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ABSTRACT Glucuronan lyases (EC 4.2.2.14) catalyze depolymerization of linear b-(1,4)-
polyglucuronic acid (glucuronan). Only a few glucuronan lyases have been characterized
until now, most of them originating from bacteria. Here we report the discovery,
recombinant production, and functional characterization of the full complement of six
glucuronan specific polysaccharide lyases in the necrotic mycoparasite Trichoderma para-
reesei. The enzymes belong to four different polysaccharide lyase families and have differ-
ent reaction optima and glucuronan degradation profiles. Four of them showed endo-
lytic action and two, TpPL8A and TpPL38A, displayed exo-lytic action. Nuclear magnetic
resonance revealed that the monomeric end product from TpPL8A and TpPL38A under-
went spontaneous rearrangements to tautomeric forms. Proteomic analysis of the secre-
tomes from T. parareesei growing on pure glucuronan and lyophilized A. bisporus fruiting
bodies, respectively, showed secretion of five of the glucuronan lyases and high-perform-
ance anion-exchange chromatography with pulsed amperometric detection analysis con-
firmed the presence of glucuronic acid in the A. bisporus fruiting bodies. By systematic
genome annotation of more than 100 fungal genomes and subsequent phylogenetic
analysis of the putative glucuronan lyases, we show that glucuronan lyases occur in sev-
eral ecological and taxonomic groups in the fungal kingdom. Our findings suggest that a
diverse repertoire of glucuronan lyases is a common trait among Hypocreales species
with mycoparasitic and entomopathogenic lifestyles.

IMPORTANCE This paper reports the discovery of a set of six complementary glucur-
onan lyase enzymes in the mycoparasite Trichoderma parareseei. Apart from the nov-
elty of the discovery of these enzymes in T. parareesei, the key importance of the
study is the finding that the majority of these lyases are induced when T. parareesei is
inoculated on Basidiomycete cell walls that contain glucuronan. The study also reveals
putative glucuronan lyase encoding genes in a wealth of other fungi that furthermore
points at fungal cell wall glucuronan being a target C-source for many types of fungi.
In a technical context, the findings may lead to controlled production of glucuronan
oligomers for advanced pharmaceutical applications and pave the way for develop-
ment of new fungal biocontrol agents.
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T richoderma 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. Although many Trichoderma species are regarded as generalistic cosmopolitans
(1), the majority of specialized ecological behaviors observed in this species is rooted in
their fundamental nature as mycoparasites (1). T. parareesei is thus known to exert aggres-
sive mycoparasitism and antagonistic action against various fungi, including phytopatho-
gens such as Fusarium oxysporum (2), Rhizoctonia solani (2), and Botrytis cinerea (3, 4).
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Depolymerizing carbohydrate-active enzymes (CAZymes) are necessary for all fungi to
restructure and recycle their own cell wall polysaccharides. Although necrotrophic myco-
parasites often utilize the same classes of enzymes to attack their prey (both living and
dead prey), genome comparisons of Trichoderma and Hypomyces species indicate that the
glycoside hydrolase families harboring enzymes presumed involved in mycoparasitic
attack are highly expanded, suggesting a strong evolutionary niche adaptation (5, 6).

To our knowledge, only few polysaccharide lyases have been mentioned in genome
comparisons or reported in relation to mycoparasitic traits like the pectin lyase PEL12
in Clonostachys rosea, which was concluded not to be relevant for mycoparasitic abil-
ities of the fungus (7).

Polysaccharide lyases (EC 4.2.2.-) (PLs) catalyze cleavage of uronic acid polysaccha-
rides by b-elimination, producing D4,5 unsaturated bonds at the nonreducing end of
one of the reaction products (8). In the enzyme database of CAZymes (www.cazy.org/)
(9), 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 among these families. Most notably the PL20 family was created
on the basis of a characterized Trichoderma reesei lyase (10–12).

Glucuronan (b-1,4-polyglucuronic acid) is a linear homopolymer consisting of glu-
curonic acid residues linked by b-1,4-glycosidic bonds. To date, glucuronan has only
been identified in a few organisms, notably in the cell wall of green algae (13), in the
cell wall and extracellular matrix of certain Mucor species (14, 15), and as an exopoly-
saccharide of a mutated strain of the bacterium Rhizobium meliloti (16).

RESULTS
Genomic annotation. 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 cata-
lytic domain. The six genes were located on different genomic contigs in the T. para-
reesei genome. 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 sub-
family 4 both by the dbCAN hidden Markov model (HMM) and by CUPP (Table 1).
PL7_4 contains all the members of terrestrial fungal origin assigned to the PL7 family
and includes one functionally characterized glucuronan lyase from the actinobacte-
rium Catenulispora acidiphila (17).

One enzyme was assigned to PL8_4 (Table 1). The PL8 family mainly contains bacte-
rial endo- and exo-lyases acting on glycosaminoglycans, and one fungal enzyme from
Paradendryphiella salina recently characterized as an exo-mannuronate lyase (18). Until
now, glucuronan specificity has not been reported for other PL8 family members.

Recombinant enzyme production. The sequences of the six lyases were codon
optimized and successfully expressed in Pichia pastoris. EndoH treatment revealed the
recombinant enzymes, except TpPL20A and B, to be N-glycosylated. The molecular

TABLE 1 Predicted features of the polysaccharide lyases in T. parareesei

Genbank
accession no. Designationa

Native
size (aa)

Family
predictionb

(dbCAN)
Domain
(aa)

Family
predictionb

(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
aThis study.
bnd., not determined;2, no EC number prediction; _4 denotes predicted subfamily.
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weights of the deglycosylated proteins were in accord with their predicted sizes (Table 1,
Fig. S1 in the supplemental material).

Biochemical characterization. The purified recombinant enzymes had no activity on
alginate, chondroitin or hyaluronan, but all six lyases showed activity on glucuronan. The
glucuronan had a molar weight of approximately 12 kDa corresponding to an average
degree of polymerization (DP) of 68 (Fig. S2). The six lyases exhibited optimal activity on
glucuronan at pH 4–7 and 40–50°C (Table 2). All enzymes except TpPL20B had.35% activ-
ity between 25–55°C. TpPL20B had more than 40% increased activity between 25 and 50°C
(Fig. S3). 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 having a
6-fold increased activity at 200 mM NaCl (Table 2). For TpPL8A an inhibitory effect occurred
already at 100 mM (Fig. S3). Except for TpPL38A, all enzymes showed decreased activity at
salt addition levels above 300 mM NaCl. Salts and ions can affect the stability, solubility,
and surface charge of the enzymes but may also shield the negative charge on the sub-
strate (19). TpPL20A and B required Ca21 for activity with optimal levels of 6 mM and 4 mM
at the protein concentration tested. This indicates that Ca21 is necessary for the function or
stability of the enzymes in agreement with a previous structural study of a PL20 lyase (12).
TpPL8A activity was unaffected, while TpPL7A, TpPL7B, and TpPL38A were inhibited by
Ni21 and Zn21 but, except for TpPL7B, unaffected by Ca21, Mg21 and Mn21 (Table 2).

Kinetic parameters. The molar extinction coefficient for the D4,5 unsaturated
bond required for calculating product formation was determined experimentally to
6368 6 317 cm21 M21 (Table S1 in the supplemental material). This value is in good
agreement with the coefficient value of 6150 cm21 M21 used for alginate lyases (18,
20). All six lyases exhibited classical Michaelis-Menten kinetics (Fig. S4). TpPL7A had
highest turnover number (kcat) of 2277 s21 and consequently a high specificity constant
(kcat/Km) of;616 (s21 mM21). The kcat of TpPL7A was approximately 22-fold higher than
that of the second-fastest enzyme, TpPL8A, which had kcat of 103 s21 (Table 2).
TpPL20A had the lowest activity of them all (Table 2). Except for the extraordinarily fast
TpPL7A the kinetic parameters were comparable (within a 10-fold range) to fungal pec-
tin lyases (21), fungal alginate lyases (18), and bacterial chondroitin lyases (22).

Product profiles. 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
reacting with TpPL7A, TpPL7B, TpPL20A and TpPL20B, indicating endo-action. In con-
trast, no significant shift in the molecular weight of the main polymer fraction, but
increases in DP1 and DP2, were observed in the TpPL8A and TpPL38A reactions, indi-
cating exo-action (Fig. 1a). LC-ESI-MS analyses revealed accumulation of products rang-
ing from DP2 to DP6 for the four endo-acting lyases, with DP3 being the most

TABLE 2 Kinetic parameters and biochemical characterization of the T. parareesei glucuronan lyasesa

Parameter TpPL7A TpPL7B TpPL8A TpPL38A TpPL20A TpPL20B
Kinetic parameters
kcat (s21) 2276.56 20.1 23.86 3.1 102.86 2.2 50.46 0.4 0.36 0.01 5.66 0.2
Km (mM) 3.76 0.2 3.86 1.1 14.16 0.6 12.16 0.3 1.56 0.1 1.06 0.2
kcat / Km (s21 mM21) 615.9 6.3 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
Salt (0–500 mM NaCl) 129% (100 mM) 100% (0 mM) 100% (0 mM) 668% (200 mM) 181% (150 mM) 170% (200 mM)

Divalent cations (2 mM)
Ca21 99% 83% 108% 97% 100% (6 mM)b 100% (4 mM)b

Mg21 102% 85% 101% 100% 0% 0%
Mn21 96% 77% 103% 94% 0% 0%
Ni21 13% 67% 101% 70% 0% 0%
Zn21 18% 41% 110% 51% 0% 0%

aActivity level achieved at optimal NaCl addition level, with the optimal level given in mM in parentheses.6 indicates standard deviation from triplicate experiments.
bOptimal concentration determined for the activator cation.
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abundant oligosaccharide for TpPL7A, TpPL20A and TpPL20B and DP2 being most
abundant for TpPL7B (Fig. 1b). TpPL8A and TpPL38A only accumulated DP2 and DP1,
which is consistent with their proposed exo-action.

The action-mode of TpPL8A and TpPL38A were further examined by in-situ near
magnetic resonance (NMR) analysis (Fig. 2). The 1H signals near 5.75 ppm represent the
olefinic hydrogen signals of DGlcA, which in the absence of 1H signals for free satu-
rated GlcA affirm that TpPL8A and TpPL38A cleave glucuronan from the reducing end
(Fig. 2c and d). The NMR spectroscopy data also validated that TpPL8A liberates mono-
meric DGlcA, while TpPL38A liberates labile monomeric DGlcA in addition to short sta-
ble oligoglucuronan. The combined results show that the entire complement of glu-
curonan lyases in T. parareesei catalyze the complete degradation of glucuronan to
dimers and monomers under various conditions.

Nonenzymatic conversion of unsaturated glucuronic acid monomers. As shown
for alginate lyases (23, 24) and a bacterial PL38 glucuronan lyase (25), unsaturated
monosaccharide products, including a-keto-glucuronic acid, may convert to saturated
compounds nonenzymatically (Fig. 2a). Indeed, the reactions of TpPL8A and TpPL38A
resulted in a detectable decrease of the absorbance after approximately 1 h, signifying
the gradual loss of the formed C4–C5 double bond on the monomer (Fig. 2b). Time-
resolved in situ 1H NMR for the TpPL8A and TpPL38A reactions for 24 h (Fig. 2b and c)
allowed identification of the main products of monomer rearrangements to products
without olefinic double bonds (Fig. S5 in the supplemental material): First, the cyclic
DGlcA dominates, then, nonenzymatic ring opening of DGlcA leads to the formation of
an aldo-hydrate that retains a keto group at position 5 and a ketoaldo-hydrate. The
aldo-hydrate then undergoes intermolecular cyclization leading to the formation of a
5-membered hemi-ketal (Fig. 2a). The nonenzymatic conversion of DGlcA was faster at
pH 6 (TpPL38A) than at pH 4 (TpPL8A) (Fig. 2c and d). TpPL38A was found to form
both monomeric and oligomeric product at comparable amounts, consistent with sig-
nal loss of the 4,5 double bond that is intermediate between rearrangements upon

FIG 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.
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TpPL8A catalyzed monomer formation and the formation of stable nonmonomeric
producs from TpPL7 and TpPL20 enzymes (Fig. 2b).

Proteomic analysis of T. parareseei secretomes. To examine how ascomycete and
basidiomycete cell walls and glucuronan might affect the induction and secretion of glu-
curonan lyases and other CAZymes in T. parareesei, we analyzed the extracellular pro-
teome of the fungus after 24 h of fermentation on liquid media containing i) fruiting body
cell walls from Agaricus bisporus (fungal-cell-wall-medium-basidiomycete, FCWM-B), ii)
mycelial cell wall from Botrytis cinerea (ascomycete, FCWM-A), iii) pure glucuronan, and iv)
glucose (Glc) (as negative control). The ability of T. parareesei to use the substrates as car-
bon sources was confirmed prior to the experiment (Fig. S6 in the supplemental material).

The glucuronan lyase activity of the fungal supernatants was only observed in the
glucuronan and FCWM-B fermentations (Fig. 3a). The total protein content of the glu-
curonan fermentation was 5-fold higher than the glucose control (Fig. S7). This could
indicate that the glucuronan used in this study does not act as a catabolic repressor as
opposed to pure glucose. Proteomic analysis of the supernatants confirmed the pres-
ence of glucuronan lyases in the supernatants from the glucuronan and FCWM-B fer-
mentations (Fig. 3b–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 (Fig. 3c).
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.
Significant abundances of glucuronan lyases, b-1,3-glucanases, b-1,6-glucanases and pro-
teoglycan active hydrolases were observed on glucuronan and FCWM-B (Fig. 3d). No sig-
nificant differences in relative abundance of GH18 chitinases were observed between the
fermentations, which agrees with the role of chitin as a structural and recalcitrant

FIG 2 Nonenzymatic 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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FIG 3 Secreted proteome analysis from T. parareesei after 24 h 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 of 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
(Table S2). 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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polysaccharide and therefore not a target for depolymerization in the early onset of enzy-
matic attack. Glucuronan has been reported resistant to acid hydrolysis (15, 16), but A. bis-
porus cell walls were found to contain approximately 2.7% glucuronic acid of all detected
sugars. None was detected in B. cinerea and only trace amounts in T. parareesei (Fig. S8 in
the supplemental material).

Observations of the distribution of all the detected proteins in the secreted pro-
teome showed similar profiles regarding CAZymes and proteases across the fermenta-
tions. Interestingly, the relative amount of small secreted cysteine-rich proteins
(SSCRPs) 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
chitinases (26).

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, we carefully selected 107 publicly available fungal
genomes from the NCBI database, covering the major taxonomic groups and ecologi-
cal niches in the fungal kingdom, and annotated their full repertoires of polysaccharide
lyases using HMMs (Fig. S9 in the supplemental material). The annotated sequences
were used for phylogenetic analysis in combination with CAZy reported sequences
and for a comparison of PL genes across the fungal kingdom.

Nonredundant (,90% similarity) subsets of the catalytic domains predicted by
dbCAN HMM models, were used to generate maximum likelihood phylogenetic trees
of the families containing at least one member characterized as a glucuronan lyase
(Fig. 4).

TpPL7A and TpPL7B both located centrally in the fungal part of the subfamily 4
clade under two different subclades, suggesting a general glucuronan substrate speci-
ficity 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 warrants a re-evaluation. Different from
the PL7 family, the clade formation in the PL20 phylogenetic tree was seemingly gov-
erned by taxonomy, with fungi in the Hypocreales order including TpPL20A and B, sep-
arated from bacteria and other ascomycetes (Fig. 4b). The PL20 family was created on
the basis of a T. reesei glucuronan lyase TrGL (accession BAG80639.1) (11), which is
100% identical to TpPL20B. Similarly TpPL20A is identical to an uncharacterized T. ree-
sei protein (XP_006969120.1).

Because no subfamily classification has been assigned to this family in the CAZy
database, we performed peptide-based clustering by CUPP (27, 28). The clustering pro-
duced a single cluster (data not shown), indicating that the overall sequence similarity
of members of the PL20 family is highly conserved suggesting that the family is most
likely monospecific to glucuronan.

Sequences from the recently created PL38 family (created 2020) (29) were also sub-
jected to peptide clustering, which revealed numerous clusters that generally followed
the seemingly taxonomically driven clade divergence of the tree. The largest cluster
comprised the ascomycete sequences including TpPL38A and an adjacent clade of
Actinobacteria, but not the nearby Proteobacteria clade containing the characterized
Brevundimonas lyase (29) (Fig. 4c).

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 sub-
strate 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.

The discovery of TpPL38A expands the PL38 family to include a fungally derived
member, while the identification of TpPL8A expands the PL8 family to include a glucur-
onan lyase. As for family PL7, the clade divergence of the PL8 tree was governed
strongly by substrate specificity. This correlates with the subfamily annotations poten-
tially classifying subfamily 4 in the fungal clade as glucuronan and alginate specific.
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FIG 4 Maximum likelihood phylogenetic trees of protein sequences from the four PL families: a) PL7 family, b) PL20 family, c) PL38 family, and
d) PL8 family. CUPP clusters are shown by the colored strips preceding the species names. All sequences were subjected to redundancy,
fragmentation and alignment checks. All six lyases from T. parareesei were similar (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 and 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 latter specificity originates from a PL8 mannuronate specific lyase from the marine
ascomycete Paradendryphiella salina (18) (Fig. 4d).

Genomewide comparisons of predicted fungal polysaccharide lyase genes.
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 substrate specificity toward glucuronan. These PL families
were found highly prevalent in Trichoderma, Hypomyces, and Cladobotryum species
(Fig. 5, Fig. S9 in the supplemental material) that exhibit necrotrophic mycoparasitic
traits toward a wide range of fungi, but most notably toward basidiocarp producing
saprobic basidiomycetes (30–32). A somewhat similar pattern was found in the ento-
mopathogenic and nematophagous members of Hypocreales (Fig. 5, Fig.S9).

In contrast, except for one PL20 gene Clonostachys rosea and Anthracocystis floccu-
losa (previously Pseudozyma flocculosa) had no putative glucuronan lyases annotated.
Both fungi have reported mycoparasitic traits strictly toward ascomycetes (33, 34).
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 seem exclusive to ascomycetes,
whereas PL14 seem exclusive to basidiomycetes and mucoromycetes. To our knowl-
edge, no fungal PL14 family enzymes have been characterized, but a glucuronan spe-
cific PL14 from a Chlorovirus strain is known (9). A phylogenetic analysis of this family
revealed the putative PL14 sequences from Basidio- and Mycomycota to form two dis-
tinct clades closest to the root of the tree. The Chlorovirus clade containing the charac-
terized glucuronan lyase was placed between the two clades suggesting a possible
shared substrate specificity (Fig. S10).

DISCUSSION

The very distinct pattern of glucuronan lyase genes in all the analyzed Trichoderma
spp. varied only slightly in copy numbers within the PL7 and PL38 families, but not in
the family types. This indicates a sustained genetic adaptation and poses interesting
questions about the origin of the substrate which, given the cosmopolitan and gener-
alistic nature of Trichoderma spp. indicates it as a normal occurrence or even stable car-
bon source in the microenvironments. Furthermore, the active secretion of glucuronan
lyases by T. parareesei in the presence of pure glucuronan and basidiomycete cell wall
material, as well as the detection of glucuronic acid in said cell walls and the absence
of both observations regarding ascomycete cell walls, suggests that glucuronan-like
polysaccharides are present in the A. bisporus fruiting bodies. The secretion of the ma-
jority of the glucuronan lyases may be part of a true catabolic response of T. parareesei,
which may be connected to the fungus mycoparasitic behavior. However, further in-
depth studies using gene regulation analysis and reverse genetics would be required
to properly elucidate this subject.

The patterns of polysaccharide lyases with a putative similar specificity in basidio-
mycetes is interesting and if considering the hypothesis that they produce glucuronan
themselves and they would probably need depolymerizing enzymes for restructuring
and recycling the polysaccharide through growth cycles as observed with chitinases
and b-1,3/1,6-glucanases (35). 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 in the cell wall and as an exopolysaccharide
(14, 15). 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 behaviors. Indeed, the only fungal
genomes harboring very few or no 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
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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 glu-
curonan lyases in T. parareesei appears to constitute an enzymatic machinery that facil-
itates 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 (36).

Oligosaccharides, such as oligoglucuronans, have numerous potentially attrac-
tive applications in various industries, such as drug carriers, solvents, stabilizers,
binders and swelling agents (37). They also have proven potential in bioprotection

FIG 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 (Fig. S9). The putative substrate categories, glucuronan, GlucosAminoGlycans (GAG) and pectin are inferred hypothetically by
substrate specificities of experimentally characterized members of the CAZy families and phylogenetic analysis of the protein sequences.
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applications, eliciting strong defense-related responses in agricultural plants like
tomatoes (38) and apples against blue and gray mold (39). Also biological activities
on mammalian cells and immune-stimulating effects on human blood using oligo-
glucuronans have been observed (40).

In conclusion, a set of six glucuronan lyases belonging to 4 different PL families
(PL7, PL8, PL20, and PL38) was discovered in T. parareesei. The complement of these
glucuronan lyases in T. parareesei represents sufficient diversity to constitute an enzy-
matic machinery that facilitates complete glucuronan degradation. The high catalytic
rate of TpPL7A makes this enzyme an ideal candidate for the elucidation of the struc-
ture-function relationship along with the exo-lytic TpPL8A and TpPL38A. The observa-
tions from the genome comparisons opens questions and invites further studies aimed
at the underlying complexity of ecological traits of certain groups of fungi, lyase func-
tion, mycoparasitism, ecological adaptation, and the presence or absence of glucur-
onan-like polysaccharides in fungal cell walls. The discovery of fungal glucuronan
lyases may also have practical implications in bioprotection applications, as oligoglu-
curonans have shown promising potential as bioagents (38, 39). The six glucuronan
lyases were effectively produced in P. pastoris, indicating a good comparability for
recombinant production in foreign hosts. We therefore anticipate that the enzyme ma-
chinery described herein harbors promising options for industrial applications and con-
stitute a good foundation for further characterization studies of glucuronan lyases in
the bacterial and fungal kingdom.

MATERIALS ANDMETHODS
Materials. Trichoderma parareesei CBS125925 (4) 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 Fungal Culture Collection (Technical University of Denmark, Kongens Lyngby,
Denmark). Organically grown mature A. 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, St. 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 in this study
(Table S3 in the supplemental material) including that of T. parareesei CBS125925 (GCA_001050175.1)
were downloaded from NCBI (www.ncbi.nlm.nih.gov/) (41). In the few cases where predicted protein
sequences were not available for the chosen genomes, they were predicted with the WebAUGUSTUS
server (https://bioinf.uni-greifswald.de/webaugustus) (42) using pretrained parameters from Fusarium
graminearum. Putative catalytic domains of CAZymes were predicted by HMMER v. 3.3.1 (43) using the
most recent (30 July 2020) HMMs from the dbCAN server (http://bcb.unl.edu/dbCAN2) (44). The results
underwent strict post analysis cutoff values by applying a coverage threshold of 0.35 and an E-value
threshold of 1 � 1025. 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/) (45) was also used as a tool for secondary conformational domain prediction along with pre-
diction of proteins other than CAZymes. Signal peptide predictions were performed using the Phobius
webserver (https://phobius.sbc.su.se/) (46). CUPP (27) was used for protein clustering under default pa-
rameters. Broad substrate categories of CAZymes were inferred manually by cross-referencing listed
functions in www.cazy.org (9) and the BRENDA database (www.brenda-enzymes.org) (47).

Phylogenic analysis. Isolated catalytic domains from sequences listed in CAZy and HMM annotated
sequences from the fungal genomes were screened for redundancy using CD-HIT (48) (,90% similarity)
under default parameters. The sequences were aligned with Mafft (49) and manually inspected in CLC
main workbench. The alignments were used to perform maximum likelihood phylogeny with RaxML
blackbox (50) using LeGascuel substitution matrix (51) and otherwise default parameters at the CIPRESS
server (www.phylo.org/) (52). RaxML stopped the rapid bootstrap search after meeting the MRE-based
Bootstopping criterion.

Preparation of glucuronan. Glucuronan (b-1,4-polyglucuronic acid) was prepared by TEMPO-medi-
ated oxidation of commercial rayon (Krestoffer, Søborg, Denmark) as previously described (53) using
TEMPO (2,2,6,6-tetramethylpipedine-1-oxyl radical; Sigma-Aldrich), sodium bromide (Sigma-Aldrich) 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-Aldrich).

Cloning, expression and purification of glucuronan lyases. The six mature genes of TpPL7A
(GenBank accession no. 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 opti-
mized for P. pastoris expression (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
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recombinant proteins were performed as previously described (54). Based on the sequences of the recombi-
nant enzymes the theoretical molar extinction coefficient and sizes were calculated using ProtParam (http://
web.expasy.org/protparam) (55). 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 (Fig. S1).

Standard assay conditions. Polysaccharide lyase activity was determined by monitoring the forma-
tion of 4,5-unsaturated bonds at the nonreducing end by monitoring absorbance at A235 (235 nm) for
10 min using a Multiskan GO spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Unless
otherwise stated, reactions were carried out in triplicate at 30°C in 20 mM UB4 buffer (56) pH 6 with 1.5
g liter21 of glucuronan in 96-well quartz plates (Corning, New York, USA). Final enzyme concentrations;
TpPL7A (0.00015 mM), TpPL7B (0.0029 mM), TpPL8A (0.0018 mM), TpPL38A (0.0066 mM), TpPL20A
(0.2804 mM) and TpPL20B (0.0524 mM).

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, polygulur-
onic 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 25–55°C. The effect of NaCl (0–500 mM) and divalent ions (2 mM
final concentration of CaCl2, ZnCl2, MgCl2, NiCl2, and MnCl2), respectively on enzyme activity were investi-
gated under optimum pH, temperature. Prior to the reactions with cations the enzymes were incubated
with 2 mM EDTA for 10 min and then dialyzed twice against the activity buffer. 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 D4,5 bond. The molar extinction coefficient of the C4-C5 dou-
ble bond (D4,5 bond) formed from the cleavage by glucuronan lyases was determined using the Beer-
Lambert law, by measuring the absorbance at 235 nm and the reducing ends generated during the reac-
tion of TpPL7B under optimum conditions. The reactions were carried out at three different substrate
concentrations (0.8, 1 and 1.5 g liter21) 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 hy-
drazide (PAHBAH) assay (57, 58) using glucuronic acid (Sigma-Aldrich) as a standard.

Kinetic parameters. For each enzyme, initial velocities were quantified on glucuronan with concen-
trations varying from 0.1 to 10 g liter21 at optimum conditions specific to each enzyme. The average ini-
tial velocities quantified in milli-absorbance units (mAU) at A235 per second were converted to mM of
product generated via measuring the amount of D4,5 bonds formed per second using the experimen-
tally confirmed extinction coefficient of 6368 M21 cm21. Kinetic parameters were determined for each
enzyme by plotting initial velocities against substrate concentrations. Km and kcat were obtained by fit-
ting the Michaelis-Menten equation v0 = Vmax/(11(Km/[S0]) using Origin 2019 software (OriginLab
Corporation, Northampton, MA, USA) where v0 is the initial velocity, [S0] the initial substrate concentra-
tion, 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 liter21 of glucuronan was performed using a TSKgel G3000PW col-
umn and refractive index detection as previously described (21). A polynomial relationship between log-
arithmic molecular weight and retention time was established using pullulan standards (Sigma-Aldrich)
as calibration references.

Liquid chromatography-mass spectrometry. Duplicate reactions were prepared under optimal
assay conditions for each recombinant enzyme. For pH under 7, 20 mM 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 120 min). The reactions were stopped by heating the samples at 95°C for 5 min. Final
sample preparation and liquid chromatography-mass spectrometry analysis was carried out as previ-
ously described (18).

NMR. NMR samples (500 ml, 95% H2O/5% D2O) were prepared with 100 mM NaCl and 5 mM ace-
tate buffer to study degradation of b-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 identi-
fication of the various intermediates and products) on an 800 MHz Bruker Avance III NMR spectrome-
ter 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 using 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 s and employed an inter-scan relaxation delay of 5 s. 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 postreaction material sample. 1H-1H TOCSY
NMR spectra were acquired sampling the FID for 128 and 32 ms by acquiring 1,024 � 256 complex
data points in the direct and indirect dimension, respectively, and using an excitation sculpting
scheme for water suppression. 1H-1H COSY spectra were recorded by sampling the FID for 160 and 40
ms by acquiring 1,024 � 256 complex data points in the direct and indirect dimension, respectively,
and employing presaturation of water signal suppression. 1H-13C HSQC spectra were recorded by sam-
pling the FID for 128 and 8 ms by acquiring 1,024 � 200 complex data points, and 1H-13C HMBC spec-
tra (with a spectral width of 220 ppm around an offset of 110 ppm in the 13C dimension) were
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recorded by sampling the FID for 197 and 4.5 ms by acquiring 2,048 � 200 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. All actively growing fungi were maintained on potato
dextrose agar 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 A. bispo-
rus fruiting bodies (stem and cap) were washed, lyophilized and powdered. Both of the fungal cell wall
preparations were added to the base medium at a final concentration of 2% wt/vol 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% wt/vol. The base medium contained 0.1% (wt/vol) tryptone (Bacto, NSW,
Australia), 0.03% (wt/vol) urea, 0.2% (wt/vol) KH2PO4, 0.14% (wt/vol) (NH4)2SO4, 0.03% (wt/vol)
MgSO4�7H2O, 0.06% Tween 20 and 2% (vol/vol) trace elements solution containing 0.025% (wt/vol)
FeSO4, 0.0085% (wt/vol) MnSO4, 0.007% (wt/vol) ZnSO4 and 0.01% (wt/vol) CaCl2. T. parareesei spore sus-
pension 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 h, 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, MA, 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
220°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 6 M Guanidinium hydrochloride and then
diluted in digestion buffer, consisting of 10% Acetonitrile (Sigma) and 50 mM HEPES buffer pH 8.5
(Sigma). Ten micrograms 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% ace-
tonitrile, 1% trifluoroacetic acid and iRT peptides (Biognosys, Schlieren, Schweiz). One microgram 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 col-
lected at a resolution of 70,000, with an automatic gain control target of 3 � 106 or maximum injection
time of 20 ms and a scan range of 300 to 1750 m/z. The MS2 spectra were obtained at a resolution of
17,500, with an automatic gain control 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 ge-
nome (GCA_001050175.1). Carbamidomethylation of cysteines was defined as fixed modification and
oxidation of methionines, deamidation and N-terminal acetylation as variable modifications. The remain-
ing 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 con-
verted 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 method (59).
Monosaccharides were quantified by high performance anion-exchange chromatography with pulsed
amperometric detection 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) as described previously (60) with elution at a flow rate of 1 ml/min with water for
38 min, a wash with 500 mM NaOH for 15 min and equilibration with water for 22 min. Detection was
done by postcolumn addition of 500 mM NaOH at 0.2 ml/min (60). Standards of fucose, arabinose,
rhamnose, galactose, glucose, xylose, mannose, galacturonic acid, and glucuronic acid were used for
quantification.

Data availability. All data supporting the findings of this study are available within the paper (and
its supplemental material). All relevant data generated during this study or analyzed in this published ar-
ticle (and its supplemental material) are available from the corresponding author upon reasonable
request. All sequences used are available in the NCBI database under the accession numbers listed in
this study.
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