anserina GCF_000226545.1

Postia placenta GCF_002117355.1_PosplRSB12_1

Pseudozyma flocculosa GCF_000417875.1_Pflocc_1.0

Puccinia striiformis GCA_001191645.1

Puccinia triticina GCA_000151525.2_P_triticina_1_1_V2

Rhizoctonia solani GCA_000524645.1_Rhizoctonia_solani_AG-3

Rhizophlyctis rosea GCA_002214945.1

Rhizopus delemar GCA_000149305.1_RO3

Schizophyllum commune GCF_000143185.1_v1.0

Sclerotinia sclerotiorum GCF_000146945.2_ASM14694v2

Spizellomyces punctatus GCF_000182565.1_S_punctatus_V1

Syncephalis pseudoplumigaleata GCA_003614755.1_Synps1

Talaromyces marneffei GCF_000001985.1

Talaromyces verruculosus GCA_001305275.1

Termitomyces GCA_001263195.1_TerJ1321.0

Trametes versicolor GCF_000271585.1_Trametes_versicolor_v1.0

Trichoderma asperellum GCF_003025105.1_Trias_v._1.0

Trichoderma atroviride GCF_000171015.1_TRIAT_v2.0

Trichoderma gamsii GCF_001481775.2_TGAM01v2

Trichoderma harzianum GCF_003025095.1_Triha_v1.0

Trichoderma longibrachiatum GCA_003025155.1_Trilo3

Trichoderma parareesei GCA_001050175.1_Tpara_v1.0

Trichoderma reesei QMA GCF_000167675.1_v2.0

Trichoderma virens GCF_000170995.1_TRIVI_v2.0

Ustilago maydis GCF_000328475.2_Umaydis521_2.0

Verticillium alfalfae GCF_000150825.1_ASM15082v1

Verticillium dahliae GCF_000150675.1_ASM15067v2


