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repeat proteins are widely distributed
and highly diverse in the Fungi kingdom
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Abstract

Background: Recently, a gene cluster responsible for biosynthesis of ustiloxin in Aspergillus flavus was identified as
the first case of a ribosomally synthesized and post-translationally modified peptide (RiPP) synthetic pathway in Asco-
mycota. RiPPs are biosynthesized from precursor peptides, which are processed to produce the RiPP backbone (core
peptides) for further modifications such as methylation and cyclization. Ustiloxin precursor peptide has two distinc-
tive features: a signal peptide for translocation into the endoplasmic reticulum and highly repeated core sequences
cleaved by Kex2 protease in the Golgi apparatus. On the basis of these characteristics, the ustiloxin-type RiPP precur-
sor peptides or Kex2-processed repeat proteins (KEPs) in strains belonging to the Fungi kingdom were computation-
ally surveyed, in order to investigate the distribution and putative functions of KEPs in fungal ecology.

Results: In total, 7878 KEPs were detected in 1345 of 1461 strains belonging to 8 phyla. The average number of KEPs
per strain was 5.25 in Ascomycota and 5.30 in Basidiomycota, but only 1.35 in the class Saccharomycetes (Ascomy-
cota) and 1.00 in the class Tremellomycetes (Basidiomycota). The KEPs were classified into 838 types and 2560 stand-
alone ones, which had no homologs. Nearly 200 types were distributed in more than one genus, and 14 types in more
than one phylum. These types included yeast a-mating factors and fungal pheromones. Genes for 22% KEPs were
accompanied by genes for DUF3328-domain-containing proteins, which are indispensable for cyclization of the core
peptides. DUF3328-domain-containing protein genes were located at an average distance of 3.09 genes from KEP
genes. Genes for almost all (with three exceptions) KEPs annotated as yeast a-mating factors or fungal pheromones
were not accompanied by DUF3328-domain-containing protein genes.

Conclusion: KEPs are widely distributed in the Fungi kingdom, but their repeated sequences are highly diverse. From
these results and some examples, a hypothesis was raised that KEPs initially evolved as unmodified linear peptides
(e.g., mating factors), and then those that adopted a modified cyclic form emerged (e.g., toxins) to utilize their strong
bioactivity against predators and competitive microorganisms.

Keywords: Ribosomally synthesized and post-translationally modified peptides (RiPPs), Kex2-processed repeat
proteins (KEPs), Tandem-repeat sequences, Secretory peptides, Pheromones, Hormones

Background
Repertoires of secretory proteins and peptides have
been characterized in fungi and nematodes as signal-
ing molecules and effectors to manipulate the immune
— systems of host plants [1-6]. We identified an Aspergil-
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Fig. 1 Structures and precursor peptide sequences of ustiloxin-type ribosomally synthesized and post-translationally modified peptides (RiPPs).
a Ustiloxin B from Aspergillus flavus, b asperipin-2a from A. flavus, and ¢ phomopsin A from Phomopsis leptostromiformis. The core peptides, which
become the RiPP backbone, are shown in bold; recognition sites for Kex2 protease in the precursor peptides are italicized. The signal peptides for

> Aspergiflus flavus UstA
MKLILTLLVSGLCALAAPAAKR
DGVEDYAIGIDKR NSVEDYAIGIDAR
NSVEDYAIGIDAR NSVEDYAIGIDAR
NSVEDYAIGIDAKR NTVEDYAIGIDAR
NSVEDYAIGIDAKR NTVEDYAIGIDAR
NSVEDYAIGIDAR NSVEDYAIGIDAR
GGSVEDYAIGIDAR NSVEDYAIGIDAR
NSVEDYAIGIDAKR GSVEDYAIGIDKAR
GTVEDYAIGIDAR GGSVEDYAIGIDAR
HGGH

> Aspeffillus flavus AprA
MHLSRYIAVLLSASSFVSALPLQNDVISD
DGSKPIDAIMATAMEHKVVNPENLDATP
ATPENPEDLDKR

FYYTGYKR NAETPEDLDKR
FYYTGYKR NAETPEDLDKR
FYYTGYKR NAETPEDLDKR
FYYTGYKR NAETPEDLDKR
FYYTGYKR NAETPEDLDKR
FYYTGYKR NAETPDDLDKR
FYYTGYKR NAETPDDLDKR
FYYTGYKR NAETPEDLDKR
FYYTGYKR NAETPEDLDKR
FYYTGYKR NAETPEDLDKR
FYYTGYKR NAETPEDLDK

> Phomopsis leptostromiformis PhomA
MRFTPAIVIAAFCSLAVAAPAAKAIARSP
SEAVEDYVIPIDKKR GEAVEDYVIPIDKKR
GEAVEDYVIPFDKR GEAVEDYVIPIDKKR
GEAVEDYVIPFDKR GEAVEDYVIPIDKKR
GEAVEDYVIPFDKR GEAVEDYVIPIDK

acids (Fig. 1a) [8]. This was the first case of a synthetic
pathway for a ribosomally synthesized and post-trans-
lationally modified peptide (RiPP) in ascomycetes [7],
with the genes for amatoxin biosynthesis as the first
RiPP synthetic pathway in fungi [9]. RiPPs are a class
of secondary metabolites produced by a wide range
of organisms including bacteria [10], archaea [11] and
fungi [9]. They are biosynthesized from precursor pep-
tides, which contain sequences used to produce the
RiPP backbone structures (core peptides), with various
posttranslational modifications such as cyclization, sul-
fation, conversion of N-terminal glutamate to pyroglu-
tamate and C-terminal amidation [12]. The precursor
peptide of ustiloxin has two distinctive features: (1) a
signal peptide for the translocation into the endoplas-
mic reticulum (ER) and (2) highly repeated core pep-
tide sequences processed by Kex2 protease localized in

the Golgi apparatus. The genes for two additional pro-
teins homologous to each other, whose functions are
unknown but indispensable for cyclization of the core
peptides, were found in the vicinity of the gene encod-
ing the ustiloxin precursor peptide [7, 13]. These two
cyclization factors have a domain called DUF3328.
Based on these three characteristics, we revealed that
the ustiloxin-like biosynthetic pathways are widely dis-
tributed in the genus Aspergillus, although the core
peptide sequences are diversified into more than 40
distinct types [13]. From information on a computa-
tionally detected pathway, we identified a novel cyclic
peptide, asperipin-2a (Fig. 1b), from A. flavus [13]. We
named this class of RiPP biosynthetic pathways “ust-
RiPS” (ustiloxin-type RiPP synthesis).

Ustiloxin B and asperipin-2a are not the only fun-
gal RiPPs synthesized by the ust-RiPS pathways [14].
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Johnson et al. revealed that the fungal endophytes of
grasses belonging to the genus Epichloé secrete a variety
of cyclic peptides, which are produced from a ustiloxin-
type precursor peptide, GigA [15]. Ding et al. identified
the RiPP biosynthetic pathway for phomopsins (Fig. 1c)
in Phomopsis leptostromiformis, whose precursor pep-
tide shares the two features of ustiloxin and asperipin-2a
precursor peptides and its gene is accompanied by five
DUF3328-domain-containing protein genes [16]. The
phomopsin core peptide is YVIP, in which amino acids at
the first and third positions are the same as in the core
peptides of ustiloxins A and B (YVIG and YAIG, respec-
tively) [17]; all these peptides are cyclized between the
side chains of Tyr and Ile (Fig. 1). From the structure of
the three ust-RiPS compounds, DUF3328-domain-con-
taining proteins are considered to catalyze the cyclization
through ether bond formation directly in the aromatic
ring of Y [16, 18, 19]. A tyrosinase is also indispensable
for the cyclization of the core peptides of ustiloxins and
phomopsins [16, 18]. Ding et al. further detected 27 pho-
mopsin-like precursor peptides whose genes are accom-
panied by DUF3328-domain-containing protein genes
in the Dikarya subkingdom [16]. They called this class of
putative compounds “dikaritins” [16].

The above data strongly support the idea that ustiloxin-
type precursor peptides and the corresponding biosyn-
thetic pathways are widely distributed among fungi and
play important roles in their ecology. The ectomycorrhi-
zal fungus Laccaria bicolor produces MiSSP8 from the
repetitive precursor peptide cleaved by Kex2 recognition
sites, and the knockdown mutant of MiSSP8-encoding
gene is strongly impaired in their mycorrhization ability
with Populus [20]. The maize pathogenic fungus Ustilago
maydis secretes at least 8 similar proteins from a repeti-
tive protein Rep1 cleaved by Kex2, which are water-repel-
lents and necessary to form aerial hyphae [21]. The U
maydis double knockout of repl and hum3, both encode
repetitive proteins with Kex2 sites, severely affects the
fungus pathogenicity against maize [22]. Another effec-
tor Rsp3 from U. maydis, which blocks the antifungal
activity of mannose-binding maize proteins, comprises
a moiety of repeated sequences cleaved by Kex2 [23].
Candidalysin or Ecelp from the human pathogenic fun-
gus Candida albicans directly damages epithelial mem-
brane and enhance membrane permeabilization [24].
Ecelp itself is not repeated but one of the eight peptide
moieties cleaved by Kex2 from its precursor protein,
Ecel, in which other three moieties are repeated. Mar-
quer et al. recently computationally surveyed 250 fungal
genomes and detected 1183 proteins sharing the two
features of ustiloxin-type precursor peptides, which they
called KEPs (Kex2-processed repeat proteins) [25]. The
detected KEPs contained a group of Ascomycota a-type
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sexual pheromones containing the motif of repeated XA
or XP dipeptides recognized by STE13 protease after the
Kex2 and Kex1 recognition sites (KR, RR or KK) [26-29],
and KEPs having the same motifs were also found in
Basidiomycota and Glomeromycotina [25]. Their abbre-
viation “KEP” is hereafter adopted for the secretory
proteins having repetitive sequences by Kex2 protease,
including ustiloxin-type RiPP precursor peptides.

Compared to these examples of linear peptides from
KEPs, the specific functions or roles of cyclic peptides
modified from KEPs in fungal ecology have not been
well-characterized. Johnson et al. deleted the gene encod-
ing GigA, which resulted in elimination of all GigA-
origin cyclic peptides (epichloécyclins), but they did
not observe any phenotypic impacts of the deletion on
the host grass [15]. The deletion of the ustiloxin biosyn-
thetic cluster (composed of 15 co-regulated genes) or of
the asperipin-2a precursor peptide does not result in any
phenotypic changes in comparison with the wild type
in A. flavus [7, 13]. Ustiloxins and phomopsins strongly
inhibit microtubule assembly [30-32]; however, the
amount of ustiloxins produced by Ustilaginoidea virens,
from which the compounds were originally identified [8,
33], does not correlate with pathogenicity of the strain
against rice [34].

Here, to grasp the overall picture regarding KEPs more
comprehensively and in relation to the cyclization fac-
tor DUF3328-domain-containing proteins, 1461 strains
belonging to 8 phyla in the Fungi kingdom were mined
and detected KEPs were characterized on the basis of
their repeated sequences, functional annotations, and
the existence of genes for DUF3328-domain-containing
proteins in the vicinity of KEP-encoding genes. The result
illustrates that KEPs are widely distributed in the Fungi
kingdom, but the core peptide sequences are highly
diverse. From the observations and published reports,
the evolution and roles of KEPs in fungal ecology are
discussed.

Results

KEPs are widely distributed in the Fungi kingdom

KEPs were mined against 1461 whole genome assem-
blies of the strains belonging to 8 phyla in the Fungi
kingdom (Table 1). The mining was based on two char-
acteristics of ustiloxin-type precursor peptides, i.e., (1)
an ER signal peptide and (2) highly repeated sequences
separated by Kex2 recognition sites (Fig. 2). Ascomy-
cota (filamentous fungi and budding yeasts) is the larg-
est phylum, containing 1024 strains, and Basidiomycota
(mushrooms) is the second largest one, with 317 strains.
The Microsporidia phylum contains 39 strains, which are
obligate intracellular parasites of vertebrates and inver-
tebrates. Mucoromycota also contain 39 strains, mainly
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Table 1 Phyla from the Fungi kingdom surveyed in this study
Phylum Strains KEPs

Surveyed? Found Genera Total® Average sD
Ascomycota 1024 (109) 970 216 5372 (1647) 5.25 478
Basidiomycota 317 (44) 271 122 1680 (103) 530 6.72
Mucoromycota 39(7) 38 18 357 (0) 9.15 581
Microsporidia 39 (7) 29 18 68 (0) 1.74 234
Chytridiomycota 19(1) 14 12 178 (0) 937 10.64
Zoopagomycota 16 (2) 16 11 185 (0) 11.56 10.58
Cryptomycota 3(1) 3 2 14 (0) 467 1.53
Blastocladiomycota 2 (0) 2 2 12 (0) 6.00 1.41
Not classified 2 (0) 2 - 12 (8) 6.00 424
Total 1461 1345 401 7878 539 555

Latest assemblies registered in NCBI on October 9, 2019 were used

2 The number of strains surveyed by Marquer et al. [25] (in parentheses)

® The number of KEP-encoding genes accompanied by DUF3328-domain containing protein genes (in parentheses)

14,491,621 proteins
in 1461 strains
from the Fungi kingdom

v
SignalP
)
Detection of
tandem repeats
v
Detection of tandem repeats
separated by Kex2 sites

7878 KEPs

¥

BlastP
¥

Clustering

v
838 types

| J
Fig. 2 The procedure of a computational survey of Kex2-processed
repeat proteins (KEPs). Data are shown in rounded rectangles and
processes in rectangles with corners

from the Glomeromycotina and Mucoromycotina sub-
phyla (Additional file 1: Table S1). The Chytridiomycota,
Zoopagomycota, Cryptomycota, and Blastocladiomycota

contain small numbers of strains (<20). Two assem-
blies are classified just as Fungi (GCA_000836255.1 and
GCA_002003505.1; “Not classified” in Table 1). Among
the surveyed 1461 strains, 171 were also surveyed by
Marquer et al. [25], whilst 1290 strains were newly sur-
veyed in this study (Table 1).

Among 14,491,621 proteins annotated in the 1461
assemblies, 7.7% (1,123,012) had ER signal peptides,
and 6.2% (69,264) among them had any tandem-repeat
sequences. Finally, a total of 7878 KEPs were detected
from 1345 out of the 1461 strains (Table 1). These KEPs
were widely distributed in the Fungi kingdom (Fig. 3).
The average number of KEPs per strain was 5.39, which
was close to those in Ascomycota (5.25) and Basidiomy-
cota (5.30), although standard deviation was higher in the
latter (6.72) than in the former (4.78). The Zoopagomy-
cota phylum was the most densely populated by KEPs
(11.56 per strain), followed by Chytridiomycota (9.37)
and Mucoromycota (9.15). The large population in Zoop-
agomycota and Chytridiomycota came from some strains
with abundant KEPs, as reflected in the high standard
deviations (> 10). The most populated strain was Basidi-
obolus meristosporus CBS 931.73 (Zoopagomycota),
which possessed 43 KEPs, although more than half of
them were duplicated or belonged to the same types, as
described later. In contrast to these two phyla, strains in
Mucoromycota were evenly populated by KEPs (standard
deviation 5.81, close to 5.55 among all strains). On the
other hand, strains in Microsporidia were conspicuously
devoid of KEPs (1.74 per strain).

KEPs were not detected in 116 strains from Ascomy-
cota (54 strains), Basidiomycota (46), Microsporidia
(10), Chytridiomycota (5), and Mucoromycota (1). It is
noteworthy that among the 54 Ascomycota strains 24
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Fig. 3 Distribution of Kex2-processed repeat proteins (KEPs) in the Fungi kingdom shown on a taxonomic tree of the surveyed strains. The phyla are
shown by colored edges and circle segments outside the tree. Outer bars show the average number of KEPs per genus, colored by types containing
at least 15 KEPs (gradation from red to yellow to green to blue); types containing fewer than 15 KEPs are shown in dark grey and stand-alone KEPs

without any homologs in light grey. Inner bars also show the average numbers of KEPs per genus, but are colored by the KEPs with (red) and

without (dark grey) DUF3328-domain-containing proteins encoded within the 15 genes closest to the KEP-encoding gene. The figure in a vector
format is available (Additional file 2)

belonged to the class Saccharomycetes, and among the 46
Basidiomycota strains 46 belonged to the class Tremello-
mycetes. The average number of KEPs per strain was 1.35  or unicellular fungi displayed a smaller number of KEPs
in Saccharomycetes and 1.00 in Tremellomycetes; both  than filamentous fungi [25].

values were lower than that of Microsporidia (Additional The detection procedure of KEPs was fundamen-
file 1: Table S1). The scarcity of KEPs in these two classes  tally the same as in the previous study [25], except that

and in the Microsporidia can be seen in Fig. 3. This result
is in accordance with the previous report that yeast-like
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proteins were excluded when they contained sepa-
rated sequence(s) longer than 100 a.a. or all repeated
sequences were shorter than 8 a.a. in this study, because
here KEPs were surveyed based on the characteristics of
the ustiloxin precursor peptides. Mainly due to this dif-
ference, 536 KEPs (45%) of 1183 reported in the previous
study were not detected in this study. On the other hand,
in the overlapped 171 strains, 684 KEPs (53%) of 1281
detected in this study were not reported in the previous
study (Additional file 1: Table S1); the reason for this is
unknown because no notable aspect was observed in the
KEP sequences only detected in this study.

KEPs are highly diverse in the Fungi kingdom
Of the 7878 KEPs, 5318 were classified into 838 types
according to e-values and coverages evaluated by a BlastP
search against a database containing all 7878 KEPs. The
remaining 2560 KEPs were assigned the stand-alone sta-
tus, because they did not have any homologs. The larg-
est type comprised 191 KEPs and 68 types with 15 KEPs
or more, whereas 769 out of the 838 types comprised 14
KEPs or fewer and 376 out of the 769 types were com-
posed of just 2 KEPs (Additional file 3: Table S2).
However, these numbers are strongly affected by the
biased distribution of strains with assembled genomes
among genera. For example, the genomes of 120 strains
are registered for Saccharomyces cerevisiae, but only one
for Zancudomyces culisetae. To alleviate this bias, we
ordered the 838 KEP-types by the number of the KEPs
of each type per strain (Fig. 4). The top 8 KEP-types com-
prised 5 or more KEPs per strain, among which the most
abundant type had 18.5 KEPs per strain, probably owing
to gene duplications (Fig. 4a). For example, the strain
Peniophora sp. CBMAI 1063 has 20 KEPs of type S-1, and
three of which (VDB83965.1, VDB83975.1, VDB83983.1)
are almost identical to each other with e-values of 0
with more than 86% coverage by BlastP searches (Addi-
tional file 4: Table S3). These duplications occurred in
one or two strains from the same genus, typically from
the Basidiomycota, Chytridiomycota, and Zoopagomy-
cota, except type S-6 (#91) where the KEPs were found
in two genera, Neocallimastix and Piromyces (Table 2).
The most populated strain, B. meristosporus CBS 931.73,
had 7 KEPs of type S-3 and 18 KEPs whose genes were
present in 2 or 3 copies. These KEPs may have functions
specific to particular strains. The repeated sequences in
the KEPs of these types are shown in a profile of a hidden
Markov model (HMM) in Fig. 5a. No sequence similari-
ties were found among the 8 types. The most duplicated
type (S-1) was annotated as having the Pfam motifs YukD
(the WXG100 protein secretion system), NifZ (nitrogen
fixation operon) and DUF5109 (the domain for binding
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or recognition of ligands at the C-terminus of a putative
glycosyl-hydrolase family) by an HMM search (Table 2).
If some types of KEPs play vital roles in fungi, they
should be distributed ubiquitously among different taxa.
In Fig. 4b and ¢, the numbers of genera and phyla, respec-
tively, to which the types of KEPs belong are shown in the
same order as in Fig. 4a. A distinctive peak at around the
200th type (Fig. 4b) corresponds to 1.1 KEPs per type and
strain, which suggests that the types playing indispensa-
ble and general roles in fungi are almost always encoded
by a single-copy gene, with occasional duplications. The
top 10 and 7 types ordered by the number of genera and
phyla, respectively, are listed in Table 2, and the most
abundant HMM profiles of their repeated sequences are
shown in Fig. 5b and c, respectively. Type G-1/P-2 was
the most ubiquitously distributed and was found in 49
genera and 2 phyla, followed by type G-2 (35 genera from
Ascomycota). The top 2 types ordered by the number of
phyla, G-5/P-1 and G-1/P-2, were also included in the top
10 types ordered by the number of genera, meaning that
these types are ubiquitous across not only genera but also
phyla. Probably reflecting this ubiquitous distribution,
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KEP-encoding genes. Type G-10 includes the ustiloxin precursor peptide

Fig. 5 Hidden Markov model (HMM) profiles of major Kex2-processed repeat proteins (KEPs) corresponding to Fig. 4 and Table 2. a Top 8 types by
number of KEPs per strain, b top 10 types by number of genera possessing KEPs, and ¢ top 7 types by number of phyla possessing KEPs. The top
two types in ¢ are shown in b as G-5/P-1 and G-1/P-2, respectively. Type G-4 annotated as yeast a-mating factors and types G-2 and P-6 annotated
as fungal pheromones are framed in bold red. The labels are in bold when DUF3328-domain-containing proteins are encoded in the vicinity of

the G-1/P-2 and G-5/P-1 types were annotated with 26
and 11 Pfam motifs, respectively.

In the HMM profiles of the top 10 and 7 types by the
number of genera and phyla, respectively, a typical fea-
ture was the presence of two to three W’s located close
to each other with one other amino acid in between,
as seen in G-4 and P-6 (Fig. 5b, c). The G-4 type com-
prised the highest number of KEPs (191), among which
174 were annotated as yeast a-mating factors because
of the presence of the MF_alpha and MF_alpha_N Pfam
domains; the HMM profile of the MF_alpha domain

includes a WXW motif. Similarly, 121 KEPs of the G-2
type were annotated as fungal pheromones, which
are homologous to the a-pheromone precursor pep-
tides whose genes were experimentally validated to be
expressed in five filamentous fungi (Table 2). Another
distinctive feature was a di-histidine (HH) motif in G-3
and G-8. High content of Y was observed in S-3, S-5,
G-1/P-2, G-5/P-1, G-6, G-10, and P-4, often accompa-
nied by D in the vicinity. Multiple D’s in the same pro-
file were observed in S-2, S-3, S-6, G-5/P-1, G-6, and
P-7.
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The common characteristics described above were
found in the types distributed in several genera and
phyla; however, the repeated sequences in the other types
of KEPs were highly diverse. As shown on the outer ring
in Fig. 3, some of 69 types with 15 or more KEPs were
distributed across genera (shown in red, yellow, green,
or blue), whereas most KEPs belonging to types with 14
or fewer members (dark grey) or stand-alone types (light
grey) localized in a single genus. The distribution of types
was also affected by the biased distribution of strains
with their genomes sequenced, but nevertheless most
types were found only in a single genus (Fig. 4b).

As exemplified by the precursor peptide of asperipin-
2a (Fig. 1b), KEPs often have more than one type of
repeated sequences per KEP. In the classified repeated
sequences in each of the 838 types, 6278 different sub-
types were found. After excluding sub-types containing
1 or 2 repeated sequences, 2513 sub-types remained.
This high diversity of repeated sequences suggests a wide
variety of linear or cyclic peptidyl compounds produced
by fungi; more interestingly, fungi might produce dif-
ferent compounds cleaved out from a KEP depending
on the stimulus or environmental situation, as observed
for a mammalian hormone precursor peptide, pro-opi-
omelanocortin, which is processed in tissue-specific
manners [35].

Genes for DUF3328-domain-containing proteins are
enriched around KEP-encoding genes
DUF3328-domain-containing proteins are indispensable
for cyclization of the core peptides of ustiloxins [7, 18],
asperipin-2a [13, 19], and phomopsins [16]. A computa-
tional survey of 20 Aspergillus strains detected more than
40 types of KEPs whose genes are accompanied by genes
encoding DUF3328-domain-containing proteins within
10 kb [13]. To further examine the relationship between
KEPs and DUF3328-domain-containing proteins in the
Fungi kingdom, the functions of proteins encoded by
the 15 genes closest to the KEP-encoding genes were
surveyed.

Among the 7878 KEPs, the genes for 1758 (22%) were
accompanied by genes for DUF3328-domain-containing
proteins, located at an average distance of 3.09 genes
(Fig. 6a). A total of 2991 genes for DUF3328-domain-
containing proteins were detected in the vicinity of
KEP-encoding genes (on average 1.7 DUF3382-domain-
containing protein genes per KEP-encoding gene). This
is in accordance with the presence of 2 and 5 DUF3328-
domain-containing proteins in the biosynthetic path-
ways of ustiloxins [7] and phomopsins [16], respectively,
whilst just one is present in that of asperipin-2a [13,
19]. The count of DUF3328-domain-containing protein
genes sharply increased as approaching to KEP-encoding
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Fig. 6 Counts of HMM profiles in the vicinity of genes encoding
Kex2-processed repeat proteins (KEPs). The counts are shown

as black bars separately for the cases when a genes for
DUF3328-domain-containing proteins are present among the 15
genes closest to the KEP-encoding gene or b no such genes are
present. The average distances of each HMM profile (up to 10 genes
from a KEP-encoding gene) are shown as grey lines. The HMM profiles
are ordered by the average distance from KEP-encoding genes, so
the order differs in a and b. The counts of DUF3328 (c) and Tyrosinase
(d) profiles are shown as solid lines with filled circles when genes for
DUF3328-domain-containing proteins are present among the 15
genes closest to the KEP-encoding gene or dashed lines with open
circles when otherwise, on the distance from KEP-encoding genes

genes, and became maximum at the next position to the
KEP-encoding gene (Fig. 6¢). The accumulation of the
cyclization factor genes around KEP-encoding genes is
understandable by comparing it to that of the genes for
MEFS_1-containing proteins (major facilitator superfamily
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transporter), the most abundant HMM profile among the
surveyed 1461 strains. The total count of MFS_1-contain-
ing protein genes within 15 genes from KEP-encoding
genes was 2145 (0.7% of a total of 321,000 counts among
the 1461 strains), and the average position was 7.74
genes from the KEP-encoding gene, whereas the count
of DUF3328 was 31.8% of a total of 9399 counts and the
average position was less than half of that of MFS_1-con-
taining protein genes.

Ustiloxins, asperipin-2a and phomopsins are cyclized
through ether bond formation directly in the aromatic
ring of Y [7, 13, 16]. In accordance with this, 65.6%
repeated sequences contained one or more Y’s in 1758
KEPs whose genes were accompanied by genes for
DUF3328-domain-containing proteins. On the other
hand, 38.2% repeated sequences contained one or more
Y’s in 6120 KEPs whose genes were not accompanied
by DUF3328-domain-containing protein genes. Among
the abundant 23 types shown in Table 2 and Fig. 5, the
KEP-encoding genes of seven types are accompanied by
genes for DUF3328-domain-containing proteins (Fig. 5,
labels in bold). Four of these seven types (S-5, G-5/P-1,
G-6, and G-10) contain Y, whereas the other three (G-3,
G-8, and P-3) contain di-histidine motifs (G-3 and G-8)
or W (P-3) accompanied by P. Compared to the Y content
rate, the HH and W content rates were similar between
the KEPs whose genes were and were not accompanied
by DUF3328-domain-containing protein genes; the HH
content rates were 5.7% and 3.9%, and the W content
rates were 20.5% and 24.5% in the 1758 and 6120 KEPs
whose genes were and were not accompanied by the
cyclization factor genes, respectively.

A tyrosinase is also required for cyclization of core pep-
tides of ustiloxins and phomopsins [16, 18]. Compared to
genes for DUF3328-domain-containing proteins, genes
for proteins containing a Tyrosinase (PF00264) domain
did not significantly accumulate around KEP-encoding
genes (Fig. 6d). The total count of Tyrosinase-domain-
containing protein genes among the 15 closest genes
from the KEP-encoding gene was 341; this is 4.3% of
7878 KEPs. However, when DUF3328-domain-contain-
ing protein genes were within the 15 genes adjacent to
the KEP-encoding gene, Tyrosinase-domain-containing
protein genes also accumulated witha20 counts at the
position of 2 genes from the KEP-encoding gene; such
peaks of counts were not seen when genes for the cycli-
zation factor were not among the 15 closest genes from
the KEP-encoding gene (Fig. 6d). Accordingly, the aver-
age position of the Tyrosine-domain-containing pro-
tein genes was 6.46 genes from KEP-encoding genes
accompanied by DUF3328-domain-containing protein
genes, whereas that was 8.07 genes from KEP-encod-
ing genes not accompanied by the cyclization factors.

Page 15 of 23

In the biosynthetic gene clusters of ustiloxins and pho-
mopsins, the tyrosinase-encoding gene is respectively 7-
and 8-gene distant from the precursor-peptide-encoding
gene [7, 16]. Considering this, there can be other RiPP
biosynthetic gene clusters that contain both a tyrosinase
and DUF3328-domain-containing protein(s) for cycliza-
tion of RiPP core peptides.

Among the 6120 KEPs whose genes were not accompa-
nied by genes for DUF3328-domain-containing proteins,
767 (9.7% of the total 7878 KEPs) were accompanied
by another KEP-encoding genes at an average distance
of 4.26 genes (Fig. 6b). The types of KEPs whose genes
accompany each other have not been investigated; such
investigation would be of interest. In this case, the total
count of MFS_1 was 4132 (1.3%) at an average position of
8.13 genes from KEP-encoding genes.

As shown by red bars on the inner circle in Fig. 3,
the KEP-encoding genes accompanied by genes for
DUF3328-domain-containing proteins were detected
mainly in Ascomycota. The number of such KEPs was
1647 out of 5372 (30.1%) in Ascomycota and 103 out
of 1680 (6.1%) in Basidiomycota (Table 1). As the aver-
age number of KEPs per strain was approximately 5.3 in
both Ascomycota and Basidiomycota, the cyclization fac-
tor motif sequence might differ between the two phyla,
or cyclization of KEPs might hardly occur in Basidi-
omycota. In accordance with this, the content rate of Y
in repeated sequences was 45.8% in Ascomycota, which
is 1.3-times higher than that of 36.3% in Basidiomycota.
Another remarkable observation was the absence of any
DUF3328-domain-containing proteins in the Saccha-
romycetes class (Ascomycota). Thus, KEPs in Saccharo-
mycetes, whose average number per strain was 1.35 and
most of which were annotated as yeast a-mating factor,
are processed and secreted probably in a linear form. In
accordance with this, yeast a-mating factor is a linear
peptide [26]. No DUF3328-domain-containing proteins
were detected in any of the other six phyla.

Mating factor genes are not accompanied by genes

for DUF3382-domain-containing proteins

The breakdown of KEPs in the Fungi kingdom based on
the results described above is shown in Fig. 7 in terms
of the function as mating factors and the presence of
genes for DUF3328-domain-containing proteins in the
vicinity. Among a total of 7878 KEPs, the genes of 22.3%
were accompanied by DUF3328-domain-containing pro-
tein genes. Among all KEPs, 2.6% (203) are annotated as
yeast a-mating factors and another 2.6% (204) as fun-
gal pheromones (Fig. 7a, Additional file 3: Table S2), in
accordance with the previous study [25]. None of the
genes for KEPs annotated as yeast a-mating factors were
accompanied by genes for DUF3328-domain-containing
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a Total 7,878
—— With
72.6% DUF3328
' (3)
Without DUF3328
Without

DUF3328
(404)

a-mating
factors

b Total 7,878 227 216
77.7% 100% 98.6%
Without
With DUF3328
All Yeast o-mating Fungal
factors pheromones

Fig. 7 Breakdown of Kex2-processed repeat proteins

(KEPs) according to the function and the presence of
DUF3328-domain-containing protein genes in the vicinity. a A
total of 7878 KEPs were broken down into those with (22%) or
without DUF3328-domain-containing proteins and not annotated
as yeast a-mating factors or other fungal pheromones (74%), and
those annotated as yeast a-mating factors (3%) or other fungal
pheromones (1%) are shown in the inset. Note that the inset
breakdown includes one KEP whose gene is accompanied by a
DUF3328-domain-containing protein gene. b All KEPs (left), those in
the types containing the KEPs annotated as yeast a-mating factors
(middle) or as other fungal pheromones (right) were broken down
into those with or without DUF3328-domain-containing proteins

proteins. The situation is the same for KEPs annotated as
fungal pheromones with three exceptions as described
below. In addition to the most abundant KEP type, G-4,
in which 174 of the 191 KEPs were annotated as yeast
a-mating factors, KEPs of two other types were also
annotated to have Pfam MF_alpha and/or MF_alpha N
domains, corresponding to yeast a-mating factor and its
N-terminal region, respectively. The 204 putative fungal
pheromones come from 5 types. Overall, 227 and 216
KEPs are annotated as groups of yeast a-mating fac-
tors and fungal pheromones, respectively. As mentioned
above, genes for 22.3% of all 7878 KEPs were accompa-
nied by DUF3328-domain-containing protein genes;
genes for 100% of the putative 227 yeast a-mating factors
and 98.6% of the 216 putative fungal pheromones were
not accompanied by a cyclization factor gene (Fig. 7b).
The three putative fungal pheromones whose genes
were accompanied by cyclization factor genes were
GAQ44527.1 from Aspergillus niger, PWY62495.1 from
Aspergillus eucalypticola, and PQE12560.1 from Rut-
stroemia sp.; the genes for DUF3328-domain-containing
proteins were located at a distance of 15, 12, and 2 genes,
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respectively, from the KEP-encoding genes. As the aver-
age distance of DUF3328-domain-containing protein
genes from KEP-encoding genes was 3.09, the former two
cyclization factors might not function in the modification
of the KEPs and the location of their genes in the vicinity
may be coincidental.

The group of putative fungal pheromones containing
216 KEPs came only from ascomycetes (214) and basidi-
omycetes (2). One of the main reasons for this restricted
distribution is probably that KEPs were assigned to fun-
gal pheromones by the homology with five Ascomycota
a-pheromone precursor peptides, whose genes were experi-
mentally validated to be expressed (EAL88490.1, A. fumig-
atus PpgA [36]; CAB96172.1 from S. macrospora Ppgl
[29, 37]; AAC64288.2, N. crassa Ccg-4 [28]; EHA53132.1,
Magnaporthe grisea MF2-1 [38]; AAC39328.1, Cryphonec-
tria parasitica Mf1/1 [39]). Marquer et al. detected some
KEPs possessing a repetition of STE13-cleaved dipeptide in
Basidiomycota, indicating that those KEPs might function
as unknown mating factors in Basidiomycota [25]. In this
study, 76 KEPs of 7878 were homologous to the six putative
Basidiomycota pheromones shown in the previous study
[25], but the genes for 22% (17) of them were accompanied
by genes for DUF3328-domain-containing proteins unlike
KEPs of putative yeast a-mating factors and putative Asco-
mycota a-pheromone precursors.

Discussion

The computational genome mining revealed that KEPs
are widely distributed in the Fungi kingdom, but their
sequence types are highly diverse and most of them are
unique at least at the genus level. The 7878 KEPs detected
in 1345 out of 1461 strains were classified into 838 types
and 2560 stand-alone KEPs, and most types were further
classified into a total of 6278 sub-types. Genes for 22% of
the KEPs were accompanied by genes for cyclization fac-
tors (DUF3328-domain-containing proteins); however,
the genes for 227 factors annotated as yeast a-mating fac-
tors and for 216 factors annotated as fungal pheromones
were not, with three exceptions. The Y content rate was
65.6% in repeated sequences of KEPs whose genes were
accompanied by genes for cyclization factors, whereas
that was 38.2% when the KEP-encoding genes were not
accompanied by genes for cyclization factors. The results
indicate that fungi produce a wide variety of cyclic and
linear peptidyl compounds, which are likely to have
important functions in fungal ecology, as suggested by
their wide conservation in the Fungi kingdom. As fungi,
animals are eukaryotes and they secrete many peptides as
neuropeptides (hormones) cleaved out from precursors
(prohormones). For example, thyrotropin-releasing hor-
mone [40], as well as opiomelanocortin [35], is cleaved
out from its prohormone into several different hormones
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YAIA-

YAIG-YVIA-YVIE-YVIP-YVIS Neurospora crassa OR74A <=
YAIG-YVIE-YVIP-YVIS Neurospora tetrasperma FGSC 2509
YAIG-YVIE-YVIP-YVIS Neurospora tetrasperma FGSC 2508

—1 —
——
L —

Fig. 8 Taxonomic tree of strains containing Kex2-processed repeat proteins (KEPs) homologous to the ustiloxin precursor peptide. Core peptide
sequences deduced from those of ustiloxins and phomopsins are shown next to the strains. Red arrow indicates the POI2 protein, which is
experimentally shown to be involved in sexual structure formation in Neurospora crassa

Pseudocercospora musae

YVIP Zymoseptoria tritici ST99CH 3D7

YVIP Zymoseptoria tritici ST99CH 3D1

YVIP Zymoseptoria tritici ST99CH 1E4

YVIP Zymoseptoria tritici ST99CH 1A5

YVIP Zymoseptoria tritici IPO323
YAIG- Penicillium polonicum
YVIG-YVIP Penicillium freii

YAIG Aspergillus parasiticus SU-1

YAIG Asperqgillus arachidicola

YAIG Aspergillus oryzae 3.042

YAIG Aspergillus oryzae RIB40

YAIG Aspergillus flavus AF70

YAIG Aspergillus flavus NRRL3357

YVIP Sordaria macrospora

YVIP Colletotrichum spinosum
YVIP Colletotrichum sidae
YVIP Colletotrichum gloeosporioides Cg-14
YVIP Colletotrichum gloeosporioides Nara gc5
YVIP Colletotrichum orbiculare MAFF 240422
YVIP Colletotrichum graminicola M1.001
YVIP Colletotrichum higginsianum IMI 349063
YVIP Colletotrichum trifolii
YAIG-YVIG Ustilaginoidea virens
YTIG Ophiocordyceps sinensis CO18
-YVIA-YVIS Beauveria brongniartii RCEF 3172
-YVIS Beauveria bassiana D1-5
-YVIS Beauveria bassiana ARSEF 2860
YTIG Cordyceps confragosa RCEF 1005
YTIG Cordyceps fumosorosea ARSEF 2679
YTIG Cordyceps javanica
YFIG Metarhizium majus ARSEF 297
YFIG Metarhizium brunneum ARSEF 3297
YFIG Metarhizium guizhouense ARSEF 977
YFIG Metarhizium rileyi RCEF 4871
YFIG Metarhizium robertsii ARSEF 23
YFIG Metarhizium anisopliae BRIP 53284
YFIG Metarhizium anisopliae BRIP 53293
YFIG Metarhizium anisopliae ARSEF 549

by different processing enzymes depending on tissues,
and the cleavage sites are KR, KK and RK. Oxytocin and
Gonadotropin are cleaved out from its precursor at GKR
[41, 42].

The yeast a-mating factor is the first identified pep-
tide from a KEP [43], and some other linear peptides
from KEPs have been experimentally verified as fungal
effectors to manipulate host plants [20, 22, 23], the fac-
tor for aerial hyphae formation [21] and a cytolytic toxin
to damage mammalian epithelial cells [24]. Compared
to linear peptides from KEPs, an understanding of the
function of cyclic compounds from KEPs in fungal ecol-
ogy is lacking. One clue to the function of cyclic pep-
tides synthesized from KEPs was reported for N. crassa
POI2 [44], which is a KEP homologous to the precursor
peptides of ustiloxin and phomopsin. Kim and Nelson
provided experimental evidence that POI2 is essential
for differentiation of female reproductive structures

and perithecial development, as well as for normal veg-
etative growth [44]. Figure 8 shows a taxonomic tree of
the strains possessing the same type of KEPs as POI2.
In the sequence motif of this type (Fig. 5b, G-10), Y and
I are conserved (with three exceptions in a total of 441
repeated sequences, where all three amino acids after Y
were deleted), as well as in the core peptides YAIG (usti-
loxin B), YVIG (ustiloxin A [8]) and YVIP (phomopsin),
in accordance with cyclization of the core peptides of
ustiloxin and phomopsin at these Y and L. Based on this
motif, the tetra-peptide YXIX in the repeated sequences
appears to be the core peptide, which is converted into
the compounds derived from KEPs (Fig. 8). The Aspergil-
lus, Colletotrichum, Cordyceps, and Metarhizium genera
each have a single core peptide conserved among species.
On the other hand, Penicillium, Neurospora, Ustilagi-
noidea, and Beauveria each have more than one kind of
core peptide, and their combinations vary among species
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TPVAQPNAEAEAQWCRIHGQSCWKVKR

TEKVAKR

EAEAEAQWCRIHGQSCWKKR
EAEAQWCRIHGQSCWKR
DALPEAEPQWCRIHGQSCWKKR
DAAPEAAPEAEANPQWCRIHGQSCWKAKR

DPQVCNMRLHPKK
VCWKR

LPEPWCGRPGQPCKR
DALPEPWCGRPGQPCKR
ESLPEAWCGRPGQPCKR
SPLAEADAEAWCGRPGQPCRKVRR
AAEALAEALAEPVADAEADFDEAVVKR
CNMVGGACYEAKR
LARDLAGVTASAKR
DADAFYEGLGIESREVSDKIAR
DAEAWCGRPGQPCKR
SADAEPWCGRPGQPCKR
DASPEPWCGRPGQPCKEKR
EADPEAEAWCGRPGQPCRKVRR
AAEAMAEALAEPTAEAWCGRPGQPCKR
EALAEAEANAEAWCGRPGQPCRKAKR
DAFALAYAADVALQQL

HITPWCHLPGQGC YMLKR
AADASDEVRR

AAEAAEEVKR
SADAFAEAMAAFEKE

a EAA35858.1 Ccg-4 [Neurospora crassa OR74A]; mature chain: 17-299

VADAFANAIQGMGGLPPRDESGHQPAQVAKR
QVDELAGIIALTQEDVNAYYDSLSLQEKFAPSTEEEKK

AAEAVMTAIQSAEAESALLLRDTTFSPVDRVGKR

DASPEAACNAPDGSCTKATRDLHAMYNVARAILTAHSDEN

b PQE12560.1 Ccg-4 homolog [Rutstroemia sp. NJR-2017a BBW]; mature chain: 21-311

C EAL88490.1 PpgA [Aspergillus fumigatus Af293]; mature chain: 19-102

SASAVAEAVAEAFPQSPWCHLPGQGCAKAKR

Fig. 9 Representative sequences of Kex2-processed repeat proteins (KEPs) that function as fungal pheromones. Signal peptides were

trimmed. a Ccg-4 of N. crassa, which is experimentally shown to be regulated by the mating type locus; its gene is not accompanied by
DUF3328-domain-containing protein genes. b Ccg-4 homolog of Rutstroemia; its gene is accompanied by a DUF3328-domain containing protein
gene. ¢ PpgA of Aspergillus fumigatus; its gene is not accompanied by DUF3328-domain containing protein genes. The presumed pheromone
peptides are shown in bold. The fragmented sequences cleaved by Kex2 containing no pheromone peptides but Y (in bold) are shown in red

within the genus, except in Ustilaginoidea, which is rep-
resented by only one strain. In these genera, more than
one type of cyclic compound might be necessary to regu-
late sexual development, and the combinations of the
core peptides may serve as the signatures of the species.
The core peptides in Zymoseptoria, Sordaria, and Colle-
totrichum are all YVIP, even though these genera are
not taxonomically close to each other. This core peptide
is also the same as that of phomopsins, which is toxic
to mammalian cells because it acts as a tubulin inhibi-
tor [16], which is also a property of ustiloxin (YAIG) [30,
31]. The toxicity of the compounds derived from the core
peptides YTIG and YFIG is unknown, but if they are

also toxic, these compounds, derived from KEPs con-
taining one type of core peptide, might have evolved to
act as secondary metabolites (e.g., biosynthesized by
co-regulated genes in a cluster) owing to their strong
bioactivities.

Another clue to the possible evolutionary pathway of
KEPs is provided by the pheromone precursor Ccg-4
in N. crassa OR74A (EAA35858.1) and its homolog in
Rutstroemia sp. NJR-2017a BBW (PQE12560.1) (Fig. 9).
Neurospora crassa Ccg-4 is regulated by the mating-type
locus [28] and is essential for male fertility [45]. There
are no genes for DUF3328-domain-containing proteins
among 15 genes closest to N. crassa ccg-4, whereas the
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Linear peptidyl compounds derived from KEPs
+ Pheromones to recognize mating partners or affect fertility
(e.g., yeast a-mating factor, Ccg-4 , PpgA)
» Hormones to regulate morphology (e.g., Rsp1)

 Effectors to manipulate host plant immune systems (e.g.,
Rsp3, Rep1, Hum3)

« Toxins to damage mammalian host cells (e.g., candidalysin)

i In fungi other than yeasts

v

Cyclic peptidyl compounds derived from KEPs

» Hormones to develop sexual structures etc (e.g., POI2)

« Secondary metabolites to attack predators and
competitors (e.g., ustiloxin, phomopsin)

Fig. 10 The summary and hypothetical evolutionary pathway of
Kex2-processed repeat proteins (KEPs)

Rutstroemia homolog has one at the position of 2 genes.
The N. crassa and Rutstroemia proteins have 12 and 15
sequences, respectively, separated by Kex2 recognition
sites, among which pheromone-like sequences and other
sequences are mixed. Y is mandatory for cyclization by
DUF3328-domain-containing proteins in ustiloxins, pho-
mopsin and asperipin-2a [16, 18, 19]; N. crassa Ccg-4 has
two fragmented sequences (38 and 40 a.a.) containing Y,
whereas the Rutstroemia Ccg-4 homolog has three (13,
16, and 22 a.a.). The lengths of the repeated sequences
are typically 13, 14, and 8 a.a. in the precursor peptides
of ustiloxin, phomopsin, and asperipin-2a, respectively
(Fig. 1). Considering this, the Rutstroemia Ccg-4 homolog
might have initially contained a core peptide only for a
fungal pheromone, and might have gradually evolved to
produce a cyclic compound under the regulation of the
mating-type locus. The A. fumigatus fungal pheromone,
PpgA (EALB8490.1), has no repeated sequences contain-
ing Y other than pheromone-like sequences (Fig. 9).
Based on these observations and speculations, a hypo-
thetical evolutionary pathway of KEPs in the Fungi
kingdom is suggested (Fig. 10). KEPs are a group of
secretory proteins as a fungal armory to survive in eco-
system. Some linear peptidyl compounds derived from
KEPs began to be used as fungal pheromones to recog-
nize partners to start mating or to affect fertility under
the regulation of the mating type locus, whereas some
others to infect host cells as effectors or toxins. The
pheromones might be used to distinguish mating part-
ners of the same genus (e.g,, to distinguish Neurospora
and Aspergillus), whereas various homologs within each
type of KEPs might be used to identify the correct part-
ner of the same species among hundreds of species in a
genus (e.g., distinguishing N. crassa and N. tetrasperma).
Except in Saccharomycetes (yeasts) and Tremellomycetes
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(jelly fungi), the genes for some KEPs became accompa-
nied by genes for DUF3328-domain-containing proteins,
and some cyclic peptidyl compounds started to be pro-
duced for cell differentiation induced by mating, whilst
some other cyclic compounds that had strong bioactivi-
ties (e.g., toxicities) began to be regulated as secondary
metabolites against competitive microorganisms and
predatory organisms like animals and nematodes. For
example, amanitins, the first reported RiPPs in fungi pro-
duced by Amanita mushroom [9], have a strong toxicity
against animals as an RNA polymerase II inhibitor [46]. It
is unclear that either of pheromone-type or effector-type
linear peptides from KEPs evolved first or each type was
evolved independently, but most yeasts have only KEP
as a mating factor. Similarly, it is unknown if either hor-
mone-type or toxin-type of cyclic compounds from KEPs
evolved first or each type did independently, but some
studies indicated a relation between sexual regulation
and secondary metabolism [47, 48]. Analyzing sequence
evolution of KEPs along with the expression patterns of
genes around KEP-encoding genes will help to shed light
on these points.

Conclusion

KEPs are widely distributed in the Fungi kingdom, but
their repeated sequences are highly diverse. A total of
7878 KEPs were distributed in 1345 out of 1461 strains
belonging to 8 phyla. The average number of KEPs
per strain was 5.25 in ascomycetes and 5.30 in basidi-
omycetes, but was distinctively small in the classes Sac-
charomycetes (1.35) and Tremellomycetes (1.00). The
KEPs were classified into 838 different types and 2560
stand-alone KEPs, which have no homologs. Nearly 200
types were found in more than one genus, and 14 types
in more than one phylum. The types distributed among
genera and phyla included yeast a-mating factors and
fungal pheromons. The genes for 22% of all KEPs were
accompanied by genes for DUF3328-domain-containing
proteins, which are indispensable for cyclization of core
peptides to produce ustiloxin-type compounds, within
an average distance of 3.09 genes; however, except in 3
cases, all KEPs annotated as yeast a-mating factors or
fungal pheromones had no genes for DUF3328-domain-
containing proteins in the vicinity. From these results
and some examples, the evolutionary pathway of KEPs
was hypothesized that first they might have evolved in
an unmodified linear form (e.g., mating factors), and then
those in a modified cyclic form emerged (e.g., toxins).

Methods

Genome assemblies

The latest whole-genome assemblies of 1461 strains
belonging to the Fungi kingdom were downloaded
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from the National Center for Biotechnology Informa-
tion (NCBI) database on October 9, 2019. The assem-
bly accessions are listed in Additional file 1: Table S1,
together with information on the strain, genus, phylum,
taxonomy ID, and the number of KEPs detected.

Detection of KEPs

Among the 14,491,621 protein sequences annotated in
the 1461 assemblies, those having signal peptides for
translocation into the ER were identified using the Sig-
nalP-4.1 algorithm [49]. The resulting 1,123,012 protein
sequences were narrowed down to 69,264 by detecting
tandem-repeat sequences. Briefly, a seed sequence of 40
a.a. in length was cut out from a protein sequence, from
which the signal peptide had been removed based on the
results of SignalP, and aligned to the original sequence by
shifting the initial position one by one. Each amino acid
in the original protein sequence was scored when it was
identical to the amino acid in the seed sequence. The
position of the seed sequence on the original sequence
was shifted for as many steps as possible. The score
of each amino acid was divided by the number of the
seed sequence used, and the amino acid positions were
regarded as repeated when the score was greater than
0.6. If the original protein sequence was divided into
more than 2 parts at the repeated positions, the protein
was considered as having tandem repeats. Among 69,264
such proteins, 7878 were regarded as KEPs because they
had > 3 tandem repeats of > 8 a.a. each between the Kex2
recognition sites (KR, KK, RK, or RR), but any repeated
sequence(s) were not longer than 100 a.a. The detected
KEPs are listed in Additional file 3: Table S2 with the
information on their strain, genus, phylum, FRiPS type,
indices, and HMM profiles (the latter three were evalu-
ated as described below). All calculations were per-
formed in Ubuntu version 18.04.3 using in-house codes
written in Perl or Python languages in this study, unless
specific algorithms are mentioned.

The detected KEPs were thoroughly compared with
KEPs detected in the previous study [25] as follows. First,
the strains surveyed in the previous study were consid-
ered as identical to those surveyed in this study when
their species taxonomy ID’s were the same. Next, the
similarity between the KEPs in the overlapped strains
were evaluated using the SSEARCH program [50], which
implemented the Smith—Waterman algorithm [51], and
KEPs in this study were considered as identical to those
in the previous study [25] when their identity and cover-
age were more than 95%.

Classification of KEPs
The 7878 KEPs were classified into 838 types according
to the e-values returned by a BlastP search [52] against
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a database containing all these KEPs. Two KEPs were
paired as the same type when they had e-values less than
1E—30 and the coverage of the high-scoring pair over the
original sequence was more than 70% in reciprocal BlastP
searches. The pairs were combined into one type when
they shared at least one KEP, and each type was labeled
by the order of the number of KEPs belonging to the
type (Additional file 3: Table S2, “KEP type” column, and
Table 2, “Type ID” column). The stand-alone KEPs hav-
ing no homologs were assigned to type “0".

KEPs frequently have more than one type of repeated
sequences in the same protein. To group homologous
repeated sequences in every type of KEP, the similarity
between every two repeated sequences in every type of
KEP was evaluated using the SSEARCH program [50].
Two repeated sequences were paired when their identity
and coverage in reciprocal alignments were more than
65% and 70%, respectively, and were classified into the
same group in the same manner as KEPs were classified
in the same type. The repeated sequences belonging to
the same group in the same type of KEPs were aligned
using the MAFFT program (version 7.299) with the “-
auto” option [53], and then HMM profiles were generated
using the hmmbuild module in HMMer version 3.3 [54]
with the “—amino” option. For some repeated sequences
in the most common types of KEPs, logos representing
both the sequence alignment and the HMM profile were
generated from the HMM profiles on the Skylign website
(https://skylign.org/) [55].

Generation of taxonomic tree

The taxonomic tree of the 1461 strains examined in this
study was generated at the genus level on the NCBI Tax-
onomy Common Tree website (https://www.ncbi.nlm.
nih.gov/Taxonomy/CommonTree/wwwcmt.cgi)  using
the list of the strains’ taxonomy IDs and the taxonomic
relationship described in the “nodes.dmp” file stored in
the NCBI taxonomy database. The tree was drawn on the
iTOL web server (https://itol.embl.de/) [56]. Information
on the phyla and average numbers of KEPs per genus was
depicted using colored circle segments and bars outside
the tree, respectively. The bars were colored by the type
of KEPs.

Functional analyses of KEPs and proteins encoded

by nearby genes

The functional motifs in KEPs and proteins encoded
by 15 genes closest to the KEP-encoding gene were
searched by using the hmmscan module in HMMer ver-
sion 3.3 with a threshold of 1E—5 against the Pfam data-
base release 32.0 [57]. The HMM profiles detected were
counted, and the total counts and average distances from
KEP-encoding genes were evaluated separately for the
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cases when KEP-encoding genes are accompanied or
not by genes for DUF3328-domain-containing proteins.
KEPs whose genes were accompanied by genes for DUEF-
3328-domain-containing proteins within 15 genes were
marked with “x” in Additional file 3: Table S2, “DUF3328
in vicinity” column. The correlation between the exist-
ence of Y in KEP repetitive sequences and DUF3328-
domain-containing proteins encoded by 15 genes closest
to the KEP-encoding gene were observed by the percent-
age of KEP repetitive sequences in length from 8 a.a. to
100 a.a. containing one or more Y’s.

Annotation of yeast a-mating factors, fungal pheromones
and Basidiomycota pheromones

When a KEP had the Pfam annotations of MF_alpha
(Pfam ID PF04648) and/or MF_alpha N (PF05436),
which are the motifs of yeast a-mating factor and its
N terminus, respectively, this KEP was assigned to
yeast o-mating factors. A KEP was annotated as fun-
gal pheromones when it had an e-value less than
1E—10 by a BlastP search [52] using queries of five fun-
gal a-pheromone precursor peptides (EAL88490.1,
A. fumigatus PpgA [36]; CAB96172.1 from S. macros-
pora Ppgl [29, 37]; AAC64288.2, N. crassa Ccg-4 [28];
EHA53132.1, M. grisea MF2-1 [38]; AAC39328.1, C.
parasitica Mf1/1 [39]). Similarly, a KEP was annotated
as Basidiomycota pheromones when it had an e-value
less than 1E—10 by a BlastP search [52] using queries
of six Basidiomycota o-pheromone precursor pep-
tides shown in Fig. 7b (jgi|Exigll|760266|gm1.2247_g,
jgi|Fommel|148261|estExt_fgeneshl pg.C_90156,
jgi|Lacbi2|334723|Lacbil.fgenesh3_pg.C_scaf-
fold_68000056, jgi|Mixos1|81973|fgeneshl_pg.4 # 177,
jgi|PleosPC15_2]1091723|estExt_fgeneshl_
pm.C_011030, and jgi|Trioll|112374|CE112373_296.
These three annotations of yeast a-mating factors, fun-
gal pheromones and Basidiomycota pheromones were
marked with “x” for KEPs in Additional file 3: Table S2,
“Yeast a-mating factor’, “Fungal pheromones” and
“Basidiomycota pheromones” columns, respectively.

Analyses of ustiloxin precursor peptide homologs

among KEPs

In addition to 45 KEPs belonging to the same type as
the A. flavus ustiloxin precursor peptide (EED49417.1),
10 KEPs belonging to the same types as putative dika-
ritin biosynthetic precursor peptides in Colletotri-
chum [16] (CCF41414.1, EFQ36603.1, ELA31405.1, and
EQB43629.1) were considered as ustiloxin-type KEPs.
The taxonomic tree was generated for the strains con-
taining these 55 ustiloxin-type KEPs using the NCBI tax-
onomy Common Tree website, and drawn on the iTOL
web server.
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