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Phloem Sap Proteins Are Part of a Core Stress Responsive Proteome Involved in Drought Stress Adjustment
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During moderate drought stress, plants can adjust by changes in the protein profiles of the different organs. Plants transport and modulate extracellular stimuli local and systemically through commonly induced inter- and intracellular reactions. However, most proteins are frequently considered, cell and organelle specific. Hence, while signaling molecules and peptides can travel systemically throughout the whole plant, it is not clear, whether protein isoforms may exist ubiquitously across organs, and what function those may have during drought regulation. By applying shotgun proteomics, we extracted a core proteome of 92 identical protein isoforms, shared ubiquitously amongst several Medicago truncatula tissues, including roots, phloem sap, petioles, and leaves. We investigated their relative distribution across the different tissues and their response to moderate drought stress. In addition, we functionally compared this plant core stress responsive proteome with the organ-specific proteomes. Our study revealed plant ubiquitous protein isoforms, mainly related to redox homeostasis and signaling and involved in protein interaction networks across the whole plant. Furthermore, about 90% of these identified core protein isoforms were significantly involved in drought stress response, indicating a crucial role of the core stress responsive proteome (CSRP) in the plant organ cross-communication, important for a long-distance stress-responsive network. Besides, the data allowed for a comprehensive characterization of the phloem proteome, revealing new insights into its function. For instance, CSRP protein levels involved in stress and redox are relatively more abundant in the phloem compared to the other tissues already under control conditions. This suggests a major role of the phloem in stress protection and antioxidant activity enabling the plants metabolic maintenance and rapid response upon moderate stress. We anticipate our study to be a starting point for future investigations of the role of the core plant proteome. Under an evolutionary perspective, CSRP would enable communication of different cells with each other and the environment being crucial for coordinated stress response of multicellular organisms.
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INTRODUCTION

Understanding the context in which long-distance signaling function, whole-plant organ and multicellular level processes must be investigated (Lough and Lucas, 2006). In plants, many genes are known to be commonly involved in various environmental stresses, also called plant core environmental stress response (PCESR) genes (Hahn et al., 2013). In this work, Hahn and colleagues investigated gene expression profiles of Arabidopsis thaliana roots and leaves in response to various abiotic stresses and classified the PCESR genes into three different categories: (1) genes regulated in the stressed tissue only (non-systemic), (2) Genes regulated in non-treated tissue only (systemic type I), and (3) Genes regulated in roots and leaves (systemic type II). Overall, PCESR genes were found common to several abiotic stresses (Hahn et al., 2013). While gene expression studies enable to distinguish tissue-specific expression profiles, proteomic based approaches can reveal the actual localization and dynamics of proteins and networks, involved in systemic stress response. Hence, more and more studies focus on cell-organelle cross-talk upon stress adaptation using proteomics and metabolomics approaches (Yu et al., 2008; Fürtauer et al., 2019). However, research on cell-to-cell and tissue-to-tissue protein trafficking is still in its infancy. A small number of phloem proteome studies revealed that vascular proteins play crucial roles not only in plant growth and development but also long-distance signaling and stress response (Walz et al., 2004; Aoki et al., 2005). A rapid long distances signal transduction is enabled via the phloem tubes that connects even the most distant organs such as roots and flowers (Kehr and Buhtz, 2008; Nouri and Reinhardt, 2015). Besides photosynthates, the phloem macromolecular translocation system contains small molecules such as phytohormones, small RNA, mRNA and proteins (Lucas et al., 2001; Aoki et al., 2005; Kehr and Buhtz, 2008; Guelette et al., 2012). Those studies disclosed interactions of several proteins or RNA and proteins to facilitate or regulate translocation through the phloem. Furthermore, these phloem proteins were involved in general signaling and stress response mechanism (Walz et al., 2004; Aoki et al., 2005). Moreover, Aoki et al. (2005) demonstrated that phloem long-distance macromolecular trafficking is not only a passive movement but also a controlled, destination-selective process. Their study on phloem proteins from pumpkin (Cucurbita maxima) revealed that while the shoot-ward movement was carried passively by bulk flow, while protein-protein interaction (through specific phloem proteins, including eukaryotic initiation factor 5A, and a translationally controlled tumor protein) regulated the selective translocation of RNA binding proteins root-ward.

Previous proteomic studies of M. truncatula revealed nodules (Larrainzar et al., 2007, 2009; Gil-Quintana et al., 2015), roots (Staudinger et al., 2012; Lyon et al., 2016; Turetschek et al., 2020) and shoots/leaves (Staudinger et al., 2012, 2016; Lyon et al., 2016) proteins involved in drought stress. However, a functional analysis of ubiquitous proteins, systemically located across distinct plant organs, including petiole and the phloem sap, was still missing. To the best of our knowledge, the role of phloem and petiole proteomes in early drought stress regulation and signaling has also not been investigated thus far.

By applying shotgun proteomics, we extracted a core proteome of 141 proteins, shared ubiquitously amongst several M. truncatula tissues, including roots, phloem sap, petioles, and leaves. From those, 92 were individual protein isoforms, systemically present in all investigated plant organs (roots, phloem sap, petioles, and leaves). We compared those with the organ-specific proteomes and found a clear difference in the functional enrichment pattern. The ubiquitous proteome was mainly involved in signaling and redox homeostasis. About 90% of this ubiquitous core proteome, was also significantly responsive to moderate drought stress and connected through a protein–protein interaction network, indicating a global role during environmental stress signaling. These ubiquitous and systemically relevant proteins, therefore, belong to a core environmental stress responsive proteome, which can be clustered in two main groups with changing abundance to moderate drought, either analogously or inversely across the tissues. The data indicate root- as well as shoot-ward long-distance communication through protein regulation or a possible trafficking during drought stress acclimation.



MATERIALS AND METHODS


Plant Growth and Sampling Conditions

Medicago truncatula seeds (Jemalong A17) were scarified with sulfuric acid 98% for 7 min washed and then sterilized with 3.5% sodium hypochlorite for 90 s. After a thorough wash, the seeds were soaked in water and left shaking in the dark for 6 h. When the seeds were hydrated, they were transferred to 7‰ agar plates at 4°C for 1 day in the dark, and then incubated at 20°C for 2 days. The seedlings were then planted in pots with perlite:vermiculite (1:3, v/v) and grown for 7 weeks under controlled conditions [22/18°C day/night temperature, 70% relative humidity, 500 μmol m–2 s–1 (PPF), 12 h photoperiod] and irrigated with Evans medium (Evans, 1981), containing 2.5 mM ammonium nitrate. Water deficit stress was then imposed by water withdrawal and the hydric status of the treatment and control (well-watered) plants was monitored daily by measuring the water potential of the leaves. During the water deficit study, control (C) plants were irrigated with water to avoid nutritional differences, while the water deficit stressed plants were irrigated with 50% of the evapotranspired water every 2 days to induce a progressive and moderate water deficit stress (MD) after 7 days when the leaf water potential (Ψw) reached the value Ψw = −1.50 ± 0.02 MPa. At this stage, C and MD plants were harvested, collecting separately, (i) aliquots form the middle part of the root system corresponding to secondary and tertiary roots, (ii) leaflets, separated from the petiole with a scalpel, and (iii) petioles, which were immediately stored at −80°C for further analysis.



Phloem Sap Exudation

Phloem sap exudation was performed as in Rahmat and Turnbull (2013), with minor modifications. Petioles were cut with razor blades in buffer containing 10 mM EDTA, 10 mM HEPES pH 7. After gently drying the cut with paper, up to 10 leaves per plant were arranged and soaked in Eppendorf tubes containing 1.5 ml of the above mentioned buffer. Phloem sap was collected for 22 h in the dark at 21°C, the leaves were removed and exudate extracts were frozen in liquid nitrogen and stored at −80°C for further use.



Physiological Parameters

Ψw was measured in the second fully expanded leaf 2 h after the beginning of the photoperiod using a pressure chamber (Soil Moisture Equipment, Santa Barbara, CA, United States) as earlier described (Scholander et al., 1965). Stomatal conductance was measured with a dynamic diffusion porometer (AP4; Delta-T Devices, Cambridge, United Kingdom) in leaflets of the second-fully expanded leaf. Water content was determined in the base to the fresh weight (FW) and the dry weight (DW) obtained after 48 h drying at 70°C using the following formula: WC (%) = (FW-DW)∗100/FW. Chlorophyll content was measured in five leaves per plant using a SPAD-502 meter (Konica-Minolta, Japan) in leaflets of the second fully expanded leaf. Measurement of each parameter was carried out on 15 biological replicates for each condition.



Protein Extraction

Five biological samples of leaves, petioles and roots were used for protein extraction. Aliquots of leaf, petiole (0.07 g), or root (0.5 g) samples were homogenized in a cold mortar with extraction buffer containing 50 mM HEPES pH 7.5, 1 mM EDTA, 20 mM β-mercaptoethanol, 1 mM KCl, 2 mM MgCl2, 2.5% PVPP, 1 mM DTT, 1 mM PMSF and 1 proteinase inhibitor cocktail tablet (2 ml of extraction buffer were used for leaf and petiole aliquots and 3 ml for roots). After first centrifugation to remove debris (20.000 g, 30 min, 4°C), proteins in the supernatant were precipitated overnight in four volumes of cold acetone (−20°C) and 15 mM NaCl for precipitation optimization (Crowell et al., 2013). Proteins were then pelleted at 10.000 g, 4°C, for 10 min.

In the case of the phloem sap exudates, five biological samples per treatment were centrifuged together for debris removal and 1/4 protease inhibitor cocktail tablet was added to each sample. Each biological sample comes from 3 independent phloem sap exudation from a single plant. The phloem sap exudation-buffer was replaced with 50 mM NH4HCO3 pH 7.5 using Vivaspin 6 MWCO 5000 columns after being pre-rinsed water for Gly contamination removal. After two consecutive centrifugations in a swinging rotor at 3650 g (25 min), the protein concentration of the phloem sap exudate was determined by Bradford (1976).



Protein Digestion

For leaf, petiole and root samples, air-dried protein pellets were dissolved in 250 μL urea buffer containing 7 M urea, 2 M thiourea, 5 mM DTT and 100 mM ammonium bicarbonate (AmBic). After 40 min incubation, protein concentration was determined by Bradford assay, using BSA as a standard. Aliquots containing 50 μg protein were diluted fourfold with trypsin buffer (25 mM AmBic, 10% acetonitrile, 5 mM CaCl2) and alkylated for 90 min in the dark (RT) with 10 mM iodoacedamide. Concentrated phloem sap in AmBic buffer volumes corresponding to 50 μg protein was placed in Lo-Bind tubes and DTT, iodoacedamide and CaCl2 were added to 10, 15, and 1 mM final concentrations, respectively. Samples were then incubated overnight at 37°C with Porosyzme immobilized trypsin beads (1:20, vol/vol; Applied Biosystems, Darmstadt, Germany). After the addition of formic acid until 1% final concentration, samples were centrifuged in a microfuge at maximum speed for 10 min. Supernatants were desalted with C18-SPEC 96-well plates (Varian, Darmstadt, Germany) according to the manufacturer’s instructions. The eluted peptides were vacuum-dried.



Nano ESI LC-MS/MS Analysis

Protein digests were dissolved in 2% acetonitrile, 0.1% formic acid and 1 μg of each sample was applied in random order on a C18 column (15 cm × 50 μm column, PepMap®RSLC, Thermo scientific, 2 μm particle size) and separated during a 90 min gradient with a flow rate of 300 nL min–1 using a UPLC (UltiMate 3000, Thermo Fisher Scientific) for subsequent measurement on an LTQ-Orbitrap Elite (Thermo Fisher Scientific, Bremen, Germany) with the following settings: Full scan range 350–1800 m/z, max. 20 MS2 scans (activation type CID), repeat count 1, repeat duration 30 s, exclusion list size 500, exclusion duration 60 s, charge state screening enabled with the rejection of unassigned and +1 charge states, minimum signal threshold 1000 (Egelhofer et al., 2013).



Protein Identification and Label-Free Quantification

The canonical M. truncatula fasta file was downloaded from UniProt (access date: 6.12.2016). Identification and quantification were performed in MaxQuant v1.5 (Cox and Mann, 2008) with following settings: 20 ppm precursor tolerance for the first peptide search, 8 ppm precursor tolerance for the main search, 0.7 Da match tolerance for ITMS scanned fragment ions; maximum 3 of the following variable modifications allowed per peptide: oxidation of methionine and acetylation of the N-terminus, maximum two missed cleavages allowed, optimum retention time alignment function was determined in a 20 min window, identifications were matched between runs in a 0.7 min window. A minimum of six amino acids was required for peptide identification and at least two peptides were required for protein identification. For label-free quantification (LFQ), one MS2 scan was required with a minimum LFQ ratio of 2. The FDR cut-off for PSM and protein identification was set to a stringent minimum of 1% identifications in the target decoy database (revert). RAW data were also matched against contaminants.



Statistical Analysis

For the physiological data, fifteen biological replicates were used. Ratios between control and treated samples were considered statistically significant when Student’s t-test p ≤ 0.05. For proteomics data analysis, three biological replicates were used for phloem sap and five for leaves, roots, and petioles, respectively. Only those protein groups that were found at least in all replicates of one treatment of at least one tissue were used for quantitative analysis. A spectral abundance factor (NSAF) was used for protein abundance normalization according to Zybailov et al. (2008) and Hoehenwarter et al. (2011): protein LFQ values of each identified protein group were divided by their molecular weight and by the sum of all LFQs within a sample. Note: “protein group” is a general term in proteomics, used to indicate that not all proteins are unambiguously identified but members of a group of proteins to which identified peptides match. Hence, only proteins that were unambiguously identified by proteotypic peptides are single isoforms and are specifically indicated in Supplementary Table S2. The statistical significance of protein abundance changes among treatments were evaluated by one-way, non-parametric ANOVA (Kruskal–Wallis). A 10% cut-off was used to remove ANOVA (Kruskal–Wallis) significant proteins with fold changes > 1.4. Kruskal–Wallis test using R (3.5) based InfernoRDN software (v1.1.7234; October 23, 2019), as well as PCA analysis. Missing values were exchanged with half of the minimal value. For enrichment analysis, the protein accessions were uploaded to g:GOSt (organism mtruncatula) from g:Profiler version e99_eg46_p14_f9291831 and run as multiquery with default settings (only annotated genes, g:SCS threshold, significance < 0.05). Mapan functional annotations were made using Mercator v3.6 (Lohse et al., 2014) by uploading the uniprot Medicago FASTA file mentioned above. String (v112) was used with the multiple protein search by inputting the protein accessions of the CSRP against Medicago truncatula and using default settings with Kmeans Clustering, to gain information on functional protein association networks (Szklarczyk et al., 2019).




RESULTS


Physiological Response to Water Deficit Stress in M. truncatula Plants

Medicago truncatula plants were subjected to water irrigation deficit for 1 week until their leaf water potential reached a moderate water deficit stress (−1.54 ± 0.02 MPa) compared to irrigated control plants (−0.45 ± 0.01 MPa). At this stage, several physiological parameters were determined to assess the effect of this moderate water deficit stress at plant level (Table 1). Substrate water content dropped from 70 to 20% at moderate drought. Both leaf and root water content significantly decreased in response to water deficit stress, with the root tissue presenting higher organ desiccation than the shoot (29 and 5% decrease, respectively). On the other hand, water deficit stressed plants exhibited a total closure of the stomata, while the chlorophyll content remained unaffected (Table 1).


TABLE 1. Effect of drought stress on M. truncatula plant water status and physiological parameters.
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Overall Organ Proteome Distribution and Functional Analysis

The MS based proteomics analysis of the leaves, petioles, roots and phloem sap of M. truncatula plants resulted in 2696 different protein groups. Peptide information is available at PRIDE repository (Perez-Riverol et al., 2019) with identifier PXD022278. After filtering quantifiable protein groups (see section “Statistical Analysis”), 1651 protein groups were reproducibly found in roots, 1336 in leaves, 1720 in the petiole and 265 in the phloem sap (Supplementary Table S1). Figure 1A shows the distribution of these proteins within the different plant organs: While many of the protein groups were specific to different tissues (22.3% of roots, 5.7% of leaves, 8.7 % of petiole, and 1.1 % of phloem sap) (Figure 1A), more than 50% of the identified proteins were present in more than one organ and 141 (5.7%) common to all investigated plant organs (Figure 1A and Supplementary Table S2). Those core 141 proteins also correspond to 53% of all identified phloem sap proteins. Of these 141 ubiquitous proteins, most, (92; 65%) were identified based on prototypic peptides exclusively and thus referring to unique unambiguously identified protein isoforms (no groups) (Supplementary Table S2). Noteworthy, the largest common group of 604 proteins (24%) excludes the phloem sap (Figure 1A) and will not further be analyzed in this study. Here, we focus on the 141 core proteins and compare them to the very organ-specific proteins, solely.
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FIGURE 1. Extraction and functional analysis of tissue specific and core proteins (A) comparison of all analyzed tissue proteomes (B) relative distribution of protein counts of the functional Mapman categories: tissue specific vs. ubiquitous Core Stress Responsive Proteome (CSRP) (cut-off ≥ 4 proteins of specific proteomes). Here, category “development” is an abbreviation for “cell development,” and “PS” for plastidial proteins.



Organ/Tissue-Specific Proteomes

The GO analysis of the organ-specific proteomes showed the enrichment of proteins mainly of the cytoplasm for roots, petioles and also leaves (more so chloroplasts) while the phloem was enriched mainly in the extracellular region (Table 2, Supplementary Figure S1, and Supplementary Table S1). Main molecular functions associated to each organ are “catalytic activity” for roots, “peroxidase activity” for phloem sap, “chlorophyll-binding” for petiole and “acylgycerol lipase activity” for leaves (Table 2 and Supplementary Table S1). A Mapman functional analysis of the organ-specific proteomes revealed 14 major categories (≥4 proteins) (Figure 1). Taken aside the overall most dominant category protein regulation (not enriched), the next largest categories were secondary metabolism, signaling, stress, amino acid, hormone, RNA, lipid metabolism, cell development, major CHO metabolism, redox, cell vesicle transport, glycolysis, and plastidial (PS) metabolism (Figure 1B). The specific distribution of those protein categories along the organs revealed particular differences in the relative abundances (Figure 1B). The categories stress, hormone, glycolysis and redox were relatively most abundant in the phloem sap; secondary metabolism, major CHO metabolism and signaling were enriched in roots; plastidial (PS), cell development and major CHO metabolism proteins showed highest relative abundance in leaves and cell vesicle transport and amino acid-related proteins were most abundant in the petioles.


TABLE 2. Overview of the core stress response proteome (CSPR) and the tissue specific protein (only found in one specific tissue) GO functional term enrichments and corresponding P.adj-values extracted from Supplementary Figure S1, as well as the major Mapman categories taken from Figure 1B.
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Core Proteome and Relative Distribution

Secondary- hormone-, lipid- and major CHO metabolism, as well as cell development and cell vesicle transport categories, were not amongst the major groups of the ubiquitous (core) proteins (<4 proteins) (Figure 1B). In contrast to the organ-specific proteomes, the core proteins were further enhanced in redox and signaling as well as plastidial (PS) proteins (Figure 1B). Altogether, we found nine major functional categories (≥4 proteins) for the core plant proteome composed mainly by stress and redox > signaling > cell organization (cell) and plastidial (PS) > glycolysis > amino acids and cell wall proteins > RNA (Figure 2 and Supplementary Table S2). To decipher the relative protein abundance distribution of this core proteome of identical protein isoforms, ubiquitously identified across the specific organs, further, a closer organ distribution analysis based on spectral abundance (LFQ based summed NSAF) of the major Mapman categories of the core proteome was performed (Figure 2). These revealed differences in abundance of the core proteins, among the organs: the roots were again dominated by signaling proteins (mostly G-proteins and receptor kinases like for the specific proteome) but additionally also by glycolysis and amino acid metabolism proteins. Relatively the most enhanced core protein of the roots compared to the other organs was P93333, a PR-10 receptor kinase, possibly involved in ABA binding. It was 121-fold more abundant in roots compared to petioles, 22-fold higher than in the phloem and 84-fold more abundant than in the leaves (Supplementary Table S2).
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FIGURE 2. Major Mapman categories of the ubiquitous core stress responsive proteome (CSRP) and their relative abundance distribution (sum of normalized LFQ values of categories cut-off ≥ 4 proteins) comparing controls to moderate drought stress across the tissues. Here, category “cell” is an abbreviation for “cell organization,” and “PS” for photosynthesis proteins.


The phloem sap core proteins were similar to the phloem specific proteins, enhanced in redox and stress related proteins but also by cell organization related proteins (Figure 2). However, lipid metabolism related Acyl-CoA-binding domain protein (G7K6T1, 120-fold more abundant than in leaves, 50-fold more abundant compared to petioles and 33-fold higher than in roots) was the most abundant phloem core protein amongst others (see also highest loadings PC1, Supplementary Table S2).

Petioles showed higher levels of the amino acid metabolism related proteins while leaves showed higher abundance levels of those core proteins of assigned to plastids and RNA categories. The GO enrichment analysis further revealed that cytoplasm proteins involved in the cellular response to oxidative stress and antioxidant activity and cellular detoxification were the major functional categories (Table 2 and Supplementary Figure S1e).




Functional Analysis of the Core Proteins in Mild Drought Stress Regulation

Out of the 141 core proteins, 126 (89%) changed significantly in at least one organ when plants were subjected to moderate water deficit stress (p ≤ 0.05 and a fold change ≥ 1.25) (Supplementary Table S2). The root core proteome showed the largest number of significantly changed proteins (96; 48 down, 48 up), followed by the phloem sap core proteome (51; 36 down, 14 up), the leaves (36; 11 down, 25 up) and the petioles (17; 11 down, 6 up) (Supplementary Table S2). Compared to Figure 1B, Figure 2 allows for the relative abundance comparison based on signal intensity (LFQ) rather than protein numbers alone. Hence, Figure 2 enables to compare between control and stress treated protein abundances. It reveals a general increase of stress and signaling proteins, such as receptor kinases, in roots and phloem sap during drought, while redox related protein abundances decrease. Additionally, a reduction of amino acid and glycolysis related protein levels upon drought are visible, but only in roots (Figure 2).

The protein interaction analysis referenced a strong protein network of clear biological connectivity (PPI enrichment p-value: < 1.0e-16). Three main network clusters (kmeans) that include redox enriched proteins in the cyan string cluster, carbon and nitrogen metabolism-related proteins, enriched in the green cluster, as well as a red cluster mainly composed of cell wall and known stress response proteins, were depicted (Figure 3 and Supplementary Table S2).
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FIGURE 3. Protein association network analysis of the core stress response proteome (CSRP) using STRING. Colors (red, green cyan) are based on a kmeans cluster analysis (see also Supplementary Table S2).





DISCUSSION


The Core Stress Responsive Proteome Differs From Tissue-Specific Proteomes and Mainly Consists of Proteins Involved in Redox Homeostasis and Signaling

We extracted a set of ubiquitous proteins present in all investigated plant tissues, responsive to drought, which we call the core stress responsive proteome (CSRP), respectively, and compared this to the tissue-specific proteomes to understand the distinct function of the CSRP. However, it remains unclear, whether these CSR proteins are translated simultaneously in the various cell tissues or individually in organ-specific cells and then transduced throughout the whole plant. Hahn et al. (2013) revealed that most PCESR genes have paralogs and proposed a backup function of presumably redundant information of incoming stresses signals. Here, most of the proteins of the CSRP were root and phloem enhanced, meaning that these initial protein levels were relatively more abundant within the root and/or phloem proteomes compared to the proteome of the other tissues (Figure 2). The CSR proteins of roots and phloem sap were also the most responsive tissues to drought in terms of numbers of proteins and abundance levels (normalized LFQs), indicating enhanced gene expression of these proteins in roots and/or phloem sap under well-watered as well as stress conditions. Major functional groups of the CSPR were those involved in redox and signaling, and also more abundant compared to tissue-specific functions (Figures 1, 2), revealing a crucial role of protein pathways involved in rapid communication and regulation. Remarkably, six out of the seventeen redox related proteins of the CSRP are included in the protein association network (Figure 3), supportive for a controlled interaction of these proteins maintaining metabolism under optimal growth conditions and suggesting a major function of the CSRP apparatus in systemically regulating and maintaining redox-homeostasis.

Furthermore, proteins involved in translation (synthesis and degradation) are the largest amongst all annotated proteins here and in most other proteomic studies and therefore not specifically enriched (Walz et al., 2004; Aoki et al., 2005). Nevertheless, our data confirm a crucial role of parts of the translational apparatus within the CSRP, possibly mobile and therefore interesting for future research (Figure 4, elongation factors).
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FIGURE 4. Overview of the major Mapman categories (redox, signaling, stress as well as amino acid, protein synthesis and RNA) of the ubiquitous CSRP and patterns of overall relative changes in protein abundance as a response to moderate drought stress in the different tissues (sum of normalized LFQ values of categories cut-off > 4 proteins). Diagrams show main visual patterns of summed ratios of the functional protein groups listed in Supplementary Table S2. Upper Box-plot diagrams show the distribution of the relative changes (D vs. C) of all proteins belonging to a characteristic pattern along the different tissues. Lower plots are heatmaps of D/C ratios of individual proteins for the different tissues grouped into the different patterns and categories. Proteins included in each pattern and category are referenced in Supplementary Table S2.




Most of the CSRP Is Involved in Moderate Drought Stress Adjustment

Regarding the model legume M. truncatula, the water potential exhibited by the water deficit stressed plants (−1.5 MPa) might be considered just around the limit of the permanent wilting point, an energy state below which the extraction of water from the soil solution is generally considered to be inhibited and commonly classified as moderate drought stress (Fitter and Hay, 2002). Indeed, the stress applied in the present study (−1.5 MPa) did not significantly modify the chlorophyll content (Table 1). The regulation of leaf stomatal conductance is crucial in plants as it is vital for the prevention of desiccation (Dodd, 2013). Hence, we consider this as an early phase of plant drought stress just at the limit of a functional phloem able to maintain trafficking of molecules essential for a possible systemic acclimation of stress. Hydraulic signal communication of the water status between root and shoot is crucial in order to sustain plant growth and photosynthetic activity in an environment of limiting or changing water availability (Christmann et al., 2007).

Most proteins of the CSRP (98%) responded significantly to moderate drought stress. Within these, all redox proteins show significant changes at least in one of the four tested tissues during drought (Supplementary Table S2). Redox homeostasis and antioxidant activities are assigned as major regulation mechanisms, strongly correlating with drought (Laxa et al., 2019). M. truncatula (Jemalong A17), showed antioxidant responses in leaves and roots already under moderate drought (Filippou et al., 2011). Since plant accession was the same and treatments were similar to ours, we assume comparable ROS stress levels in the present study.

The redox apparatus of the CSRP was abundant in all organs analyzed. Interestingly, however, individual protein isoforms were differently intense or even inversely responsive to early stress in those various tissues (Figure 4). Proteins involved in redox homeostasis, such as peroxidases function in signal triggered stress responses linked to ABA, Ca2+ fluxes and sugar sensing (Cruz De Carvalho, 2008). During drought response, they have been shown to work both upstream and downstream of the ABA-dependent signaling pathways. Here, we found several of the core redox proteins that were regulated opposite upon early drought stress between roots and leaves. Amongst those, three proteotypic isoforms, thioredoxins (A0A072V2Y4 and G7IBZ4), and a monodehydroascorbate reductase (A0A072VJS5) were significantly depleted in roots while accumulated or not affected in the leaves. Hence, these proteins either could belong to a paralogs PCESR gene regulation or involved in long-distance protein translocation in order to regulate the global plant redox homeostasis at a moderate state of drought stress from root to shoot. A similar pattern was found for the proteins of the amino acid metabolism, where, e.g., methionine synthase (G7L0I7) and two adenosylhomocysteinase (AHC) isoforms (Q84RD8 and Q84RD9) were significantly reduced in roots and phloem but accumulated in leaves. These key enzymes of the S-adenosylmethionine cycle are known to play major roles in methylation regulation of DNA, proteins, and other metabolites (Li et al., 2015). By controlling the intracellular concentration of adenosylhomocysteine, AHCs maintain the cellular methylation potential (Li et al., 2015). Our network analysis (Figure 3) additionally demonstrates a clear crosslink of the two AHC isoforms with the redox cluster providing evidence for a connection between the methionine cycle and redox signaling. This is not surprising as methionine is a known target for oxidation linking the two functional categories with the regulatory role of reversible post-translational modification during stress (Hoshi and Heinemann, 2001). Hence, our data suggest a regulatory network, where a set of specific proteins involved in methylation and oxidation is transferred from roots to leaves via the phloem sap during moderate drought. This scenario seems more likely than an opposite translational regulation – degradation in roots and synthesis in leaves- of the same proteins in different tissues at the same time and in response to the same stress, which would not be in line with the backup function hypothesis proposed by Hahn et al. (2013). A third possibility might be a dynamic protein translational apparatus that is translocated to the area of need as the phloem is known to transduce large messenger RNA (Kehr and Buhtz, 2008; Kehr and Kragler, 2018). In line with this hypothesis, three out of the six proteins of the CSRP participating in RNA regulation were RNA binding proteins. Since the possible role of mobile RNAs in regulating transcription and translation across the plant has been extensively discussed, the presence of RNA regulating proteins seems congruous.

Overall, in roots, proteins involved in degradation regulation were significantly increasing during drought. In contrast, protein levels of the synthesis apparatus decreased in roots while simultaneously increasing in the leaves. This pattern correlates positively with the above described response pattern of the redox and amino acid metabolism. Protein turnover is known to increase during and after drought exposure, crucial for stress adjustment and recovery (Henckel, 1970; Lyon et al., 2016).

In contrast, the second-largest functional category of the CSRP, signaling, which consists mostly of ABA activated signaling pathway proteins, was mainly accumulated in roots while depleted in the leaves upon moderate drought (Figure 4). In this case, the overall increase in protein abundance of the signaling proteins in roots and phloem sap (ABA-responsive proteins G7INB7 and G7IMZ3), indicates protein de novo synthesized rather than trafficking from shoots to roots upon stress. This is particular interesting as ABA is usually known to be transported via the transpiration stream from roots to leaves, to communicate the soil water status, causing stomatal guard cell closure at the very initial stage of osmotic stress (Christmann et al., 2007). Hence, our results indicate an enhanced activity of proteins, particularly involved in ABA binding in both, the roots and the phloem during drought but opposite to the transpiration stream, depleting in leaves (Figure 4 and Supplementary Table S2). At the same time, several proteins involved in the ABA response and biosynthesis such as a Noduline-like protein (G7JGC9) are also increased most significantly in roots gradually less toward the leaves during moderate drought. This discloses a systemically reconciled ABA production but no clear translocation mechanism across the plant conducted by the CSRP at this stage of drought stress. Nevertheless, the CSRP function in ABA signaling is further supported by the presence of three distinct protein isoforms of Fasciclin-like arabinogalactan (FLA). These FLA proteins belong to a multigene family of cell adhesion molecules (Johnson et al., 2003; Seifert et al., 2014). These authors showed that Arabidopsis FLA genes interact with ABA and control root growth and abiotic stress. During drought, our data reveal that these isoforms are acting antagonistically. Two isoforms (G7K503 and G7K0M1) significantly (p<0.05) decrease in the roots while one putative FLA protein isoform (A0A072U0Q0) reacts by significantly (p<0.05) accumulating in roots and leaves. Isoforms A0A072U0Q0 and G7K0M1 are possibly also interacting with each other (Figure 3). Since FLAs are linked to the cell wall, these particular CSRP isoforms seem therefore involved in systemic cell wall and growth regulation across the whole plant.

A common and early response to drought stress is usually the perturbation of photosynthetic activity (Aranjuelo et al., 2011). As we focus on the CSRP in response to drought, we just find seven proteins putatively related to photosynthesis. However, only Ribose-5-phosphate isomerase (G7L1U4) seems significantly reduced in the leaves upon drought otherwise most are significantly reduced or even increased in the roots, suggesting that these proteins are most likely not directly involved in photosynthetic activity. It would be possible to test the specific proteomes or the total proteome of the leaves in this study as well but it was not the aim of this study to repeat previous research.



More Than 50% of the Phloem Proteome Is Connected to the Core Stress Responsive Proteome, Involved in the Control of Drought Stress

Here, we identified 265 phloem sap proteins of M. truncatula, allowing focusing on the subset of the CSRP and linking the different tissues during drought stress. In comparison, Guelette et al. (2012) investigated the largest proteomic study of the phloem exudate of Arabidopsis thaliana, where 65 proteins were found. In our study, more than half (53%) of the phloem proteins belong to the CSRP. While ‘stress’ was not the large protein category within the CSRP (Figure 1B), it was largest within the phloem sap proteins in terms of number and overall protein abundance (Figures 1B, 2). Besides protein regulation, it was also the most responsive category of the phloem sap, upon moderate drought stress (Supplementary Table S2). Notably, due to the strong linkage with the CSRP, and also because phloem sap proteins that are not belonging to the CSRP are not responsive to moderate drought, it is not possible to fully separate discussion of phloem sap function from the CSRP. Hence, this finding may supports the important function of the phloem in long-distance stress regulation.

Furthermore, we found several pathogen resistant (PR) proteins to be within the stress category proteins (Supplementary Table S1). Amongst those, the largest number (7) were chitinases (class 4 PR proteins) of which three (G7ID31, G7LA76 and A0A072UQU5) were also found in the CSRP (Supplementary Table S2). Similarly, PR proteins have previously been described in phloem exudates (Giavalisco et al., 2006; Lin et al., 2009). Additionally, several heat shock and LEA proteins were also comprised of the stress category of the CSRP (Supplementary Table S2). Since most of these proteins responded significantly to drought, they appear to be multi-functional and not restricted to pathogen defense, and heat stress. LEA proteins, for instance, have already been recognized to respond to drought but also pathogen attack (Ranjbar Sistani et al., 2017). Furthermore, heat shock and LEA proteins are functioning as chaperones, regulation protein–protein interactions such as protein aggregations and the protein structural integrity. They have been suggested to play an important role in the regulation of protein transport through sieve elements (Aoki et al., 2002, 2005). Nevertheless, their overall abundance increases during drought conditions in phloem sap and roots. These data indicate that they are initially mainly synthesized in the phloem and slightly upon stress but possible partially translocated toward the roots, where their overall levels also increased during drought (Figure 2). The high abundance levels of these proteins in the phloem sap may also suggest that they are actively needed, locally. It should be noted, that the enhanced levels of stress-, as well as redox-proteins (peroxidase activity related) (Figure 2) of the phloem sap, might also be affected by the long extraction time of the phloem sap. However, Gaupels et al. (2017) also support systemic propagation of redox signaling through the phloem. Noticeably, glutaredoxin (G7IID), connected to the redox homeostasis network (Figure 3), showed the most significant accumulation of all enzymes in the phloem sap upon drought. This indicates a phloem sap specific induction of electron transfer- and protein disulfide oxidoreductase activity regulation, during drought stress.

The presence of glycolysis metabolic proteins in the CSRP indicates that this pathway is systemically present and regulated across the plant. This is not surprising as it is a key metabolic pathway, involved in cellular energy maintenance. During drought, they were most significantly changing in the roots (depleting) but also in the phloem, indicating a local breakdown in energy maintenance (Supplementary Table S2). Interestingly, two triose-phosphate isomerases (TPI) (I3S3S0 and A0A072U2W1) decreased significantly in phloem sap and roots. TPI is a key enzyme of the glycolytic pathway and its activity is known to decrease under drought stress (Sharma et al., 2012). Its role within the CSRP and in a possible modulation of the plant carbon sink-source relation during drought is not clear. However, sucrose has been shown to be metabolized via glycolysis in the phloem of Ricinus communis L. seedlings (Geigenberger et al., 1993) and mainly in the companion cells (van Bel, 2003).

The cellular component analysis of the mapman protein category photosynthesis, actually showed the cytosol as major localization, indicating that these proteins of the CSRP are nuclear-encoded. Surprisingly, a Rubisco large subunit protein group (G7JG19/S4T017) was detected suggesting a possible contamination from the leaf samples. However, the most abundant Rubisco large subunit isoform detected in the leaves and not detected in the phloem was (B7FHB2, twofold more abundant than the group G7JG19/S4T017). Hence, a carry over from leaf samples seems not a likely explanation. Previously, a set of ‘plastidial’ proteins have also been detected in phloem exudates of Arabidopsis (Guelette et al., 2012). They discussed the possibility of active transport of these proteins into the sieve element from companion cells through plasmodesmata. Role and presence, however, remain speculative at this point.

The Mapman category ‘cell’ comprises three subcategories, -cycle, -organization and -development. The cell-cycle proteins of the CSRP are composed of three peptidylprolyl isomerase (PPIase) isoforms (Supplementary Table S2) (I3S3K3, G7JPK2, A0A072VNE4). PPIases are ubiquitous plant proteins, involved in protein unfolding and cyclosporine A binding and described to be important abiotic stress regulators induced by ABA (Sharma and Singh, 2003). Indeed, we found them significantly increased in roots and partly, in the phloem during drought conditions while depleted in the leaves (I3S3K3, G7JPK2, A0A072VNE4) positively correlating with the ABA-regulation proteins (Supplementary Table S2). The protein association network study indicates a strong interaction of PPIase isoform, G7JPK2, with four other CSR proteins, positively correlating with an ubiquitin (G7K8J5), and a heat shock protein (Q1SKX2), and negatively correlating with a peptide methionine sulfoxide reductase (G7K8J3), and the nascent protein-associated complex alpha chain protein (G7L4T7) (Figure 3). It indicates that this PPIase reconciles protein translation processes in roots during drought. Since PPIases interact selectively and non-covalently with cyclosporin A, within the CSRP, these might function in translocation of this immune repressive cyclic peptide across the plant.

Among the cell organization related proteins within the CSRP actin-related and -binding proteins such as profilin, villin, fibrillin, cofilin, are mainly enriched in the phloem sap. Cell structural components, such as actin and profilin, have been found in several phloem exudate studies (Staiger et al., 1997; Rodriguez-Medina et al., 2011). Actin and profilin were described to be constantly delivered into the sieve elements, trafficking through the translocation stream of Ricinus (Schobert et al., 2000). Hence, the ubiquitous presence of this kind of proteins in all the plant organs indicate that there is a dynamic and systemic network of cytoskeletal elements involved in remodeling cytoplasmic architecture, which is also responsive to environmental stress. Under drought stress, fibrilin (G7KCE7) decreased in the phloem while increasing in the root and cofilin (G7IFU0) showed the opposite pattern, suggesting a complex modulation of these cytoskeletal elements.

Guelette et al. (2012) proposed lipid metabolism to be an important feature of the phloem metabolism in Arabidopsis. Here, only one lipid metabolism protein, an acyl-CoA binding protein (G7K6T1) was part of the CSRP and enhanced in the phloem sap (highest loadings PC1), and three lipid transfer proteins were exclusively identified in the phloem sap. Hence, lipid metabolism seems to some extent to be involved in phloem function, but at least in Medicago, it is only a minor functional protein group, which does not make it less interesting.

It should be noted that a larger set of common proteins was found when excluding the phloem sap proteome, indicating that these proteins either were of very low abundance in the phloem sap or not present. This, however, also means that focusing on ubiquitous proteins including the phloem sap, increases the probability that proteins of the CSRP are actually involved in translocation. Nevertheless, further studies are necessary to understand the interaction network of the CSRP fully. We also want to mention that other mechanisms related to signal transduction through the xylem upon drought seem relevant. A previous study of maize (Alvarez et al., 2008), demonstrated changes in secondary metabolites such as ABA and cytokinin. On the level of proteins, they, however, only found peroxidases, suggesting that the xylem sap proteome is probably not associated to the here described CSRP.




CONCLUSION

Understanding the plant stress and signaling networks is of major concern when it comes to stress adjustments and ultimately increased plant tolerance. In the last two decades, research has shown that there is more to the phloem then just a transport system, dependent on the metabolism of leaves and roots. Our study demonstrates the existence of a core proteome in Medicago truncatula, across different tissues involving the phloem (Figure 5). The proteomic data reveal a crucial role of the phloem in drought stress regulation through a system of core stress responsive proteins (CSRP) present throughout the whole plant. The CSRP, protein isoforms found simultaneously across all tested plant organs, is headed by major stress related functions, possibly networks, involved in redox homeostasis and signaling. Besides it multiple roles, we present evidence that the phloem’s specific proteome function is led by stress response proteins while within the CSRP it functions as a systemic redox signaling translocator, linking below and above ground communication of the plant in order to fine-tune stress response. This is an initial view on core proteins that may or may not exist in other plants and may have their evolutionary origin in enabling communication of different cells with each other and the environment, making it an interesting field to study.


[image: image]

FIGURE 5. Summary of the major functional Core Stress Responsive protein changes upon drought stress (Created with BioRender.com).




DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

EG and SW conceived the experiment and research focus. VC performed the experiment and analyzed the physiological and proteomic data. SW contributed to the mass spectrometry and proteomics datamining, VC and SW wrote the manuscript. EG revised the manuscript. All the authors contributed to the article and approved the submitted version.



FUNDING

VC was funded by the Basque Country Government (BFI-2012-97). This work was financed by the Public University of Navarra/Caja Navarra Foundation (7442-1941/2016) and the University of Vienna (mass spectrometry facility). We are grateful for the open access publication fees funded by the University of Vienna.



ACKNOWLEDGMENTS

We like to acknowledge Colin Turnbull and Rosa López-Cobollo for training VC on phloem sap extraction.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.625224/full#supplementary-material


FOOTNOTES

1https://biit.cs.ut.ee/gprofiler/gost

2https://string-db.org/


REFERENCES

Alvarez, S., Marsh, E. L., Schroeder, S. G., and Schachtman, D. P. (2008). Metabolomic and proteomic changes in the xylem sap of maize under drought. Plant Cell Envron. 31, 325–340. doi: 10.1111/j.1365-3040.2007.01770.x

Aoki, K., Kragler, F., Xoconostle-Cázares, B., and Lucas, W. J. (2002). A subclass of plant heat shock cognate 70 chaperones carries a motif that facilitates trafficking through plasmodesmata. Proc. Natl. Acad. Sci. U. S. A. 99, 16342–16347. doi: 10.1073/pnas.252427999

Aoki, K., Suzui, N., Fujimaki, S., Dohmae, N., Yonekura-Sakakibara, K., Fujiwara, T., et al. (2005). Destination-selective long-distance movement of phloem proteins. Plant Cell 17, 1801–1814. doi: 10.1105/tpc.105.031419

Aranjuelo, I., Molero, G., Erice, G., Christophe Avice, J., and Nogues, S. (2011). Plant physiology and proteomics reveals the leaf response to drought in alfalfa (Medicago sativa L.). J. Exp. Bot. 62, 111–123.

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254.

Christmann, A., Weiler, E. W., Steudle, E., and Grill, E. (2007). A hydraulic signal in root-to-shoot signalling of water shortage. Plant J. 52, 167–174. doi: 10.1111/j.1365-313X.2007.03234.x

Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol. 26, 1367–1372. doi: 10.1038/nbt.1511

Crowell, A. M. J., Wall, M. J., and Doucette, A. A. (2013). Maximizing recovery of water-soluble proteins through acetone precipitation. Anal. Chim. Acta 796, 48–54. doi: 10.1016/j.aca.2013.08.005

Cruz De Carvalho, M. H. (2008). Drought stress and reactive oxygen species: Production, scavenging and signaling. Plant Signal. Behav. 3, 156–165. doi: 10.4161/psb.3.3.5536

Dodd, I. C. (2013). Abscisic acid and stomatal closure: a hydraulic conductance conundrum? New Phytol. 197, 6–8. doi: 10.1111/nph.12052

Egelhofer, V., Hoehenwarter, W., Lyon, D., Weckwerth, W., and Wienkoop, S. (2013). Using ProtMAX to create high-mass-accuracy precursor alignments from label-free quantitative mass spectrometry data generated in shotgun proteomics experiments. Nat. Protoc. 8, 595–601. doi: 10.1038/nprot.2013.013

Evans, H. J. (1981). “Symbiotic nitrogen fixation in legume nodules,” in Research Experiences in Plant Physiology, ed. T. C. Moore (New York, NY: Springer), 294. doi: 10.1007/978-3-642-96168-7_26

Filippou, P., Antoniou, C., and Fotopoulos, V. (2011). Effect of drought and rewatering on the cellular status and antioxidant response of Medicago truncatula plants. Plant Signal. Behav. 6, 270–277. doi: 10.4161/psb.6.2.14633

Fitter, A., and Hay, R. K. M. (2002). Environmental Physiology of Plants. Cambridge, MA: Academic Press.

Fürtauer, L., Küstner, L., Weckwerth, W., Heyer, A. G., and Nägele, T. (2019). Resolving subcellular plant metabolism. Plant J. 100, 438–455. doi: 10.1111/tpj.14472

Gaupels, F., Durner, J., and Kogel, K.-H. (2017). Production, amplification and systemic propagation of redox messengers in plants? The phloem can do it all! New Phytol. 214, 554–560. doi: 10.1111/nph.14399

Geigenberger, P., Langenberger, S., Wilke, I., Heineke, D., Heldt, H. W., and Stitt, M. (1993). Sucrose is metabolised by sucrose synthase and glycolysis within the phloem complex of Ricinus communis L. seedlings. Planta 190, 446–453. doi: 10.2307/23387870

Giavalisco, P., Kapitza, K., Kolasa, A., Buhtz, A., and Kehr, J. (2006). Towards the proteome of Brassica napus phloem sap. Proteomics 6, 896–909. doi: 10.1002/pmic.200500155

Gil-Quintana, E., Lyon, D., Staudinger, C., Wienkoop, S., and González, E. M. (2015). Medicago truncatula and Glycine max : different drought tolerance and similar local response of the root nodule proteome. J. Proteome Res. 14, 5240–5251. doi: 10.1021/acs.jproteome.5b00617

Guelette, B. S., Benning, U. F., and Hoffmann-Benning, S. (2012). Identification of lipids and lipid-binding proteins in phloem exudates from Arabidopsis thaliana. J. Exp. Bot. 63, 3603–3616. doi: 10.1093/jxb/ers028

Hahn, A., Kilian, J., Mohrholz, A., Ladwig, F., Peschke, F., Dautel, R., et al. (2013). Plant core environmental stress response genes are systemically coordinated during abiotic stresses. Int. J. Mol. Sci. 14, 7617–7641. doi: 10.3390/ijms14047617

Henckel, P. A. (1970). Role of protein synthesis in drought resistance. Can. J. Bot. 48, 1235–1241. doi: 10.1139/b70-184

Hoehenwarter, W., Chen, Y., Recuenco-Munoz, L., Wienkoop, S., and Weckwerth, W. (2011). Functional analysis of proteins and protein species using shotgun proteomics and linear mathematics. Amino Acids 41, 329–341. doi: 10.1007/s00726-010-0669-1

Hoshi, T., and Heinemann, S. H. (2001). Regulation of cell function by methionine oxidation and reduction. J. Physiol. 531, 1–11. doi: 10.1111/j.1469-7793.2001.0001j.x

Johnson, K. L., Jones, B. J., Bacic, A., and Schultz, C. J. (2003). The fasciclin-like arabinogalactan proteins of Arabidopsis. A multigene family of putative cell adhesion molecules. Plant Physiol. 133, 1911–1925. doi: 10.1104/pp.103.031237

Kehr, J., and Buhtz, A. (2008). Long distance transport and movement of RNA through the phloem. J. Exp. Bot. 59, 85–92. doi: 10.1093/jxb/erm176

Kehr, J., and Kragler, F. (2018). Long distance RNA movement. New Phytol. 218, 29–40. doi: 10.1111/nph.15025

Larrainzar, E., Wienkoop, S., Scherling, C., Kempa, S., Ladrera, R., Arrese-Igor, C., et al. (2009). Carbon metabolism and bacteroid functioning are involved in the regulation of nitrogen fixation in medicago truncatula under drought and recovery. Mol. Plant Microbe Interact. 22, 1565–1576. doi: 10.1094/Mpmi-22-12-1565

Larrainzar, E., Wienkoop, S., Weckwerth, W., Ladrera, R., Arrese-Igor, C., and Gonzalez, E. M. (2007). Medicago truncatula root nodule proteome analysis reveals differential plant and bacteroid responses to drought stress. Plant Physiol. 144, 1495–1507. doi: 10.1104/pp.107.101618

Laxa, M., Liebthal, M., Telman, W., Chibani, K., and Dietz, K. J. (2019). The role of the plant antioxidant system in drought tolerance. Antioxidants 8:94. doi: 10.3390/antiox8040094

Li, X., Huang, L., Hong, Y., Zhang, Y., Liu, S., Li, D., et al. (2015). Co-silencing of tomato S-adenosylhomocysteine hydrolase genes confers increased immunity against Pseudomonas syringae pv. tomato DC3000 and enhanced tolerance to drought stress. Front. Plant Sci. 6:717. doi: 10.3389/fpls.2015.00717

Lin, M. K., Lee, Y. J., Lough, T. J., Phimmey, B. S., and Lucas, W. J. (2009). Analysis of the pumpkin phloem proteome provides insights into angiosperm sieve tube function. Mol. Cell. Proteomics 8, 343–356. doi: 10.1074/mcp.M800420-MCP200

Lohse, M., Nagel, A., Herter, T., May, P., Schroda, M., Zrenner, R., et al. (2014). Mercator: a fast and simple web server for genome scale functional annotation of plant sequence data. Plant Cell Environ. 37, 1250–1258. doi: 10.1111/pce.12231

Lough, T. J., and Lucas, W. J. (2006). Integrative plant biology: role of phloem long-distance macromolecular trafficking. Annu. Rev. Plant Biol. 57, 203–232. doi: 10.1146/annurev.arplant.56.032604.144145

Lucas, W. J., Yoo, B.-C., and Kragler, F. (2001). RNA as a long-distance information macromolecule in plants. Nat. Rev. Mol. Cell Biol. 2, 849–857. doi: 10.1038/35099096

Lyon, D., Castillejo, M. A., Mehmeti-Tershani, V., Staudinger, C., Kleemaier, C., and Wienkoop, S. (2016). Drought and recovery: independently regulated processes highlighting the importance of protein turnover dynamics and translational regulation. Mol. Cell. Proteomics 15, 1921–1937. doi: 10.1074/mcp.M115.049205

Nouri, E., and Reinhardt, D. (2015). Flowers and mycorrhizal roots - closer than we think? Trends Plant Sci. 20, 344–350. doi: 10.1016/j.tplants.2015.03.012

Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S., Kundu, D. J., et al. (2019). The PRIDE database and related tools and resources in 2019: improving support for quantification data. Nucleic Acids Res. 47, D442–D450. doi: 10.1093/nar/gky1106

Rahmat, Z., and Turnbull, C. (2013). Optimization of EDTA exudation technique for proteome study of the phloem. J. Teknol. 64, 7–9. doi: 10.11113/jt.v64.2033

Ranjbar Sistani, N. R., Kaul, H.-P., Desalegn, G., and Wienkoop, S. (2017). Rhizobium impacts on seed productivity, quality, and protection of pisum sativum upon disease stress caused by didymella pinodes: phenotypic, proteomic, and metabolomic traits. Front. Plant Sci. 8:1961. doi: 10.3389/fpls.2017.01961

Rodriguez-Medina, C., Atkins, C. A., Mann, A. J., Jordan, M. E., and Smith, P. M. (2011). Macromolecular composition of phloem exudate from white lupin (Lupinus albus L.). BMC Plant Biol. 11:36. doi: 10.1186/1471-2229-11-36

Schobert, C., Gottschalk, M., Kova, D., Staiger, D., Yoo, B., and Lucas, W. (2000). Characterization of Ricinus communis phloem profilin, RcPRO1. Plant Mol. Biol. 42, 719–730. doi: 10.1023/A:1006391508429

Scholander, P. F., Bradstreet, E. D., Hemmingsen, E. A., and Hammel, H. T. (1965). Sap pressure in vascular plants: negative hydrostatic pressure can be measured in plants. Science 148, 339–346. doi: 10.1126/science.148.3668.339

Seifert, G. J., Acet, T., and Xue, H. (2014). The Arabidopsis thaliana FASCICLIN LIKE ARABINOGALACTAN PROTEIN 4 gene acts synergistically with abscisic acid signalling to control root growth. Ann. Bot. 114, 1125–1133. doi: 10.1093/aob/mcu010

Sharma, A. D., and Singh, P. (2003). Comparative studies on drought-induced changes in peptidyl prolyl cis–trans isomerase activity in drought-tolerant and susceptible cultivars of Sorghum bicolor. Curr. Sci. 84, 911–918. doi: 10.2307/24108053

Sharma, S., Mustafiz, A., Singla-Pareek, S. L., Shankar Srivastava, P., and Sopory, S. K. (2012). Characterization of stress and methylglyoxal inducible triose phosphate isomerase (OscTPI) from rice. Plant Signal. Behav. 7, 1337–1345. doi: 10.4161/psb.21415

Staiger, C., Gibbon, B., Kovar, D., and Zonia, L. E. (1997). Profilin and actin-depolymerizing factor: modulators of actin organization in plants. Trends Plant Sci. 2, 275–281. doi: 10.1016/S1360-1385(97)86350-9

Staudinger, C., Mehmeti, V., Turetschek, R., Lyon, D., Egelhofer, V., and Wienkoop, S. (2012). Possible role of nutritional priming for early salt and drought stress responses in Medicago truncatula. Front. Plant Sci. 3:285. doi: 10.3389/fpls.2012.00285

Staudinger, C., Mehmeti-Tershani, V., Gil-Quintana, E., Gonzalez, E. M., Hofhansl, F., Bachmann, G., et al. (2016). Evidence for a rhizobia-induced drought stress response strategy in Medicago truncatula. J. Proteom. 136, 202–213. doi: 10.1016/j.jprot.2016.01.006

Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al. (2019). STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 47, D607–D613. doi: 10.1093/nar/gky1131

Turetschek, R., Staudinger, C., and Wienkoop, S. (2020). “Rhizobial symbiosis influences response to early salt and drought stress of the Medicago truncatula root proteome,” in The Model Legume Medicago truncatula, ed. F. de Bruijn (Hoboken, NJ: Wiley Online Library), 253–260. doi: 10.1002/9781119409144.ch31

van Bel, A. J. E. (2003). The phloem, a miracle of ingenuity. Plant Cell Environ. 26, 125–149. doi: 10.1046/j.1365-3040.2003.00963.x

Walz, C., Giavalisco, P., Schad, M., Juenger, M., Klose, J., and Kehr, J. (2004). Proteomics of curcurbit phloem exudate reveals a network of defence proteins. Phytochemistry 65, 1795–1804. doi: 10.1016/j.phytochem.2004.04.006

Yu, Q. B., Li, G., Wang, G., Sun, J. C., Wang, P. C., Wang, C., et al. (2008). Construction of a chloroplast protein interaction network and functional mining of photosynthetic proteins in Arabidopsis thaliana. Cell Res. 18, 1007–1019. doi: 10.1038/Cr.2008.286

Zybailov, B., Rutschow, H., Friso, G., Rudella, A., Emanuelsson, O., Sun, Q., et al. (2008). Sorting signals, N-terminal modifications and abundance of the chloroplast proteome. PLoS One 3:e1994. doi: 10.1371/journal.pone.0001994


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Castañeda, González and Wienkoop. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-12-625224-t001.jpg
Parameters Control Drought

Yiear (MPa) —0.45 +0.01 —1.54 £ 0.02*
Leaf WC (%) 85.24 +£0.43 81.67 +£0.43*
Root WC (%) 92.28 + 0.63 65.52 + 0.95*
Substrate WC (%) 7716 £ 0.31 20.88 +£1.27*
gs (cms™T) 0.09 £ 0.00 0.00 £ 0.00*
Chlorophyll content 63.04 + 0.83 63.44 +1.74
Shoot (g DW) 1.36 £ 0.06 1.46 £0.12
Root (g DW) 2.07 £ 0.11 1.69 £0.10

Values represent the mean + SE (n = 15). Asterisks indicate significant differences
between control and drought (Student’s t-test p < 0.05).





OPS/images/fpls-12-625224-g005.jpg
Drought CSRP -> inter-tissue communication and
translocation through a long distance protein network
in Medicago truncatula

A7\ ‘ ‘\’

2\ "\"

ABA signalling pathway
\)

E
2
)
a
S
()
E
o
£
=
o
=
()
=

RNA binding proteins

supsrond yI1 B 1°0US 1e°H

sua04d jue)sisad uaboyied

<Protein turnover & Elongation factors>

<
<






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Phloem Sap Proteins Are Part of a Core Stress Responsive Proteome Involved in Drought Stress Adjustment



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Growth and Sampling Conditions



		Phloem Sap Exudation



		Physiological Parameters



		Protein Extraction



		Protein Digestion



		Nano ESI LC-MS/MS Analysis



		Protein Identification and Label-Free Quantification



		Statistical Analysis







		RESULTS



		Physiological Response to Water Deficit Stress in M. truncatula Plants



		Overall Organ Proteome Distribution and Functional Analysis



		Organ/Tissue-Specific Proteomes



		Core Proteome and Relative Distribution







		Functional Analysis of the Core Proteins in Mild Drought Stress Regulation







		DISCUSSION



		The Core Stress Responsive Proteome Differs From Tissue-Specific Proteomes and Mainly Consists of Proteins Involved in Redox Homeostasis and Signaling



		Most of the CSRP Is Involved in Moderate Drought Stress Adjustment



		More Than 50% of the Phloem Proteome Is Connected to the Core Stress Responsive Proteome, Involved in the Control of Drought Stress







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Plant Science










OPS/images/fpls-12-625224-g002.jpg
NSAF (LFQ based)

3,E+07

2,E+07

2,E+07

1,E+07

5,E+06

0,E+00

Control Drought Control Drought

ROOT PHLOEM

m stress mredox msignalling mcell

m PS

Control Drought Control Drought
PETIOLE LEAF

RNA mglycolysis mamino acids m cell wall






OPS/images/fpls-12-625224-g001.jpg
phloem

leaves

*%54

222

10%

W roots

M petiole

M leaves

m phloem

# CSRP





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-12-625224-g004.jpg
e

-
°

0 T v -

Redox

Pattern A Pattern B

. - .
h o wo h o «u &b o w

e, o o, o —
- -
| ST

Pattern C \

°

00V W

Stress
PatternD PatternE
8 & o « & o w &
L .- T
S .j [ ]
P - II:.
R - 4

(L) Leaf .
(S) Petiole ¥
(P) Phloem

(R) Root

CSRP

major
drought
acclimation

/

Signalling
14-3-3 and Ca* Receptorkinases
B & o w & o @
L 3 = i
s ] t
P . .
R ma [ ]
B
s
P |
R

\

)

Amino acid, Protein synthesisand RNA\

AHC & MetSy

8 & o u & o

e o

Elongation factors RNA
«» & °

.t

-

«






OPS/images/fpls-12-625224-g003.jpg
11436501

11407015
11431124
6 11420442
11432720 .
11465692 11440387 11446200 11423681 asassas? aer
6 ’ 11407914
PR101 11420053 11430605 11413832
6 11410170
25458170

11427205
y 11420001

611“1239 i 11425147
11437338 11417397 '\
» A

228

11423131
11410420

1142634

11426787

i
o [ o .
au 33333 S
178
11424739

‘K"’g 13
1142156405377
es\“"
11405797 11483






OPS/images/fpls-12-625224-t002.jpg
GO term

CC, cellular compartment; MF, molecular function; BF, biological process. nmt, not major (top 10) GO term for this tissue.

Term Name

Chloroplast

Cytoplasm

extracellular region
Antioxidant activity
Acyl-glycerol lipase activity
Chlorophyll binding
Peroxidase activity
Catalytic activity

Cellular detoxification

QOrganic nitrogen compound
biosynthetic process

Protein chromophore linkage
Drug catabolic process

Small molecule metabolic process
Category

Redox

Secondary metabolism

Stress

Cell vesicle transport

Major CHO metabolism

CSRP

nmt
2,738 x 10~14

nmt
2.405 x 10~

nmt

nmt

nmt

nmt
2.668 x 10~8

nmt

nmt
nmt
nmt

Tissue specific

Roots Phloem

nmt nmt
7.904 x 1039 nmt

nmt 1.685 x 103

nmt 2.264 x 103

nmt nmt

nmt nmt

nmt 9.795 x 10~4
8.095 x 10-25 Nmt

nmt 1.418 x 1072

nmt nmt

nmt nmt

nmt 1.339 x 10~3
1.336 x 1015 nmt

X
X

Petioles

1.227 x 1079
2.804x10~18
nmt
nmt
nmt
5.190x10- 11
nmt
nmt
nmt

nmt

4.020 x 1010
nmt
nmt

Leaves

1.74 x 10-%°
6.974x10722
nmt
nmt
1.696x10~4
nmt
nmt
nmt
nmt
4.715 x 1077

nmt
nmt
nmt





