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Xylem sap in cotton contains proteins that contribute
to environmental stress response and cell wall development
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Abstract The xylem sap of a plant is primarily responsible
for transporting molecules from the underground root system
to the aboveground parts of the plant body. In order to under-
stand the role that roots play in cotton growth and develop-
ment, the components present in xylem sap must be elucidat-
ed. In this study, we used a shotgun HPLC-ESI-MS/MS
proteomics approach to identify 455 peptides from the xylem
sap of field-grown cotton plants at peak blooming stage. Of
these peptides, 384 (84.4 %) were found to be secreted pro-
teins and 320 (70.3 %) had special molecular functions. Based
on Gene Ontology (GO) analysis, 348 peptides were annotat-
ed in terms of molecular function, biological process, and
cellular localization, with 46.9 and 45.1 % being related to
catalytic activity and binding activity, respectively. Many
xylem sap-containing proteins were predicted to be involved
in different phases of xylem differentiation including cell wall
metabolism, secondary cell wall development and patterning,
and programmed cell death. The identification of starch and
sucrose hydrolyzing enzymes implicated the interaction be-
tween roots and aboveground parts on the aspect of carbohy-
drate metabolism. Many of the proteins identified in this study
are involved in defense mechanisms including pathogen-
related proteins, such as peroxidases, chitinases, and germin-
like proteins, proteases involved in disease resistance, and

phytoalexin phenylpropanoid synthesis-related proteins. The
majority of identified signaling proteins were fasciclin-like
arabinogalactan proteins and kinases. The results of this study
provide useful insight into the communication mechanisms
between cotton roots and the rest of the cotton plant.
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Introduction

Roots have unique and important roles in plants. For example,
roots are responsible for obtaining, as well as distributing,
water and mineral nutrients essential for plant growth and
development. Roots are also responsible for anchoring the
plant in the soil. Recent studies have demonstrated that an
assortment of organic matter, including proteins, is synthe-
sized in the roots and that these metabolites are then
transported to the upper parts of the plant through the xylem
vessels. These transported metabolites include hormones,
amino acids, proteins, and both oligo- and polysaccharides
and they have been shown to perform a variety of different
functions (Satoh 2006; Alvarez et al. 2008; Floerl et al. 2008;
Ligat et al. 2011).

In 1991, Biles and Abeles observed that proteins were
present in xylem sap (Biles and Abeles 1991). Since then,
xylem sap-containing proteins have been investigated in sev-
eral plant species, including Brassica napus (Buhtz et al.
2004; Kehr et al. 2005; Floerl et al. 2008), Brassica oleracea
(Buhtz et al. 2004; Ligat et al. 2011), Cucumis sativus (Sakuta
and Satoh 2000; Oda et al. 2003; Buhtz et al. 2004),Cucurbita
maxima (Buhtz et al. 2004), Solanum lycopersicum (Rep et al.
2002, 2003; Houterman et al. 2007),Glycine max (Djordjevic
et al. 2007; Subramanian et al. 2009), Zea mays (Alvarez et al.
2006, 2008), Malus domestica (Biles and Abeles 1991),
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Prunus persica (Biles and Abeles 1991), Pyrus communis
(Biles and Abeles 1991), and a poplar hybrid (Populus
trichocarpa×Populus deltoides) (Dafoe and Constabel
2009). The results of these studies identified several types of
proteins that are transported in the xylem, including
chitinases, glycosyl hydrolases, peroxidases, proteases,
lectins, pathogenesis-related proteins (PR-proteins), and cell
wall structural proteins such as glycine-rich proteins (GRPs).
Additional studies of these xylem sap-containing proteins will
further elucidate the communication mechanisms between
different parts of the plant and ultimately reveal more root
contributions to plant development.

More and more evidence has shown that xylem sap-
containing proteins play an important role in plant develop-
ment; these proteins have been found to circulate between
plant roots and the rest of the plant body (Dafoe and Constabel
2009; Agrawal et al. 2010; Ligat et al. 2011). The xylem fluid
aids in the plant’s interaction with its environment by deliver-
ing materials to the cells and providing intracellular and
intercellular communications (Agrawal et al. 2010). During
these processes, xylem vessels also deliver proteins from the
roots to the leaves for cell wall repair, lignification, or defense
purposes (Alvarez et al. 2006, 2008). Hormones found in
xylem sap, such as cytokinins and abscisic acid (ABA), have
been shown to play significant roles in regulating leaves’
senescence (Wang et al. 2012). Despite these advances, the
roles of xylem sap proteins involved in the signaling of root to
shoot are still unknown. Therefore, it is necessary to study the
composition of xylem sap in the field in order to further
investigate the expression profiles and signaling roles of xy-
lem sap-containing proteins.

Although there have been several studies in other plant
species aimed at identifying xylem sap-containing peptides,
no research has been performed in cotton. Cotton is the
world’s leading fiber crop and one of the most important
economic cash crops. Often times, it can be observed that
cotton plants will senesce early due to nutrient deficiency,
with symptoms particularly evident in the leaves (Zhang
et al. 2007). Cotton plant senescence may originate from root
senescence at an early stage and then be transported to other
parts of the plant through the xylem. Therefore, understanding
the composition of xylem sap-containing constituents will
help determine the metabolic and chemical role that roots play
in plant growth and development.

There are several approaches for identifying and studying
xylem sap-containing proteins, two of which include two-
dimensional electrophoresis (2-DE)/liquid chromatography–
mass spectrometry/mass spectrometry (LC-MS/MS) (Alvarez
et al. 2006, 2008) and sodium dodecyl sulfate-polyacrylamide
gel electrophoresis / l iquid chromatography–mass
spectrometry/mass spectrometry (SDS-PAGE/LC-MS/MS)
(Ligat et al. 2011). Although both 2-DE/LC-MS/MS and
SDS-PAGE/LC-MS/MS have been widely used, there are

several disadvantages for these methods. For instance, these
methods can be time-consuming because they require gel
electrophoresis. Additionally, the 2-DE/LC-MS/MS method
cannot detect proteins with extreme molecular masses, iso-
electric points, and if the proteins are hydrophobic or unsolv-
able, such as integral membrane proteins. Recently, HPLC-
MS/MS shotgun analysis has emerged as an effective ap-
proach for comprehensive proteomic analysis (Ishihama
et al. 2005; Liu et al. 2010). HPLC-MS/MS has been proven
to be an alternative technology capable of identifying hun-
dreds of proteins from a single sample, including proteins with
a very low level of expression that are usually undetectable by
gel staining. Shotgun proteomics relies on protein separation
after the proteolytic digestion and takes advantage of MS/MS
to infer the amino acid sequences of individual peptides.
Compared to the 2-DE/LC-MS/MS proteomics approach,
the shotgun HPLC-MS/MS method is highly efficient and
labor saving. Here, in this study, we employed HPLC-MS/
MS shotgun analysis to identify and functionally analyze
xylem sap-containing proteins in cotton.

Materials and methods

Cotton genotype and its cultivation

Gossypium hirsutum L. cv Baimian 1, bred by the Henan
Institute of Science and Technology (HIST), was used in this
study. Baimian 1 is a long-season cultivar, which has been
widely adopted in China. Cotton plants were cultivated at the
HIST Research Station (Xinxiang, Henan, China). The soil
conditions of the experimental field were as described in a
previous report (Zhang et al. 2013). Cotton seeds were sowed
onMay 1, 2012 and seedlings emerged at 5 days after sowing.
The emerging day was recorded as 0 day after emerging
(DAE). The planting density of the field was 45,000 plants
per square hectometer with an inter-row spacing of 1 m and an
intra-row spacing of 0.22 m.

Xylem sap collection

At the 100 DAE, during the peak blooming stage of cotton,
the aboveground part of the cotton plants was cut at the stems
approximately 5 cm above ground level. Because of the “root
pressure”, xylem sap was pressed out of the stems and col-
lected from each cut cotton plant in the early evening. The
collected xylem sap was immediately frozen in liquid nitro-
gen, transported to the laboratory, and stored at −80 °C. The
xylem sap was collected from 12 individual healthy plants.
These 12 individual samples were then pooled to form 3
biological replicates for proteomics analysis.
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Protein preparation

The xylem sap was thawed and filtered through 0.2 μm cel-
lulose acetate filters. Sap-containing proteins were then pre-
cipitated with 10 %w/v TCA. The precipitated proteins were
collected by centrifugation for 20 min at 4,000×g at 4 °C. The
protein pellet was then washed with acetone, the supernatant
was discarded, and the pellet was air dried. Protein concentra-
tions in the xylem sap and extracts were determined using the
BCA Protein Assay Kit (Pierce, Rockford, IL, US).

In-solution digestion

Protein digestion was performed according to the filter aided
sample preparation (FASP) procedure as described by
Wisniewski et al. (2009). Briefly, the protein pellet (about
30 μg) was solubilized in 30 μl SDT buffer (4 % SDS,
100 mM detergent (DTT), 150 mM Tris–HCl pH 8.0) at
90 °C for 5 min. The DTT and other low molecular weight
components were removed using 200 μl of UA buffer (8 M
Urea, 150 mM Tris–HCl pH 8.0) by repeated ultrafiltration
(Microcon units, 30 kD). Next, 100 μl of 0.05 M
iodoacetamide dissolved in UA buffer was added to block
the reduced cysteine residues and the samples were incubated
for 20 min in the dark. The filter was then washed three times
with 100 μl UA buffer followed by two washes with 100 μl
25 mM NH4HCO3. Finally, the protein suspension was
digested overnight at 37 °C with 2 μg trypsin (Promega)
dissolved in 40 μl 25 mM NH4HCO3. The resulting peptides
were collected as a filtrate.

LC-MS/MS

Ettan™ MDLC system (GE Healthcare) was employed for
desalting, separating, and detecting the tryptic peptide mix-
tures. In this system, samples were desalted on a reverse phase
(RP) trap column (Zorbax 300 SB C18, Agilent
Technologies), and then separated on a RP column (150 μm
i.d., 100 mm length, Column Technology Inc., Fremont, CA).
Two mobile phases were used: mobile phase A utilized
HPLC-grade water containing 0.1 % formic acid and mobile
phase B used HPLC-grade acetonitrile containing 0.1 %
formic acid. A total of 20 μg of the tryptic peptide mixtures
were injected into the columns. The flow rate was adjusted to
2 μL/min by using a linear gradient of 4–50 % buffer B for
50 min, 50–100 % buffer B for 4 min, and 100 % buffer B for
6 min. A LTQ Velos (Thermo Scientific) linear ion trap,
equipped with a micro-spray interface, was connected to the
LC system for detecting peptides eluted from the columns.
Data-dependent MS/MS spectra were obtained simultaneous-
ly. Each scan cycle consisted of one full scan mass spectrum
(m/z 300–1,800) followed by 20 MS/MS events of the most
intense ions with the following dynamic exclusion settings:

repeat count 2, repeat duration 30 s, and exclusion duration
90 s.

Data analysis

Using the BioworksBrowser rev. 3.1 program (Thermo
Electron, San Jose, CA), MS/MS spectra were automatically
searched against the target/reverse Uniprot Eudicotyledons
database (containing 897,683 sequences, downloaded on
April 12, 2013). The results of the protein identification were
extracted from SEQUEST out files with BuildSummary.

The peptides were described to be tryptic and up to two
missed cleavages were allowed. Carbamidomethylation of
cysteines were treated as a fixed modification, whereas oxi-
dation of methionine residues was considered a variable mod-
ification. The mass tolerance allowed for the precursor ions
and the fragment ions was 2.0 and 0.8 Da, respectively.
Protein identification criteria were based on the false discov-
ery rate (FDR) value. The filter was set to FDR ≤0.01 at the
peptide and protein levels.

GO annotation of identified proteins

To investigate the functions of the xylem sap-containing pro-
teins, we employed gene ontology (GO) analysis to classify all
of the identified proteins in terms of cellular component,
molecular function, and biological process. Briefly, identified
proteins (peptide sequences) were aligned against the GO
protein database for GO term classification. Biological func-
tion of an individual protein was based on either GO annota-
tion of the most similar proteins from other di-cotyledon
species or based on literature for easy interpretation.
Annotated proteins were clustered into general biological
categories that were identified on the basis of common termi-
nology used in literatures. Proteins that contained a signal
peptide and were predicted to be secreted were identified
using signalP (www.cbs.dtu.dk/services/SignalP/).
SecretomeP was used to identify secreted proteins that did
not contain a signal peptide (www.cbs.dtu.dk/services/
SecretomeP).

Results

Identification and annotation of peptides obtained
from the xylem sap of cotton

Based on the shotgun HPLC-ESI-MS/MS proteomic analysis,
a total of 455 peptides were identified from proteins extracted
from cotton xylem sap. Of these 455 peptides, 16 (3.5%) were
evident at the protein level, 121 (26.6 %) were evident at the
transcript level, 70 (15.4 %) were inferred from homology,
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and 248 (54.5 %) were predicted. Correspondingly, 13, 101,
70, and 164 were GO-annotated for each level of identified
protein. A total of 348 xylem sap-containing proteins were
identified with certain functions based on GO annotation
(Table 1). Of these 348 proteins, 302, 262, and 118 were
annotated with molecular function, biological process, and
cellular component, respectively. Among them, 73 proteins
were classified with all three annotations (Fig. 1).

Characteristics of the xylem sap-containing proteins:
molecular mass and isoelectric points

The molecular mass of the cotton xylem sap-containing pro-
teins varied with a range of 1.39 [unknown protein 1 (frag-
ment)] to 332.46 kDa [putative uncharacterized protein
At2g17930 (fragment)]. However, the molecular masses of
the majority [365 (80.2 %)] of proteins were between 10 and
80 kDa in size (Fig. 2). The isoelectric point (pI) for the
identified proteins also varied from 4.34 (putative
uncharacterized protein) to 12.01 (putative uncharacterized
protein); however, the pI for the majority of identified proteins
was between 4 and 10. Interestingly, there were almost the
same numbers of proteins with an acidic pI (pI<7) as a basic
pI (pI≥7) (Fig. 3). These results suggest that cotton xylem sap
contains a plethora of different proteins with regards to size
and charge.

Molecular functions of the xylem sap-containing proteins

The xylem sap-containing proteins were clustered into 12
catalogues of molecular functions. The two richest of these
catalogues included the catalytic activity (46.9 %) and binding
activity (45.1 %) groups (Fig. 4a). Based on their specific
functions, the proteins within the catalytic activity group were
further classified into nine subgroups (Fig. 4b). The majority
of these proteins were related to hydrolase activity (44.1 %)
and oxido-reductase activity (36.0 %) (Fig. 4c). Identification
of enzymes involved in redox reactions was expected as many
oxidation reactions occur in the extracellular matrix and func-
tion to construct complex polymer networks that include
carbohydrates, aromatic compounds, and structural proteins

(Passardi et al. 2004). Therefore, our results suggest that the
hydrolysis and oxidation-reduction of carbohydrates and pro-
teins is extremely active in the xylem and that these processes
may play a role in xylem differentiation and secondary cell
wall remodeling.

Among the binding activity proteins, 15.8 % of proteins
were for large organic molecules including DNA, RNA, chro-
matin, and carbohydrates, and 44.9 % were for smaller ions
including copper, zinc, manganese, iron, and calcium
(Fig.4b). The identification of xylem sap-containing proteins
with binding activity provides support for long-distance trans-
port of organic molecules and nutrients from the roots to other
parts of the plant.

Potential localization of the xylem sap-containing proteins

SignalP and SecretomeP were employed to identify secreted
proteins in the xylem sap that did and did not contain a signal
peptide. Of the identified xylem sap-containing proteins, 160
(35.2 %) contained signal peptides and 224 (49.2 %) did not
have a signal peptide, designating these as non-classical se-
creted proteins. Overall, secreted proteins constituted 84.4 %
of all identified proteins in the xylem sap of cotton (Fig. 5).

Of the 42 proteins classified as CC-ECS proteins, 25
(59.5 %) had a signal peptide whereas 15 (35.7 %) were found
to be non-classical secreted proteins. Therefore, the majority
(95.2 %) of proteins localized in the extracellular space,
according to GO annotation, were also secreted proteins. Of
the 76 proteins characterized as CC-NECS, 10 (13.2 %)
contained a signal peptide and 44 (57.9 %) were identified
as non-classical secreted proteins (Fig. 6).

Classification of known proteins predicted to be secreted
proteins

The cotton xylem sap-containing proteins that were predicted
to being secreted proteins (Table 2; supplementary Table S1)
were classified into seven of the nine functional classes

Table 1 Summary of proteins identified from the xylem saps of the field-
grown cotton plants at the peak blooming stage

Evidence for the existence of a
protein

Total
number

Annotation
number

Evidence at protein level 16 13

Evidence at transcript level 121 101

Inferred from homology 70 70

Predicted 248 164

Total 455 348

Molecular function

Cellular componentBiological process

157

58

14

14

73

15 17

Fig 1 Gene ontology annotations of proteins identified by the shotgun
ESI-MS approach in the xylem sap of field-grown cotton plants at the
peak blooming stage
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previously defined for Arabidopsis thaliana (Albenne et al.
2013). These seven classes of proteins included proteins act-
ing on carbohydrates (22.3 %), oxido-reductases (29.3 %),
proteases (7.5%), proteins related to lipid metabolism (3.2%),
proteins involved in signaling (7.5 %), proteins with domains
interacting with carbohydrates/proteins/DNA (9.0 %), miscel-
laneous proteins having diverse functions (20.2 %), and pro-
teins of unknown function (1.1 %). No structural proteins
were identified in these analyses. Among the 42 proteins
acting on carbohydrates, two glycoside hydrolase (GH) fam-
ilies were well represented: 7, 7, 5, and 4 proteins belonged to
GH13, GH17, GH18, and GH16 protein families, respective-
ly. More than half of the identified oxido-reductases that
contained interacting domains were peroxidases (31) and
transcription factors (9). Other homologous oxido-reductase
proteins included multicopper oxidases, copper binding pro-
teins (8), and P450 family proteins (4). According to molec-
ular function annotation by Gene Ontology (GO), all identi-
fied peroxidases belong to the haem-peroxidase family. A
total of 19 identified peroxidases were classified as Class Ш
peroxidases (EC1.11.1.7). The proteases identified in this
study were classified into three individual classes: serine
proteases (7), aspartic proteases (6), and cysteine proteases
(1). In the signaling function class, half of all proteins were
fasciclin-like arabinogalactan proteins (FLAs) (9) but only

one was an arabinogalactan protein (AGP). The numbers of
proteins with function in lipid metabolism varied.

Discussion

Potential origin of xylem sap-containing proteins

It is important to elucidate the origin of xylem sap-containing
proteins. Since xylem vessels are generated from a modifica-
tion of programmed cell death, xylem sap-containing proteins
may be secreted from the surrounding cells, including the
tracheids (Biles and Abeles 1991; Alvarez et al. 2006). It
appears that a number of cotton xylem sap-containing proteins
may participate in the process of xylem vessel differentiation.
These proteins include xylem cysteine proteins (XCPs), cys-
teine protease (Cp) proteins, proteins regulating ROP GTPase
activity (Rop guanine nucleotide exchange factor, ADP-
ribosylation factor GTPase-activating protein), proteins relat-
ed with cytoskeleton movement (kinesin-like protein and
formin-like protein 3), and transcription factors such as
WRKY, MYB, and NAC (Table 2; supplementary
Table S1). XCPs have been found to be involved in pro-
grammed cell death (PCD) of xylem cells (Bollhöner et al.
2012) and were previously detected in xylem saps of B. napus
(Kehr et al. 2005). Correspondingly, WRKY, MYB, and NAC
transcription factor families were demonstrated to regulate
secondary cell wall formation (Ulker and Somssich 2004;
Salazar et al. 2013). Kinesin-like protein and formin-like
protein were shown to be involved in microtubule-based
movement and actin nucleation of cytoskeletal components
(actins and microtubles), as well as participate in patterned
secondary cell wall formation (Oda and Hasezawa 2006). A
recent study has demonstrated that ROP GTPases participate
in spatial organization of xylem cell walls (Oda and Fukuda
2013). The activity of Rho GTPases is regulated by cycling
between GDP-bound inactive and GTP-bound active forms,
in which guanine nucleotide exchange factors (GEFs) and
GTPase-activating proteins predominantly function to
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promote activation of the GTPases and to terminate the sig-
naling event.

The xylem sap-containing proteins may also originate from
secretions of adjacent xylem parenchyma or pericycle cells
(Satoh 2006). The proteins are, as for other apoplastic pro-
teins, most likely mediated by an amino-terminal signal pep-
tide (Nielsen et al. 1997; Bendtsen et al. 2004). In the classical
secretory pathway, proteins are synthesized in the endoplas-
mic reticulum (ER) before passing through the dictyosomes
and entering one of two fates: (1) insertion by vesicles in the
plasma membrane or (2) secretion into the extracellular space.
Among the secreted proteins, some can be linked or anchored
to the cell membrane. Varying proportions of apoplastic pro-
teins were predicted with a signal peptide sequence in different
organisms such as grapevine (66 %) (Delaunois et al. 2013),
soybean (65 %) (Subramanian et al. 2009), Arabidopsis
(47 %) (Casasoli et al. 2008), and rice (37 %) (Cho et al.
2009). In this study, we found that 35.2 % of the cotton xylem
sap-containing proteins contained signal peptides.
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Proteins without an N-terminal leader signal peptide that
were identified in the apoplastic fluid (AF) were named lead-
erless secreted proteins (LSPs). These proteins could be se-
creted by a non-classical secretory mechanism, as described in
yeast and bacteria (Agrawal et al. 2010; Bendtsen et al. 2004,
2005; Nombela et al. 2006). LSPs potentially possess dual

functions depending on the localization of the proteins either
inside or outside of the plant cell. Part of the predicted cyto-
plasmic proteins found in the AF could be actively
translocated into the extracellular space (Delaunois et al.
2013). These proteins may have other functions; for example,
heat shock proteins may play a role in pathogen elicitation
(Chivasa et al. 2005). The presence of LSPs can be predicted
by SecretomeP analysis (Bendtsen et al. 2004).

The ratio of LSPs to the total proteins in the apoplast was
associated with plants under stress or non-stress conditions.
Under normal conditions, the leaf contained 15 % of LSPs
based on an analysis using the vacuum-infiltration-
centrifugation method (Delaunois et al. 2013). Under stress
conditions, the plant usually generated more LSPs. One study
shows that Arabidopsis apoplasts contained more than 55 %
of LSPs when the plants were treated with salicylic acid
(Cheng et al. 2009). In our study, LSPs constituted 49.2 %
of 84.4 % of all identified secreted proteins. These results
suggest that the cotton plants may have been facing certain
kind of abiotic or biotic stress.

The predicted roles of xylem sap-containing proteins

Plant cell walls are primarily composed of polysaccharides
(cellulose), cross linking glycans (hemicellulose), pectins, and

signalP

CC-NECS

secretomeP

CC-ECS

25 10

15 44

2 22

125

165

Fig 6 Comparison among proteins with GO annotation of cellular com-
ponent (CC) as extracellular space (ECS) protein or non-extracellular
space (NECS), signalP (according to www.cbs.dtu.dk/services/SignalP/,
with signal peptide), and secretomeP (according to www.cbs.dtu.dk/
services/SecretomeP/, without signal peptide). Extracellular space
includes cell wall, extracellular region, apoplast, anchored to plasma
membrane according to GO annotation about cellular component. Non-
extracellular space included cytosol, cell or organelle membrane, integral
to membrane, and organelles like nucleus, endoplasmic reticulum, and
mitochondria

Table 2 List of 16 representative proteins discovered in this study contributing to cell wall development as well as stress response

Accession no. Protein Organism PC UPC CP (%) MW PI PE SP LSP Category

Proteins acting on carbohydrate and cell wall development

Q8VZ56 Alpha-amylase 1 Arabidopsis thaliana 1 1 1.9 47,377.6 5.6 2 N Y CHME

Q1HGA7 Cell wall invertase (fragment) Populus sp. UG-2006 1 1 3.4 43,454.1 6.7 2 N Y CHME

P93154 Chitinase Gossypium hirsutum 29 7 33.5 28,806.4 5.9 4 Y PDa

P93153 1,3-beta-glucanase Gossypium hirsutum 3 2 8.2 37,644.9 5.2 2 Y CW/PDa

Q94CD8 Glucan endo-1,3-beta-glucosidase 4 Arabidopsis thaliana 1 1 2.4 54,416.0 5.9 1 Y CW/PDa

Q7XAS3 Beta-D-glucosidase Gossypium hirsutum 13 8 21.7 68,444.7 8.7 1 Y CW

Q9SVE5 Expansin-like A2 Arabidopsis thaliana 3 2 8.7 28,642.7 8.5 2 Y CWa

G7IC11 Callose synthase Medicago truncatula 1 1 14.6 11,110.8 6.3 4 N Y SRa

Proteins relating to environmental stresses

Q7XYR7 Class III peroxidase (pod7) Gossypium hirsutum 17 9 38.2 35,420.8 9.3 2 Y SR

I1T4H9 Bacterial-induced peroxidase Gossypium mustelinum 6 2 9.8 35,687.6 9.5 3 Y SR

Q6TDS6 Secretory laccase Gossypium arboreum 45 8 22.8 63,342.6 6.2 2 Y PDa

B9SRN1 Cytochrome P450, putative Ricinus communis 1 1 2.4 57,462.6 8.6 3 N Y PDa

A9XTK6 Arabinogalactan protein 2 Gossypium hirsutum 2 2 15.64 25,612.04 9.27 2 Y SRa/STa

A9XTK7 Fasciclin-like arabinogalactan protein 2 Gossypium hirsutum 1 1 6.79 28,306.3 6.5 2 Y SRa/STa

G7KT20 WRKY transcription factor Medicago truncatula 1 1 2.1 37,274.0 5.8 4 N Y SR/GEa

G7ZWS1 Resistance protein RGC2 (fragment) Medicago truncatula 1 1 2.1 104,745.0 5.7 4 N Y PDa

CHME carbohydrate metabolism, CP cover percent, CW cell wall synthesis/modification, GE gene expression, LSP leaderless secretory protein,
MW molecular weight, N no, PC peptide count, PD pathogenesis defense, PE protein existence level, PI isoelctric poin, SR stress response, ST signal
transduction, UPC unique peptide count, Y yes
a category according to literatures but not to gene ontology
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some proteins (Cosgrove 1997a, 1997b). These compounds
form a complex interactive network known as the extracellular
matrix (ECM) (Bacic et al. 1988; Carpta and Gibeaut 1993).
Most ECM proteins belong to large families that include en-
zymes (such as hydrolases, proteases, glycosidases, peroxidases,
and esterases), expansins, cell wall-associated kinases, and hy-
droxyproline (Hyp)-rich glycoproteins (The Arabidopsis
Genome Initiative 2000). These compounds are involved in
many biological processes, such as reinforcement or
restructuring of cell wall architecture, protection from pathogen
attack and abiotic stresses, signaling, and metabolism of
apoplastic compounds (Jamet et al. 2008). Glycoside hydrolase
(GH) enzymes are important in not only cell wall metabolism,
but also the biosynthesis of glycans, plant defense response,
signaling, and themobilization of storage reserves (Minic 2008).

Starch and sucrose metabolism

Starch accumulation in plants peaks at the time of first anthe-
sis. Simultaneously, the level of starch in the roots of field-
grown cotton quickly declines after flowering. This indicates
that roots could be a significant source of carbohydrates for
boll development and that they could possibly participate in a
source/sink relationship (Taliercio et al. 2009). In this study,
we detected several carbohydrate metabolizing enzymes in
cotton xylem sap. For instance, we identified enzymes related
to starch metabolism including alpha-amylase, isoamylase,
pentatricopeptide repeat-containing protein, and alpha-gluco-
sidase. Sucrose hydrolases such as cell wall invertase, acid
beta-fructofuranosidase, and beta-fructofuranosidase were al-
so present. These results suggest that cotton roots may play a
role in carbohydrate metabolism in all parts of the plant.

Signaling: arabinogalactan proteins response to stress

Arabinogalactan proteins (AGPs) are a class of Hyp-rich
glycoproteins that are highly glycosylated and are abundant
in the plant cell wall and plasma membrane (Guan and
Nothnagel 2004; Bacic et al. 1988; Gaspar et al. 2001). The
binding of AGPs has been shown to trigger wounding-like
responses such as callose synthesis (Guan and Nothnagel
2004), which indicates that AGPs may serve as signaling
molecules in cotton responses to various biotic and abiotic
stresses. The fasciclin-like AGPs (FLAs) are one major sub-
class of AGPs. FLAs represent a complex multigene family of
proteoglycans and are regulated by both development and
stress (Tan et al. 2012). In this study, 9 FLAs were identified,
indicating that these proteins may play a role in root response
to stress and xylem development. Some of the FLAs are likely
to be attached to the plasma membrane through a
glycosylphosphatidylinositol (GPI) anchor and may interact
with receptor-like kinases, such as cell wall-associated kinases
(Gens et al. 2000). In the cotton xylem sap, both FLAs and

receptor-like protein kinases were identified. Therefore, it is
possible that the FLAs found in cotton xylem sap are involved
in this type of interaction, as well as in interactions with other
signaling molecules.

Chitin recognition and signaling

Activation of plant defense responses relies on the recognition
of pathogen-associated molecular patterns (PAMPs) such as
microbial N-acetylglucosamine (GlcNAc)-containing gly-
cans, and other pathogen signatures that are not inherent to
the plants themselves. LysM proteins mediate either direct or
indirect recognition of such structures (reviewed by Gust et al.
2012). Plant LysM proteins are involved in defense signaling
pathways against fungal attack (reviewed by Buist et al.
2008). Chitin, the major component of fungal cell walls, insect
exoskeletons, and crustacean shells, is a polymer of GlcNAc
and a known PAMP. In Arabidopsis, the recognition of chitin
can induce gene expression and defense responses through
LysM-mediated signaling pathways (Wan et al. 2008). In this
study, we identified a peptidoglycan-binding LysM domain-
containing related protein in the xylem sap of cotton plants.
This suggests that the cotton plants may have been exposed to
fungal or insect pathogens and that chitin recognition and
signaling pathways had already been activated.

Pathogenesis-related (PR) proteins

Pathogenesis-related (PR) proteins are a group of well-studied
proteins that are associated with plant defense. According to
their properties and functions, PR-proteins are currently cate-
gorized into 17 families, including β-1,3-glucanases,
chitinases, thaumatin-like proteins, peroxidases, ribosome-
inactivating proteins, defensins, thionins, nonspecific lipid
transfer proteins, oxalate oxidases, and oxalate-oxidase-like
proteins (van Loon and van Strien 1999). Among these PR-
proteins, chitinases and β-1,3-glucanases are two important
classes of hydrolytic enzymes that are up-regulated in many
plant species after infection by different types of pathogens.
The amount of these two proteins significantly increases upon
fungal pathogen detection, and both classes play a role in plant
defense by degrading the fungal cell wall. Many plant
defense-related proteins were also identified from the xylem
sap of field-grown cotton plants.

Proteases and plant defense

Secreted proteases have been reported in the xylem stream of
several plant species (Buhtz et al. 2004; Alvarez et al. 2006;
Djordjevic et al. 2007). Proteases exhibit a broad spectrum of
physiological roles, including response to biotic and abiotic
stresses (Shabab et al. 2008; Xia 2004; Van der Hoorn and
Jones 2004). XCP1 and XCP2 may remain in the xylem sap
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even after the death of the xylem vessel elements, potentially
as a safety mechanism against eventual pathogen invasion.
Additionally, these proteases could be responsible for the slow
degradation of secreted proteins.

Cell wall modification

Several proteins identified in the cotton xylem sap are func-
tionally associated with cell wall metabolism (Table 2; sup-
plementary Table S1). Many of these proteins are glycosyl
hydrolases that are involved in breaking down the cell wall.
The identified proteins included beta-glucosidase (GH family
1), endo-1,4-beta-glucanase (GH family 5), endo-1,3-beta-
glucanase (GH family 17), polygalacturonase (GH family
28), alpha-xylosidases (GH family 31), and arabinosidase
(GH family 51). Secondary cell wall formation in tracheary
elements is simultaneously coupled with the degradation of
primary cell walls; this process is accompanied with the
activity of many cell wall degrading enzymes (Demura et al.
2002).

In summary, this study identified 455 proteins from the
xylem sap of field-grown cotton plants. These proteins may
have multiple functions during cotton growth and develop-
ment. They may also play an important role in cotton response
to biotic and abiotic environmental stresses. The discovery of
secreted proteins and proteins involved in transport provide
useful insight into the communication mechanisms between
cotton roots and the rest of the plant body.
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