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Abstract — Subtilisin-like peptidases (SLPs) play an
important role in digestion and host colonization of pathogenic
fungi. Analysis of 42 fungal genomes from all major taxa of
Ascomycota and Basidiomycota was performed. Homologs of
enzymes from all 4 major families of SLPs were found is the
examined genomes. The most abundant types of the SLP
homologs found were those of kexin and proteinase K families;
pyrolysin homologs were detected in the half of the observed
species; in addition, several homologs of OSP family proteins
were found. Alignments of homologous amino acid sequences
with type SLPs indicated presence of intact conserved domains
and active sites. Number of SLP homologs differ distinctly
between species from different environmental niches with the
highest variety of SLPs found in pathogenic and parasitic fungi.
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Introduction

Subtilisin-like peptidases (SLPs) form one of the two
largest superfamilies of serine peptidases along with
chymotrypsins. Up to date SLPs were discovered and
characterized in both prokaryotes and eukaryotes including all
major lineages of the latter. Fungal SLPs are a subject of a
high interest due to their distinguished role in an infection
process of entomopathogens and in colonization process of
endophytic fungi. Though there are works which trace
evolutionary history of fungal SLPs within particular fungal
taxa, the information about the variety and distribution of
SLPs throughout Ascomycota and Basidiomycota remains
rather incomplete. The objective of this research is a search
for genes of SLPs in genomes of different species of
dikaryotic fungi (Ascomycota and Basidiomycota) and
subsequent analysis of predicted SLP sequences.

Methods
The search for sequenced and annotated fungal genomes
was  accomplished in  NCBI  public database

(https://www.ncbi.nlm.nih.gov/). Amino acid sequences of
endophytic ascomycete Epichloé festucae SLP homologs
were obtained by Protein BLAST service
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). E. festucae was
chosen as a sample species for homolog search due to its well-
described 15 putative SLP gene system. The query used
included SLPs belonging to four families: proteinase K-type
(prtA-prtF, prtl, prt]), kexins (kexA, kexB), oxidatively stable
proteases or OSPs (prtL) and pyrolysins (prtG, prtH, prtK,
prtM). Amino acid sequences of biochemically characterized
SLPs (proteinase K from Parengyodontium album, kex2 from
Saccharomyces cerevisiae, KP-43 from Bacillus sp. strain
KSM-KP43 and pyrolysin from Pyrococcus furiosus) and
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information about their active sites was achieved in SWISS-
PROT database (http://www.uniprot.org/). The homologs
with E-value lower than 1*¥10-20 and cover higher than 75%
were used in subsequent analysis. [soelectric point, number of
amino acid residues and molecular weight were calculated via
Isoelectric point calculator website
(http://isoelectric.org/calculate.php) for each homolog found.
Multiple alignment of amino acid sequences and phylogenetic
tree building were performed via Clustal Omega service
(http://ebi.ac.uk/Tools/msa/clustalo/). Mutations in the active
sites of inspected SLP homologs were identified in
comparison to the amino acid sequences of type SLPs after the
alignment. Potential transmembrane domains of the detected
homologs were analyzed using TMHMM Server v. 2.0
(http://www.cbs.dtu.dk/servicess TMHMM/) and potential
signal peptides were predicted through SignalP-5.0 server
(http://www.cbs.dtu.dk/services/SignalP). Batch CD-search
service
(https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi)
was used to identify conserved domains (CDs) in analyzed
homologs.

Results

We have analyzed 42 fungal species with sequenced
genomes from all subphyla of Ascomycota and
Basidiomycota (2 species of Taphrinomycotina, 4 species of
Saccharomycotina, 27 species of Pezizomycotina, 1 species of
Pucciniomycotina, 3 species of Ustilaginomycotina and 6
species of Agaricomycotina). The chosen species represent
different life forms (mycelial, yeast and dimorphic) and
ecological niches (biotrophic and necrotrophic plant
pathogens, xylotrophic and saprotrophic free-living fungi,
animal parasites and nematophagous fungi, alkaliphilic fungi,
etc.).

Analyzed fungal genomes contained homologs of
E. festucae SLPs from all four major families, some of the
homologs were presented in several copies. Homologs of prtD
belonging to proteinase K family, were found in genomes of
all the species studied except Hypocrella siamensis; kexin
homologs were found in all the species excluding Taphrina
deformans. All examined species except 7. deformans
contained 1-2 kexin homologs in their genomes; on the
contrary, the number of prtD homologs per genome varied
from 0 (H. siamensis) up to 19 (enthomopathogenic
Metarhizium anisopliae) with prevalence of rich gene clusters
in genomes of phytopathogenic and enthomopathogenic
fungi, e.g. Magnaporthe grisea (6 homologs) and Moelleriella
libera (12 homologs) respectively. Homologs of prtL, a



member of OSP family, were found only in genomes of
M. anisopliae (2 homologs), Fusarium graminearum and
Mycosphaerella  graminicola (1 homolog). Pyrolysin
homologs were found in genomes of 22 out of 42 species, the
most common number of homologs was 2 genes per genome,
the richest pyrolysin gene cluster consisting of 16 homologs
was found in genome of plant pathogen Claviceps purpurea.

The obtained sequences of SLP homologs have the same
active site composition as type SLPs of corresponding
families. The conservative amino acid triad of serine
peptidases (serine, histidine, and aspartic acid) is present in
each discovered kexin and prtL. homolog and in the majority
of prtD and prtG homologs, which is an indirect evidence that
these peptidases retain enzyme activity. Search for CDs shows
that every investigated kexin homolog contains the same set
of CDs as the type yeast kexin, namely peptidase S8 catalytic
domain and proprotein convertase domain; this may be
another argument for functionality of the homologs. All
investigated homologs of pyrolysin are distinguished by an
insertion in peptidase S8 catalytic domain, homologs of
proteinase K demonstrate N-terminal inhibitory domain prior
to the catalytic domain. Some SLP homologs have long
insertions close to C-terminus, for example, kexin from
Saitoella complicata contains about 200 extra amino acid
residues in comparison to yeast kexin.

Isoelectric point (pI) of the main part of detected SLPs
ranges within pH 4,5-6. The vast majority of SLP homologs
contain N-terminal signal peptide of 16-20 amino acid
residues in length, which is consistent with secretory pathway
origin of SLPs. Analysis of the fungal SLPs on the presence
of potential transmembrane domains demonstrates that all
obtained kexin homologs contain 1 such domain in the C-
terminus third of a sequence. On the contrary, proteinase K,
pyrolysin and OSP families have no transmembrane domains
and are more likely secreted to the extracellular space, where
these enzymes might serve for nutrition. It is worth to notice,
that pyrolysins and OSPs predominantly cleave peptide bonds
after arginine or lysine residues while SLPs from proteinase K
family demonstrate broad substrate specificity and are
restricted only by carboxyl group of proline residues. Thus,
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these SLPs might form universal cleavage tandem with
proline-specific peptidases in order to hydrolyse glutamine-
rich and proline-rich gluten proteins to non-inflammatory
oligopeptides, which is crucial for gluten-free food industry.

Cladistic analysis of SLPs is particularly complicated due
to multiple events of gene loss and gene cluster formation in
some lineages. The obtained phylogenetic tree of kexin
homologs resembles the data collected in the similar research
from another set of fungal species [1]. There is a distinguished
level of concordance between the both cladograms and
modern consensus taxonomy, it is possible to outline well-
resolved monophyletic clades at least at order scale; the main
observed disaccordance with modern taxonomy on both trees
is clusterization of Basidiomycota fungi with members of one
of the basal subphyla of Ascomycota, with Saccharomycotina
fungi in this research.

Conclusions

1. Analysis of 42 fungal genomes revealed homologs of
enzymes from all 4 major families of SLPs.

2. Kexin and proteinase K homologs were present in the vast
majority of studied species; pyrolysin homologs are found in
the half of observed species; homologs of OSP family
proteins are relatively scarce throughout species of higher
fungi.

3. The obtained homologous amino acid sequences retain
intact conserved domains and active sites.

4. Number of SLP homologs of a particular species is mostly
determined by ecology, not by taxonomy; the reachest variety
of SLPs is found in pathogenic and parasitic fungi.
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