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ABSTRACT

Cellulase enzymes degrade cellulose, the most abundant structural polysaccharide in plant biomass, thereby
playing a central role in fungal ecology and biotechnology. Here, we conducted a bioinformatic analysis of cellulase
enzymes across the phylum Ascomycota to examine their diversity, domain architecture, conserved motifs, and
evolutionary relationships. We retrieved cellulase protein sequences from 69 representative Ascomycota species in
the UniProtKB database, analyzed them using InterProScan, COBALT, and the MEME Suite, and conducted
phylogenetic reconstruction in MEGA11. Our domain analysis identified five major CAZy families: glycoside
hydrolase families GH5, GH7, GH10, GH11, and auxiliary activity family AA9, demonstrating the structural
diversity found in ascomycete cellulases. Motif analysis revealed multiple conserved and family-specific motifs,
indicating strong conservation of catalytic cores and variability in peripheral regions. Multiple sequence alignment
and phylogenetic analyses showed that cellulase proteins clustered clearly within CAZy families, with high
bootstrap support, suggesting that domain and motif architectures provide robust phylogenetic signals. Together,
these results clarify the structural and evolutionary diversity of ascomycete cellulases and establish a foundation for
future functional, ecological, and biotechnological studies of fungal cellulases.
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INTRODUCTION

Cellulose is the most abundant organic polymer in plant biomass and plays a central role in global carbon cycling.
Microbial activity largely drives its degradation in both natural and agricultural ecosystems (Lynd et al. 2002). However,
the efficient enzymatic breakdown of cellulose is limited by the complex chemical composition and highly ordered
structure of plant cell walls. This resistance is known as biomass recalcitrance (Himmel et al. 2007). Structurally,
cellulose microfibrils act as the main load-bearing parts of plant cell walls. They provide mechanical stability and
support plant growth by counteracting internal turgor pressure (Somerville 2006).

Filamentous fungi within the phylum Ascomycota are key contributors to the degradation of plant biomass, as they
secrete sophisticated and efficient enzymatic systems capable of decomposing cellulose and other structural
polysaccharides of the plant cell wall (de Vries and Visser 2001). More broadly, microbial communities harbor a
remarkable diversity of carbohydrate-active enzymes (CAZymes), underscoring their fundamental role in the
decomposition of complex plant cell wall polymers, including cellulose (El Kaoutari et al. 2013). The enzymatic
hydrolysis of cellulose requires the coordinated action of multiple enzyme classes, including endoglucanases,
cellobiohydrolases, and B-glucosidases, whose synergistic interactions enable the effective degradation of this highly
recalcitrant substrate (Horn et al. 2012). In fungi, cellulases act on insoluble cellulose via distinct catalytic mechanisms,
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including processive and non-processive modes, enabling the concerted degradation of both crystalline and amorphous
regions of cellulose (Payne et al. 2015).

Glycoside hydrolases are classified into families based on amino acid sequence similarity, a framework that reflects
shared structural and mechanistic features despite differences in substrate specificity (Henrissat and Davies 1997). The
CAZy database provides a curated, sequence-based classification system that is widely regarded as the reference
resource for CAZyme annotation, integrating functional, structural, and mechanistic data for carbohydrate-active
enzymes (Lombard et al. 2014). Although enzymes within a glycoside hydrolase family may differ in substrate preference,
modular organization, and auxiliary domains, they usually retain conserved catalytic cores, indicating a common
evolutionary origin (Naumoff 2011).

At the genomic level, gene duplication, diversification, and loss generate functional diversity and drive the expansion of
enzymatic repertoires (Hage and Rosso 2021). In fungi, comparative genomic analyses show that variation in cellulase
complements reflects lineage-specific expansions and contractions of CAZyme families, which relate to adaptation to
distinct ecological niches and nutritional strategies (Eastwood et al. 2011). Although much research describes the
biochemical properties, functional roles, and industrial relevance of fungal cellulases (Lynd et al. 2002, Payne et al.
2015), most studies focus on individual enzyme families, select model organisms, or genome-wide CAZyme inventories,
rarely providing detailed protein-level comparisons across multiple cellulase families (Eastwood et al. 2011, Lombard
et al. 2014).

In particular, integrated analyses that simultaneously examine conserved domain architecture, motif organization,
and sequence-based relationships across multiple cellulase families within Ascomycota remain limited. Although large-scale
reviews and comparative genomic studies have substantially advanced our understanding of cellulase diversity and
classification (Henrissat and Davies 1997, Lombard et al. 2014), they often lack systematic evaluation of conserved
motifs and domain organization at the level of individual cellulase proteins across different CAZy families. Therefore,
the present study aims to provide an integrated bioinformatic analysis of conserved domains, motif architecture, and
evolutionary relationships of cellulase enzymes across 69 representative ascomycete species belonging to five major
CAZy families (GHS5, GH7, GH10, GH11, and AA9). By combining domain prediction, motif discovery, and phylogenetic
reconstruction, this work establishes a structured framework for comparative protein-level characterization of fungal
cellulases and contributes to a deeper understanding of their structural diversity and evolutionary organization within
Ascomycota.

MATERIALS AND METHODS

Data collection and sequence retrieval

Cellulase protein sequences were retrieved from the reviewed (Swiss-Prot) section of UniProtKB for representative
ascomycete species selected to encompass the major taxonomic groups within the phylum Ascomycota (Table 1).

Sequence retrieval used UniProtKB advanced query filters, beginning with a taxonomic restriction to phylum
Ascomycota, and reviewed annotation status and functional annotation for cellulase activity. These filters ensured
relevance and annotation quality for the target group. Subsequently, selection relied on enzyme names, EC numbers,
and CAZy family assignments to target cellulase candidates. Retrieved entries were then manually curated to exclude
non-cellulases, ambiguous or incomplete annotations, partial sequences, and low-quality entries, thereby improving
dataset quality. Sequence selection emphasized completeness, conserved catalytic domains, and classification within
cellulase-related CAZy families (GHS, GH7, GH10, GH11, AA9), thereby allowing the inclusion of proteins with
varying lengths and domain architectures. When multiple isoforms were present for a species, one representative was
chosen based on annotation quality and conservation of key catalytic domains. Finally, all selected sequences were
downloaded in FASTA format for downstream analyses (Coudert et al. 2023).

Identification of conserved domains

Conserved functional domains in cellulase protein sequences were identified with InterProScan version 5.
InterProScan integrates databases such as Pfam, SMART, and PROSITE, enabling comprehensive detection of domains
and signatures linked to cellulase activity. Domain annotations were used to assign sequences to CAZy families and
describe family-specific architectures.
Multiple sequence alignment was performed using COBALT (NCBI), which was used to visualize and compare
conserved regions previously annotated by InterProScan. Rather than predicting domains independently, COBALT
evaluated alignment consistency and the conservation of these annotated catalytic domains (Papadopoulos and
Agarwala 2007, Jones et al. 2014).

Motif discovery analysis

Conserved sequence motifs were identified using the MEME Suite version 5.5.1. Motif discovery was performed using
the MEME algorithm under the zero-or-one-occurrence-per-sequence (ZOOPS) model. The minimum and maximum
motif widths were set to 6 and 50 amino acids, respectively, and the maximum number of motifs allowed in each search
was limited to 20. Motif significance was evaluated using MEME’s internal statistical framework, and only statistically
supported motifs were retained for downstream analyses. Although up to 20 motifs were permitted during the motif
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discovery process, the number, length, and positional distribution of significant motifs varied among GHS5, GH7, GH10,
GH11, and AA9 cellulase proteins, with each CAZy family exhibiting a characteristic motif profile (Bailey et al. 2015).

Table 1. List of ascomycete species used in this study.

Organism Length (aa) Order UniProt accession  Lifestyle
Arthroderma benhamiae 413 Onygenales D4AIL7 Pathogenic
Aspergillus aculeatus 540 Eurotiales 059843 Saprotrophic
Aspergillus awamori 211 Eurotiales P55328 Saprotrophic
Aspergillus clavatus 353 Eurotiales A1C4H2 Opportunistic pathogen
Aspergillus flavus 367 Eurotiales B8MXJ7 Pathogenic
Aspergillus fumigatus 250 Eurotiales Q4WP32 Opportunistic pathogen
Aspergillus kawachii 332 Eurotiales Q96WQ8 Saprotrophic
Aspergillus niger 412 Eurotiales A2R5NO Saprotrophic
Aspergillus oryzae 250 Eurotiales Q2UGMS Saprotrophic
Aspergillus tamarii 371 Eurotiales AOASN6UVS0 Saprotrophic
Aspergillus terreus 360 Eurotiales QOCEU4 Opportunistic pathogen
Aspergillus tubingensis 211 Eurotiales P55331 Saprotrophic
Aureobasidium pullulans 361 Dothideales Q2PGVS Saprotrophic
Blumeria graminis 426 Erysiphales Q96V64 Pathogenic
Botryotinia fuckeliana 227 Helotiales B3VSG7 Pathogenic
Byssochlamys spectabilis 198 Eurotiales P81536 Saprotrophic
Candida albicans 438 Saccharomycetales P29717 Pathogenic
Candida oleophila 425 Serinales Q8NKF9 Yeast-Saprotroph
Claviceps purpurea 216 Hypocreales 074716 Pathogenic
Cochliobolus carbonum 456 Pleosporales Q00328 Pathogenic
Collariella virescens 274 Sordariales A0A223GEC9 Saprotrophic
Cryphonectria parasitica 452 Diaporthales Q00548 Pathogenic
Emericella nidulans 357 Eurotiales Q5BCX8 Saprotrophic
Fusarium oxysporum 429 Hypocreales P46237 Pathogenic
Fusarium oxysporum f. sp. lycopersici 327 Hypocreales B3A0S5 Pathogenic
Geotrichum candidum 288 Dipodascales AO0AO0J9XKTO Saprotrophic
Gibberella zeae 327 Hypocreales 11S3T9 Pathogenic
Humicola insolens 402 Sordariales P56680 Saprotrophic
Hypocrea jecorina 418 Hypocreales P07982 Saprotrophic
Hypocrea rufa 223 Hypocreales Q9UVF9 Saprotrophic
Kluyveromyces lactis 429 Saccharomycetales Q12628 Yeast-Saprotroph
Lachancea kluyveri 439 Saccharomycetales Q875R9 Yeast-Saprotroph
Malbranchea cinnamomea 334 Onygenales AO0AS5J6BJIT3 Saprotrophic
Neosartorya fischeri 348 Eurotiales A1DBS6 Saprotrophic
Neurospora crassa 390 Sordariales Q7SDRI1 Saprotrophic
Penicillium canescens 328 Eurotiales Q5S7A8 Saprotrophic
Penicillium chrysogenum 353 Eurotiales P29417 Saprotrophic
Penicillium citrinum 217 Eurotiales Q2PGY1 Saprotrophic
Penicillium digitatum 216 Eurotiales K9GHZ3 Pathogenic
Penicillium janthinellum 537 Eurotiales Q06886 Saprotrophic
Penicillium oxalicum 310 Eurotiales E7EF85 Saprotrophic
Penicillium parvum 249 Eurotiales A0A6COM6J9 Saprotrophic
Penicillium simplicissimum 302 Eurotiales P56588 Saprotrophic
Pichia angusta 435 Pichiales Q12626 Yeast-Saprotroph
Podospora anserina 373 Sordariales B2B3C0 Saprotrophic
Pyricularia grisea 331 Magnaporthales Q01176 Pathogenic
Pyricularia oryzae 424 Magnaporthales G4NK46 Pathogenic
Robillarda sp. 385 Amphisphaeriales P23044 Saprotrophic
Saccharomyces cerevisiae 448 Saccharomycetales P23776 Yeast-Saprotroph
Saccharomyces uvarum 448 Saccharomycetales Q876J3 Yeast-Saprotroph
Schizosaccharomyces pombe 407 Schizosaccharomycetales Q9URU6 Yeast-saprotroph
Schwanniomyces occidentalis 425 Serinales Q12700 Yeast-Saprotroph
Talaromyces funiculosus 282 Eurotiales Q8JOKS Saprotrophic
Talaromyces pinophilus 310 Eurotiales A0A478ECY3 Saprotrophic
Talaromyces purpureogenus 329 Eurotiales QI9P8J1 Saprotrophic
Talaromyces verruculosus 328 Eurotiales A0A482A9N4 Saprotrophic
Thermoascus aurantiacus 228 Eurotiales G3XAP7 Saprotrophic
Thermomyces lanuginosus 225 Eurotiales 043097 Saprotrophic
Thermothelomyces thermophilus 342 Sordariales G2QABS5 Saprotrophic
Trichoderma harzianum 505 Hypocreales Q9P8P3 Endophytic
Trichoderma koningii 513 Hypocreales P62695 Endophytic
Trichoderma longibrachiatum 463 Hypocreales Q12714 Saprotrophic
Trichoderma parareesei 266 Hypocreales AOAOSOFTT9 Saprotrophic
Verticillium dahliae 223 Glomerellales G2X4G0 Pathogenic
Verticillium longisporum 287 Glomerellales A0A0G4KL96 Pathogenic
Wickerhamomyces anomalus 498 Phaffomycetales 093939 Yeast-Saprotroph
Yarrowia lipolytica 421 Dipodascales Q12725 Yeast-Saprotroph
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Multiple Sequence Alignment

Multiple sequence alignment of cellulase amino acid sequences was performed using the ClustalW algorithm. The
resulting alignments were manually inspected to assess overall alignment quality and to evaluate conservation patterns,
with particular emphasis on catalytic regions and conserved domains identified through InterProScan and motif analyses
(Jones et al. 2014, Tamura et al. 2021).

Phylogenetic Analysis

Phylogenetic relationships among cellulase enzymes were inferred using MEGA version 11 software. Neighbor-joining
phylogenetic trees were constructed from amino acid alignments, with pairwise evolutionary distances estimated using
the Poisson correction model. Gaps and missing data were addressed by pairwise deletion, and branch robustness was
assessed using bootstrap analysis with 1000 replicates (Felsenstein 1985).

A cellulase protein sequence from Phanerochaete chrysosporium served as an outgroup to root the phylogenetic trees.
This species was chosen because it is a phylogenetically distant basidiomycete with homologous cellulase sequences,
making it suitable for this analysis (Tamura et al. 2021).

RESULTS

Domain architecture of cellulase enzymes in Ascomycota

Analysis of cellulase amino acid sequences using InterProScan revealed multiple conserved catalytic domains from
well-characterized CAZy families. Five major domain types were identified in the dataset: glycoside hydrolase family 5
(GHS), glycoside hydrolase family 7 (GH7), glycoside hydrolase family 10 (GH10), glycoside hydrolase family 11
(GH11), and auxiliary activity family 9 (AA9, formerly GH61). GH5 domains appeared in 17 sequences, GH7 in 10,
GHI10 in 7, GH11 in 13, and AA9 domains in 18 (Table 2). The domain distributions among ascomycete species
highlight the diversity of cellulase enzymes within this phylum (Fig. 1). InterProScan annotations were further supported
by COBALT alignment analyses, which revealed consistent conservation patterns across all sequences (Fig. 2). These
consistent results support the reliability of domain assignments and highlight the strong conservation of catalytic cores
across cellulase families. The domain architectures indicate that cellulase families vary not only in catalytic domain
type but also in modular organization. GH5, GH7, GH10, and GH11 proteins mainly have a single catalytic domain. In
contrast, AA9 proteins often exhibit distinct features associated with oxidative cellulose degradation. The consistent
domain boundaries within each family indicate strong structural conservation of catalytic cores, even with substantial
taxonomic diversity in Ascomycota.

Conserved motif identification and distribution

Motif discovery analysis with the MEME Suite identified multiple conserved motifs in cellulase protein sequences.
Each glycoside hydrolase and auxiliary activity family showed a unique motif profile. These profiles reflect conserved
functional and structural features. Several motifs were highly conserved within families, while others were partly shared
among related families. This pattern suggests evolutionary conservation of catalytic elements (Fig. 3). Although up to
20 motifs were allowed in the MEME search, the number of significant motifs varied across cellulase families. The
count ranged from about 6 to 10 motifs per family, showing family-specific patterns and conserved positions within
catalytic regions. The number, length, and locations of motifs varied among GHS, GH7, GH10, GH11, and AA9 proteins.
These differences contributed to the separation of cellulase families seen in motif analyses (Fig. 3). Such variation is
likely linked to differences in substrate specificity and catalytic mechanisms. Motif analysis showed that most conserved
motifs localize within catalytic cores. More variable motifs appear in peripheral regions that differ among families.
These patterns support a distinction between conserved functional elements key for catalysis and variable regions that
may affect substrate interaction, specificity, or structural stability.

Multiple sequence alignment and conservation patterns

Multiple sequence alignment revealed strong conservation within catalytic domains, mainly in active-site and motif-rich
regions (Fig. 4). In contrast, terminal and inter-domain linker regions showed much higher sequence variability. This
pattern suggests that residues important for enzyme function are under evolutionary constraint. At the same time,
peripheral regions remain flexible and may help enable functional diversity.

Phylogenetic analysis of cellulase enzymes

Phylogenetic analysis revealed clear clustering of cellulase enzymes by CAZy family. High bootstrap support
separated GHS, GH7, GH10, GH11, and AA9 proteins into well-defined clades (Fig. 5). Inside each clade, cellulases
from related Ascomycota species often clustered together. This pattern shows lineage-associated diversification. The
results suggest that both domain composition and evolutionary history shape the phylogeny of fungal cellulases.
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Fig. 3. Sequence logos of conserved motifs identified in cellulase proteins using MEME Suite version 5.5.1. Motif
patterns reveal family-specific conservation signatures within GH5, GH7, GH10, GH11, and AA9 cellulases.
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Fig. 4. Positional distribution of conserved motifs in cellulase protein sequences identified by MEME analysis.
Differences in motif arrangement among cellulase families highlight variability outside conserved catalytic regions.
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Fig. 4. Continued

Table 2. The list of identified domains using InterProScan.

Domains identified Number of
sequences
Glycoside hydrolase family 5 (GHS5) catalytic domain (PF00150) 17
Glycoside hydrolase family 7 (GH7) catalytic domain (PF00840) 10
Glycoside hydrolase family 10 (GH10) domain (PF00331) 7
Glycoside hydrolase family 11 (GH11) domain (PF00457) 13

Auxiliary activity family 9 (AA9, formerly GH61) domain (PF03443) 18




10 Mycologia Iranica — Vol. 13, 2026

Penicillium citrinum

Botryotinia fuckeliana
Verricillium dahliae
Hypocrea rufa
Verticillium longisporum
Byssochlamys spectabilis
Thermomyces lanuginosus
Claviceps purpurea
Penicillium digitatum
Penicillium oxalicum
Talaromyees funiculosus
Aspergillus tubingensis
w & Aspergillus awamori

. Podospora anserina

@ Humicola insolens
ngtsni'frjnr oxysporum

Pyricularia oryzae

m Trichoderma longibrachiatum
—i —— Cochliobolus carbonum
1 ® Cryphonectria parasitica
& Penicillium janthinellum

£

Aspergillus aculeatus
@ Trichoderma havzianum
m Trichoderma keningii

Trichoderma parareeset
Schizosaccharomyces pombe
Blumeria graminis

Arthrederma benhamiae
Saccharomyces uvarum

Saccharonyces cerevisiae
Lachancea kluyveri

Kluyveromyees lactis
Wickerhamomyces anomalus
Yarrowia lipolytica

Pichia angusta
Schwanniomyces occidentalis

» Candida oleophila

HL{ Candida albi

= Aspergillus kawachii

Robillarda sp

Hypocrea atroviridis
z Aspergillus ferreus
Neosartorya fischeri

Aspergillus flavus
- Aspergillus clavatus

Emericella nidulans
Aspergillus niger

\— Collariella virescens
= ————————————— Georrichum candidum
Gibberella zeae

Thermorh wees thermophilus
Aspergillus fumigatus
Malbranchea cinnamomea
Aspergillus oryzae
Penicillium parvum
Aspergillus tamarii

Thermoascus aurantiacus
Talaromyces verruculosus
Talaromyces pinophilus
ﬂeabmiﬂ'ﬁtm pullulans

Fusarium oxysporum f sp lvcopersici
Pyricularia grisea

Penicillium ehrysogenum
Talaromyces purpureogenus
Penicillium canescens

Penicillium simplicissimum

Ceratocystis fimbriata f sp platani
Neurospora crassa

j' Hypocrea jecorina

Phanerodontia chrysosporium

020

Fig. 5. Phylogenetic relationships of 69 cellulase proteins from Ascomycota inferred using the Neighbor-Joining

method based on amino acid alignments. The sequences clustered into distinct, well-supported clades corresponding
to CAZy families. Bootstrap values are shown at the nodes.
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DISCUSSION

Cellulase enzymes constitute a central component of fungal strategies for plant cell wall degradation and carbon
acquisition. In the present study, a comprehensive comparative bioinformatic analysis revealed substantial diversity in
cellulase enzymes among Ascomycota species, encompassing five major CAZy families (GHS5, GH7, GH10, GH11,
and AA9). The coexistence of multiple cellulase families within Ascomycota likely reflects long-term evolutionary
adaptation to diverse ecological niches and heterogeneous plant-derived substrates, a pattern widely documented in
genome- and CAZyme-scale comparative studies of fungi (Hage and Rosso 2021, Resl et al. 2022).

The conserved domain architectures and family-specific motif patterns identified in this study are consistent with
established structure—function relationships described for fungal cellulases. GH7 cellulases, which play a central role in
the degradation of crystalline cellulose, exhibit highly conserved catalytic motifs associated with their processive mode
of action, in agreement with previous biochemical and structural studies. In contrast, AA9 enzymes displayed distinct
architectural features characteristic of lytic polysaccharide monooxygenases (LPMOs), reflecting their oxidative mechanism
of cellulose cleavage and their dependence on copper-mediated catalysis (Ipsen et al. 2021; Contato and Conte-Junior
2025). The observed variability in motif composition and positional distribution within the GH10 and GH11 families
likely reflects differences in substrate specificity and enzymatic versatility, which are known to distinguish endo-acting
xylanases and related enzymes within these families.

Across all cellulase families examined, strong conservation of catalytic cores was evident, underscoring the essential
functional constraints imposed on residues directly involved in catalysis. Increased sequence variability in terminal
regions, linker segments, and peripheral motifs suggests that evolutionary diversification has fine-tuned enzymatic properties,
including substrate accessibility, protein interactions, and environmental stability. These patterns have been reported
for carbohydrate-active enzymes in diverse fungal lineages, supporting the generality of this evolutionary principle
(Hage and Rosso 2021).

Phylogenetic analysis demonstrated robust clustering of cellulase sequences by CAZy family, with high bootstrap
support clearly separating the GH and AA families. Within individual family-level clades, enzymes from taxonomically
related Ascomycota species frequently clustered together, indicating lineage-associated diversification. Such
phylogenetic patterns are consistent with gene duplication followed by functional specialization, a dominant evolutionary
mechanism shaping fungal CAZyme repertoires in response to ecological pressures and substrate availability (Hage and
Rosso 2021; Wang et al. 2022). Although horizontal gene transfer has been implicated in the evolution of certain fungal
metabolic pathways, the strong correspondence observed here between phylogenetic relationships and species taxonomy
does not support widespread horizontal transfer of cellulase genes among the analyzed Ascomycota species.

The motif distributions identified here support a functional perspective of cellulase evolution. Conserved motifs
within catalytic regions likely sustain enzymatic activity, while variable motifs and linker regions may enhance substrate
flexibility and enzyme interactions. Integrative motif-based analyses, especially with structural data, effectively
elucidate functional divergence among CAZymes and could further refine understanding of cellulase diversity (Ipsen et
al. 2021; Resl et al. 2022).

From an applied perspective, the broad diversity of cellulase families and architectures across Ascomycota highlights
the substantial biotechnological potential of fungal cellulases. Differences in catalytic mechanisms, substrate preferences,
and structural organization among GH and AA families offer a valuable resource for industrial enzyme discovery and
optimization. Key application areas include biomass conversion, biofuel production, and sustainable agriculture. Future
studies integrating structural modeling, gene expression analyses, and experimental validation will be essential to fully
explore the functional potential of the cellulase repertoires identified in this study.

In conclusion, this study provides a comprehensive comparative analysis of cellulase enzymes across five major
CAZy families (GHS5, GH7, GH10, GH11, and AA9) in Ascomycota. By integrating domain architecture characterization,
conserved motif discovery, and phylogenetic reconstruction, the study reveals both the structural conservation and
evolutionary diversification of fungal cellulases. The clear family-specific patterns identified here demonstrate the value
of combining multiple bioinformatic approaches for protein-level characterization of CAZymes. Beyond improving our
understanding of cellulase evolution, these findings provide a useful framework for future studies aimed at enzyme
discovery, functional prediction, and biotechnological exploitation of fungal cellulases in biomass conversion
and related industrial applications.
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