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ABSTRACT

Twenty years of research on cerato-platanin family proteins (CPPs) have led to some clear
conclusions: CPPs are exclusively present in the fungal kingdom and possess an
outstanding capacity to stimulate the immune system of plants. Recent discoveries have
highlighted remarkable structural and functional similarities between CPPs and expansins,
a class of non-enzymatic proteins found in both plants and microbes possessing loosening
ability on the cell wall structure. Nevertheless, the determination of a biological role for
CPPs in fungi is becoming a complicated puzzle to solve, since experimental data are often
divergent and point to functional diversification. A general consensus appears however
possible: CPPs from pathogenic and beneficial fungi may be considered as microbe-
associated molecular patterns (MAMPs) and likely play a dual role, exerting functions in
the fungal cell wall and/or in plant colonization. In this review, which celebrates 20 y of
research on CPPs, we trace the history of these proteins and highlight experimental evi-

Snodprot dence and still unsolved issues.
© 2019 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Historical aspects: from cerato-platanin to  the disease, named “canker stain disease”, was Ceratocystis

cerato-platanin family

The study of proteins hereafter referred to as cerato-platanin
family proteins (CPPs, or “cerato-platanins”) officially starts in
the mid-nineties in Italy, where a lethal fungus indigenous to
North America had been destroying since the late sixties the
so-called London planetrees (Platanus hybrida Brot., also
known as Platanus x acerifolia). The fungus responsible for

* Corresponding author.
E-mail address: ivan.baccelli@ipsp.cnr.it (I. Baccelli).
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https://doi.org/10.1016/j.fbr.2019.10.001

fimbriata £. sp. platani, nowadays C. platani (Walter) Engelbr. &
Harr. (Tsopelas et al., 2017).

Since the molecular mechanisms underlying the
fungus—plant interaction were poorly understood
(Panconesi, 1999), at the University of Florence Prof. Aniello
Scala from the Plant Pathology Section, and Prof. Gianni Cap-
pugi from the Biochemistry Section, joined their efforts to
identify putative virulence factors secreted by C. platani.

1749-4613/© 2019 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
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From culture filtrates of this ascomycete fungus it was purified
a protein of about 12.4 kDa, 120-amino-acid long, which was
named cerato-platanin (CP) (Pazzagli et al., 1999).

For some aspects CP seemed to show partial similarity to
the hydrophobin-like protein cerato-ulmin from Ophiostoma
(Ceratocystis) ulmi (Pazzagli et al., 1999). Curiously, some years
before, in France, another protein from C. platani resembling
cerato-ulmin had been partially characterized and had been
named fimbriatan (Ake et al., 1992). However, on the basis of
the limited information existing on fimbriatan, CP seemed to
be a different protein (Pazzagli et al., 1999). After its first dis-
covery no further characterization was carried out for imbria-
tan, while CP was thoroughly studied in the following years
and proved to be one of the most abundant proteins in the cul-
ture filtrates of C. platani during in vitro growth conditions.
Were CP and fimbriatan the same protein which, given their
abundance, had been accidentally purified twice by different
research groups?

At the same time, despite the high similarity between CP
and cerato-ulmin in their N-terminal region (40 % amino
acidic identity in the 1-25 stretch), there were differences in
length, spacing between cysteine residues, and overall hydro-
phobicity (lower for CP), suggesting that the newly purified
protein was not a novel hydrophobin-like protein (Pazzagli
et al., 1999). Accordingly, the protein was named cerato-
platanin.

As a confirmation of those initial clues, some years later a
new protein family was created by the European Bioinformat-
ics Institute (EBI) at the European Molecular Biology Labora-
tory (EMBL): the “cerato-platanin family” (InterPro entry
IPR010829). The family initially included five more secreted
fungal proteins with close homology to CP: SnodProtl from
Phaeosphaeria nodorum, Ccg-14 from Neurospora crassa, Aspfl3
from Aspergillus fumigatus, CS—Ag from Coccidioides immitis,
and Sp1 from Leptosphaeria maculans (Pazzagli et al., 2006). In
a short time, on the basis of the sequence similarity, the mod-
erate hydrophobicity, and the presence of four cysteine resi-
dues forming two disulfide bridges (Pazzagli et al., 2014),
many other proteins were added to the newly established pro-
tein family and studies specifically addressed to the charac-
terization of CPPs in fungi started to bloom (Fig. 1).

As reported in the next paragraphs, to date we possess a
large amount of data concerning biochemical features and
biological roles for CPPs. The study of CPPs has been greatly
improved by the availability of recombinant proteins (mainly
produced in Pichia pastoris - Carresi et al., 2006; Buensanteai
et al., 2010; Frias et al., 2011; Yu et al., 2012; Quarantin et al.,
2019) and of fungal strains silenced for the expression of CPP
encoding genes (Fig. 2).

2. Cerato-platanin family proteins in fungi: an
ever-expanding world

CPPs appear exclusive to the fungal kingdom, and recent bio-
informatic analyses have indicated their presence in almost a
hundred of fungal species (Kim et al., 2016). However CPPs
might not be ubiquitous in fungi. So far, in fact, CPP homologs
have been found in Dikarya in the subphyla Pezizomycotina
(Ascomycota) and Agaricomycotina  (Basidiomycota),

excluding Tremellomycetes and Dacrymycetes (Agaricomyco-
tina) (Chen et al., 2013; Kim et al., 2016). As reported by Chen
et al. (2013), CPPs seem to have been lost in fungi with yeast
or yeast-like forms in their life cycle, as well as in jelly fungi
belonging to Tremellomycetes and Dacrymycetes.

The presence of these proteins does not appear to be corre-
lated to any particular fungal lifestyle, since saprotrophs,
symbionts, and parasites of plants and animals all possess
CPPs (Chen et al., 2013; Kim et al., 2016). Molecular dating an-
alyses suggest that CPP encoding genes originated with sapro-
trophism and evolved with the development of parasitic
features (Yu and Li, 2014).

The number of CPP genes within the genome greatly varies
between Ascomycota and Basidiomycota. Ascomycota gener-
ally possess 1 homolog, with only few species having 2 and up
to 4 homologs; Basidiomycota generally possess multiple CPP
encoding genes, and their overall number may raise up to 12
(Chen et al., 2013; Kim et al., 2016). Within the same organism,
different CPP homologs may be characterized by biochemical
and functional differences (de O. Barsottini et al, 2013;
Baccelli et al., 2015; Crutcher et al., 2015; Gaderer et al., 2015;
Quarantin et al., 2019) (Fig. 2).

In 1999, when CP from C. platani was purified and charac-
terized for the first time, similar gene sequences had been
already reported in two human pathogenic fungi: C. immitis
and A. fumigatus (Pan and Cole, 1995). Nevertheless, the study
of CPPs in this research area has never taken off, and to date
we possess an extensive literature (more than 70 research pa-
pers) exclusively devoted to CPPs from plant-interacting fungi
and their effects on plants. An overview of the most character-
ized CPPs and some key steps concerning their study over the
last 20 y is shown in Fig. 1.

3. Biochemical and structural properties of
cerato-platanin family proteins

CPPs are small cysteine-rich proteins mainly composed of
105—134 amino acid residues. All CPP sequences confirmed
at the protein level contain a signal peptide of 14—18 residues
that targets them to the secretory pathway. Accordingly, CPPs
are usually found as the most abundant proteins in the secre-
tome of fungi (Pazzagli et al., 2014; Ashwin et al., 2017) (Fig. 2).
The distinctive feature of CPPs is the presence of four cyste-
ines in a conserved spacing forming two disulfide bridges, a
biochemical feature conferring to CPPs extreme stability to
high temperatures and acidic media (Pazzagli et al.,, 2014; de
Oliveira et al., 2011).

The first tertiary (3D) structure was determined by NMR
technique in 2011 for CP from C. platani (de Oliveira et al,,
2011). CP presented a globular fold containing two «-helices
and six pB-strands forming a double ¢f-barrel fold (de
Oliveira et al.,, 2011). Subsequently, a double 4B-barrel fold
was also found in MpCP1, MpCP2, MpCP3, and MpCP5 from
Moniliophthora perniciosa (de O. Barsottini et al., 2013), and
Sm1 from Trichoderma virens (Protein Data Bank, 3m3g). Sm1
and MpCP3 possess a 3D structure that can be perfectly super-
posed to the one from CP; conversely, MpCP1, MpCp2, and
MpCPS5 show some structural differences that have been
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1999 =mmpmmm Pyrification and characterization of Cerato-platanin (CP) from Ceratocystis platani (Pazzagli et al., 1999)

Characterization of SnodProtl from Phaeosphaeria nodorum (Hall et al., 1999)

2002 wmmus Characterization of Sp1 from Leptosphaeria maculans (Wilson et al., 2002)

2004 == Creation of the "Cerato-platanin family" (IPR010829) at EMBL-EBI (approximate date)

2006 s Characterization of {

Epll from Trichoderma atroviride (Seidl et al., 2006)
Sm1 from Trichoderma virens (Djonovic et al., 2006)

2007 Characterization of MSP1 from Magnaporthe oryzae (Jeong et al., 2007)

2009 mmfum First ectopic expression in planta (Arabidopsis): MgSM1 (MSP1) from M. oryzae (Yang et al., 2009)

Characterization of MpCP1 from Moniliophthora perniciosa (Zaparoliet al., 2009)
Characterization of Popl from Ceratocystis populicola (Comparini et al., 2009)

2011 == First 3D protein structure: CP from C. platani (de Oliveira et al., 2011)

Characterization of BcSpll from Botrytis cinerea (Frias et al., 2011)

2012 =t Characterization of SnodProt from Dactylellina cionopaga (Yu et al., 2012)

2013 wmmsfem= 3D structures of MpCP1-5 from M. perniciosa (de O. Barsottini et al., 2013)

Characterization of Eplt4 from Trichoderma asperellum (Wang et al., 2013)

2014 weem= Characterization of Sm1 from Trichoderma harzianum (Freitas et al., 2014)

2015 Characterization of {

HaCPL2 from Heterobasidion annosum (Chen et al., 2015)
HIiCP1-3 from Heterobasidion irregulare (Baccelli et al., 2015)

2016 msfem Characterization of FgCPP1 and FgCPP2 from Fusarium graminearum (Quarantin et al., 2016)

2017 wefes Characterization of VdCP1 from Verticillium dahliae (Zhang et al., 2017)

Characterization of Epll from Colletotrichum falcatum (Ashwin et al., 2017)

2018 e Characterization of SsCP1 (SsSm1) from Sclerotinia sclerotiorum (Yang et al., 2018; Pan et al., 2018)

2019

= Characterization of CgCP1 from Colletotrichum gloeosporioides (Wang et al., 2018)
H

Fig. 1 — Twenty years of research on cerato-platanin family proteins (CPPs). The timescale shows the temporal order in which
CPPs have been studied. Per each fungal species, only the first paper specifically addressed to the study of CPPs has been
generally reported. Some key steps concerning the study of CPPs are highlighted in blue. It is worth noting that all fungi in
which CPPs have been studied are plant-interacting fungi (beneficial or pathogenic), with the exception of the nematopha-
gous fungus Dactylellina cionopaga. We apologize with the authors whose work has not been reported in this figure
(Comparini et al., 2009; Freitas et al., 2014; Hall et al., 1999; Seidl et al., 2006; Wang et al., 2013).

associated to some peculiar functions (Pazzagli et al., 2014; de
O. Barsottini et al., 2013) (see also Fig. 2 and next paragraphs).

Importantly, while CPPs show significant sequence simi-
larity only to proteins belonging to the cerato-platanin family
(de Oliveira et al., 2011), their 3D structure shows a certain
level of similarity with plant and bacterial expansins, fungal
endoglucanases, and the plant defense proteins barwins, all
proteins possessing a double ¢3-barrel fold and involved in
polysaccharide recognition and modification (de Oliveira
etal., 2011; de O. Barsottini et al., 2013). To the list of structur-
ally similar proteins it has been recently added the kiwellin
protein ZmKWL1 from Zea mays (Han et al., 2019). In maize,
ZmKWL1 specifically blocks the activity of the chorismate
mutase Cmul produced by the fungus Ustilago maydis, and is
involved in pathogen defense (Han et al., 2019). However
CPPs apparently lack all regions that in ZmKWL1 are neces-
sary for the interaction with Cmul (Han et al, 2019). In
contrast, the similarity between CPPs and expansins seems

relevant for the understanding of the role that CPPs may
play in fungi, including the interaction with plants, as
described in the following paragraphs.

Despite it is now well established that CPPs and hydropho-
bins belong to different protein families, it is worth reporting
that their similarity was for a long time the object of several
studies addressed, in particular, to the self-assembling ability.
For instance, both in vitro and during the interaction with hy-
drophobic surfaces, CP from C. platani was found to form or-
dered aggregates that were more effective than the soluble
form in activating defense responses when applied to plants
(Pazzagli et al.,, 2009). Protein aggregation in MpCP2 from M.
perniciosa facilitated instead germ tube elongation during
basidiospore germination in vitro (de O. Barsottini et al,
2013). On the other hand, Sm1 and Epll from T. virens and T.
atroviride, respectively, were detected both as a monomer
and a dimer, but only the monomeric form showed biological
activity as elicitor on plants (Frischmann et al., 2013; Bonazza
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et al., 2015). The ability to form dimers seems to be inversely
related to the presence of a sugar moiety that may be required
to prevent oligomerization and to maintain the protein in the
monomeric form (Vargas et al., 2008; Zaparoli et al.,2009,
Bonazza et al., 2015). Sequence analyses have also shown
that an N-glycosylation site is present in most CPPs, although
CP is not glycosylated in vivo (Pazzagli et al., 2009) and the role
of glycosylation for CPPs is still far to be understood (Yu and Li,
2014; Crutcher and Kenerley, 2019).

An important feature of CPPs resides in their ability to
interact with carbohydrates, as reported for CP, Epl1, MpCPs,
VdCP1 and FgCPPs (Baccelli et al., 2014a; Frischmann et al.,
2013; de O Barsottini et al, 2013; Zhang et al, 2017;
Quarantin et al,, 2019). CP and MpCP3-5, for instance, were
found to interact with N-acetylglucosamine tetramers
(GlcNAc-4) at the level of their flat and shallow groove located
on a face of the B-barrel, which is rich in polar and aromatic
residues and thus is suitable for sugar binding (de O.
Barsottini et al., 2013). Remarkably, the residues involved in
GlcNAc-binding are among the most conserved in CPPs, sug-
gesting that a biological role for CPPs may be accomplished
through chitin binding (see following paragraphs). As shown
in Fig. 2, some CPPs have been proven to bind chitin (Baccelli
et al,, 2014a; Zhang et al., 2017; Frischmann et al,, 2013; de O
Barsottini et al., 2013), while FgCPPs from Fusarium graminea-
rum showed apparent binding to a soluble cellulose derivative
(Quarantin et al., 2019).

Further details on the biochemical features of CPPs are pro-
vided in Pazzagli et al. (2014) and Gaderer et al. (2014).

4. Why fungi produce cerato-platanin family
proteins: a complex enigma

CPP encoding genes are generally highly expressed in fungi,
both when they grow in planta and in vitro. In vitro, their
expression has been frequently reported during hyphal
growth, mycelial development, sporulation, and spore matu-
ration (Fig. 2). CPPs have been shown to be abundantly
secreted into different culture media and in plant hosts
(Fig. 2). In a few studies, CPPs have been found to be embedded
in the fungal cell wall. This is the case of CP from C. platani,
which was found in the cell wall of ascospores, conidia and
hyphae (Boddi et al., 2004), and BcSpll from Botrytis cinerea,
which was detected in the cell wall of hyphae and especially
in septa between adjacent cells (Frias et al., 2014). In order to
establish a biological role for CPPs, gene-disruption and
silenced mutants have been obtained from several fungal spe-
cies, and the involvement of CPPs in growth, conidiation, and
virulence has been thoroughly analyzed over the years (Fig. 2).
Although in most cases no significant phenotypic differences
were observed between the mutant and the wild-type strainin
term of mycelial and conidial morphology, growth rate, and
conidial or appressoria production during in vitro growth con-
ditions (Fig. 2), mutants for SsCP1/SsSm1 from Sclerotinia scle-
rotiorum and CgCP1 from Colletotrichum gloeosporioides have
been reported to show altered phenotypes. In particular,
RNA-silenced mutants for SsCP1/SsSm1 exhibited lagged
and abnormally branched hyphal growth, malformed scle-
rotia, a lower number of infection cushions, and reduced

tolerance to NaCl, sorbitol and SDS (Pan et al., 2018). Knock-
out mutants for CgCP1 from C. gloeosporioides showed reduced
conidiation but no difference in hyphal growth (Wang et al.,
2018). These results are thus in accordance with the remark-
able correlation found in C. platani between the expression
of the cp gene and the growth of hyphae or the formation of
chlamydospores (Baccelli et al,, 2012), and overall suggest
that some CPPs may be involved in different stages of fungal
growth and development possibly acting as expansins in the
fungal cell wall (paragraph 5).

In contrast, several experimental data support a role for
CPPs in the interaction between fungi and host plants. In
fact, pathogenicity assays performed on a variety of host
plants with mutants impaired for the expression of CPPs
have led to the clear conclusion that CPPs are important for
fungal virulence, as in the case of B. cinerea, S. sclerotiorum,
Magnaporthe oryzae, Verticillium dahliae, and C. gloeosporioides
(Frias et al.,, 2011; Yang et al.,, 2018; Pan et al., 2018; Jeong
et al., 2007; Zhang et al., 2017; Wang et al., 2018). An intriguing
observation can be made by looking at Fig. 2, in which a
reduced virulence of the mutants generally appears associ-
ated to the protein ability to induce cell death in the plant
(Frias et al,, 2011; Yang et al., 2018; Zhang et al., 2017; Wang
et al., 2018). For what concerns fungi with a necrotrophic
behavior this relationship would actually make perfect sense,
as observed with BcSpl1 from B. cinerea (Frias et al., 2011), since
cell death could benefit the pathogen. Nevertheless contrast-
ing data are not missing. In fact, Spl from L. maculans
(Wilson et al, 2002) and FgCPP2 from F. graminearum
(Quarantin et al., 2016; 2019), although expressed during infec-
tion and able to induce necrosis in host plants, were found to
be dispensable for virulence. Therefore, the necrosis-inducing
ability of CPPs seems to be more reasonably the result of the
widespread capacity that plants have to sense CPPs and
trigger defense responses that culminate in programmed cell
death (PCD, paragraph 6). PCD may benefit some necrotrophic
fungi, but the reason why CPPs are produced by both plant
pathogenic and non-pathogenic species must be searched
elsewhere.

The study of the chemical properties possessed by CPPs
could thus aid to decipher their biological role (Fig. 2). For
instance CP from C. platani and some MpCPs from M. perni-
ciosa were able to bind N-acetylglucosamine oligomers and
chitin (de Oliveira et al., 2011; de O. Barsottini et al., 2013;
Baccelli et al., 2014a). N-acetylglucosamine oligomers are
potent defense elicitors when released during fungal coloni-
zation (Boller, 1995), and by binding to them MpCP5 was
able to impede the activation of the plant’s immune reaction
(de O. Barsottini et al., 2013). Unfortunately this ability has
not been investigated further, and it is not known whether
this capacity is actually widespread within the protein family,
but scavenging free chitin fragments during infection to sup-
press the plant’s immune response might be a role played by
some CPPs. The cell wall localization of CPPs could however
be indicative of a different/additional role. Remarkably,
VdCP1 from V. dahliae and FgCPP1-2 from F. graminearum
were able to protect the fungal cell wall from enzymatic
degradation operated by chitinases (Quarantin et al., 2016;
Zhang et al.,, 2017), and FgCPPs were also able to protect
from B-1,3-glucanases (Quarantin et al, 2016). Although
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FgCPPs did not appear to bind chitin nor directly inhibit chiti-
nases (Quarantin et al., 2019), these results overall reinforce
the hypothesis that some CPPs, by scavenging free cell wall
polysaccharide oligomers, or by protecting them from enzy-
matic degradation by plant’s enzymes, can facilitate the
infection process. However these hypotheses should imply
that some CPPs, such as MpCP5, possess null or lower eliciting
activity compared to the molecule they scavenge. These CPPs
could possess a peculiar protein structure that partially or
totally blurs the eliciting epitopes. A protective role in patho-
genic fungi would be instead allowed by effectors able to sup-
press the immune reaction that CPPs, and other MAMPs, can
elicit.

An interesting discovery showing an additional protective
role has been recently made with SsCP1/SsSml1 from S. sclero-
tiorum (Yang et al., 2018). SsCP1/SsSm1 was able to interact
with pathogenesis-related protein 1 (PR1), a well-known
plant’s defense protein associated with the establishment of
systemic acquired resistance (SAR) (Van Loon and Van
Strien, 1999). The interaction between SsCP1/SsSm1 and PR1
occurs in the plant cell apoplast and has been suggested to
contribute to fungal virulence by inhibiting the antifungal ac-
tivity of PR1 (Yang et al., 2018).

5. Cerato-platanin family proteins as expan-
sins: is this the overwhelming evidence?

Expansins are wall-loosening proteins firstly discovered in
plants and subsequently identified in bacteria, fungi and other
organisms (Georgelis et al., 2015). Canonical expansins are
small proteins of about 26 kDa consisting of two domains:
an N-terminal domain (D1) forming a double ¢3-barrel fold
(the domain similar to the CP domain) resembling family-45
glycosyl hydrolases; and a C-terminal domain (D2) which
forms an Ig-like B-sandwich fold resembling carbohydrate-
binding modules (CBMs) (Cosgrove, 2017).

In plants, expansins can loosen the rigid carbohydrate ma-
trix of the cell wall through a non-lytic mechanism, and play a
role in modifying the cell wall during growth, vascular differ-
entiation, fruit ripening, seed germination, and leaf develop-
ment (Sampedro and Cosgrove, 2005). In addition, they are
involved in abiotic stress tolerance and pathogen resistance
in various plant species (Zhang et al., 2019; Abugamar et al.,
2013; Chen et al., 2018).

In microbes, expansins have been mainly studied in bacte-
ria: firstly in Bacillus subtilis, and subsequently in a wide array
of plant-associated bacteria and fungi (Cosgrove, 2017). Micro-
bial expansins are involved in the interaction with plants, can
facilitate microbial digestion of plant cell walls, and share
loosening ability on cellulose fibrils in spite of a distantly
related phylogenetic origin (Cosgrove, 2017).

A similarity between CPPs and expansins was noticed soon
after the determination of the tertiary structure of CP from C.
platani: superposition of CP to EXLX1 from B. subtilis showed a
significant Z-score with D1 of EXLX1 (de Oliveira et al., 2011).
CP is embedded in the fungal cell wall of C. platani (Boddi
et al,, 2004), and gene expression data showed that the cp
gene was regulated in a growth-dependent manner in C. pla-
tani (Baccelli et al., 2012). For the above-mentioned reasons it

was suggested that CP, similarly to expansins, might be
involved in cell wall remodeling and enlargement during hy-
phal growth and spore formation in C. platani (Baccelli et al.,
2012). In accordance with this hypothesis, MpCP2 was re-
ported to promote the elongation of the germ tube of M. perni-
ciosa’s basidiospores in vitro (de O. Barsottini et al., 2013),
suggesting an activity on hyphal development. Recent find-
ings of mutants actually affected in hyphal growth or conidia-
tion, such as SsCP1/SsSm1 in S. sclerotiorum (Pan et al., 2018),
and CgCP1 in C. gloeosporioides (Wang et al., 2018), respectively
(see previous paragraph), further support the hypothesis that
CPPs behave as expansin-like proteins and loosen chitin-
containing fungal cell walls (Baccelli, 2015). The observation
that many other CPP knock-out mutants do not show pheno-
typic differences in hyphal growth and conidiation could be
explained by a possible compensation effect caused by the
presence of “true” expansins in the fungal genomes, as high-
lighted elsewhere (Baccelli, 2015).

Further data argue in favor of a functional similarity be-
tween CPPs and expansins. In particular, it appears intrigu-
ingly the ability of CPPs to weaken cellulose derivate
substrates without hydrolytic activity, as reported for CP
from C. platani, Popl from Ceratocystis populicola (Baccelli
et al., 2014a), MpCP2 from M. perniciosa (the latter only in the
aggregated form) (de O Barsottini et al,, 2013), and recently
for FgCPPs from F. graminearum (Quarantin et al., 2019). FgCPPs
enhanced the activity of fungal cellulases on different sub-
strates, including wheat cell walls, probably by increasing
the accessibility of cellulose to hydrolytic enzymes through
their loosening ability (Quarantin et al., 2019). This synergistic
effect, which is commonly reported for other microbial
expansin-like proteins (Yan et al, 2012), was not however
detected with CP from C. platani (Baccelli et al., 2014a). Inter-
estingly, the knock-out mutant for FgCPPs showed signifi-
cantly more cellulase activity than the wild-type strain,
likely compensating the loss of expansin-like activity and
further supporting a role for FgCPPs as expansins on plant cel-
lulose (Quarantin et al., 2019).

The expansin-like activity of CPPs, in combination or not
with a synergistic effect with fungal hydrolytic enzymes,
could be exploited by fungi during their colonization process
to facilitate hyphal advancement into plant tissues, thereby
being of benefit to both plant-pathogenic and non-
pathogenic fungi (Baccelli, 2015; Quarantin et al., 2019).
Indeed, the plant root colonization efficiency of Trichoderma
spp. has been reported to be remarkably increased by swol-
lenin, a protein with expansin-like activity (Brotman et al,,
2008), while expansin-like proteins in mycorrhizal fungi
have been reported to play a role in cell wall remodeling dur-
ing hyphal penetration and accommodation inside the plant’s
cortical cells (Plett and Martin, 2011; Balestrini et al., 2005). In
CPPs, the finding that knock-out mutants for Sm2 in T. virens
showed reduced ability to colonize maize roots (Crutcher
et al,, 2015) seems to support this hypothesis.

The similarity between expansins and CPPs, and in partic-
ular with CP from C. platani, is also supported by structural
motifs present on a side of the B-barrel where, similarly to
D1 of EXLX1 from B. subtilis, several polar and aromatic resi-
dues suitable for carbohydrate interaction are located (de
Oliveira et al., 2011; Georgelis et al.,, 2011). Of particular
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significance is the residue Asp-77, which is conserved within
CPPs (de Oliveira et al., 2011) similarly to Asp-82 within expan-
sins (Georgelis et al., 2011). In EXLX1 from B. subtilis, Asp-82 is
located within D1, which is involved in twisting glucan chains
and loosing cellulose fibrils (Silveira and Skaf, 2016). In CPPs,
Asp-77 is located in a polar pocket interacting with substrates,
and a site-directed mutagenesis replacing Asp-77 with Ala-77
(D77A mutation) impaired the ability of CP to weaken cellulose
fibrils similarly to the analogous mutation D82A in EXLX1
(Georgelis et al., 2015; Luti et al.,, 2017). Considering that both
Asp-77 and other residues located in the polar pocket involved
in the interaction with cellulose are conserved within CPPs
(Luti et al., 2017), we can assume that the expansin-like activ-
ity may be a widespread feature in CPPs. As reported in Fig. 2,
CP, Popl, MpCP2 and FgCPPs have actually showed expansin-
like cellulose loosening ability in vitro, while this specific func-
tion was not observed with VACP1 from V. dahlige (Zhanget al.,
2017). Interestingly, CPPs show a peculiar feature: while they
can fragment both microcrystalline cellulose and filter paper
without lytic activity as do canonical expansins, they are un-
able to bind these substrates (Baccelli et al., 2014a). In fact,
only FgCPPs from F. graminearum showed the ability to interact
with a soluble cellulase derivative and, partially, with 1,3-p-
glucan (Quarantin et al., 2019).

In conclusion, considering CPPs as expansins which act on
non-covalent interactions in plant and fungal cell walls may
be the keystone to finally explain many experimental data
produced in this first 20 y of study.

6. How plants respond to the perception of
cerato-platanin family proteins

Since early the first purification of CP from C. platani, it became
evident that plants were responsive to the application of CPPs:
when infiltrated into tobacco leaves, pure CP induced leaf ne-
crosis and production of fluorescence compounds (likely phy-
toalexins, i.e. plant secondary metabolites with antimicrobial
activity) (Pazzagli et al, 1999). Nowadays, given the well-
established capacity of CPPs to elicit defenses in plants, the
production of phytoalexin, and the induction of necrosis or
cell death (in some studies also described as hypersensitive
response, HR), have become popular methods to assay CPPs
on plants (Table 1). In addition, it seems possible to conclude
that leaf necrosis caused by CPPs is the result of PCD, as clearly
demonstrated by the typical apoptotic-like DNA fragmenta-
tion occurring in plane tree leaves treated with CP from C. pla-
tani or Popl from C. populicola, and in rice cell suspensions
treated with MgSM1/MSP1/MoSM1 from M. oryzae (Lombardi
et al, 2013; Wang et al., 2016).

CPPs have been reported to induce very early responses in
plants. The production of reactive oxygen species (ROS) was
observed for the first time in rice and cotton leaves after treat-
ment with Sm1 from T. virens (Djonovic et al. 2006), and since
then many other CPPs have been found to induce ROS burst in
plants (Table 1). Interestingly, within few minutes after treat-
ment of Arabidopsis leaves, CP from C. platani was able to
induce a ROS burst spreading from stomata (in the form of
H,0, production) and mitogen-activated protein kinase
(MAPK) phosphorylation (i.e. activation) (Baccelli et al,

2014b). A quick MAPK phosphorylation has been also reported
to occur with MgSM1/MSP1/MoSM1 from M. oryzae in rice
(Meng et al., 2018), and Pop1 from C. populicola in plane tree
leaves (Lombardi et al., 2013).

Responses reflecting the status of plant cell membranes,
such as the leakage of electrolytes and the alkalinization of
the extracellular pH, have also been detected. In tobacco, elec-
trolyte leakage occurred within the first hours after leaf infil-
tration with BcSpll from B. cinerea (Frias et al, 2011), or
VdCP1 from V. dahliae (Zhang et al., 2017); in rice, a similar
response was detected in leaves transiently expressing
MgSM1/MSP1/MoSM1 from M. oryzae (Hong et al., 2017). Extra-
cellular alkalinization was instead reported to occur within
minutes after treatment of sugarcane suspension cells with
Epl1 from Colletotrichum falcatum (Ashwin et al., 2017).

The majority of CPPs have been found to stimulate the acti-
vation of the salicylic acid (SA)-signaling pathway, as demon-
strated by several observations reporting the up-regulation of
SA-dependent genes and the increase of SA levels in plants
(Table 1). This evidence was nicely corroborated by Frias
et al. (2013), who demonstrated that BeSpll from B. cinerea
was able to induce systemic acquired resistance (SAR) in to-
bacco through the generation of SA waves spreading from
the point of infiltration to neighboring leaves. However, CPPs
can also activate different signaling pathways: MgSM1/
MSP1/MoSM1 from M. oryzae and Sm1l from T. virens were
found to up-regulate jasmonic acid (JA)-signalling genes in
Arabidopsis and maize, respectively (Yang et al, 2009;
Djonovi¢ et al., 2007); in rice, MgSM1/MSP1/MoSM1 led to an
increase in JA levels (Hong et al., 2017). Remarkably, Arabidop-
sis and rice leaves elicited by MgSM1/MSP1/MoSM1 showed a
simultaneous activation of both SA and JA signaling (Yang
et al., 2009; Hong et al., 2017), whereas Arabidopsis leaves
treated with CP from C. platani, as well as FgCPPs from F. gra-
minearum, showed a simultaneous up-regulation of both SA-
and ET-signaling genes, while JA-signaling genes turned out
to be down-regulated (Baccelli et al., 2014b; Quarantin et al.,
2019).

As the outcome of their eliciting activity, CPPs have been
frequently demonstrated to be highly effective as resistance
inducers against plant pathogens (Table 1). Their protective
effect is unequivocally due to the ability to stimulate the
plant’s immune system, since CPPs have never been found
to be directly toxic to microbes in vitro. As reported in Table
1, CPPs have been reported to protect plants against both
fungal and bacterial infections, while oomycete infections
have never been tested so far. The protection conferred by
CPPs is broad-spectrum, i.e. effective against pathogens with
different lifestyles. This has been shown, for instance, with
CP from C. platani, or MgSM1/MSP1/MoSM1 from M. oryzae:
either proteins were able to induce resistance against both
necrotrophic (B. cinerea) and hemibiotrophic (Pseudomonas
syringae pv. tomato) pathogens in Arabidopsis (Yang et al,
2009; Baccelli et al., 2014b); or with SsCP1/SsSM1 from S. sclero-
tiorum, which protected Arabidopsis plants from both
necrotrophic (B. cinerea and Alternaria brassicicola) and bio-
trophic (Golovinomyces orontii) pathogenic fungi (Yang et al,
2018).

It is worth reporting here that when CPPs are applied as
pure proteins on plants, they are generally active in the micro
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Table 1 — Eliciting activity of cerato-platanin family proteins (CPPs) on plants.

Plant response

Protein name(s)?

Producing fungus

Reference

Necrosis/cell death/HR

Reactive oxygen species

Nitric oxide

Electrolyte leakage

Extracellular alkalinisation
Phytoalexins/fluorescence

MAPK activation

Gene up-regulation
Salicylic acid signaling

Jasmonic acid signalling
Ethylene signalling

Phytohormones
Salicylic acid

Jasmonic acid
Proteomic changes

Enzymatic activities

Volatile Organic Compounds

Stomatal closure
Callose accumulation

CP

Pop1l

BcSpll
MgSM1/MSP1/MoSM1
MpCP1

SsCP1/SsSM1

HaCPL2

Epll

VdCP1

CgCP1

ChEC5”

FgCPP2

CP

Pop1l

BcSpll
MgSM1/MSP1/MoSM1
Smil

SsCP1/SsSM1

Epl1l

VdCP1

CgCP1

FgCPP2

CP

Pop1l

BcSpll
MgSM1/MSP1/MoSM1
VdCP1

Epll

CP

Pop1l

BcSpll

Sm1l

HaCPL2

CP

Pop1l
MgSM1/MSP1/MoSM1

CP

BcSpll
MgSM1/MSP1/MoSM1
SsCP1/SsSM1

HaCPL2

Epll

Epll-Tas

FgCPP1-2
MgSM1/MSP1/MoSM1
Sm1l

CP

FgCPP1-2

BcSpll
MgSM1/MSP1/MoSM1
SsCP1/SsSM1

VdCP1
MgSM1/MSP1/MoSM1
CP
MgSM1/MSP1/MoSM1
Epll-Tas

CP

CP

CP
MgSM1/MSP1/MoSM1

C. platani

C. populicola

B. cinerea

M. oryzae

M. perniciosa

S. sclerotiorum
H. annosum

C. falcatum

V. dahliae

C. gloeosporioides
C. higginsianum
F. graminearum
C. platani

C. populicola

B. cinerea

M. oryzae

T. virens

S. sclerotiorum
C. falcatum

V. dahliae

C. gloeosporioides
F. graminearum
C. platani

C. populicola

B. cinerea

M. oryzae

V. dahliae

C. falcatum

C. platani

C. populicola

B. cinerea

T. virens

H. annosum

C. platani

C. populicola
M. oryzae

C. platani

B. cinerea

M. oryzae

S. sclerotiorum
H. annosum

T. harzianum
T. asperellum
F. graminearum
M. oryzae

T. virens

C. platani

F. graminearum

B. cinerea

M. oryzae

S. sclerotiorum
V. dahliae
M. oryzae

C. platani

M. oryzae

T. asperellum
C. platani

C. platani

C. platani

M. oryzae

Pazzagli et al. (1999); Lombardi et al. (2013)
Lombardi et al. (2013)

Frias et al. (2011)

Yang et al. (2009); Wang et al. (2016)
Zaparoli et al. (2009)

Yang et al. (2018); Pan et al. (2018)
Chen et al. (2015)

Ashwin et al. (2017)

Zhang et al. (2017)

Wang et al. (2018)

Kleemann et al. (2012)

Quarantin et al. (2019)

Baccelli et al. (2014b)

Lombardi et al. (2013)

Frias et al. (2011)

Yang et al. (2009); Wang et al. (2016)
Djonovi¢ et al. (2006)

Pan et al. (2018)

Ashwin et al. (2017)

Zhang et al. (2017)

Wang et al. (2018)

Quarantin et al. (2019)

Lombardi et al. (2013)

Lombardi et al. (2013)

Frias et al. (2011)

Hong et al. (2017)

Zhang et al. (2017)

Ashwin et al. (2017)

Pazzagli et al. (1999); Baccelli et al. (2014b)
Martellini et al. (2013)

Frias et al. (2011)

Djonovic et al. (2006)

Chen et al. (2015)

Baccelli et al. (2014b)

Lombardi et al. (2013)

Meng et al. (2018)

Baccelli et al. (2014b)
Frias et al. (2011)
Yang et al. (2009)
Yang et al. (2018)
Chen et al. (2015)
Gomes et al. (2017)
Yu et al. (2018)
Quarantin et al. (2019)
Yang et al. (2009)
Djonovic et al. (2007)
Baccelli et al. (2014b)
Quarantin et al. (2019)

Frias et al. (2013)
Hong et al. (2017)
Yang et al. (2018)
Zhang et al. (2017)
Hong et al. (2017)
Luti et al. (2016)
Meng et al. (2019)
Yu et al. (2018)
Luti et al. (2016)
Baccelli et al. (2014b)
Taiti et al. (2016)
Wang et al. (2016)
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Table 1 (continued)

Plant response

Protein name(s)?

Producing fungus

Reference

Resistance to pathogens
Bacteria

C. platani Baccelli et al. (2014b)

M. oryzae Yang et al. (2009)

T. virens Salas-Marina et al. (2015)
B. cinerea Frias et al. (2013)

V. dahliae Zhang et al. (2017)

M. oryzae Hong et al. (2017)

C. platani Baccelli et al. (2014b)

B. cinerea Frias et al. (2013)

M. oryzae Yang et al. (2009)

S. sclerotiorum Yang et al. (2018)

V. dahliae Zhang et al. (2017)

T. atroviride Salas-Marina et al. (2015)
T. virens Salas-Marina et al. (2015)
V. dahliae Zhang et al. (2017)

F. graminearum
S. sclerotiorum

Quarantin et al. (2019)
Yang et al. (2018)

Pseudomonas syringae pv. tomato CP
MgSM1/MSP1/MoSM1
Sm1l
P. syringae pv. tabaci BcSpll
VdCP1
Xanthomonas oryzae pv. oryzae MgSM1/MSP1/MoSM1
Fungi
Botrytis cinerea CP
BcSpll
MgSM1/MSP1/MoSM1
SsCP1/SsSM1
VdCP1
Epll
Sm1l
VdCP1
FgCPP1-2
Alternaria brassicicola SsCP1/SsSM1
MgSM1/MSP1/MoSM1
A. alternata Epl1-Tas
A. solant Epl1l
Golovinomyces orontii SsCP1/SsSM1
Colletotrichum spp. Sm1l
C. graminicola Sm1
Magnaporthe oryzae MgSM1/MSP1/MoSM1
Verticillium dahliae VdCP1

M. oryzae Yang et al. (2009)
T. asperellum Yu et al. (2018)
T. atroviride Salas-Marina et al. (2015)

S. sclerotiorum Yang et al. (2018)

T. virens Djonovic et al. (2006)
T. virens Djonovic et al. (2007)
M. oryzae Wang et al. (2016); Hong et al. (2017)

V. dahliae Zhang et al. (2017)

a CPPs which were named differently within different studies, but belong to fungal species possessing a single CPP encoding gene within their
genome, have been reported in this review with all the existent names separated by slashes.
b In the case of ChECS, the authors report a cell-death suppressing effect.

molar range. For instance, a minimum concentration of 75 uM
was needed to induce a ROS burst in Arabidopsis leaves when
drops of CP from C. platani were applied on the leaf surface
(Baccelli et al., 2014b), while 10 pM VdCP1 from V. dahliae
was active in tobacco, tomato, or cotton infiltrated leaves
(Zhang et al., 2017).

7. Concluding remarks: cerato-platanins as
MAMPs that may be involved in plant colonization

After 20y of study it seems now to exist a general consensus in
considering CPPs as microbe-associated molecular patterns
(MAMPs). CPPs, in fact, possess several features that usually
define typical MAMPs (Pel and Pieterse, 2013): they are wide-
spread in fungi including non-pathogenic species, have a
conserved structure, are abundantly secreted, and elicit de-
fenses in several host and non-host plant species indicating
the presence of a widespread plant perception system. More-
over, Frias et al. (2014) identified two short peptides derived
from BcSpll that were sufficient to elicit defenses, strongly
supporting the existence of a plant receptor that recognizes
specific epitopes on the protein surface. In contrast, CPPs
appear not to be always essential for fungal life, they can
help the fungus to colonize the plant, and their absence has
been often shown to negatively impact virulence of plant
pathogens. We might thus wonder whether it is fair to
consider CPPs as MAMPs, rather than effectors.

To solve this dilemma, we should first remind that in nat-
ural contexts a strict distinction between MAMPs and effec-
tors is clearly unrealistic (Thomma et al, 2011). In fact
several MAMPs have been reported to play a role in pathogen
virulence (Thomma et al., 2011). A remarkable example is rep-
resented by bacterial flagellin, the most studied MAMP overall:
flagellin mutants impaired in eliciting activity were negatively
affected in bacterial motility and virulence (Naito et al., 2008).
In conclusion CPPs can definitely be considered closer to
MAMPs, rather than to effectors: fungi (pathogenic and bene-
ficials) seem to produce CPPs to exert functions in the fungal
cell wall (loosening or protection) and/or in plant colonization
(plant cell wall loosening or protection from plant’s defenses).
Plants, being CPPs so highly secreted and widespread in the
fungal kingdom, have generally evolved the capacity to sense
these proteins and activate defense responses.
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