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   Abstract  

  Plant secretomics is an emerging subfi eld of 
proteomics studying proteins globally secreted 
into the extracellular space (apoplast) by plant 
cells at defi ned time under constitutive or 
induced conditions. Plant secretome has 
important biological functions in cell wall 
structure formation, cell-to-cell interaction, 
extracellular/intracellular signal relay and 
appropriate cellular response to environmental 
stimuli. It also regulates the ability or inability 
of the host to trigger the defence system 
against the invading pathogen. Defence pro-
teins are secreted via a classical pathway 
involving N-terminal signal peptide which 
directs the protein to the ER for routing, modi-
fi cation and subsequent secretion involving 
the endoplasmic reticulum (ER)–Golgi–trans- 
Golgi network (TGN)–plasma membrane 
 system. Plant secretome has an increasing 
number of proteins following unconventional, 
ER–Golgi-independent or ‘leaderless’ 
 apoplastic protein secretion mechanisms. 
Nonconventional mechanisms would be nec-
essary if the presence of a protein in the ER/
Golgi disrupts ER functioning or has multiple 
functions, each occurring in different cellular 
compartment. A large number of apoplastic 
leaderless secretome proteins have been iden-
tifi ed that play an important role under salin-
ity, low temperature, ion homeostasis and 
pathogen invasion. Characterisation of secre-
tome is a formidable task, and success can be 
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obliged to the advancement in biochemical, 
proteomic  techniques, mass spectroscopy and 
bioinformatics. Advanced proteomic technol-
ogies established detailed secretome profi les 
from normal and stressed cell types at a faster 
pace. Discrimination of the true secretome 
from those released under environmental 
stresses is a big challenge. It warrants 
improved strategies to investigate the secre-
tomes with high sensitivity and reproducibil-
ity. The comprehensive mechanisms regulating 
constitutive and induced secretome of diverse 
plants and their habitat are future perspective.  

  Keywords  

  Apoplast   •   Leader peptide   •   Leaderless secre-
tory proteins   •   Proteomics   •   Secretome   • 
  Secretory pathways  

        Introduction 

 Plant secretomics is an emerging fi eld of pro-
teomics studying the secreted proteins of plants 
called ‘secretome’. The term ‘secretome’ was 
fi rst used to describe a genome-wide study of the 
signal peptide-dependent secreted proteins and 
the protein secretion machineries in  Bacillus sub-
tilis , a Gram-positive bacterium (Tjalsma et al. 
 2000 ). The term is more often limited to include 
only the secreted proteins (Greenbaum et al. 
 2001 ; Hathout  2007 ; Bouws et al.  2008 ). Thus, 
‘secretomics’ is defi ned as the study of proteins 
globally secreted into the extracellular space 
(apoplast) of cell, tissue or organ at any given 
time under specifi c conditions through various 
secretory mechanisms under constitutive or 
induced conditions’ (Agrawal et al.  2010 ). 

 Plant secretome has important biological 
functions in the formation of cell wall structure, 
cell-to-cell interaction, appropriate response to 
environmental stimuli and defence against patho-
gens (Isaacson and Rose  2006 ; Kamoun  2009 ). 
The cell wall is a major interface between plant 
cells and its surrounding environment. Rapid and 
regulated secretion of specifi c proteins into this 
extracellular space (apoplast) is an important 
defence response (Grant and Lamb  2006 ). 

 Apoplastic fl uid is a complex mixture of pro-
teins secreted constitutively and proteins secreted 
in response to environmental stimuli. Secretion 
of defence proteins or exocytosis in both plants 
and animals is generally achieved through a con-
ventional pathway involving the endoplasmic 
reticulum–Golgi–trans-Golgi network–plasma 
membrane in the plant endomembrane system. It 
required an N-terminal signal peptide directing 
the protein to the ER for routing, modifi cation 
and subsequent secretion via the Golgi apparatus. 
However, the presence of an increasing number 
of proteins lacking signal peptide in the apoplas-
tic fl uid suggest the existence of unconventional 
protein secretion mechanism. Numerous ER–
Golgi-independent or ‘leaderless’ eukaryotic 
secretion mechanisms have been reported. 
Proteins are secreted by nonconventional mecha-
nisms for a number of reasons. For instance, non- 
Golgi secretion would be necessary if the 
presence of a protein in the ER/Golgi would dis-
rupt ER functioning. Non-Golgi secretion could 
also be desirable if a protein has multiple func-
tions, each occurring in different cellular com-
partment. The signifi cance of these secretory 
pathways, particularly in response to stresses, is 
well studied in animals and yeast (Nickel and 
Rabouille  2009 ); however, our information 
related to the knowledge of the protein popula-
tion of a plant secretome and related secretory 
mechanisms remains limited in plants. 

 Secretomics has increasingly been the focus 
of biological research, and it has now become an 
intricate subfi eld of proteomics. Moreover, the 
information regarding the number and types of 
proteins found in the secretome of a specifi c plant 
under normal growth and stress conditions is still 
unknown. Hence, the complete secretome profi le 
has now become a prerequisite rather than an 
option before we begin to systematically under-
stand the function of secretory processes and 
 proteins. Improvement in sequencing technology 
has made the genome sequences of more plant 
species completely known. Currently there are 24 
land plants having completed 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 improvement and automation 
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in proteomic technology is proving increasingly 
helpful for a systematic identifi cation, qualitative 
and quantitative profi ling and functional charac-
terisation of plant secretome. The parallel devel-
opment in bioinformatics has multiplied our 
ability to predict the protein-coding genes and 
the subcellular topographic locations of the 
encoded proteins, which is essential for the func-
tional annotation of the genomes. The combined 
analyses of secretome assisted with genomic and 
bioinformatic techniques can correlate large-
scale plant secretome studies and unravel mecha-
nisms of plant response to various internal and 
external stimuli. In the present chapter, we have 
discussed the mechanisms of protein secretion in 
apoplastic fl uid and methods of secretome isola-
tion, separation, identifi cation and annotation of 
their role in plants successfully completing their 
life span.  

    General Pathway of Secretory 
Proteins 

 A general characteristic of all prokaryotic or 
eukaryotic cells is to export the proteins from the 
cytoplasm to intracellular or extracellular loca-
tions. The secreted proteins in the apoplast or the 
extracellular space mediate major defence 
responses (Grant and Lamb  2006 ). The proteins 
destined to be exported are synthesised with a 
signal peptide that guides its translocation. 
Generally, the precursor protein with amino acid 
sequences of signal peptides is initially recog-
nised by soluble targeting factors for its transport 
to the target membrane, for its association with 
translocation machinery. Then polypeptide chain 
is transported through a proteinaceous channel. 
The secretion of proteins takes place through 
secretory pathways involving the endoplasmic 
reticulum and Golgi apparatus. Reports have 
shown that the secretion of protein also takes 
place without classical secretory pathway; in 
plants and animals, protein secretion is solely 
mediated by the endoplasmic reticulum and 
Golgi apparatus. Secreted proteins have a signal 
peptide at N-terminus to direct them into the ER 
for sorting, modifi cation and further secretion 

through the Golgi network. The existence of an 
alternate secretion mechanism is known which 
takes place without signal peptide (Auron et al. 
 1987 ). Their mechanism of secretion is Golgi- 
independent or leaderless secretion and is called 
nonclassical or unconventional secretory path-
ways (Nickel and Rabouille  2009 ). 

 Unconventional protein secretion takes place 
by two major methods: proteins are either trans-
ported in a non-vesicular mode where they pass 
directly from the cytosol through the plasma 
membrane or by various vesicular modes with 
membrane-bounded structures fusing with the 
plasma membrane before release in the extracel-
lular space (Ding et al.  2012 ). Recently, a plant- 
specifi c compartment named exocyst-positive 
organelle (EXPO), has been shown to mediate 
nonclassical protein secretion from cytosol to 
cellwall without passing proteins via the Golgi 
apparatus, trans-Golgi network or multivesicular 
body (Wang et al.  2010a ). 

    Molecular Biology of Secretome 

 Delivery of proteins through the endomembrane 
system to plasma membrane or the extracellular 
space (apoplast) usually starts with cotransla-
tional insertion of proteins into the endoplasmic 
reticulum and then the cleavage of the signal pep-
tide. The classical secretory pathway is highly 
conserved in eukaryotes (Burgess and Kelly 
 1987 ; Jurgens and Geldner  2007 ; Marti et al. 
 2010 ; Cai et al.  2011 ,  2012 ). There are regulated 
and consecutive secretory pathways that diverge 
in the trans-Golgi network. The constitutive clas-
sical secretory pathway is highly complex and 
operates in all cells (Fig.  1 ).  

 Many soluble proteins are continually secreted 
from the cell by this pathway and translocate 
newly synthesised lipids and proteins to the 
plasma membrane. Specialised secretory cells 
also have a regulated secretory pathway, by 
which selected proteins in the trans-Golgi net-
work are diverted into secretory vesicles, where 
the proteins are stored until an extracellular sig-
nal stimulates their secretion. 
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 The secretory pathway transports proteins 
from one organelle to another within transport 
vesicles. Vesicular transport mediates a continu-
ous exchange of components between chemically 
distinct, membrane-enclosed compartments that 
collectively constitute the biosynthetic–secretory 
and endocytic pathways. Most transport vesicles 
form specialised, coated regions of membranes 
that bud off as coated vesicles, with a distinctive 
cage of proteins covering their cytosolic surface. 
Before the vesicles fuse with a target membrane, 
they discard their coat, as is required for the two 
cytosolic membrane surfaces to interact directly 
and fuse. The coat performs two main functions: 
First is the selection of appropriate molecule 
transport concentrating specifi c membrane pro-
teins in a specialised patch, forming vesicle 
membrane. Second, the coat moulds the vesicle 
into a curved, basketlike lattice that deforms the 
membrane patch and thereby shapes the vesicle. 
Hence, vesicles with the similar type of coat 
often have relatively the same size and shape. 
The vesicular transport selectively uses various 

cytosolic proteins like coat proteins (clathrin, 
COPI, COPII and retromer), some GTPases 
(Sar1, Arf1 and Rabs) and the ESCRT complexes 
(Kirchhausen  2000 ; Nickel et al.  2002 ; Gabe Lee 
et al.  2009 ; Hurley and Hanson  2010 ; Gao et al. 
 2012 ). There are three well-characterised types 
of coated vesicles, distinguished by their coat 
proteins: clathrin-coated, COPl-coated and 
COPII-coated. Each type is used for different 
transport steps. Clathrin-coated vesicles mediate 
transport from the Golgi apparatus and from the 
plasma membrane, whereas COPI- and COPII- 
coated vesicles mostly mediate transport from 
the ER and Golgi cisternae. The correct targeting 
and fusion of these vesicles to destined organelle 
depends on organelle-specifi c tethering factors 
and SNARE complexes (Cai et al.  2007 ; Sztul 
and Lupashin  2009 ) (Fig.  2 ).  

 Many of the secretory proteins from mammals 
and yeasts are known to follow an unconven-
tional secretory pathway (Auron et al.  1987 ); 
such processes are less reported in plants. In 
plants, more than 50 % of secretory proteins from 

  Fig. 1    The constitutive and regulated secretory pathways (Adapted from Alberts et al.  2008 )       
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total known plant secretome lack a signal peptide 
sequence and follow a leaderless secretory path-
way (Agrawal et al.  2010 ). Studies performed 
using methods that cause least contamination of 
cytoplasmic proteins during secretome prepara-
tion and their analyses using highly sensitive 
enzymatic, immunoblotting and microarray 
showed the presence of high percentage of lead-
erless secretory protein in the plant secretome 
ruling out the possibility of contaminating nonse-
cretory proteins (Jung et al.  2007 ; Tran and 
Plaxton  2008 ; Cho et al.  2009 ).  

    Classical Secretome with Leader 
Peptide 

    The Classical Secretory Pathway 
for Protein Translocations Across 
Membrane 
 Proteins are the workhorses, which are synthe-
sised in the cytoplasm. They ought to transport 
the entire polypeptide chain across one or two 
membranes in a unidirectional manner from the 
site of synthesis to the site of its biological func-
tion through the secretory pathway. The classical 
secretory pathway is a series of steps a cell fol-

  Fig. 2    Vesicle tethering to target membrane: Rab effector 
proteins interact via active Rab proteins (Rab-GTPs) on 
the target membrane, vesicle membrane or both to estab-
lish the fi rst connection between the two membranes 
going to fuse. Rab effector is shown here as a fi lamentous 

tethering protein; SNARE proteins on the two membranes 
pair to dock the vesicle to the target membrane and 
catalyse the fusion of the two apposed lipid bilayer 
(Adapted from Alberts et al.  2008 )       
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lows to translocate a protein across a membrane 
bilayer or out of the cell via the endoplasmic 
reticulum through a process known as secretion. 
Translocation of nascent proteins across the 
membrane of the ER is known to occur in two 
ways: cotranslational translocation, in which 
translocation is concurrent with peptide synthesis 
by the ribosome, or posttranslational transloca-
tion, in which the protein is fi rst completely syn-
thesised in the cytosol and released from its 
polysomal complex and, thereafter, is transported 
into the ER. Both the methods of translocation 
are mediated by the same protein channel, known 
as Sec61 in eukaryotes and SecY in prokaryotes 
and archaea.  

    Cotranslational Translocation or Signal 
Recognition Particle (SRP)-Dependent 
Pathway 
 Proteins that follow a secretory pathway are des-
tined for translocation across the ER membrane. 
The fi rst stretch of the amino acids synthesised, 
called a signal/leader/transit peptide, allows a 

series of interactions starting with the recognition 
and its binding with SRP (Fig.  3 ).  

 The amino acid sequences of signal peptides 
are not conserved. ER targeting is specifi ed by a 
central stretch of 7–20 hydrophobic amino acids. 
The extent of hydrophobicity of this region dic-
tates cotranslational import into the 
ER. Eukaryotic SRP is a complex of six associ-
ated polypeptides and an RNA component which 
target substrates for cotranslational translocation 
into the ER. The SRP54 binds to the hydrophobic 
core of signal sequence as it emerges from the 
ribosome. The SRP complex, when bound to the 
ribosome and the signal sequence of the nascent 
peptide, pauses the elongation of the polypeptide 
by the subcomplex SRP9 and SRP14 by blocking 
the tRNA (Walter and Johnson  1994 ; Lutcke 
 1995 ). This translational arrest is to ensure proper 
targeting to the ER membrane before signifi cant 
portions of the polypeptide emerge from the ribo-
some and begin to fold. 

 The ribosome along with its transit peptide–
SRP complex is then attached to a docking pro-

  Fig. 3    Mechanism of cotranslational translocation of newly synthesised protein across the membrane (Adapted from 
Corsi and Schekman  1996 )       
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tein. The docking protein is a heterodimeric SRP 
receptor (SR) composed of SRα and SRβ sub-
units. The SRP–nascent chain–ribosome com-
plex binds to the docking protein and transfers 
the SRP–nascent chain–ribosome complex to the 
translocon, the Sec61, and then recycles back to 
the cytosol. The SRP is released from the SRP 
receptor after receptor-induced GTP hydrolysis 
by SRP54 component and completes the cycle 
(Miller et al.  1993 ). As the SRP and SRP receptor 
dissociate from the ribosome, the ribosome is 
able to bind directly with docking protein, Sec61. 
The Sec61 translocation channel (called SecY in 
prokaryotes) is a highly conserved heterotrimeric 
complex composed of α-, β- and γ-subunits. The 
pore of the channel, formed by the α-subunit, is 
blocked by a short helical segment which is 
thought to become unstructured during the begin-
ning of protein translocation, allowing the pep-
tide to pass through the channel. Completion of 
the synthesis of prepeptide resumes once the 
nascent signal peptide translocates across the 
channel into ER lumen. As the synthesis of pre-
peptide continues, it progressively penetrates into 
the ER lumen. 

 During translocation, the signal sequence is 
cleaved off by a signal peptidase present specifi -
cally in the ER lumen, freeing the amino termi-
nus of the growing peptide. Translocated protein 
undergoes specifi c posttranslational modifi ca-
tions such as glycosylation or insertion of spe-
cifi c cofactor and is eventually stabilised by 
attaining a stable functional conformation. The 
stable functional protein can then be secreted via 
retrograde/anterograde pathways involving the 
Golgi apparatus to its fi nal destination. If the 
secreted protein lacks any secondary signal 
sequence, they are secreted in the apoplast.  

    Posttranslational Translocation or 
SRP-Independent Pathway 
in Eukaryotes 
 Unlike cotranslational translocation, posttransla-
tional or SRP-independent translocation of secre-
tory proteins occurs independently of SRP in 
eukaryotes. The secretory precursor protein is 
completely translated and released from the ribo-
somal translation machinery (Fig.  4 ).  

 Posttranslational targeting of secretory pro-
teins requires cytosolic components, viz. 

  Fig. 4    Mechanism of posttranslational translocation of newly synthesised protein in yeast (Adapted from Corsi and 
Schekman  1996 )       
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 cytosolic heat shock proteins (Hsp70), to main-
tain the polypeptide in an incompletely folded 
state. The posttranslational modes of transloca-
tion of secretory/membrane proteins prominently 
involve Sec translocon pathway, and Sec61p is a 
signifi cant candidate subunit of the translocation 
channel. 

 In addition to the Sec61p complex, a second 
set of proteins called the Sec62p/Sec63p com-
plex is required for posttranslational transloca-
tion in yeast. The Sec61 translocon associates 
with oligomeric membrane protein complex 
(Rapoport et al.  1999 ). This oligomeric mem-
brane protein complex includes three integral 
membrane proteins, Sec62p, Sec63p and Sec71p, 
as well as Sec72p, which is peripherally associ-
ated with the cytosolic face of the ER, probably 
through association with Sec71p. Sec63p has 
been shown to form a subcomplex with Sec71p, 
Sec72p and BiP (Brodsky and Schekman  1993 ). 
BiP is a member of the Hsp70 family of ATPases, 
a group which is characterised as having an 
N-terminal nucleotide-binding domain and a 
C-terminal substrate-binding domain, which 
binds to peptides. Studies have proposed that 
Sec62p, Sec71p and Sec72p, together, create a 
surface for secretory precursors to bind before 
crossing the ER membrane. 

 Translocation apparatus for posttranslational 
translocation into a reconstituted proteoliposome 
consists of Sec61p and Sec62p/Sec63p com-
plexes (Panzner et al.  1995 ). The Sec62p/Sec63p 
complex contains a cytoplasmic signal sequence 
receptor site that binds newly synthesised secre-
tory proteins. The substrates are maintained in an 
unfolded, translocation-competent conformation 
with the aid of cytoplasmic chaperones (Chirico 
et al.  1988 ). Subsequent to binding, the signal is 
transferred from Sec62/Sec63 to the signal 
sequence receptor of the Sec61 translocon, and 
translocation occurs via the Sec61p channel. The 
primary role of the membrane protein complex 
Sec62/Sec63 is to activate the ATPase activity of 
BiP via Sec63p. The fi nal step in the completion 
of translocation of precursor secretory proteins is 
full transfer from the pore into the ER lumen and 
requires functional Sec63p and BiP. The associa-
tion of substrate-binding domain of BiP through 

Sec63p binds nonspecifi cally to the precursor 
peptide as it enters the ER lumen and allows the 
BiP to act as a translocation motor (Glick  1995 ; 
Brodsky  1996 ) and keeps the peptide from slid-
ing backwards in a ratchet-type mechanism.   

    Unconventional Secretome 
with Leaderless Peptide or Without 
Leader Peptide 

 Secretion of defence proteins in both plants and 
animals was originally thought to be solely via an 
endoplasmic reticulum (ER)/Golgi-mediated 
pathway, with the help of an N-terminal signal 
peptide directing the protein to the ER. 

 Leaderless secretory proteins are modifi ed in 
response to stress, thereafter enabling its interac-
tion with relevant secretory pathways and subse-
quently resulting in its movement across the 
membrane (Denny et al.  2000 ; Backhaus et al. 
 2004 ). Multivesicular bodies (MBVs) in plants 
are prevacuolar compartments (Tse et al.  2004 ; 
Miao et al.  2008 ) and normally considered as 
endosomes of plants (Lam et al.  2007 ; Otegui and 
Spitzer  2008 ; Wang et al.  2009 ; Niemes et al. 
 2010 ; Robinson et al.  2012 ). They have been 
reported in the cytoplasm underlying the invasion 
papillae surrounding the fungal haustorium. The 
paramural bodies or lomasome is frequently 
observed at these sites and considered as the 
fusion profi les of MVBs with the plasma mem-
brane. Callose is known to accumulate in the 
papillae and in the multivesicular bodies trans-
ported through endocytosis (An et al.  2006 ; Xu 
and Mendgen  1994 ). 

 Ding et al. ( 2012 ) described the three possible 
pathways for the leaderless secretory pro-
teins (LSP) or nonclassical secretion of proteins. 

  The fi rst LSP pathway  is based on the fusion 
of multivesicular bodies with the plasma mem-
brane to release the intraluminal vesicles to the 
apoplast, as exosomes. The release of exosomes 
depends on the behaviour of cytoplasmic domains 
of the two plasma membrane-localised SNAREs 
(syntaxin PEN1 and SNAP33), as their integra-
tion into the membrane of early endosome or 
trans-Golgi network in plants has been shown 
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(Lam et al.  2007 ,  2008 ; Robinson et al.  2008 , 
 2012 ; Meyer et al.  2009 ; Bednarek et al.  2010 ; 
Wang et al.  2010b ). After maturation into the 
multivesicular bodies, these SNAREs are on the 
intraluminal vesicles within the multivesicular 
body (Robinson et al.  2012 ; Scheuring et al. 
 2011 ). These exosomal intraluminal vesicles 
accumulate SNAREs in the matrix of the papilla 
after fusion of MBVs to plasma membrane 
(Fig.  5 ).  

  The second LSP pathway  is based on the vacu-
olar fusion to plasma membrane. This was estab-
lished by the pathogen-induced localised 

apoptosis at the site pathogen invasion. The 
localised apoptosis was due to the fusion of vacu-
ole with the plasma membrane and the releasing 
of hydrolytic vacuolar enzymes with caspase-3- 
like activity into the apoplast, resulting in the 
lysis of bacterial and plant cells (Hatsugai and 
Hara-Nishimura  2010 ). It suggests that these vac-
uolar enzymes were originally delivered to the 
vacuolar lumen through conventional secretory 
organelles, but their secretion to apoplast is an 
unconventional secretion (Fig.  5 ). 

  The third LSP pathway  is mediated by exocyst- 
positive organelles (EXPOs) discovered from 

  Fig. 5    Unconventional protein secretion pathways in plants (Adapted from Ding et al.  2012 )       
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suspension culture of  Arabidopsis  and tobacco 
BY-2 cells (Wang et al.  2010a ). These organelles 
have also been reported from root tips, root hair 
cells and pollen grains. EXPOs are double- 
membrane in the cytoplasm but are single- 
membrane vesicles outside the plasma membrane. 
EXPOs are like autophagosomes being double-
membrane- bound vesicles. But they are different 
from autophagosomes because their number does 
not change much under starvation, they do not 
fuse with endosomes and also they do not local-
ise with autophagosome using standard marker. 

 EXPOs are not infl uenced by Brefeldin A 
(BFA, a fungal metabolite that reversibly inhibits 
the anterograde transport from ER to Golgi appa-
ratus) or wortmannin (a specifi c inhibitor of 
phosphatidylinositol 3-kinase used to study pro-
tein traffi cking and identifi es organelles of plant 
secretory and endocytic pathways). It shows that 
the EXPOs do not follow the conventional secre-
tory or endocytic pathways of the cell (Fig.  5 ). 
All vesicle carriers, irrespective of being involved 
in conventional or unconventional protein secre-
tion, interact with the plasma membrane through 
the tethering factor called exocyst, a hetero- 
octameric complex made of Sec3, Sec5, Sec6, 
Sec8, Sec10, Sec15, Exo70 and Exo84 subunits 
(Chong et al.  2010 ). Each exocyst protein subunit 
is a single-gene product in yeasts and mammals, 
while in plants, Sec3, Sec5, Sec10 and Sec15 
subunits are encoded by two genes, Exo84 by 
three genes and Exo70 by 23 genes (Zhang et al. 
 2010 ). The tethering factor exocyst is involved in 
conventional secretory processes, self- 
incompatibility response and pathogen response 

(Samuel et al.  2009 ; Zhang et al.  2010 ; Pecenkova 
et al.  2011 ). 

 The markers, pathways and regulators of 
unconventional protein secretory pathways which 
are reported from plants have been listed in Table 
 1 . However, unconventional protein secretion 
still requires the omic studies utilising biochemi-
cal, cellular, molecular and genetic approaches to 
portray better understanding of nonconventional 
protein secretion.

        Characterisation of Global 
Secretome 

 Plants produce metabolic responses against 
received stress signals to regulate entire plant 
growth and development. Plants have continuity 
of symplast and apoplast that helps to establish 
communication within the physiological system 
(Sakurai  1998 ). The apoplast is a dynamic com-
partment and helps to perceive and transduce sig-
nals from the external environment to the 
intracellular symplast. Hence, proteins secreted 
into the apoplastic fl uid play an important role in 
biotic and abiotic stress responses. Various 
apoplast- secreted proteins are identifi ed, which 
play important biological roles in cell wall struc-
ture, cellular communication and the responses to 
host–pathogen relationships (Masuda et al.  2001 ; 
Rep et al.  2003 ; Boudart et al.  2005 ; Alvarez 
et al.  2006 ; Djordjevic et al.  2007 ; Floerl et al. 
 2008 ). Germination of barley seed showed 
α-amylase synthesis in the aleurone layer and its 
secretion into the endosperm to break down 

   Table 1    Unconventional protein secretion pathways in plants (Ding et al.  2012 )   

 Markers  Pathways  Regulators 
 Subcellular localisation 
of regulators 

 SAMS-2  Exocyst-positive 
organelle 

 AtExo70E2  Exocyst-positive 
organelle 

 Mannitol dehydrogenase  Golgi-independent  ?? 
 PMR4  Exosome  PEN1, SNAP33 
 GSL5  VAMP721/2 
 Aleurain  Central vacuole  PBA1 
 CPY 
 Aspartyl protease 
 Hygromycin phosphotransferase  Golgi-independent  Synaptogamin 2  Golgi 
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starch (Ranki and Sopanen  1984 ). Apoplastic 
secretome of apple, peach, pear and plum includ-
ing xylem sap and leaf apoplast is known to have 
antioxidative system in response to pox virus 
(Diaz-Vivancos et al.  2006 ). In poplar, nearly 300 
unique apoplastic proteins have been identifi ed, 
among which ~144 are from leaf apoplast and 
~135 are from stem apoplast (Pechanova et al. 
 2010 ), whereas ~97 were root apoplast protein 
(Dafoe and Constabel  2009 ). The leaf apoplast 
proteins have major roles in cell wall metabolism 
and stress/defence response, whereas root apo-
plast proteins have the major function of stress/
defence with cell wall metabolism as the second-
ary function (Pechanova et al.  2010 ). 

 Detailed studies of secreted proteins under 
normal, biotic/abiotic stress conditions revealed 
several types of novel secreted proteins, includ-
ing the leaderless secretory proteins. These lead-
erless secretory proteins account for more than 
50 % of the total identifi ed secretome from 
eukaryotes. Presently, about 24 terrestrial plant 
genomes have been completely sequenced, 
whereas many are under progress. 

 The analyses of the different components of 
cells have revealed that >80 % of the curated 
secreted proteins are present in the apoplast or 
exterior to the cell wall. Approximately 1,700 
secreted proteins have been manually curated 
from more than 150 plant species in the 
UniProtKB/Swiss-Prot database. Their subcellu-
lar locations are yet to be verifi ed experimentally. 
 Arabidopsis thaliana , being the most extensively 
studied plant model system, has 941, while  Oryza 
sativa  (japonica) has 226 curated secreted pro-
teins in the database (Table  2 ).

   Gene ontology analyses based on molecular 
functions showed that ~40 % of the total plant- 
secreted proteins and ~50 % of  Arabidopsis- 
secreted   proteins show hydrolase activity, with 
almost one third showing binding activity and 
~15 % showing the catalytic activity (Lum and 
Min  2011 ). 

 The functional genome annotation requires 
prediction of protein-coding sequences as well as 
their subcellular locations. The UniProt 
Consortium ( 2010 ) has a database of plant 
 secretomes allowing better and effi cient predic-

tion and analyses of curated and annotated 
secreted proteins, thus ultimately leading to 
enhancement of database by accurate prediction 
of plant secretomes and thus enhancing under-
standing about the response or action of secreted 
protein to a variety of internal and external 
environments. 

    Secretome Under Stresses 

 The plant apoplast research is lagging due to an 
obsolete concept of apoplast function and diffi -
culties in the extraction and analysis of apoplastic 
proteins. Apoplast consisting compartments 
beyond the plasmalemma has a variety of func-
tions during plant growth and development as 
well as in plant defence responses to stresses 
(Tian et al.  2009 ; Pennell  1998 ). During signal 
transduction, plant cells transport ligand like ions 
and other metabolites from the apoplast; there-
fore, a signal must cross the apoplast and plasma-
lemma (Sakurai  1998 ). Stress conditions 
signifi cantly affect both quantity and quality of 
apoplastic proteins (Dani et al.  2005 ). Some 
stress conditions evidenced to alter the apoplast 
proteins in response to them include salt (Zhang 

   Table 2    Curated secreted proteins from different plants 
in UniProt/Swiss-Prot database (Lum and Min  2011 )   

 Plant 
 No. of 
proteins 

  Arabidopsis thaliana   941 
  Oryza sativa  subsp. Japonica  226 
  Solanum lycopersicum  ( Lycopersicon 
esculentum ) 

 37 

  Nicotiana tabacum   28 
  Hordeum vulgare   27 
  Triticum aestivum   25 
  Zea mays   21 
  Oryza sativa  subsp. Indica  16 
  Capsicum annuum   12 
  Betula verrucosa  ( B. pendula )  11 
  Cycas revoluta   10 
  Phaseolus vulgaris   10 
  Solanum tuberosum   10 
 Other species (153 species)  330 
  Total    1,704  
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et al.  2009 ), low temperature (Marentes et al. 
 1993 ), salicylic acid (Cheng et al.  2009a ), metal 
toxicity (Fecht-Christoffers et al.  2003 ) and 
pathogen invasion (Oh et al.  2005 ). The roles of 
plant apoplastic proteins have been obviously 
ignored in analysing the plant stress response in 
comparison to the intracellular signalling path-
way components and effectors. 

 Studies on  ex planta  (suspension cultured 
cells) and  in planta  systems identifi ed a large 
number of leaderless secretory proteins in plants 
(Tran and Plaxton  2008 ; Cho et al.  2009 ; Agrawal 
et al.  2010 ), accounting for more than 50 % of 
total secretome, identifi ed under biotic and abi-
otic stress conditions, exhibiting the existence of 
signal peptide-independent secretory 
mechanism. 

    Secretome Under Abiotic Stresses 
 Plants have evolved sophisticated systems to 
cope with adverse environmental conditions such 
as cold, drought and salinity. Although a number 
of stress response networks have been proposed, 

the role of plant apoplast protein stress response 
is less known. 

 The monocot model plant rice has salinity as 
one of the major environmental factors limiting 
growth and productivity. The rice root apoplastic 
proteins in response to salt stress have been deci-
phered (Zhang et al.  2009 ). The differential 
expression of rice secretome compared to 
untreated control revealed its role in response to 
salt stress and identifi ed approximately 40 pro-
teins, mainly involved in carbohydrate metabo-
lism, oxidoreduction, protein processing and 
degradation (Song et al.  2011 ) (Fig.  6 ).  

 Low temperature stress decreases the produc-
tivity and limits the distribution of crop. Plants 
have different responses to freezing stress; some 
are freezing tolerant to withstand extracellular 
ice formation, and others prevent freezing by 
supercooling their sap. Apoplast proteome com-
ponents prevent the lethal cell damage by ice- 
interacting proteins. The molecular mechanisms 
and components of the low temperature signal-
ling in the apoplast are little known. The anti-

  Fig. 6    Salinity stress-responsive apoplastic protein network in rice seedlings (Song et al.  2011 )       
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freezing proteins in the apoplast bind to the ice 
crystals, thus inhibiting growth of ice crystal 
rather than ice formation in plants. Some of the 
plant antifreezing proteins are homologous to 
pathogenesis-related proteins (chitinase and glu-
canase) which have hydrolytic activity in addi-
tion to antifreezing protein activity (Hon et al. 
 1995 ; Yaish et al.  2006 ). 

 Apoplast acts as the mediator of cell commu-
nication with the environment and is altered by 
the freezing stress and the analyses of secretome 
give better understanding to the mechanism of 
freezing tolerance. Secretome of  Hippophae 
rhamnoides  (sea buckthorn) identifi ed 60 low-
temperature- responsive (LTR) proteins, of which 
50 % were upregulated LTR proteins (Gupta and 
Deswal  2012 ). SignalP and SecretomeP analysis 
showed that 76 % of the proteins identifi ed were 
apoplastic proteins, among which 24 % were fol-
lowing classical and 52 % following the nonclas-
sical secretory pathway (Table  3 ). Also, the 
nonsecretory proteins identifi ed were the non- 
resident apoplast proteins and might be imported 
in response to any stimulus like low 
temperature.

   Phosphate is a macronutrient important for 
plant growth and metabolism. The excessive use 

of phosphate fertilisers results in phosphate defi -
ciency in soil. Plants respond to phosphate defi -
ciency by increased root growth, lateral roots to 
increase surface area of absorption and reduced 
shoot growth (Vance et al.  2003 ). Differentially 
expressed secretome of  Arabidopsis thaliana  
suspension cell cultures under phosphate- 
suffi cient and phosphate-defi cient conditions was 
analysed by proteomic approach which identifi ed 
37 unique proteins (Tran and Plaxton  2008 ). 
Among them, 24 secreted proteins were 
phosphorus- defi ciency-responsive proteins, 
while 18 of them were upregulated and six down-
regulated secretory proteins (Table  4 ).

   The mannitol dehydrogenase (MDH) is a 
cytoplasmic enzyme which is secreted in a Golgi- 
independent manner by tobacco in response to 
salicylic acid (Cheng et al.  2009b ). The mannitol 
acts as a metabolite as well as an osmoprotectant 
due to its regulated conversion to mannose by 
MDH in the cytosol of plants like celery (Stoop 
et al.  1996 ). Thus, mannitol and MDH play an 
important role in plant–pathogen interactions. 
Golgi-independent secretion of MDH catabolises 
fungal mannitol in the extracellular space. The 
apoplastic peroxidases and high levels of leader-
less secretory antioxidant protein Cu/Zn superox-

   Table 3    Low-temperature stress-responsive secretome of  H. rhamnoides  (Gupta and Deswal  2012 )   

 Functional category  Protein  Predicted secretory pathway 

  Redox regulation   Lactoylglutathione lyase or glyoxylase 1  Nonclassical 
 Superoxide dismutase  Nonclassical 
 Thioredoxin  Classical 
 Putative lactoylglutathione lyase  Nonclassical 

  Defence/stress related   Osmotin-like protein  Classical 
 Thaumatin-like protein  Classical 
 Chitinase  Classical 
 GDSL-motif lipase/hydrolase family protein  Nonclassical 
 Desiccation-related protein  Classical 
 Phenylalanine ammonia lyase  Nonclassical 
 Late embryogenesis-like protein  Nonclassical 

  Signalling   Calmodulin 1  Nonclassical 
 Calcium-dependent protein kinase 23  Nonclassical 
 GTPase-activating protein  Nonclassical 

  Metabolism   Putative phosphomannomutase  Nonclassical 
  Regulation   Cysteine protease  Nonclassical 

 Translation-inhibitor protein  Classical 
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ide dismutase in response to biotic or salicylic 
acid stress lead to oxidative burst (Bindschedler 
et al.  2006 ; Cheng et al.  2009a ). 

  Arabidopsis  secretome induced by 1 mM sali-
cylic acid (SA) showed a number of secretory 
proteins into the apoplast through classical or 
nonclassical secretory pathway (Cheng et al. 
 2009a ). 

 Poplar ( Populus spp ) plants growing in river-
ine ecosystems, characterised by rapid environ-
mental changes, have evolved as multistress 
response in the apoplast. Apoplast secretome of 
poplar constitutes a potential adaptive mecha-
nism to inhabit successfully in dynamic riverine 
ecosystem (Pechanova et al.  2010 ).  

    Secretome Under Biotic Stresses 
 The plants’ cell wall acts as a barrier separating 
plant cells from the external environment. 
Therefore, proteins that are secreted in the extra-
cellular space or apoplast play an important role 
in defence response. They reinforce the cell wall 
and antimicrobial activity via defence proteins 
such as chitinases, β-1, 3 glucanases, thionins, 
and defensins and lipid transfer proteins (Grant 
and Lamb  2006 ). These secreted proteins include 
various hydrolytic enzymes that are secreted in 
the apoplast as self-defence response to pathogen 
(bacteria, fungi and viruses) attack. Such 
pathogenesis- related proteins (PRPs) mediate 
cell-to-cell communication, and many of them 
follow the nonclassical secretory pathway 

   Table 4    Functional characterisation of secretome from  Arabidopsis  cell suspension under phosphate-defi ciency condi-
tion (Tran and Plaxton  2008 )   

 Protein and putative function  Mode of secretion  Gene expression 

  Cell wall modifying  
 Expansin-like protein  Classical   ↓  
 β-Fructofuranosidase  Classical  ** 
 Galactosyltransferase family protein  Classical   ↓  
 Xyloglucan endo-1,4-β-D-glucanase  Classical   ↓  
 Xyloglucan endotransglycosylase 6  Classical  ** 
 Monocopper oxidase-like protein  Classical  ** 
  Defence  /  detoxifying  
 Glutathione transferase 8  Nonclassical  ** 
 Dehydroascorbate reductase 1  Nonclassical  ** 
 Mn superoxide dismutase 1  Nonclassical  ↑ 
 NADPH-dependent thioredoxin reductase 2  Classical  ↑ 
 Peroxidase  Classical  ↓ 
 Peroxidase 17  Classical  ↑ 
 Peroxidase 53  Classical  ↑ 
  Glycolysis  
 Phosphoglycerate mutase  Nonclassical  ** 
 Enolase  Nonclassical  ** 
  N  -  Metabolism  
 Amidase family protein  Classical  ** 
 Glutamine synthetase  Nonclassical  ** 
  Nucleases  
 RNS1  Classical  ↑ 
  Proteases  
 Leucine aminopeptidase 1  Nonclassical  ** 
 Leucine aminopeptidase 3  Nonclassical  ** 
 Serine carboxypeptidase 50  Classical  ** 

   ↑  = Upregulated,  ↓  = downregulated,  **  = unique proteins  
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(Bowles  1990 ; Agrawal et al.  2010 ). Thus, plant 
secretome might play a key role in the early rec-
ognition and defence against pathogen attack. 

 There are three types of plant responses to 
pathogen invasion: (1) by sensing the presence of 
elicitors through the cell surface receptors, (2) by 
producing localised oxidative burst by release of 
reactive oxygen species or (3) by releasing differ-
ent types of antimicrobial compounds. The elici-
tors arise from the cell wall of pathogens or 
fragments of the host cell wall released by patho-
gen activity such as chitin fragments and detec-
tion of the fungal attack by release of chitinases 
like PR3 (Verburg and Huynh  1991 ; Kaku et al. 
 2006 ). 

 Studies on plant secretome improves our 
insight of defence mechanism during plant–
pathogen interactions. Identifi cation of secreted 
proteins in  Arabidopsis  suspension-cultured cells 
(Ndimba et al.  2003 ; Oh et al.  2005 ), maize 
(Chivasa et al.  2005 ) and tobacco BY2 cell 
(Okushima et al.  2000 ) have been reported in 
response to fungal pathogens. The various patho-
gen elicitor-responsive proteins identifi ed from 
plants include lectin receptor-like kinase, endo-
chitinase, xyloglucan endo-1, 4-β-D-glucanases 
and peroxidise from cell suspension culture 
 fi ltrates. Also, there are reports from whole-pro-
tein extracts that furthers our understanding on 
plant–pathogen interactions and defence 
 signalling in wheat (Rampitsch et al.  2006 ), 
maize (Chivasa et al.  2005 ), pea (Curto et al. 
 2006 ),  Arabidopsis  (Jones et al.  2006 ) and 
rice (Ventelon-Debout et al.  2004 ; Lee et al. 
 2006 ). 

 Kim et al. ( 2009 ) identifi ed 21 differentially 
expressed proteins in the secretome in response 
to rice blast fungus ( Magnaporthe grisea ) and its 
elicitor in rice suspension culture. These secreted 
proteins include chitinases, expansins and ger-
mins/oxalate oxidases. The secretory proteins 
expressed in elicitor-treated suspension cell cul-
ture were nearly similar to the  M. grisea- infected 
rice leaves. It established the early recognition of 
pathogens via secreted proteins in resistant rice 
plants. 

 Pathogen attack in plants initiates a signalling 
cascade that leads to the synthesis of salicylic 

acid, which induces the expression or secretion 
of various PRPs that play a key role in systemic 
acquired resistance of plants. 

  In planta  secretome analyses of  Phytophthora 
capsici -infected pepper ( Capsicum annuum ) 
identifi ed 75 secretory proteins (Yeom et al. 
 2011 ). Majority of the secreted proteins were 
defence- and stress-related proteins, proteases, 
protease inhibitors or cell wall structural 
proteins. 

 Water and pathogen stress-mediating PRPs in 
apoplast are effective in suppressing growth of 
 Melampsora  causing leaf fungal rust in poplar 
(Rinaldi et al.  2007 ). The leaf apoplast secretome 
showed the presence of proteins like acidic class 
III chitinase, thaumatin-like protein, blight- 
associated protein p12, cationic peroxidase 1 and 
cysteine-rich repeat secretory protein 38 in 
response to  Melampsora  infection. The acidic 
class III chitinase expression increased under 
pathogen challenge with  M. larici-populina  as 
well as under drought condition. It suggests a 
broad spectrum of role of apoplastic PRPs under 
stresses. A group of cysteine-rich peptides, 
defensins, are conserved in plants, and animals 
possess antimicrobial activity against a variety of 
fungus (Thomma et al.  2002 ). Some of them in 
plants are antibacterial or even few have a role in 
anti-insect activity. The defensins have different 
mechanisms for antifungal activity, such as (1) by 
interacting fungal cell wall components and caus-
ing localised apoptosis (Thevissen et al.  2012 ), 
(2) by binding to fungal ion channels to block it 
(Spelbrink et al.  2004 ) or (3) by modulating per-
meability of fungal plasma membrane leading to 
fungal cell death (Mello et al.  2011 ). It reveals 
that apoplast secretome-based defence 
 mechanism works effectively against pathogens 
by  activating pathogenesis-related proteins under 
biotic stress (Pechanova et al.  2010 ).   

    Secretome of Developmental Stages 

 Multicellular organisms have evolved an effi cient 
system for cellular communication to ensure the 
ordered development, growth, maintenance and 
reproduction to successfully complete their life 
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span. It requires cells to coordinate response to 
environmental stimuli as well as to each other by 
integrating the wide array of extracellular and 
intercellular signals. The cellular secretion in the 
apoplast by plant is an important biological pro-
cess and serves as an interface between the envi-
ronment and organism. Cell-to-cell 
communication during developmental stages pre-
dominantly involves secreted peptide ligands and 
interacts with their receptors present on the 
plasma membrane on the target cells. Apoplastic 
secretome contains proteins secreted through the 
classical ER–Golgi–TGN pathway or secreted by 
unconventional protein secretion mechanisms. 
The apoplast is not an empty space bordering a 
cell but rather participates in functions in plants 
(Lippmann et al.  2009 ) including nutrients and 
growth regulation, water regulation, osmoregula-
tory homeostasis of solutes, tissue structure, 
defence against biotic/abiotic stress, transport, 
osmosis, cell adhesion and gas exchange (Floerl 
et al.  2012 ). 

 The secretome of a tobacco cell suspension 
culture identifi ed proteins mainly involved in 
stress defence and cell regeneration processes 
(Lippmann et al.  2009 ). Secretome analysis of 
chickpea ( Cicer arietinum ) callus suspension 
culture revealed 773 proteins in the extracellular 
medium (Gupta et al.  2011 ). Peroxidases, chitin-
ases and other pathogenesis-related proteins were 
identifi ed in cell cultures of tomato and grapevine 
after application of elicitors like cyclodextrins 
and methyl jasmonate (Briceno et al.  2012 ; 
Martinez-Esteso et al.  2009 ). Functional studies 
have revealed a multitude of secreted peptides 
involved in diverse biological processes (Table  5 ). 
Secreted peptides are categorised into two main 
groups distinguished on the basis of their biogen-
esis and overall structure: the CLEs (CLAVATA3/
embryo-surrounding region, CLV3/ESR) includ-
ing related peptide family and the CRPs 
( cysteine-rich peptides). 

   In conclusion, secreted peptides play a much 
more important role in cell–cell communication 
through relaying signals via ligand–receptor 
machinery of diverse biological contexts. These 
recent fi ndings defy the traditional view of plant 
cells being unable to communicate by ligand–

receptor interaction on the surface because of the 
surrounding cell wall. It is highly likely that 
 better understanding of secretomics of plants 
growing in diverse environment will reveal more 
biological processes in which interaction of apo-
plastic fl uid proteins with receptors presents on 
the plasma membrane of one cell with another 
cell.   

    Current Strategies to Study Plant 
Secretome 

 Plant cell secretes many proteins through exocy-
tosis to the apoplastic fl uid to maintain cell 
 structure and regulate the external environment 
and as a part of signalling and defence 
mechanisms. 

 In recent years, there has been an increased 
interest in plant and microbe secretomes as the 
secreted proteins have shown to play an impor-
tant role in normal growth, stress biology, infec-
tion and progression of diseases and subsequent 
response in plant protection (Agrawal et al.  2010 ; 
Stassen et al.  2012 ). Advancement in the pro-
teomic profi ling of plant secretome can be owed 
to the advancement in biochemical, proteomic 
techniques, mass spectroscopy and bioinformat-
ics approaches. The complete characterisation of 
a proteome/secretome is a formidable task, and 
the degree of success achieved depends on the 
methods available and their amenability to auto-
mation and high-throughput formats. Parameters 
such as the complexity of the protein mixture, 
levels of expression and modifi cation and intra-
cellular localisation all impact the choice of pro-
teomics technology to be used. It had established 
several in-depth secretome profi les from different 
cell types, apoplastic fl uids from normal and dis-
eased conditions at a faster pace. The biggest 
challenge in secretomic studies is the discrimina-
tion between the proteins that are truly secreted 
from those that are released as the result of non- 
physiological environmental stresses. Hence, 
strategies and techniques are being continuously 
modifi ed to best adapt and to investigate the plant 
secretomes with high reproducibility. It is there-
fore important to establish a simple, reproducible 
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   Table 5    Secreted apoplastic peptides and their biological functions in plants (Krause et al.  2013 )   

 Peptide ligand  Peptide ligand  Plant species  Biological function 

  CLEs  
 CLAVATA 3 (CLV3)  CLAVATA 1 (CLV1)   Arabidopsis thaliana   Regulation of shoot 

apical meristem activity  CLAVATA 2 (CLV2) 
 CORYNE (CRN) 
 Receptor-like protein 
kinase 2 
 (RPK)/toadstool 2 
(TOAD2) 
 Barely any meristem 1/2 
(BAM1/2) 

 CLAVATA3/ESR-related 1 
(CLE 40) 

 ACR4   Arabidopsis thaliana   Regulation of root 
growth 

 CLE 14  CLAVATA 2 (CLV2)   Arabidopsis thaliana   Regulation of root 
apical meristem activity  CORYNE (CRN) 

 CLE20  CLAVATA 2 (CLV2)   Arabidopsis thaliana   Regulation of root 
apical meristem activity  CORYNE (CRN) 

 CLE 1   Arabidopsis thaliana   Regulation of root 
apical meristem activity 

 CLE 7   Arabidopsis thaliana   Regulation of shoot 
apical meristem activity 

 CLE 41  TDR/phloem intercalated 
with 

  Arabidopsis thaliana   Regulation of xylem 
differentiation 

 Xylem (PXY) 
 CLE 44  TDR/PXY   Arabidopsis thaliana   Regulation of xylem 

differentiation 
 CLE 42  TDR/PXY   Arabidopsis thaliana   Regulation of xylem 

differentiation 
 Regulation of axillary 
bud formation 

 TDIF  TDR/PXY   Zinnia elegans   Regulation of xylem 
differentiation 

 CLE12  Supernumerous nodules 
(SUNN) 

  Medicago truncatula   Autoregulation during 
nodulation 

 CLE13  Supernumerous nodules 
(SUNN) 

  Medicago truncatula   Autoregulation during 
nodulation 

  Cysteine-rich peptide (CRP) (epidermal patterning factors (EPFs))  
 (EPFL9)  Too many mouth (TMM)   Arabidopsis thaliana   Promotion of stomata 

development 
 (EPF2)  Too many mouth (TMM)   Arabidopsis thaliana   Inhibition of stomata 

differentiation  ERECTA (ER) 
 ERECTA-like 1 (ERL1) 

 (EPF1)  ERECTA-like 1 (ERL1)   Arabidopsis thaliana   Inhibition of stomata 
differentiation 

 (EPF6)/CHALLAH (CHAL)  Too many mouth (TMM)   Arabidopsis thaliana   Inhibition of stomata 
differentiation 
 Regulation of 
infl orescence 
architecture 

 ERECTA (ER) 

 (EPF4)  ERECTA (ER)   Arabidopsis thaliana   Regulation of 
infl orescence 
architecture 

(continued)
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Table 5 (continued)

 Peptide ligand  Peptide ligand  Plant species  Biological function 

  Cysteine-rich peptide (CRP) (RALFs)  
 RsAFP2   Raphanus sativus   Antifungal function 
 PvD1   Phaseolus vulgaris   Antifungal function 
 ZmES4   Zea mays   Pollen tube bursting 

during fertilisation 
  Cysteine-rich peptide (CRP)  
 Lat52  LePRK2   Lycopersicon esculentum   Promotion of pollen 

hydration and 
germination and pollen 
tube growth 

 LeSTIG1  LePRK2   Lycopersicon esculentum, 
Nicotiana tabacum, Petunia 
hybrida  

 Promotion of pollen 
tube growth in tomato 

 SLR1-BP  S-locus glycoprotein 
SLG-like receptor 

  Brassica campestris   Pollen adhesion on the 
pistil 

 1 (SLR 1) 
 LR2-B  S-locus glycoprotein 

SLG-like receptor 
  Brassica campestris   Pollen adhesion on the 

pistil 
 1 (SLR 1) 

  Cysteine-rich peptide (CRP) (LTP)  
 Stigma cysteine-rich adhesion 
(SCA) 

  Lilium longifl orum   Formation of an 
adhesive layer in the 
transmitting tract 

 LTP5   Arabidopsis thaliana   Role in pollen tube 
growth and pistil 
function 
 Effect on primary shoot 
growth, elongation of 
hypocotyls and 
infl orescence branching 

  Cysteine-rich peptide (CRP) (DEFL)  
 SCR/SP11  SRK   Brassica   Determinant of 

self-incompatibility 
 LURE1/TfCRP1   Torenia fournieri   Pollen tube attraction 
 LURE2/TfCRP 3   Torenia fournieri   Pollen tube attraction 
 ZmES4   Zea mays   Role in pollen tube 

bursting during 
 Fertilisation 

 Egg cell 1 (EC1) (DEFL)   Arabidopsis thaliana   Role in sperm–egg cell 
fusion 

  Other peptides  
 Infl orescence defi cient in 
abscission (IDA) 

 HAESA   Arabidopsis thaliana   Role in fl oral abscission 

 Phytosulfokine (PSK)  PSKR1, PSKR2   Arabidopsis thaliana   Regulation of growth 
size of roots and shoots 

 RNase 
 S-RNase   Solanaceae, Rosaceae, 

Scrophulariaceae  
 Inhibition of pollen 
tube growth 

  Papaver rhoeas  stigma (PrsS)  Papaver rhoeas pollen 
(PrpS) 

  Papaver rhoeas   Determinant of 
self-incompatibility 

N. Yadav et al.



375

and economic procedure for systematic  secretome 
analysis in plants. 

    Sample Preparation 

 The sample preparation of secreted proteins 
devoid of host-plant proteins is one of the most 
critical and challenging aspect in the secretome 
analyses. Most secretome studies to date are 
 performed both on ex vivo suspension cell cul-
tures (SCCs) and  in planta  systems (Fig.  7 ). 
 Ex planta  SCCs may not suffi ciently complement 
to the  in planta  environment, thus reducing 
the correlation to the true physiological 
secretome.  

    Ex Planta System 
 Plant suspension cell cultures are widely used as 
a convenient tool for secretome analyses of the 
plant bypassing the structural complexity of the 
plant. The homogeneity of SCC cell population; 
the large availability of material; the easiness to 
maintain, handle and scale up/down; the high rate 
of cell growth; and the good reproducibility of 
conditions make it suitable for the analysis of 
plant secretome. Secreted proteins into the 
 culture medium are used to prepare the 
secretome. 

 Different strategies and techniques have been 
applied to isolate pure secreted proteins suitable 
for proteomic analysis (Fig.  8 ).  

 Particulate free cell culture fl uid containing 
pure secreted proteins can be obtained by fi ltra-

  Fig. 7    A general overview of the  ex planta  and  in planta  systems for secretome analysis (Agrawal et al.  2010 )       
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tion and/or high-speed centrifugation. Basically, 
fi ltration and centrifugation are a good combina-
tion to obtain clear cell culture fl uid. Isolated sec-
retome is either snap frozen immediately and 
stored at −80 °C or freeze-dried in a vacuum 
lyophiliser followed by dialysis against a suitable 
buffer. The lyophilised protein sample can be 
subjected to TCA precipitation to concentrate 
and effectively remove the salts, small peptides, 
water-soluble medium components, secondary 
metabolites and polysaccharides. The secreted 
protein pellet can be immediately processed for 
biochemical and proteomic analysis.  

    In Planta System 
 The apoplastic fl uid between the middle lamella 
and primary wall is isolated using biochemical 
methods. The classical vacuum infi ltration–cen-
trifugation (VIC) method and the newly intro-
duced gravity extraction method (GEM) are 
suitable and well-established methods for 
 apoplastic secretome isolation (Fig.  9 ).  

 The vacuum infi ltration–centrifugation 
method involves two critical steps: (1) vacuum 
infi ltration with or without appropriate extraction 
buffer and (2) centrifugation speed and time. The 
suitability of the classical vacuum infi ltration–

  Fig. 8    Workfl ow showing 
preparation of secreted 
proteins using the  ex 
planta  SCC (Agrawal et al. 
 2010 )       
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  Fig. 9    Workfl ow for  in planta  preparation of secretome using VIC and GEM (Agrawal et al.  2010 )       
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centrifugation method (Terry and Bonner  1980 ) 
for apoplastic secretome collection was further 
supported by critically evaluating it on intact 
leaves from different plant species –  Vicia faba  
L.,  Phaseolus vulgaris  L.,  Pisum sativum  L., 
 Hordeum vulgare  L,  Spinacia oleracea  L.,  Beta 
vulgaris  L. and  Zea mays  L. (Lohaus et al.  2001 ). 
Strength of infi ltration buffer, incubation time 
and processing time showed relatively little 
impact on composition of the apoplastic fl uid. In 
contrast, the pH of infi ltrated solution highly 
infl uenced the concentration of sucrose and 
hexoses. 

 Separation of secretome from the culture 
medium or extracellular fl uid can be easily done 
by fi ltration without cell disruption or by low- 
speed centrifugation. Moreover, the fraction of 
dead cells can be determined by staining the cul-
ture with trypane blue to identify any nonsecreted 
cytoplasmic proteins as being contaminants.  Ex 
planta  SCCs in model plants like tobacco, 
 Arabidopsis , rice and  Medicago  have been used 
for secretome studies. 

 In gravity extraction method, the apoplastic 
fl uid is obtained in a single step. It is a simple, 
reproducible and novel method for the extraction 
and preparation of pure secreted proteins 
(Cottingham  2008 ). 

 Two types of biochemical analyses are gener-
ally used to assess sample free from contamina-
tion of soluble cytoplasmic proteins before 
starting the proteomic analyses. The enzyme 
activity and western blotting of soluble cytoplas-
mic marker proteins, e.g. exclusively cytoplasmic 
enzymes like glucose 6-phosphate dehydroge-
nase (GAPDH) (Oh et al.  2005 ), phosphoenol-
pyruvate carboxylase (PEP-carboxylase) (Tran 
and Plaxton  2008 ) and cytosolic aldolase (Tran 
and Plaxton  2008 ), are assessed. The absence of 
the enzymatic activity and reference band on 
western blot confi rms the purity of apoplastic 
fl uid secretome preparation.   

    Protein Separation 

 Proteins are extremely diverse molecules and dif-
fer by mass, charge, hydrophobicity, tertiary 

shape and their affi nity for other molecules. 
Several approaches are being employed for the 
separation of complex mixtures of protein. It is 
crucial to obtain a protein sample which contains 
only the molecule of interest. One-dimensional 
electrophoresis (SDS-PAGE) and 2D gel electro-
phoresis are the most popular gel-based protein 
separation methods. In 1DE, proteins are sepa-
rated on the basis of molecular mass. Moreover, 
1DE is simple to perform, is reproducible and 
can be used to resolve proteins with molecular 
masses of 10–300 kDa. However, limited resolv-
ing power of a 1DE is a limitation, if a more com-
plex protein mixture, such as a crude cell lysate, 
is to be separated. Limitation of resolving power 
can be conquered by the use of 2-dimensional gel 
electrophoresis. 

 Two-dimensional (2D) gel electrophoresis is a 
powerful gel-based method commonly used for 
‘global’ analyses of complex samples, i.e. when 
we are interested to characterise the entire spec-
trum of proteins in a sample. One of the greatest 
advantages of 2DE is the ability to resolve pro-
teins that have undergone some form of post-
translational modifi cation. This resolution is 
possible in 2DE because many types of protein 
modifi cations confer a difference in charge as 
well as a change in mass on the protein. In 2D, 
proteins are separated by two distinct physical 
properties of protein. In the fi rst dimension, pro-
teins are resolved according to their net charge 
and in the second dimension, according to their 
molecular mass. The combination of these two 
methods produces resolution far exceeding that 
obtained in 1DE using a crude protein sample. 

 In this technique, the proteins are focused fi rst 
in an immobilised pH gradient strip on the basis 
of their isoelectric point (acid vs. basic charac-
ter). The isoelectric focusing gel is then placed 
over an SDS-PAGE gel and runs in the perpen-
dicular dimension, and proteins are resolved on 
the basis of mass (Fig.  10 ). Thus, proteins sepa-
rate not as bands but as spots, and the position of 
each protein spot depends on both the size and 
charge of protein.   
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    Identifi cation of Proteome Make-up 
of Secretome 

 After separation of secretome contents on 2D 
array, its proteome profi le is identifi ed by deduc-
ing the primary structure of each spot arrayed. 
Presently, mass spectrometry (MS), coupled with 
other preparative and analytical methods, is the 
main method in proteomics for achieving sensi-
tivity and reproducibility. The major advantage 
of MS analysis is that it can process posttransla-
tionally modifi ed protein sample of any size 
required in a picomole quantities. Modifi cation 
of N-terminus of protein cannot be sequenced 
using Edman’s degradation method, and its sensi-
tivity is up to 30 residues. Normally, the combi-
nation of 2D gel electrophoresis and MS is the 
most widely used method to study proteome. The 
protein spots are in-gel digested with proteolytic 
enzymes like pepsin, trypsin, chymotrypsin, 
papain, bromelain and subtilisin. After 
 proteolysis, the peptides are separated on in-line 
LC-MS instrument. The data obtained from MS 
analysis of peptides can be taken directly for 
comparison to protein sequences derived from 
protein and nucleotide sequence databases. 

 Recently, a modifi ed version called differen-
tial in-gel electrophoresis (DIGE) has improved 

performance at the gel-based part (Knowles et al. 
 2003 ; Marouga et al.  2005 ; Ye et al.  2010 ). 
Multidimensional protein identifi cation technol-
ogy (MudPIT) (Link et al.  1999 ) is a gel-free 
method to analyse the highly complex samples 
necessary for large-scale proteome analysis by 
ESI-MS/MS and database searching. As it is 
most frequently used, MudPIT couples a two- 
dimensional liquid chromatography (2D-LC) 
separation of peptides on a microcapillary col-
umn with detection in a tandem mass spectrom-
eter. In the MudPIT experiment, a protein or 
mixture of proteins is reduced, alkylated and 
digested into a complex mixture of peptides. The 
digested peptide sample is pressure-loaded 
directly onto a microcapillary column where they 
are separated on the basis of their size and hydro-
phobicity. Once peptides are separated and eluted 
from the microcapillary column, they are ionised 
and enter the mass spectrometer, where they are 
isolated based on their mass-to-charge ratio 
(m/z). Tandem mass spectra are generated and 
are searched against a protein database. With the 
advent of proteomic techniques and mass spec-
trometry instrumentation, the effi ciency of iden-
tifying and quantifying proteins in biological 
samples, including secretomes, has greatly 
improved.  

  Fig. 10    Two-dimensional gel electrophoresis for secretome separation       
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    Bioinformatic Analysis of Secretome 
Data from 2D and MS Array 

 High level of precision, sensitivity and resolution 
of MS have signifi cantly increased high through-
put of proteomics. Such high-precision instru-
ments are capable of generating huge volume of 
high-quality data. Thus, comparison of secre-
tome data obtained from different experiments/
laboratories on specifi c cell/tissue types in 
defi ned conditions and specifi c diseases is war-
ranted. For validation and extraction of signifi -
cant outcomes has become feasible only by the 
development of multiple proteomic database and 
related software. A growing number of prediction 
tools for the plant secretome enable prediction of 
SPs, TMDs, GPI anchors or conserved domains 
in novel secretory proteins. Proteins secreted via 
the classical ER–Golgi–TGN pathway can be 
identifi ed by their signal peptide using the 
SignalP 4.0 server (  http://www.cbs.dtu.dk/ser-
vices/SignalP    ) (Petersen et al.  2011 ), Phobius 
(  http://phobius.binf.ku.dk/    ) (Kall et al.  2004 ) and 
TargetP (  http://www.cbs.dtu.dk/services/
TargetP    ) (Emanuelsson et al.  2007 ). The 
SecretomeP software helps to fi nd LSPs by 
searching for certain LSP typical protein features 
apart from the lack of a signal sequence (Bendtsen 
et al.  2004 ). The recently developed bioinformat-
ics tool LocTree2 uses a hierarchic, decision tree- 
like structure imitating the cellular protein sorting 
cascade to predict the subcellular localisation of 
proteins and thus also their secretion into the apo-
plast (Goldberg et al.  2012 ). 

 Currently there is an urgent need to deposit 
both raw mass spectrometry data and the corre-
sponding list of identifi ed proteins in public 
domains such as PRIDE (  www.ebi.ac.uk/pride    ) 
and ProteomeXchange (  www.proteomexchange.
org    ) for proteomics-related studies.      
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