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Published online: 16 March 2017 . Fungi are important polysaccharide degraders in the environment and for biotechnology. Here, the
. increasing number of sequenced fungal genomes allowed for systematic identification of genes and
proteins involved in polysaccharide degradation in 218 fungi. Globally, 9,003 sequences for glycoside
hydrolases and lytic polysaccharide mono-oxygenases targeting cellulose, xylan, and chitin, were
identified. Although abundant in most lineages, the distribution of these enzymes is variable even
between organisms from the same genus. However, most fungi are generalists possessing several
enzymes for polysaccharide deconstruction. Most identified enzymes were small proteins with simple
domain organization or eventually consisted of one catalytic domain associated with a non-catalytic
accessory domain. Thus unlike bacteria, fungi's ability to degrade polysaccharides relies on apparent
redundancy in functional traits and the high frequency of lytic polysaccharide mono-oxygenases, as well
. asother physiological adaptation such as hyphal growth. Globally, this study provides a comprehensive
. framework to further identify enzymes for polysaccharide deconstruction in fungal genomes and will
help identify new strains and enzymes with potential for biotechnological application.

Glycoside hydrolases (GHs) and lytic polysaccharide mono-oxygenases (LPMOs) with other carbohydrate active
: enzymes (e.g., polysaccharide lyases), are essential for the processing of polysaccharides'. Among the many iden-
: tified polysaccharides, cellulose and xylan from plants represent the major source of carbon in land ecosystems.
. Chitin, produced by arthropods and fungi, is an important source of carbon and nitrogen in both marine and
. land ecosystems. The enzymatic degradation of these polysaccharides is essential for many ecosystem-processes
. including nutrient cycling (e.g., carbon cycling)? and herbivores nutrition®.
: In order to degrade polysaccharides, many enzymes with synergistic action are required. For example GHs
. with an endo-mode of action (e.g., endo-cellulase) and GHs active on extremities (e.g., exo-cellulase) act syner-
: gistically to release short oligosaccharides. Finally some GHs are involved in the processing of these shorter deg-
. radation products (e.g., 3-glucosidase). In consequence, most identified polysaccharide degraders are equipped
. with several GH families"*>. Often, polysaccharides associate and form complex super-structures (e.g., cellulose
. and xylan in plant cell walls); the deconstruction of these complex structure requires further synergy between

enzymes targeting chemically distinct but physically associated substrates. Hence, many degraders often target

several substrates (e.g., cellulose and xylan)>®.

In the environment, the hydrolysis of cellulose, xylan, and chitin is mostly supported by bacteria and fungi.
Several strategies have been described: the production of (i) individual enzymes, sometimes associated with
non-catalytic accessory domains (i.e., multidomain GHs)”%, (ii) the production of multiactivity GHs with several
catalytic domains associated; and (iii) the synthesis of non-covalent multi-protein complexes called cellulosomes®

: 10, Multidomain/activity GHs, and cellulosomes are promising tools for improving the deconstruction of biopol-
© ymers and biofuel industries® -3,

: Beside GHs, CAZymes include some proteins with “auxiliary activities” (AAs), among others. The proteins
. are involved in lignin deconstruction and oxidative degradation of cellulose and chitin (i.e., lytic polysaccharide
. mono-oxygenases, LPMOs)!. Proteins from AA family 9 and 10 are LPMOs, previously classified as GH family
© 61 and CBM33, respectively. According to CAZy DB, AA family 9 is exclusively observed in eukaryote whereas
© AA family 10 is found mostly in bacteria. Finally, AA13 is the third family of enzyme with LPMO activity and
. contains only a few identified sequences.
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Sistotremastrum niveocremeum
CBM1-2(GHS5) 2 HHB9708 ss-1_1.0 (Sisnil|484442)

Sistotremastrum suecicum
CBM1-GH5-GH6 2 .

GHS5 (PF00150) 2263/2255 85% (Sissu1|1057361)

Rhizophagus irregularis DAOM
2(GHs) 4 181602 (Gloin1|64734)
2(GH5)—2(CBM10) 2 Orpinomyces sp. (Orpsp1_1|1180573)
GH3-CBM10-GH6-2(CBM10) 1 Orpinomyces sp. (Orpspl_1|1176522)

GH6 (PF01341) 249/249 54% Sistotremastrum niveocremeum
CBMI1-GH5-GH6 2 HHBY9708 ss-1 1.0 (Sisni1[485627)
Phaeomoniella chlamydospora
GH7 (PF00840) 439/439 69% GH13-CBM20-GH7 1 UCRPC4 (Phachl |4371)
GHS (PF01270) 12/12 100%
GH9 (PF00759) 82/82 87%

Sebacina vermifera MAFF 305830
CBM1-2(GH10) 2 (Sebvel|110734)

GH10 (PF00331) 531/527 67% Piriformospora indica DSM 11827
CBM1-3(GH10) 1 from MPI (Pirin1|75864)
GH11-GH10-2(CBM10) 1 Orpinomyces sp. (Orpsp1_1|1191833)
GH11-3(CBM10)-GH11 2 Orpinomyces sp. (Orpsp1_1|1184756)
GH11-2(CBM10)-GH11 1 Orpinomyces sp. (Orpspl_1|1175252)

GHI1 (PF00457) 382/373 82% GH11-CBM10-GH11-CBM10-GH11 1 Orpinomyces sp. (Orpspl_1|1175428)
GH11-GH10-2(CBM10) 1 Orpinomyces sp. (Orpsp1_1|1191833)

Allomyces macrogynus ATCC 38327
2(GH1) 4 (Allmal|15884)

GH12 (PF01670) 376/376 96%

Puccinia striiformis f. sp. tritici PST-
2(GH18) 6 130 (Pucst1[501894)

Chaetomium globosum v1.0
GHI8-GH25 5 (Chagl_1]16288)

Macrophomina phaseolina MS6
GH18-GH81 1 (Macph1|905)

Chaetomium globosum v1.0
GH25-CBM18-GH18 9

GH18 (PF00704) 2290/2284 75% (Chagl_1]12853)

Trichophyton verrucosum HKI 0517
GH25-GH18 22 (Triver1|3242)

Volvariella volvacea V23
2(GH25)-CBM18-GH18 2 (Volvol|121331)
2(GH25)-GH18 1 Eutypa lata UCRELI (Eutla1|3713)

Allomyces macrogynus ATCC 38327
8(GH25)-GH18 ! (Allmal[9612)

GH30 (PF02055) 147/147 75%

GH44 (PF12891) 26/26 85%

GH45 (PF02015) 148/148 71%

GH48 (PF02011) 11/11 54%

GH85 (PF03644) 96/96 97%

AA9 (PF03067).1803/179579% | AA9-AA9 7 | Melampsora lini CH5 (Melli1|198847)
AA10 (PF03443) 171 /171 79%

Table 1. Identification of domain for cellulose, xylan, and chitin deconstruction in sequenced fungal genomes.

The biochemical characterization of many proteins from several GH and AA families and the identification of
homologous sequences allowed the creation of HMM profiles for GH and AA families. These HMM profiles can
be used to identify sequences with specific GH and AA domains'*'*. In addition, many GH families display sub-
strate specificity. Thus, the potential activity of a protein can be determined by identifying its GH and/or LPMO
domains. More precisely, according to the CAZy DB, most characterized proteins from GH families 5, 6, 7, 8, 12,
44, 45, and 48 are cellulases. Next, GH families 10, 11, and 30 are xylanases, whereas GH families 18, 19, and 85
are mostly chitinases® . Finally, all biochemically characterized AA9s are active on cellulose whereas AA10s are
either cellulases or chitinases’.

Recently, the systematic analysis of sequenced bacterial genomes highlighted the distribution and the varia-
bility of GHs involved in cellulose, xylan, and chitin degradation®>® '°. This approach provides a comprehensive
framework to identify the functional potential of sequenced bacteria, to investigate the variation in multidomain
and multiactivity GHs, and to identify new enzymes with potential for industrial deconstruction of biopolymers.
However, fungi are also essential drivers of the polysaccharide deconstruction in environment'®!” and thus many
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strains with high hydrolytic activities have been isolated and characterized for biotechnological applications!®. In
this context, the recent increase of sequenced fungal genomes'’; the development of robust gene-identification
algorithms [e.g. ref. 20], and consistent annotation platform [e.g. ref. 21] provide an unprecedented opportu-
nity to investigate both the distribution of enzymes involved in carbohydrate deconstruction and their domain
organization in fungi. In July 2016, 218 sequenced fungal genomes were publically accessible, and hundred were
being processed, on the MycoCosm portal'®. These strains were sequenced in order to (i) better understand
the plant-fungi interaction (e.g., phytopathogens and mycorhizal symbionts), (ii) provide new insight into the
conversion of biopolymer (e.g., plant cell wall biorefinery), and (iii) mine the potential of the yet undiscovered
natural arsenal of potential application (e.g., antibiotic)'®. Globally, as stated on the MycoCosm portal, “these
sequenced genomes represent a rich source of valuable metabolic pathways and enzyme activities that will remain
undiscovered and unexploited until a systematic survey of phylogenetically diverse genome sequences is under-
taken”. Here, the procedure developed by Talamantes et al. for identification of glycoside hydrolases in sequenced
bacterial genomes was applied in order to identify potential enzymes for cellulose, xylan, and chitin deconstruc-
tion in sequenced publically accessible fungal genomes'® °.

First the distribution of potential enzymes across genomes was investigated. Chitinases, involved in both
chitin degradation and fungal cell-wall metabolism, were hypothesized to be abundant in most lineages. The
distribution of other traits was expected to reflect niche adaptation, as described in bacteria®. Next, the taxo-
nomic conservatism of sequences involved in polysaccharide deconstruction across taxa was investigated. Closely
related strains were expected to share similar traits. Finally, we investigated the association of domains in GHs
and LPMOs. As for many bacterial polysaccharide degraders', fungi were expected to display abundant and
diverse sets of proteins and proteins architectures including many multi-domain and multi-activity enzymes.

Results

Enzymes identification. In 218 fully sequenced fungal genomes, 3,607, 1,060, and 2,386 domains for GH
targeting cellulose, xylan, and chitin were identified. In addition, 1,974 lytic polysaccharide mono-oxygenases
(i.e., LPMO) were detected. These 9,027 identified catalytic domains were associated with several other catalytic
domains and many non-catalytic domains (e.g., carbohydrate binding modules - CBMs) and corresponded to
9,003 proteins (see Table 1, Supplementary data). Most domains targeting cellulose belonged to GH family 5.
Domains from GH families 7, 12, 45, and 6 were intermediate whereas fewer potential cellulases from GH fami-
lies 8, 9, 44, and 48 were identified. Potential xylanases were mostly from GH family 10. However, many GH11s
and GH30s were also detected. Finally, most potential chitinases were from GH family 18, with reduced number
of enzymes from GH85, and no detected domain from GH family 19. Finally, most identified LPMOs were AA9s
(targeting cellulose) and few were AA10s (targeting cellulose or chitin).

Globally fungi represent a rich reservoir of GHs and LPMOs for cellulose, xylan, and chitin deconstruction
dominated by GH family 5, 10, 18, and AA family 9 respectively. In addition, the number of identified domains
deviated from the number of identified proteins suggesting that some proteins contains several catalytic domains
(i.e., multi-activity) and in some case some accessory non-catalytic domains (e.g., CBM).

This suggests that both fluctuation in the genome content (i.e., the number of catalytic domain per genome)
and the enzymes multi-domain architecture (i.e., the association of catalytic domains with other domains) could
affect the fungal potential for polysaccharide deconstruction.

Enzymes distribution

As of June 2016, the set of publically accessible genomes retrieved from the MycoCosm portal contained 218
genomes (Supplementary data). This collection of genomes was biased towards 2 major phyla: (i) the phylum
Ascomycota (n= 120 genomes) containing the subphyla Pezizomycotina (n =102 genomes), Saccharomycotina
(n=13), and Taphrinomycotina (n=>5) and the phylum (ii) Basidiomycota (n = 85) containing Agaricomycotina
(n=169), Pucciniomycotina (n=29), and Ustilaginomycotina (n=6). A few genomes from deeply branched
clades including Mucoromycotina (n = 6) and Kickxellomycotina (n=1) and some genomes from the phyla
Blastocladiomycota, Entomophthoromycota, Chytridiomycota, Neocallimastigomycota, Glomeromycota,
Cryptomycota were also analyzed.

We first investigated distribution of the functional potential in sequenced fungal genomes. Cellulases,
accounting for ~0.15% of genes in analyzed fungi (median value, Fig. 1), were the most frequent identified traits.
However genomes from the class Orbiliomycetes (n = 2) and Ustilaginomycetes (n =4) displayed higher cellu-
lase frequency. Chitinases, identified in all genomes except in members of the classes Malasseziomecetes (n=1)
and Schizosaccharomycetes (n =4), accounted for ~0.1% of the genes in analyzed genomes. The frequency of
LPMOs was variable. For example, in the subphylum Agaricomycotina, members of the Dacrymycetes (n=3), and
Tremellomycetes (n = 3) displayed reduced number of LPMO, Wallemiomycetes (n = 2) displayed high frequency
whereas the frequency of LPMO in Agaricomycetes (n=61) was intermediate. Finally, the frequency of xylanase
was reduced in most genomes.

Despite variations, the number of identified domains for cellulose, xylan, and chitin deconstruction correlated
with the genomes size (expressed as the total number of predicted genes, Table 2, Figure S1): larger genomes
had more cellulases, xylanases, chitinases, and LPMOs than small genomes. In addition, the frequency of traits
correlated with each other (Table 2). However, across subphyla distinct trends were observed. For example, in
members of the subphylum Pezizomycotina (n=102 genomes, ~8,000 to ~15,000 genes/genome) the frequency of
identified domains significantly correlated with the number of predicted genes (r, from 0.28 for chitinases to 0.58
for cellulases). In addition, the frequency of cellulases, xylanases, and LPMOs were highly correlated with each
other (r, from 0.78 ejylase:xytanase 10 0-8xytanase:pmos 21l significant). However, although significant, the frequency of
chitinases was less correlated with the other traits (7, from 0.29cpjinaserpmo 10 0.40ceiylase:Chitinase) - 1 the subphylum
Agaricomycotina (n = 69 genomes, ~5,000 to ~35,000 genes/genomes) the number of identified domains and the
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Agaricomycetes (63)
Dacrymycetes (3)1
Tremellomycetes (3)
Wallemiomycetes (2)
Dothideomycetes (31)
Eurotiomycetes (25)
Leotiomycetes (8)
Orbiliomycetes (2)
Pezizomycetes (2)
Sordariomycetes (33)
Xylonomycetes (1)
Microbotryomycetes (5)
Mixiomycetes (1) | !
Pucciniomycetes (3)
Saccharomycetes (13) |
Pneumocystidomycetes (1) I
Schizosaccharomycetes (4) I
Taphrinomycetes (1)
Exobasidiomycetes (1)1 ¢
Malasseziomycetes (1) l
Ustilaginomycetes (4)

Agaricomycotina Pezizomycotina Pucciniomycotina

Figure 1. Frequency of GH domains (per 1,000 predicted genes) involved in cellulose, xylan, and chitin
deconstruction and LPMO domains in fungal genomes from major classes (numbers in parentheses stand for
the number of sequenced genomes).

Cellulase 0.84/0.81 0.59/0.47 0.78/0.60 0.48/0.44
Xylanase 0.55/0.26 0.79//0.49 0.39/0.27
Chitinase 0.52/0.42 0.42/0.39
LPMO 0.36/0.22

Table 2. Correlation between traits and traits vs. number of predicted genes count (GC) (all significant,
p<0.05).

number of predicted genes were not correlated. Nevertheless, the frequency of cellulases, xylanases, and LPMOs
were highly correlated with each other (r, from 0.65x4nase:1pM0 tO 0.8 eltutasexylanase> 211 significant). The correla-
tions between chitinases and other functional traits of interest were reduced (r, ranging from 0.4¢piinaseLpmo tO
0'52Chitinase:Cellulase)'

Next, the conservatism polysaccharide deconstruction potential, based on predicted cellulases, xylanases,
chitiniases, and LPMOs, across taxonomic ranks was investigated. Taxa with more than one sequenced genome
(per taxon), from subphylum to species, were analyzed (Fig. 2). At low taxonomic resolution (e.g., subphylum,
class) the genomes specific distribution of cellulases, xylanases, chitinases, and LPMOs was highly variable except
in taxa with few strains, for example in the subphylum Ustillaginomycotina (n =6 genomes), with 4 genomes
were from the family Ustilaginaceae. Conversely, increasing the taxonomic resolution reduced the variation
among genomes (Fig. 2). GHs for cellulose and chitin were the most conserved traits, whereas GHs for xylan
and LPMOs displayed high CoV in many groups. In several taxa, the reduced number of sequenced genomes
[e.g., Ustillagomycotina (n = 6 genomes), Taphrinomycotina (n = 5)], limited the comparison. However, among
Pezizomycotina (n = 102) traits were conserved (CoV < 0.25) within families whereas in Agaricomycotina
(n=69), traits were mostly conserved at the genus level. Thus, in most characterized lineages, identifying the
high-rank taxonomic affiliation of fungi does not allow for accurate estimation of the potential for carbohydrate
utilization. In most cases, conserved trait distribution is observed at the genus or species level.

The correlation between genome size and the number of identified cellulases, xylanases and LPMOs suggests
that polysaccharide deconstruction is an essential, conserved, function in most fungi. Finally, potential for chitin
processing deviates from the other potentials thus highlighting the role of chitin as both an important component
of the cell wall and a nutrient. Strains associated with the potential to target one type of polysaccharide have the
potential to target all the substrates. In addition, these strains are associated with apparently redundant enzymes
targeting the same substrate. However, few lineages have reduced potential to target the identified substrates
in all major lineages. Beside strains with reduced potential for polysaccharide deconstruction, variation in the
frequency of traits of interest suggested that strains from the same class have evolved varying strategies for car-
bohydrate processing.

Next, the genome-specific distribution of traits for polysaccharide processing was investigated. The clustering
of strains from the subphylum Agaricomycotina (n =69 genomes) highlighted three major clusters (Fig. 3). The
first group (A) was composed of 12 Agaricomycetes strains including, Volvariella volvacea V23 and Exidia glandu-
losa, and displayed high numbers of cellulases (mostly GH5, 6, and 7), xylanases (mostly GH10 and some GH11),
chitinases (mostly GH18), and LPMOs (mostly AA9). These strains also contained several GH44s, GH45s,
and AA10s. The second group (B, n =34 genomes), including Trametes versicolor and Agaricus bisporus, dis-
played intermediate diversity and frequency of identified traits, with GH5s, GH18s, and LPMO61s dominating.
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Figure 2. Conservatism of enzymes for cellulose, xylan, and chitin deconstruction in in taxa with more than
1 sequenced genomes, from subphylum to species. The coefficient of variation is the taxon specific standard
deviation divided by the taxon specific mean value.

Although reduced the other GH and LPMO domains were still detected. Finally, the remaining genomes (cluster
C), including Tremella mesenterica and members of the Calocera genus, displayed high frequency of GH5, GH18,
and few AA9 but further reduced frequency of the other traits. Members of the Agaricomycetes were detected in
all three clusters whereas the few other classes (e.g., Dacrymycetes) were mostly found in the cluster associated
with reduced frequency and diversity of traits for carbohydrate utilization (i.e., cluster C).

Regarding genomes in the subphylum Pezizomycotina (Fig. 4), the analysis revealed a slightly different clus-
tering with 4 main groups. The first cluster (A, n=21 genomes), containing Chaetomium globosum and Fusarium
oxysporum, displayed high frequency and diversity of both GH and LPMO domains. Then, 2 intermediate clusters
were identified. In the first intermediate cluster (B), containing Alternaria brassicicola and several Cochliobolus,
LPMO were the most abundant enzymes. In the second intermediate cluster (C), including several Aspergillus,
genomes were dominated by GH domains and yet contained several LPMO domains. Finally, the last cluster (D),
including Xylona (class Xylonomycetes) and Blumeria (class Leotomycetes) displayed genomes with reduced num-
bers of predicted enzymes except potential few cellulases from GH family 5 and chitinases from GH family 18.

In other strains (Figure S2), most genomes displayed reduced frequency and diversity of GHs for cellulose,
xylan, chitin, and LPMO. Cellulases from GH family 5 and chitinases from GH family 18 were to most abundant
identified sequences.

Enzyme multi-domain architecture

Finally, we systematically investigated the domain association in fungal cellulases, xylanases, chitinases, and
LPMOs. Among the 9,003 identified proteins, 1,936 were multi-domain proteins with at least two domains iden-
tified. Between ~20 and ~45% of the GHs from families 5, 6, 7, 10, 18, 45, 85, and LPMOs were identified in
multi-domain proteins whereas more than 80% of the domains from GH families 8, 9, 11, 12, 30, and 44 were
single domain proteins (Tables 1, S1, Supplementary data). Most multi-domain enzymes consisted of a single cat-
alytic domain associated with non-catalytic accessory domain(s). More precisely, 1,425 proteins contained at least
one CBM domain including 1,123 proteins with at least one CBM1 domain targeting cellulose. This CBM was
observed in association with all the types of catalytic domain of interest, except with domains from GH families 8,
9,48, and 85. Next, 78 proteins were associated with CBM10, also targeting cellulose. CBMs from families 18, 19,
and 5/12, targeting chitin, were found associated with ~17% of identified potential chitinases from GH family 18.
Other CBMs from families 20, 4/9, and X2 were also detected but at a lower frequency. Among others, 32 proteins
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® Tremellomycetes ® Agaricomycetes Wallemiomycetes Dacrymycetes

Trametes versicolor
eniophora sp.v1 .
mphalotus olearius
hlebiopsis gigantea
homitus Squalens
lereum hirsutum FP-91666 SS1
aricus bisporus var.burnettii JB137-S8
garicus bisporus var bisporus (H97)v2
ydnomerulius pinastri
omitiporia mediterranea
ilpholoma sublateritium

alerina marginata
Sistotremastrum suecicum
Sistotremastrum niveocremeum HHB9708
Punctularia strigosozonata
Bjerkandera adusta v1.0
Jaapia argillacea
Fibroporia radiculosa TFFH294
Wolfiporia cocos MD-104-SS10
Suillus brevipes Sb2
Plicaturopsis crispa

aedalea quercina
Serpula lacrymans S7.9v2
Serpula lacrymans S7.3v2
Laccaria bicolor
Gloeophyllum trabeum v1.0
Schizopora paradoxa KUC8140
Phanerochaete chrysosporiumRP-78
Gymnopus luxuriarns

anoderma sp.10597 SS1
Coniophora puteana
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Figure 3. Distribution of domains involved in the deconstruction of cellulose, xylan, and chitin, in sequenced
genomes from the subphylum Agaricomycotina.

Fomitopsis pinicola FP-58527 SS1
Neolentinus lepideus
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with potential to target cellulose (i.e., cellulases or AA9s) were associated with CBM from family 20 and several
potential cellulases from GH family 5 were associated with CBM X2.

Among the 203 multi-domain architecture types identified (Table S1, Supplementary data), 126 were observed
only once including one AA9 associated with 28 CBM1s identified in Arthrobotrys oligospora ATCC 24927
(Artol1|5689).

Reduced numbers of multi-activity proteins with several catalytic domains, sometime associated with acces-
sory non-catalytic domains were identified. Multi-activity proteins were mostly assemblies of similar domain
(e.g., GH5-GH5, AA9-AA9), and few were hetero-GHs (i.e., several distinct GH domains). One GH5/GH6
potential hetero-cellulase was identified in each Sistotremastrum (n=2 genomes) and a GH10/GH11 potential
hetero-xylanase in Orpinomyces sp.

Beside the domains of interest, 40 potential hetero-chitinases from GH family 18 were associated with
domains from GH family 25 (i.e., lysozyme). Other hetero GHs included a potential cellulasegy,/amylaseg;
in Phaeominiella chlamydospora, a potential cellulasegye/B-glucosidasegy; in Orpinomyces sp., and a poten-
tial chitinasegy,s/endo-3—1,3-glucanasegyg,. Finally, several proteins domains targeting cellulose, xylan, and
chitin were associated with other unexpected catalytic domains (Table S1, Supplementary data). For exam-
ple, a potential cellulasegy,,/Cu-oxidase in Puccinia graminis (Pucgr2|14446), a potential LPMO, 4o/endo-
a—1,4-polygalactosaminidasegy, 4 in Hysterium pullicare (Hyspul_1|113907), a potential cellulasegys/
metallo-B-lactamase in Diplodia seriata (Dipse1|6209) and a potential cellulasegyo/transposase in Lichtheimia
corymbifera (Liccor1|6997) were identified.

Surprisingly, 38 multi-domain architecture types were identified just in the genome of Orpinomyces sp. (phy-
lum Neocallimastigomycota) (Fig. 5). This genome contained the higher number (n=176) of identified proteins
for cellulose, xylan, and chitin processing in this study. When compared to other identified genomes associated
with high potential for polysaccharide deconstruction or industrially relevant fungi (Table 3, Figures S3-S11),
Orpinomyces sp. displayed extremely high frequency of proteins for cellulose, xylan, and chitin deconstruction. In
comparison, most fungi, including the industrially important species displayed mostly simple enzymes composed
of one unique catalytic domain sometime associated with one CBM (Table 3, Figures S3-S11).

Finally, accounting for multi-domain architecture in GHs and LPMOs for the clustering of sequenced fun-
gal genomes, showed a correlation with the clustering based on the distribution of catalytic domain only (r,,,,.
«=0.87,p<0.01).
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Figure 4. Distribution of domains involved in the deconstruction of cellulose, xylan, and chitin, in sequenced
genomes from the subphylum Pezizomycotina.

Discussion

As depicted here, the identification of protein domains based on Hidden Markov Profiles'* provides an easy way
to predict the activity of sequenced fungi and to investigate the diversity of enzymes for polysaccharide utiliza-
tion!®1°, This approach is versatile and can be adjusted to various needs, at will, by including new genomes and
new HMM-profiles. However, this technique suffers some limitations. Among others, not all the GH families have
assigned HMM-profiles. For example, no HMM profile was derived, yet, from 21 identified cellulases in eukary-
otes from GH family 74, or from the 14 identified LPMOs from AA family 13. However this approach, using the
entire Pfam database rather than a customized database only, allows for the identification of previously unsought
domains (e.g., metallo-B-lactamase) associated with the domain of interests (i.e., GH, AA). In addition, we have a
limited understating of the biochemistry of the 9,003 identified proteins as reduced number of enzymes have been
characterized'. In addition, although most GH and LPMO families identified here display conserved substrate
specificity, characterized proteins sometime deviate from their expected substrate specificity. For example, among
the 84 biochemically characterized cellulases from GH family 7, listed on the CAZy DB, 3 proteins are associated
with cellulase/chitosanase activity, although no reference is explicitly cited!.

This depicted approach allows for the rapid identification of potential genes involved in carbohydrate pro-
cessing. The analyzed fungal genomes contain from 2 to 170 potential enzymes targeting cellulose or xylan,
in Dekkera bruxellensis CBS2499, along with other strains, and Orpinomyces sp., respectively. D. bruxellensis
is mostly active on short substrates?? whereas Orprinomyces sp. is a well known plant biomass degrader iso-
lated from mammal gut?. Cellulases, mostly from GH family 5, were detected in all sequenced genomes but in
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Figure 5. Identification of proteins involved in cellulose, xylan, and chitin deconstruction in Orpinomyces sp.
(phylum Neocallimastigomycota).
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Table 3. Identification of proteins for cellulose, xylan, and chitin deconstruction in genomes associated with
high potential for polysaccharide deconstruction or industrially relevant fungi.
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Pisolithus tinctorius, a mycorrhyzal symbiont with known reduced plant cell wall degrading enzymes?®*. Xylanases
are the most dispensable traits identified in this study with 61 strains having no identified domain from GH fam-
ily 10, 11, and 30. Domains for chitinases (i.e., GH18, GH85) were identified in 213 genomes and ranged from 0
in Schizosaccharomyces genomes and Rhizophagus irregularis DAOM181602 to 34 in Fusarium oxysporum f. sp.
lycopersici 4287. Schizosaccharomyces are fission yeasts producing no chitin®® and R. irregularis is a plant symbi-
ont with limited hydrolytic capabilities*® > whereas E oxysporum is a well known chitin degrader® *. LPMOs,
mostly AA9, were identified in 171 genomes. The genome of Chaetomium globosum, a cosmopolitan plant mate-
rial degrader®, contains 47 of these potential proteins. Thus, not all sequenced fungi are made equal. However,
most have, even limited, potential for multiple polysaccharides deconstruction although 28% of the strains appar-
ently lack the potential to target xylan.

Fungi, and bacteria, are essential drivers of carbon cycling across ecosystems where they secrete enzymes
that breakdown complex polysaccharides and release short oligosaccharides. For fungi the processing of chitin,
requiring chitinases, is a complex, tightly regulated task, as this polysaccharide is also the main component of the
cell wall*'=*. This supports the high frequency and broad distribution of chitinases in sequenced fungal genomes.

Not all the microbes are directly involved in polysaccharide processing; potential polysaccharide degraders
are equipped with all the enzymes for complete polysaccharide breakdown (e.g., cellulases and 3-glucosidases)®
3* whereas opportunists are equipped with enzymes involved in the last step of polysaccharide deconstruction
only (e.g., B-glucosidases). The opportunists rely on degraders, or their host, to release the substrates®. Unlike in
sequenced bacterial genomes, dominated by pathogens®*°, 72% of sequenced fungi have the potential to target
cellulose, xylan, and chitin and the frequencies of these traits correlate, suggesting that most sequenced fungi can
be regarded as potential generalists, targeting multiple polysaccharides. Although, cellulases from GH family 7
are fungi specific’ %, the most frequent identified cellulases in fungi are from GH family 5, as in bacteria®. Also,
several strains lacking GH7 are associated with cellulases from other families. This suggests that focusing on GH
family 7 is likely underestimating the contribution of fungi to the environmental pool of cellulolytic activities in
the environment. Similar considerations apply to LPMO as 47 strains lack identified “auxiliary activities™.

Most strains with reduced potential for polysaccharide deconstruction were yeasts including members of the
classes Saccharomycetes, Schizosaccharomycetes, Taphrinomycetes, and mycorrhizal symbionts (e.g., P. tinctorius).

Regarding potential polysaccharide degraders, many fungi, including biotechnologically relevant strains
(e.g., T. reesei) and important environmental isolates (e.g., P. placenta), display many enzymes with simple
multi-domain architecture (e.g., GH,-CBM,,). The frequency of multi-activity proteins for polysaccharide pro-
cessing is extremely reduced in fungi, compared to bacterial polysaccharide degraders (e.g., Calidcellulosiruptor,
Clostridium, Bacteroides)'°. One notable exception is Orpinomyces sp. inhabiting the mammal gut and sharing
many genes with bacteria from the same ecosystem (e.g., Clostridium, Ruminococcus)?. Globally, the reduced
frequency of multi-domain proteins for polysaccharide deconstruction in most fungi suggests that their ability to
degrade polysaccharide likely results from the apparent functional redundancy of their traits and other mecha-
nisms including the high frequency of auxiliary activity (i.e., LPMO)'®, and their filamentous growth.

Performing the systematic investigation of 218 sequenced fungal genomes provided an unprecedented oppor-
tunity to identify the distribution and the diversity of functional traits involved in polysaccharide deconstruction.
However, not all the fungal lineages are evenly represented in this study. Indeed for example, 79% of characterized
genomes derive from the Agaricomycotina and Pezizomycotina subphyla. Conversely, several taxa are associated
with reduced number of sequenced genomes (e.g., 1 genome in the phylum Neocallimastigomycota: Orpinomyces
sp.). However, many more genomes will be sequenced as part of the “1,000 Fungal Genomes Project” (1000.fun-
galgenomes.org), and made publicly accessible thru the Mycocosm portal. More precisely, as of October 2016,
~500 additional genomes are being processed on the Mycocosm portal and several are from poorly characterized
clades, including 4 genomes related to Orpinomyces sp. The characterization of these additional genomes will
further improve our understanding of the distribution and the diversity of traits for polysaccharide processing.

Material and Methods

GH identification. Proteins sequences, from “filtered best model”, for publicly accessible sequenced fungal
genomes were retrieved from the MycoCosm portal'. The protein sequences were analyzed using previously
described bioinformatic pipeline aimed at identifying proteins involved in cellulose, xylan, and chitin process-
ing!°. In addition, lytic polysaccharide mono-oxygenases®” [LPMO, AA9 (PF03067) and AA10 (PF03443)] were
included in the study. Briefly, first proteins sequences from publically accessible fungal genomes were down-
loaded from the MycoCosm portal'®. Next, potential proteins associated with domains of interest were identified
by performing an HMMscan'® against a custom database containing Hidden Markov Profiles for the domains of
interest (i.e., GHs and AA), retrieved from the Pfam A database'. Then, positive hits were reanalyzed against the
entire Pfam A database to confirm the domain annotation and to identify potential accessory domains not listed
in the custom database. Finally, identified domains with e-value <=107° and alignment coverage >50% of Pfam
length were used in subsequent analyses. Substrate specificity of identified GH and CBM domains was derived
from biochemically characterized bacterial homologs as described in the CAZy DB"*: GH 5, 6, 7, 8, 9, 12, 44, 45,
and 48 were identified as cellulase; GH 10, 11, and 30 were identified as xylanase; and GH 18, 19, and 85 were
identified as chitinases. AA9 were cellulases and AA10 were cellulases/chitinases.

Identified sequences of interest mentioned in the article can be retrieved directly from the MycoCosm portal®®
using the gene IDs (e.g., Orpspl_1.1182428) used in the text, in the figures, and in Supplementary data on the
MycoCosm portal (http://genome.jgi.doe.gov/programs/fungi/index.jsf). Finally, the complete taxonomy of each
individual strain was retrieved from the NCBI taxonomy server (http://www.ncbi.nlm.nih.gov/Taxonomy/) using
the “taxize” and “myTAI"“ packages for the R statistical program?.
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Statistical analysis. GH distribution and domain organization in sequenced bacterial genomes were ana-
lyzed using Vegan, Stats, and APE packages in the R software environment®® *. Clustering strains used two
distinct approaches. First, genomes were clustered according to the distribution of GH domains per genome,
regardless of the protein architecture. Second, we compared the architecture of all identified proteins with GH
domains for cellulose, xylan and chitin, including accessory domains, and then clustered the sequenced genomes
as described before'”. In order to investigate correlation among clusterings we performed Mantel correlation tests
(999 permutations) on distance matrixes used for clustering.

References

1.

2.

10.

11.

12.

18.

19.
20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

31.
32

33.

34.

35.
36.

37.

38.

39.

Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P. M. & Henrissat, B. The carbohydrate-active enzymes database (CAZy)
in 2013. Nucleic Acids Res. 42, D490-5 (2014).

Nielsen, U. N., Ayres, E., Wall, D. H. & Bardgett, R. D. Soil biodiversity and carbon cycling: a review and synthesis of studies
examining diversity-function relationships. Eur. J. Soil Sci. 62, 105-116 (2011).

. El Kaoutari, A., Armougom, E, Gordon, J. I, Raoult, D. & Henrissat, B. The abundance and variety of carbohydrate-active enzymes

in the human gut microbiota. Nat. Rev. Microbiol. 11, 497-504 (2013).

. Wilson, D. B. Microbial diversity of cellulose hydrolysis. Curr. Opin. Microbiol. 14, 259-63 (2011).
. Berlemont, R. & Martiny, A. C. Genomic potential for polysaccharides deconstruction in bacteria. Appl. Environ. Microbiol. 81,

1513-19 (2015).

. Berlemont, R. & Martiny, A. C. Phylogenetic distribution of potential cellulases in bacteria. Appl. Environ. Microbiol. 79, 1545-54

(2013).

. Hervé, C. et al. Carbohydrate-binding modules promote the enzymatic deconstruction of intact plant cell walls by targeting and

proximity effects. Proc. Natl. Acad. Sci. USA 107, 15293-8 (2010).

. Vérnai, A, Siika-Aho, M. & Viikari, L. Carbohydrate-binding modules (CBMs) revisited: reduced amount of water counterbalances

the need for CBMs. Biotechnol. Biofuels 6, 30 (2013).

. Gefen, G., Anbar, M., Morag, E., Lamed, R. & Bayer, E. A. Enhanced cellulose degradation by targeted integration of a cohesin-fused

B-glucosidase into the Clostridium thermocellum cellulosome. Proc. Natl. Acad. Sci. USA 109, 10298-303 (2012).

Talamantes, D., Biabini, N., Dang, H., Abdoun, K. & Berlemont, R. Natural diversity of cellulases, xylanases, and chitinases in
bacteria. Biotechnol. Biofuels 9, 133 (2016).

VanFossen, A. L., Ozdemir, I, Zelin, S. L. & Kelly, R. M. Glycoside hydrolase inventory drives plant polysaccharide deconstruction
by the extremely thermophilic bacterium Caldicellulosiruptor saccharolyticus. Biotechnol. Bioeng. 108, 1559-69 (2011).

Brunecky, R. et al. Revealing nature's cellulase diversity: the digestion mechanism of Caldicellulosiruptor bescii CelA. Science 342,
1513-6 (2013).

. Graham, J. E. et al. Identification and characterization of a multidomain hyperthermophilic cellulase from an archaeal enrichment.

Nat. Commun. 2,375 (2011).

. Finn, R. D. et al. Pfam: the protein families database. Nucleic Acids Res. 42, D222-30 (2014).

. Eddy, S. R. Accelerated Profile HMM Searches. PLoS Comput. Biol. 7, 1002195 (2011).

. Treseder, K. K. & Lennon, J. T. Fungal traits that drive ecosystem dynamics on Land. Microbiol. Mol. Biol. Rev. 79, 243-262 (2015).
. Eichlerova, I. et al. Enzymatic systems involved in decomposition reflects the ecology and taxonomy of saprotrophic fungi. Fungal

Ecol. 13, 10-22 (2015).

Amore, A., Giacobbe, S. & Faraco, V. Regulation of cellulase and hemicellulase gene expression in fungi. Curr. Genomics 14, 230-49
(2013).

Grigoriev, I. V. et al. MycoCosm portal: gearing up for 1000 fungal genomes. Nucleic Acids Res 42, D699-704 (2014).
Ter-Hovhannisyan, V., Lomsadze, A., Chernoff, Y. O. & Borodovsky, M. Gene prediction in novel fungal genomes using an ab initio
algorithm with unsupervised training. Genome Res. 18, 1979-1990 (2008).

Brettin, T. et al. RASTtk: a modular and extensible implementation of the RAST algorithm for building custom annotation pipelines
and annotating batches of genomes. Sci. Rep. 5, 8365 (2015).

Daenen, L. et al. Screening and evaluation of the glucoside hydrolase activity in Saccharomyces and Brettanomyces brewing yeasts.
J. Appl. Microbiol. 104, 478-88 (2008).

Youssef, N. H. et al. The Genome of the Anaerobic Fungus Orpinomyces sp. Strain C1A Reveals the Unique Evolutionary History of
a Remarkable Plant Biomass Degrader. Appl. Environ. Microbiol. 79, 4620 (2013).

Kohler, A. et al. Convergent losses of decay mechanisms and rapid turnover of symbiosis genes in mycorrhizal mutualists. Nat.
Genet. 47, 410-5 (2015).

Martin-Garcia, R., Duran, A. & Valdivieso, M.-H. In Schizosaccharomyces pombe chs2p has no chitin synthase activity but is related
to septum formation. FEBS Lett. 549, 176-180 (2003).

Kurtzman, C. P, Fell, ]. W. & Boekhout, T. The yeasts: a taxonomic study. (Elsevier, 2010).

Tisserant, E. et al. Genome of an arbuscular mycorrhizal fungus provides insight into the oldest plant symbiosis. Proc. Natl. Acad.
Sci. USA 110, 20117-22 (2013).

Nuero, O. M. Production of chitinase by Fusarium species. Curr. Microbiol. 30, 287-9 (1995).

Suresh, P. V., Sakhare, P. Z., Sachindra, N. M. & Halami, P. M. Extracellular chitin deacetylase production in solid state fermentation
by native soil isolates of Penicillium monoverticillium and Fusarium oxysporum. J. Food Sci. Technol. 51, 1594-9 (2014).

Liu, Z. H., Yang, Q,, Hu, S., Zhang, J. D. & Ma, J. Cloning and characterization of a novel chitinase gene (chi46) from Chaetomium
globosum and identification of its biological activity. Appl. Microbiol. Biotechnol. 80, 241-52 (2008).

Bowman, S. M. & Free, S. ]. The structure and synthesis of the fungal cell wall. Bioessays 28, 799-808 (2006).

Seidl, V., Huemer, B., Seiboth, B. & Kubicek, C. P. A complete survey of Trichoderma chitinases reveals three distinct subgroups of
family 18 chitinases. FEBS J. 272, 5923-39 (2005).

Lindahl, B. D. & Finlay, R. D. Activities of chitinolytic enzymes during primary and secondary colonization of wood by
basidiomycetous fungi. New Phytol. 169, 389-397 (2006).

Folse, H. J. & Allison, S. D. Cooperation, competition, and coalitions in enzyme-producing microbes: social evolution and nutrient
depolymerization rates. Front. Microbiol. 3, 338 (2012).

Land, M. et al. Insights from 20 years of bacterial genome sequencing. Funct. Integr. Genomics 15, 141-61 (2015).

Boer, W. De, Folman, L. B., Summerbell, R. C., Boddy, L. & De Boer, W. Living in a fungal world: impact of fungi on soil bacterial
niche development. FEMS Microbiol. Rev. 29, 795-811 (2005).

Hemsworth, G. R., Henrissat, B., Davies, G. J. & Walton, P. H. Discovery and characterization of a new family of lytic polysaccharide
monooxygenases. Nat. Chem. Biol. 10, 122-6 (2014).

R Development Core Team. R: A language and environment for statistical computing. R Found. Stat. Comput. Vienna, Austria.
doi:ISBN 3-900051-07-0 (2012).

Oksanen, J. et al. vegan: Community Ecology Package. R package version 1, R package version 2.0-4 (2012).

SCIENTIFICREPORTS|7:222 | DOI:10.1038/s41598-017-00258-w 10



www.nature.com/scientificreports/

Acknowledgements

The sequence data were annotated and made available by the US Department of Energy Joint Genome Institute
(http://www.jgi.doe.gov/), in collaboration with the user community. I thank all investigators who contributed
to the submission and sequencing of the fungal genomes. This work was supported by the CSU Program for
Research and Education in Biotechnology (CSUPERB) under award number GF00631142 by the National
Institute of General Medical Sciences of the National Institutes of Health under Award number 8ULIGM118979-
02. The content is solely the responsibility of the author and does not necessarily represent the official views of the
National Institutes of Health.

Author Contributions
R.B. designed the study, collected data, conducted data analysis, and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00258-w

Competing Interests: The author declares no competing financial interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS|7:222 | DOI:10.1038/s41598-017-00258-w 11


http://www.jgi.doe.gov/
http://dx.doi.org/10.1038/s41598-017-00258-w
http://creativecommons.org/licenses/by/4.0/

	Distribution and diversity of enzymes for polysaccharide degradation in fungi

	Results

	Enzymes identification. 

	Enzymes distribution

	Enzyme multi-domain architecture

	Discussion

	Material and Methods

	GH identification. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Frequency of GH domains (per 1,000 predicted genes) involved in cellulose, xylan, and chitin deconstruction and LPMO domains in fungal genomes from major classes (numbers in parentheses stand for the number of sequenced genomes).
	Figure 2 Conservatism of enzymes for cellulose, xylan, and chitin deconstruction in in taxa with more than 1 sequenced genomes, from subphylum to species.
	Figure 3 Distribution of domains involved in the deconstruction of cellulose, xylan, and chitin, in sequenced genomes from the subphylum Agaricomycotina.
	Figure 4 Distribution of domains involved in the deconstruction of cellulose, xylan, and chitin, in sequenced genomes from the subphylum Pezizomycotina.
	Figure 5 Identification of proteins involved in cellulose, xylan, and chitin deconstruction in Orpinomyces sp.
	Table 1 Identification of domain for cellulose, xylan, and chitin deconstruction in sequenced fungal genomes.
	Table 2 Correlation between traits and traits vs.
	Table 3 Identification of proteins for cellulose, xylan, and chitin deconstruction in genomes associated with high potential for polysaccharide deconstruction or industrially relevant fungi.




