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Immunolabelling of intervessel pits for polysaccharides and lignin helps in understanding their hydraulic properties in Populus tremula 3 alba Ste´phane Herbette1,2,*, Brigitte Bouchet3, Nicole Brunel1,2, Estelle Bonnin3, Herve´ Cochard2,1 and Fabienne Guillon3 1



Received: 8 September 2014 Returned for revision: 22 September 2014 Accepted: 9 October 2014



 Background and Aims The efficiency and safety functions of xylem hydraulics are strongly dependent on the pits that connect the xylem vessels. However, little is known about their biochemical composition and thus about their hydraulic properties. In this study, the distribution of the epitopes of different wall components (cellulose, hemicelluloses, pectins and lignins) was analysed in intervessel pits of hybrid poplar (Populus tremula  alba).  Methods Immunogold labelling with transmission electron microscopy was carried out with a set of antibodies raised against different epitopes for each wall polysaccharide type and for lignins. Analyses were performed on both immature and mature vessels. The effect of sap ionic strength on xylem conductance was also tested.  Key Results In mature vessels, the pit membrane (PM) was composed of crystalline cellulose and lignins. None of the hemicellulose epitopes were found in the PM. Pectin epitopes in mature vessels were highly concentrated in the annulus, a restricted area of the PM, whereas they were initially found in the whole PM in immature vessels. The pit border also showed a specific labelling pattern, with higher cellulose labelling compared with the secondary wall of the vessel. Ion-mediated variation of 24 % was found for hydraulic conductance.  Conclusions Cellulose microfibrils, lignins and annulus-restricted pectins have different physicochemical properties (rigidity, hydrophobicity, porosity) that have different effects on the hydraulic functions of the PM, and these influence both the hydraulic efficiency and vulnerability to cavitation of the pits, including ion-mediated control of hydraulic conductance. Impregnation of the cellulose microfibrils of the PM with lignins, which have low wettability, may result in lower cavitation pressure for a given pore size and thus help to explain the vulnerability of this species to cavitation. Key words: cavitation, plant water relations, sap flow, xylem, pit membrane, hydraulic conductance, immunolabelling, cellulose, pectin, lignin, annulus, Populus tremula  alba.



INTRODUCTION In plants, long-distance sap transport occurs under negative pressure in xylem conduits, including tracheids and vessels. Sap flows between adjoining conduits through pits that form thin wall areas. Pits present considerable resistance to water flow as they account for 50 % of total xylem hydraulic resistance (Wheeler et al., 2005; Choat et al., 2006), the remaining part being accounted for by the conduit lumen. Pit membrane (PM) properties not only facilitate the passage of water between conduits, but also prevent the passage of air between them. Under water stress conditions, xylem tensions increase and cavitation can occur as a consequence of air seeding through the PM (Sperry and Tyree, 1988; Cochard, 2006). Cavitation provokes an air embolism that induces loss of hydraulic conductance and then potentially leads to organ or plant death. Resistance to cavitation is an important adaptive trait for drought tolerance (Maherali et al., 2004; Tissier et al., 2004; Choat et al., 2012). Therefore, pits occupy a crucial role in the water transport system of plants, and knowledge about PM properties is critical for understanding the influence of pits on



the balance of safety and efficiency in vascular transport (Choat et al., 2008). To date, investigations have focused mainly on pit structure. Within angiosperms, there is a strong correlation between PM thickness and resistance to both water flow and cavitation (Choat et al., 2008; Jansen et al., 2009). Pits with a thicker membrane have smaller pores, allowing them to resist air seeding while increasing hydraulic resistance. Moreover, a thicker membrane would also be stronger mechanically, which allows reduced stretching of the PM and thus less pore enlargement (Choat et al., 2004; Sperry and Hacke, 2004). However, not only do these functional properties of the pit (water permeability, resistance to air seeding and mechanical properties) depend on the structural properties of the PM, but the chemical properties of the pits are also critical. In addition, the ion-mediated variations in xylem hydraulic conductance have been attributed to the hydrogel properties of the PM (van Ieperen et al., 2000; Zwieniecki et al., 2001; Cochard et al., 2010). These authors proposed that this is due to the swelling/shrinking properties of the pectins, while other authors have attributed them to hemicelluloses or lignins (van Doorn et al., 2011), but without clear evidence for their
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Herbette et al. — Biochemistry and hydraulic properties of intervessel pits in Populus while xylans are predominant in secondary walls. Although less abundant in vascular plants, mannans and glucomannans can be found in primary walls. The putative lignin deposition in pits has also attracted little attention. A few studies based on microspectrometry techniques have suggested that there is lignin in the PM (Boyce et al., 2004; Schmitz et al., 2008), but this needs to be confirmed with reliable and suitable tools. In angiosperms, lignins are complex phenolic polymers resulting from polymerization, mainly of three phenylpropanoid units, p-coumaryl (hydroxyphenyl unit, H), coniferyl (guaiacyl unit, G), and sinapyl (syringyl unit, S) alcohols (Freudenberg and Neish, 1968). The structure and condensation of lignins depend on species and cell type. Dicotyledons contain almost exclusively G and S units. The investigation of pit composition has long been hindered by the lack of suitable approaches. The main pitfalls are the restricted location of the intervessel pits and their tiny size (a few micrometres), especially the pit membrane, which has a thickness in the range 02–03 mm. Ensuring sufficient resolution therefore precludes the use of analytical tools coupled to a light microscope such as Fourier transformed infrared (FTIR) microspectroscopy. Electron microscopy offers resolution well adapted to the unravelling of the pit membrane’s architecture. Coupled with immunogold labelling, it is a valuable tool for probing pit composition. In this study we investigated the distribution of the different wall components, including cellulose, hemicelluloses, pectins and lignins, to gain insight into the chemical composition of the intervessel PM. We performed immunogold labelling using transmission electron microscopy (TEM) in poplar with a set of antibodies raised against different epitopes for each of the main polysaccharide domains and lignins. To address the process of PM maturation, immunolabelling was carried out both on immature PM in forming vessels and on mature PM in functional vessels. From a schematic representation of the distribution of wall epitopes in the PM and data on the ion-mediated regulation of hydraulic conductance, we address the hydraulic properties of the pit. MATERIALS AND METHODS Plant material



Analyses were carried out on immature xylem from a hybrid poplar (Populus tremula  P. alba, clone INRA 717-1B4). Plants were multiplied clonally in vitro, acclimated and cultivated in a greenhouse with a controlled environment as described in Awad et al. (2012), with watering at field capacity. Plants developed a single, straight shoot, such that no tension wood was observed in cross-section. When the plants were 3 months old and had reached a height of 15–2 m, a stem section was sampled 10 cm above the soil pots. Then, a section including the bark with the xylem area near the cambium was immediately placed in fixation solution. Another set of plants grown in the same conditions was used later for measurements of hydraulic conductance. Ionic effect on hydraulic conductance



Hydraulic conductance was determined with a XYL’EM apparatus (Bronkhorst, Montigny-les-Cormeilles, France) on five
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presence. Insights on the composition of the PM are thus urgently desired for progress in understanding pit function. The PM is composed of the middle lamella plus the primary walls from adjacent cells, which have undergone modifications. The PM would initially be made of cellulose microfibrils in a matrix of hydrated hemicelluloses and pectins. However, this is speculative and the modifications occurring during PM maturation, and thus the final composition of the mature pit, are unknown. It is generally accepted that the basic component of the PM is cellulose, evidenced by observation of cellulose microfibrils or staining reactions (Czaninski, 1972; Catesson, 1983; Jansen et al., 2009). The presence of pectins in the PM is probably the most debated aspect of their composition. Pectins consist of various and complex galacturonic acid-rich polysaccharides. In dicot cell walls, four covalently linked domains constitute pectin: homogalacturonan (HG), rhamnogalacturonan (RG)-I and RG-II and sometimes xylogalacturonans. Although their relative amounts vary according to the cell type, HG is usually the most abundant domain, constituting 65 % of pectins, while RG-I constitutes 20–35 %. Xylogalacturonans and RG-II are minor components, each constituting 4)-beta-Dgalactan. Plant Physiology 113: 1405–1412. Joseleau JP, Ruel K. 1997. Study of lignification by noninvasive techniques in growing maize internodes. An investigation by Fourier transform infrared cross-polarization-magic angle spinning 13C-nuclear magnetic resonance spectroscopy and immunocytochemical transmission electron microscopy. Plant Physiology 114: 1123–1133. Joseleau JP, Ruel K. 2007. Condensed and non-condensed lignins are differently and specifically distributed in the cell walls of softwoods, hardwoods and grasses. Cellulose Chemistry and Technology 41: 487–494. Joseleau JP, Faix O, Kuroda K, Ruel K. 2004. A polyclonal antibody directed against syringylpropane epitopes of native lignins. Comptes Rendus Biologies 327: 809–815. Kim JS, Awano T, Yoshinaga A, Takabe K. 2011. Temporal and spatial diversities of the immunolabelling of mannan and xylan polysaccharides in differentiating earlywood ray cells and pits of Cryptomeria japonica. Planta 233: 109–122. Kim JS, Sandquist D, Sundberg B, Daniel G. 2012. Spatial and temporal variability of xylan distribution in differentiating secondary xylem of hybrid aspen. Planta 235: 1315–1330. Koutaniemi S, Guillon F, Tranquet O, et al. 2012. Substituent-specific antibody against glucuronoxylan reveals close association of glucuronic acid and acetyl substituents and distinct labeling patterns in tree species. Planta 236: 739–751. Laschimke R. 1989. Investigation of the wetting behaviour of natural lignin – a contribution to the cohesion theory of water transport in plants. Thermochimica Acta 151: 35–56. Lens F, Tixier A, Cochard H, Sperry JS, Jansen S, Herbette S. 2013. Embolism resistance as a key mechanism to understand adaptive plant strategies. Current Opinion in Plant Biology 16: 287–292.
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