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Abstract

:

The chemical composition of the cell wall varies between species and even within the same species, and impacts the properties of the cell wall. In this study, the dynamic chemical compositions of the xylem cell walls of two black poplar cultivars, Populus × euramericana ‘Zhonglin46’ and Populus × euramericana ‘Neva,’ were investigated in situ using stimulated Raman scattering microscopy (SRS). Meanwhile, the pectin structural features were examined using immunofluorescence methods. The results showed that Neva displayed faster thickening of the fiber cell walls than Zhonglin46 did, and it had a greater cell wall thickness in mature xylem. A faster deposition speed of lignin and cellulose during xylem maturation was revealed in Neva. Significantly higher lignin contents were found in the mature xylem of Neva compared with those of Zhonglin46, while no obvious differences in cellulose deposition in mature xylem were observed between the two cultivars. The patterns of pectin deposition during xylem maturation were similar in the two cultivars, but more pectin was found in the mature xylem of Neva than in that of Zhonglin46. The chemical deposition patterns account for the anatomical feature differences between the cultivars. These results provide valuable insights into the chemical deposition and anatomical differences between cultivars, and they might be helpful in understanding the wood growth processes and facilitating the utilization of different poplar cultivars.
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1. Introduction


Wood, or the secondary xylem of trees, is one of the most important sources of sustainable energy. It originates from cell proliferation of the vascular cambium, followed by cell expansion, primary cell wall biosynthesis, secondary cell wall thickening, and, finally, programmed cell death [1,2]. The nanostructure of wood is determined by the cell wall, which encases the cells and plays many fundamental roles. The cell walls provide mechanical strength, create the vascular tissue needed for water and nutrient transport, determine plant morphogenesis and architecture, provide resistance to biotic and abiotic threats, and contribute the bulk of tree biomass [3,4].



Cell wall composition impacts the cell wall structure and the physical and mechanical properties of plants, thus affecting the potential applications of wood. At the beginning of cell expansion, xylem cells have only an ultrathin primary wall consisting of three main polymers: cellulose, hemicelluloses, and pectin [5]. Once cell expansion is complete, an additional secondary cell wall composed primarily of cellulose, hemicellulose, and lignin is deposited inside the primary cell wall [6]. Cellulose is a load-bearing polymer in the plant cell wall and is an important source of energy [7]. Lignin is essential for the structural integrity of the cell wall and is most frequently associated with hardening. On the other hand, as lignin must be removed while cellulose is retained during the paper-making process, the presence of lignin increases the industrial processing costs for cell wall deconstruction [8]. Pectin is integral to the maintenance of cell wall porosity and cell–cell adhesion, as well as playing crucial roles in primary wall expansion [9]. Generally, the properties of the primary cell wall determine the rate of cell expansion and the growth direction, affecting the xylem fiber length and vessel dimensions [10,11], while secondary cell walls provide strength and rigidity in plant tissues that have ceased growing [5].



The chemical composition of the plant cell wall and its components varies between species, tissue types, and developmental stages [12,13]. To document this variation, major efforts have been made to investigate the content and distribution of the biopolymer components within the xylem cell wall. Studies have shown that lignin displays higher concentrations in the corners of the cells and accumulates in the middle lamella, while cellulose is evenly distributed in primary cell walls and the middle lamella [13,14,15]. As for pectin components, the arabinan-rich pectin was found to be absent from the tangential walls of secondary xylem cells. In addition, rhamnogalacturonan type I pectins (RG-I) were abundant in poplar G-layers [16]. However, most existing research has mainly focused on mature xylem cells. Although a few studies have revealed distribution changes of cell wall components during xylem development, only lignin monomers have been considered [17]. In addition, there could be component distributions and structural differences in the xylem between tree species and even within the same species, but the few studies based on microanalyses of chemical composition have been conducted using different cultivars.



In the past two decades, the composition and structural components of the cell wall have been investigated by optical microscopy [18,19], transmission electron microscopy (TEM), and scanning electron microscopy (SEM) [20,21]. Advances in confocal Raman microscopy and imaging have enabled label-free and noninvasive investigation. However, time-consuming and generally nonquantifiable analysis techniques make it difficult to follow the changes involved in xylem development at high spatiotemporal resolutions. With the development of cell wall imaging techniques, stimulated Raman scattering (SRS) microscopy was used to visualize the major structures and chemical composition of plant cell walls, providing a label-free, fast, and high-specificity method for plant cell wall imaging and composition analysis [13,15,22].



Black poplar is an economically and ecologically important forest tree species, widely used as a wood source in the paper industry and for biofuel production in China [23]. P. euramericana ‘Neva’ and P. euramericana ‘Zhonglin46’ are both important poplar cultivars in China, and previous studies have indicated that there are differences in their growth and wood properties. For example, Zhonglin46 displays better adaptivity than Neva in terms of pulp and paper making [24]. The aim of this work was to study the different topochemical changes in the xylem of the two poplar cultivars, thus elucidating the differences in deposition of cell wall components in the process of the dynamic formation of xylem in these two black poplar cultivars at the microscopic level. Such an analysis provides valuable insight into the anatomy of the two black poplar cultivars, and also provides a scientific basis for further investigations on the developmental control of wood formation.




2. Materials and Methods


2.1. Materials


In this study, two black poplar cultivars, P. euramericana ‘Neva’ and P. euramericana ‘Zhonglin46’, were used as plant material. Poplar trees were grown in Langfang, Hebei Province, China (39°18′32″ N, 116°30′43″ E). Samples were collected from 6–8-year-old trees in July and December 2019. The stems were debarked and blocks measuring 5 × 2 × 2 mm (length × width × depth) and containing phloem, cambium, and xylem were collected from three tree trunks for each cultivar. A schematic overview of the sample preparation is shown in Figure 1A. The samples were immediately fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M of phosphate-buffered saline (PBS, pH 7.2). After vacuum treatment, the blocks were fixed in fresh fixative and preserved at 4 °C for further analysis. In addition, blocks measuring about 30 × 5 × 5 mm (length × width × depth), including phloem, cambium, and xylem, were also collected and maintained at 4 °C for SRS analysis.




2.2. Sample Preparation and Light Microscopy


The chemically fixed blocks were washed four times in 0.1 M of pH 7.2 PBS, dehydrated in an ethanol series (30%, 50%, 60%, 70%, 80%, 90%, and 100%) and acetone, and then embedded in Spurr’s resin (Sigma, MO, USA). Transverse sections 4 µm thick were cut from the Spurr-embedded samples using an ultramicrotome (Leica-RM2265, Wetzlar, Germany), stained with 1% toluidine blue, and observed under light microscopy (Olympus CX31RTSF, Tokyo, Japan).




2.3. Measurement of Cell Wall Thickness and Anatomical Characteristics


The thickness of the radial walls of the fiber cells was measured using the image analysis software Image J. To examine the changes in thickness of the fiber cell wall during cell wall maturation, fiber cells within a distance of 650 µm from the cambial zone, sampled in July, were selected for measurement. Mature xylem fiber cells sampled in December were selected for measurement across a region of 500 µm × 500 µm, and the diameter of fiber cells was also measured. At least three images were analyzed for each sample, each with no fewer than 100 fiber cells. In addition, for the vessels in mature xylem sampled in December, the mean vessel diameter, proportion of vessels, and number of vessels per mm2 were also measured, analyzed, and averaged as described by Liu et al., [25]. The cell wall percentage was determined using the image analysis software Image J following the method described previously [26]. Briefly, images were opened and changed to 8 bit. Then, Image > Adjust > Threshold was used to threshold the image, and the cell wall was colored red. Subsequently, Analyze > Set > Measurements was selected, and the boxes for Area, Area fraction, and Limit to Threshold were clicked. Analyze > Measurement was clicked to determine the percentage of the red region per unit area.




2.4. SRS Microscopy


The blocks maintained at 4 °C were cut into 40 µm thick cross-sections on a sliding microtome (Leica SM2010 R) without any embedding routine. SRS imaging was performed using an SRS imaging system from the Biomedical Pioneering Innovation Center of Peking University equipped with a picosecond laser as the light source. The picosecond laser (APE PicoEmerald, Germany) outputted synchronous pump and Stokes beams. The pump beam consisted of an 80 MHz pulse train with a 2 ps pulse width, and it was tunable from 700 to 990 nm. The Stokes beam was 1031 nm and modulated at 20 MHz by a built-in electro-optic modulator (EOM). The pump and Stokes beams were overlapped and coupled into a vertical laser-scanning microscope (Olympus FVMPE-RS, Japan). A detector and lock-in amplifier module (APE Picoemerald, Germany) were used for SRS imaging. The 25× water-immersion objective imaging was optimized using a near-infrared laser. The wavelengths of the pump beam were set to 885.5 and 926.5 nm to induce the stimulated Raman signal for the 1100 cm−1 cellulose C-O stretching vibration and the 1600 cm−1 lignin aromatic ring vibration, respectively.




2.5. Quantitative Analysis of SRS Image


The obtained SRS images were processed for analysis using Fiji software, as described by Xu et al. [15]. Briefly, images were opened and changed to 8 bit. Then, the images were adjusted with the Bright and Contrast button using the same parameter. After this, most of the pixel values from the cell interior were zero. Subsequently, the ‘Analyze,’ ‘Histogram,’ and ‘List’ functions were used in turn to obtain the intensity values and counts. The total intensity values were divided into 256 parts and the values of zero were excluded. The intensity counts for every 10th value were calculated. Image histograms were created using the sum of 10 counts divided by the total counts to obtain the ratio of the intensity value. Three images were used for analysis. The average intensities were calculated for at least 50 xylem fiber cells for each image.




2.6. Immunolocalization of Pectin


Immunolocalization of pectin was performed as described previously [19,27]. The samples in the fixed solution were dehydrated via the ethanol gradient described in Section 2.2, after which 100% ethanol was penetrated with a LR-White Resin (Sigma Company, MO, USA) gradient and the samples were embedded with LR-White Resin before polymerization at 60 °C for more than 16 h. Transverse sections 4 µm thick were cut from the LR-White Resin-embedded samples using an ultramicrotome (Leica RM2265, Wetzlar, Germany) and then soaked in 0.05 mol/L of Tris-HC1 buffer (TBS), pH 7.4–7.6 for 10 min. Goat serum (Zhongshan Biological Co., Ltd., Beijing, China) was diluted 1:30 (v/v) with TBST (TBS + 0.1% Tween 20) buffer and used to treat the semi-thin sections for 1 h. The pectin monoclonal antibodies JIM5, JIM7, LM5, and LM6 were diluted to 1:4 in TBST Buffer and applied to the sections overnight at 4 °C. Then, the sections were rinsed with TBST, TBS, and ddH2O successively, each for 3 times (5 min each time). The secondary antibody FITC-goat anti-rat Ig-G (Kangweishiji Biological Co., Ltd., Beijing, China) was diluted with TBST (1:100), and then washed again after reaction at room temperature for 1 h. The sections were mounted in glycerol/PBS (50% v/v). The images were captured on a Zeiss LSM 880 confocal system (Zeiss, Oberkochen, Germany) (excitation: 488 nm; emission: 490–535 nm). All images were captured using same acquisition parameters.





3. Results and Discussion


3.1. Differences in Anatomical Characteristics between the Two Black Poplar Cultivars


To analyze the microstructural differences between the two poplar cultivars, stem cross-sections sampled from the two kinds of poplar in July and December were stained with toluidine blue and observed under a microscope. As shown in Figure 1, the schematic overview shows the directions of the sample blocks, as well as the radial and tangential directions of the stem cross-sections (Figure 1A). The cambial region of Neva in July was composed of 8 to 9 cell layers, less than that of Zhonglin46 (10 to 11 cell layers) (Figure 1B,D). In December, the numbers of cambium cell layers were similar in these two poplar cultivars, with both having 8 to 9 cell layers (Figure 1C,E). As shown in Figure 1F, the thickness of the fiber cell wall during xylem development was plotted against the distance from the cambial zone. The gradual thickening of the fiber secondary wall of Neva was faster than that of Zhonglin46.



When measuring the fiber cell wall thickness and fiber diameter in the sections of the two cultivars with matured xylem in December, we found that all these indicators in Neva were significantly higher than those in Zhonglin46. We tallied the number of vessels and the results showed that there were 93 ± 10 vessels per mm2 in the sections of Neva, which was not apparently different to Zhonglin46, which contained about 116 ± 17 vessels. Meanwhile, the analysis of the vessel lumen diameter and proportion of vessels showed that Neva displayed a lower vessel lumen diameter and vessel proportion than Zhonglin46 did, and the difference between the two poplar cultivars was significant. When we counted the percentage of the cell wall, we found that the cell wall percentage in Neva was 61.10% ± 3.17%, remarkably higher than that of Zhonglin46 (56.31% ± 2.59%) (Figure 1G). Previously, cell wall percentage was found to be significantly correlated with wood density, which correlates with mechanical properties and hardness [26,28]. The difference observed between the two cultivars reflects their possible difference in properties.



The analysis of the anatomical structures of stem cross-sections of Neva and Zhonglin46 helped to clarify the differences in the morphological features of the xylem in the two cultivars. From our results, the thickening of the developing xylem was different; the cell walls of Neva thickened faster than those of Zhonglin46, reflecting the accelerated xylem development of Neva compared with Zhonglin46. Poplars are usually used as a source of raw material for paper making. Generally, anatomical characteristics such as cell wall thickness and diameter are important factors in the pulp and paper industry [29,30]. For example, the fiber cell wall thickness is connected with surface characteristics and high tearing strength in paper [31]. The number of vessels per unit area and vessel percentage are inversely correlated with pulp yield and paper strength properties [32]. Here, the differences in the anatomical characteristics of these two black poplars provide the basis for further understanding and utilization of these two different cultivars.




3.2. Heterogeneous Deposition of Lignin and Cellulose during Xylem Development


Regarding the obvious differences in anatomical characteristics between the two poplar cultivars, we further detected a difference in the deposition of lignin and cellulose during xylem development between these two cultivars. For quick and accurate comparison of the dynamic distribution of cell wall components, we used SRS microscopy, a label-free, in situ, and quantitative microanalysis technique based on vibrational contrast [33]. By combination with computational analysis, the chemical imaging results of different poplar cultivars over a large area were acquired rapidly and quantitatively analyzed.



Figure 2 shows the heat map with a color gradient scale indicating low (blue) to high (red) lignin and cellulose content during xylem development. With the maturation of xylem, lignification started at the cell corner and later in the compound middle lamella, which agrees with previous reports [34,35]. Meanwhile, Neva (Figure 2A,B) displayed more lignin content than Zhonglin46 (Figure 2C,D). Cellulose signals were detected more strongly in the primary cell walls and the middle lamella. In Zhonglin46, cellulose distributed more in the tangential cell walls, while in Neva, it was detected more in the radial cell walls (Figure 2C,D,G,H). Hence, the deposition of cellulose during xylem development may not be simultaneous, and it may preferentially deposit first on different cell walls such as radial or tangential cell walls in different cultivars. In addition, the cellulose signal in Neva encased the whole cell earlier than in Zhonglin46. Combined with the higher lignin deposition in Neva, the deposition of cell wall components was well correlated to faster thickening of the fiber cell walls in Neva.




3.3. Differences of Lignin and Cellulose Deposition in Matured Xylem in the Two Cultivars


In order to compare the lignin deposition between the two cultivars, the mature xylems of both cultivars were observed under SRS microscopy and images were acquired at 1600 cm−1. Subsequently, a quantitative and straightforward SRS image analysis was made, as described by Xu et al. [15]. SRS imaging showed that lignin concentrations in the cell corner and compound middle lamella were higher than those in the secondary cell wall. As shown in Figure 3, the fluorescence intensity of the cell wall in the mature xylem in Neva was higher than that in Zhonglin46 (Figure 3A–F). Neva showed an intensity profile between 10 and 240, whereas the intensity profile of Zhonglin46 was between 10 and 180, demonstrating higher lignin deposition in Neva (Figure 3G). We further calculated the average intensity of xylem cells in the two poplar cultivars, and we found that the fluorescence intensity of cell walls in the mature xylem of Neva was significantly higher than that in Zhonglin46 (Figure 3H). Previously, the chemical composition of Zhonglin46 and Neva has been compared and analyzed biochemically, and the results showed that the lignin content in Neva was about 13.04% higher than that in Zhonglin46 [36]. Hence, our SRS-based results are in agreement with previous biochemical measurements.



To further analyze the distribution of cellulose in the xylem cell walls of these two poplar cultivars, we analyzed the intensity of the cellulose signals in samples taken from these two poplar cultivars. The content of cellulose in the cell corner was much lower than that in the secondary wall in both cultivars, which was the opposite result to that observed for the deposition of lignin. As shown in Figure 4, the highest signal intensity of cell walls in the mature xylem was found in Neva (Figure 4A–F). Accordingly, Neva showed an intensity profile between 10 and 130, while Zhonglin46 displayed an intensity profile between 10 and 120. Moreover, there was a greater proportion of high-intensity signals for Neva than for Zhonglin46. In contrast to the developing xylem, a large amount of cellulose deposited in the secondary wall with the maturation of the fiber cells, and the continuous deposition of cellulose formed the thickened secondary wall of the fiber cells, which was consistent with the results of the toluidine blue staining. However, after selecting individual cells and analyzing the average cellulose intensity of xylem cells in the two poplar cultivars, we found that although the fluorescence intensity of cell walls in the mature xylem of Neva was higher than that in Zhonglin46, the difference was not significant (Figure 4H).



Lignin is the main cause of lignocellulosic biomass recalcitrance to enzymatic hydrolysis. The possibility of obtaining low-lignin-content poplars is of significance for forestry applications [37]. Genetic engineering approaches have been used to successfully modify lignin contents in a variety of plants, including poplars. In transgenic poplars, inhibition of the expression of the 4CL gene resulted in a significant reduction in lignin content, accompanied by an obvious decrease in wood strength and a slight decrease in wood density [38]. Downregulations in the expressions of C4H and COMT genes also resulted in decreased lignin content, with no significant morphological changes [39]. Besides the manipulation of lignin content via the production of genetically modified plants, it is also important to choose low-lignin-content clones from among the existing clones. In our study, compared with Neva, Zhonglin46 displayed a lower lignin content, with no significant reduction in cellulose. Based only on the chemical composition, Zhonglin46 may be preferable for use in the paper industry, although other factors should also be taken into consideration. Using the same materials, Song et al. [24] also indicated that Zhonglin46 displays a better adaptivity than Neva in pulp and paper making, which is consistent with our results.




3.4. Difference in Pectin Patterns between the Two Cultivars


Pectin is another major component of plant cell walls, playing important roles in primary wall biosynthesis and modification. It was recently discovered that pectin also influences secondary wall formation and wood properties despite its low abundance in the secondary cell walls. Poplars with significantly decreased pectin content created via genetic engineering showed reduced xylem development and secondary cell wall thickening, probably due to their lower pectin contents [40]. Here, we detected the pectin distributions during xylem maturation in two poplar cultivars using immunofluorescence methods. The most abundant class of pectin is homogalacturonan, which is thought to be synthesized in a form with extensive methylesterification and then selectively demethylesterified [41,42]. Besides homogalacturonan, there are another two types of pectin found in primary cell walls: rhamnogalacturonan-I (RG-I) and rhamnogalacturonan-II (RG-II). Here, we used primary antibodies JIM5 and JIM7 to examine the changes in homogalacturonan with low and high degrees of methylesterification, LM5 and LM6, in order to detect the (1→4)-β-d-galactan and (1→5)-α-l-arabinan, which are both present in RG-I pectins.



As indicated by the JIM5 signals in Figure 5, JIM5-labeled unesterified pectin mainly deposited in the cell corners of the fiber cells, as well as in the radial cell walls. Most JIM7-labeled esterified pectin deposited relatively evenly on the radial cell wall, while there was also a small amount of distribution on the tangential wall. As for RG-I pectins, LM5-labeled pectin deposited obviously in the cambium, displaying faint signals in radial cell walls in developing xylem. LM6-labeled RG-I pectin had relatively strong signals in the developing xylem compared with the cambium, and the deposition increased with the maturation of xylem. In general, the distribution of pectin in the developing xylem of the two cultivars was similar.



In the mature xylem of both cultivars, JIM5-labeled unesterified pectin could only be detected in the corners of xylem cells. JIM7-labeled esterified pectin appeared more in radial cell walls, and the intensity of JIM7 signals was higher in Neva than in Zhonglin46. The LM5 signal was distributed in the primary walls of fiber cells, and the signal in Neva was stronger than that in Zhonglin46. LM6 signals were preferentially observed in the cell corners and the radial cell walls in both cultivars (Figure 6).



As a main polymer of primary cell walls, the structure of pectin also impacts the properties of wood [40]. For example, transgenic aspen with a higher level of methylesterified pectin displayed decreased cellular adhesion and cell wall rigidity [43]. The overexpression of Pectate lyase-like genes PtPL1-18 resulted in reduced xylem development, as well as reduced secondary cell wall thickening, which was probably due to the lower pectin content. Differences in the methylesterification status of HG pectin and the amount of RG-I pectin may elicit structural or solubility changes in nonpectin cell wall components, and subsequently altered lignin deposition [40]. In our study, the deposition of pectin during xylem development in these two black poplar cultivars was similar, while the JIM7-labeled esterified pectin and LM5-labeled RG-I pectin signals were stronger in Neva than in Zhonglin46. On the basis of the present results and previous reports that low pectin content may reduce xylem development and cell wall thickening [40], we speculated that the higher pectin content of Neva corresponded to its faster xylem development and thicker cell walls. Further studies need to be conducted to illustrate the relevance of pectin deposition and the associated anatomical characteristics.





4. Conclusions


In this study, the microanatomical and topochemical variations in the xylem of the two black poplar cultivars at different stages of development were analyzed with the aim of describing the dynamic chemical composition, as well as the differences between the cultivars. There were significant differences in the anatomical characteristics between the two black poplars. P. euramericana ‘Neva’ displayed faster thickening of the fiber cell wall than P. euramericana ‘Zhonglin46’ did, and ultimately displayed a greater cell wall thickness in the mature xylem. SRS microscopy and subsequent quantitative image analysis showed that Neva had a higher lignin content than Zhonglin46 did, and the cellulose signal in Neva encased the whole cell earlier in xylem development than that in Zhonglin46. Moreover, consistent with the previous biochemical results, a significantly higher lignin content was found in the mature xylem of Neva compared with that of Zhonglin46, while no obvious difference in cellulose deposition was found between the two poplar cultivars. The patterns of pectin deposition during xylem maturation were similar in the two cultivars, but JIM7-labeled esterified pectin and LM5-labeled RG-I pectin were higher in the mature xylem of Neva than in that of Zhonglin46. The discrepancy in dynamic deposition of cell wall components in the xylem of the two poplar cultivars was well correlated to their anatomical features. These results provide valuable insights into the chemical deposition and anatomical differences between these cultivars, and they might be helpful in understanding wood growth processes and facilitating the utilization of different poplar cultivars.
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Figure 1. Microscopic analysis of stems from two black poplar cultivars. (A) A schematic overview showing the directions of the sample blocks and the stem cross-sections. (B,C) Cross-sections of phloem–xylem region from P. euramericana ‘Zhonglin46’ sampled on 4 July (B) and December 19 (C). (D,E) Cross-sections of phloem–xylem region from P. euramericana ‘Neva’ sampled on 4 July (D) and December 19 (E). Scale bar = 100 µm. (F) Changes in thickness of fiber cell wall during cell wall maturation. (G) Anatomical characteristics of the two poplar cultivars. *, p < 0.05; **, p < 0.01; ns, not significant. The triangle, rectangle, and circle represent different biological repetitions. Neva is shown in blue and Zhonglin46 is shown in red. Ph: phloem, Ca: cambium, Xy: xylem. 






Figure 1. Microscopic analysis of stems from two black poplar cultivars. (A) A schematic overview showing the directions of the sample blocks and the stem cross-sections. (B,C) Cross-sections of phloem–xylem region from P. euramericana ‘Zhonglin46’ sampled on 4 July (B) and December 19 (C). (D,E) Cross-sections of phloem–xylem region from P. euramericana ‘Neva’ sampled on 4 July (D) and December 19 (E). Scale bar = 100 µm. (F) Changes in thickness of fiber cell wall during cell wall maturation. (G) Anatomical characteristics of the two poplar cultivars. *, p < 0.05; **, p < 0.01; ns, not significant. The triangle, rectangle, and circle represent different biological repetitions. Neva is shown in blue and Zhonglin46 is shown in red. Ph: phloem, Ca: cambium, Xy: xylem.



[image: Forests 12 00972 g001a][image: Forests 12 00972 g001b]







[image: Forests 12 00972 g002 550] 





Figure 2. SRS chemical images of lignin and cellulose in developing xylem of P. euramericana ‘Neva’ and P. euramericana ‘Zhonglin46’. (A,C) SRS images of the developing xylem based on the deconvoluted lignin band at 1600 cm−1 in Neva (A) and Zhonglin46 (C). (E,G) SRS images of the developing xylem based on the cellulose band at 1100 cm−1 in Neva (E) and Zhonglin46 (G). (B,D,F,H) Magnifications of the white boxes in (A,C,E,G). Scale bar = 50 µm (A,C,E,G). Scale bar = 10 µm (B,D,F,H). 
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Figure 3. Quantification of lignin in mature xylem from two black poplar cultivars. (A,D) SRS images of P. euramericana ‘Neva’ (A) and P. euramericana ‘Zhonglin46’ (D) acquired at 1600 cm−1, showing the lignin distribution. Scale bar = 50 µm. (B,E) Heat map of (A) and (D). (C,F) The 3D surface plots of (A) and (D). (G) Distribution of fluorescence intensity of the SRS images in (A) and (D). (H) The average intensity of lignin in xylem cells from the two black poplar cultivars. **, p < 0.01. 
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Figure 4. Quantification of cellulose in mature xylem from two black poplar cultivars. (A,D) SRS images of P. euramericana ‘Neva’ (A) and P. euramericana ‘Zhonglin46’ (D) acquired at 1100 cm−1, showing the cellulose distribution. Scale bar = 50 µm. (B,E) Heat map of (A) and (D). (C,F) The 3D surface plots of (A) and (D). (G) Distribution of fluorescence intensity of the SRS images in (A) and (D). (H) The average intensity of cellulose in xylem cells from the two black poplar cultivars. ns, not significant. 
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Figure 5. Pectin immune localization in developing xylem of P. euramericana ‘Zhonglin46’ (A–D) and P. euramericana ‘Neva’ (E–H). (A,E) JIM5-labeled unesterified pectin. (B,F) JIM7-labeled esterified pectin. (C,G) LM5-labeled RG-I pectin. (D,H) LM6-labeled RG-I pectin. An enlarged view of a fiber cell is shown in the white box. Ca: cambium. Scale bar = 100 µm. 
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Figure 6. Pectin immune localization in mature xylem of P. euramericana ‘Zhonglin46’ (A,C,E,G) and P. euramericana ‘Neva’ (B,D,F,H). (A,B) JIM5-labeled unesterified pectin. (C,D) JIM7-labeled esterified pectin. (E,F) LM5-labeled RG-I pectin. (G,H) LM6-labeled RG-I pectin. The red arrowhead indicates the direction of the radial wall. Scale bar = 20 µm. 
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