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Abstract

The phloem sap, xylem sap and apoplastic fluid May roles in long and short distance
transport of signals and nutrients, and act as raebaagainst local and systemic pathogen
infection. Among other components, these plant fluids conpmoteins which are likely to be
important players in their functionalities. Howeyvdetailed information about their proteomes is
only starting to arise due to the difficulties indwat to the collection methods. This review
compiles the proteomic information available toedat these three plant fluids, and compares
the proteomes obtained in different plant speaiesrder to shed light into conserved functions
in each plant fluid. Inter-species comparisonsdat# that all these fluids contain the protein
machinery for self-maintenance and defense, inolygroteins related to cell wall metabolism,
pathogen defense, proteolysis, and redox respdimse analyses also revealed that proteins
may play more relevant roles in signaling in théopm sap and apoplastic fluid than in the
xylem sap. A comparison of the proteomes of theaHluids indicates that although functional
categories are somewhat similar, proteins involassl likely to be fluid-specific, except for a
small group of proteins present in the three fluwdsich may have a universal role, especially in

cell wall maintenance and defense.
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1. Introduction

The vascular system of land plants is essentialldog- and short-distance transport and
distribution of nutrients and signals. The vascutansport system consists of the xylem and
phloem conduits, with the apoplast compartmeningctis an interface between them and cells
and also between cells. The xylem is composedraf teeachery elements and shorter cells that
are dead at maturity and have primary and secontirywalls; these elements are connected
together forming long tubes known as xylem vessEfe xylem mainly transports water and
mineral nutrients taken up by the roots from thi¢ teothe aerial part of the plant, although it
also contains a number of other organic compouimdfyding carboxylates, hormones, amino
acids, peptides and proteins [1]. Transport in ¥yem is passive and driven by shoot
transpiration, which causes a negative pressutepthis the xylem fluid from the roots, and/or
by root pressure, which can occur after soil soluenters the root by osmosis, and causes the
sap to move towards the shoot [2]. A major rol¢hef xylem is to provide water and nutrients to

the shoots, but it also plays an important roltharoot to shoot signaling system.

In contrast, the phloem conduit is a living tisswd)jose major role is to transport the
photosynthates from photosynthetically active seuwsink tissues. The conducting portion of
the phloem is composed of two cell types, the sielments and the companion cells. At
maturity, sieve elements are arranged to form ieestube; sieve elements lack a nucleus and
contain pores at their ends, forming sieve plabes allow sap flow. The companion cells are
metabolically active and usually contain a largenbar of ribosomes and mitochondria [1].
These cells are in close association with the sedements and support their function [3, 4]. The
exchange of molecules between these two cells sagamplasmodesmata [3]. While transport in

xylem sap is unidirectional (upwards), transportha phloem sap is multidirectional and driven



by positive hydrostatic pressures created by thdignts in sugar concentration between source
and sink tissues. The phloem sap is rich in sugpartsalso contains inorganic ions, other organic
compounds including proteins and small signalindetaes such as hormones, systemic wound
signals and mRNAs [3-5]. Furthermore, the phloem isaalso a conduit for the trafficking of

pathogens and foreign compounds such as herbiardesther xenobiotics [4, 6].

The apoplast is the free diffusional space outidglasma membrane and comprises the cell
wall matrix and the fluid in the intercellular sgac The apoplast occupies less than 5% of the
plant tissue volume in aerial organs [7, 8] andrte cortex [9] and its composition reflects the
exchange between xylem and phloem compartmentshaneixport and import of molecules by
individual cells[7]. Therefore, small changes in these fluxes coubdiyce large differences in
the solute composition of the apoplast. The apoglis/s important roles in a wide array of
physiological processes, including water and natrigrafficking [10], plant defense, cell
interactions, cell wall maintenance, and in tha@ddaction of environmental and developmental

signals [11-15].

The study of plant fluid dynamics can be approachd means of non-destructive
methodologies such as those used to measure sapvéllmcity and pressure or to visualize
vessel structures (reviewed and discussed in [O8])er approaches include the use of isotope
labelling to study fluxes of specific compounds J[1However, studies of the chemical
composition, including their proteomes, often regquhe use of harsh techniques to collect these
plant fluids. While information about the chemicaimposition of these plant fluids is ample
with regard to minerals, sugars and small organimmounds such as carboxylates and amino
acids [18], information about their proteomes hasea more recently. Proteomic studies can

provide useful information about processes occgriimplant fluids and also to target proteins



putatively involved in them for future studies. Ma¥ the proteomic studies in plants were
initially carried out with whole tissue samples [P®], and later on with subcellular organelles
such as the mitochondria [21], chloroplast [22]] different membrane systems [23-25], as well

as with cell walls [26, 27] and plant fluids (se¢erences in Table 1).

A major constraint for the proteomic analysis dadmdlfluids is the limited amount of sample
that can be obtained. In the case of the xylem sapther constraint is the low protein
concentration, which is only in the ng“ufange. An additional constraint is an inherent
consequence of the sampling methodologies: thepecesof proteins not intrinsic to these fluids,
which can be considered either as contaminants dahe result of protein-protein interactions
occurringin vivo or during isolation (see below). Methodologicabgress in the proteomic field
has shed light not only into the protein compositmf these plant fluids, but also into their
functionality. This includes the development of Hifproughput technologies such as shotgun
proteomics and LC-MS/MS that allow for the analysfssmall sample volumes and for the
detection of low abundance proteins, as well ascthestant improvement in plant proteome
databases, which have led to the construction wéraé mapping datasets (see Table 1 for

references).

The aim of this review is to provide a general @@ of the proteomic studies carried out in
the three plant fluids mentioned. We have consdiasoutside the scope of this review, which
is mainly focused into describing these plant flpibteomes in healthy plants, a number of
differential proteomic studies focused on the dpeceffects of biotic stresses, including

pathogen systemic dissemination and plant defersdamisms.

2. Plant fluid collection



The main limitations for obtaining reliable plantifl proteomes have been the technical
difficulties in the collection of plant fluids, wti usually imply a disruption of the vascular

tissues, and the small volumes and sometimes dsiipiatity of the samples obtained.

Xylem sap is frequently obtained by de-topping plahoots, cleaning the cut area, and
subsequently collecting the fluid that bleeds dwi, this requires plant species with sufficient
root pressure and turgid stems. This can be dortk some dicots, includingsolanum
lycopersicum Brassica napuandB. oleracea and with most of the monocot®ryza sativa
Zea maysetc.) [28]. The collection of phloem sap is conmiyoachieved by bleeding after
performing small incisions in the peduncles of plapecies with slow sieve element wound
closure. However, there are only a limited numbd€pbloem bleeder” species, mostly including
members of theCurcubitaceag Brassicaceaeand the genudupinus [29]. Therefore, usual
collection techniques limit the use of model plasush asArabidopsis thaliandor the study of
plant fluids, and force the use of non-canonicatlei@lant species, thus delaying progress in the
knowledge of these proteomes. The limited numbeslafit species that can be studied may be
not relevant for mineral or metabolomic studieg, ibis crucial for proteomic techniques, where

the use of non-sequenced species decreases themahadonfidently identified proteins.

Amongst the three plant fluids, xylem sap can uUguag¢ obtained in sufficient quantities;
however, the protein concentration in the xylemisagenerally low, thus limiting the proteomic
approaches to be used [30]. Volume yields collettgdie-topping shoots of hydroponically-
grown healthy plants can reach several thbhacceptably pure xylem sap [31]. The mapping
studies of the xylem sap proteome published to klave used root pressure as a means to obtain
xylem sap; protein yields ranged from 5 to 12 ng (Tlable 1). Although none of these studies

assessed the possible sap contamination by cytoglgsoteins by experimental work silico



prediction of localization as secreted or intradell proteins was used B. oleraceato assess
the quality of the xylem sap proteome [32]. Sevether methods to obtain xylem sap have been

published, and their advantages and disadvantagyeslkdeen reviewed recently [18, 33].

As commented above, the collection of phloem sapaisied out using “phloem bleeder”
species, making direct incisions in the phloem eisskbcated in peduncles, or alternatively by
stylectomy using aphids or other sucking insect3].[3he latter technique requires very
specialized expertise, provides low volumes of darfip the nl range), is time-consuming and is
only achievable with some plant-insect combinatif2@]. Advantages and disadvantages of
sampling methods for phloem sap and for purity sssent have been critically reviewed [29,
33]. The phloem sap proteomes published so far baea obtained by collecting exuded sap
from direct incisions irB. napug24, 34, 35],Cucurbita maximand in twoLupin species [36-
38], and by aphid stylectomy i@. sativa[30]. With the direct incision method volumes
collected were in the several hundred ul range 3%4,36], whereas protein yields ranged from
0.2 pg ptt found in rice and.upinusspecies [30, 36, 38] to 35-60 ug'iih Curcubitacead?9,

39].

The most common methodology used to collect apbpldkiid is vacuum infiltration-
centrifugation (VIC), which can be used with rodegves and stems [40-43]. Briefly, the tissue
is infiltrated with a buffer while applying a vaauuand the infiltrated intercellular fluid
(considered as a diluted apoplastic fluid) is thés collected by centrifugation. A study of the
variables in this method, including the pH and cosifion of the buffer, as well as applied
centrifugal force and time, indicated that cengydl forces below 1000g«do not lead to
significant contamination, whereas the composiaiod pH of the solution affect the metabolite

composition of the fluid collected [43]. From a f@omic point of view, a detailed study of the



influence of the composition of the infiltrationlsbon on the number and nature of proteins
collected indicated that the lowest number of icetlular protein contaminants and the largest
number of extracellular proteins was obtainedimaysusing 100 mM Na phosphate buffer,
whereas water alone led to the highest contamimddd]. In Arabidopsis rosette leaves, the
efficiency of several VIC solutions for the collest of apoplastic proteins was also assessed,
with 0.2 M CaC} yielding the largest number of solubilized progeemong the salts studied
[40]. Buffers with different ionic strengths have beemlaga in order to extract proteins more
tightly or loosely bound to the cell wall [45]. Faling VIC, approximately 100 pL of
apoplastic fluid per g of tissue can be obtainetheut significant cytosolic contamination
(references in Table 1). Direct centrifugation with infiltration can also be applied to obtain
apoplastic fluid, leading to similar yields butgeneral implying a slightly higher contamination

[46].

Another major limitation for the study of plant iuproteomes is their purity. The collection
methods, although optimized, cannot completely évotracellular fluid leakage. The major
source of contamination for these three fluids ®i8s0f soluble cytosolic proteins; since the
concentration of proteins in the cytosol is usuatiych higher than in the intercellular space, a
relatively small cytosolic leakage (e.g., the ruptaf a few cells) could lead to markedly altered
protein profiles. Several methods have been usesgess the purity of the plant fluids. Among
the xylem mapping studies reviewed (Table 1), pusias assessed only in one study by means
of in silico prediction of secreted proteins [32]. However, [the protein yields obtained and the
fact that only a small amount of cytosolic proteimsre identified may suggest an acceptable
level of purity. Common phloem sap purity assesinbests are based in the measurement of

sugar concentrations as well as the reducing toreducing sugar ratio, the presence of



Rubisco, and the measurement of certain enzymetieitees as cytosolic contaminant markers
[24, 34, 36, 38, 47]. A thorough assessment oftpwas performed in the study of tBe napus
proteome [34], where the purity of the phloem waglied using four independent techniques:
sugar composition, western blot and RT-PCR of Ruias well as the comparison of the 2-DE
protein maps of the phloem sap with those from [edf extracts. Given the harsher techniques
used for the collection of apoplastic fluid, thiam fluid is more prone to contain products of
cytosolic leakage. Apoplastic fluid contaminatienusually assessed by measuring the activity
of cytosolic enzymes, such as malate dehydrogemrasexose-phosphate isomerase, as markers
[45, 46]. When the extraction buffer used in VICnist compatible with the enzymatic activity
assays, antibody detection of cytosolic contamamahas also been used as an alternative [48].
The contamination level measured by these techsigas below 5% in all the studies reviewed.
However, the meta-analysis of all the proteins fified in these apoplastic fluid proteomes
indicates that approximately 10% of the proteirenidied are known to be cytosolic, suggesting

that these purity control methods may underestirtheggresence of cytoplasmic components.
3. Approach for plant fluid proteome comparisons

Given the difficulties to compare proteomes frorfiedent plant species and also the fact that
some of the published proteomes have a certainredegfr duplicity (e.g., containing the same
protein identified in different databases, planea@es, or in different gel spots), we have
produced a “non-redundant proteome” for the thréantp fluids reviewed (included in
Supplementary Tables 1-3). BLAST searches of eaafasdt were performed against the
TAIR10 database, the closest Arabidopsis ortholo@isgalues lower than 1) was selected
and duplicates deleted, thus obtaining a unique W@iber per protein. Functional classification

of these three non-redundant proteomes was theredarut using the Gene Ontology (GO)



annotation included for these proteins in the TAdRtabase, and the GO categories were
manually checked and grouped. The classificatictudes categories as follows: polysaccharide
metabolism, proteolysis, oxido-reductases, generalabolism (including lipid, amino acid,
nucleotide and miscellaneous metabolism), regulatiplant defense, unknown, and
miscellaneous (including cytoskeleton related, iratrreservoir, cell division, protein synthesis,
photosynthesis, and transport). When the GO arootavas too general, references or
functional domains included in the TAIR entry warsed as additional criteria. These non-
redundant proteomes of xylem sap, phloem sap aaf dpoplastic fluid are presented in

Supplementary Tables 1, 2 and 3, respectively.

The subcellular localization database for  Arabidg®ps proteins (SUBAS3,
http://suba3.plantenergy.uwa.edu.au) was usedddigirprotein subcellular localization in the
proteome sets. SUBA3 combines manual literatureatmur of large scale subcellular
proteomics, fluorescent protein visualization amatgn-protein interaction (PPI) datasets with
subcellular targeting output results from 22 pradic software packages [49]. The SUBA3
output includes a consensus location (SUBAcon, upgntary Table 4), based on Bayesian
probabilities, which allows for an automated evabraof large data sets. In this study, a protein
was considered as extracellular when SUBAcon indec@xtracellular locatierA summary of
these results is shown in Supplementary Table #hofghin silico prediction is a powerful tool
to analyze large data sets, the existence of nnargeal secretory proteins and the limitations of
the prediction algorithms make recommendable usltegnative experimental methods to verify
the true extracellular nature of proteins clasdifees such. It should be noted that all three
redundant proteomes contain a significant amounntoécellular proteins (43, 99 and 57% in

the xylem sap, phloem sap and leaf apoplastic ,fltedpectively), which likely reflect some
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degree of cytoplasmic contamination. Their uneqecedv@ssignment to the respective proteomes

deserves further studies.

4. The xylem sap proteome

The xylem sap proteome has been studied in eigimt gbecies, including two monocals,
mays[50] andO. sativa[30], two Brassicaceae speci&assica oleraced32] andBrassica
napus[51, 52], two Curcubitacea€ucurbita maximandCucumis sativu§s1], the legumes.
max[52, 53] and the Malvaced&gossypium hirsuturfb4]. These mapping studies used the ‘root
pressure’ method [31] for xylem sap collection ilmsnspecies, and ‘root pressure’ applying
vacuum inG. max[53]. Different proteomic techniques (1-DE [51, 53], 2-DE [32, 50, 52, 55]
and 2D-LC [30, 32, 54]) were used to obtain theerylsap proteome. The number of xylem sap
proteins identified by 1-DE was low and ranged frihto 24, whereas the number of proteins
identified by 2-DE and 2D-LC ranged from 69 to 1 from 118 and 455, respectively.Bn
oleracea,both the xylem sap proteome and N-glycoproteomes\gtudied, the latter one using
Concanavalin A affinity chromatography followed b€-MS/MS [32]. This study reported 81
glycoproteins in the xylem sap, from which 25 werebably low abundance ones, since they

were not detected in the direct xylem sap proteanadysis [32].

The comparison of the reviewed xylem sap proteole@do the assignment of 354 unique
AGI proteins (Supplementary Table 1), with 57% dfern predicted as extracellular
(Supplementary Table 4). Given that the numberrofgins obtained in the 1-DE studies was
low, only the non-redundant proteomes obtained Dyt&hniques inO. sativa Z. mays B.
oleracea B. napusand G. hirsutumwere compared in order to identify putative pnasei
conserved between species. The overlap between wesnimited, with no common proteins

found in the five species compared and only tememme identified in at least four of them (Table
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2). Interestingly, this small subset contains omlsoteins related to the polysaccharide
metabolism (5), oxido-reductases (3), plant defd¢th¥@nd proteolysis (1) categories (Table 2),
suggesting that these are conserved functionayoaés of the xylem sap proteome and that
these specific proteins may have a species-indgmemdle in the xylem sap. However, it should
be noted that given the differences in resolutibtihe proteomes studied and the low coverage in
some of the plant species this hypothesis needsefusupport. Among these ten proteins, nine

were predicted by SUBA3con to be extracellular (€&).

The functional classification of the 354 non-redamidproteins of the xylem sap proteome is
presented in Figure 1. The major functional catiegofound were polysaccharide metabolism
(28%), general metabolism (22%), oxido-reductasb$%) and proteolysis (12%). Many
(approximately 65%) of the enzymes identified ie tolysaccharide metabolism category are
cell wall hydrolases (glucanases, galactosidasdsxglosidases) involved in primary cell wall
degradation and cell wall remodeling [56, 57]. Tegradation is needed for the formation of
secondary cell walls [58]. This group of enzymes akso play a role in modifying the cell wall
surface in conjunction with pectic enzymes and leethilases [59, 60]. Lignin and secondary
cell wall provide structural support for xylem velss being essential for its function [61]. Lignin
deposition requires polymerization and de-polynairan of monolignols from the

phenylpropanoid metabolism, and these reactiordwevhydrogen peroxide [62].

The second most important functional group foundaeseral metabolism, including proteins
related to carbohydrate (22), lipid (20), nucleetideven) and amino acid metabolisms (ten)
(Supplementary Table 1). There are several posskpanations for the presence of such a large
number of metabolic enzymes in xylem sap. The ptausible explanation would be that they

are cytosolic contaminants due to the sampling gg®cThe fact that most of them are not

12



present in the overlaps (Table 2) and that only 4f%hem are predicted to be extracellular
(Supplementary Tables 1 and 4) would argue in fafathis explanation. Another possibility

would be that at least some of these enzymes aéedefor the production of cellulose and
lignin; these include carbohydrate metabolism eregnphenylalanine ammonia-lyase and 4-
coumarate-CoA ligase [57]. Further studies are egdd clarify the presence and functions of

these proteins in the xylem sap.

Proteins classified as oxido-reductases includers¢enzymes of the ascorbate-glutathione
cycle, Cu,Zn-SOD and several redox enzymes suchthesedoxin H and glutaredoxin
(Supplementary Table 1). A large number of perossgda(26 of the 50 identified proteins that
belong to the oxido-reductase category) were asad in the studies reviewed (Supplementary
Table 1), and although most authors in the stuaéssgned them to redox response, they could
well be associated also to cell wall processes lmmdfication. Approximately 90% of these
peroxidases were predicted to be extracellular gfempentary Tables 1 and 4). The presence of
proteins involved in the response to redox homedste the xylem sap proteome of non-
stressed plants supports the existence of a aatngtitbasal defense mechanism, which may be
especially useful given that xylem cells do noténéive protein machinery to synthesize proteins

when submitted to a stress situation.

Proteolysis related proteins accounted for 12%efrton-redundant xylem proteome. Most of
the proteases, including pepsins, subtilisins, seihe and cysteine peptidases are known to
have an extracellular localization, and accordir@@$o of them were classified as extracellular.
In addition to a role in the degradation of damapgseateins for the maintenance of xylem sap,
extracellular proteases may also constitute a bdef@inse strategy against pathogen infection

[63, 64]. Plant defense related proteins accoufie8% of the non-redundant xylem proteome.
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Many plant defense proteins, such as thaumatinschitithases, have been found in the xylem
sap of different plant species [51, 65], and they @nsistently found in the proteomic studies
reviewed. This already established defense systemdfin plant fluids is thought to create a

hostile environment to prevent pathogen infectié, 66].

In summary, from a proteomic point of view the bulem sap composition is relatively
simple. It contains proteins involved in maintagnithe xylem conduit architecture, as well as a
battery of proteins, including redox and plant dek ones in addition to proteases, which
constitutes a basic defense barrier that providesp@ and local first response against possible

stress situations and pathogen infection.

5. The phloem sap proteome

A large number of proteomic studies have focusedexiphering the phloem sap proteome.
Initial studies used 1-DE approaches and yielddéichiked number of proteins [41, 67]. More
recently, the development of high throughput proteomethods, such as two dimensional
electrophoresis (2-DE) and especially LC-MS/MS, dawallowed a more thorough
characterization of the phloem sap proteome. Phleggmin these studies was obtained either by
using stylectomy irO. sativa[30] or by sap exudation after incision Ricinus communifs8],

B. napug24, 34],C. maxima[37, 39],C. sativug38], Populus trichocarpa Populus deltoides
[69], Lupinus albus[38] and Lupinus texensid36]. The number of phloem sap proteins
identified by 2-DE was similar, irrespective of thel size, and ranged from 45@ maximato
140 inB. napus with 86 and 54 identified ih. albusandL. texensisrespectively. The number
of phloem proteins identified by LC-MS/MS was largand included 1121 proteins i@.

maximaand 107 irD. sativa

14



Comprehensive comparisons of the phloem sap praearh these different plant species
have already been performed [36, 37]. These ineciss comparisons were approached by
using the phloem protein data sets fr@nmaxima O. sativa B. napusand R. communigo
perform BLAST searches againat thalianaand by creating a “total non-redundant phloem
proteome” containing 688 proteins (Fig. 2A in [374) similar approach was used to compare
the phloem proteome &f texensigo the previously reported non-redundant proteontefaund
only 12 new protein species [36]. From these, twaigins were previously describedlinalbus
[38] and the remaining ten novel protein speciasi@-redundant identifiers, but had functions
similar to other protein species already descrindtie phloem of other plant species (Fig. 2C in
[36]). The comparison of the reviewed phloem saptgumes led to the assignment of 720
unique AGI proteins (Figure 2; Supplementary TalZesnd 4). Comparisons of the non-
redundant phloem proteomes previously described 839 revealed that approximately 60
proteins were found in the phloem sap of at least plant species, with 13 of them being
consistently detected in at least four of the fil@nt species considered (Table 3). Among these
13 proteins, none were predicted to be extracell@lable 3). Proteins in this list were
representative of the most abundant functionalgoates found in the phloem sap proteome (see

below).

The functional classification and cellular locatipa of the non-redundant phloem sap
proteome (Figure 2; Supplementary Tables 2 ande#ylg reflects the complex nature of this
fluid, which results from the exchange between camnngn cells and sieve elements along the
translocation pathway. On one hand, categories ascbxido-reductases (5%), plant defense
(3%), and proteolysis (12%) are enriched in thigdfl as also seen in the xylem sap and

apoplastic fluid (see references in Table 1). Treedegories provide a basal defense mechanism
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against pathogens and stress or are involved innthmtenance and stability of the sieve
elements. On the other hand, other enriched caesgeuch as general metabolism (28%) and
miscellaneous (24%) [the latter including the sabegories protein synthesis (9%) and
macromolecular trafficking (8%)] reflect exchangerogesses occurring between the
metabolically active companion cells and the eratelesieve elements (Figure 2 and
Supplementary Table 2). The category of regulatinoluding RNA binding, is also enriched

(12%) in the phloem sap proteome and may repregmsieins that are being translocated
(references in Table 1). Furthermaresilico prediction of the localization of the non-reduntan
phloem proteome indicated that 99% of them are@aitular (Supplementary Tables 2 and 4),
suggesting that the contribution of companion ceétisthe phloem sap proteome is very

significant, or alternatively that there may be sorontamination from other cell types.

Proteins in the oxido-reductase category typiciynd in phloem sap include enzymes of the
ascorbate-glutathione cycle, glutaredoxins andnghlidne transfereases, with thioredoxin being
one of the most abundant proteins in this groumast plant species (Supplementary Table 2).
Defense related proteins include pathogenesiseklatoteins, LRR disease resistance proteins

and several hormone responsive proteins.

In addition to extracellular proteases such asenystor serine proteases (16 of the 26 phloem
proteases were predicted to be extracellular), cmapts of the proteasome 26S were also found
in the non-redundant proteome, although none ofntheere predicted as extracellular.
Furthermore, th€. maximaproteome, the most detailed proteome describddrsaontains all
the components to form a functional 26S proteasaseell as a large set of proteins related to
ubiquitin related processes [37], suggesting thatsieve tube system has retained the capacity

for proteolysisvia de ubiquitin-proteasome 26S pathway. The presehgerotein degrading

16



enzymes in sieve elements could be related to iprdtenover or also constitute a defense
mechanism. Cell structural components such as actth profilin and actin-depolymerizing
factors are also common proteins in the non-reduinghloem sap proteome (23 cytoskeleton
related proteins) (Supplementary Table 2 and reta® in Table 1). IrR. communisthese
proteins are constantly delivered into the sievamelnts and are mobile in the translocation

stream [67], but their specific role in sieve eletseremains to be determined.

A general overview of the proteins identified inffeiient plant species in the general
metabolism category indicates the existence ofdevarray of metabolic processes in phloem
sap, including carbohydrate metabolism, synthesistaeakdown of organic-, amino- and fatty-
acids as well as secondary metabolites and nudeEn{iSupplementary Table 2, references in
Table 1), suggesting that these processes midhbstactive in sieve elements. However, only
1.5% (three out of the 200 proteins in this catggBupplementary Table S2) were classified as
intracellular, highlighting the special nature bétphloem sap proteome and raising doubts about

their possible origin.

A large array of molecules related to regulatioB%) has been described in the phloem sap
proteome. The regulation category would includes¢ghproteins involved in protein modification
and folding and those acting as mobile signalssi@mtemic signaling. The first group includes
chaperones such as peptidyl-prolyl isomerasesyaewveat shock proteins and proteins involved
in phosphorylation such as protein kinases, an@€andependent signaling such as annexins,
calmodulins and C2 domain containing proteins ($amppntary Table 2, references in Table 1).
Overall, these proteins are involved in signal pesing, protein phosphorylation, folding and
unfolding of proteins for protein trafficking betem companion cells and sieve elements and

microRNA regulation of gene expression [38]. Amgngtative mobile signals, the flowering
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locus FT is ubiquitously found in all plant speci€Bable 3) [30, 34]. The presence of
extracellular RNA binding proteins such as cycldipki(one of them, cyclophilin 19, although
predicted as intracellular, was found in all speatempared here, Table 3), lectins, and the
glycine rich proteins in the phloem sap is consisteith RNA transport in phloem as
ribonucleoprotein complexes, which are most likelolved in long distance signaling. Secreted
lectins have been shown to translocate RNAs [7@nof the glycine-rich proteins have been
associated with stress and hormone treatments Bulgporting their possible role in RNA
homeostasis and signaling [72, 73], whereas somehef glycine-rich proteins (such as
AT2G21660 and AT3G03773 found in the non-redundambem proteome, Supplementary

Table 2) are possibly involved in the formatiorsetondary walls [74].

Finally, the non-redundant phloem proteome cont@ihgroteins related to protein synthesis
and only eight were structural components of thesome (Supplementary Table 2); in addition,
none of the proteins in this sub-category were ipted as extracellular (Supplementary Table
2). Most of these proteins come for the high-thtgug analysis of theC. maximaproteome
[37], which contains around 100 proteins involved ttRNA aminoacylation, translation
initiation, elongation, and termination, but vegwf components of the ribosomal complexes,
which prompted the authors to suggest the existehpeotein synthesis in the sieve element. A
limited number of translation initiation factorsveabeen detected in several plant species, with
one of them, the intracellular eiF-5A, being foundall species compared (Table 3). Given that
some of them bind RNA, including eiF-5A, a roleRNA transport in phloem has also been
suggested for these proteins in phloem sap [34¢. [&hge number of this set of proteinsGn
maxima could reflect a larger contribution of companioell€ in this proteome, the high

sensitivity of the proteomic approach used in #tigly, or to the specific characteristics of the
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phloem sap irCurcubitaceaespecies, which is mostly composed of extra-fasargohloem sap

and may have a peculiar composition [35, 75].

6. Theleaf apoplastic fluid proteome

The proteome of the leaf apoplastic fluid has baescribed in six plant species so far (Table
1). This fluid was collected by the VIC techniquang buffers of different ionic strengths in
four of them:Z. mayg44], Medicago truncatuld45], Vitis vinifera[48] andA. thaliana[40]. In
Populus deltoidesthe leaf apoplastic fluid was collected usingrespure chamber [66] and in
Beta vulgarist was obtained by direct leaf centrifugation [4Bfotein yields were only reported
in three studies, including sugar beet apoplakiid bbtained by direct leaf centrifugation (400-
800 g protein mt; [46]) and grapevine and. truncatulaapoplastic fluids obtained by VIC (6
and 50 pg proteingFW, respectively) [45, 48]. 2-DE analysis idemtifia similar number of
protein spots: 328, 220, 306, and 203 in the aptiplduid of Z. mays, M. truncatuld/. vinifera
and B. vulgaris, respectively [44-46, 48]; whereas the combinatdér2-DE and 2D-LC inP.
deltoides[66] and of 2-DE and sepharose fractioning folldwey 1-DE inA. thaliana[40]
yielded a somewhat lower number of apoplastic jmetel44 and 133, respectively. However, it
should be noted that redundancy existed in the 2apgroaches, and the number of unique
proteins identified was in the one hundred rangebld@ 1). In addition to these mapping studies
there is a significant number of studies on thesctffof biotic stresses in the leaf apoplast

proteome, which as stated above are out of theesobitis review [76-81].

The comparison of the leaf apoplastic fluid protesnted to the assignment of 373 unique
AGI proteins (Supplementary Table 3), with 43% Igeipredicted as extracellular
(Supplementary Table 4). Although no AGIs were fbun all plant species reviewed, the

overlap between these leaf apoplastic fluid proe®mwas significant, with 77 non-redundant
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AGils identified in at least two plant species (Seprentary Table 3) and a total of 25 proteins
found in at least three plant species (Table 4is $mall subset contains 22 extracellular proteins
related to polysaccharide metabolism (13), oxidiuotases (three), proteolysis (three), plant
defense (two), and general metabolism (one) categosuggesting that these are conserved
functionalities of the leaf apoplastic fluid (Takle Two chloroplast proteins were found among
the non-redundant proteins present in at leastphant species (Table 4) and this underlines the
difficulty of obtaining pure apoplastic fluid. With this subsetZ. mays P. deltoidesand V.

viniferawere the plant species containing the most protaiesemmon (Table 4).

Functional classification of this non-redundantf lapoplastic fluid proteome showed that
general metabolism was the most abundant categdr$o) followed by polysaccharide
metabolism (21%), proteolysis (12%), oxido-reduetélsl %), plant defense (7%), and regulation
(7%) (Figure 3). Some of the general metabolismtgmms (70%) have an intracellular
localization and most likely reflect some degreeytbplasmic contamination; this is also clear
for the 23 photosynthesis related proteins presantthis non-redundant proteome
(Supplementary Table 3). These proteins were fonrall the studies regardless of their purity
assessment, but percentages were higher when mestamber (18%) or direct leaf
centrifugation (25%) were used, suggesting thdt\l#@ may be better at preventing leakage of
proteins from the cytoplasm [43, 44]. The overlagpidegree of these metabolism-related
proteins between species was low (SupplementarieT3b suggesting that this category might
be over-represented in the non-redundant protebatecompiles proteins from all plant species.
Some of the proteins in this group, such as thdigict transfer proteins and eight extracellular
lipases, are indeed annotated as secretory praathsheir presence in the apoplastic fluid may

suggest an active role of this fluid in the maiatece of the leaf cell plasma membranes and/or
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in cuticle biogenesis [82]. The presence of prateriated to this array of metabolic pathways
deserves further studies to clarify the intrinsietabolic processes occurring in the apoplast. As
described for xylem sap, polysaccharide relatedeprs accounted for a large proportion of the
leaf apoplastic fluid proteome (21%), with gluc@sds and galactosidases being the two larger
families present (Supplementary Table 3). Typical wall proteins such as-mannosidase,
chitinase,p-1,3-D-glucosidase, xyloglucan, heparanase, enuggtacosylase-hydrolase ane
andp-galactosidases (Supplementary Table 3) have lusmified as prominent constituents in
different studies, playing various roles in cellllwaodification during plant development [44,
83]. The presence of a high number of hydrolasaki;nnon-redundant proteome confirms that

the apoplast is a highly glycolytic compartment][11

Plant defense and proteolysis accounted for apmately 19% of the leaf apoplastic fluid
proteome. The plant defense category containsge laumber of pathogenesis related proteins
(five; four of them extracellular), and diseaseistsice proteins containing LRR domains
(seven; five of them extracellular) (Supplementaaple 3), which frequently increase in xylem
sap and apoplastic fluids when plants experienogchstresses [76, 84-87] and, as commented
for the xylem sap, constitute a basal plant defeaneehanism in non-stressed conditions. The
disease resistance proteins with LRR domains msy lé involved in signaling [40]. Other
proteins in this category included extracellulamosin-like (AT4G11650) and a basic secretory
protein (AT2G15130) (Supplementary Table 3). Thetqwlysis-related proteins included 24
extracellular peptidases, such as serine-carboxiases, cysteine and aspartic proteases,
subtilisin-like serine proteases, and four protegnahibitors, most of them similar to cystatin
(Supplementary Table 3). Four proteins relatedht® proteasome, although not predicted as

extracellular, were also found in the non-redundspuplastic fluid proteome; while it is clear
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that the apoplastic fluid is enriched in extradeluproteases, the presence of proteasome
components was only detected in the sugar beetlagimpfluid proteome [46]. It has been
hypothesized that the proteolytic composition ad #poplastic fluid is species-dependent [44],
and therefore the presence of some component girtiieasome in sugar beet may be species-

specific or reflect a possible intracellular contaation.

Among the proteins classified as oxido-reductasgé$%(, 19 were predicted to be
extracellular. These included a large number obxidases (ten), cupro-redoxins (three), and
FAD-binding proteins (three), among others (Sup@etary Table 3). Furthermore, three
peroxidases were found in three or more plant sggdiable 4) suggesting that their presence is
highly conserved in this fluid. Five thioredoxingme also found in the non-redundant apoplastic
fluid proteome, although only one of them was prtti as extracellular. Thioredoxins are also
abundant in the phloem sap proteome [88] and, iditiad to redox homeostasis, some
thioredoxins have been associated with inter-aalgbmmunication and may be required for

redox signaling [89] (Supplementary Table 3).

Interestingly, as it occurs in phloem sap, the &sije fluid also contains proteins involved in
regulation including RNA binding (7%), although gntwo proteins were predicted as
extracellular. This set of extracellular proteinsluded an auxin-independent growth promoter-
like protein (AT5G63390) and an homolog of CLAVATAb (a putative receptor kinase)
(Supplementary Table S3). The later one was prgbalantified as a proteolytic fragment
belonging to the extracellular domain [40]. Thegemce of these proteins in the apoplast may

suggest a role of this compartment in signaling deserves further study.

In summary, the functional categorization of th@g@pstic fluid proteome indicates that a

large part of this proteome is involved in basdedse and in the maintenance of the cell wall
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and possibly the leaf cell plasma membrane. Thetimmal categorization also reveals a possible
role in regulation and points out two candidatescideserve further study. However, it should
be kept in mind that 57% of the non-redundant ageifa fluid proteome is predicted to be
intracellular and therefore some of these enricligactional categories may arise from

cytoplasmic contamination and deserve additionalies.

7. Theroot apoplastic fluid proteome

To the best of our knowledge, a comprehensive gegnr of the root apoplastic fluid
proteome has not been published yet. There aretingies in rice describing the effects ofd
and salt stress on the proteome of the root apipfasd [90, 91]. Both studies used VIC and 2-
DE to obtain 400 and 100 spots using 24 and 13R@ dtrips, respectively. Although mapping
was not performed in these studies, proteins itledtas responsive to NaCl and®3 belong to

two of the categories, defense and redox, descibtiek leaf apoplastic fluid proteome.

8. Conclusion and outlook

The overlap of the non-redundant plant fluid protes (Figure 4) indicates that xylem and
apoplastic fluid share more proteins between th&h?) than with the phloem sap (40 and 38
proteins in common in each comparison, respeciivéighlighting the peculiar composition of
the phloem sap proteome. Although the overlap iquenidentifiers is somewhat limited, there
are functional categories, including polysacchanteabolism, defense, proteolysis and oxido-
reductases that occur in the three fluids, altagretttccounting for large percentages of their
proteomes. These categories indicate that plamdsflaontain the machinery needed for the
maintenance of xylem vessels, phloem sieve elemamdscell walls, and for basal defense
processes. It is also interesting to note thagaifstant number of proteins in these categories,

such as peroxidases or proteases, have dual nobegh defense and structural maintenance. The
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relatively low number of common identifiers may icate that the specific proteins in charge of
these functions are fluid-specific. On the othendyathe category regulation is enriched to a
higher extent in phloem sap (Fig. 2) than in xylsap (Fig. 1) and apoplastic fluid (Fig. 3),
highlighting the role of phloem sap in long distansignaling and communication. The
comparison of the non-redundant proteomes revehlgrdteins commonly found in the three
plant fluids (Table 5, Fig. 4), among them, fourtieém being predicted as extracellular. These
included three extracellular glycosidase hydroldses the families 17, 18 and 38 as well as
peroxidase 54, indicating a possible universal ablthese proteins in cell wall maintenance and
defense. Functional classification of the remairtiexg intracellular proteins indicates that plant
fluid proteomes share proteins related to generatabolism (three proteins), amino acid
metabolism (two), oxido-redeductases (two), as wsllin nucleotide metabolism (nucleoside
diphosphate kinase 1) and photosynthesis (smallurstsh 3B and 1A of Rubisco). These
intracellular proteins may reflect intracellularntamination and their presence in these fluids
needs to be further addressé&tie pairwise overlaps indicate that xylem and agstpd fluids
share a large number of polysaccharide metabolktated proteins (41 proteins, accounting for
35% of the shared proteins), whereas phloem aneinxylr apoplast share proteins related to
general metabolism and oxido-reductase categaa@syunting for approximately 50% of the

common proteins (Fig. 4).

Extracellular proteins accounted for 57, 43 anddf%e xylem sap, leaf apoplastic fluid and
phloem sap proteomes, respectively. These datalycldstinguish the phloem sap proteome
from those of the leaf apoplastic fluid and xyleapsWhen specifically looking at peroxidases
as an example, the phloem sap non-redundant pretemhy contained four peroxidases, with

one of them being extracellular, whereas xylem aa@ apoplastic fluids contained a larger
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number of peroxidases, most of them being extraleell These results also point out that
significant percentages of these non-redundanepnoés are predicted to be intracellular, and
therefore additional experiments are needed tori@sicghe presence and possible role of these

proteins in plant fluids.

The compilation of the studies reviewed has allowedo obtain a composite picture of each
plant fluid proteome and has clarified major fuon8 occurring in these compartmentée
comparison between these three plant fluid protsorhghlights their differences and
commonalities, thus providing hints into possikladtionalities specific and shared by them and
has pointed out several candidates for which theictions in these compartments deserve

further studies (i.e., proteins presented in TaB|e3 4 and 5, especially the extracellular ones).

However, there are still many gaps that need tadakessed to obtain a complete picture. On
one hand, the use of the high-throughput and memsittve LC-MS/MS proteomic approaches
can increase the inventory of these proteomes. l@@n ather hand, ProteoMiner protein
enrichment technologies [92, 93] may help to redeal abundance proteins such as those
involved in signaling that might be under-represdnin protein extracts, but that still play
important roles in the long-distance communicatsystem. Indeed, this technique has been
recently used to study root cell wall proteins imaBidopsis allowing one to identify low
abundance proteins never described before in @l$\94]. These studies need to be performed
in a variety of plant species to reveal fluid sfiec@nd species-specific processes occurring in
these plant fluids. Furthermore, given the highatinent of these plant fluids in glycoproteins,
specific studies of this sub-proteome and progiasbioinformatics tools to predict plant-

specific glycoproteins will provide further insighinto these plant fluids.
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Given the invasive nature of the methods usedhercollection of these fluids, clear criteria
and well-established protocols to assess theitypare needed, including the establishment of
thresholds for contamination and the use of dak@atéon via complementary techniques such
as Western blot, immuno- and GFP-localization tegplnes.Although the coverage of plant fluid
proteomes has improved considerably, its integnatiith other high-throughput techniques is
still lacking. Proteomic data combined with smaNA&R sequencing and metabolomics using a
systems biology approach could provide a holisewof plant fluids and provide new insights
into their functions. Finally, while there is noudud that some proteins found in phloem and
xylem sap are being translocated, this informaisolacking for other proteins and experiments
are needed to clearly demonstrate that these psotge being unloaded into the target tissues.
This is especially relevant for putative signalimgpteins for which, in addition to delivery, a

function in the sink tissue needs to be proven.

Acknowledgements

Study supported by the Spanish Ministry of Econang Competitiveness (MINECO projects
AGL2012-31988 and AGL2013-42175-R, co-financed wiBEDER) and the Aragon
Government (group A03) and the USDA AgriculturasBarch Service (Cooperative Agreement
Number 58-6250-D-008). J.R.-C. was supported by BEweopean Union’s Horizon 2020
Research and Innovation programme under the Ma&lied8wska-Curie grant agreement No.
655043. L.C.-L. was supported by a FPI-MINECO cacir We thank the two anonymous

reviewers for their thorough reviews.

References

26



[1] W.J. Lucas, A. Groover, R. Lichtenberger, Kria, S.R. Yadav, Y. Helariutta, X.Q. He, H.
Fukuda, J. Kang, S.M. Brady, J.W. Patrick, J. Spei. Yoshida, A.F. Lopez-Millan, M.A.
Grusak, P. Kachroo, The plant vascular system:utieol, development and functions, J. Integr.
Plant Biol., 55 (2013) 294-388.

[2] D.B. Fisher, Long-distance transport, in: B. danan, W. Gruissem, R. Jones (Eds.)
Biochemistry and molecular biology of plants, Ancan Society of Plant Physiologists,
Rockville, MD, USA, 2000, pp. 729-784.

[8] K.J. Oparka, S.S. Cruz, The great escape: phlogansport and unloading of
macromolecules, Annu. Rev. Plant Physiol. Plant.Ndabl., 51 (2000) 323-347.

[4] A.J.E. Van Bel, The phloem, a miracle of inggpuPlant Cell Environ., 26 (2003) 125-149.

[5] G.A. Thompson, A. Schulz, Macromolecular treking in the phloem, Trends Plant Sci., 4
(1999) 354-360.

[6] O. Fiehn, Metabolic networks @ucurbita maximghloem, Phytochemistry, 62 (2003) 875-
886.

[7] D. Parkhurst, Stereological methods for meampurnternal leaf structural variables, Am. J.
Bot., 69 (1982) 31-39.

[8] S.J. Steudle E, Littge U, Water-relation parterge of individual mesophyll cells of
Kalanchoe daigremontiandlant Physiol., 66 (1980) 1155-1163.

[9] D.B. Vakhmistrov, Localization of the free sgain the barley roots., Russ. J. Plant Physiol.,
14 (1967) 397-404.

[10] B. Sattelmacher, K.-H. Muhling, K. Pennewil3heT apoplast - its significance for the
nutrition of higher plants, Z. Pflanz. Bodenkuniiél (1998) 485-498.

[11] K.-J. Dietz, A. Sauter, K. Wichert, D. MesstiagW. Hartung, Extracellula-glucosidase
activity in barley involved in the hydrolysis of ABglucose conjugate in leaves, J. Exp. Bot., 51
(2000) 937-944.

[12] C.M. Geilfus, A. Mithofer, J. Ludwig-Muller, CZorb, K.H. Muehling, Chloride-inducible
transient apoplastic alkalinizations induce stomatasure by controlling abscisic acid
distribution between leaf apoplast and guard aallsalt-stresse®icia fabg New Phytol., 208

(2015) 803-816.

[13] T. Hoson, Apoplast as the site of responserngironmental signals, J. Plant Res., 111
(1998) 167-177.

[14] N. Sakurai, Dynamic function and regulationagfoplast in the plant body, J. Plant Res.,
111 (1998) 133-148.

[15] K. Ohyama, H. Shinohara, M. Ogawa-OhnishiMatsubayashi, A glycopeptide regulating
stem cell fate irArabidopsis thalianaNat. Chem. Biol., 5 (2009) 578-580.

[16] H.K. Kim, J. Park, I. Hwang, Investigating \eattransport through the xylem network in
vascular plants, J. Exp. Bot., 65 (2014) 1895-1904.

[17] I. Orera, J.A. Rodriguez-Castrillon, M. Moldav, J.I. Garcia-Alonso, A. Abadia, J. Abadia,
A. Alvarez-Fernandez, Using a dual-stable isotajpeer method to study the uptake, xylem

27



transport and distribution of Fe and its chelataggnt from stereoisomers of an Fe(lll)-chelate
used as fertilizer in Fe-deficient Strategy | ptamletallomics, 2 (2010) 646-657.

[18] A. Alvarez-Fernandez, P. Diaz-Benito, A. AbadA.F. Lopez-Millan, J. Abadia, Metal
species involved in long distance metal transpopgiants, Front. Plant Sci., 5 (2014) 105.

[19] J.V. Jorrin-Novo, J. Pascual, R. Sanchez-Lubh€. Romero-Rodriguez, M.J. Rodriguez-
Ortega, C. Lenz, L. Valledor, Fourteen years ofnplproteomics reflected in Proteomics:
moving from model species and 2DE-based approdaohmphan species and gel-free platforms,
Proteomics, 15 (2015) 1089-1112.

[20] A.F. Lopez-Millan, M.A. Grusak, A. Abadia, Abadia, Iron deficiency in plants: an insight
from proteomic approaches, Front. Plant Sci., 48@54.

[21] S. Huang, R.P. Jacoby, A.H. Millar, N.L. Tagl®lant mitochondrial proteomics, Methods
Mol. Biol., 1072 (2014) 499-525.

[22] M. Ferro, S. Brugiere, D. Salvi, D. SeigneuBarny, M. Court, L. Moyet, C. Ramus, S.

Miras, M. Mellal, S. Le Gall, S. Kieffer-Jaquino@, Bruley, J. Garin, J. Joyard, C. Masselon, N.
Rolland, AT_CHLORO, a comprehensive chloroplasttgmme database with subplastidial
localization and curated information on envelopatgins, Mol. Cell. Proteomics, 9 (2010) 1063-
1084.

[23] G. Ephritikhine, M. Ferro, N. Rolland, Plantembrane proteomics, Plant Physiol.
Biochem., 42 (2004) 943-962.

[24] E. Gutierrez-Carbonell, G. Lattanzio, A. Allede, J.J. Rios, J. Kehr, A. Abadia, M.A.
Grusak, J. Abadia, A.F. Lopez-Millan, Effects of deficiency on the protein profile &rassica
napusphloem sap, Proteomics, (2015).

[25] A. Marmagne, M.A. Rouet, M. Ferro, N. Rollar@, Alcon, J. Joyard, J. Garin, H. Barbier-
Brygoo, G. Ephritikhine, Identification of new imisic proteins in Arabidopsis plasma
membrane proteome, Mol. Cell. Proteomics, 3 (2@J4)-691.

[26] C. Albenne, H. Canut, E. Jamet, Plant celllypabteomics: the leadership of Arabidopsis
thaliana, Front. Plant Sci., 4 (2013) 111.

[27] J.K. Rose, S.J. Lee, Straying off the highwagfficking of secreted plant proteins and
complexity in the plant cell wall proteome, PlatiyBiol., 153 (2010) 433-436.

[28] U. Schurr, Xylem sap sampling-new approaclean old topic, Trends Plant Sci., 3 (1998)
293-298.

[29] C.A. Atkins, P.M. Smith, C. Rodriguez-Medinlacromolecules in phloem exudates- a
review, Protoplasma, 248 (2011) 165-172.

[30] T. Aki, M. Shigyo, R. Nakano, T. Yoneyama, %anagisawa, Nano scale proteomics
revealed the presence of regulatory proteins imefudhree FT-Like proteins in phloem and
xylem saps from rice, Plant Cell Physiol., 49 (20087-790.

[31] J.Q. Goodger, R.E. Sharp, E.L. Marsh, D.P.abktman, Relationships between xylem sap
constituents and leaf conductance of well-watersd| \@ater-stressed maize across three xylem
sap sampling techniques, J. Exp. Bot., 56 (2008923100.

28



[32] L. Ligat, E. Lauber, C. Albenne, H. San ClengerB. Valot, M. Zivy, R. Pont-Lezica, M.
Arlat, E. Jamet, Analysis of the xylem sap proteafBrassica oleraceaeveals a high content
in secreted proteins, Proteomics, 11 (2011) 179318

[33] J. Kehr, M. Rep, Protein extraction from xylemd phloem sap, Methods Mol. Biol., 355
(2007) 27-35.

[34] P. Giavalisco, K. Kapitza, A. Kolasa, A. Buhtz Kehr, Towards the proteomeRrassica
napusphloem sap, Proteomics, 6 (2006) 896-909.

[35] C. Zhang, X. Yu, B.G. Ayre, R. Turgeon, Theégim and composition of cucurbit "phloem"”
exudate, Plant Physiol., 158 (2012) 1873-1882.

[36] G. Lattanzio, S. Andaluz, A. Matros, J.J. Gdb; J. Kehr, A. Abadia, J. Abadia, A.F.
Lépez-Millan, Protein profile ofupinus texensiphloem sap exudates: searching for Fe- and
Zn-containing proteins, Proteomics, 13 (2013) 22296.

[37] M.K. Lin, Y.J. Lee, T.J. Lough, B.S. Phinnd#,.J. Lucas, Analysis of the pumpkin phloem
proteome provides insights into angiosperm siete function, Mol. Cell. Proteomics, 8 (2009)
343-356.

[38] C. Rodriguez-Medina, C.A. Atkins, A.J. Mann,.B® Jordan, P.M. Smith, Macromolecular
composition of phloem exudate from white lupliupinus albud..), BMC Plant Biol., 11 (2011)
36.

[39] C. Walz, P. Giavalisco, M. Schad, M. JuengkrKlose, J. Kehr, Proteomics of curcurbit
phloem exudate reveals a network of defence pst&hytochemistry, 65 (2004) 1795-1804.

[40] G. Boudart, E. Jamet, M. Rossignol, C. Lafif® Borderies, A. Jauneau, M.-T. Esquerré-
Tugayé, R. Pont-Lezica, Cell wall proteins in apgafic fluids ofArabidopsis thalianaosettes:
Identification by mass spectrometry and bioinforcgtProteomics, 5 (2005) 212-221.

[41] V. Dani, W.J. Simon, M. Duranti, R.R. Croy, &iges in the tobacco leaf apoplast proteome
in response to salt stress, Proteomics, 5 (200B)745.

[42] S. Husted, J.K. Schjoerring, Apoplastic pH amtimonium concentration in leaves of
Brassica napug, Plant Physiol., 109 (1995) 1453-1460.

[43] G. Lohaus, K. Pennewiss, B. Sattelmacher, Msdfnann, K. Hermann Muehling, Is the
infiltration-centrifugation technique appropriater fthe isolation of apoplastic fluid? A critical
evaluation with different plant species, Physid¢are.,, 111 (2001) 457-465.

[44] K. Witzel, M. Shahzad, A. Matros, H.-P. Modk,H. Mihling, Comparative evaluation of
extraction methods for apoplastic proteins fromzedeaves, Plant Methods C7 - 48, 7 (2011) 1-
11.

[45] N.C. Soares, R. Francisco, C.P. Ricardo, Bakkson, Proteomics of ionically bound and
soluble extracellular proteins Medicago truncatuldeaves, Proteomics, 7 (2007) 2070-2082.

[46] L. Ceballos-Laita, E. Gutierrez-Carbonell, attanzio, S. Vazquez, B. Contreras-Moreira,
A. Abadia, J. Abadia, A.F. Lépez-Millan, Proteirofile of Beta vulgarisleaf apoplastic fluid
and changes induced by Fe deficiency and Fe regupmint. Plant Sci., 6 (2015) 145.

[47] D.G. Mendoza-Cozatl, E. Butko, F. SpringeiVJ.Torpey, E.A. Komives, J. Kehr, J.I.
Schroeder, Identification of high levels of phytetdtins, glutathione and cadmium in the

29



phloem sap ofBrassica napusA role for thiol-peptides in the long-distanceartsport of
cadmium and the effect of cadmium on iron trandiooaPlant J., 54 (2008) 249-259.

[48] B. Delaunois, T. Colby, N. Belloy, A. Conreu, Harzen, F. Baillieul, C. Clement, J.
Schmidt, P. Jeandet, S. Cordelier, Large-scaleepmoic analysis of the grapevine leaf apoplastic
fluid reveals mainly stress-related proteins antiwall modifying enzymes, BMC Plant Biol.,
13 (2013) 24.

[49] S.K. Tanz, |. Castleden, C.M. Hooper, M. VagieSmall, H.A. Miller, SUBA3: a database
for integrating experimentation and prediction &dide the_SUBellular localization of proteins
in Arabidopsis,Nucl. Acids. Res., 41 (2012) 1185-1191.

[50] S. Alvarez, J.Q.D. Goodger, E.L. Marsh, S. Gh¥.S. Asirvatham, D.P. Schachtman,
Characterization of the maize xylem sap proteomerateome Res., 5 (2006) 963-972.

[51] A. Buhtz, A. Kolasa, K. Arlt, C. Walz, J. KehXylem sap protein composition is conserved
among different plant species, Planta, 219 (2000)®&L8.

[52] J. Kehr, A. Buhtz, P. Giavalisco, Analysisxgfiem sap proteins frorBrassica napusBMC
Plant Biol., 5 (2005) 11.

[53] M.A. Djordjevic, M. Oakes, D.X. Li, C.H. HwangC.H. Hocart, P.M. Gresshoff, The
Glycine maxxylem sap and apoplast proteome, J. Proteome ®REX007) 3771-3779.

[54] Z. Zhang, W. Xin, S. Wang, X. Zhang, H. Dai, 8un, T. Frazier, B. Zhang, Q. Wang,
Xylem sap in cotton contains proteins that contebio environmental stress response and cell
wall development, Funct. Integr. Genomics, 15 (3A1526.

[55] H.B. Krishnan, S.S. Natarajan, J.O. BennettC.RSicher, Protein and metabolite
composition of xylem sap from field-grown soybed@dycine ma¥ Planta, 233 (2011) 921-
931.

[56] G.S. Ross, E.A. Wegrzyn T Fau - MacRae, R.dcRhe Ea Fau - Redgwell, R.J. Redgwell,
Apple beta-galactosidase. Activity against cell walysaccharides and characterization of a
related cDNA clone, Plant Physiol., 106 (1995) 528

[57] W. Van den Ende, B. De Coninck, A. Van LadPéant fructan exohydrolases: a role in
signaling and defense?, Trends Plant Sci., 9 (26P3)528.

[58] T. Demura, G. Tashiro, G. Horiguchi, N. Kisloto, M. Kubo, N. Matsuoka, A. Minami,
M. Nagata-Hiwatashi, K. Nakamura, Y. Okamura, Nsssa S. Suzuki, J. Yazaki, S. Kikuchi, H.
Fukuda, Visualization by comprehensive microarranalygsis of gene expression programs
during transdifferentiation of mesophyll cells intglem cells, Proc. Natl. Acad. Sci. USA, 99
(2002) 15794-15799.

[59] Z. Minic, Physiological roles of plant glycas hydrolases, Planta, 227 (2008) 723-740.

[60] M.T. Numan, N.B. Bhosle, Alpha-L-arabinofurandases: the potential applications in
biotechnology, J. Ind. Microbiol. Biotechnol., 33006) 247-260.

[61] C.K. Boyce, M.A. Zwieniecki, G.D. Cody, C. ddxsen, S. Wirick, A.H. Knoll, N.M.
Holbrook, Evolution of xylem lignification and hyalgel transport regulation, Proc. Natl. Acad.
Sci. USA, 101 (2004) 17555-17558.

30



[62] W. Boerjan, J. Ralph, M. Baucher, Lignin biaflyesis, Annu. Rev. Plant. Biol., 54 (2003)
519-546.

[63] M. Shabab, T. Shindo, C. Gu, F. Kaschani, danduriya, R. Chintha, A. Harzen, T. Colby,
S. Kamoun, R.A. van der Hoorn, Fungal effector @rotAVR2 targets diversifying defense-
related cys proteases of tomato, Plant Cell, 20§22169-1183.

[64] Y. Xia, H. Suzuki, J. Borevitz, J. Blount, Lzuo, K. Patel, R.A. Dixon, C. Lamb, An
extracellular aspartic protease functionsArabidopsisdisease resistance signaling, EMBO J.,
23 (2004) 980-988.

[65] M. Rep, H.L. Dekker, J.H. Vossen, A.D. de BoBrM. Houterman, C.G. de Koster, B.J.
Cornelissen, A tomato xylem sap protein represamew family of small cysteine-rich proteins
with structural similarity to lipid transfer protes, FEBS Lett., 534 (2003) 82-86.

[66] O. Pechanova, C.-Y. Hsu, J. Adams, T. PechaWandervelde, J. Drnevich, S. Jawdy, A.
Adeli, J. Suttle, A. Lawrence, T. Tschaplinski, @eguin, C. Yuceer, Apoplast proteome reveals
that extracellular matrix contributes to multisg@esponse in poplar, BMC Genomics, 11 (2010)
674.

[67] C. Schobert, M. Gottschalk, D.R. Kovar, C.Jtai§er, B.C. Yoo, W.J. Lucas,
Characterization oRicinus communiphloem profilin, RcPRO1, Plant Mol. Biol., 42 (210
719-730.

[68] A. Barnes, J. Bale, C. Constantinidou, P. AshtA. Jones, J. Pritchard, Determining protein
identity from sieve element sap Ricinus communi&. by quadrupole time of flight (Q-TOF)
mass spectrometry, J. Exp. Bot., 55 (2004) 1473148

[69] N.J. Dafoe, A. Zamani, A.K. Ekramoddoullah, Dppert, J. Bohlmann, C.P. Constabel,
Analysis of the poplar phloem proteome and its oasp to leaf wounding, J. Proteome Res., 8
(2009) 2341-2350.

[70] G. Gémez, V. Pallas, A long-distance transtabke phloem protein from cucumber forms a
ribonucleoprotein complex in vivo with Hop stuntraid RNA, J. Virol.,, 78 (2004) 10104-
10110.

[71] T. Nomata, Y. Kabeya, N. Sato, Cloning andrebterization of glycine-rich RNA-binding
protein cDNAs in the mod3hyscomitrella patens?lant Cell Physiol., 45 (2004) 48-56.

[72] W.J. Lucas, B.C. Yoo, F. Kragler, RNA as adedlistance information macromolecule in
plants, Nat. Rev. Mol. Cell. Biol., 2 (2001) 849785

[73] B.C. Yoo, F. Kragler, E. Varkonyi-Gasic, V. {&ood, S. Archer-Evans, Y.M. Lee, T.J.
Lough, W.J. Lucas, A systemic small RNA signalingtem in plants, Plant Cell, 16 (2004)
1979-2000.

[74] A. Mangeon, R.M. Junqueira, G. Sachetto-Mattifrunctional diversity of the plant
glycine-rich proteins superfamily, Plant Signalhg@e., 5 (2010) 99-104.

[75] R. Turgeon, K. Oparka, The secret phloem ahpkins, Proc. Natl. Acad. Sci. USA, 107
(2010) 13201-13202.

31



[76] S. Floerl, C. Druebert, A. Majcherczyk, P. Kasky, U. Kues, A. Polle, Defence reactions
in the apoplastic proteome of oilseed rapeagsica napusar. napug attenuateVerticillium
longisporumgrowth but not disease symptoms, BMC Plant B&(2008) 129.

[77] S. Floerl, A. Majcherczyk, M. Possienke, K.ussner, H. Tappe, C. Gatz, I. Feussner, U.
Kues, A. Polle, Verticillium longisporum infection affects the leaf apoplastic proteome,
metabolome, and cell wall propertiesAmabidopsis thalianaPLoS ONE, 7 (2012) e31435.

[78] C. Goulet, C. Goulet, M.-C. Goulet, D. MichaDE proteome maps for the leaf apoplast
of Nicotiana benthamianal. Proteomics, 10 (2010) 2536-2544.

[79] S.G. Kim, Y. Wang, K.H. Lee, Z.-Y. Park, J.rRaJ. Wu, S.J. Kwon, Y.-H. Lee, G.K.
Agrawal, R. Rakwal, S.T. Kim, K.Y. Kang, In-deptisight into in vivo apoplastic secretome of
rice-Magnaporthe oryzaeteraction, J. Proteomics, 78 (2013) 58-71.

[80] M. Petriccione, A.M. Salzano, I. Di Cecco, 8caloni, M. Scortichini, Proteomic analysis
of theActinidia deliciosaleaf apoplast during biotrophic colonization Bgeudomonas syringae
pv. actinidiag J. Proteomics, 101 (2014) 43-62.

[81] M. Shenton, T. Berberich, M. Kamo, T. YamaahitH. Taira, R. Terauchi, Use of
intercellular washing fluid to investigate the s#ed proteome of the riddagnaporthe
interaction, J. Plant Res., 125 (2012) 311-316.

[82] A.L. Girard, F. Mounet, M. Lemaire-Chamley, Gaillard, K. Elmorjani, J. Vivancos, J.L.
Runavot, B. Quemener, J. Petit, V. Germain, C. RotD. Marion, B. Bakan, Tomato GDSL1 is
required for cutin deposition in the fruit cutickiant Cell, 24 (2012) 3119-3134

[83] J. Zhang, H. Ma, J. Feng, L. Zeng, Z. Wang,Chen, Grape berry plasma membrane
proteome analysis and its differential expressionngj ripening, J. Exp. Bot., 59 (2008) 2979-
2990.

[84] I. Islas-Flores, C. Alcocer-Alvarez, Y.A. S&mz-Rodriguez, B. Canto-Canché, Recovery
of active pathogenesis-related enzymes from theplapb of Musa acuminatainfected by
Mycosphaerella fijiensjsAfr. J. Biotechnal 14(23) (2015) 1970-1981.

[85] A. Johansson, J. Staal, C. Dixelius, Earlypoeses in theArabidopsis-Verticillium
longisporumpathosystem are dependent on NDR1, JA- and ETciassd signals via cytosolic
NPR1 and RFO1, Mol. Plant Microbe In., 19 (20063-8%9.

[86] M.H.A.J. Joosten, P.J.G.M. De Wit, Identifiat of several pathogenesis-related proteins

in tomato leaves inoculated witbladosporium fulvun{syn. Fulvia fulvg) as 1,3B-glucanases
and chitinases, Plant Physiol., 89 (1989) 945-951.

[87] B.S. Watson, Z. Lei, R.A. Dixon, L.W. Sumné&roteomics oMedicago sativacell walls,
Phytochemistry, 65 (2004) 1709-1720.

[88] Y. Ishiwatari, C. Honda, |. Kawashima, S. Nakaa, H. Hirano, S. Mori, T. Fujiwara, H.
Hayashi, M. Chino, Thioredoxin h is one of the mgjooteins in rice phloem sap, Planta, 195
(1995) 456-463.

[89] L. Meng, J.H. Wong, L.J. Feldman, P.G. LemaB»B. Buchanan, A membrane-associated
thioredoxin required for plant growth moves frontl ¢ée cell, suggestive of a role in intercellular
communication, Proc. Natl. Acad. Sci. USA, 107 (@03900-3905.

32



[90] L. Zhang, L.-H. Tian, J.-F. Zhao, Y. Song, £.Zhang, Y. Guo, Identification of an
apoplastic protein involved in the initial phase s&#lt stress response in rice root by two-
dimensional electrophoresis, Plant Physiol., 14093 916-928.

[91] L. Zhou, S.A. Bokhari, C.-J. Dong, J.-Y. LiGomparative proteomics analysis of the root
apoplasts of rice seedlings in response to hydrpgeoxide, PLoS ONE, 6 (2011) e16723.

[92] A. Frohlich, F. Gaupels, H. Sarioglu, C. Hokister, M. Spannagl, J. Durner, C.
Lindermayr, Looking deep inside: detection of lolwadance proteins in leaf extracts of
Arabidopsisand phloem exudates of pumpkin, Plant PhysioB, (PB12) 902-914.

[93] P.G. Righetti, E. Boschetti, The ProteoMinerdathe FortyNiners: searching for gold
nuggets in the proteomic arena, Mass Spectrom, Ré{2008) 596-608.

[94] H. Nguyen-Kim, H.S. Clemente, T. Balliau, Miv¥, C. Dunand, C. Albenne, E. Jamet,
Arabidopsis thalianaroot cell wall proteomics: Increasing the proteoowerage using a
combinatorial peptide ligand library and descriptaf unexpected Hyp in peroxidase amino acid
sequences, Proteomics, 16 (3) (2016) 491-503.

33



Table 1. Summary of proteomic bibliography reviewed. Fumadl classification is depicted as reported inahiginal publications.

Reference Plant Species Technique Material Separation Identified Functional Classification
Buhtz et al., 2004 Brassica napus Stem de-top Xylem 1-DE 14 Redox response, plardraef, proteolysis
B. oleracea
Curcubita
maxima
Cucumis sativus
Kehr et al., 200 Brassica nap.  Stem d-top Xylem 2-DE 69 Plant defense, cell wi
Alvarez et al., 2006 Zea mays Stem de-top Xylem 2-DE 154 Cell wall, plant defenm®teolysis
Djordjevic et al., 200 Glycine ma Stem d-top Xylem 1&2DE, 24 Proteolysis, cell wall, redox stress, metabo
2D-LC
Aki et al., 2008 Orzya sativa Stem de-top Xylem 2D-LC 118 Metabolism, cell walithogenesis related, redox
stress
Stylectomy Phloen 1DE 107 Metabolism, pathogenesis related, redox st
followed signal transduction
by 2D-LC
Ligat et al., 201 B. olerace: Stem d-top Xylem 1DE 18¢ Carbohydrate metabolism, proteolysis, cell w
followed oxido-reductases
by 2D-LC
Krishnan et al., 2011  G. max Stem de-top Xylem 2-DE 38
Zhang et al., 201 Gossypiun Stem d-top Xylem LC 45E Carbohydrate metabolism, cell wall, str
hirsutum response, signal transduction
Boudart et al., 2005 Arabidopsis VIC Leaf 2-DE, 1- 93 Cell wall, defense related, protein interaction,
thaliana apoplast DE proteinases
Soares et al., 2007 Medicago VIC and IB Leaf 2-DE 81 Defense, redox, transport, cell wall, pgdresis
truncatula apoplast related
Pechanova et al., 2010 Populus Pressure Leaf 2-DE, 2D- 144 Cell wall, stress defense, proteolysis
deltoides chamber apoplast LC
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Witzel et al., 201

Delaunois et al., 2013

Ceballos-Laita et al.,
2015

Barnes et al., 20(
Walz et al., 2004
Giavalisco et al., 20(

Dafoe et al., 2009

Lin et al., 2009

Rodrigue-Medina et
al., 2011

Lattanzio et al., 2013

Z. may: VIC

Vitis vinifera VIC

Beta vulgaris Leaf

centrifugation
Stem punctut

Ricinus
communis
C. sativus,
C. maxima
B. napu
Populus
deltoides
C. maxima

Lupinus albu

Lupinus texensis Stem puncture

Stem puncture
Stem punctur

Phloem flow
trichocarpa x P. from a cut
stem into
solution

Stem puncture

Stem punctur

Leaf
apoplast

Leaf
apoplast

Leaf

apoplast

Phloen
Phloem

Phloen

Phloem

Phloem

Phloen

Phloem

2-DE 67
2-DE 89
2-DE 164
2-DE 18
1-DE, 2- 45
DE
2-DE and  14C
1-DE
2-DE 48
2D-LC 1121
2-DE 86
2-DE and 54
1-DE

Cell wall, defense, transpt

Defense, cell wall, proteolysis

Stress and defense, cell wall, metabolism
Sugar metabolism, redox regulation, chaper

Redox response, proteinase inhibitors, signaling
defense proteins
Redox stres, signaling, structural, RNA bindin
metabolism

Metabolism, signaling, stress, stnat

Embryo developmariguitination, proteolysis,
RNA binding, metabolism
Metabolism, protein modification, red:
regulation, stress and defense, structural
components
Protein modification, metabolism, redox stress,
cell wall
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Table 2. The consistent xylem sap proteome. The list coatt@n non-redunda#trabidopsisreferenced proteins present in at least four ef th
following xylem sap proteomes: maizé. (may$, rice . sativd, rapeseedB. oleraced, napus B. napus)yand cotton G. hirsutum. Accession
identifiers are those reported f8r mays(Alvarez et al., 2005)D. sativa(Aki et al., 2008) B. oleracea(Ligat et al., 2011)B. napus(Buhtz et
al., 2004; Kehr et al., 2005) ar@@l. hirsutum(Zhang et al., 2015). Symbols and annotation spord to the TAIR10 description from the
BLAST-matchedArabidopsisproteins. *Localization according to the SUBAS3 sensus prediction.

Z. mays O. sativa B. oleracea B. napus G. hirsutum AGI Symbol  Extracellular* Annotation
0i|1339841 0s12g01287C TC4327¢ Q76LU3 AT3G10740 ARAF1 Y arabinoxylal arabinofuranohydrolaseoenzym:
0i|210945  Os03g04180C TC1591: A7LAB9 AT3G12500 CHI-B Y chitinast
0i|30692538 P0644B06.40 TC25741/TC46151 4 AT3G61490 AT3G61490 Y polygalacturonase-likprotein
0i|5093107 0s05g01042C AAM9I4869 Q2HYU7 AT5G06860 PGIP1 Y putative polygalacturonase inhibit
0i|7451375  Os01g0860500 TC17043 AIXTK9 AT5G24090 CHIA Y acidic endochitinase
0i|7442163  0s12g0629700 TC54095 4 AAN23104 AT4G11650 OSM34 Y thaumatin-likepathogenesis- relatguaotein
0i|2840079  0s04g06510C TC3522:7 0i|1523907 Q7XYR7 AT5G05340 PRX52 Y peroxidas
0i|7433034  0s03g0235000 TC55805 4 AT5G19890 B9TS8I2 AT5G19890 PRX59 Y peroxidas€EC1.11.1.7)
0i|5094045 TC5893:4 AT4G3342( FAYAWA4 AT4G33420 PRX47 N putative peroxidasel7 precursc
0i|2159345 Osl_03076 ES901600/TC56831/TC4624 AT1G2016( AT1G20160 CRSP Y subtilisir-like serineproteas

36



Table 3. The consistent phloem sap proteome. The list a3 non-redundamtrabidopsisreferenced proteins present in at least four ef th
following phloem sap proteomes: pumpki@. (maximg, rice ©. sativd, rape B. napu} Lupinus texensignd Lupinus albus Accession
identifiers are those reported f@. maxima(Lin et al., 2008),0. sativa(Aki et al., 2008),B. napus(Giavalisco et al., 2006),. texensis
(Lattanzio et al., 2013) and albus(Rodriguez-Medina et al., 2011). Symbols and arimmrtacorrespond to the TAIR10 description from the
BLAST-matchedArabidopsisproteins. *Localization according to the SUBAS3 sensus prediction.

C. maxima O. sativa B. napus L. texensis L. albus Symbol Extracellular*  Annotation

FG226997_3 0i[115458768 AT3G04120 CAIB3772 GAPC-1 N glyceraldehyde-3-phosphate detgyeinase subunit 1
FG227596_2 0i|115481260 AT2G36530 CAB75428 ENO2 N enolase 2

FG227348_3 0i|115447399 AT5G03300 XP_002531678 ADK2 N adenosine kinase 2

FG227154 3 0i[115461741 AT1G75270 AAL71857 DHAR2 N dehydroascorbate reductase 2
0il26985219 0i|115456247b  AT5G28540 0il1143427 HSC70-1 N heat shock cognate 70-kDa protein 1
FG227112_2 0i|115443875 AT2G16600 0i|6014890 049886 ATCYP19-1 N cyclophilin 19

FG227050_1 0i|115465581 AT5G20020 Qil4336905 RAN2 N RAS-related GTP-binding nuclear protein 2
FG227803_2 0i|115489714 AT2G21660 BAF34340 ATGRP7 N cold, circadian rhythm, and RNAding 2
gil157346142 0i|115461424 AT3G52560 NP_566968 UEV1D-4 N ubiquitin E2 variant 1D-4

FG227133 5 0i|115473151 AT1G69410  gil13094963 EIF-5A N eukaryotic translation initiation factoASL
0il115343291 0i|115468204 AT1G65480 BAJ33494 FT N flowering locus T

FG227096_3 0i[115455697 AT3G46000 gil7339501 ADF2 N actin-depolymerizing factor 2
0il118481204 0i|115454971 AT5G09810 0il9965319 ARDOL ACT7 N actin7
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Table 4. The consistent apoplastic fluid proteome. Thieckimitains 25 non-redundaftabidopsisreferenced proteins present in at least three of
the six plant species for which the leaf apoplastgpme has been described. Accession identifierthase reported fak. thaliana(Boudart et

al., 2005) B. vulgaris(Ceballos-Laita et al., 20153Y). truncatula(Soares et al., 2007J, maygWitzel et al., 2011)Y. vinifera(Delaunois et al.,
2013) andP. deltoidegPechanova et al., 2010). Protein identifiers (AGYmbols and description correspond to the TAIRf&Aotation from
the BLAST-matched\rabidopsisproteins. *Localization according to the SUBA3 sensus prediction.

A. thaliana B. wlgaris M. truncatula Z. mays V. vinifera P. deltoides AGI Symbol Extracellular* description
AT5G08370 %;!52224%359126%1 Q84VQ7  AT5G08370 AGAL2 Y a-galactosidase 2
gi[22544137¢
gi[225441375
AT3G57240 AF435088 163014215 AT3G57240  BG3 Y B-1,3-glucanase 3
gi[225441373
0i[157337481
AT2G28470 gil157332401  Q93X57  AT2G28470 BGALS Y p-galactosidase
gi|157329180
9i[21988720:
AT5G13980  A9PG55 0i[241935426  i|157343878 Q8LPJ3  AT5G13980  BXL4 a-mannosidase
0i|115485699
0i|146762261 157355024
AT5G64570  V4SY44 gi[223975771 9! Q2MCJ5  AT5G64570  XYL4 Y B-D-xylosidase 4
gil241930802 911157350003
AF239617
023473 e beta.1.3
ATAG16260  B9GI31 Q6S9W0 gil170243 Q56AP0  AT4G16260 % putative beta-1,3-
endoglucanase
Q8GT15
Q9ZP12
gi[23890887¢
gi|195623744 a-L-arabinofuranosidase
0i[241943398  i[225440254  Q7X9G7  AT3G10740  ASD1 1

0i|108707861
0i|77548573
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gi|125535042 0i|225426168 Q84LlI7 AT3G61490 Y polygalacturonase-like
gi[255640568
gi[2204224  i|147810287  Q2MK92  ATS5G08380 AGALL Y  o-galactosidase 1
gil22240
g”égggéi’;g‘l gil157360089  QOFZP1  AT5G34940  GUS3 Y glucuronidase
AAD34596
CAAGAS6S  gi|226507679
Q42428  gi|241939007gi| gi|10880381 AT3G12500  PR-3 Y basic chitinase B
Q7X9F6 2340043
QYSDY6
gil15213852
. gil116333
P42820 P36910 9"‘:*&%%72%82 gil266324  QOM2U5  AT3G54420  EP3 Y endochitinase EP3
9 0i[225434076
gil157353734
Q8LST3 P29024 gi[7687414  gi|225462669  QO9Y38  ATEDR  CHIA Y acidic endochitinase
AT5G20630 135GS4 CAC34417 gi|226504688  gi[225444754 AT5G20630  GER3 Y germin-like protein
subfamily 3 member 3
Qi[125544798
. 0i|1771160 T
AT5G67360 XP_ 006466502 0i[226508174 11573356020  Q8RVJ7  AT5G67360  SBTL7 y  Subtilisin-iike protease
gil195647626 9! SBTL.7
gil223947003 911157345245
D7SXW6 AY185207 gi[225429295 QOXIY9  AT2G15220  BSP Y ?;rf]'ifysecretory protein
EOCQB3 gi[242048242  @i|157335112  QS8LAEL  AT1G20160 SBT5.2 Y  serinetype endopeptida
XP_008235895 gi[226533158  gi|157348245 Q8L7B2  AT4G12910 SCPL20 ﬁﬁé‘g%carboxypep“dase'
Q38745 004364 gi[226505234 g:}gggggggé Q8GUQ2  AT4G11650 OSM34 Y osmotin
gi[257644672  gi|223635592  QOZNZ5  AT1G05260  RCI3 Y  eromidase
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superoxide dismutase

HIBQPS AAC14127 gi134684 A9PIJW9  AT2G28190  SOD2 oz 2
0i|125597507 S:I%%Eggigg Q58GF4 ~ AT5G05340  PRX52 peroxidase 52
XP_007014796 gi[226493671  gi|225435616 Q42517  AT5G19890  PRX59 peroxidase 59
CAA26709 gi|130280 P00299  AT1G20340 PETE2 ir;lgfs;:)r;:]yani major
BOL802 AW559699 0i|157482855 AT1G06680  OEE2 oxygen-evolving

enhancer protein 2-1
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Table 5. List of the 14 proteins present in the proteowiesylem sap, phloem sap and
apoplastic fluid. Symbols and description corregjsonto TAIR10 annotation.

*Localization according to the SUBA3 consensus jatéxh.

AGI Symbol Extracellular*  Annotation

AT2G36530 ENO2 N enolase 2

AT3G04120 GAPC1 N cytosolic GADPH-1

AT5G43330 MDH2 N malate dehydrogenase
AT5G17920 MS1 N methionine synthase
AT4G31990 ASP5 N aspartate aminotransferase
AT4G09320 NDK1 N nucleoside diphosphate kinase 1
AT5G13980 Y glycosyl hydrolase family 38 protein
AT4G1626( Y putativep-1,3-endoglucanase
AT5G24090 CHIA Y chitinase A (class IlI)
AT1G07890 APX1 N L-ascorbate peroxidase 1
AT1G11840 GLX1 N lactoylglutathione lyase
AT5G38410 RBCS3B N Rubisco small subunit 3B
AT1G67090 RBCSI1A N Rubisco small chain 1A
AT5G06730 PRX54 Y Peroxidase 54
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Figure Legends

Figure 1- Functional classification of the non-redundantexylsap proteome. The 354
Arabidopsis non-redundant proteins obtained from the BLAST spkcies-specific
protein sets against that & thalianawere classified based on their gene ontology

(GO) biological process and TAIR annotations

Figure 2- Functional classification of the non-redundant phicsap proteome. The 720
Arabidopsis non-redundant proteins obtained frora BLAST of species-specific
protein sets against that & thalianawere classified based on their gene ontology

(GO) biological process and TAIR annotations.

Figure 3- Functional classification of the non-redundant lepbplast proteome. The
373 Arabidopsis non-redundant proteins obtainethftbe BLAST of species-specific
protein sets against that & thalianawere classified based on their gene ontology

(GO) biological process and TAIR annotations.

Figure 4- Overview of the similarities among xylem sap, pihtoesap and leaf

apoplastic fluid proteomes. The Venn diagram shthesoverlap of the non-redundant
plant fluid proteomes provided in Supplementary [@al51-3. Functional analysis is
presented for each of the pair-wise overlaps. Theverlapping proteins among the

three fluids are listed in Table 5.
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Highlights

» Review of the phloem sap, xylem sap and apopl#stit proteomes

* An inter-species comparisons of plant fluid protesrhas been drawn

« Aninter-fluid proteome comparison has been caroed

« Structure-maintenance and defense are predominactidnalities in all plant
fluids

« Xylem sap and apoplastic fluid proteomes are mondas between them than
with phloem sap
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