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Cell-Specific Suppression of 4-Coumarate-CoA Ligase Gene Reveals Differential Effect of Lignin on Cell Physiological Function in Populus
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Lignin is a main component of the secondary cell wall in vessels and fibers of xylem tissue. However, the significance of lignin in cell physiology during plant growth is unclear. In this study, we generated lignin-modified Populus via cell-specific downregulation of the 4-coumarate-CoA ligase gene (4CL). The transgenic plants with selective lignin modification in vessel elements or fiber cells allowed us to investigate how lignin affects the physiology of vessel or fiber cells in relation to plant growth. Results showed that vessel-specific suppression of lignin biosynthesis resulted in deformed vessels and normal fibers, while fiber-specific suppression of lignin biosynthesis led to less-lignified fibers and normal vessels. Further analyses revealed that the efficiency of long distance water transport was severely affected in transgenics with vessel-specific lignin modification, while minimal effect was detected in transgenics with fiber-specific lignin modification. Vessel-specific lignin reduction led to high susceptibility to drought stress and poor growth in field, likely due to vessel defects in long distance transport of water. The distinct physiological significance of lignin in different cell types provides insights into the selective modification of lignin for improvement of lignocellulosic biomass utilization.
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INTRODUCTION

Lignin emerged along with the evolution of vascular plants. It is believed that the advent of lignin enabled early tracheophytes to stand upright and to expand in body size (Weng and Chapple, 2010). In conventional angiosperms, lignin is deposited mainly in vascular tissue, such as in vessel cells and fibers in xylem. Vessel cells, which facilitate a channel for long distance transport, play a different role in supporting plant growth from fibers, which are mainly responsible for providing mechanical support.

In the cell walls of vessels and fibers, lignin, cellulose, and hemicelluloses are woven together to form rigid walls, which provide characteristic structure for cells to function properly. Genetic evidence shows that defective biosynthesis of lignin, cellulose, or hemicelluloses results in wall damage in xylem tissue and abnormal plant growth (Turner and Somerville, 1997; Zhong et al., 1998; Taylor et al., 1999; Franke et al., 2002; Persson et al., 2007; Voelker et al., 2010; Xi et al., 2017; Gui et al., 2019, 2020). Plant cell walls store a majority of photosynthesis-accumulated energy and carbon and are the most abundant resource potentially for production of renewable energy and biomaterials (Weng et al., 2008). The lignin-impregnated walls are recalcitrant to hydrolysis and negatively affect its utilization for producing biofuels and bio-based chemicals (Kumar et al., 2016; Nishimura et al., 2018). Bioengineering of cell wall lignin to improve the utilization of cell wall biomass has attracted immense interest (Li et al., 2003; Petersen et al., 2012; Liu et al., 2014; Mottiar et al., 2016; De Meester et al., 2018). However, the modification of lignin biosynthesis in xylem is often associated with growth defects (Li et al., 2010; Voelker et al., 2010; Bonawitz and Chapple, 2013; Gui et al., 2019). We sought to examine the correlation between wall components and cell functionality in order to develop new strategies to modify the cell wall without impeding plant growth.

In Arabidopsis, c4h mutant show retarded growth, while vessel-specific reintroduction of C4H gene was able to restore the dwarfed phenotype (Yang et al., 2013). Similarly, vessel-specific expression of CCR1 in the dwarfed ccr1 mutant restored vessel integrity (De Meester et al., 2018). Our recent study shows that cell type-specific modification of lignin biosynthesis in xylem vessels and fibers displayed different effects on growth in Populus (Gui et al., 2020). Thus, one remaining question to be answered is how lignin biosynthesis affects cell functionality in correlation to plant growth.

In this study, we employed a strategy to regulate lignin biosynthesis in specific cells in Populus xylem. Expression of the lignin-specific 4-coumarate-CoA ligase gene (4CL) was suppressed in Populus under the control of either a vessel-specific or a fiber-specific promoter. The transgenics, which were modified with different lignin biosyntheses in xylem vessels and fibers were analyzed for their growth, efficiency of long distance water transportation, mechanical strength, and response to drought stress. This study reveals distinct physiological significance of lignin in different cells as related to plant growth.



RESULTS


Specific Downregulation of 4CL Expression in Fibers and Vessels

Previous studies have shown that downregulation of 4CL expression under the control of a constitutive promoter or a tissue-specific promoter led to the reduction in lignin content in xylem tissue (Kajita et al., 1996; Lee et al., 1997; Hu et al., 1999; Li et al., 2003; Gui et al., 2011). To investigate how lignin biosynthesis can be modified through cell-specific suppression of 4CL, we carried out suppression of the lignin-specific 4CL in the fibers and vessels of Populus xylem, respectively. We employed a fiber cell-specific promoter from the WND1B (Potri.001G448400) gene, which is specifically expressed in fibers (Zhong et al., 2010; Zhao et al., 2014), to downregulate 4CL expression. The WND1B promoter (designated as WND1Bp) was cloned and combined to a 35S minimal promoter to construct a synthetic promoter WND1Bp-35Smini. After being fused to a β-glucuronidase (GUS) gene (WND1Bp-35Smini-GUS) (Supplementary Figure S1A), its fiber-specific activity was verified in Populus. As shown in Supplementary Figure S1B, the high GUS activity was detected in xylem fibers. Immunolocalization using GUS-specific antibodies further confirmed that the WND1Bp-35Smini-GUS signal was detected in fiber cells (Supplementary Figures S1C,D). For vessel-specific suppression, a promoter from Populus XYLEM CYSTEINE PROTEASE1 (XCP1; Potri.004G207600) was cloned and combined with a 35S minimal promoter to generate XCP1p-35Smini, which has been verified for its vessel-specific activity (Gui et al., 2020), was used for downregulation of 4CL expression in xylem vessels.

The lignin-specific 4CL1 (Potri.001G036900) gene (Li et al., 2003) was used for lignin biosynthesis modification. The 4CL1 was downregulated through antisense suppression under the control of the two synthetic promoters, respectively. The constructs WND1Bp-35Smini-4CL1AS and XCP1P-35Smini-4CL1AS were transferred to Populus, and the transgenic plants that harbored WND1Bp-35Smini-4CL1AS were designated as F-4CL-A and XCP1P-35Smini-4CL1AS as V-4CL-A, respectively. Forty-three independent F-4CL-A transgenic lines were identified and three representative transgenic lines, F-4CL-A #14, F-4CL-A #21, and F-4CL-A #31 were clonally propagated for detailed morphological characterization (Figure 1A). Meanwhile, forty-six independent V-4CL-A transgenic lines were generated. Three representative transgenic lines, V-4CL-A #4, V-4CL-A #15, and V-4CL-A #33, were clonally propagated and used for morphological characterization (Figure 1A). In both F-4CL-A and V-4CL-A transgenics, 4CL1 expression was significantly suppressed compared to the WT (Figure 1B). During early growth in a phytotron, F-4CL-A and V-4CL-A displayed a similar growth in plant height, internode length, stem diameter, leaf blade length, and width (Figures 1C–G). The cell-specific downregulation of 4CL expression in Populus showed minimal effect on the growth in phytotron.
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FIGURE 1. Phenotypes of the vessel-specific and fiber-specific down-regulation of 4CL1 expression in Populus. (A) Phenotypes of the transgenics through fiber-specific (F-4CL-A) and vessel-specific (V-4CL-A) downregulation of 4CL1 expression grown in phytotron at 2 months old. Scale bar, 5 cm. (B) Expression of 4CL1 gene in 4CL1 antisense transgenic plants. Gene expression in the control was set as 1. Results are means ± SE of three biological replicates. (C–G) Plant height (C), internode length (D), stem diameter (E), leaf blade length (F), and leaf blade width (G) of the transgenic and control plants were measured at 2 months old. Plant height and stem diameter: means ± SE of 5 clonally propagated plants; the other parameters: means ± SE of 20 internodes from 5 plants. Different lowercase letters in (B) indicate significant differences at p < 0.01 by ANOVA.


Then we examined the lignin content and xylem structure of the 4CL1-suppressed transgenics. In the F-4CL-A transgenics, lignin deposition was reduced in fiber cell walls with no apparent changes in vessel walls (Figures 2A,B,D,E). In contrast, the V-4CL-A transgenics developed deformed and less-lignified vessels, but lignin deposition in fiber cell walls was normal (Figures 2A,C,D,F). More than 40% vessels showed wall-deformed structure in the V-4CL-A transgenics (Figure 2G). Determination of lignin content in the transgenic plants showed that lignin was reduced by 21% in the F-4CL-A transgenics and by 26% in the V-4CL-A transgenics (Figure 2H). Meanwhile, the content of crystalline cellulose had minimal change in the transgenics (Figure 2I). The results indicate that lignin deposition was reduced by cell-specific downregulation of 4CL expression in Populus.
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FIGURE 2. Vessel-specific and fiber-specific downregulation of 4CL1 expression resulted in reduction of lignin biosynthesis in vessels and fibers, respectively. (A–F) Cross sections (11th internode) of the wild-type control (A), F-4CL-A (B), and V-4CL-A (C) stained for lignin using phloroglucinol-HCl. Close-up images of the control (D), F-4CL-A (E), and V-4CL-A (F) indicated with a rectangle in the upper panel (A–C). Scale bar, 50 μm. (G) The percentage of deformed xylem vessels in the WT, F-4CL-A, and V-4CL-A trees. Five biological replicates from two independent lines were examined for the count. (H,I) Lignin content (H) and crystalline cellulose content (I) in the stems of the 2-month-old plants. Results are means ± SE of three biological replicates of three independent lines. ABSL, acetyl bromide-soluble lignin. Different lowercase letters in (G,H) indicate significant differences at p < 0.01 by ANOVA.




Vessel-Specific Suppression of Lignin Biosynthesis Affected the Functionality of Long Distance Transportation System

In order to evaluate how cell-specific regulation of lignin affects plant growth, the F-4CL-A and V-4CL-A transgenics were propagated through micro-cutting and grown in a greenhouse (Figures 3A,B). The plant growth and morphology were recorded through a phenotyping system (LemnaTec 3D Scanalyzer) (Supplementary Figure S2). In greenhouse condition, the leaf size and shape of the F-4CL-A and V-4CL-A transgenics were similar to those of the WT. Plant growth in height did not show a difference between the F-4CL-A, V-4CL-A transgenics, and WT plants during a continuous observation of 8 weeks (Figure 3C). Then, we further measured leaf stomata conductance of these plants (Supplementary Figure S3). Stomata conductance in F-4CL-A transgenics and V-4CL-A transgenics were similar to that of the WT (Supplementary Figure S4). These results suggest that a fiber (F-4CL-A) or a vessel (V-4CL-A) cell-specific downregulation of 4CL1 expression in Populus did not show a significant effect on growth under the greenhouse condition.
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FIGURE 3. Continuous phenotyping of the transgenic Populus under greenhouse conditions. (A,B) The transgenic Populus through vessel-specific or fiber-specific downregulation of 4CL1 expression were clonally propagated (12 copes for each transgenic) and grown in a greenhouse at 2 months old (A) and at 4 months old (B). (C) Plant height was recorded in a period of a continuous 2 months. Results are means ± SE of 12 clonally propagated plants from 3 independent lines.


Vessels and fibers in xylem constitute a system to facilitate long distance transportation of water and to reinforce mechanical support for sustaining plant growth. To examine whether the cell-specific modification of lignin biosynthesis in xylem affects the system function in water transportation, we examined stem sap flow, stem water distribution, and stem hydraulic conductance in the transgenic plants. Stem flow sensors were used to continuously monitor the stem flow within 72 h (Supplementary Figure S5). The stem sap flow displayed a cycle of 24-h period with a peak in daytime and a valley in nighttime (Figure 4A). F-4CL-A, V-4CL-A transgenics, and WT plants showed a similar 24-h cycle in the stem sap flow. However, the rate of the stem sap flow was reduced in the V-4CL-A transgenics and a moderate reduction was detected in the F-4CL-A transgenics (Figure 4A), indicating that the stem sap flow was altered in the transgenics. Then we examined the hydraulic conductance in stem. The hydraulic conductance was significantly decreased in the V-4CL-A transgenics but did not show changes in the F-4CL-A transgenics compared to the WT (Figure 4B). The distribution of water contents in stem was also analyzed by using a near-infrared imaging system (Supplementary Figure S2). The stem showed different abundance of water distribution. The percentage of the low abundance of water distribution area was significantly higher in the V-4CL-A transgenics than that in the F-4CL-A and WT plants (Figure 4C). Taken together, the results indicated that vessel-specific suppression of lignin biosynthesis affects stem water conductance, and therefore, the long distance transportation of water was impaired.
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FIGURE 4. Vessel-specific downregulation of 4CL1 expression affected stem sap flow and water conductance. (A) Stem sap flow was recorded continuously for 3 days, and three biological replicates were carried out. One representative graph is shown. (B) Hydraulic conductance was measured using a High Pressure Flowmeter (HPFM). The hydraulic conductance in control plants was set as 1. Relative hydraulic conductance: means ± SE of 12 clonally propagated plants from 3 independent lines. (C) Water content distribution was estimated based on the near-infrared chemometric imaging. The distribution of low water content and high water content was calculated based on the stem near-infrared (NIR) images. The values represent means ± SE of 12 clonally propagated plants from 3 independent lines. Different lowercase letters in (B,C) indicate significant differences at p < 0.01 by ANOVA.




Vessel-Specific Suppression of Lignin Biosynthesis Increased Susceptibility to Drought Stress

To examine how the lignin-modified transgenics respond to drought stress, we carried out drought treatment for the F-4CL-A, V-4CL-A transgenics, and WT plants. After 10 days of drought treatment, the V-4CL-A transgenics were severely stressed, showing dehydrated and wilted leaves (Figures 5A,B), while the growth of WT and F-4CL-A transgenic plants displayed less stressed. Then, we measured the rate of leaf water loss and monitored the stem sap flow during drought treatment. The stem sap flow in the V-4CL-A transgenics was considerably lower in the daytime (Figure 5C) but showed no difference in the F-4CL-A transgenics compared to the WT under drought treatment. However, the water loss rate of leaf did not show significant difference between the transgenics and the WT (Figure 5D). Together, these results suggest that lignin modification in vessels resulted in more vulnerability to drought stress, likely due to inefficiency of long distance transportation of water through vessel elements.
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FIGURE 5. Vessel-specific downregulation of 4CL1 expression resulted in susceptibility to drought stress. (A) The transgenic response to drought condition. (B) Zoomed-in image of the leaf blade in rectangled area in (A). (C) Measurement of the stem sap flow under drought condition and three biological replicates were carried out. One representative graph is shown. (D) Water loss rate of leaves in different transgenics. Water loss was calculated at different times after detaching from the tree at room temperature. The values represent means ± SE of 30 leaves from 6 clonally propagated plants from 3 independent lines.




Vessel-Specific Suppression of Lignin Biosynthesis Affected Tree Growth in Field

To examine how the lignin-modified transgenics perform in field, the transgenic trees were planted in field at our crop cultivation and breeding station and monitored for their growth performance in a full growth season (from November 2015 to November 2016) (Figure 6A). The F-4CL-A transgenics grew normally, similar to the control trees in height, stem diameter, and aboveground biomass (Figures 6A,C–E). The V-4CL-A transgenics displayed retarded growth with significant reduction in height, stem diameter, and aboveground biomass (Figures 6A,C–E). Plant height was reduced by 23–30%, stem diameter by 45–53%, and aboveground biomass by 65–80% in the V-4CL-A transgenics compared to the WT (Figures 6C–E). The field-grown V-4CL-A transgenics also showed deficient water transportation with 45–60% reduction in hydraulic conductance (Figure 6B). Both transgenics in field showed an appearance of slight drooping, which is likely caused by the softer stems and branches. The lignin content was reduced in both V-4CL-A and F-4CL-A transgenics, and the crystalline cellulose was not changed (Figures 6F,G). Lignin modification changed stem mechanical strength with much more reduction in the F-4CL-A transgenics than in the V-4CL-A transgenics (Figure 6H). The survival rate of the WT and the F-4CL-A transgenics was 80% after 1 year in field, but only 15% of the V-4CL-A transgenics survived (Figure 6I). These results demonstrated that lignin modification in xylem fiber has insignificant effect on plant growth, whereas the vessel-lignin modification results in substantial growth defects in field, which may be caused by deficiency of long distance transportation system in the stem.


[image: image]

FIGURE 6. Field performance of the transgenic Populus. (A) The vessel-specific (V-4CL-A) and fiber-specific (F-4CL-A) downregulation of 4CL1 transgenics were grown in field for 1 year. Scale bar, 50 cm. (B) The hydraulic conductance in control plants was set as 1. Relative hydraulic conductance: means ± SE of six clonally propagated plants from three independent lines. (C–E) Plant height (C), stem diameter (D), and aboveground fresh weight (E). Results are means ± SE of 12 clonally propagated plants from 3 independent lines. (F,G) Lignin content (F) and crystalline cellulose content (G) in the stem of the filed grown trees. Results are means ± SE of three biological replicates (lines). (H) Modulus of rupture (MOR) of the xylem tissue in stems. The values represent means ± SE of three biological replicates (lines). Different lowercase letters indicate significant differences at p < 0.01 by ANOVA. (I) The survival rate was calculated based on the initial planted trees (each line with 30 individuals) in field.




DISCUSSION

The emergence of lignin is along with evolution of vascular plants and is thought to be critical for plant terrestrialization on the land (Weng and Chapple, 2010). However, how lignin plays a role in maintaining proper cell functionality related to plant growth is yet to be demonstrated. In this study, we modified lignin biosynthesis in a cell-specific manner through downregulation of 4CL1 expression in vessels and fibers, respectively. The lignin-modified Populus trees allow us to investigate the lignin physiological function in tree growth. Our results reveal that lignin biosynthesis in different types of cells has a distinct effect on plant growth.

In angiosperm trees, xylem is constituted with thick-walled vessel elements and fibers along with parenchyma cells. Lignin is a main composition of secondary cell walls in the thick-walled cells in xylem. Lignin biosynthesis in vessel elements and fibers of angiosperm xylem is distinctively regulated (Osakabe et al., 1999; Li et al., 2000, 2001; Yang et al., 2013; Smith et al., 2017; Zeng et al., 2017; De Meester et al., 2018; Gui et al., 2020). Studies have shown that deposition of lignin in an accurate temporospatial manner is crucial for plant growth and development (Zhong and Ye, 2007; Gui et al., 2011; Zhao and Dixon, 2011; Zhao et al., 2013). However, it is unclear how lignin biosynthesis affects the cell functionality in xylem. Our recent study indicated that vessel-specific and fiber-specific shutdown of lignin biosynthesis pathway in Populus showed different effect on the tree growth (Gui et al., 2020) suggesting that lignin biosynthesis in different cells has distinct effect on growth.

Lignin biosynthesis in vessels is closely related to plant growth. In Arabidopsis, vessel-specific reintroduction of the C4H and CCR1 to the c4h and ccr1 mutant, respectively, is able to recover their vessel integrity and partial restoration of their dwarfed phenotype (Yang et al., 2013; De Meester et al., 2018). However, it is unclear how vessel lignin causes defective growth. In this study, we analyzed the xylem system functionality in the transgenic Populus, which were modified lignin biosynthesis in vessel and fiber cells, respectively. Compared to the WT pants, stem sap flow and hydraulic conductance of xylem transportation system were significantly reduced in the V-4CL-A transgenics, but little changed in the F-4CL-A transgenics. Interestingly, the stomata conductance and water loss rate did not show difference between the V-4CL-A and F-4CL-A transgenics, indicating that the leaf transpiration was not modified in the transgenics. This suggests that the lower water content in the stem of V-4CL-A transgenics may be attributed to the deficiency of long distance transportation of water in the xylem system, not due to the leaf transpiration changes in the transgenics. Consistent with this, the V-4CL-A transgenics is more vulnerable to drought stress. The V-4CL-A transgenics with lignin modification in vessels displayed dwarfism, low survival rate, and reduction of aboveground biomass yield after 1 year of growth in field. Meanwhile, the F-4CL-A transgenics with lignin modification in fibers grew normally. Together, the study underscores the importance of lignin biosynthesis in vessels for long distance of water transportation, which is crucial for plant growth and survival, especially under the drought stress condition. On the other hand, V-4CL-A and F-4CL-A transgenics in the field showed the appearance of slight drooping, while the stem mechanical strength was much more significantly reduced in the F-4CL-A transgenics. Studies have showed lignin biosynthesis effect on the stem mechanical strength (Li et al., 2003; Voelker et al., 2010; Gui et al., 2020); the data in this study indicate that, particularly in fiber cells, lignin biosynthesis plays a primary role in reinforcing the mechanical strength.

Abundant on the globe, cell wall biomass has tremendous potential use for production of renewable energy and biomaterials. For a long time, it is highly attended for improvement of cell wall biomass utilization through modification of lignin biosynthesis. However, modification of lignin biosynthesis in plant is often associated with growth defects (Li et al., 2010; Voelker et al., 2010; Bonawitz and Chapple, 2013; Gui et al., 2019). Fiber-specific modification of lignin biosynthesis showed little penalty on growth, although the growth performance needs to be further examined in field for a longer period of time. Nevertheless, the findings yielded from the current study provide insightful information to elucidate how lignin biosynthesis affects growth, which in turn could aid in the development of new strategy for modification of wood biomass without growth penalty.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Populus deltoides × P. euramericana cv. “Nanlin895” was used in this study. The transgenic trees were grown in a phytotron under conditions of 60% relative humidity, 12-h photoperiod at 9,000 lux, and at 23°C for 2 months and then moved to a greenhouse for phenotypic and physiological characterization. In addition, the 2-month-old trees were transplanted in a field (Crop cultivation and breeding station, Shanghai Institute of Plant Physiology and Ecology, 39.937128° N, 121.122304° E) for field analysis.



Vector Construction

About 2 kb of the WND1B (Potri.001G448400) promoter region were cloned from Populus (Zhao et al., 2014) and fused with 35S mini promoter (regions from −90 to +8) (Benfey and Chua, 1990) and then subcloned into a pCAMBIA2300-GUS vector upstream of uidA (GUS). For cell type-specific suppression of 4CL1 (Potri.001G036900) gene in Populus, the 4CL1 cDNA was cloned from Populus deltoides × P. euramericana cv. “Nanlin895” and inserted into the vector pCAMBIA2300:WND1Bp-35S mini-GUS and pCAMBIA2300:XCP1p-35S mini-GUS in antisense orientation to obtain the vector construct pCAMBIA2300:WND1Bp-35S mini-4CL1AS (F-4CL-A) and pCAMBIA2300:XCP1p-35S mini-4CL1AS (V-4CL-A), respectively. The vector construct was transferred into the Agrobacterium strain GV3101 for genetic transformation according to the procedure (Li et al., 2003). Primers used in this study are listed in Supplementary Table S1.



Morphological Analysis

Transgenics with suppression of 4CL in fibers (F-4CL-A) and in vessels (V-4CL-A) were generated. 43 independent lines of F-4CL-A and 46 independent lines of V-4CL-A transgenics were identified, respectively. Of them, three to five transgenic lines were clonally propagated through micro-cutting for detail characterization. Morphological parameters, including plant height, internode length, stem diameter, leaf blade length, and leaf blade width, were measured in 2-month-old trees grown in phytotron or measured in 1.5-year-old trees, which were grown in field condition. Plant height was determined as the distance between shoot tip and stem base; stem diameter was measured 5 cm up from the stem base; internode length, leaf blade length and width were measured from the 11th to 20th internodes from shoot top. Aboveground, part was cut for fresh weight measurement.



Gene Expression Analysis

Total RNA was extracted from the stem of Populus at 2-month-old stage using a total RNA kit following the manufacturer’s instructions (Omega). Transcript level of Pd4CL1 was determined as described previously using a QuantStudio 3 Real-Time PCR Systems (Thermo Fisher Scientific). Gene expression data were normalized using Populus actin2 gene (Potri.001G309500) as a reference. Primers used in this study are listed in Supplementary Table S1.



Stem Hydraulic Conductance Measurement

Stem hydraulic conductance was measured with a High Pressure Flow Meter (HPFM, Dynamax) following the manufacturer’s instructions. In brief, the aerial part of the 2-month-old trees was collected and quickly connected with an HPFM instrument adaptor (HPFM, Dynamax). The conductivity of water flow was measured using a quasi-steady-state flow model meter. To minimize potential impact of the diurnal cycle on hydraulic conductance, the measurements were carried out between 10:00 a.m. and 3:00 p.m. in the phytotron under 60% relative humidity at 23°C).



Sap Flow Measurement

The PTM-48A Monitor combined with an SF-5P sensor was used for automatic monitoring of the sap flow in the plant stem following the manufacturer’s instructions (Phyto-Sensor Group). The SF-5P sensor was mounted on the stem at 20 cm above the stem base for continuous recording for 3 days. Three sensors were used for each measurement at the same time.



Measurement of Water Content Distribution in Stem

A phenotyping system LemnaTec 3D Scanalyzer (LemnaTec, GmbH, Wuerselen, Germany), which is equipped with visible (VIS) and near-infrared (NIR) image acquisition, was used for growth phenotyping and analysis of water content distribution in the stem. Two types of images were acquired. The visible images were recorded from top (exposure 25, gain 370, zoom 1,500, focus 3,200, iris 1,500), and from the side (exposure 16, gain 370, zoom 100, focus 3,000). The NIR images were recorded from the top (exposure 30,030, gain 100, zoom 1, focus 1, iris 2,500) and from the side (exposure 30,030, gain 100, zoom 1, focus 1,112, iris 3,200). The acquired images were processed by LemnaGrid, and then the phenotype and water content distribution data were calculated using LemnaMiner.



Water Loss Analysis

Water loss rate in leaf was evaluated. Fully developed leaves at the same internodes from different types of transgenics were detached and weighed at different time intervals at room temperature. Water loss was calculated based on the initial leaf weight.



Stomatal Conductance Measurement

Stomatal conductance was measured using a GFS-3000 portable photosynthesis system (Walz, Germany) under the condition of 350 μmol (CO2) mol–1, photosynthetic photon flux density of 1,200 μmol m–1 s–1, and air temperature of the leaf chamber at 25°C. Six leaves from each plant were measured.



Drought Treatment

Trees at 6 months old were subjected to drought treatment without watering for 7–12 days and measured for stem sap flow. The drought condition was monitored using a wet sensor system (WET-2, Dynamax) to measure soil water content.



Histochemical Staining and Immunolocalization

Phloroglucinol-HCl staining was performed as previously described (Gui et al., 2011). In brief, sections were stained with 1% phloroglucinol (w/v) in 12% HCl and observed with a microscope (Olympus BX53). GUS staining was performed as described (Gui et al., 2014). Stem internodes of WND1Bp-35Smini-GUS transgenics were incubated with a staining solution [100 mM NaPO4 (pH 7.0), 10 mM EDTA, 2 mM 5-bromo-4-chloro-3-indolyl-β-GlcA, 0.5 mM K4Fe(CN)6, 0.5 mM K3Fe(CN)6, 0.2% Triton X-100, and 20% methanol] at 37°C for 2 h. The samples were paraffin embedded and sectioned for observation. For immunolocalization, samples were fixed with acetone, paraffin-embedded and immunolocalized with GUS-specific antibodies as described previously (Gui et al., 2014).



Lignin and Cellulose Analyses

Debarked stem from 2-month-old trees was collected and dried at 65°C. After grounding to fine powder by ball-milling, the sample was used to prepare alcohol-insoluble residues (AIR) according to Song et al. (2016). Acetyl bromide-soluble lignin (ABSL) and crystalline cellulose content were analyzed as previously described (Foster et al., 2010a,b).



Mechanical Strength Analysis

Fresh xylem tissues in the stem of 2-month-old Populus trees grown in a glasshouse were prepared for mechanical strength analysis. Mechanical properties of xylem tissues were measured by a three-point bending test using a mechanical testing machine (HY-0580)1, and modulus of rupture (MOR) was calculated according to Kern et al. (2005).



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



AUTHOR CONTRIBUTIONS

SC, CH, JG, and LLi designed the research. SC, CH, LLu, SZ, YZ, and JS performed the research. JG, SC, and LLi analyzed the data and wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Chinese Ministry of Agriculture (Grant No. 2018ZX08020002), the Chinese Ministry of Science and Technology (Grant No. 2016YFD0600104), the National Natural Science Foundation of China (Grant Nos. 31630014 and 31971617), the Chinese Academy of Sciences (Grant Nos. XDB27020104 and 2017318), and the Youth Innovation Promotion Association CAS (Grant No. 2017318).



ACKNOWLEDGMENTS

We thank the Zealquest Scientific Technology Co., Ltd. for the help in phenotyping and water physiology analyses.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.589729/full#supplementary-material


FOOTNOTES

1http://www.hengyiyiqi.com


REFERENCES

Benfey, P. N., and Chua, N. H. (1990). The cauliflower mosaic virus 35S promoter: combinatorial regulation of transcription in plants. Science 250, 959–966. doi: 10.1126/science.250.4983.959

Bonawitz, N. D., and Chapple, C. (2013). Can genetic engineering of lignin deposition be accomplished without an unacceptable yield penalty? Curr. Opin. Biotechnol. 24, 336–343. doi: 10.1016/j.copbio.2012.11.004

De Meester, B., de Vries, L., Ozparpucu, M., Gierlinger, N., Corneillie, S., Pallidis, A., et al. (2018). Vessel-specific reintroduction of CINNAMOYL-COA REDUCTASE1 (CCR1) in dwarfed ccr1 mutants restores vessel and Xylary fiber integrity and increases biomass. Plant Physiol. 176, 611–633. doi: 10.1104/pp.17.01462

Foster, C. E., Martin, T. M., and Pauly, M. (2010a). Comprehensive compositional analysis of plant cell walls (Lignocellulosic biomass) part I: lignin. J. Vis. Exp. 11:1745.

Foster, C. E., Martin, T. M., and Pauly, M. (2010b). Comprehensive compositional analysis of plant cell walls (lignocellulosic biomass) part II: carbohydrates. J. Vis. Exp. 37:1837.

Franke, R., Hemm, M. R., Denault, J. W., Ruegger, M. O., Humphreys, J. M., and Chapple, C. (2002). Changes in secondary metabolism and deposition of an unusual lignin in the ref8 mutant of Arabidopsis. Plant J. 30, 47–59. doi: 10.1046/j.1365-313x.2002.01267.x

Gui, J., Liu, C., Shen, J., and Li, L. (2014). Grain setting defect1, encoding a remorin protein, affects the grain setting in rice through regulating plasmodesmatal conductance. Plant Physiol. 166, 1463–1478. doi: 10.1104/pp.114.246769

Gui, J., Luo, L., Zhong, Y., Sun, J., Umezawa, T., and Li, L. (2019). Phosphorylation of LTF1, an MYB transcription factor in populus, acts as a sensory switch regulating lignin biosynthesis in wood cells. Mol. Plant 12, 1325–1337. doi: 10.1016/j.molp.2019.05.008

Gui, J., Shen, J., and Li, L. (2011). Functional characterization of evolutionarily divergent 4-coumarate:coenzyme a ligases in rice. Plant Physiol. 157, 574–586. doi: 10.1104/pp.111.178301

Gui, J. S., Lam, P. Y., Tobimatsu, Y., Sun, J. Y., Huang, C., Cao, S. M., et al. (2020). Fibre-specific regulation of lignin biosynthesis improves biomass quality in Populus. New Phytol. 226, 1074–1087. doi: 10.1111/nph.16411

Hu, W. J., Harding, S. A., Lung, J., Popko, J. L., Ralph, J., Stokke, D. D., et al. (1999). Repression of lignin biosynthesis promotes cellulose accumulation and growth in transgenic trees. Nat. Biotechnol. 17, 808–812. doi: 10.1038/11758

Kajita, S., Katayama, Y., and Omori, S. (1996). Alterations in the biosynthesis of lignin in transgenic plants with chimeric genes for 4-coumarate: coenzyme A ligase. Plant Cell Physiol. 37, 957–965. doi: 10.1093/oxfordjournals.pcp.a029045

Kern, K. A., Ewers, F. W., Telewski, F. W., and Koehler, L. (2005). Mechanical perturbation affects conductivity, mechanical properties and aboveground biomass of hybrid poplars. Tree Physiol. 25, 1243–1251. doi: 10.1093/treephys/25.10.1243

Kumar, M., Campbell, L., and Turner, S. (2016). Secondary cell walls: biosynthesis and manipulation. J. Exp. Bot.. 67, 515–531. doi: 10.1093/jxb/erv533

Lee, D., Meyer, K., Chapple, C., and Douglas, C. J. (1997). Antisense suppression of 4-coumarate:coenzyme A ligase activity in Arabidopsis leads to altered lignin subunit composition. Plant Cell. 9, 1985–1998. doi: 10.2307/3870559

Li, L., Cheng, X. F., Leshkevich, J., Umezawa, T., Harding, S. A., and Chiang, V. L. (2001). The last step of syringyl monolignol biosynthesis in angiosperms is regulated by a novel gene encoding sinapyl alcohol dehydrogenase. Plant Cell 13, 1567–1586. doi: 10.1105/tpc.13.7.1567

Li, L., Popko, J. L., Umezawa, T., and Chiang, V. L. (2000). 5-hydroxyconiferyl aldehyde modulates enzymatic methylation for syringyl monolignol formation, a new view of monolignol biosynthesis in angiosperms. J. Biol. Chem. 275, 6537–6545. doi: 10.1074/jbc.275.9.6537

Li, L., Zhou, Y., Cheng, X., Sun, J., Marita, J. M., Ralph, J., et al. (2003). Combinatorial modification of multiple lignin traits in trees through multigene cotransformation. Proc. Natl. Acad. Sci. U.S.A. 100, 4939–4944. doi: 10.1073/pnas.0831166100

Li, X., Bonawitz, N. D., Weng, J. K., and Chapple, C. (2010). The growth reduction associated with repressed lignin biosynthesis in Arabidopsis thaliana is independent of flavonoids. Plant Cell 22, 1620–1632. doi: 10.1105/tpc.110.074161

Liu, C. J., Cai, Y., Zhang, X., Gou, M., and Yang, H. (2014). Tailoring lignin biosynthesis for efficient and sustainable biofuel production. Plant Biotechnol. J. 12, 1154–1162. doi: 10.1111/pbi.12250

Mottiar, Y., Vanholme, R., Boerjan, W., Ralph, J., and Mansfield, S. D. (2016). Designer lignins: harnessing the plasticity of lignification. Curr. Opin. Biotechnol. 37, 190–200. doi: 10.1016/j.copbio.2015.10.009

Nishimura, H., Kamiya, A., Nagata, T., Katahira, M., and Watanabe, T. (2018). Direct evidence for alpha ether linkage between lignin and carbohydrates in wood cell walls. Sci. Rep. 8:6538.

Osakabe, K., Tsao, C. C., Li, L., Popko, J. L., Umezawa, T., Carraway, D. T., et al. (1999). Coniferyl aldehyde 5-hydroxylation and methylation direct syringyl lignin biosynthesis in angiosperms. Proc. Natl. Acad. Sci. U.S.A. 96, 8955–8960. doi: 10.1073/pnas.96.16.8955

Persson, S., Caffall, K. H., Freshour, G., Hilley, M. T., Bauer, S., Poindexter, P., et al. (2007). The Arabidopsis irregular xylem8 mutant is deficient in glucuronoxylan and homogalacturonan, which are essential for secondary cell wall integrity. Plant Cell 19, 237–255. doi: 10.1105/tpc.106.047720

Petersen, P. D., Lau, J., Ebert, B., Yang, F., Verhertbruggen, Y., Kim, J. S., et al. (2012). Engineering of plants with improved properties as biofuels feedstocks by vessel-specific complementation of xylan biosynthesis mutants. Biotechnol. Biof. 5:84. doi: 10.1186/1754-6834-5-84

Smith, R. A., Schuetz, M., Karlen, S. D., Bird, D., Tokunaga, N., Sato, Y., et al. (2017). Defining the diverse cell populations contributing to lignification in Arabidopsis stems. Plant Physiol. 174, 1028–1036. doi: 10.1104/pp.17.00434

Song, D., Gui, J., Liu, C., Sun, J., and Li, L. (2016). Suppression of PtrDUF579-3 expression causes structural changes of the glucuronoxylan in populus. Front. Plant Sci. 7:493.

Taylor, N. G., Scheible, W. R., Cutler, S., Somerville, C. R., and Turner, S. R. (1999). The irregular xylem3 locus of arabidopsis encodes a cellulose synthase required for secondary cell wall synthesis. Plant Cell 11, 769–779. doi: 10.2307/3870813

Turner, S. R., and Somerville, C. R. (1997). Collapsed xylem phenotype of Arabidopsis identifies mutants deficient in cellulose deposition in the secondary cell wall. Plant Cell 9, 689–701. doi: 10.2307/3870425

Voelker, S. L., Lachenbruch, B., Meinzer, F. C., Jourdes, M., Ki, C., Patten, A. M., et al. (2010). Antisense down-regulation of 4CL expression alters lignification, tree growth, and saccharification potential of field-grown poplar. Plant Physiol. 154, 874–886. doi: 10.1104/pp.110.159269

Weng, J. K., and Chapple, C. (2010). The origin and evolution of lignin biosynthesis. New Phytol. 187, 273–285. doi: 10.1111/j.1469-8137.2010.03327.x

Weng, J. K., Li, X., Bonawitz, N. D., and Chapple, C. (2008). Emerging strategies of lignin engineering and degradation for cellulosic biofuel production. Curr. Opin. Biotechnol. 19, 166–172. doi: 10.1016/j.copbio.2008.02.014

Xi, W., Song, D. L., Sun, J. Y., Shen, J. H., and Li, L. G. (2017). Formation of wood secondary cell wall may involve two type cellulose synthase complexes in Populus. Plant Mol. Biol. 93, 419–429. doi: 10.1007/s11103-016-0570-8

Yang, F., Mitra, P., Zhang, L., Prak, L., Verhertbruggen, Y., Kim, J. S., et al. (2013). Engineering secondary cell wall deposition in plants. Plant Biotechnol. J. 11, 325–335. doi: 10.1111/pbi.12016

Zeng, X., Tang, R., Guo, H., Ke, S., Teng, B., Hung, Y. H., et al. (2017). A naturally occurring conditional albino mutant in rice caused by defects in the plastid-localized OsABCI8 transporter. Plant Mol. Biol. 94, 137–148. doi: 10.1007/s11103-017-0598-4

Zhao, Q., and Dixon, R. A. (2011). Transcriptional networks for lignin biosynthesis: more complex than we thought? Trends Plant Sci. 16, 227–233. doi: 10.1016/j.tplants.2010.12.005

Zhao, Y. J., Song, D. L., Sun, J. Y., and Li, L. G. (2013). Populus endo-beta-mannanase PtrMAN6 plays a role in coordinating cell wall remodeling with suppression of secondary wall thickening through generation of oligosaccharide signals. Plant J. 74, 473–485. doi: 10.1111/tpj.12137

Zhao, Y. J., Sun, J. Y., Xu, P., Zhang, R., and Li, L. G. (2014). Intron-mediated alternative splicing of wood-associated nac transcription factor1b regulates Cell wall thickening during fiber development in populus species. Plant Physiol. 164, 765–776. doi: 10.1104/pp.113.231134

Zhong, R., Iii, W. H., Negrel, J., and Ye, Z. H. (1998). Dual methylation pathways in lignin biosynthesis. Plant Cell 10, 2033–2046. doi: 10.2307/3870782

Zhong, R., Lee, C., and Ye, Z. H. (2010). Functional characterization of poplar wood-associated NAC domain transcription factors. Plant Physiol 152, 1044–1055. doi: 10.1104/pp.109.148270

Zhong, R., and Ye, Z. H. (2007). Regulation of cell wall biosynthesis. Curr. Opin. Plant Biol. 10, 564–572. doi: 10.1016/j.pbi.2007.09.001


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

Copyright © 2020 Cao, Huang, Luo, Zheng, Zhong, Sun, Gui and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-11-589729-g005.jpg
)
F<
>
EYY b 2
MHH l1w“
r T T T T o
o o o o o o
o «© © < N

(Jubm ysai4 %) sso| Joje

0¢:6
0€:9

oe:l
0€:0¢
0€:sl
0c:0kb
0€:g
0€:0
0c:6L
oevl
0¢6

o @«

04

()
E
=

F-4CL-A V-4CL-A

WT





OPS/images/fpls-11-589729-g006.jpg
—
Q

Relative hydraulic
conductance
o O O

o W o O N

QVV

«7

V

YC? N

£
Z

X

Q

250

-

o

O
O

—_— =2 DN
1 ©O O
o O

ABSL lignin
(Mg/mg AIR)
<.

o

N
N\ O\/ [XO\/

< J

@

Crystalline cellulose

0
$«
SV

400-
¥ 300-
< .
2200+

3 100-

)

=2

S0
¢ N

X
\S

a

Plant height (m)
el -
;

Diameter (cm)

d

/’

vV

?‘

»

v

L

Modulus of rupture

7-?60{
= 40-

I\)({O-h

@C?.—‘.
ARy
&\O

4

PN

100-
80-

20-

<,

Sevie

™

Q

Y

»

O\/

Y

/

X

Vv

A
1

weight (kg)

Aboveground fresh
2, |
A
%
T

>
£

__100-
80-
60-
40-
20-

Survival rate (%

4
o
L&

47
47

/’

V

Vs

/

70‘7

X

/ /





OPS/images/fpls-11-589729-g003.jpg
71 ) i\mﬁ W - G e
\., eﬁﬂl‘-\.! =m* vt Z.

, W TR ,
Y k 1 J
< " 3 T \ 3 q
_11 v ‘e ) ?

W
M
X

C 160. mWT

-A
-A

I

| ™ F-4CL
V-4CL

60
40-

80 -
20-
0-

140
5 120.
= 100

(@)
D
i -
e
-
©
al

imes (weeks)

Ing t

Measur





OPS/images/fpls-11-589729-g004.jpg
— WT

— F-4CL-A
— V-4CL-A

1.4 -

N
<

-~ © © % N O
(- ) ) )
MO|} des aAle|oy

d d

Low

Hight

& 100

®

®

9]S Ul uonNQUISIP JOIBAA

&
)
& 7
)

&@/V\

N
) wan

@ o 3
O O O O
aoUBJONPUOD

olinelpAy aAne|ey

-





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cell-Specific Suppression of 4-Coumarate-CoA Ligase Gene Reveals Differential Effect of Lignin on Cell Physiological Function in Populus



		INTRODUCTION



		RESULTS



		Specific Downregulation of 4CL Expression in Fibers and Vessels



		Vessel-Specific Suppression of Lignin Biosynthesis Affected the Functionality of Long Distance Transportation System



		Vessel-Specific Suppression of Lignin Biosynthesis Increased Susceptibility to Drought Stress



		Vessel-Specific Suppression of Lignin Biosynthesis Affected Tree Growth in Field







		DISCUSSION



		MATERIALS AND METHODS



		Plant Materials and Growth Conditions



		Vector Construction



		Morphological Analysis



		Gene Expression Analysis



		Stem Hydraulic Conductance Measurement



		Sap Flow Measurement



		Measurement of Water Content Distribution in Stem



		Water Loss Analysis



		Stomatal Conductance Measurement



		Drought Treatment



		Histochemical Staining and Immunolocalization



		Lignin and Cellulose Analyses



		Mechanical Strength Analysis







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
In Plant Science

Cell-Specific Suppression
of 4-Coumarate-CoA Ligase
Gene Reveals Differential Effect
of Lignin on Cell Physiological
Function in Populus









OPS/images/fpls-11-589729-g001.jpg
Relative expression TJ

E

level of Pd4CL1

o
o 9w

RN
N

Diameter (mm)

o o
e O

KK

a

SRVHP RO
PN
uo\'uov,uoxszu% O

37 a
a aa

aaa
2.
1.
0 P on s no o
S o
RSN

MOMO OO
% X"

F

Plant height (cm)

Leaf blade length (cm)

50' a a

D
o

30
20 1
10 1

O.
% AN o\ o D D
SRR O

o X QX
Q/ Q/ Ql Q/ Ql
129 g R a 3 a a g
0 -
O -

3.

0 -
L
§§@@f$§
B X QX
R NX"

G

(cm)

Leaf blade width

Internode length (cm)

KK

N w
Q
Q
Q
Q
Q
Q
Q

—
2

-

% AN aN xX A0 D
‘ﬁ&&&&ﬁy
Movovr o oV
ST Y

N

aaaaaaa

(@

O o
K% NN 5 x5 o
§§@@f$§
B X QX
R NX"





OPS/images/fpls-11-589729-g002.jpg
8 8 8 =°
[ap] N ~—
(™1v Bwy/6r)

aso|n||@92 auljjeisiin

400+

= &
e
b 7
oS
< ¥
o o o o o
€ & ®© ¥
(Y1 Bwy/6r)
T uuby Jsav
&
e
Qo b 7
o
o ¥
%
o o o o
© < N

(%) 19SS8A pawojaq






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





