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Abstract

The cerato-platanin family consists of proteins that can induce immune responses, cause necrosis, change
chemotaxis and locomotion and may be related to the growth and development of various fungi. In this work, we ana-
lyzed the phylogenetic relationships among genes encoding members of the cerato-platanin family and computed
the divergence times of the genes and corresponding fungi. The results showed that cerato-platanin-encoding genes
could be classified into 10 groups but did not cluster according to fungal classes or their functions. The genes trans-
ferred horizontally and showed duplication. Molecular dating and adaptive evolution analyses indicated that the
cerato-platanin gene originated with the appearance of saprophytes and that the gene was under positive selection.
This finding suggests that cerato-platanin-encoding genes evolved with the development of fungal parasitic charac-
teristics.
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Hydrophobins, also known as small-secreted pro-

teins, are widespread in fungi and have been implicated in

the morphology of the cell wall and in fungus-host plant in-

teractions (Veit et al., 2001). The cerato-platanin (CP) pro-

tein family, initially described by Pazzagli et al. (1999),

contains low molecular mass proteins that share high se-

quence similarity and four conserved cysteine residues in-

volved in the formation of intramolecular disulfide bonds.

Cerato-platanins self-assemble to form amyloid-like aggre-

gates but do not form insoluble fibrils. The resulting aggre-

gates interact with hydrophobic surfaces and enhance the

hypersensitive response of Platanus (Pazzagli et al., 2009).

Cerato-platanin from Ceratocystis fimbriata f. sp. platani

shares several characteristics with hydrophobins, such as

high hydrophobicity, an N-terminus sequence that is highly

homologous to cerato-ulmin, the sequence Cys-Ser-Asn-22

and an ability to accumulate on the fungal cell surface.

However, this cerato-platanin does not have the eight-

cysteine pattern found in hydrophobins (Pazzagli et al.,

1999). Despite lacking the typical eight-cysteine pattern,

proteins in the cerato-platanin family can be grouped with

the small cysteine-rich proteins (avirulence gene products,

elicitins and hydrophobins) that play an important role in

host specificity, recognition and adhesion of some symbi-

otic fungi (Templeton et al., 1994; Martijn, 2005). Cerato-

platanin homologs have been cloned and sequenced from

different species of ascomycete and basidiomycete fungi.

Some proteins of this family are produced during infection

by pathogenic fungi.

In this paper, we describe a phylogenetic analysis of

the genes coding for members of the cerato-platanin family.

We calculated the divergence times between the genes and

evaluated the possibility of adaptive evolution among

genes encoding for infection-, immunity- and biocontrol-

related proteins.

The phylogenetic analysis indicated that the se-

quences clustered into four major clades (Figure 1). Based

on the support provided by posterior probabilities, the

cerato-platanin family genes may be split into 10 groups

(Figure 1). Some sequences could not be confidently as-

signed to a specific family and were therefore designated

“orphan”. The major clades were not supported by the pos-

terior probabilities although almost all the interior nodes

and branches were supported, generally because of a loss of

many genes. This finding was consistent with the results of

Chen et al. (2013). The proteins did not cluster according to

classes that corresponded to fungi or their functions, which

was consistent with the phylogeny of some proteins in the

cerato-platanin family (Seidl et al., 2006; Yang et al., 2009;

Zaparoli et al., 2009).

The sequences from Arthrodermataceae and Orbilia-

ceae, which belong to different orders, clustered into one

clade, whereas Chaetomiaceae, Clavicipitaceae, Fomi-

topsidaceae, Onygenaceae, Pleosporaceae, Trichocoma-

ceae and Sordariaceae clustered into different clades. Only

the sequences of the genera Ajellomyces, Arthroderma,
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Figure 1 - Phylogenetic relationship of genes encoding proteins in the cerato-platanin family. The nodes corresponding to adaptive evolution are shown

as bold lines. Posterior probabilities > 0.6 are shown. The sequences encoding putative proteins with glycosylation sites are indicated in bold.



Ceratocystis, Coccidioides and Pyrenophora clustered to-

gether. The genes of other genera such as Aspergillus,

Fusarium, Penicillium, Trichoderma, etc., clustered into

different clades, indicating that there was gene transfer dur-

ing evolution of the family. The classification of the species

is shown in supplemental Table S1.

The fungi belonging to clade I were from Polypo-

rales, Agaricales and Boletales of Basidiomycota and

Aspergillus spp. from Eurotiales of Ascomycota, the se-

quences of which possessed an insertion encoding for

(L/V/S)(S/L)(S/P/A/L)(A/S/L/V)(L/A/V). Clade II in-

cluded the sequences of the fungi Podospora anserina and

Schizophyllum commune from Basidiomycota and those of

Capnodiales, Eurotiales, Glomerellales, Hypocreales,

Magnaporthales, Orbiliaceae, Pezizales, Pleosporales and

Sordariales from Ascomycota. The sequences of

Dactylellina cionopaga, Arthrobotrys oligospora,

Aspergillus fischeri (XM_001262681) and A. fumigatus

(XM_741783), which were clustered into a clade, pos-

sessed an insertion coding for (S/P/A)(N/G)(V/T). The se-

quences of S. commune (XM_003037685.1) and Tuber

melanosporum had an insertion coding for VSQGH and

PAPAA, respectively. The putative protein sequences of D.

cionopaga, A. oligospora, A. fumigatus, S. commune and T.

melanosporum had glycosylation sites. The sequences of

Trichoderma virens (GL985082) and T. reesei

(DQ494199), which did not cluster into a clade with other

genes coding the cerato-platanin-like proteins of

Trichoderma, had the insertion coding for LF near the start

codon and KLHAYDF before the stop codon and a deletion

of the (A/V)(A/Q)A fragment-encoding sequence. Apart

from the insertion and deletion, the similarity between

GL985082 and DQ494199 and other sequences in the same

clade was clear.

The protein encoded by another sequence (GenBank

accession no. GL985084) from Trichoderma, which did

not cluster with the main clade of the genera and was more

homologous with that of Cordyceps militaris, had an STAS

insertion before the stop codon. The sequences of Fusarium

belonging to clade II clustered into two clades: one of these

consisted of AFQF01002021, XM_390388 and AY826795

while the other consisted of AFQF01002046 and

XM_391381. All the other sequences of cerato-platanin

protein-encoding genes were from the genera located in

clade III.

The fungi containing the genes in clade III belonged

to Agaricales, Eurotiales, Helotiales, Hypocreales and Sor-

dariales. All the sequences of Penicillium spp.

(XM_002151034.1, XM_002153087.1, EQ962652.1 and

XM_002488289.1) had glycosylation sites. Compared to

XM_002151034.1 and EQ962652.1, XM_002153087.1

and XM_002488289.1 showed the deletion of an F codon.

The sequences with GenBank accession nos. EU250338,

EU250339.1 and XM_0023911 from the basidiomycete

Moniliophthora perniciosa in clade III had an insertion

coding for SAHTT, while the sequence EU250340.1 had an

insertion coding for TFQGV. Compared with the other se-

quences, the sequence EU250342.1 of M. perniciosa,

which clustered with that of Penicillium spp., had a codon

insertion for G.

Clade IV contained homologs from Coprinopsis

cinerea, C. fimbriata, C. populicola and C. variospora. The

sequences of Ceratocystis spp. had an insertion coding for

(V/I)P, while those from C. cinerea (XM_001835298 and

XM_001835299) had insertions coding for GGGP and

GAGGQ, respectively. In contrast to the homologs in clade

I, the sequences XM_001841154.2, XM_001835298 and

XM_001835299 of C. cinerea had insertions coding for

PLV, QQR and NNT, respectively. Based on the con-

structed phylogenetic relationship, the cerato-platanin-like

protein-encoding genes of Basidiomycetes clustered with

the homologs from Ascomycetes, which had some short in-

sertions. The deletions and insertions accounted for the dif-

ferences among the sequences and their conservation.

Group IV included the cerato-platanin genes from

several genera, a finding indicative of gene transfer. Analy-

sis of the sequences and alignments showed that additional

conservative, high molecular mass fragments existed in

these sequences. The hydrophobicity of these putative pro-

teins was computed with the program ProScale using win-

dow 9 in the Kyte and Doolittle scale. These additional

DNA fragments coded for the amino acids that formed con-

tinuous hydrophobic and hydrophilic regions (Table S2)

and were located at the surface of the proteins or buried

within the protein structure (Table S3). These short protein

sequences may be involved in mediating fungus-host rela-

tionships or protein aggregation.

Proteins of the cerato-platanin family self-assemble

in vitro and this ability plays a role in growth and develop-

ment and in the parasitic ability of fungi (Pazzagli et al.,

2009). The fact that these sequences appeared in different

fungal genomes and had higher similarity than other re-

gions implied that the genes might be copies of the cerato-

platanin family with specialized functions. Vargas et al.

(2008) proposed that a subdivision of the cerato-platanin

protein family existed and was defined by the presence of a

glycosylation site and the ability of the proteins to aggre-

gate. Putative glycosylating proteins were retrieved by

searching against the PROSITE database (data not shown).

The results indicated that the cerato-platanin-encoding

genes that possessed glycosylation sites clustered into lim-

ited subclades, but did not form a single clade. In addition

to conservative oligosaccharide-binding sites identified in

some members of this protein family (de Oliveira et al.,

2011), our results indicate that there are also divergent

(non-conserved) sites in several of the proteins analyzed.

Several cerato-platanin proteins have functions that

include roles in growth and development, parasitism, cell

wall morphogenesis, immune response and chemotaxis.

Based on the phylogenetic tree obtained here, the se-
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quences from the genera Ceratocystis, Trichoderma and

Leptosphaeria, as well as those from A. oligospora and M.

cionopagum, grouped into a clade and most of the se-

quences of Aspergillus and Moniliophthora clustered to-

gether, indicating that these genes most likely possess

similar functions in fungi. However, the fungi did not clus-

ter with similar parasites in the phylogenetic tree of cerato-

platanin family genes.

So far, no study has provided conclusive evidence

for the evolutionary dating of the cerato-platanin protein

family, although other protein families have been ana-

lyzed (Bryant et al., 2009). Using the coding sequence and

the topological restriction of the Bayesian-generated tree,

the divergence times of this protein family were calcu-

lated. The divergence times of the cerato-platanin protein

genes analyzed here are shown in Table S4. The phylo-

genetic relationship of fungi possessing known sequences

of proteins in the cerato-platanin family was analyzed

with an internal transcripted spacer (ITS). The results are

shown in supplemental Figure S1. ITS sequences are good

markers for closely related species. The sequences can

also be used for phylogenetic analyses of relationships at

the order level (Liggenstoffer et al., 2010), although the

molecular dating analysis on a single gene (ITS), the only

gene available from all of the selected fungi, was flawed.

The phylogenetic relationship presented by ITS indicated

that the relation of Trichoderma spp. and Aspergillus spp.

was consistent with that presented by the cerato-platanin

family.

Fossils of Aspergillus and nematophagous fungi with

high similarity to the modern anamorphic genera Arthro-

botrys, Dactylaria and Monacrosporium were used to cali-

brate the calculations of evolutionary time (Schmidt et al.,

2008). These fossils represented the earliest origin of the

genera and their parasitism. Calculations for the divergence

events of the corresponding fungi were calibrated with the

same two fossils in the Ascomycetes (Figure S2) and Basi-

diomycetes (Figure S3) trees. The results of the divergence

time analysis indicated that the earliest sequences in clades

I, II, III and IV originated 124.08, 107.37, 90.15 and 117.44

mya, respectively. The fossil ages of the pathogen hosts

were compared with the divergence times for the fungi and

their genes (Table S4). The results of the dating analyses for

the cerato-platanin-like genes and fungi indicated that the

evolutionary sequence of the fungi was saprophyte, plant

pathogen, animal pathogen and mycoparasite (Figure 2).

Fungi originated after the host and the genes originated af-

ter the fungi had evolved for approximately 25 million

years. The appearance of these genes may be related to the

presence of saprophytes that developed into parasitic fungi

(Figure 2). These findings indicate that functional diver-

gence of the genes occurred after divergence of the fungi.

The latter most likely evolved adaptively, with fungal de-

velopment occurring in parallel with host and parasite char-

acteristics.

The divergence times and origination times calcu-

lated here for Ascomycetes and Basidiomycetes differed

from the fossil record and previously reported times. This

divergence most likely reflects the inclusion of parasitism

in the fossils and species used for the analysis. Genes with

early origination times, e.g., XM_001275543.1 (21.7786

mya), XM_001262681 (28.8235 mya) and

XM_002372112 (25.7494 mya), were present in fungi that

diverged later, such as A. clavatus (15.7816 mya), A.

fischeri (5.1217 mya), A. flavus (4.669 mya), suggesting

that they were transferred horizontally to the fungi. How-

ever, the sequences of EU250339.1 (0.2782 mya),

XM_0023911 (0.2782 mya) and EU250338 (0.3032 mya)

of M. perniciosa (73.1294 mya) appeared to be homolo-

gous with EU250340.1 (42.1462 mya), implying that the

genes arose by gene duplication.

The cerato-platanin-encoding genes had one positive

and 106 negative selection sites (p < 0.1). The positive site

was located in the putative oligosaccharide binding region.

The cumulative synonymous substitutions in branches with

sequences from saprophytes, pathogens and genes of

known functions were fewer than non-synonymous substi-

tutions, indicating that these sequences were under positive

selection (Table S5). That the genes demonstrating positive

selection originated during the Mesozoic era, in which the

oldest fossil of an animal pathogen appeared, suggested

that the cerato-platanin family evolved with fungi and that

some copies could have evolved toward functions in para-

sitism and development. However, the positive and nega-

tive selection of nodes and branches did not occur at any

specific time period or age.

The genes encoding proteins of the cerato-platanin

family are important, widespread functional genes in fungi.

The putative proteins, some of which did not contain signal

peptides, e.g., XM_0023 79542.1 and XM_741783, were

monomers, dimers, or self-aggregates in their native states,

and occupied different cell locations and varied in pI. Char-

acterization of the sequences showed that they varied in

length, in the number of insertions and deletions, and in

their divergence times. Until now, there has been no evi-

dence to confirm that these genes formed subgroups con-
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Figure 2 - Distribution of the cerato-platanin-encoding sequences show-

ing the evolution of saprophytic and parasitic fungi in relation to their ani-

mal, plant, animal and plant, or fungal hosts.



taining pseudo-genes. The range of functions attributed to

these proteins confirmed the physiological importance of

the cerato-platanin family. The phylogenetic analysis of the

sequences coding for cerato-platanin family proteins did

not completely adhere to the expected functional or fungal

class. The oldest cerato-platanin gene diverged later than

the fungi and showed adaptive evolution associated with

the appearance and development of fungi. Additional func-

tional analyses and characterization of the putative mem-

bers of the cerato-platanin family should provide insights

into the ancestral states of the corresponding genes.
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