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Abstract

Plant secreted proteins have biological functions which are important in the formation of cell walls, cellular communication, and
defense against pathogens. We analyzed 1704 secreted proteins from a total of 22513 plant proteins, all of which were manually
curated and annotated in the UniProt database. Of the secreted plant proteins analyzed, 55% and 13% are curated from
Arabidopsis thaliana and rice, respectively. Gene ontology cellular components analysis revealed that 84% of them are located in
the extracellular region, cell wall, or extracellular space. Molecular functional domain analysis showed that 33% had hydrolase
activity and 29% had binding activity. Signal peptide analysis revealed that 97.5% of secreted proteins had signal peptides. The
information is anticipated to be used to computationally identify more secreted proteins in plants and to construct a plant
secretome knowledge database.
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Introduction

Plant secreted proteins play important biological roles in
cell wall structure, cellular communication, and the host-
pathogen relationships (Isaacson and Rose, 2006; Kamoun,
2009). One well studied system was germinating barley
seed in which a-amylase was found to be synthesized in the
aleurone layer and secreted into the endosperm to break
down starch (Ranki and Sopanen, 1984; Jones and
Robinson, 1989 for review). More recently, advances in
proteomic analytic techniques, along with the complete
sequencing of Arabidopsis thaliana and Oryza sativa
genomes, resulted in many secreted proteins, including the
cell wall proteome, being identified (Boudart et al., 2007;
Agrawal et al., 2010 for review). The term secretome was
first used to describe genome-wide study of the signal
peptide-dependent secreted proteins and the protein
secretion machineries in Bacillus subtilis, a Gram-positive
bacterium (Tjalsma et al., 2000). Though it is still
occasionally used to include the set of proteins involved in
the secretory pathway (Simpson et al., 2007), however, the
term is more often limited to include only the secreted
proteins (Greenbaum et al., 2001; Hathout, 2007; Bouws et
al., 2008). Recently Agrawal et al. (2010) comprehensively
reviewed the state of progress in plant secretomics
research, including experimental systems and techniques

for identification of secreted proteins in plants. A revised
secretome definition was proposed as “the global group of
secreted proteins into the extracellular space by a cell,
tissue, organ or organism at any given time and conditions
through known and unknown secretory mechanisms
involving constitutive and regulated secretory organells”
(Agrawal et al., 2010). Thus in this work, plant secretomes
refer to all proteins which are secreted into the extracellular
regions or extracellular space, i. e., outside of the plasma
membrane, of plant cells or tissues. With the improvement
of sequencing technology and the reduced cost of
sequencing, the genomes of more plant species are being
completely sequenced. Currently there are 24 land plants
having complete or draft genome sequences available and
72 land plant species with genome sequencing in progress
(http://www.ncbi.nlm.nih.gov/genomes/static/gpstat.html).

The ability to predict the protein coding genes and the
subcellular locations of these encoded proteins is essential
for the functional annotation of the genomes. In an attempt
to better predict and analyze all secreted proteins, i. e.
secretomes, from plants, we analyzed all the plant secreted
proteins so far manually curated and annotated in the
UniProt database (http://www.uniprot.org/) (The UniProt
Consortium, 2010). The information obtained through this
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Table 1. Plant species distribution of curated secreted
proteins in UniProt/Swiss-Prot database.

Number of
Species proteins
Arabidopsis thaliana (Mouse-ear cress) 941
Oryza sativa subsp. japonica (Rice) 226
Solanum lycopersicum (Tomato)
(Lycopersicon esculentum) 37
Nicotiana tabacum (Common tobacco). 28
Hordeum vulgare (Barley) 27
Triticum aestivum (Wheat) 25
Zea mays (Maize) 21
Oryza sativa subsp. indica (Rice) 16
Capsicum annuum (Bell pepper) 12
Betula verrucosa (White birch) (Betula
pendula) 11
Cycas revoluta (Sago palm) 10
Phaseolus vulgaris (Kidney bean)
(French bean) 10
Solanum tuberosum (Potato) 10
Others (153 species) 330
Total 1704

analysis is anticipated to be useful in developing methods
to accurately predict plant secretomes for the construction
of a plant secretome database.

Data and methods

UniProtKB consists of two datasets, UniProtKB/Swiss-Prot
and  UniProtKB/TrEMBL  (http://www.uniprot.org/).
UniProtKB/Swiss-Prot contains manually annotated non-
redundant protein sequences with information extracted
from literature of experimental results and curator-
evaluated  computational analysis (The  UniProt
Consortium, 2010). UniProtKB/TrEMBL contains protein
sequences associated with computationally generated
annotation and large-scale functional characterization. All
the entries belonging to kingdom Viridiplantae having a
subcellular location annotated as “secreted” in the
UniProtKB/Swiss-Prot dataset were retrieved
(http://www.uniprot.org/downloads; Release-2010_09).
The dataset consisted of 1704 secreted proteins within a
total of 22513 proteins. The species distribution of secreted
proteins was analyzed by retrieving the species information
associated with each secreted protein. Gene ontology (GO)
information was retrieved from the dataset and analyzed
using GO SlimViewer with plant specific GO terms
(McCarthy et al.,, 2006). The protein families and
functional domains of plant secreted proteins were
analyzed using rpsBLAST and searched against Pfam and
the Conserved Domain Database (Marchler-Bauer et al.,
2009). The existence of a signal peptide was predicted
using three predictors including SignalP (version 3.0,
http://www.cbs.dtu.dk/services/SignalP/) (Bendtsen et al.,
2004b), Phobius (http://phobius.binfku.dk/) (Kill et al.,
2004) and TargetP  (http://www.cbs.dtu.dk/services/
TargetP/) (Emanuelsson et al., 2007). We chose these three
predictors because they were widely used and were

previously evaluated favorably (Min, 2010). TMHMM
(http://www.cbs.dtu.dk/ servicessTMHMM) was used to
identify  proteins having transmembrane domains
(Emanuelsson et al., 2007). The default parameters were
used for all the programs. For SignalP prediction, only
entries that are predicted to have a “mostly likely cleavage
site” by SignalP-NN algorithm and a “signal peptide” by
SignalP-HMM algorithm are considered to be true signal
peptide “positives” using the N-terminal 70 amino acids
(Bendtsen et al., 2004b). For predicting membrane proteins
using TMHMM, the entries having membrane domains not
located within the N-terminus (the first 70 amino acids)
were treated as real membrane proteins.

Results
Species distribution of curated secreted proteins in plants

A total of 1704 secreted proteins from 166 plant species
have been manually curated so far in the UniProtKB/Swiss-
Prot dataset (UniProt-Release-2010 09).  However, it
should be noted that 1340 of them were annotated with
non-experimental qualifiers including “Potential” (439
proteins), “Probable” (119 proteins) or “By similarity” (792
proteins) in their subcellular locations (http://www.uniprot.
org/manual/mon_experimental qualifiers). Thus, the sub-
cellular locations of the majority of the curated secreted
proteins have not yet been experimentally verified. Among
the 166 plant species, 153 of them have less than 10 entries.
Plant species having 10 or more entries are listed in Table
1. A. thaliana, as the most intensively studied model plant,
has the highest number of curated secreted proteins at 941
and O. sativa (subsp. Japonica) (rice) has 226 secreted
proteins curated in the database (Table 1).

GO analysis

The annotated GO IDs were retrieved for all plant secreted
proteins. They were then mapped to top categories using
GO SlimViewer (McCarthy et al., 2006). There are three
main categories of GO terms including biological
processes, cellular components, and molecular functions
(http://www.geneontology.org/). As one protein may have
multiple GO terms, the total of GO terms in each category
is more than the total number of curated proteins. Overall
the distribution patterns of each GO category of secreted
proteins in the whole set and in Arabidopsis are similar
(Table 2). GO analysis shows that secreted proteins play
important roles in many biological processes including
various cellular process, metabolic and catabolic process,
responses to stress and biotic stimulus, cellular component
organization, etc. Cellular component analysis showed that
~86% of the curated secreted proteins are located
extracellularly including extracellular region, extracellular
space, or cell wall. As these proteins were curated as
secreted proteins, the reason for some to be found as other
subcellular components was that some entries were
annotated to have multiple subcellular locations and some
entries were secreted but attached to the outside of the
plasma membrane and counted as membrane components.
GO analysis of molecular functions showed that about 38%
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Table 2. Gene Ontology analysis of curated secreted proteins in UniProt/Swiss-Prot in all plants and Arabidopsis thaliana.

All Plants Arabidopsis thaliana
Number of GO Number of
Biological processes terms %" GO terms %"
GO0:0009987 cellular process 705 20 383 17
GO:0006950 response to stress 675 19 419 19
GO0:0009607 response to biotic stimulus 410 12 311 14
GO0:0009056 catabolic process 388 11 228 10
GO:0016043 cellular component organization 385 11 208 9
GO0:0005975 carbohydrate metabolic process 265 7 123 6
GO0:0006629 lipid metabolic process 114 3 107 5
GO0:0019538 protein metabolic process 71 2 56 3
G0:0000003 reproduction 64 2 32 1
others 473 13 330 15
Total 3550 2197
Cellular components
GO:0005576 extracellular region 1639 68 940 70
GO:0005618 cell wall 431 18 219 16
G0:0016020 membrane 174 7 97 7
GO:0005615 extracellular space 86 4 18 1
GO:0005773 vacuole 47 2 32 2
GO:0005737 cytoplasm 20 1 12 1
others 40 2 25 2
Total 2428 1343
Molecular functions
GO0:0016787 hydrolase activity 653 38 427 49
GO0:0005488 binding 583 34 260 30
G0:0003824 catalytic activity 234 14 100 11
G0:0030234 enzyme regulator activity 182 11 45 5
GO0:0016740 transferase activity 52 3 37
others 22 1 7 1
Total 1726 876

*The percentage (%) of each GO term subcategory relative to the total GO terms in each category

of the whole secreted set and 49% of Arabidopsis secreted
proteins have hydrolase activity, about one third have
binding activity, and 11- 14% have catalytic activities
(Table 2).

Protein family and conserved domain analysis

Protein families and conserved domain analysis were
carried out using rpsBLAST to search the Pfam database
first and, for no hit proteins, to search the CDD domain
database with a cutoff E-value of le-10. A total of 1196
secreted proteins were identified to have protein families or
conserved domains. Those families or domains having 10
or more secreted proteins were listed in Table 3. The
majority of protein families were enzymes involved in cell
wall formation including hydrolases (divided into several
families), cell wall structure proteins (pollen allergen
family which include expansin subfamilies), enzymes
involved in defense such as peroxidase, and the cupin
family, which are plant seed storage proteins and germins.

Signal peptide and transmembrane domain prediction

After removing protein entries not starting with a
methionine (M) (assumed to be partial), we examined the
presence of signal peptides and transmembrane domains in
the 1497 curated secreted full-length proteins (Table 4).

The number of positives in Table 4 refers the proteins
predicted to have a signal peptide by SignalP, Phobius, and
TargetP, or not having a transmembrane domain by
TMHMM. The results showed that >90% of the curated
secreted proteins in plants consisting of a signal peptide
sequence, that could be detected by one of the tools used.
When two or three signal peptide predictors were used
additively, >97% of secreted proteins were predicted to
have a signal peptide.  Thus, the presence of a signal
peptide is a reliable indicator for secreted protein prediction
and curation. Transmembrane domain analysis showed that
a small number of curated secreted proteins (1.5%) also
contained a transmembrane domain.

Discussion

UniProt annotation project has curated more than 1700
secreted proteins from plant species; with 68% of these
from Arabidopsis and rice (Table 1). Among the curated
secreted proteins, however, 79% with subcellular locations
were not experimentally verified. GO analysis and
functional domain analysis showed that plant secreted
proteins play important roles in diverse biological
processes (Table 2 and 3). Particularly they are involved in
cell wall formation as enzymes such as hydrolases or
structure proteins such as expansins (Table 3) (Boudart et
al., 2007; LoPez-Casado et al., 2008; Sampedro and
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Table 3. Functional domain analysis of plant secreted proteins.

Families/Domains Proteins
pfam00141, peroxidase. 102
pfam00190, Cupin_1, Cupin. 88
pfam01357, Pollen_allerg_1, Pollen allergen. 88
¢d01837, SGNH_plant lipase_like, a plant specific subfamily of the SGNH-family of hydrolases, a

diverse family of lipases and esterases. 74
pfam01095, Pectinesterase. 68
pfam00450, Peptidase_S10, Serine carboxypeptidase. 56
pfam07732, Cu-oxidase_3, Multicopper oxidase. 48
pfam01657, DUF26, Domain of unknown function DUF26. 43
pfam00759, Glyco_hydro_9, Glycosyl hydrolase family 9. 42
pfam00722, Glyco_hydro 16, Glycosyl hydrolases family 16. 41
pfam01301, Glyco _hydro 35, Glycosyl hydrolases family 35. 36
pfam00657, Lipase GDSL, GDSL-like Lipase/Acylhydrolase. 31
pfam00149, Metallophos, Calcineurin-like phosphoesterase. 26
pfam00295, Glyco _hydro 28, Glycosyl hydrolases family 28. 26
¢d00261, AAI_SS, Alpha-amylase inhibitors and seed storage protein subfamily. 25
pfam07333, SLR1-BP, S locus-related glycoprotein 1 binding pollen coat protein. 24
pfam00251, Glyco_hydro 32N, Glycosyl hydrolases family 32 21
pfam00304, Gamma-thionin, Gamma-thionin family. 20
pfam00332, Glyco _hydro 17, Glycosyl hydrolases family 17. 18
pfam00321, Thionin, Plant thionin. 17
pfam09265, Cytokin-bind, Cytokinin dehydrogenase 1, FAD and cytokinin binding. 17
COG3934, COG3934, Endo-beta-mannanase. 16
pfam03330, DPBB_1, Rare lipoprotein A (RIpA)-like double-psi beta-barrel. 15
pfam00182, Glyco_hydro_19, Chitinase class L. 12
pfam06404, PSK, Phytosulfokine precursor protein. 12
pfam00445, Ribonuclease T2, Ribonuclease T2 family. 11
pfam00197, Kunitz_legume, Trypsin and protease inhibitor. 10
pfam00314, Thaumatin, Thaumatin family. 10
others (73 families) 199
Total 1196

Table 4. Prediction of signal peptides and transmembrane domains of curated plant secreted.

Number of Number of
Tools Positives Negatives Positives (%)
SignalP 1398 99 93.4
Phobius 1367 130 91.3
TargetP 1415 82 94.5
SignalP+TargetP* 1356 141 90.6
SignalP/TargetP® 1457 40 97.3
SignalP+Phobius+TargetP? 1297 200 86.6
SignalP/Phobius/TargetP® 1460 37 97.5
TMHMM® 1474 23 98.5

 The signal peptide is detected by all tools.
® The signal peptide is detected by any one of the tools.

¢ Entries not having a transmembrane domain are treated as positives.

Cosgrove, 2005). More than 100 secreted peroxidases were
also curated, these enzymes have multiple tissue-specific
functions e.g., removal of hydrogen peroxide from
chloroplasts and cytosol, oxidation of toxic compounds,
biosynthesis of the cell wall, and defense responses towards
wounding (Sottomayor and Barceld, 2004). Using signal
peptide predicting tools to examine the presence of signal
peptides in the curated secreted proteins revealed that
>97% of entries had a signal peptide (Table 4). Thus, the
presence of signal peptide remains to be an effective

indicator for identifying secreted proteins in plants. We
have evaluated the accuracies of these prediction tools and
proposed to combine multiple signal prediction tools with
TMHMM and PS-Scan to predict potential signal peptide
containing secreted proteins from predicted proteomes of
completely sequenced plant genomes (Min, 2010).
Transmembrane domain analysis showed that 1.5% of
manually curated proteins were predicted to have
transmembrane domains (Table 4). Whether these entries
are real membrane proteins still remains to be investigated.
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Recent studies, however, which used in vitro suspension
cultured cells and in planta systems, identified a large
number of leaderless secretory proteins (LSPs) in several
plant species including Arabidopsis, rice, and Medicago
species (Tran and Plaxton, 2008; Jung et al., 2008; Cho et
al., 2009; Kusumawati et al., 2008; Agrawal et al., 2010).
These LSPs can account for, on average, more than 50% of
the total identified secretome, supporting the existence of a
novel signal peptide independent secretory mechanism.
These LSPs were mainly identified under biotic and abiotic
stress conditions, suggesting their involvement in defense
or stress responses. Clearly, these LSPs have not been
curated in the UniProt annotation projects. Non-classical,
signal peptide independent, secretion pathways may exist in
all domains of organisms from bacteria to human.
Mammalian and bacterial LSPs have been collected and
used to implement the prediction software, SecretomeP, for
predicting LSPs (Bendtsen et al., 2004a; Bendtsen et al.,
2005) (http://www.cbs.dtu.dk/services/SecretomeP/).
However, there is no plant-specific software tool available
yet for predicting the LSPs. Collecting and curating these
LSPs in plants will be essential in developing a method to
predict potential LSPs in plants. In addition to the
UniProtKB, a dedicated plant secretome database to curate
all secreted plant secreted proteins, including the LSPs, will
be a useful resource for the plant research community. In
considering the important roles played by secreted proteins
in plant defense and cell wall biosynthesis, the study of
plant secretomes may lead to the breeding of plants more
resistant to pathogens and stresses for use in food and bio-
fuel production.
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