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Abstract

:

Plant cell walls (PCWs) form the outer barrier of cells that give the plant strength and directly interact with the environment and other cells in the plant. PCWs are composed of several polysaccharides, of which cellulose forms the main fibrillar network. Enmeshed between these fibrils of cellulose are non-cellulosic polysaccharides (NCPs), pectins, and proteins. This study investigates the sequence, timing, patterning, and architecture of cell wall polysaccharide regeneration in suspension culture cells (SCC) of the grass species Lolium multiflorum (Lolium). Confocal, superresolution, and electron microscopies were used in combination with cytochemical labeling to investigate polysaccharide deposition in SCC after protoplasting. Cellulose was the first polysaccharide observed, followed shortly thereafter by (1,3;1,4)-β-glucan, which is also known as mixed-linkage glucan (MLG), arabinoxylan (AX), and callose. Cellulose formed fibrils with AX and produced a filamentous-like network, whereas MLG formed punctate patches. Using colocalization analysis, cellulose and AX were shown to interact during early stages of wall generation, but this interaction reduced over time as the wall matured. AX and MLG interactions increased slightly over time, but cellulose and MLG were not seen to interact. Callose initially formed patches that were randomly positioned on the protoplast surface. There was no consistency in size or location over time. The architecture observed via superresolution microscopy showed similarities to the biophysical maps produced using atomic force microscopy and can give insight into the role of polysaccharides in PCWs.
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1. Introduction


Plant cell walls (PCWs) encase the plant cell in a rigid, yet malleable structure that maintains the form of the plant while concurrently resisting external and internal forces, such as wind and turgor pressure, respectively. The wall also adjusts and molds to allow for expansion and differentiation of the cell during growth and tissue and organ functioning. This functionality of the PCW is based on its complex polysaccharide (~90% w/w) and protein (~10% w/w) composition (and lignin for most secondary walls) [1]. PCWs, particularly primary walls (see below), are biphasic structures in which a network of cellulose microfibrils are enmeshed within a matrix of non-cellulosic polysaccharides (NCPs) and pectins. The network of cellulose microfibrils provides the structural framework, while the shorter, often branched NCPs and pectins interweave with and covalently or non-covalently crosslink the fibrils [1]. An understanding of the evolving microstructure of walls during their ontogenesis, as well as their composition, provides insight into the physico-chemical mechanisms of action that allow cell development to occur while maintaining the cellular integrity.



PCWs can be divided into primary and secondary walls based on the developmental stages of growth. Primary walls (deposited during active growth) are historically and for convenience often categorized as either Type I or Type II walls based on species and their NCP and pectin content [2,3,4,5,6,7]. Type I walls are those found in dicots, non-commelinid monocots, and gymnosperms, where the cellulose microfibrils interlink with xyloglucans and the pectins (encompassing homogalacturonans (HGs), rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II)). These polysaccharides bind to the cellulose microfibrils to form a gelatinous matrix that confers flexibility in the wall [2,3,4,5]. Type II walls have been specified as those of commelinid monocots where, instead of xyloglucans, the primary NCPs are the arabinoxylans (AX) [8] and (1,3;1,4)-β-glucans, also known as mixed-linkage glucans (MLGs) [2,3,5,6]. Along with these major polysaccharides, there are other wall components that are important for form and function, which include the arabinogalactan-proteins (AGPs), heteromannans (HMs), hydroxycinnamic acids (e.g., ferulic acid), and lignins found in the secondary walls of woody tissues.



The diversity of NCPs surrounding the cellulose fibrils produces a heterogeneous material that varies in the PCWs between different organs and cell types, and even surrounding a single cell [9,10,11]. The variation in the nano- and micro- architecture of the cell walls is caused by differences in the NCP and pectin composition [12,13,14], which in turn affects the physico-chemical properties of the wall [15,16,17]. This variation is related to the dynamic and changing molecular interactions between the different NCPs, pectins, and cellulose. For example, the interactions of pectin with cellulose depend on the degree of methyl-esterification, which is modulated by pectin methylesterases (PMEs/pectin methylesterase inhibitors (PMEIs)) either during growth [18,19,20,21] or in response to biotic and abiotic stresses [22,23]. Xylans are similarly closely associated with cellulose via hydrogen bonding [24,25].



Grasses are a taxonomic group containing many commercially important crops, such as wheat, barley, rice, corn, and oats, the grains of which constitute most of the human calorific and dietary fiber consumption. The dietary fiber found in grain endosperm and surrounding tissues includes two important NCPs: MLG and AX. MLG (also known as dietary beta-glucan) has been found to reduce blood cholesterol [26] and AX has been shown to modulate metabolic control in Type II diabetes [27].



Endosperm cells of Lolium multiflorum (Italian rye grass) have been used to produce a suspension of cultured cells (Lolium suspension culture cells (SCC)) that contains a high MLG (19–30%) and AX (~25%) content. This system has previously been targeted as a model system for studying grass wall polysaccharide synthesis with a focus on MLG and AX [28]. The neutral sugars present in hydrolysates of the wall polysaccharides have relative abundances of glucose (Glc) (50%), arabinose (Ara) (19%), xylose (Xyl) (26%), and galactose (Gal) (5%) [28]. Only small amounts of uronic acid and no rhamnose were detected in the hydrolysates, indicating minimal pectic polysaccharides [28]. The advantages of SCC for studying wall biosynthesis include their ready and continuous availability, easy manipulation, reproducible growth conditions, and cell homogeneity [29]. This system can also be utilized to study the physicochemical properties of the wall [12,16,30].



The objective of this paper is to describe the structure, spatio-temporal development, and high-resolution architecture of the primary wall of grasses (Poaceae), with a focus on cellulose and their major NCPs, MLG, and AX. To obtain insight into polysaccharide interactions during wall formation, we utilized Lolium SCC to study the pattern of wall deposition following protoplasting. Enzymes were used to degrade the wall, leaving naked cells, or protoplasts, which allowed us to observe wall regeneration de novo [30,31,32,33]. Immunocytochemistry combined with fluorescence, superresolution, and transmission electron microscopy (TEM) was used to provide specific and targeted information about individual polysaccharides and when applied at different time points of regeneration, this method also provides temporal data [30,31].



The structural information gleaned from the microscopy results shed light on the organization and development at the cellular level over time. The main findings include that cellulose was deposited first, with MLG and AX laid down shortly afterwards, but cellulose was not required for NCP deposition. AX formed filaments and MLG formed patches, while the cell walls appeared to be remodeled over time. A close association between cellulose and AX, but not between cellulose and MLG, was confirmed. These results allow us to map a grass cell wall at the mesoscale, between a nanometer and micron resolution, and lay the foundation for future work to resolve the spatial correlation and biophysical properties of individual polysaccharides and the subsequent physical properties of PCWs.




2. Materials and Methods


2.1. Lolium SCC Growth and Maintenance


Lolium SCC were maintained in sterile modified White’s medium [34] in the dark at 27 °C on an orbital shaker. The cells were sub-cultured after an 11-day period, which was at the end of the log phase of growth. Half the volume of cells was removed from a flask and fresh medium was used to replenish the cells.




2.2. Isolation and Regeneration of Lolium SCC Protoplasts


Lolium SCC in the mid-log phase of growth (6–8 days after subculturing) were used for protoplast regeneration. In a sterile plastic Petri dish, 10 g of cells was incubated in 10 mL of filter sterilized protoplasting solution at 25 °C on an orbital shaker set at 70 rpm in the dark for 2–3 h. The protoplasting solution contained 2.0% w/v Cellulase “ONOZUKA” R10 (Yakult Honsha Co., Ltd., Tokyo, Japan), 1.0% w/v Macrozyme R10 (Rhizopus sp. lyophil, Yakult Honsha Co., Ltd.), 0.5% w/v Driselase (Basidiomycetes sp., Sigma-Aldrich), 0.2% w/v Pectolyase Y-23 (Seishin Pharmaceuticals, Tokyo), 0.5% MES, and 10% v/v 0.8 M mannitol. These components were dissolved in double distilled water (ddH2O) at 50 °C, which was then cooled to 25 °C prior to being added to the cells to avoid heat shock. Following digestion, the cells were washed twice in a solution containing 0.3% w/v B5 powder (Duchefa), 3.1% w/v glucose, and 3.1% w/v mannitol (pH 5.5) and then rinsed again with a solution containing 9.6% w/v sucrose instead of glucose and mannitol. After centrifugation, the protoplasts floated to the top of this sucrose solution because of the differential density gradient and the protoplasts were gently removed using a sterile wide-tipped 3 mL plastic pipette. Most cells with undigested walls were removed at this stage by the centrifugation process, but some cell wall material remained on several protoplasts (Supplementary Figure S2). These protoplasts with remnant cell walls were not imaged. The collected protoplasts were then washed in protoplast washing buffer (0.5% w/v MES, 10% w/v mannitol, and 1.5% w/v CaCl2.H2O, pH 5.6) before being gently centrifuged and resuspended in Protoplast Culture Medium (PCM) (MS basal salts, 2.15 g/L; 2,4-Dichlorophenoxyacetic acid, 0.1 mg/L; 6-enzylaminopurine, 0.1 mg/L; and sucrose, 0.5 mol/L) to allow wall regeneration. This was the 0 h time point. The protoplasts were regenerated in a 6-well microtiter plate at a depth of ~1 mm per well. The plate was sealed with Parafilm (Parafilm M) and cells cultured at 25 °C in the dark without shaking until the various time points were selected for experiments.




2.3. Wall Labeling


For fluorescence microscopy, cells were fixed with 4% v/v paraformaldehyde and 0.5% v/v glutaraldehyde in PCM overnight at 4 °C. The following day, the cells were washed three times in phosphate buffered saline (PBS) before labeling. For Calcofluor White (Sigma) labeling, the cells were stained for 15 min in a working dilution of 0.01% in PBS, made from a stock solution of 1% w/v Calcofluor White in ddH2O.



For antibody labeling, the fixed and washed protoplasts were blocked for 30 m with 1% w/v bovine serum albumin (BSA) (Sigma) in PBS (blocking buffer) to prevent non-specific labeling. The primary antibodies used to identify cell wall components (Table 1) were diluted in blocking buffer at the dilution listed (Table 1) and the cells were labeled for 2 h. Following the primary antibody, the protoplasts were washed three times in PBS followed by the secondary antibody for 2 h again diluted in the blocking buffer. The secondary antibodies used were either Alexa Fluor 488, 568, or 647 (Life Technologies). The exception was CBM3a, which was first attached to either a mouse anti-HIS (Sigma) or goat anti-HIS (Sapphire Biosciences) antibody, followed by the appropriate fluorescent antibody. The cells were washed three times in PBS, mounted in Prolong Gold Antifade (Thermofisher), and imaged as below.



Immunogold labeling on TEM sections used the same primary antibodies as for fluorescent labeling, but the secondary antibodies were anti-mouse, anti-rat, or anti-goat antibodies conjugated to either 10 or 18 nm colloidal gold (Jackson ImmunoResearch; Sigma-Aldrich) [35,36]. To check for non-specific binding, the primary antibody was omitted.




2.4. Laser Scanning Microscopy (LSM) and Superresolution Microscopy


LSM imaging of fluorescently-labeled cells was conducted using a Leica SP5 confocal microscope (Leica Microsystems). Superresolution microscopy was undertaken using single molecule localization microscopy (SMLM) [37]. For SMLM, the antibody-labeled samples were mounted in 100 mM cysteamine (MEA) buffer and imaged using a Leica GSD microscope (Leica Microsystems). The samples were initially pumped with 100% laser power to quench the fluorescence, after which the laser power was dropped to 50% during data acquisition. Up to 30,000 frames were captured. The distance between the points detected was analysed in FIJI for the Nearest Neighbour Distance (NND) [38]. Briefly, the individual particles were selected using Find Maxima, with the noise tolerance set to 3. The average distance between the points detected was calculated using Analyze Particles with the centroid list output and the NND macro (Yuxiong Mao) calculated the nearest neighbour distances between particles. The distances between particles were visualized using Euclidean Distance Maps [39].



Colocalization analysis utilized the Colocalisation 2 feature in FIJI [40]. The background was removed, followed by region of interest selection, before analysis. The Mander’s and Pearson’s correlation coefficients were used to assess the degree of colocalization.




2.5. Transmission Electron Microscopy (TEM)


The protocol for cryofixation, freeze-substitution, sectioning, immunolabeling, and viewing on the TEM followed Wilson and Bacic (2012), with minor alterations. A Leica EMPACT2 high pressure freezer (Leica Microsystems) was used to cryofix protoplasts at a concentration of 1 × 105 protoplasts/mL at a 0, 1, 2, 4, and 24 h regeneration time and 7-day old cells. A Leica AFS2 freeze substitution unit (Leica Microsystems) was used for freeze substitution with 0.1% uranyl acetate in acetone for 48 h at −90 °C, before warming up to −50 °C. The samples were washed in acetone at −50 °C, followed by low temperature embedding in Lowicryl HM20 (Electron Microscopy Sciences). Thin sections were cut on a Leica Ultracut R microtome (Leica Microsystems), followed by immunolabeling, as described above. Images were taken using either a Philips CM120 BioTWIN or a Tecnai G2 Spirit transmission electron microscope (Thermofisher Scientific, formerly FEI).




2.6. Scanning Electron Microscopy (SEM)


Lolium SCC were fixed with 2.5% v/v glutaraldehyde in culture medium for 30 m, followed by rinsing with ddH2O and dehydration in an ethanol series, before being critical point dried using a Baltec CPD, gold coated and imaged using an XL30 SEM (Thermofisher Scientific, formerly FEI).





3. Results


3.1. Spatial and Temporal Cell Wall Development


To investigate the deposition of PCW polysaccharides and the architecture of the wall, 6–8-day-old (do) Lolium SCC were protoplasted and the regeneration of their walls was monitored. For microscopy, samples were taken at a series of time points (0, 1, 2, 4, 24, 48, and 72 h post-protoplasting) and labeled with cell wall stains, probes, and antibodies. The 0 h time point was taken from when the protoplasts were placed in the protoplast culture medium following enzyme digestion of the wall for 2 h. The pre-protoplasting timepoint was used as a mature native wall reference.



Initial examination of the wall using confocal laser scanning microscopy (LSM) with the wall stain Calcofluor White [41], which binds to β-glucans, including cellulose, MLG, and xyloglucan, showed minimal wall material at 0 h (Figure 1A,B). This indicated effective wall removal by protoplasting. By the 1 h timepoint, microfibrillar-like structures were present over approximately half of the cell (Figure 1C,D), but there was still relatively little wall material on the surface, as observed using TEM (Figure 1M). By 2 h, the whole cell was encased in a loose, fibrillar-like network of wall material intermittently accentuated by punctate dots (Figure 1E,F). At 4 h, this network appeared more condensed (Figure 1G,H) and at 24 h, the cell was stained entirely and more heavily with Calcofluor White than at earlier time points (Figure 1I,J). The wall staining increased as the protoplasts aged (data not shown) and the staining appeared continuous in SCC 7 d post-protoplasting (Figure 1K,L). The wall in these cultures was approximately 1 µm thick (Figure 1N) and the surface complexity of the mature wall could be observed using scanning electron microscopy (SEM) (Figure 1O). The SEM analysis of the walls showed ridge- and fibrillar-like structures. Cells in these regenerated cultures grew in clumps and their surfaces were not smooth, but generally exhibited a textured surface with creases and folds (Supplementary Figure S1).



3.1.1. Spatial and Temporal Deposition of the Major Cell Wall Polysaccharides


Various probes were used to detect the temporal and spatial deposition of the polysaccharides found in Lolium SCC mature walls (Figure 2, Figure 3 and Figure 4; Table 1). The probes for cellulose (CBM3a) [42], MLG ((1-3;1-4)-β-glucan monoclonal antibody) [43], AX (LM11) [44], and callose ((1-3)-β-glucan monoclonal antibody) [45] were the main focus in the early stages of wall deposition from 1 to 24 h. Other polysaccharides were probed (Table 1) to determine whether they were deposited at the early stages of cell wall formation. Of these probes, callose was detected in the early stages, but no other probes labeled the protoplasts at these time points (prior to 48 h). Callose was included as it has been shown to be involved in early cell wall development, albeit in dividing cells [46] and as a stress response [47,48].



While CBM3a is known to also bind to the backbone of xyloglucan [49], we investigated this possibility in the Lolium SCC protoplasts by using the LM15 antibody [50] that binds to the XXXG motif of xyloglucans. The use of LM15 did not result in labeling at the early stages of wall deposition but was present at 48 h onwards (results not shown). We therefore considered it unlikely that, for these experiments, the CBM3a probe was labeling xyloglucan rather than cellulose.



At the 0 h time point, virtually no wall material was observed, except for some punctate patches that possibly represented sites of wall formation (Figure 2A–D,I). Enzymatic digestion of the wall appeared to effectively strip the mature wall polysaccharides from the Lolium SCC (Supplementary Figure S2). By the 1 h time point (Figure 2E–H,J,K), cellulose was detected in filament-like structures over the surface of the protoplast (Figure 2E) and under the TEM-labeled newly forming cellulose microfibrils (Figure 2J). In contrast, MLG (Figure 2F), AX (Figure 2G), and callose (Figure 2H) were detected in larger punctate patches. No overall structure was discerned for these polysaccharides. Under the TEM, no labeling of wall features was observed at the 0 h time point (Figure 2I); however, at the 1 h time point, CBM3a labeled regions of wall material on the surface of the plasma membrane (Figure 2J). These same structures were not labeled with the other antibodies used, including MLG (Figure 2K).



From the 2 h time point to the 24 h time point (Figure 3), a steady increase in the labeling of cellulose, MLG, and AX was observed (Figure 3A–C,H–J,L–N). The network of cellulose microfibrils extended and increased in density (Figure 3A,H,L). Sparse, patchy labeling of MLG was detected by the 2 h time point (Figure 3B,E). Prior to this, at the 1 h time point (Figure 2F), there was some evidence of MLG labeling in small punctate patches, suggesting that the production of MLG occurs early, between 1 and 2 h post-protoplasting. The number and density of patches slowly increased, with some patches becoming larger than others (Figure 3I,M,P), but there was no evidence that these patches merged to produce a homogenous layer over the surface of the cell by 24 h. Thick bands of MLG could be observed on the ridges of the wall (Figure 3M), but, on closer inspection at a higher magnification, these were an aggregation of the patches (data not shown).



Like MLG, AX reappeared early after protoplasting. At 2–4 h (Figure 3C,F,J), the initial patches began to form more filament-like structures, which became more apparent after 24 h (Figure 3N,Q). This filamentous pattern of deposition did not seem to change during further wall regeneration, although filament aggregation increased in strips possibly equating to the ridges of the wall (Figure 1O and Figure 3N). This pattern of deposition of AX labeled with the LM11 antibody was observed in cells 24 h post-protoplasting and at later timepoints.



Interestingly, from 2 to 24 h, callose labeling was present in a few, relatively large and uneven random patches (Figure 3D,G,K,O,R). Overall, the population of cells observed showed similar amounts of callose labeling over time, with some cells having more patches, and others fewer. This suggested that this polysaccharide does not increase in abundance to cover the entire plasma membrane over the course of wall regeneration.




3.1.2. Cell Wall Maturation


At the 7-day-old (7 do) unprotoplasted time point, CBM3a heavily labeled the cell surface (Figure 4A–C) and a thicker layer of punctate dots of MLG labeling was seen (Figure 4D–F). The filament-like structures of AX were present (Figure 4G–I), particularly at the junctions between cells. Interestingly, when using the xylan LM10 antibody (Figure 4J–M) [44], which labels the non-reducing ends of xylan backbone chains [55], labeling was detected 48 h after protoplasting, suggesting either xylan modification over time or delayed production of the xylan recognised by this antibody. Callose was no longer detected in random patches of varying sizes but was restricted to small patches (Figure 4N–P). Hydroxy-cinnamic acids, presumed to be primarily ferulic acid, were detected in the mature Lolium SCC by using NH4OH to induce a UV-bathochromatic shift [54] (Supplementary Figure S3).





3.2. Pattern of Labeling of Cellulose, MLG, and AX in the Cell Wall


To further analyse the architecture of the wall polysaccharides in Lolium SCC, SMLM, which is a superresolution technique, was utilized on 24-h-old protoplasts (Figure 5). SMLM revealed filament-like structures for both CBM3a (Figure 5A–D) and AX (Figure 5I–L) and that individual MLG puncta (Figure 5E–H) were made up of several secondary fluorescent molecules in a patch. An analysis of the distance between the single molecule localizations rounded to the nearest 20 nm showed an average nearest neighbour distance (NND) of 240 nm for CBM3a (n = 2149 particles from nine cell images), 112 nm for LM11 (n = 1942 particles from nine cells), and 210 nm for MLG (n = 2264 from nine cells) (Figure 5M). While these SMLM results give some indication of the pattern of the distribution of the targeted polysaccharide epitopes, the fluorescent points indicate the position of the secondary antibodies and are not precise indications of the epitope distances. In particular, the CBM3a-targeted epitopes are separated by both the HIS-tag and the secondary antibody-tag, and the true distance between the epitopes is likely to be closer.



When looking at the frequency of the NNDs (Figure 5N), the labeling for CBM3a and MLG peaked at 100 nm, with a shoulder at longer distances. For CBM3a, the distance of 100 nm may indicate separation between fluorescent particles in a filament and the larger distances may indicate the distances of fluorescent particles between filaments or if the labeling did not cover every epitope available. Likewise, the distance of 100 nm for MLG may indicate the distance between fluorescent particles in a patch, and the longer distances may indicate the separation between patches. The labeling for LM11 was clustered from 60 to 100 nm, indicating that these fluorescent particles are closer together, but this may be due to only having the primary and secondary antibody separation compared to the extra intermediate HIS-tag used for CBM3a.




3.3. Association between Polysaccharides in the Developing Cell Wall


Colocalization interactions between the main polysaccharides were investigated using LSM (Figure 6). Two time points were analysed: 24 h post-protoplasting cells and 7 do cells from the Lolium SCC culture that had not been subjected to protoplasting. These two populations of cells were used to determine the differences between newly synthesized walls and mature walls.



At the 24 h post-protoplasting time point, MLG did not appear to colocalize with either crystalline cellulose labeled with CBM3a (Figure 6A,B) or AX labeled with the LM11 antibody (Figure 6E,F). However, CBM3a and LM11 showed a high degree of colocalization (Figure 6I,J), indicating that cellulose and AX are closely associated. In the mature walls, CBM3a and MLG labeling again showed no colocalization (Figure 6C,D), but there was an increase in the interaction between AX (LM11) and MLG (Figure 6G,H). While the overall imaging and analysis of CBM3a and LM11 appeared to show colocalization (Figure 6K,L), there were local differences where the wall antibodies were not colocalized (Figure 6M–Q). Some of these areas displayed complete colocalization and others exhibited none, which suggested that these interactions are not global.




3.4. Wall Architecture after the Disruption of Cellulose


To determine whether cellulose deposition is required for the organization of the NCPs, protoplasts were placed in media containing the cellulose synthesis inhibitor isoxaben at time zero (0 h) and left for 24 h. Thereafter, the same antibody labeling protocols were followed for CBM3a, LM11, and MLG (Figure 7). As expected, the pattern of labeling for CBM3a was disrupted (Figure 7A–C). Some filament-like structures were observed, but these were shorter than in untreated cells and only covered part of the cell. Bright puncta suggested that foci for CBM3a labeling were present. It is possible that there was amorphous cellulose present that the CBM3a probe did not detect; however, knowing that isoxaben targets the cellulose synthase complex [56,57], this treatment is likely to have disrupted all cellulose production. The AX (LM11) labeling was similar in intensity to labeling in untreated cells, but upon closer inspection, the filament-like structures were not as defined and instead seemed to form a less condensed, fuzzier network on the surface of the regenerating protoplast (Figure 7D–F). MLG labeling still showed patchiness, with no significant alterations evident (Figure 7G–I).





4. Discussion


In this study, SCC of the grass species L. multiflorum were used as a tool to investigate the deposition and architecture of the major polysaccharides that make up a grass cell wall. The sequential deposition of cellulose, callose, MLG, and AX was studied in naked protoplasts and cells within 72 h of wall regeneration using wall polysaccharide antibody labeling and microscopy techniques. The architecture of the wall polysaccharides during regeneration was also studied using superresolution and dual labeling with co-localization imaging. The results showed that (1) cellulose was the first deposited polysaccharide after enzymatic cell wall digestion and is followed shortly thereafter by MLG, AX, and callose in the protoplasted cells (see summary in Figure 8); (2) cellulose was not required for NCP deposition (Supplementary Figure S2); (3) superresolution microscopy of the nanoscale structure of polysaccharides confirmed the presence of filament-like cellulose, while showing MLG in patches and filament-like structures of AX (Figure 5); and (4) cellulose and AX are closely associated in the wall, whereas AX and MLG increase co-localization over time as cells mature, but there is little interaction between cellulose and MLG (Figure 6). From these data, a picture emerges of the relationships between cellulose and the NCPs MLG, AX, and callose in the cell wall during polysaccharide deposition and maturation of the wall. This micro-scale insight into polysaccharide interactions is corroborated by the physical heterogeneity observed in previous biophysical experiments that used atomic force microscopy [16] and highlights that the cell wall surrounding individual cells is replete with micro-environments.



4.1. Timing of Polysaccharide Deposition


The protoplasts in this study were produced by gently removing the walls of Lolium SCC using a cocktail of wall-degrading enzymes. At the zero timepoint (0 h), the labeling of the resulting naked protoplasts with individual polysaccharide antibodies showed essentially no labeling, except for small regions of cell wall material that are distinct from the labeling observed at later timepoints. These regions could plausibly be remnant parts of the wall more resistant to removal. However, given the evidence of wall removal from the isoxaben-treated cells (Figure 7A–C) and the lack of wall material on the naked protoplasts (Supplementary Figure S2), these regions are more likely to represent continuous nascent biosynthesis during protoplasting where either the random deposition of wall components had occurred by the extrusion of material from the fast-streaming (2.41 μm/s maximum speed) Golgi [58], which are known to deposit wall enzymes and material including cellulose synthase (CESA) proteins, xyloglucans, xylans, and MLGs [14,36,59,60,61,62,63], or at the site of lipid raft-type regions of the membrane [64,65].



The first wall polysaccharide to appear was cellulose, which formed observable microfilaments at the 1 h fixation time point. At the 2 h time point, MLG, AX, and callose were all detected. The deposition of cellulose first in the sequence of polysaccharide re-deposition could suggest two things: That CESAs are the most active wall synthases and rapidly deposit cellulose before any other wall polysaccharides are laid down, or alternatively, that cellulose microfilaments are required as a framework for the rest of the wall to be deposited onto. The isoxaben experiments suggested that, overall, wall deposition is decreased when the CESA complexes are inhibited, but the patterning is not greatly affected (Figure 7). This indicates that cellulose deposition is not required for the other NCPs to be deposited or to form their natural, in muro, architecture. While these results do not preclude the presence of amorphous cellulose, isoxaben inhibits cellulose synthases [56,57,66], which would suggest that cellulose deposition is largely prevented. The increase in NCPs after this treatment may be a response by this grass species to the reduction in cellulose to increase the wall strength [67]. Either a transcriptomics or proteomics experiment may help to resolve whether there is a difference in the abundance of synthases pre-/post-protoplasting as enzyme assays for cellulose biosynthesis are still difficult to undertake with isolated membranes [68].



The primary focus of this work was to investigate the major polysaccharides in the Lolium SCC cell walls, namely cellulose, MLG, and AX. The labeling of other probes (Table 1) was observed in the walls of regenerating protoplasts after 48 h of wall deposition, indicating that the technique and antibodies worked; however, it cannot be ruled out that some of the polysaccharides may have diffused away from the cell surface at earlier stages, as was found with xyloglucan in 2,6-dichlorobenzonitrile-treated tomato cell cultures that had reduced cellulose production [69]. Alternatively, the absence of detection may suggest that a polymer is hidden within the cell wall structure. However, the lack of a wall structure in the early stages of cell wall deposition after protoplasting would allow for the labeling and, therefore, the detection of deposited polymers as the wall has not yet developed. The use of TEM immunogold labeling and imaging was able to clarify whether epitopes were accessible. For example, AX was found on the outer layer of the cell wall in the mature Lolium SCC, similar to observations in barley endosperm walls [70] and wheat [71]. Cellulose and MLG labeling appeared to be closer to the plasma membrane in TEM images, as was found using Calcofluor White and the MLG antibody in barley and wheat endosperm [70]. These results indicate that it is unlikely that labeling was impeded by the thickness of the wall when using the fluorescent, whole cell techniques.




4.2. Callose Is Not Deposited First in the Regenerating Cell Wall


Interestingly, the deposition of callose shortly after cellulose and before other NCPs was not observed in our protoplasting experiments using Lolium SCC. From research on dividing tobacco BY-2 cells [46] and syncytial division in endosperm tissues [72,73,74,75], callose is deposited early in the developing wall shortly after cellulose is first detected. In grain endosperm tissue, callose has been repeatedly found in the non-classical mini-phragmoplasts of the anticlinal walls during cellularization in different species, including rice [72], wheat [73], and barley [75], before other NCPs, such as MLG [72,73,74,75]. In Lolium SCC, callose was present at the 2 h time point, along with the other NCPs, indicating that the regenerating wall is not equivalent to the wall deposited within the membrane-bound phragmoplast [46]. Considering this, it is likely that the regenerating Lolium SCC wall utilizes the enzymes involved in primary wall formation and not those in phragmoplast formation. Examples of such enzymes include Arabidopsis CESA1, which has been found in actively dividing cells [76], whereas CESA3 and CESA6 were not.



Previous studies have suggested a role for callose in biotic and abiotic responses, including wounding [47,48,77,78]. The stripping of the wall using enzymes potentially emulates wounding or the loss of cell wall integrity from pathogen attack and the random patches of callose may be a wounding response to the change of turgor pressure where the wall is thinner. This could be similar to the sub-aleurone cells in cereal grains that are thought to be under pressure as they are positioned between the inner expanding endosperm cells and the thick walled outer aleurone cells during grain filling [74]. This may cause callose synthesis to be switched on to strengthen the sub-aleurone cells and contain the endosperm. Additional support for this role has been found in the upregulation of callose deposition in barley sub-aleurone cells [74].




4.3. Cell Wall Architecture and Heterogeneity


The results show the interrelationships of cellulose, AX, and MLG over time. It is apparent that individual wall polysaccharides were either re-modeled over the course of wall development or that some polysaccharide synthesis was temporally delayed. Callose initially appeared as random patches over the surface of the protoplast but was more ordered in mature Lolium SCC. This may reflect two pathways of callose production and organisation: an initial wounding response and later developmentally regulated deposition [47].



The second remodeled polysaccharide was AX, which was first detected with the xylan backbone antibody LM11 [44]. Labeling of the non-reducing end of unsubstituted xylans by LM10 [55] was only observed after 48 h of cell wall regeneration. These changes occurred over days and were only obvious in Lolium SCC that had been growing in culture for longer than 48 h. This indicates possible wall remodeling associated with maturation of the wall and the recycling of components [79,80].



From the colocalization studies, the close interactions of AX and cellulose support the interactions observed in vitro of these polysaccharides [81,82,83]. There did not appear to be significant interactions between MLG and cellulose, which may partially explain why MLG is relatively easily solubilized in some grasses and AX is more difficult. Interestingly, MLG did appear to associate with AX over time. This may reflect either remodeling of the wall as it matures or an increasing density of these macromolecules during the maturation phase.




4.4. Physico-Chemical Heterogeneity of the Cell Wall


The microscopy results from this study revealed heterogeneity in the composition, distribution, and interactions of the polysaccharides in PCWs of Lolium SCC. These observations share striking similarities at the nanometer to micron scale and pattern to the mechanical heterogeneity of the same culture of Lolium SCC walls observed using atomic force microscopy [16]. Other atomic force microscopy studies have shown changes in the wall associated with cell expansion, which have been correlated with dynamic changes in the PCW composition [15,17,84]. It appears that the wall architecture, as determined by immunolabeling and microscopy techniques, shares important features with the biophysical heterogeneity. This supports the continued use of wall modification studies to unravel the roles of different wall components in determining the properties of PCWs.





5. Conclusions


In conclusion, the data presented here show the temporal and spatial process of laying down the main polysaccharides, cellulose, AX, MLG, and callose in the grass cell wall of Lolium SCC. The results show that cellulose is the first polysaccharide laid down, followed closely by the other NCPs. While this indicates a primary role for cellulose in the wall, the deposition of AX and MLG was shown not to be reliant on cellulose being present, even though cellulose and AX are intimately linked post deposition. The structural patterns of the polysaccharides vary: cellulose and AX form filaments, MLG forms patches, and callose changes structure throughout wall development. The results suggest that cell wall heterogeneity is determined in part post-deposition and likely produces the physico-chemical characteristics of the wall.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4409/10/1/127/s1: Figure S1: Structure of Lolium SCC cells; Figure S2: Enzyme digestion of the cell wall; and Figure S3: Evidence of ferulic acid in the cell walls.





Author Contributions


Conceptualization, A.v.d.M., M.S.D., A.B., and W.Z.; methodology, A.v.d.M., S.M.W., L.M., P.M., and J.Z.; formal analysis, A.v.d.M.; investigation, A.v.d.M. and L.M.; writing—original draft preparation, A.v.d.M.; writing—review and editing, A.v.d.M., M.S.D., and A.B.; visualization, A.v.d.M.; supervision M.S.D., funding acquisition, A.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Australian Research Council for funding to the ARC Centre of Excellence in Plant Walls (Grant No. CE110100410) and the Thomas Davies Research Grant for Marine, Soil and Plant Biology (awardee A. van de Meene).




Data Availability Statement


Lolium SCC were generated by Ms Cherie Beahan from Lolium multiflorum seeds obtained from AustraHort Seed Merchants (http://www.austrahort.com.au).




Acknowledgments


We thank Cherie Beahan for initiating the Lolium SCC and Yin Ying Ho and Kelsey Picard for subculturing. The microscopes used in this research were located at The University of Melbourne in either the Biosciences Microscopy Unit in the School of Biosciences or the Biological Optical Microscopy Platform (BOMP). SMLM was undertaken at the Monash Institute of Pharmaceutical Science with the support of Cameron Nowell.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Doblin, M.S.; Pettolino, F.; Bacic, A. Plant cell walls: The skeleton of the plant world. Func. Plant Biol. 2010, 37, 357–381. [Google Scholar] [CrossRef]

	



Bacic, A.; Harris, P.J.; Stone, B.A. Structure and function of plant cell walls. In The Biochemistry of Plants; Priess, J., Ed.; Academic Press: New York, NY, USA, 1988; pp. 297–371. [Google Scholar]

	



Carpita, N.C.; Gibeaut, D.M. Structural models of primary cell walls in flowering plants: Consistency of molecular structure with the physical properties of the walls during growth. Plant J. 1993, 3, 1–30. [Google Scholar] [CrossRef] [PubMed]

	



Fincher, G.B.; Stone, B.A. Cell walls and their components in cereal grain technology. In Encyclopedia of Plant Physiology. New Series, Plant. Carbohydrates II; Tanner, W.W., Loewus, F.A., Eds.; Springer: Berlin, Germany, 1986; pp. 68–132. [Google Scholar]

	



McCann, M.; Roberts, K. Changes in cell wall architecture during cell elongation. J. Exp. Bot. 1994, 45, 1683–1691. [Google Scholar] [CrossRef]

	



Smith, B.G.; Harris, P.J. The polysacchride composition of Poales cell walls: Poaceae cell walls are not unique. Biochem. Syst. Ecol. 1999, 27, 33–53. [Google Scholar] [CrossRef]

	



Yokoyama, R.; Nishitani, K. Genomic basis for cell-wall diversity in plants. A comparative approach to gene families in rice and Arabidopsis. Plant Cell Phys. 2004, 45, 1111–1121. [Google Scholar] [CrossRef]

	



York, W.S.; O’Neill, M.A. Biochemical control of xylan biosyntheis—Which end is up? Curr. Opt. Plant Biol. 2008, 11, 258–265. [Google Scholar] [CrossRef] [PubMed]

	



McCann, M.; Bush, M.; Milioni, D.; Sado, P.; Stacey, N.J.; Catchpole, G.; Defernez, M.; Carpita, N.C.; Hofte, H.; Ulvskov, P.; et al. Approaches to understanding the functional architecture of the plant cell wall. Phytochem 2001, 57, 811–821. [Google Scholar] [CrossRef]

	



Tucker, M.R.; Lou, H.; Aubert, M.K.; Wilkinson, L.G.; Little, A.; Houston, K.; Pinto, S.C.; Shirley, N.J. Exploring the role of cell wall-related genes and polysaccharides during plant development. Plants 2018, 7, 42. [Google Scholar] [CrossRef]

	



Velickovic, D.; Ropartz, D.; Guillon, F.; Saulnier, L.; Rogniaux, H. New insights into the structural and spaital variability of cell wall polysaccharides during wheat grain development as revealed through MALDI mass spectrometry imaging. J. Exp. Bot. 2014, 65, 2079–2091. [Google Scholar] [CrossRef]

	



Burton, R.A.; Gidley, M.J.; Fincher, G.B. Heterogeneity in the chemistry, structure and function of plant cell walls. Nat. Chem. Biol. 2010, 6, 724–732. [Google Scholar] [CrossRef]

	



McCann, M.; Chen, L.; Roberts, K.; Kemsley, E.K.; Sene, C.; Carpita, N.C.; Stacey, N.J.; Wilson, R.H. Infrared microspectroscopy: Sampling heterogeneity in plant cell wall composition and architecture. Phys. Plant 1997, 100, 729–738. [Google Scholar] [CrossRef]

	



van de Meene, A.M.L.; Doblin, M.S.; Bacic, A. The plant secretory pathway seen through the lens of the cell wall. Protoplasma 2017, 254, 75–94. [Google Scholar] [CrossRef] [PubMed]

	



Cosgrove, D.J. Diffuse Growth of Plant Cell Walls. Plant Phys. 2018, 176, 16–27. [Google Scholar] [CrossRef] [PubMed]

	



Yakubov, G.E.; Bonilla, M.R.; Chen, H.; Doblin, M.S.; Bacic, A.; Gidley, M.J.; Stokes, J.R. Mapping nano-scale mechanical heterogeneity of primary plant cell walls. J. Exp. Bot. 2016, 67, 2799–2816. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Zheng, Y.; Cosgrove, D.J. Spatial organization of cellulose microfibrils and matrix polysaccharides in primary plant cell walls as imaged by multichannel atomic force microscopy. Plant J. 2016, 85, 179–192. [Google Scholar] [CrossRef]

	



Levesque-Tremblay, G.; Pelloux, J.; Braybrook, S.A.; Muller, K. Tuning of pectin methylesterification: Consequences for cell wall biomechanics and development. Planta 2015, 242, 791–811. [Google Scholar] [CrossRef]

	



Nakamura, A.; Furuta, H.; Maeda, H.; Takao, T.; Naganatsu, Y. Structural studies by stepwise enzymatic degradation of the main backbone of soybean soluble polysaccharides consisting of galacturonan and rhamnogalacturonan. Biosci. Biotechnol. Biochem. 2002, 66, 1301–1313. [Google Scholar] [CrossRef]

	



Tan, L.; Eberhard, S.; Pattathil, S.; Warder, C.; Glushka, J.; Yuan, C.; Hao, Z.; Zhu, X.; Avci, U.; Miller, J.S.; et al. An Arabidopsis cell wall proteoglycan consists of pectin and arabinoxylan covalently linked to an arabinogalactan protein. Plant Cell 2013, 25, 270–287. [Google Scholar] [CrossRef]

	



Willats, W.G.T.; McCartney, L.; Mackie, W.; Knox, J.P. Pectin: Cell biology and prospects for functional analysis. Plant Mol. Biol. 2001, 47, 9–27. [Google Scholar] [CrossRef]

	



De Lorenzo, G.; Ferrari, S.; Giovannoni, M.; Mattei, B.; Cervone, F. Cell wall traits that influence plant development, immunity, and bioconversion. Plant J. 2019, 97, 134–147. [Google Scholar] [CrossRef]

	



Wu, H.-C.; Bulgakov, V.P.; Jinn, T.-L. Pectin Methylesterases: Cell wall remodeling proteins are required for plant response to heat stress. Front. Plant Sci. 2018, 9, 1612. [Google Scholar] [CrossRef] [PubMed]

	



Atalla, R.H.; Hackney, J.M.; Uhlin, I.; Thompson, N.S. Hemicelluloses as structure regulators in the aggregation of native cellulose. Int. J. Biol. Macromol. 1993, 15, 109–112. [Google Scholar] [CrossRef]

	



Ebringerová, A.; Hromádková, Z.; Heinze, T. Hemicellulose. In Polysaccharides I; Heinze, T., Ed.; Springer: Berlin/Heidelberg, Germany, 1998. [Google Scholar]

	



Gunness, P.; Michiels, J.; Vanhaecke, L.; de Smet, S.; Kravchuk, O.; van de Meene, A.M.L.; Gidley, M.J. Reduction in circulating bile acid and restricted diffusion across the intestinal epithelium are associated with a decrease in blood cholesterol in the presence of oat β-glucan. FASEB J. 2016, 30, 4227–4238. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.X.; Walker, K.Z.; Muir, J.G.; O’Dea, K. Arabinoxylan fibre improves metabolic control in people with Type II diabetes. Eur. J. Clin. Nut. 2004, 58, 621–628. [Google Scholar] [CrossRef]

	



Smith, M.M.; Stone, B.A. Chemical composition of the cell walls of Lolium multiflorum endosperm. Phytochemistry 1973, 12, 1361–1367. [Google Scholar] [CrossRef]

	



Moscatiello, R.; Baldan, B.; Navazio, L. Plant cell suspension cultures. Methods Mol. Biol. 2013, 953, 77–93. [Google Scholar]

	



Kuki, H.; Higaki, T.; Yokoyama, R.; Kuroha, T.; Shinohara, N.; Hasezawa, S.; Nishitani, K. Quantitative confocal imaging method for analyzing cellulose dynamics during cell wall regeneration in Arabidopsis mesophyll protoplasts. Plant Direct. 2017, 1, e00021. [Google Scholar] [CrossRef]

	



Rico, H.; Carrillo, C.; Aguado, C.; Mormeneo, S.; Sentandreu, R. Initial steps of wall protoplast regeneration in Candida albicans. Res. Microbiol. 1997, 148, 593–603. [Google Scholar] [CrossRef]

	



van Amstel, T.N.M.; Kengen, H.M.P. Callose deposition in the primary wall of suspension cells and regenerating protoplasts, and its relationship to patterned cellulose synthesis. Can. J. Bot. 1996, 74, 1040–1049. [Google Scholar] [CrossRef]

	



Yang, X.; Tu, L.; Zhu, L.; Fu, L.; Min, L.; Zhang, X. Expression profile analysis of genes involved in cell wall regeneration during protoplast culture in cotton by suppression subtractive hybridization and macroarray. J. Exp. Bot. 2008, 59, 3661–3674. [Google Scholar] [CrossRef]

	



Smith, M.M.; Stone, B.A. Studies on Lolium multiflorum endosperm in tissue culture I. Nutrition. Aust. J. Biol. Sci. 1973, 26, 123–134. [Google Scholar] [CrossRef]

	



Wilson, S.M.; Bacic, A. Preparation of plant cells for transmission electron microscopy to optimize immunogold labeling of carbohydrate and protein epitopes. Nat. Prot. 2012, 7, 1716–1727. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, S.M.; Ho, Y.Y.; Lampugnani, E.R.; van de Meene, A.M.L.; Bain, M.P.; Bacic, A.; Doblin, M.S. Determining the subcellular location of synthesis and assembly of the cell wall polysaccharide (1,3;1,4)-β-D-glucan in grasses. Plant Cell 2015, 27, 754–771. [Google Scholar] [CrossRef] [PubMed]

	



Nicovich, P.R.; Owen, D.M.; Gaus, K. Turning single-molecule localization microscopy into a quantitative bioanalytical tool. Nat. Prot. 2017, 12, 453–460. [Google Scholar] [CrossRef] [PubMed]

	



Halls, M.L.; Yeatman, H.R.; Nowell, C.J.; Thompson, G.L.; Gondin, A.B.; Civcirstov, S.; Bunnett, N.W.; Lambert, N.A.; Poole, D.P.; Canals, M. Plasma membrane localisation of the m-opioid receptor controls spatiotemporal signalling. Sci. Sig. 2016, 9, ra16. [Google Scholar] [CrossRef]

	



Danielsson, P.-E. Euclidean distance mapping. Comp. Graph. Image Proc. 1980, 14, 227–248. [Google Scholar] [CrossRef]

	



Schindelin, J.; Arganada-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. FIJI: An open-source platform for biological-image analysis. Nat. Meth. 2012, 9, 676–682. [Google Scholar] [CrossRef]

	



McCartney, L.; Steele-King, C.G.; Jordan, E.; Knox, J.P. Cell wall pectic (1-4)-β-D-galactan marks the acceleration ofcell elongation in the Arabidopsis seedling root meristem. Plant J. 2003, 33, 447–454. [Google Scholar] [CrossRef]

	



Blake, A.W.; McCartney, L.; Flint, J.E.; Bolam, D.N.; Boraston, A.B.; Gilbert, H.J.; Knox, J.P. Understanding the biological rationale for the diversity of cellulose-directed carbohydrate-binding modules in prokaryotic enzymes. J. Biol. Chem. 2006, 2006, 29321–29329. [Google Scholar] [CrossRef]

	



Meikle, P.J.; Hoogenraad, N.J.; Bonig, I.; Clarke, A.E.; Stone, B.A. A (1-3;1-4)-β-glucan specific monoclonal antibody and its use in the quantitation and immunocytochemical location of (1-3;1-4)-β-glucans. Plant J. 1994, 51, 1–9. [Google Scholar] [CrossRef]

	



McCartney, L.; Marcus, S.E.; Knox, J.P. Monoclonal antibodies to plant cell wall xylans and arabinoxylans. J. Histo. Cytochem. 2005, 53, 543–546. [Google Scholar] [CrossRef] [PubMed]

	



Meikle, P.J.; Bonig, I.; Hoogenraad, N.J.; Clarke, A.E.; Stone, B.A. The location of (1→3)-β-glucans in the walls of pollen tubes of Nicotiana alata using a (1→3)-β-glucan-specific monoclonal antibody. Planta 1991, 185, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Samuels, L.A.; Giddings, T.H.J.; Staehelin, L.A. Cytokinesis in tobacco BY-2 and root tip cells: A new model of cell plate formation in higher plants. J. Cell Biol. 1995, 130, 1345–1357. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.-Y.; Kim, J.-Y. Callose synthesis in higher plants. Plant Sig. Behav. 2009, 4, 489–492. [Google Scholar] [CrossRef] [PubMed]

	



Jacobs, A.K.; Lipka, V.; Burton, R.A.; Panstruga, R.; Strizhov, N.; Schulze-Lefert, P.; Fincher, G.B. An Arabidopsis callose synthase, GSL5, is required for wound and papillary callose formation. Plant Cell 2003, 15, 2503–2513. [Google Scholar] [CrossRef]

	



Hernandez-Gomez, M.C.; Rydahl, M.G.; Rogowski, A.; Morland, C.; Cartmell, A.; Crouch, L.; Labourel, A.; Fontes, C.M.G.A.; Willats, W.G.T.; Gilbert, H.J.; et al. Recognition of xyloglucan by the crystalline cellulose-binding site of a family 3a carbohydrate-binding module. FEBS Lett. 2015, 589, 2297–2303. [Google Scholar] [CrossRef]

	



Marcus, S.E.; Verhertbruggen, Y.; Herve, C.; Ordaz-Ortiz, J.J.; Farkas, V.; Pedersen, H.L.; Willats, W.G.T.; Knox, J.P. Pectic homogalacturonan masks abundant sets of xyloglucan epitopes in plant cell walls. BMC Plant Biol. 2008, 8, 60. [Google Scholar] [CrossRef]

	



Pettolino, F.; Hoogenraad, N.J.; Ferguson, C.; Bacic, A.; Johnson, E.; Stone, B.A. A (1-4)β-mannan-specific monoclonal antibody and its use in the immunocytochemical location of galactomannans. Planta 2001, 214, 235–242. [Google Scholar] [CrossRef]

	



Knox, J.P.; Linstead, P.J.; King, J.; Cooper, C.; Roberts, K. Pectin esterification is spatially regulated both within cell walls and between developing tissues of root apices. Planta 1990, 181, 512–521. [Google Scholar] [CrossRef]

	



Pennell, R.I.; Knox, J.P.; Scofield, G.N.; Selvendran, R.; Roberts, K. A family of abundant plasma membrane-associated glycoproteins related to the arabinogalactan proteins is unique to flowering plants. J. Cell Biol. 1989, 108, 1967–1977. [Google Scholar] [CrossRef]

	



Harris, P.J.; Hartley, R.D. Detection of bound ferulic acid in cell-walls of Gramineae by ultraviolet fluorescence microscopy. Nature 1976, 259, 508–510. [Google Scholar] [CrossRef]

	



Ruprecht, C.; Bartetzko, M.P.; Senf, D.; Dallabernadina, P.; Books, I.; Andersen, M.C.F.; Kotake, T.; Knox, J.P.; Hahn, M.G.; Clausen, M.H.; et al. A synthetic glycan microarray enables epitope mapping of plant cell wall glycan-directed antibodies. Plant Phys. 2017, 175, 1094–1104. [Google Scholar] [CrossRef]

	



Desprez, T.; Vernhettes, S.; Fagard, M.; Refregier, G.; Desnos, T.; Aletti, E.; Py, N.; Pelletier, S.; Hofte, H. Resistance against herbicide isoxaben cellulose deficiency caused by distinct mutations in same cellulose synthase isoform CESA6. Plant Phys. 2002, 128, 482–490. [Google Scholar] [CrossRef] [PubMed]

	



Scheible, W.R.; Eshed, R.; Richmond, T.; Delmber, D.; Somerville, C. Modifications of cellulose synthase confer resistance to isoxaben and thiazolidinone herbicides in Arabidopsis ixr1 mutants. Proc. Natl. Acad. Sci. USA 2001, 98, 10079–10084. [Google Scholar] [CrossRef] [PubMed]

	



Nebenfuhr, A.; Gallagher, L.A.; Dunahay, T.G.; Frohlick, J.A.; Mazurkiewicz, A.M.; Meehl, J.B.; Staehelin, L.A. Stop-and-go movements of plant Golgi stacks are mediated by the acto-myosin system. Plant Phys. 1999, 121, 1127–1141. [Google Scholar] [CrossRef]

	



Chevalier, L.; Bernard, S.; Ramdani, Y.; Lamour, R.; Bardor, M.; Lerouge, P.; Follet-Gueye, M.-L.; Driouich, A. Subcompartment localization of the side chain xyloglucan-synthesizing enzymes within Golgi stacks of tobacco suspension-cultured cells. Plant J. 2010, 64, 977–989. [Google Scholar] [CrossRef]

	



Kim, S.-J.; Zemelis, S.; Keegstra, K.; Brandizzi, F. The cytoplasmic localization of the catalytic site of CSLF6 supports a channeling model for the biosynthesis of mixed-linkage glucan. Plant J. 2015, 81, 537–547. [Google Scholar] [CrossRef]

	



McFarlane, H.E.; Doring, A.; Persson, S. The cell biology of cellulose synthesis. Ann. Rev. Plant Biol. 2014, 65, 69–94. [Google Scholar] [CrossRef]

	



Scheller, H.V.; Ulvskov, P. Hemicelluloses. Ann. Rev. Plant Biol. 2010, 263–289. [Google Scholar] [CrossRef]

	



Zhang, G.F.; Staehelin, L.A. Functional compartmentation of the Golgi apparatus of plant cells. Plant Phys. 1992, 99, 1070–1083. [Google Scholar] [CrossRef]

	



Malinsky, J.; Opekarova, M.; Grossman, G.; Tanner, W. Membrane microdomains, rafts and detergent-resistant membranes in plants and fungi. Ann. Rev. Plant Biol. 2013, 64, 501–529. [Google Scholar] [CrossRef] [PubMed]

	



Martiniere, A.; Lavagi, I.; Nageswaran, G.G.; Rolfe, D.J.; Maneta-Peyret, L.; Luu, D.-T.; Botchway, S.W.; Webb, S.E.D.; Mongrand, S.; Maurel, C.; et al. Cell wall constrains lateral diffusion of plant plasma-membrane proteins. Proc. Natl. Acad. Sci. USA 2012, 109, 12805–12810. [Google Scholar] [CrossRef]

	



Shim, I.; Law, R.; Kileeg, Z.; Stronghill, P.; Northey, J.G.B.; Strap, J.L.; Bonetta, D.T. Alleles causing resistance to isoxaben and flupoxam highlight the significance of transmembrane domains for CESA protein function. Front. Plant Sci. 2018, 9, 1152. [Google Scholar]

	



Tateno, M.; Brabham, C.; DeBolt, S. Cellulose biosynthesis inhibitors—A multifunctional toolbox. J. Exp. Bot. 2016, 67, 533–542. [Google Scholar] [CrossRef] [PubMed]

	



Guerriero, G.; Fugelstad, J.; Bulone, V. What Do We Really Know about Cellulose Biosynthesis in Higher Plants? J. Integ. Plant Biol. 2010, 52, 161–175. [Google Scholar] [CrossRef]

	



Shedletzky, E.; Shmuel, M.; Delmer, D.; Lamport, D.T.A. Adaptation and Growth of Tomato Cells on the Herbicide 2,6-Dichlorobenzonitrile Leads to Production of Unique Cell Walls Virtually Lacking a Cellulose-Xyloglucan Network. Plant Phys. 1990, 94, 980–987. [Google Scholar] [CrossRef]

	



Langenaeken, N.A.; Ieven, P.; Hedlund, E.G.; Kyomugasho, C.; van de Walle, D.; Dewettinck, K.; van Loey, A.M.; Roeffaers, M.B.J.; Courtin, C.M. Arabinoxylan, b-glucan and pectin in barley and malt endosperm cell walls: A microstructure study using CLSM and cryo-SEM. Plant J. 2020, 103, 1477–1489. [Google Scholar] [CrossRef]

	



Guillon, F.; Tranquet, O.; Quillien, L.; Utille, J.-P.; Ortiz, J.J.O.; Sualnier, L. Generation of polyclonal and monoclonal antibodies against arabinoxylans and their use for immunocytochemical location of arabinoxylans in cell walls of endosperm of wheat. J. Cereal Sci. 2004, 40, 167–182. [Google Scholar] [CrossRef]

	



Brown, R.C.; Lemmon, B.E.; Stone, B.A.; Olsen, O.A. Cell wall (1-3)- and (1-3;1-4)-β-glucans during early grain development in rice (Oryza sativa L). Planta 1997, 202, 414–426. [Google Scholar] [CrossRef]

	



Philippe, S.; Saulnier, L.; Guillon, F. Arabinoxylan and (1-3;1-4)-β-glucan deposition in cell walls during wheat endosperm development. Planta 2006, 224, 449–461. [Google Scholar] [CrossRef]

	



Wilson, S.M.; Burton, R.A.; Collins, H.M.; Doblin, M.S.; Pettolino, F.A.; Shirley, N.; Fincher, G.B.; Bacic, A. Pattern of deposition of cell wall polysaccharides and transcript abundance of related cell wall synthesis genes during differentiation in barley endosperm. Plant Phys. 2012, 159, 655–670. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, S.M.; Burton, R.A.; Doblin, M.S.; Stone, B.A.; Newbigin, E.J.; Fincher, G.B.; Bacic, A. Temporal and spatial appearance of wall polysaccharides during cellularization of barley (Hordeum vulgare) endosperm. Planta 2006, 224, 655–667. [Google Scholar] [CrossRef] [PubMed]

	



Beeckman, T.; Przemeck, G.K.H.; Stamatiou, G.; Lau, R.; Terryn, N.; de Rycke, R.; Inze, D.; Berleth, T. Genetic complexity of Cellulose Synthase A gene function in Arabidopsis embryogenesis. Plant Phys. 2002, 130, 1883–1893. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.-Y.; Liu, L.; Lee, E.; Han, X.; Rim, Y.; Chu, H.; Kim, S.-W.; Sack, F.; Kim, J.-Y. The Arabidopsis callose synthase gene GSL8 is required for cytokinesis and cell patterning. Plant Phys. 2009, 150, 105–113. [Google Scholar] [CrossRef]

	



Nakashima, J.; Laosinchai, W.; Cui, X.; Brown, R.M.J. New insight into the mechanism of cellulose and callose biosynthesis: Proteases may regulate callose biosynthesis upon wounding. Cellulose 2003, 10, 369–389. [Google Scholar] [CrossRef]

	



Anderson, C.T.; Kieber, J.J. Dynamic construction, perception, and remodeling of plant cell walls. Ann. Rev. Plant Biol. 2020, 71, 39–69. [Google Scholar] [CrossRef]

	



Barnes, W.J.; Anderson, C.T. Release, recycle, rebuild: Cell-wall remodeling, autodegradation, and sugar salvage for new wall biosynthesis during plant development. Mol. Plant 2018, 11, 31–46. [Google Scholar] [CrossRef]

	



Grantham, N.J.; Wurman-Rodrich, J.; Terrett, O.M.; Lyczakowski, J.J.; Stott, K.; Iuga, D.U.; Simmons, T.J.; Durand-Tardif, M.; Brown, S.P.; Duree, R.; et al. An even pattern of xylan substitution is critical for interaction with cellulose in plant cell walls. Nat. Plants 2017, 3, 859–865. [Google Scholar] [CrossRef]

	



Mikkelsen, D.; Flanagan, B.M.; Wilson, S.M.; Bacic, A.; Gidley, M.J. Interactions of arabinoxylan and (1,3)(1,4)-β-glucan with cellulose networks. Biomacromolecules 2015, 16, 1232–1239. [Google Scholar] [CrossRef]

	



Simmons, T.J.; Mortimer, J.C.; Bernardinellli, O.D.; Poppler, A.-C.; Brown, S.P.; deAzevedo, E.R.; Dupree, R.; Dupree, P. Folding of xylan onto cellulose fibrils in plant cell walls revealed by solid-state NMR. Nat. Comm. 2016, 7, 13902. [Google Scholar] [CrossRef]

	



Daher, F.B.; Chen, Y.; Bozorg, B.; Clough, J.; Jonsson, H.; Braybrook, S.A. Anisotropic growth is achieved through the additive mechanical effect of material anisotropy and elastic asymmetry. eLIFE 2018, 7, e38161. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 10 00127 g001 550] 





Figure 1. Images of the cell wall of Lolium suspension culture cells (SCC) during regeneration using the general cell wall stain Calcofluor White and laser scanning microscopy (A–L) and the cell wall detail using transmission (M,N) and scanning electron microscopy (O). The fluorescent images have had their brightness enhanced for easier visualization. Image K is a maximum projection of a z-stack of images and A, C, E, G, and I are single confocal sections of the cell wall. At the 0 h time point (A,B), minimal autofluorescence is observed. By 1 h (C,D), a number of fine filaments cover approximately half the protoplast. At 2 h (E,F), a loose fibrillar network encases the whole cell. At 4 h (G,H), the fibrillar network becomes more dense, which continues over the next 24 h (I, J). Actively growing Lolium SCC clump together in culture with a thick wall (K,L). Electron microscopy sections of the cell wall at 1 h after protoplasting (M) and in an unprotoplasted cell (N) show the difference in the cell wall structure. At 1 h, only nascent cell material is present (black arrows) at the plasma membrane (PM), while in unprotoplasted cells, the cell wall (cw) is approximately 1 μm thick. Vesicles (v) and Golgi (G) are observed near the plasma membrane (PM). Detailed structure of the wall surface (O) from a position equivalent to the box in K, showing a variety of ridges (white arrows) and mucilage (asterisks). Scale bars = 10 μm (A–L), 200 nm (M,N), and 5 μm (O). 
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Figure 2. Cell wall labeling at the 0 and 1 h time points with cellulose (CBM3a) (A,E,I,J), mixed-linkage glucan (MLG) (B,F,K), arabinoxylan (AX) (LM11) (C,G), and callose (D,H) using laser scanning microscopy (LSM) (A–H) and transmission electron microscopy (TEM) (I–K). At the 0 h time point, minimal wall labeling was observed, but some small patches of material were detected for each antibody and may represent nascent areas of cell wall regeneration. Under the TEM at the 0 h time point, wall labeling was not apparent after probing for cellulose (I), xyloglucan, MLG, AX, pectin, callose, and mannan (not shown). At the 1 h time point, only cellulose was detected (J) and not MLG (K) at the developing wall sites (arrows) at the plasma membrane (PM). The Golgi (G) and endoplasmic reticulum (ER) are present in I. Scale bars (A–H) = 5 μm, (I) = 500 nm, and (J–K) = 200 nm. 
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Figure 3. LSM and TEM images of antibody labeling at 2, 4, and 24 h. Continuing deposition of the polysaccharides at the 2 h (A–G), 4 h (H–K), and 24 h (L–R) time points. Cellulose (A,H,L), MLG (B,E,I,M,P), and AX (C,F,J,N,Q) all continued to be deposited throughout the time course studied and visibly accumulated at the walls (arrows in TEM images). Clusters of MLG labeling (M; white arrows) are observed at 24 h, but these are punctate points at a higher magnification. Similar aggregations of filaments are present for AX (N; white arrows). Interestingly, callose deposition (D,G,K,O,R) appeared not to increase, but stayed fairly constant throughout the time course. Scale bars = 5 µm (A–D,H–O) and 200 nm (E–G,P–R). 
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Figure 4. Fully developed cell walls of Lolium SCC from 7-day-old (do) cells labeled for cellulose, MLG, AX, the non-reducing end of xylans, and callose imaged using LSM (A,B,D,E,G,H,J,K,N,O) and TEM (C,F,I,L,M,P). Cellulose (A–C) covered the cell wall in a thick mat. MLG (D–F) was present in punctate dots and AX (G–I) formed filaments over the surface of the cell wall. In TEM sections, AX was observed to be present on the outer part of the cell wall away from the cytoplasm (bracket). Unsubstituted xylans (J–M) only became apparent in fully formed cell walls (arrows) and were not obvious in newly developing cell walls (asterisks). Note: The labeling density of LM10 was lower than most other antibodies. Callose (N–P) formed small patches around the edge of the cell (N; red arrow), which could be observed in TEM images (cw, cell wall and cyt, cytoplasm). Scale bars = 5 μm (A,B,D,E,G,H,J,K,N,O) and 200 nm (C,F,I,L,M,P). 
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Figure 5. Single molecule localization microscopy (SMLM) superresolution analysis of the structures of crystalline cellulose (CBM3a; A–D), MLG (E–H), and AX (LM11; I–L) in the Lolium SCC cell wall. Detail of the cell wall of a single z-section from LSM images (A,E,I) showed a filamentous pattern for CBM3a (A) and AX (I) and punctate patches for MLG (E). SMLM resolved filament-like structures for CBM3a (B-D) and AX (J–L) and patches for MLG (E–H). Representative images of polysaccharide features using widefield (B,F,J) are shown next to the SMLM images (C,G,K). Euclidean distance maps (D,H,L) reveal the pattern and distance between epitopes, as indicated by the colored calibration bar. Frequency analysis of nearest neighbour distances revealed the average distances between the single molecule localizations for each epitope (M) and the variation in the distances between the epitopes (N). Images are representative. Scale bars = 1 μm. 
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Figure 6. Colocalization of polysaccharides in Lolium SCC cells at 24 h post-protoplasting (A,B,E,F,I,J) and of 7 do cells from culture (C,D,G,H,K,L). Representative images showing colocalization in white/gray (A,C,E,G,I,J) alongside Pearson’s correlation coefficient graphs (B,D,F,H,J,L), Pearson’s coefficients, and Manders (M1 and M2) values. Colocalization was not observed between MLG and CBM3a at both time points (A–D). For MLG and LM11 at 24 h post-protoplasting (E,F), no colocalization was apparent, but there appeared to be colocalization in 7 do SCC. Colocalization was apparent between CBM3a and LM11, possibly decreasing in mature cell walls, indicating that crystalline cellulose and AX are closely associated in the cell wall, but this was not global (M–Q). When CBM3a and LM11 labeled features were investigated at a higher magnification (M–O; region from I), some cell wall features showed high levels of colocalization (N,O; Area 1 from M) and others exhibited no colocalization (P,Q; Area 2 from M). (N and P, colocalized pixel images and O and Q, Pearson’s correlation coefficient graphs of N and P, respectively). Scale bars = 5 μm. 
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Figure 7. Lolium SCC protoplasts treated with 200 nM isoxaben for 24 h prior to fixation and antibody labeling. (A,B,D,E,G,H) whole cell images. (C,F,I) are higher magnification images of cell wall labeling. The pattern of labeling of crystalline cellulose with CBM3a (A–C) appeared to be disrupted with possibly terminated filaments (arrows) and only partial coverage of cellulose labeling over the cell. Punctate dots were present (arrow heads). Labeling of AX using LM11 (D–F) was less disrupted. Filamentous-like structures of AX (arrows) were still present and the amount of labeling appeared to be similar to untreated cells. The punctate pattern of MLG labeling (G–I) looked similar to cells with no treatment. Scale bars: A–B, D–E, and G–H = 5 μm, and C, F, and I = 2 μm. 
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Figure 8. Summary of the timing of deposition of cellulose, MLG, AX, and callose in Lolium SCC. (A) Cellulose deposition starts first, followed by the other three polysaccharides. The amount of cellulose, MLG, and AX in the cell walls increases throughout time; however, the amount of callose appears to be quite stable. (B) Summary of polysaccharide deposition in the Lolium SCC cell wall through time. 






Figure 8. Summary of the timing of deposition of cellulose, MLG, AX, and callose in Lolium SCC. (A) Cellulose deposition starts first, followed by the other three polysaccharides. The amount of cellulose, MLG, and AX in the cell walls increases throughout time; however, the amount of callose appears to be quite stable. (B) Summary of polysaccharide deposition in the Lolium SCC cell wall through time.



[image: Cells 10 00127 g008]







[image: Table] 





Table 1. The stain, carbohydrate binding module, and antibodies used to detect the various polysaccharides in the Lolium SCC cell wall.
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	Cell Wall Component
	Name of Stain/Antibody
	Specific Epitope
	Source
	Ref
	Working Dilution





	General cell wall stain
	Calcofluor White
	(1,3)-, (1,3;1,4)-, and (1,4)-β-glucans
	Sigma
	[41]
	0.01%



	Cellulose
	CBM3a
	crystalline cellulose
	Plant Probes
	[42]
	1:50



	Mixed-linkage glucan (MLG)
	(1-3;1-4)-β-glucan-directed monoclonal antibody
	linear (1,3;1,4)-β-oligo-saccharide segments in (1,3;1,4)-β-glucans
	Biosupplies
	[43]
	1:500



	Callose
	(1-3)-β-glucan-directed monoclonal antibody
	linear (1,3)-β-oligosaccharide segments in (1,3)-β-glucan
	Biosupplies
	[45]
	1:300



	Xylan
	LM10
	(1→4)-β-D-xylan
	Plant Probes
	[44]
	1:20



	Arabinoxylan
	LM11
	(1→4)-β-D-xylan/arabinoxylan
	Plant Probes
	[44]
	1:20



	Xyloglucan
	LM15
	XXXG motif of xyloglucans
	Plant Probes
	[50]
	1:20



	Mannan
	(1-4)-β-mannan-directed monoclonal antibody
	(1,4)-β-manno-oligosaccharides in (1,4)-β-mannans and galactomannans
	Biosupplies
	[51]
	1:300



	Pectin
	JIM 7
	homogalacturonan partially Me-HG, general pectin
	Plant Probes
	[52]
	1:20



	Arabinogalactan protein (AGP)
	MAC207
	AGP glycan
	CCRC
	[53]
	1:10



	Ferulic acid
	NH4OH bathychromatic shift
	Ferulic acid
	Sigma
	[54]
	0.1 M
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