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Roots are the frontier of plant body to perceive underground environmental change. Endoplasmic reticulum (ER) stress response represents circumvention of cellular stress caused by various environmental changes; however, a limited number of studies are available on the ER stress responses in roots. Here, we report the tunicamycin (TM) -induced ER stress response in Arabidopsis roots by monitoring expression patterns of immunoglobulin-binding protein 3 (BiP3), a representative marker for the response. Roots promptly responded to the TM-induced ER stress through the induction of similar sets of ER stress-responsive genes. However, not all cells responded uniformly to the TM-induced ER stress in roots, as BiP3 was highly expressed in root tips, an outer layer in elongation zone, and an inner layer in mature zone of roots. We suggest that ER stress response in roots has tissue specificity.
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INTRODUCTION

Roots are the frontier of plant body to perceive underground environmental change. In response to environmental stimuli, a crucial set of molecular processes is induced that maintains cellular homeostasis and thus circumvents fatal defects caused by the stresses. Among various organelles involved in the cellular homeostasis, the ER plays a decisive role in protein folding and secretion.

The ER is the gateway for the eukaryotic protein secretory pathway. Secretory proteins are translocated into the ER and enter protein-folding cycles to fold and assemble themselves (Anelli and Sitia, 2008). Only properly folded proteins are allowed to leave the ER by a surveillance system, collectively termed the ER quality control. The ER quality control is well-conserved molecular mechanisms among eukaryotic cells including animals, yeasts and plants (Iwata and Koizumi, 2005, 2012; Howell, 2013). When aberrant proteins are accumulated in the ER, the ER quality control recognizes these aberrant proteins and responds to maintain the ER homeostasis using multiple strategies such as UPR and ER-associated degradation (ERAD) (Kanehara et al., 2007; Walter and Ron, 2011; Ruggiano et al., 2014). The ER membrane-localized ribonuclease inositol-requiring enzyme 1 (IRE1) is one of major signal transducers in the UPR. The IRE1 senses protein-folding status in the ER and transmits signals into the nuclei by catalyzing unconventional cytoplasmic splicing of bZIP60 mRNA in plants (XBP1 in mammals and HAC1 in yeasts) followed by activation of UPR target genes including a molecular chaperone BiP (Nagashima et al., 2011; Walter and Ron, 2011). BiP is one of the most abundant chaperones in the ER lumen and is thought to bind nascent peptides to prevent protein aggregation. BiPs belong to the heat shock protein 70 family that binds ATP and operates in conjunction with J-domain-containing proteins (J proteins) (Fewell et al., 2001). Arabidopsis genome encodes three BiP genes, BiP1 (At5g28540), BiP2 (At5g42020), and BiP3 (At1g09080) (Noh et al., 2003). BiP1 and BiP2 encode ubiquitously expressed proteins whose amino acid sequences are 99% identical to each other. BiP3 encodes a less conserved protein, whose expression is limited under ER stress conditions in young seedlings (Noh et al., 2003). BiPs are also master regulators of the ER stress response in Arabidopsis (Srivastava et al., 2013). Recent studies showed that BiP3 functions in pollen development and female gametogenesis (Maruyama et al., 2014, 2015).

Extensive studies across different model organisms have revealed details of molecular mechanisms underlying the ER stress response. In plant research, however, ER stress response is an emerging subject despite its high relevance to general plant stress response studies (Liu and Howell, 2010). In addition to the conserved molecular mechanisms, recent studies have suggested that plants may have plant-specific ER stress responses, involving heterotrimeric G proteins and phosphoinositide signaling (Wang et al., 2007; Chen and Brandizzi, 2012; Kanehara et al., 2015b). Our understanding about the molecular mechanisms of the ER stress response in plants has been based mostly on the studies using whole Arabidopsis seedlings. Because root biomass is marginal to the total seedling biomass, effect of root-specific changes may be diluted to be non-measureable in the whole seedling sample even if the root and shoot differentially responds to the ER stress. In fact, previous studies explored ER stress responses in roots of various plant species. For example, the tissue-specific transcriptional regulation of soybean BiPs, gsBiP6 and gsBiP9 in transgenic Nicotiana tabacum plants was reported using gsBiPs promoter-GUS chimeric reporter genes (Buzeli et al., 2002). In roots of Pisum sativum, the expression levels of BiP-D, bZIP28, and bZIP60 were elevated during tungsten treatment, which is known to affect plant growth (Adamakis et al., 2011). In addition, rice OsBiPs and its co-chaperones, OsERdjs, were transcriptionally upregulated under the ER stress conditions in roots of rice seedlings (Ohta et al., 2013). However, little is known about a detailed molecular mechanism of ER stress response in roots despite that root is an important organ to perceive environmental stresses. Although tissue specificity of the UPR in plants has been investigated in the gametophyte development (Maruyama et al., 2010, 2014; Deng et al., 2013), it remains elusive whether an individual cells of multicellular organisms responds uniformly or differentially to the ER stress caused by external environmental stresses. The Arabidopsis root is an excellent model to investigate tissue type- and cell type-specific response in vivo because it is a transparent organ and each tissue/cell type has been characterized well.

In an effort to explore the ER stress response in the plant root system and address tissue-specific response in an intact multicellular organism, current study investigated ER stress response in Arabidopsis roots. To monitor the ER stress responses, a well-described UPR gene BiP3 has been employed because of the extremely low expression under non-stress condition but acute induction upon ER stress (Noh et al., 2003; Srivastava et al., 2013; Cho et al., 2015). Based on the time-course observation of stable transgenic plant expressing the ProBiP3:BiP3-GUS-HDEL or ProBiP3:mRFP, we found that BiP3 was differentially expressed in root under the ER stress condition: the root tip including columella, outer layers in elongation zone and inner layers in mature zone were highly responsive to the ER stress. Our results suggest that the ER stress response has tissue-type and cell-type specificity and not all cells may respond uniformly to the ER stress in the Arabidopsis roots.

MATERIALS AND METHODS

Plant Materials and Growth Condition

Arabidopsis plants (Columbia-0 ecotype) were grown under continuous light at 22°C. Murashige and Skoog (MS) media was used at half-strength concentration for plant culture (Murashige and Skoog, 1962). Seeds of bip3-1 (SALK_024133) were obtained from Nottingham Arabidopsis Stock Centre (NASC). Homozygous T-DNA mutant plants were isolated by PCR-based genotyping with the specific primers (KK200/KK201, LB1.3/KK201). Position of T-DNA insertion was determined by sequencing to be located within the protein coding sequence of BiP3 (Figure 3A). For TM treatment, seedlings were immersed in liquid MS media containing 5 μg/ml TM for indicated time. For detection of aggregated proteins, seedlings were immersed in liquid MS media containing 10 mM MG-132 for 16 h. DMSO was used as negative controls for both TM and MG-132 treatments.

Sequence Alignment of BiPs

The amino acid sequences of three BiP isoforms were adopted from TAIR database (protein accession numbers: BiP1: 1009129411, BiP2: 1009134007, and BiP3: 5019479994). A multiple alignment of the protein sequences for BiPs was assembled using ClustalW1 and BoxShade2.

Plasmid Vector Construction and Plant Transformation

A 4 kbp fragment of the genomic sequence for BiP3 was amplified by PCR with oligonucleotide primers KK131 and KK132, and cloned into the pENTR/D-TOPO plasmid vector (Invitrogen, Carlsbad, CA, USA) to obtain pCC38. To create the GUS reporter construct (ProBiP3:BiP3-GUS-HDEL), SmaI site was inserted at the position immediately before the ER retention sequence HDEL of BiP3 by PCR-based site directed mutagenesis with primer KK152 (Sawano and Miyawaki, 2000). Then, a GUS cassette was inserted into the SmaI site to produce pCC71, which was recombined to a pBGW destination vector by use of LR Clonase (Karimi et al., 2005). The resulting pCC67 was transformed into wild-type (WT) plants via Agrobacterium GV3101-mediated gene transformation. Twenty-four transformed plants were selected by spraying 0.1% Basta solution to the seedlings on soil. The T1 seeds were screened by Basta, and the resistant plants harboring ProBiP3:BiP3-GUS-HDEL were selected by PCR-based genotyping with primers (KK98/KK200). ProBiP3:BiP3-GUS-HDEL line No. 17 was selected as a representative line for observation. For the fluorescent reporter construct (ProBiP3:mRFP), the 0.9 kbp promoter region of BiP3 was amplified with primers KK131 and KK172, and cloned into pENTR/D-TOPO plasmid vector (Invitrogen, Carlsbad, CA, USA) to obtain pCC76. This was recombined into a destination vector pGWB653 (Nakamura et al., 2010) by use of LR Clonase and the resulting plasmid pCC79 was transformed into WT plants via Agrobacterium GV3101-mediated gene transformation. Then, 16 plants were selected by spraying 0.1% Basta solution to the seedling on soil. The T2 seeds were screened by Basta, and the resistant plants harboring ProBiP3:mRFP were selected by PCR-based genotyping with primers (KK202/KK133). ProBiP3: mRFP line No. 11 was selected as a representative line and used for observation by confocal laser-scanning microscopy. The sequence of primers used were listed in Supplementary Table S1.

Quantitative RT-PCR (qRT-PCR)

Quantitative RT-PCR analysis was performed as previously described using total RNA was isolated from 7-day-old seedlings (Lin et al., 2015). The means and standard deviations of ΔΔCT were calculated from three independent biological replicates for whole seedlings. Six independent biological replicates were used for roots. The primers used for qRT-PCR are listed in Supplementary Table S1.

Histochemical GUS Staining

Gus staining was performed as previously described by Kanehara et al. (2015a). Briefly, seedling samples were immersed in GUS staining solution (10 mM EDTA, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 0.1% [w/v] Triton X-100, and 0.5 mg/ml X-Gluc [5-bromo-4-chloro-3-indolyl-β-D-glucuronide] in 100 mM phosphate buffer), and incubated at 37°C. Then, the reaction was stopped by replacing the solution with 70% ethanol. For colored tissues, pigments were removed by immersing the tissue in 6:1 (v:v) ethanol : acetic acid. The images were obtained using a stereomicroscope (Zeiss Stemi 2000) equipped with a Nikon D7000 camera and an upright microscope (Zeiss Axio Imager A2) equipped with a Canon EOS 500D camera.

Preparation of Anti-BiP3 Antibody and Immunoblotting

To avoid a cross-reaction with BiP1 and BiP2, which show high amino acid similarity to BiP3, a polypeptide consisting of the C-terminal 19 amino acid residues of BiP3, VYEKTEGENEDDDGDDHDE, was synthesized and used to raise an anti-BiP3 polyclonal antibody in rabbits (LTK BioLaboratories, Taoyuan, Taiwan). For immunoblotting, total cell lysate from seedlings or roots was extracted in a lysis buffer [50 mM Tris-HCl (pH6.8), 2% SDS, 10 mM β-mercaptoethanol, 1% v/v protease inhibitor cocktail (Sigma)]. Protein samples were separated by 10% acrylamide SDS-PAGE and transferred to a polyvinylidene difluoride membrane for immunoblotting with rabbit polyclonal anti-BiP3 antibodies; 1:2,000, followed by goat anti-rabbit IgG peroxidase conjugates (Santa Cruz); 1:10,000. BiP3 proteins were visualized by use of chemiluminescence detection reagent (SuperSignal West Pico, Pierce) and Image Quant LAS4000 (GE Healthcare). SDS-PAGE gel was also stained with 0.1% Coomassie Brilliant Blue for 1 h at room temperature.

Confocal Laser-Scanning Microscopy

Fluorescence of mRFP in seedlings of ProBiP3:mRFP was observed under a microscope (LSM 510 Meta; Carl Zeiss) equipped with Objectives C-Apochromat 40×/1.2-numerical aperture (NA) and C-Apochromat 63×/1.2-NA. Images were captured using an LSM 510 v3.2 confocal microscope (Carl Zeiss) with filter (543-nm laser, band-pass 560–615 nm). Cell boundaries were visualized by differential interference contrast (DIC) images.

Detection of Aggregated Protein

Aggregated proteins were stained by Proteostat® Aggresome Detection Kit (Enzo: ENZ-51035) according to manufacturer’s instruction with a slight modification. Briefly, seedlings after the chemical treatments were fixed in 4% paraformaldehyde in the assay buffer (Proteostat® Aggresome Detection Kit, Enzo) for 30 min at room temperature, which was then washed by phosphate-buffered saline (PBS) three times. Seedlings were transferred into a permeabilizing solution (0.5% Triton X-100, 3 mM EDTA, pH 8) for 30 min. After washing with PBS buffer, seedlings were incubated with Proteostat® dye (Proteostat® Aggresome Detection Kit, Enzo) at 1:5000 dilution for 1 h in the dark.

Immunolocalization Analysis of BiP3 and Aggregated Proteins

After chemical treatments, seedlings were fixed in 4% paraformaldehyde (Merck) in PBS for 90 min with vacuum dry. To break down cell walls, the seedlings were incubated with 1.5% Driselase (Sigma) in PBS at 37°C for 50 min. For plasma membrane penetration, the samples were incubated with a PBS solution containing 3% IGEPAL CA-630 (Sigma) and 10% DMSO for 30 min at room temperature. To decrease non-specific binding, samples were blocked in PBS containing 3% BSA for 3 h at room temperature. After overnight incubation with anti-BiP3 antibodies (1:100) at 4°C, samples were washed with PBS six times, and incubated with secondary antibody, goat anti-rabbit Alexa Fluor 488 (1:1,000, Life Technologies) for 3 h at room temperature. To detect aggregated proteins, samples were incubated with Proteostat® dye (Proteostat® Aggresome Detection Kit, Enzo; 1:5000) for 1 h at room temperature. After three times washing by PBS, samples were mounted in a drop of 9:1 (v/v) glycerol: PBS, and observed under a microscope (LSM 510 Meta; Carl Zeiss) equipped with objectives C-Apochromat 40×/1.2-NA and C-Apochromat 63×/1.2-NA. Images were captured using an LSM 510 v3.2 confocal microscope (Carl Zeiss) with filter (488-nm laser, band-pass 505–530 nm) for BiP3, and with filter (543-nm laser, band-pass 560–615 nm) for aggregated proteins. Cell boundaries were visualized by DIC images.

RESULTS

Observation of the ER Stress Response in Roots via the BiP3-GUS Reporter System

To observe the ER stress response in roots of intact plants, we employed Arabidopsis BiP3 gene as a reporter. BiP3 is a widely used marker gene for the ER stress response, whose expression is extremely low at either RNA or protein levels under non-stress conditions but is highly up-regulated upon the ER stress in Arabidopsis young seedlings (Noh et al., 2003; Cho et al., 2015). We established a transgenic Arabidopsis plant that stably expresses BiP3-GUS fusion protein containing the ER retention signal (HDEL) for ER localization, which is driven by the own promoter (ProBiP3:BiP3-GUS-HDEL in WT background). We treated 7-day-old seedlings of the ProBiP3:BiP3-GUS-HDEL plants with TM for 0 to 8.5 h and observed the expression of GUS reporter by histochemical staining (Figure 1A). TM inhibits protein N-glycosylation and thus induces ER stress (Helenius and Aebi, 2004). As can be seen, GUS staining emerged after 2-h treatment mainly at vascular bundles in roots and root tip but no staining in leaves (Figures 1A,C). At 3 h, an obvious staining appeared first in hydathodes of leaves (Figures 1A,B), which was extended to the entire cotyledons at 4 h (Figures 1A,B). In roots, the GUS expression was enhanced from the vasculature to the outer layer by extending the duration of TM treatment (Figure 1C). Despite the exogenous chemical treatment by TM, the first GUS expression was detected in the root vasculatures, an innermost tissue. This observation suggests that roots respond to TM treatment more rapidly than leaves, and that the vasculatures and root tips are the initial sites of TM-induced ER stress response in Arabidopsis roots.
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FIGURE 1. Observation of the ER stress response in root with the BiP3-GUS reporter system. Seven-day-old seedlings of ProBiP3:BiP3-GUS were treated with 5 μg/ml TM for time indicated and GUS staining was performed. (A) Whole seedlings or magnified view of the cotyledon (B), and the maturation zone of roots (C). Scale bars: 1 mm (A); 100 μm (B,C).



Expression Patterns of UPR Genes in Roots

To investigate whether the same set of UPR genes is induced by TM treatment in roots, we treated 7-day-old WT seedlings with TM and compared the gene expression of BiP3, BiP1/2, CALRETICULIN (CRT1: At1g56340), and CALNEXIN (CNX1: At5g61790) at 2 and 5 h after the TM treatment by qRT-PCR (Figure 2). The expression of all of these genes was induced both in the whole seedlings (Figures 2A–D) and roots (Figures 2E–H) upon TM treatment. These data suggest that a similar set of UPR genes was induced by TM treatment in roots as compared to the whole seedlings. Notably, however, some minor difference was observed including higher fold increase in BiP3, BiP1/2 and CNX1 at 2 h (Figures 2A,B,D,E,F,H). These results are consistent with the GUS reporter assay (Figure 1), in which roots robustly responded upon TM treatment.
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FIGURE 2. Expression patterns of UPR genes in roots. Quantitative RT-PCR analysis of UPR-responsive genes was performed using 7-day-old seedlings of the wild-type (WT) plant treated with dimethyl sulfoxide (DMSO) as mock (0 h) or 5 μg/ml TM for 2 or 5 h. Whole seedlings or roots were collected for RNA extraction and cDNA synthesis. Transcript levels of BiP3 (A,E), BiP1/2 (B,F), calreticulin (CRT1; C,G), and calnexin (CNX1; D,H) were quantified. The expression of the sample at 0 h was set to 1. Data were averaged by three technical replicates in the same run and three biological replicates in separate runs with SD. Asterisks indicate significance by Student t-test (∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; ∗∗∗∗, P < 0.0001).



Accumulation of BiP3 Protein by TM Treatment

To detect endogenous BiP3 protein in WT plants, we produced polyclonal anti-BiP3 antibodies against a synthetic peptide corresponding to 19 amino acid residues at C-terminus of BiP3 protein because of low sequence similarity of this region with those in BiP1 and BiP2 (Supplementary Figure S1). To examine the specificity of the antibodies, we extracted total protein from 7-day-old seedlings of the WT and the bip3-1 mutant (Figure 3A) treated with TM for 5, 14, and 24 h, then performed immunoblot analysis. The bip3-1 mutant was previously reported as a null mutant (Maruyama et al., 2010). As shown in Figure 3B, a specific band at approximately 75 kDa was detected at 5 h after TM treatment in the WT, whose intensity was further increased at 14 h and 24 h. Because these bands were not detected in TM-treated bip3-1 mutant, the result indicated that anti-BiP3 antibodies we raised recognized BiP3 specifically. We detected BiP3 in roots as well as in the whole seedlings treated with TM for 10 h (Figure 3C). Thus, both roots and whole seedlings accumulate endogenous BiP3 in response to TM treatment.
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FIGURE 3. Accumulation of BiP3 protein by TM treatment in roots. (A) Schematic representation of the gene structure of BiP3 and T-DNA position of bip3-1 mutant. Gray boxes represent exons, and the positions of T-DNA insertion was shown as triangle. (B) Immunoblot analysis of BiP3 protein in WT and bip3-1 seedlings in response to TM. Total protein was extracted from 7-day-old WT or bip3-1 seedlings treated with 5 μg/ml TM for the indicated time. (C) Immunoblot analysis of BiP3 protein in roots of WT seedlings in response to TM. WT seedlings were treated as described in (B), and samples were collected. Total proteins were subjected to immunoblot analysis for BiP3 protein (left panel), and CBB staining (right panel).



Spatiotemporal ER Stress Response in Arabidopsis Roots

Next, to observe spatiotemporal ER stress responses in intact Arabidopsis roots, we established a transgenic Arabidopsis plant that stably expresses a fluorescent mRFP protein under endogenous BiP3 promoter (ProBiP3:mRFP) in the WT background. The mRFP protein was expected to localize at cytoplasm. No mRFP signals were observed in roots without the TM treatment (at 0 h in Figure 4). Time-course observation of the ProBiP3:mRFP plants up to 5 h after TM treatment showed that fluorescent signal first appeared at 3.5 h (Figure 4 and Supplementary Figure S2). At 5-h treatment, obvious signals were detected into the three regions, a root tip in the meristematic zone, an outer layer in the elongation zone and an inner layer in the mature zone (Figure 4). This pattern became more obvious at 8-h treatment (Supplementary Figure S3). At 24 h after TM treatment, fluorescent mRFP signals were strongly detected at inner layers including stele in the mature zone, columella and lateral root cap of the root tip (Supplementary Figure S3) in the meristematic zone. Since we cannot exclude a possibility that time-dependent changes and cell type-specific features of BiP3 detection might in part reflect the kinetics of TM uptake by intact plantlets, we compared mRFP signals of the ProBiP3:mRFP plants treated with dithiothreitol (DTT), another known ER stress inducer. As shown in Supplementary Figure S4, the patterns with DTT treatment were similar to those with TM at 5- and 8-h treatments although the intensity of signal was slightly lower than that with TM. These localizations are in agreement with the result of GUS staining (Figure 1) at the early time point after TM treatment. Nevertheless, the other cell did not show the mRFP signal at 24 h, suggesting that specific cells may respond to the ER stress in Arabidopsis roots.
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FIGURE 4. Spatiotemporal ER stress response in Arabidopsis roots. Observation of the ProBiP3:mRFP signal in roots of 7-day-old seedlings treated with 5 μg/ml TM for the indicated time. The merged images of mRFP fluorescence and DIC are shown. The fluorescent images were provided at the left side of each merged image. Scale bars, 10 μm.



Distribution of Misfolded Protein via Detection of Aggresome in Arabidopsis Roots

It has been known that the accumulation of misfolded protein in the ER triggers the ER stress response. To investigate the distribution of misfolded protein in Arabidopsis roots under ER stress conditions, we first tested detection of an aggresome by use of a commercially available aggresome detection kit (Proteostat® Aggresome Detection Kit, Enzo), which was previously reported to detect aggresome formed by adding proteasome inhibitor MG-132 in mammalian cells as well as plant cultured cells (Kothawala et al., 2012; Nakajima and Suzuki, 2013). When we treated 7-day-old WT seedlings with MG-132 for 16 h, signals for aggregation were detected in root epidermis cells (Figures 5D–F and Supplementary Figures S5A–C), but not in the cells with mock treatment (Figures 5A–C). This result indicates that the assay works for the intact Arabidopsis roots. Next, we treated 7-day-old WT seedlings with TM to examine whether this assay detects misfolded proteins under the ER stress condition. As can be seen in (Figures 5J–L and Supplementary Figures S5D–F), the signals were detected in root epidermal cells treated with TM, but not without the treatment (Figures 5G–I). Hence, the assay can be used for the detection of misfolded proteins in Arabidopsis roots.
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FIGURE 5. Detection of aggregated proteins and misfolded proteins in roots. (A–F) Detection of aggregated proteins using MG-132 in meristematic zone of roots. Seven-day-old WT seedlings were treated with or without MG-132 for 16 h. (G–L) Detection of misfolded proteins after TM treatment in meristematic zone of roots. Seven-day-old WT seedlings were treated with or without TM for 8 h. Staining of aggregated or misfolded proteins (A,D,G,J), DIC images (B,E,H,K), and merged images were shown (C,F,I,L). Scale bars, 10 μm.



Localization of BiP3 and Misfolded Proteins under the ER Stress Condition

To observe a possible co-localization of misfolded protein and BiP3 under the ER stress in Arabidopsis roots, we performed immunofluorescence analysis using anti-BiP3 antibodies and fluorescent-labeled secondary antibodies with the above-mentioned assay to detect misfolded proteins. When the seedlings were treated with TM for 24 h, BiP3 and misfolded proteins co-localized well at columella in root tips (Figures 6C,G and Supplementary Figure S6), indicating the co-localization of ER stress response represented by BiP3 and misfolded protein accumulation.


[image: image]

FIGURE 6. Immunofluorescence analysis of BiP3 and colocalization with misfolded proteins in roots. Four-day-old WT seedlings were treated with TM for 24 h. BiP3 localization detected by anti-BiP3 antibodies (A,E), misfolded proteins detected by Aggresome dye ProteoStat® (B,F), merged images (C,G), and DIC images (D,H). Scale bars, 10 μm.



DISCUSSION

Current study explored ER stress response in roots of Arabidopsis. BiP3 was more rapidly and intensively induced in root tissues compared to leaves (Figure 1). Indeed, the induction of BiP3 was more significant in roots for not only BiP3 but also BiP1/2 after 2 h of TM treatment (Figure 2). This rapid up-regulation was also found for CNX1 (Figure 2). Between 2 h and 5 h after TM treatment, the relative fold changes of UPR genes expression were less significant in roots than whole seedlings. Moreover, high abundance in BiP3 proteins was detected in roots after 10 h of ER stress treatment (Figure 3C). Of note, no obvious morphological changes were found in roots during the short-term TM treatment (Figure 4 and Supplementary Figure S2), while the long-term TM treatment is known to cause the root growth defect (Cho et al., 2015; Kanehara et al., 2015b).

Interestingly, BiP3 was not ubiquitously expressed among different tissues in young seedlings under the ER stress condition. Our GUS reporter assay revealed that BiP3 is primarily expressed in vascular tissues and apical meristem in roots as well as hydathodes in leaves (Figure 1). This observation in roots was further elaborated by BiP3 promoter reporter assay with mRFP, which not only supports the result of GUS staining but also detailed the location of BiP3 expression at root tips in the meristematic zone, the outer layer in the elongation zone and the inner layer in the mature zone (Figure 4). In addition, the co-localization of misfolded proteins and BiP3 was observed in the root tip (Figure 6). Although hydathodes, root caps, and root apical meristems are known for their secretory activity, root hair cells that are another highly secretory cells did not show a high BiP3 expression to the TM-induced ER stress in our observation (Battey et al., 1996; Tsugeki and Fedoroff, 1999; Komarnytsky et al., 2000; Pilot et al., 2004; Preuss et al., 2004; Cole et al., 2014). This suggests that cell-type specific responses do not simply reflect different secretory activity of individual cell types.

Taken together these observations, we propose a schematic model in which a specific response to ER stress is suggested based on the reporter assay of BiP3 following TM treatment at tissue (Figure 7A) or cellular (Figure 7B) levels. Molecular mechanisms on the ER stress response have been extensively studied in unicellular models; however, how individual tissues or cells are orchestrated in intact multicellular organisms is an enigma to date. This specific response to TM may correspond to the differential strategy or priority of ER stress response among different tissues, whose mechanistic details await future investigation based on our current study. In conclusion, we suggest that ER stress response in roots has tissue specificity.
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FIGURE 7. Schematic representation of tissue-specific ER stress response in Arabidopsis roots. (A) Expression patterns of ProBiP3:BiP3-GUS reporter in 7-day-old seedlings at 0, 3, 5, and 8 h after TM treatment. (B) Spatial expression patterns of ProBiP3:mRFP reporter in 7-day-old seedlings in response to TM treatment (left). Right-side diagram illustrates classification of cell types in roots.
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FIGURE S1 | Multiple alignment of amino acid sequences of the BiPs. The carboxyl-terminal sequences used to raise BiP3-specific antibodies are underlined.

FIGURE S2 | Spatiotemporal ER stress response in Arabidopsis roots. Observation of the ProBiP3:mRFP signal in roots of 7-day-old seedlings treated with 5 μg/ml TM for the indicated time. The merged images of mRFP fluorescence and DIC are shown. Scale bars, 10 μm.

FIGURE S3 | Spatiotemporal ER stress response in Arabidopsis roots. Observation of the ProBiP3:mRFP signal in roots of 7-day-old seedlings treated with 5 μg/ml TM for the time indicated. Merged images of mRFP fluorescence and DIC are shown. The fluorescent images were provided at the left side of each merged image. Scale bars, 10 μm.

FIGURE S4 | Spatiotemporal ER stress response in Arabidopsis roots treated with DTT. Observation of the ProBiP3:mRFP signal in roots of 7-day-old seedlings treated with 5 μg/ml TM or 2 mM dithiothreitol (DTT) for the time indicated. Merged images of mRFP fluorescence and DIC are shown. The fluorescent images were provided at the left side of each merged image. Scale bars, 10 μm.

FIGURE S5 | Detection of aggregated proteins and misfolded proteins in roots. (A–C) Detection of aggregated proteins using MG-132 in roots. Seven-day-old WT seedlings were treated with MG-132 for 16 h. (D–F) Detection of misfolded proteins after TM treatment in roots. Seven-day-old WT seedlings were treated with TM for 8 h. Staining of aggregated or misfolded proteins (A,D), DIC images (B,E), and merged images (C,F). Scale bars, 10 μm.

FIGURE S6 | Immunofluorescence analysis of BiP3 and colocalization with misfolded proteins in roots. Four-day-old WT seedlings were treated with TM for 24 h. BiP3 localization detected by anti-BiP3 antibodies (A), misfolded proteins detected by Aggresome dye ProteoStat® (B), merged image (C), and DIC image (D). Scale bars, 10 μm.

ABBREVIATIONS

ER stress, endoplasmic reticulum stress; TM, tunicamycin; BiP, immunoglobulin-binding protein; UPR, unfolded protein response.

FOOTNOTES

1 http://clustalw.ddbj.nig.ac.jp/

2 http://www.ch.embnet.org/software/BOX_form.html

REFERENCES

Adamakis, I. D. S., Panteris, E., and Eleftheriou, E. P. (2011). The fatal effect of tungsten on Pisum sativum L. root cells: indications for endoplasmic reticulum stress-induced programmed cell death. Planta 234, 21–34. doi: 10.1007/s00425-011-1372-5

Anelli, T., and Sitia, R. (2008). Protein quality control in the early secretory pathway. EMBO J. 27, 315–327. doi: 10.1038/sj.emboj.7601974

Battey, N., Carroll, A., Vankesteren, R., Taylor, A., and Brownlee, C. (1996). The measurement of exocytosis in plant cells. J. Exp. Bot. 47, 717–728. doi: 10.1093/jxb/47.6.717

Buzeli, R. A. A., Cascardo, J. C. M., Rodrigues, L. A. Z., Andrade, M. O., Almeida, R. S., Loureiro, M. E., et al. (2002). Tissue-specific regulation of BiP genes: a cis-acting regulatory domain is required for BiP promoter activity in plant meristems. Plant Mol. Biol. 50, 757–771. doi: 10.1023/A:1019994721545

Chen, Y., and Brandizzi, F. (2012). AtIRE1A/AtIRE1B and AGB1 independently control two essential unfolded protein response pathways in Arabidopsis. Plant J. 69, 266–277. doi: 10.1111/j.1365-313X.2011.04788.x

Cho, Y., Yu, C. Y., Iwasa, T., and Kanehara, K. (2015). Heterotrimeric G protein subunits differentially respond to endoplasmic reticulum stress in Arabidopsis. Plant Signal. Behav. 10:e1061162. doi: 10.1080/15592324.2015.1061162

Cole, R. A., Mcinally, S. A., and Fowler, J. E. (2014). Developmentally distinct activities of the exocyst enable rapid cell elongation and determine meristem size during primary root growth in Arabidopsis. BMC Plant Biol. 14:1594. doi: 10.1186/s12870-014-0386-0

Deng, Y., Srivastava, R., and Howell, S. H. (2013). Protein kinase and ribonuclease domains of IRE1 confer stress tolerance, vegetative growth, and reproductive development in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 110, 19633–19638. doi: 10.1073/pnas.1314749110

Fewell, S. W., Travers, K. J., Weissman, J. S., and Brodsky, J. L. (2001). The action of molecular chaperones in the early secretory pathway. Annu. Rev. Genet. 35, 149–191. doi: 10.1146/annurev.genet.35.102401.090313

Helenius, A., and Aebi, M. (2004). Roles of N-linked glycans in the endoplasmic reticulum. Annu. Rev. Biochem. 73, 1019–1049. doi: 10.1146/annurev.biochem.73.011303.073752

Howell, S. H. (2013). Endoplasmic reticulum stress responses in plants. Annu. Rev. Plant Biol. 64, 477–499. doi: 10.1146/annurev-arplant-050312-120053

Iwata, Y., and Koizumi, N. (2005). An Arabidopsis transcription factor, AtbZIP60, regulates the endoplasmic reticulum stress response in a manner unique to plants. Proc. Natl. Acad. Sci. U.S.A. 102, 5280–5285. doi: 10.1073/pnas.0408941102

Iwata, Y., and Koizumi, N. (2012). Plant transducers of the endoplasmic reticulum unfolded protein response. Trends Plant Sci. 17, 720–727. doi: 10.1016/j.tplants.2012.06.014

Kanehara, K., Cho, Y., Lin, Y. C., Chen, C. E., Yu, C. Y., and Nakamura, Y. (2015a). Arabidopsis DOK1 encodes a functional dolichol kinase involved in reproduction. Plant J. 81, 292–303. doi: 10.1111/tpj.12727

Kanehara, K., Kawaguchi, S., and Ng, D. T. (2007). The EDEM and Yos9p families of lectin-like ERAD factors. Semin. Cell Dev. Biol. 18, 743–750. doi: 10.1016/j.semcdb.2007.09.007

Kanehara, K., Yu, C. Y., Cho, Y., Cheong, W. F., Torta, F., Shui, G., et al. (2015b). Arabidopsis AtPLC2 is a primary phosphoinositide-specific phospholipase C in phosphoinositide metabolism and the endoplasmic reticulum stress response. PLoS Genet. 11:e1005511. doi: 10.1371/journal.pgen.1005511

Karimi, M., De Meyer, B., and Hilson, P. (2005). Modular cloning in plant cells. Trends Plant Sci. 10, 103–105. doi: 10.1016/j.tplants.2005.01.008

Komarnytsky, S., Borisjuk, N. V., Borisjuk, L. G., Alam, M. Z., and Raskin, I. (2000). Production of recombinant proteins in tobacco guttation fluid. Plant Physiol. 124, 927–933. doi: 10.1104/pp.124.3.927

Kothawala, A., Kilpatrick, K., Novoa, J. A., and Segatori, L. (2012). Quantitative analysis of alpha-synuclein solubility in living cells using split GFP complementation. PLoS ONE 7:e43505. doi: 10.1371/journal.pone.0043505

Lin, Y. C., Liu, Y. C., and Nakamura, Y. (2015). The choline/ethanolamine kinase family in Arabidopsis: essential role of CEK4 in phospholipid biosynthesis and embryo development. Plant Cell 27, 1497–1511. doi: 10.1105/tpc.15.00207

Liu, J. X., and Howell, S. H. (2010). Endoplasmic reticulum protein quality control and its relationship to environmental stress responses in plants. Plant Cell 22, 2930–2942. doi: 10.1105/tpc.110.078154

Maruyama, D., Endo, T., and Nishikawa, S. (2010). BiP-mediated polar nuclei fusion is essential for the regulation of endosperm nuclei proliferation in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 107, 1684–1689. doi: 10.1073/pnas.0905795107

Maruyama, D., Endo, T., and Nishikawa, S. (2015). BiP3 supports the early stages of female gametogenesis in the absence of BiP1 and BiP2 in Arabidopsis thaliana. Plant Signal. Behav. 10:e1035853. doi: 10.1080/15592324.2015.1035853

Maruyama, D., Sugiyama, T., Endo, T., and Nishikawa, S. (2014). Multiple BiP genes of Arabidopsis thaliana are required for male gametogenesis and pollen competitiveness. Plant Cell Physiol. 55, 801–810. doi: 10.1093/pcp/pcu018

Murashige, T., and Skoog, F. (1962). A revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol. Plant. 15, 473–497. doi: 10.1111/j.1399-3054.1962.tb08052.x

Nagashima, Y., Mishiba, K., Suzuki, E., Shimada, Y., Iwata, Y., and Koizumi, N. (2011). Arabidopsis IRE1 catalyses unconventional splicing of bZIP60 mRNA to produce the active transcription factor. Sci. Rep. 1:29. doi: 10.1038/srep00029

Nakajima, Y., and Suzuki, S. (2013). Environmental stresses induce misfolded protein aggregation in plant cells in a microtubule-dependent manner. Int. J. Mol. Sci. 14, 7771–7783. doi: 10.3390/ijms14047771

Nakamura, S., Mano, S., Tanaka, Y., Ohnishi, M., Nakamori, C., Araki, M., et al. (2010). Gateway binary vectors with the bialaphos resistance gene, bar, as a selection marker for plant transformation. Biosci. Biotechnol. Biochem. 74, 1315–1319. doi: 10.1271/bbb.100184

Noh, S. J., Kwon, C. S., Oh, D. H., Moon, J. S., and Chung, W. I. (2003). Expression of an evolutionarily distinct novel BiP gene during the unfolded protein response in Arabidopsis thaliana. Gene 311, 81–91. doi: 10.1016/S0378-1119(03)00559-6

Ohta, M., Wakasa, Y., Takahashi, H., Hayashi, S., Kudo, K., and Takaiwa, F. (2013). Analysis of rice ER-resident J-proteins reveals diversity and functional differentiation of the ER-resident Hsp70 system in plants. J. Exp. Bot. 64, 5429–5441. doi: 10.1093/jxb/ert312

Pilot, G., Stransky, H., Bushey, D. F., Pratelli, R., Ludewig, U., Wingate, V. P. M., et al. (2004). Overexpression of glutamine dumper1 leads to hypersecretion of glutamine from hydathodes of Arabidopsis leaves. Plant Cell 16, 1827–1840. doi: 10.1105/tpc.021642

Preuss, M. L., Serna, J., Falbel, T. G., Bednarek, S. Y., and Nielsen, E. (2004). The Arabidopsis Rab GTPase RabA4b localizes to the tips of growing root hair cells. Plant Cell 16, 1589–1603. doi: 10.1105/tpc.021634

Ruggiano, A., Foresti, O., and Carvalho, P. (2014). ER-associated degradation: protein quality control and beyond. J. Cell Biol. 204, 869–879. doi: 10.1083/jcb.201312042

Sawano, A., and Miyawaki, A. (2000). Directed evolution of green fluorescent protein by a new versatile PCR strategy for site-directed and semi-random mutagenesis. Nucleic Acids Res. 28:E78. doi: 10.1093/nar/28.16.e78

Srivastava, R., Deng, Y., Shah, S., Rao, A. G., and Howell, S. H. (2013). BINDING PROTEIN is a master regulator of the endoplasmic reticulum stress sensor/transducer bZIP28 in Arabidopsis. Plant Cell 25, 1416–1429. doi: 10.1105/tpc.113.110684

Tsugeki, R., and Fedoroff, N. V. (1999). Genetic ablation of root cap cells in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 96, 12941–12946. doi: 10.1073/pnas.96.22.12941

Walter, P., and Ron, D. (2011). The unfolded protein response: from stress pathway to homeostatic regulation. Science 334, 1081–1086. doi: 10.1126/science.1209038

Wang, S., Narendra, S., and Fedoroff, N. (2007). Heterotrimeric G protein signaling in the Arabidopsis unfolded protein response. Proc. Natl. Acad. Sci. U.S.A. 104, 3817–3822. doi: 10.1073/pnas.0611735104

Conflict of Interest Statement: 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 © 2017 Cho and Kanehara. 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) or licensor 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/cross.jpg
3,

i





OPS/images/fpls-08-00144-g001.jpg
7.5 8.5

6.5

5.5

4.5

2.5

1.5

0.5

1






OPS/images/fpls-08-00144-g006.jpg





OPS/images/fpls-08-00144-g007.jpg
™ (h)

PrOBPLBILGUS g PoBPSniiTg
IEpmmms Pemyde IQInsum center
ooy is B e ol oot cap el





OPS/images/fpls-08-00144-g004.jpg





OPS/images/fpls-08-00144-g005.jpg





OPS/images/fpls-08-00144-g002.jpg
z [ ) s

s gL -8 -3

v - O uosssaudxa ey =z

H nE i " g H

3 O | H

g Ly-% g E
sssgss° ssmase TR

. ey, i J——

A

® o





OPS/images/fpls-08-00144-g003.jpg
A bip3-1

LB
...AAGAGA |AG:TGG...
_— —
RP LP
B KK200 KK201
WT bip3-1
TM(t) 0 5 14 240 5 14 24
(kDa)100- »
70- -“ &BIES
c : .
seedling root seedling  root
T™ (h) 0 10 0 10TM (h) 0 10 0 10
(kDa) (kDa)
170— 170
130— 130
100— 100
70— - - 70
55— 55
40— 40
354 35
25— 25

a-B1P3 CBB





OPS/images/cover.jpg
, frontiers

in Plant Science

Endoplasmic Reticulum Stress
Response in Arabidopsis Roots





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





