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Secreted proteins of Cochliobolus heterostrophus were first identified in genome
wide using bioinformatics and computer-based prediction algorithms, which would
contribute to elucidate the molecular mechanism of the pathogen-plant interaction. In
this study, several bioinformatics softwares were used to identify secreted proteins from
13 316 gene encoding proteins of C. heterostrophus. Subsequently, characteristics of N-
terminal signal peptides of secreted proteins were analyzed. Predicted secreted proteins
were annotated using pathogen-host interaction (PHI) database and carbohydrate-active
enzymes (CAZYmes) database respectively to screen putative PHI associated proteins,
cellulases, pectinase and cutinases. Potential fungal effectors were predicted based on
their conserved domains. As a result, C. heterostrophus secretome contained 886 secreted
proteins. Secreted proteins with 18 amino acid residues of signal peptides accounted for
the largest percentage. The frequency of nonpolar amino acids used in signal peptides
was the highest, while that of polar and negatively charged amino acids the lowest.
Amino acids used at -3 and -1 sites of signal peptide cleavage sites were relatively
conserved. C. heterostrophus secretome contained 164 putative PHI-associated proteins,
162 CAZYmes (32 cellulases, 15 pectinases and 14 cutinases), 147 small cytein-rich secreted
proteins, which help us understand the pathogenesis of C. heterostrophus.
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C. heterostrophus is a plant pathogenic
fungus, which can cause Southern corn leaf blight
in maize, an important leaf disease in maize.
C. heterstrophus is found in many tropical regions
and in the southern part of the US.
C. heterstrophus, although not currently the most
economically serious disease, can be a very
serious crop disease. As a plant pathogen,
C. heterstrophus can cause host plant disease by
undergoing a series of crucial processes including
attachment to the plant surface, germination,
formation of infection structures, penetration and
colonization1. Many virulence gene encoding

proteins such as effectors and several pathogenic
factors such as toxin, melanin and extracellular
enzymes together play important roles in these
processes, and some proteins of which are secreted
proteins including effectors and extracellular
enzymes essential for pathogen attachment,
penetration and colonization. Therefore,
understanding the secreted proteins of the
pathogen will contribute to further realization of
its pathogenic mechanism.

Secreted proteins are a group of proteins
that can be secreted out of the cell by use of their
own signal peptides, which usually are located at
the 15-60 N-terminal amino acids and guide the
transshipment and localization of these proteins
after production2. Signal peptide often contains
the hydrophilic N section, lyophobic H section
and C section which has a cleavage site of
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restriction endonuclease3. Secreted proteins are
synthesized in endoplasmic reticulum. Firstly,
translating ribosome is attached to endoplasmic
reticulum by the guide of signal peptide. Secondly,
signal peptide is identified and combined by the
receptor precursor in the endoplasmic reticulum.
Thirdly, signal peptide is identified and degraded
by signal peptidase, in which two amino acid
residues at -3 and -1 sites in font of the cleavage
site are crucial. At last, the polypeptide is secreted
out of the cell.

After being synthesized, secreted
proteins can be transported to cell surface, and
periplasmic space to perceive its environment and
do adaptive reaction. They contain lots of enzymes
which are important for the exchange of material,
energy and information4. In recent years, studies
have shown that the interaction between secreted
proteins from pathogen such as effectors and
peptide products of resistance genes from host is
central to the pathogen-host interaction.
Additionally, extracellular enzymes including
cellulase, pectinase and cutinase also are secreted
proteins, and can degrade plant cell wall and cutin
to facilitate pathogen penetration. So far, we have
entered the era of omics such as secretome that
contains all secreted proteins of organism as the
development of molecular biology and DNA
sequencing technology. Thus, it is necessary to
study the scretome of C. heterstrophus for fully
revealing its interaction with host plant, which can
be achieved by the genome sequencing of C.
heterstrophus.

MATERIALS   AND  METHODS

Secretome prediction
Secreted proteins should contain

following four characteristics: N-terminal signal
peptide, no transmembrane domains, no GPI-
anchor site, no localization peptides targeting the
protein to mitochondria or other intracellular
organelles. N-terminal signal peptides,
transmembrane helices and GPI-anchor sites were
predicted using SignalP 4.1 Server (http://
www.cbs.dtu.dk/services/SignalP/)5, TMHMM v
2.0 (http://www.cbs.dtu.dk/services/TMHMM/)6

and Big-PI Predictor (http://mendel.imp.ac.at/gpi/
gpi_server)7-8, respectively. TargetP 1.1 was used
to predict the subcellular location of eukaryotic

proteins (http://www.cbs.dtu.dk/services/TargetP/
)9. The location assignment was based on the
predicted presence of any of the N-terminal
presequences: chloroplast transit peptide (cTP),
mitochondrial targeting peptide (mTP) or secretory
pathway signal peptide (SP), thus SPs were
predicted by TargetP 1.1.
Prediction of pathogenicity associated secreted
proteins

Putative secreted proteins related to
pathogen-host interaction were identified by blast
searches with a cutoff of 10-5 in predicted secreted
proteins against pathogen-host interaction (PHI)
database (http://www.phi-base.org/)10. Cellulase,
pectinase and cutinase were screened using
CAZYmes Analysis Toolkit (http://mothra.ornl.gov
/cgi-bin/cat.cgi)11. Small cytein-rich secreted
proteins (SCRSPs) were predicted based on their
expected sequence characteristics12, and usually
had 20 to 200 amino acid residues of open reading
frame (ORF) containing a N-terminal signal peptide
and at least four cystein residues13. Secreted
proteins of C. heterstrophus with these
characteristics were considered as the putative
SCRSPs. Searches for conserved domains of
SCRSPs were performed using an online tool CDD
(http://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi)14.
Data set

Protein sequences of C. heterstrophus
were downloaded from NCBI (Accession No.
EMD84629-EMD97944) 15.

RESULTS

Genome-wide prediction of secreted proteins
1179 ORFs containing N-terminal signal

peptides were screened out from 13316 ORFs of C.
heterstrophus C5 using SignalP 4.1.
Transmembrane helices of the 1179 ORFs were
analyzed using TMHMM Server v. 2.0. As a result,
a total of 953 ORFs were with no transmembrane
helices after excluding 226 ORFs with at least one
transmembrane helice. Subsequently, the 953 ORFs
without transmembrane helices were analyzed by
Big-PI Predictor to predict GPI-anchored sites, and
consequently 917 ORFs without GPI-anchored
sites were obtained after excluding 36 ORFs with
GPI-anchored sites. Lastly, 886 proteins with
secretory pathway signal peptides (about 6.7% of
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Table 2. The highest frequency of amino acid residue around the cleavage
site of signal peptide in C. heterostrophus and other organisms

Organisms -3 -2 -1 +1 +2 +3

Cochliobolus heterostrophus A S A A P T
Agrobacterium tumefaciens A L A A D L
Phytophthora infestans A A A A A A
Neurospora crassa A L A A P
Verticillium dahliae A S A A P L
Ctenopharyngodon idellus A N A A S S/W
Caenorthaditis elegans V S A Q P I

-3 to -1 mean the third, second and first amino acid sites at upstream of cleavage, respectively. +1 to +3 mean
the first, second and third amino acid sites at downstream of cleavage, respectively.

Table 3. Conserved domains search of small cytein-rich secreted proteins against CDB database

Proteins accession Hit type Match site E-Value Accession Conserved domains

EMD93850.1 specific 1-131 1.64E-46 cd00833 PKS
EMD89003.1 specific 21-87 8.82E-09 pfam05730 CFEM
EMD85494.1 superfamily 24-138 6.61E-25 cl17157 Alt_A1 superfamily
EMD85503.1 superfamily 18-126 0.000926 cl07470 CVNH superfamily
EMD85360.1 superfamily 121-165 0.000693 cl18857 frhA superfamily
EMD92796.1 specific 21-138 8.79E-63 pfam07249 Cerato-platanin
EMD85692.1 superfamily 24-164 5.15E-08 cl16763 DUF4360 superfamily
EMD85589.1 superfamily 22-199 1.90E-40 cl16763 DUF4360 superfamily
EMD87933.1 specific 43-140 9.09E-38 cd00606 fungal_RNase
EMD92088.1 superfamily 74-114 0.009332 cl09109 NTF2_like superfamily
EMD94761.1 specific 66-142 6.92E-11 pfam01822 WSC
EMD91522.1 specific 19-84 3.37E-09 pfam05730 CFEM
EMD93471.1 superfamily 113-155 0.00225 cl06022 Hydrophobin_2 superfamily
EMD96727.1 superfamily 18-138 2.17E-06 cl17157 Alt_A1 superfamily
EMD92194.1 specific 26-153 1.11E-09 cd00161 RICIN
EMD89918.1 superfamily 29-136 8.92E-22 cl17157 Alt_A1 superfamily
EMD90124.1 superfamily 40-89 1.56E-05 cl00112 PAN_APPLE superfamily
EMD91820.1 superfamily 30-145 1.22E-15 cl00212 microbial_RNases

superfamily
EMD88914.1 superfamily 19-51 0.001 cl16916 ChtBD1 superfamily
EMD90271.1 specific 48-116 0.000106 pfam05730 CFEM
EMD97201.1 specific 28-89 5.15E-10 pfam06766 Hydrophobin_2
EMD96258.1 specific 115-147 3.17E-06 pfam00734 CBM_1
EMD90447.1 specific 24-88 1.27E-25 pfam06766 Hydrophobin_2

13316 gene encoding proteins) identified from the
917 ORFs using Target P 1.1 were considered as
secreted proteins, showing that secreted proteins
were well present in the genome of
C. heterstrophus.

The sizes of these 886 secreted proteins
of C. heterstrophus were 59 to 1864 amino acids
(aa), and the average size was 378 aa. These
secretory proteins were classified on the basis of

their sizes (Fig. 1A). It was showed that the amount
of secretory proteins with 201-400 aa accounted
for the highest percentage (305), followed by 401-
600 aa (228), less 200 aa (221), 601-800 aa (90), 801-
1000 aa (31) and 1001-1200 aa (7) in turn, showing
that the sizes of secreted proteins were mainly rich
in less   600 aa (85%).

Fig. 1B showed the length distribution of
signal peptides of 886 secreted proteins. The length
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range of signal peptides was 10 to 34 aa, and the
average was 19 aa. The distribution of signal
peptides was close to normal distribution by
quantity, and the number of signal peptides with
18 aa accounted for the highest percentage (169),
followed by 19 aa (153) and 17 aa (127) in turn (Fig.
1B), which was similar to that in Caenorthaditis
elegans16 and Verticillium dahliae17. The length
variation of the signal peptides should be related
to the variation of protein function.
Characteristics analysis for signal peptides of
secreted proteins

The compositions of amino acid residues
in signal peptides of secreted proteins were

analyzed. 20 amino acid residues were in following
order based on the frequencies in signal peptides
of secreted proteins from high to low: alanine acid
(A), Leucine (L), Serine (S), Threonine (T), Valine
(V), Methionine (M), Phenylalanine (F), Isoleucine
(I), Glycine (G), Proline (P), Arginine (R), Lysine
(K), Glutamine (Q), Tyrosine (Y), Cysteine (C),
Histidine (H), Asparagine (N), Tryptophan (W),
Aspartic acid (D) and Glutamic acid (E) (Fig. 1C).
Nonpolar amino acids (A, L, V, M, F, I, P and W)
had higher frequencies (66.7%), of which the
frequency of A was the highest (20.4%), followed
by polar amino acids without charge (S, T, G, Q, C,
Y and N) (26.7%) and polar and positively charged

Fig. 1. Analysis of secreted proteins and signal peptides of C. heterostrophus. (A). The length distribution of
ORFs for 886 secreted proteins of C. heterostrophus. (B) The signal peptide length distributions of of 886 secreted
proteins in C. heterostrophus. (C) The frequencies of 20 amino acid residues in the signal peptides of secreted
proteins of C. heterostrophus. aa, amino acid.
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amino acids (R, K and H) (6.0%). The lowest
frequencies (0.3%) of amino acids were two polar
and negatively charged amino acids (D and E).
Additionally, the frequency of aliphatic amino acids
(A, L, V, I and G) was over half (55.1%), which
probably was relevant to signal peptides through
the plasma membrane.

It was reported that signal peptides of
secreted proteins could be recognized and cleaved
by four signal peptidase in most species, and then
mature protein could be transported to different
places through membranes18. Therefore, the
frequencies of amino acid residues around the
cleavage sites were analyzed (Table 1). The highest
frequencies of amino acid residue both at -3 and -
1 sites was A (45.5% at -3 site, 77.9% at -1 site). In
addition to A, V (27.8%) and T (10.3%) were also
well present at -3 site, and G (8.5%) and S (7.3%) at
-1 site, which were similar to that in Verticillium
dahliae17, thus speculating that amino acid
residues used at -3 and -1 sites were conservative
in different organisms. Among 20 amino acid
residues, D, E, F, H, M, N, P, Q, R, W, Y were hardly
ever (<0.5%) or not used at -3 site, and D, E, F, H, I,
K, L, M, N, Q, V, W and Y at -1 site. However, all 20

amino acid residues were used at -2 and +1 to +3
sites, and there were no relatively significant
differences in the frequencies of 20 amino acid
residues at the four sites compared to -3 and -1
sites. The amino acid residues at -3 to +3 sites
were compared between C. heterostrophus and
other organisms (Table 2). Alanine acid (A) was
the highest frequency of amino acid residue at -3,
-1 and +1 sites in C. heterostrophus,
Agrobacterium tumefaciens19, Phytophthora
infestans20, Neurospora crassa21, Verticillium
dahliae17 and Ctenopharyngodon idellus22, but
not in Caenorthaditis elegans16, proving above-
mentioned speculation that amino acid residues at
-3 and -1 sites were relatively conservative in most
species. This conservation was important in the
recognition and cleavage of signal peptidase.
Pathogenicity associated secreted proteins

Secreted proteins of pathogenic fungi
play an important role in pathogen-host interaction,
in which plant pathogenic fungi secrete many
extracellular enzymes (cellulase, pectinase and
cutinase) outside the cell to degrade cell walls and
cuticles of host plants. By blast search against
PHI database, 164 of 886 secreted proteins were

Fig. 2. Cellulases, pectinases and cutinases in secretome of C. heterostrophus. (A) Phylogenetic trees for cellulase
containing GH5, GH6, GH7, GH45 and GH61 families of glucoside hydrolase. (B) Phylogenetic trees for pectinase
containing GH28, CE8, PL1 and PL3 families. (C) Phylogenetic trees for cutinase containing only CE5 family.
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involved in the pathogen-host interaction. Using
CAZYmes Analysis Toolkit, we found that C.
heterostrophus secretome contained 162
CAZYmes, over one third of which (61) were
extracellular enzymes including 32 cellulases, 15
pectinases and 14 cutinases (Fig. 2). 32 cellulases
contained 5 CAZYmes families: GH5 (4), GH6 (3),
GH7 (3), GH45 (3) and GH61 (19) (Fig. 2A). 15
pectinases contained 4 CAZYmes families: GH28
(4), CE8 (3), PL1 (4) and PL3 (4) (Fig. 2B). 14
cutinases only contained one CAZYmes family
CE5 (14) (Fig. 2C). The amounts of cellulases and
pectinases in C. heterostrophus as well as
Magnaporthe grisea (33 cellulases, 7 pectinases)
and V. dahliae (29 cellulases, 28 pectinases) were
much more than that in S. cerevisiae (no cellulase,
1 pecinase) and U. maydis (1 cellulase, 3
pectinases).
Small cytein-rich secreted proteins

Small cytein-rich secreted proteins
(SCRSPs) of many plant pathogenic fungi had a
variety of biological functions including
pathogenicity23, colonization24 and host
hypersensitive response (HR) induction25-26. It was
noted that some SCRSPs as effectors interfered
host recognizing pathogen and induce effector-
triggered immunity of plant27-28. 147 SCRSPs were
identified in C. heterostrophus secretome (Table
S1), which would contribute to clarify the
pathogenesis of C. heterostrophus. By search for
conserved domain in 147 SCRSPs, 23 SCRSPs were
mapped to conserved domains of CDB database
(Table 3), of which three (EMD93471.1, EMD97201.1
and EMD90447.1) contained hydrophobin
domains, three (EMD89003.1, EMD91522.1 and
EMD90271.1) contained CFEM domains, and one
contained cerato-platanin domain (EMD92796.1).

DISCUSSION

Secreted proteins containing signal
peptides are synthesized within the cell, secreted
out of the cell, and then play key roles in
pathogenic process of pathogen. C.
heterostrophus is an important corn pathogen.
Thus, in this study, we analyzed secretome of C.
heterostrophus by bioinformatics, which is
facilitated by the genome sequencing of C.
heterostrophus. Our analysis about the
characteristics of secretome and pathogenicity

associated secreted proteins contributed to further
reveal pathogenicity mechanism of C.
heterostrophus.

Although predictions of secreted
proteins were not difficult, whole process was
complex and needed several tools such as SignalP
4.1 Server, TMHMM v 2.0, Big-PI Predictor and
TargetP 1.1. These tools were widely used in
secreted proteins predictions of other
organisms17,29. Thus, these tools were used
together to predict secreted proteins of C.
heterostrophus for the prediction veracity.

As a plant pathogenic fungus, C.
heterostrophus secretes extracellular enzymes to
degrade cuticles and cell walls of plant in order to
overcome host passive defenses or absorb
degraded cells for growth and development.
Cellulose and pectin are main components, which
can be degraded by cellulases and pectinase,
respectively. In this study, we identified a lot of
cutinases, cellulases and pectinase from secretome
of C. heterostrophus, which was similar to another
two pathogenic fungi (M. grisea and V. dahliae).
S. cerevisiae hardly contained cellulase and
petcinase30, which could be explained that S.
cerevisiae was not a plant pathogen. U. maydis
kept symbiotic relationship with host plant after
invading into host plant31, which account for much
less cellulases and petcinases in U. maydis than in
C. heterostrophus31, although U. maydis was a
maize pathogen. These proved the important roles
of cellulases and pectinases in the pathogenicity
of C. heterostrophus.

It was well known that pathogens of
plants directly secreted proteins such as effectors
into host plant cells in order to suppress the plant
innate immune system32-33. Effector protein was
usually small in size and secretory, and had key
function in the pathogen-host interaction27-28.
Hydrophobins, small and cysteine-rich
hydrophobic proteins, were assembled on the
surface of hyphae and required as effectors in
pathogen attaching to hydrophobic surfaces34.
Cerato-platanin as elicitor was secreted into host
cell to induce various defense responses of host
including production of phytoalexins and cell
death, so it was considered a pathogen-associated
molecular pattern25. The CFEM domain contained
eight cysteines and was fungal-specific
extracellular membrane proteins35 such as Pth11 of
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Magnaporthe grisea, which played important roles
in appressorium formation and fungal
pathogenesis36. Therefore, hydrophobin, CFEM or
cerato-platanin domains contained SCRSPs
identified in C. heterostrophus also had key
functions in pathogenesis and were served as
important candidate proteins for the search of
pathogen-host interaction mechanism.
Additionally, the other SCRSPs without annotation
were also putative candidate proteins involving in
pathogenicity of C. heterostrophus, and thus it
was necessary to further analyze them to determine
their relationships with the pathogenicity of C.
heterostrophus.

In conclusion, C. heterostrophus
contained a large secretome, which were mainly
rich in less 600 aa in sequence length. Although
three was variation in the length of signal peptides,
the lengths were normally distributed by quantity.
Amino acid residues at C terminal of signal peptides
were relatively conservative. Secretome of C.
heterostrophus contained a great quantity of
pathogen-host interaction associated gene
encoding proteins, pathogenic extracellular
enzymes and small cytein-rich proteins related to
pathogenicity.
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