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Transcript Profiling Identifies NAC-Domain Genes Involved in Regulating Wall Ingrowth Deposition in Phloem Parenchyma Transfer Cells of Arabidopsis thaliana
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Transfer cells (TCs) play important roles in facilitating enhanced rates of nutrient transport at key apoplasmic/symplasmic junctions along the nutrient acquisition and transport pathways in plants. TCs achieve this capacity by developing elaborate wall ingrowth networks which serve to increase plasma membrane surface area thus increasing the cell's surface area-to-volume ratio to achieve increased flux of nutrients across the plasma membrane. Phloem parenchyma (PP) cells of Arabidopsis leaf veins trans-differentiate to become PP TCs which likely function in a two-step phloem loading mechanism by facilitating unloading of photoassimilates into the apoplasm for subsequent energy-dependent uptake into the sieve element/companion cell (SE/CC) complex. We are using PP TCs in Arabidopsis as a genetic model to identify transcription factors involved in coordinating deposition of the wall ingrowth network. Confocal imaging of pseudo-Schiff propidium iodide-stained tissue revealed different profiles of temporal development of wall ingrowth deposition across maturing cotyledons and juvenile leaves, and a basipetal gradient of deposition across mature adult leaves. RNA-Seq analysis was undertaken to identify differentially expressed genes common to these three different profiles of wall ingrowth deposition. This analysis identified 68 transcription factors up-regulated two-fold or more in at least two of the three experimental comparisons, with six of these transcription factors belonging to Clade III of the NAC-domain family. Phenotypic analysis of these NAC genes using insertional mutants revealed significant reductions in levels of wall ingrowth deposition, particularly in a double mutant of NAC056 and NAC018, as well as compromised sucrose-dependent root growth, indicating impaired capacity for phloem loading. Collectively, these results support the proposition that Clade III members of the NAC-domain family in Arabidopsis play important roles in regulating wall ingrowth deposition in PP TCs.
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INTRODUCTION

The term “transfer cells” was first used by Gunning and co-workers to describe specialized phloem cells in minor veins that develop elaborate ingrowths of wall material hypothesized to facilitate enhanced transport capacity for phloem translocation (Gunning et al., 1968). Subsequent research over many decades has recognized that transfer cells (TCs) are ubiquitous across all higher plant taxonomic groups including fungi (Gunning and Pate, 1974), indicating a common genetic basis for their development (Offler et al., 2003). The enlargement in surface area of plasma membrane in TCs enables enriched densities of nutrient transporter proteins such as H+-ATPases and sucrose transporters (Harrington et al., 1997), thus promoting the capacity of the plasma membrane of TCs to transport solutes across apoplasmic/symplasmic boundaries encountered along nutrient acquisition and transport pathways in plants (Offler et al., 2003; McCurdy et al., 2008; Andriunas et al., 2013; Arun Chinnappa et al., 2013).

In the process of phloem loading, which actively accumulates solutes into the sieve element/companion cell (SE/CC) complex against a concentration gradient, vascular cells adjacent to SEs usually trans-differentiate into TCs with extensive wall ingrowths (Haritatos et al., 2000; Arun Chinnappa et al., 2013). In minor veins of Arabidopsis thaliana (Arabidopsis), phloem parenchyma (PP) cells adjacent to cells of the SE/CC complex trans-differentiate to become PP TCs (Haritatos et al., 2000). This arrangement of wall ingrowths adjacent to cells of the SE/CC complex is assumed to enhance phloem loading whereby sucrose delivered symplastically to PP TCs is released into the apoplasm via a membrane transport step and subsequently taken up into cells of the SE/CC complex via active membrane transport involving a sucrose/H+ co-transporter (SUC2) localized to the plasma membrane of CCs (Gottwald et al., 2000; Haritatos et al., 2000; Amiard et al., 2007). Recently, members of the AtSWEET family, namely AtSWEET11 and 12, were identified as the sucrose facilitators responsible for the apoplasmic unloading of sucrose from PP TCs (Chen et al., 2012).

Most TCs trans-differentiate from existing cell types, and this process occurs across normal programed development of particular tissues and organs, or can occur in response to biotic or abiotic stresses, which is probably an indirect response to demand for solute transport (Offler et al., 2003). Since TC differentiation in different tissues and cell types occurs commonly in response to diverse external stresses, it is hypothesized that inductive signals caused by these stresses induce TC differentiation. While signaling pathways involving auxin, ethylene and reactive oxygen species (ROS) involved in inducing the trans-differentiation of TCs have been elucidated (Dibley et al., 2009; Zhou et al., 2010; Andriunas et al., 2011, 2012), little is known about the key regulatory genes that respond to these signals to initiate wall ingrowth deposition. A number of studies have analyzed the transcriptomes of endosperm TCs in barley (Thiel et al., 2008, 2012; Thiel, 2014) and maize (Xiong et al., 2011), and epidermal TCs in Vicia faba cotyledons (Dibley et al., 2009; Zhang et al., 2015), and while these studies have provided valuable insights into the transcriptional changes associated with wall ingrowth deposition generally, only the study by Arun-Chinnappa and McCurdy (2016) focused on identifying putative regulatory transcription factors. This study identified at least 43 transcription factors which were up-regulated in epidermal TCs of V. faba cotyledons across wall ingrowth deposition (Arun-Chinnappa and McCurdy, 2016). The relevance of these transcription factors could not be tested, however, due to the absence of a reliable transformation protocol in V. faba.

In this study, we have used RNA-Seq to identify transcription factors putatively associated with TC development in PP cells of Arabidopsis, exploiting the genetic advantages of this species to test causative relationships between gene expression and TC development. Confocal analysis (see Nguyen and McCurdy, 2015) established that wall ingrowth deposition occurs rapidly across 4–6 day windows in both young cotyledons and first-emerged juvenile leaves, and occurs in a distinct basipetal gradient in mature adult leaves. These observations enabled RNA-Seq to identify transcription factors commonly expressed in cotyledons and leaves across these developmental windows. Strikingly, this analysis identified, in addition to other transcription factors, a cohort of closely related Class III-2 and III-3 NAC-domain transcription factors that were commonly up-regulated across PP TC development in all three experimental comparisons. Analysis of wall ingrowth deposition in nac056/nac018, a double mutant of the Class III-2 NAC056 and NAC018 genes, and nac055/019/072, a triple mutant of three Class III-3 NACs, namely NAC055, NAC019, and NAC072, showed significant reductions in juvenile leaves 1 and 2, and in day 10 cotyledons. Furthermore, sucrose-dependent root growth was reduced in nac056/018, possibly due to disrupted phloem loading. These results support a conclusion that wall ingrowth deposition in PP TCs of Arabidopsis involves redundant activities of developmentally important transcription factors, in particular members of the NAC-domain family.

MATERIALS AND METHODS

Plant Growth

Seeds of Arabidopsis (Col-0 as wild-type and mutant lines as indicated) were sown directly onto moistened potting mix (Debco Seed Raising Mix) in small square pots (85 mm2), with 24 pots held in a single tray. After stratification in darkness at 4°C for 3 days, each tray of pots were transferred to an Adaptis A1000 growth chamber [16/8 h (day/night), 22°C/18°C (day/night), 90–120 μmol photons m−2 s−1 at the surface of the seeds]. Plants were fertilized immediately upon removal from cold (day 0) by adding 500 mL of 0.4% (v/v) Ionic Grow Plant Nutrient (pH ~ 6.0; Growth Technology) into each tray and weekly thereafter. At day 5, excess seedlings were removed with fine tweezers to leave one seedling per pot. The plants were then watered by adding 500 mL water to each tray every 2 or 3 days except the day when plants were fertilized.

Confocal Microscopy, Image Acquisition and Semi-quantitative Assessment of Wall Ingrowth Abundance in PP TCs in Stained Tissue

Cotyledons and different rosette leaves were collected either directly at the beginning of the light cycle for seedlings less than 2-w old, or for older plants, they were covered with aluminum foil for 6 h to overnight to reduce starch content. These organs were fixed, cleared and stained in pseudo-Schiff propidium iodide solution as described in Nguyen et al. (2017). Mounted tissues were first viewed using a Leica MZ FLIII dissecting microscope equipped with a Zeiss AxioCam camera with AxioVision 4.0 software to obtain images of cotyledon/leaf morphologies, including vein patterning. Confocal imaging of stained tissues was then performed using an Olympus FluoView FV1000 confocal microscope using the parameters as described in Nguyen and McCurdy (2015). Briefly, z-stack images of between 0.5 and 2.0 μm thickness, depending on the age and size of the tissue, were generated using 488 nm Argon-ion laser excitation with an Olympus oil-immersion objective (UPLSAPO, 60 X O, NA:1.35). One-way scanning was applied to produce images with pixel resolution of 1,024 × 1,024 at a speed of 4 μs per pixel. Images were imported into Olympus Fluoro Viewer FV10-ASW version 4.0 for subsequent semi-quantitative assessment of wall ingrowth abundance in PP TCs according to the classification and scoring system described in Nguyen et al. (2017). For each cotyledon and leaf, scores of between 0 and 8 were assigned for wall ingrowth deposition taken from multiple images recorded from at least six locations across each cotyledon and first leaves, with these locations nominally recorded as either apical or basal to derive mean scores for wall ingrowth deposition across these locations. The mean value of scores derived from replicate plants (n ≥ 3) was calculated to derive a semi-quantitative analysis of wall ingrowth deposition in PP TCs. Student t-tests or one-way ANOVA were applied where appropriate to determine the statistical difference between different samples.

Transmission Electron Microscopy

Dissected pieces of leaves and cotyledons were fixed according to Amiard et al. (2005) with some modifications. Briefly, small pieces of tissues (~5 mm2) were fixed in 2% (w/v) glutaraldehyde and 2.5% (w/v) formaldehyde in 70 mM sodium cacodylate buffer (pH ~ 6.9) overnight at 4°C on a rotating wheel. A vacuum pump was used to ensure submergence of the tissue pieces. Fixed tissues were then washed 3 × 15 min in 70 mM sodium cacodylate buffer (pH ~ 6.9) at room temperature, followed by post-fixation in 1% (w/v) osmium tetroxide in 70 mM sodium cacodylate buffer (pH ~ 6.9) for 1 h at room temperature. Subsequently, tissues were dehydrated through an ethanol series before being infiltrated into LR-White resin and embedded in capsules at ~60–70°C for 24–48 h. Ultrathin sections were cut and stained with uranyl acetate/lead citrate following standard procedures and viewed using a JEOL 1200 EX II transmission electron microscope (TEM).

RNA Extraction, Quality Control, cDNA Library Preparation and RNA-Sequencing

Entire cotyledons and juvenile leaves were harvested with sterile scissors and collected into RNase-free microfuge tubes, immediately snap-frozen in liquid nitrogen and stored at −80°C until RNA extraction. For each biological replicate (n = 3), a total of 30 and 20 pairs of cotyledons at days 5 and 10, respectively, and 10 and two pairs of Leaf 1 and 2 at day 10 and 16, respectively, were collected. Mature adult leaves (n = 3) were dissected to harvest the apical and basal thirds of the blade from the same Leaf 12 at day 31, with the main vein in the basal section of leaves removed. These samples were also snap frozen in liquid nitrogen and stored at −80°C. Total RNA was extracted from samples using the RNeasy Plant Mini Kit (Qiagen) following the manufacturer's instructions, including two rounds of on-column gDNA elimination using DNase I digestion (Qiagen). The yield and purity of the extracted RNA was determined by Nanodrop (Thermo Fisher Scientific). At least 2.5 μg of total RNA from a single biological replicate was aliquoted into at least four technical replicates, to ensure at least three biological replicates from each single tissue type were processed for RNA-Seq. Total RNA samples were assessed and sequencing was performed by the Australian Genome Research Facility (AGRF, Melbourne). RNA quality was assessed using an Agilent 2100 Bioanalyzer, and three biological replicates from each tissue type were used to construct cDNA sequencing libraries using the Illumina TruSeq stranded mRNA sample preparation protocol. Each sample was subjected to either 100 bp (cotyledons and juvenile leaves) or 50 bp (apical and basal thirds of adult leaves) single-end sequencing using the Illumina HiSeq-2000 platform.

RNA-Seq Analysis

Sequencing of the samples from cotyledons, juvenile leaves and apical/basal third of adult leaves yielded an average of 40 M (cotyledons and juvenile leaves 1 and 2, 100 bp) and 54 M (apical/basal adult leaves, 50 bp) reads for each of the biological replicates, as analyzed by Illumina CASAVA pipeline version 1.8.2 (conducted by AGRF). Raw reads of all samples have been deposited in Gene Expression Omnibus (GEO, NCBI) under accession number GSE107778. Raw reads from each sample were reloaded and analyzed in CLC Genomics Workbench 8.0 (Qiagen) installed on an Intel® Xeon® workstation with 64 Gb RAM. The first 10 nucleotides from the 5′ end of each read was removed to reduce positional sequence bias, and reads with quality scores lower than 0.05 and with more than two ambiguous nucleotides were trimmed according to CLC procedures. Subsequently, adapter sequences were removed according to the Illumina Adapter List. RNA-Seq analysis was performed in CLC Genomics Workbench 8.0 by mapping the trimmed reads to the TAIR10 Arabidopsis reference genome sequence, under default settings. Reads Per Kilobase (of exon) per Million (RPKM) mapped reads were calculated as expression values describing expression per gene. Biological samples from the same tissue types were grouped and temporal and spatial comparisons were undertaken to identify differentially-expressed genes across the developmental time-points representing the three experimental comparisons (see Table 1). A series of quality control surveys, including box plots and Principal Component Analysis (PCA) were also performed according to CLC Genomics Workbench 8.0. Thereafter, statistical analysis identifying differentially expressed genes (DEGs) was conducted using the tool Empirical analysis of DGE in CLC Genomics Workbench. This tool implements the “Exact Test” for two-group comparisons as developed by Robinson and Smyth (2008) and incorporated in the EdgeR Bioconductor package (Robinson et al., 2010). More details of the analysis are described in the subsequent Results sections.


Table 1. Summary of total gene numbers, DEGs, transcription factors and related statistics derived from RNA-Seq analysis of the three experimental comparisons of wall ingrowth deposition in PP TCs.
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Phylogenetic Analysis of Transcription Factors

Full-length amino acid sequences of selected transcription factors from Arabidopsis were obtained from PlantTFDB under the latest modified (July 21, 2017) version 4.0 (http://planttfdb.cbi.pku.edu.cn/index.php?sp=Ath; Jin et al., 2015, 2017). These sequences were aligned using webservers of Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/; Sievers et al., 2011). The aligned sequences were input into the protein maximum likelihood (proml) program in PHYLIP (PHYlogeny Inference Package version 3.69; Felsenstein, 1989) to construct phylograms which were then drawn by FigTree v1.4.2.

Phenotypic Analysis of T-DNA Insertional Mutants for Selected NAC Transcription Factors

The double mutant nac056/018 and the triple mutant nac019/055/072 were kindly provided by Prof I. Hara-Nishimura (Kunieda et al., 2008) and Prof X. Dong (Zheng et al., 2012), respectively, and were confirmed in these publications to be homozygous knockout mutants for each respective gene. The nac002/032 double mutant generated by the GABI-DUPLO project (Bolle et al., 2013) was obtained from NASC (Nottingham Arabidopsis Stock Centre). See Supplementary Table 4 for details of the mutant lines used in this study. The double homozygous status of nac002/032 and effects on gene expression were determined by PCR genotyping and RT-PCR analyses, respectively, as described in Supplementary Material. Seeds of homozygous mutants and wild-type were germinated and grown in soil under uniform conditions as described earlier, and cotyledons and first pair of rosette leaves were collected at different time-points as specified. Procedures for fixation and staining as well as the methodologies involving confocal imaging and semi-quantitative assessment of wall ingrowth abundance in PP TCs in stained tissue were performed as described above.

Root Growth Assay

Seeds of Col-0 and nac056/018 were surface-sterilized and plated on 0.5x MS medium with or without 1% (w/v) sucrose, pH 5.8, and solidified with 0.5% (w/v) Phytagel. After stratification at 4°C for 3 d in darkness, plates were transferred to an Adaptis A1000 growth cabinet (conditions as described above under Plant Growth) and images recorded after 10, 13, and 20 days of vertical growth. Root length was measured from images using ImageJ.

RESULTS

Temporal and Spatial Development of Wall Ingrowth Deposition in PP TCs of Cotyledons and Leaves of Arabidopsis

To provide a baseline determination of temporal and spatial development of PP TCs for RNA-Seq analysis, Arabidopsis plants were grown in soil under 16 h photoperiod conditions, and wall ingrowth deposition was assessed across cotyledon and leaf development. Representative images of Arabidopsis plants grown under these conditions from days 3 to 31 are shown in Supplementary Figure 1. Cotyledons first appeared at day 3 (Supplementary Figure 1A), and the first pair of rosette leaves emerged at day 7 (Supplementary Figure 1C), while Leaf 3 and 4 emerged at approximately ~day 12 (Supplementary Figure 1E). Leaves 5, 7, and 8 emerged at days 14, 17, and 19, respectively (Supplementary Figures 1F–H). Thereafter, rosette size increased substantially with a total of 10, 12, and 14 leaves by days 23, 25, and 31, respectively (Supplementary Figures 1I–K). Plants typically bolted by day 31 and developed short (<5 mm) inflorescence stems with associated cauline leaves and emerging flowers by this time (Supplementary Figure 1K).

To analyze temporal development of organ size under these growth conditions, images of seedlings were imported into ImageJ to measure cotyledon and first-pair (Leaf 1 and Leaf 2) surface areas (Supplementary Figure 2). Surface area for both cotyledons and leaves increased substantially in the early stages of growth, as seen by comparing days 3–10 for cotyledons and days 10–19 for leaves. This rate of expansion slowed, however, as organs aged and reached their fully expanded size by approximately day 17 for cotyledons and after day 25 for first leaves (Supplementary Figure 2).

Cotyledons and leaves were harvested from these plants at different representative stages of growth and wall ingrowths in PP TCs were visualized by confocal microscopy of tissue stained with a modified pseudo-Schiff propidium iodide (mPS-PI) procedure (Nguyen and McCurdy, 2015). As shown in Figure 1, no wall ingrowths were detected in PP cells of leaf veins in either apical or basal regions of cotyledons at day 5 (Figures 1A,B). By day 7, small wall ingrowth protuberances were seen in PP TCs in apical regions of the cotyledon (Figure 1C), while only a few small protuberances were seen in basal regions (Figure 1D). By day 10, however, PP TCs in both apical and basal regions of the cotyledons showed abundant wall ingrowth deposition along the face of PP TCs adjacent to cells of the SE/CC complex (Figures 1E,F). By day 14, wall ingrowth deposition was highly abundant in PP TCs throughout the cotyledons, with wall ingrowths often occupying a considerable volume of each PP TC (Figures 1G,H). Similar massive levels of wall ingrowth deposition were seen in both apical and basal regions of cotyledons at day 17 (data not shown).
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FIGURE 1. Confocal imaging of wall ingrowth deposition in PP TCs of Arabidopsis cotyledons. No evidence of wall ingrowth deposition was detected in PP cells of either the apical (A) or basal (B) half of cotyledons at day 5. By day 7, evidence of wall ingrowth deposition was detected as discrete fluorescent projections in PP TCs in the apical region of cotyledons (C) but only early stages of such protuberances were seen in the basal region (D). By 10 days, PP TCs in both apical (E) and basal (F) regions of cotyledons showed extensive wall ingrowth deposition along the SE/CC border of PP TCs. At day 14, wall ingrowths in PP TCs in both apical (G) and basal (H) regions of the cotyledon were massively deposited and occupied a considerable volume of the PP TC. BS denotes bundle sheath cells; asterisks indicate SE/CCs; PP denotes PP cell or PP TC, as appropriate; arrowheads indicate wall ingrowths in PP TCs. The fluorescent fragments occasionally seen in BS cells correspond to remnant starch grains not completely extracted by the bleach treatment. Scale bars = 5 μm.



A similar developmental profile was seen for wall ingrowth deposition in juvenile Leaf 1 and Leaf 2, albeit with different temporal characteristics. No wall ingrowths were seen in day 10 leaves in either apical or basal regions (Figures 2A,B). By day 14, however, substantial clusters of wall ingrowth deposition were seen in PP TCs in apical regions of these leaves (Figure 2C), but less so in basal regions (Figure 2D). By day 16, more extensive levels of wall ingrowth deposition were seen in PP TCs in both apical and basal regions of Leaf 1 or 2 (Figures 2E,F), and by day 21, highly abundant if not massive levels of deposition were seen in PP TCs throughout these leaves (Figures 2G,H). Similar massive deposition was also seen in both apical and basal regions of Leaf 1 and Leaf 2 at day 25 (data not shown).
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FIGURE 2. Confocal imaging of wall ingrowth deposition in PP TCs of Leaf 1 and 2 from Arabidopsis. At day 10, no wall ingrowths were detected in PP TCs in either apical (A) or basal (B) halves of the leaf. By day 14, the apical half of Leaf 1 and 2 (C) displayed dense clusters of wall ingrowths in PP TCs but this was less abundant in basal regions (D). By day 16, continuous bands of wall ingrowth deposition were seen in PP TCs in both apical (E) and basal (F) regions of the leaf. At day 21, thick layers of wall ingrowth were deposited along the entire PP TC border in both apical (G) and basal (H) regions of the leaf. BS denotes bundle sheath cells; asterisks indicate SE/CCs; PP denotes PP cell or PP TC, as appropriate; arrowheads indicate wall ingrowths in PP TCs. The fluorescent fragments occasionally seen in BS and PP cells correspond to remnant starch grains not completely extracted by the bleach treatment. Scale bars = 5 μm.



Semi-quantitative analysis of wall ingrowth deposition across apical and basal regions of developing cotyledons and Leaf 1 and 2 was undertaken as described in Nguyen et al. (2017). As shown in Figure 3, wall ingrowths were absent at days 5 and 10 of cotyledons and Leaf 1 and 2, respectively, but deposition was evident 2 days later in cotyledons (day 7; Figure 3A) and substantially present 4 days later in Leaf 1 and 2 (day 14; Figure 3B). Deposition of wall ingrowth material then progressed steadily in both organs to be highly abundant/massive (scores of >7 out of 8) by day 14 in cotyledons and by day 21 in Leaf 1 and 2 (Figures 3A,B). Similar levels of highly abundant wall ingrowths were seen in both apical and basal regions of cotyledons and Leaf 1 and 2 at day 17 and 25, respectively (Figures 3A,B). Despite differences in the abundance of wall ingrowth deposition between apical and basal regions in day 7 cotyledons and day 14 leaves, wall ingrowth abundance in PP TCs was uniform across these organs at all later stages examined (Figures 3A,B).
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FIGURE 3. Semi-quantitative analysis of wall ingrowth deposition in cotyledons and first leaves at selected developmental stages, and relationship with surface area expansion across Arabidopsis rosette development. Wall ingrowth deposition was not detected in cotyledons (A,C) or Leaf 1 and 2 (B,D) at days 5 and 10, respectively, but increased dramatically thereafter and was maximally abundant by day 14 in cotyledons and day 21 in Leaf 1 and 2. Differences in wall ingrowth abundance in PP TCs between apical (blue bars) and basal (orange bars) regions of the organs was only statistically different in cotyledons at day 7 and leaves at day 14, where both showed ~50% reduction in the basal half compared to the apical half. Orange lines in (C,D) represent average scores of wall ingrowth abundance in PP TCs combined from apical and basal regions of cotyledons (A) and leaves (B), respectively. Blue lines in (C,D) represent cotyledon and Leaf 1 and 2 surface areas, respectively, determined from images imported into ImageJ. Data shows mean ± SE of scores for wall ingrowth deposition in arbitrary units (see Nguyen et al., 2017), and for surface area in mm2. *P < 0.05, n >3, student's t-test.



To provide semi-quantitative analysis of wall ingrowth deposition across developing organ size in both whole cotyledons and Leaf 1 and 2, apical/basal data sets for both organs were combined and plotted against organ surface area (Figures 3C,D). This analysis showed that wall ingrowth abundance increased in a roughly sigmoidal fashion in both cotyledons and Leaf 1 and 2 (Figures 3C,D), but the relationship between wall ingrowth abundance and Leaf 1 and 2 surface area was more closely matched temporally than that for cotyledons (Figures 3C,D). Nevertheless, the extent of wall ingrowth deposition plateaued by days 14 and 21 for cotyledons and first leaves, respectively, with both time-points being 3–4 days earlier than when these organs reached maximal size (day 17 for cotyledons and day 25 for first leaves).

Spatial development of ingrowth deposition was also analyzed in mature adult leaves. For this analysis, Leaf 12 from Arabidopsis plants at day 31 (see Supplementary Figure 1K) was stained using the mPS-PI procedure, and representative confocal images of wall ingrowths in PP TCs from the apical, middle and basal region of the leaf are shown in Figures 4A–C, along with semi-quantitative analysis of wall ingrowth deposition in these three regions (Figure 4D). Wall ingrowths were abundantly deposited as typically thick stretches or dense clusters of ingrowth material in PP TCs in the apical third of the leaf (Figure 4A), while less abundant and punctate patterns of deposition were seen in the middle region of the leaf (Figure 4B). No wall ingrowth material was detected in PP cells of minor veins at the base of the leaf (Figure 4C). This distinct basipetal gradient of ingrowth deposition was clearly evident from semi-quantitative analysis (Figure 4D). This analysis also showed that the abundance of wall ingrowth deposition in mature adult leaves (i.e., Leaf 12 from day 31 plants) was substantially reduced compared to the levels seen in mature cotyledons and juvenile leaves (Figure 3, and see Nguyen et al., 2017).
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FIGURE 4. Deposition of wall ingrowths in PP TCs of minor veins in apical, middle and basal regions of rosette Leaf 12 at day 31. Thick stretches of wall ingrowth deposition can be seen in PP TCs in a minor vein in the apical third of the leaf (A), with less abundant deposition in the middle third of the leaf (B), and no wall ingrowths seen in PP cells in the basal third of the leaf (C). BS denotes bundle sheath cells; asterisks indicate SE/CCs; PP denotes either PP or PP TCs as appropriate; arrowheads indicate wall ingrowths. Scale bars = 5 μm. (D) Semi-quantitative analysis of wall ingrowth deposition showed that wall ingrowth abundance significantly decreased from the tip (apical) to the base (basal) of the leaf. Data shows mean ± SE of scores for wall ingrowth deposition in arbitrary units. ***P < 0.001, student's t-test, n > 6).



To verify differences in wall ingrowth deposition as reported by confocal imaging of mPS-PI stained tissues, TEM of PP TCs in cotyledons and juvenile leaves was undertaken. Figure 5A shows the absence of wall ingrowths in PP cells of day 5 cotyledons, and highly abundant ingrowths in day 10 cotyledons (Figure 5B). Similarly, in juvenile Leaf 1, wall ingrowths were absent at day 10 (Figure 5C), but highly abundant by day 16 (Figure 5D). These results establish that confocal imaging of mPS-PI-stained tissue accurately reflects the levels of wall ingrowth deposition occurring in PP TCs.
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FIGURE 5. TEM analysis of different stages of wall ingrowth deposition in PP TCs. Wall ingrowths are absent in PP cells of day 5 cotyledons (A) or day 10 juvenile Leaf 1 (C). By comparison, extensive deposition is seen in PP TCs in day 10 cotyledons (B) and day 16 Leaf 1 (D). While these ingrowths occupy a substantial volume of the PP TC, their deposition is clearly restricted or focused to the face(s) of the PP TC abutting cells of the SE/CC complex. BS, CC and SE denote bundle sheath cell, companion cell and sieve element, respectively; PP denotes phloem parenchyma cell; PP TC denotes phloem parenchyma transfer cell; arrows indicate deposition of wall ingrowths. Scale bars = 1 μm.



Collectively, the observations reported in Figures 1–5 defined temporal differences in PP TC development in developing cotyledons and juvenile Leaf 1 and Leaf 2, as well as spatial differences in adult Leaf 12. These observations therefore provided three different scenarios for wall ingrowth deposition in PP TCs and thus an experimental platform for RNA-Seq to identify differentially expressed genes (DEGs) commonly up- or down-regulated across these scenarios, thus creating a pathway to identify regulatory genes putatively controlling wall ingrowth deposition in PP TCs.

RNA-Seq Analysis of Genes Differentially Expressed Across PP TC Development in Developing Cotyledons, Juvenile Leaves and Mature Adult Leaves

Based on the profiles of wall ingrowth deposition shown in Figures 3, 4, RNA-Seq was performed on cotyledons harvested at days 5 and 10, juvenile Leaf 1 and 2 harvested at days 10 and 16, and the apical third and basal third (minus mid vein) of Leaf 12 at day 31. Collectively, this sampling enabled three different pair-wise comparisons for RNA-Seq analysis, namely: (i) cotyledons at days 5 vs. 10; (ii) Leaf 1 and Leaf 2 (first juvenile leaves) at days 10 vs. 16; and (iii) basal vs. apical thirds of Leaf 12 at day 31. Sample harvesting, RNA extraction and sequencing was performed as described in Materials and Methods. Trimmed reads of each sample contained at least 97% of the sequence with a Phred quality score of ≥Q30 (error probability ≤ 0.001), and a minimum of 98% of the trimmed reads from each sample were mapped to the Arabidopsis genome (TAIR10), of which at least 92% were uniquely mapped (see Supplementary Table 1 for mapping statistics as reported by CLC Genomics Workbench.

A summary of the temporal (i) and (ii) and spatial (iii) comparisons defined above, with corresponding categories of PP TC development, is presented in Table 1. Samples were analyzed statistically using the tool Empirical analysis of DGE (Differential Gene Expression) in CLC Genomics Workbench as described in Materials and Methods, with original total exon counts from each sample used as input. For each gene, if the average exon counts from all biological replicates of a sample were identified as <10, the gene was defined as not expressed in that sample (see Soneson and Delorenzi, 2013; Sha et al., 2015). Based on this condition, 14,491, 14,157 and 14,259 genes from Arabidopsis were identified as not expressed in each of the three experimental comparisons (i), (ii) and (iii), respectively, and these were consequently excluded from further analyses (Table 1). The numbers of DEGs expressed in at least one of the samples (exon counts ≥10) in each of the three comparisons are also summarized in Table 1, and described as follows: by defining the FDR-corrected P-value of below 0.05 as calculated by CLC Workbench, 8,038, 10,998, and 5,111 genes were identified in experimental comparisons (i), (ii), and (iii), respectively. In each of the comparisons between Sample A (e.g., day 5 cotyledons) vs. Sample B (e.g., day 10 cotyledons), fold-change (FC) was calculated based on Sample B relative to Sample A. These “relative abundance” values (normalized exon counts) were derived internally in the “Exact Test” algorithm, and depend on size of the samples, magnitude of the counts and estimated negative binomial dispersion, which in this case was a weighted combination of the tag-wise and common dispersion (CLC Genomics Workbench). For genes identified as not expressed in A but expressed in B (i.e., exon counts <10 in A but ≥10 in B), FC was defined as positive infinity (+∞); in contrast, for genes identified as expressed in A but not in B (i.e., exon counts ≥10 in A but <10 in B), FC was defined as negative infinity (−∞). In all other cases where genes were identified as expressed in both samples A and B (both exon counts ≥10), FC was calculated to be positive if Sample B was larger than Sample A, and negative if Sample A was larger than Sample B. Based on this analysis, 1,092, 2,209, and 529 genes showed at ≥2 FC in experimental comparisons (i), (ii), and (iii), respectively, while 1,654, 2,623, and 706 genes were down-regulated ≤2-fold in these three comparisons, respectively. Subsequently, genes showing ≥2-fold up-regulation for experimental comparisons (i), (ii), and (iii) were combined with genes showing positive ∞ FC to generate a list of genes defined as up-regulated for the experimental comparisons listed in Table 1. Lists of down-regulated genes were created similarly by combining genes showing significant negative FC with genes showing negative ∞ FC. Both lists were then trimmed by excluding genes that showed opposite or aberrant expression changes across the set of experimental comparisons. After this trimming, 1,261, 2,549, and 599 genes were identified as up-regulated across the three experimental comparisons, respectively, while 1,969, 3,173, and 684 genes were identified as commonly down-regulated across these comparisons (Table 1).

Transcription Factors Differentially Expressed Across Wall Ingrowth Deposition in PP TCs

Of the DEGs listed in Table 1, 72, 168, and 64 were identified as transcription factors (as defined by PlantTFDB) which were differentially up-regulated ≥2-fold for experimental conditions (i), (ii), and (iii), while 153, 232, and 71 transcription factors were identified as down-regulated across these criteria, respectively. To identify the intersections of these transcription factors between the different comparisons, a Venn diagram (Figure 6A) was generated which shows 219 unique transcription factors that were up-regulated in the three experimental conditions listed in Table 1. A similar Venn diagram for down-regulated genes is shown in Figure 6B. This analysis identified 68 transcription factors that were commonly up-regulated in at least two experimental comparisons, of which 17 of this cohort were commonly up-regulated across all three. These 17 transcription factors are listed in Table 2 according to aggregate fold-change across the three experimental conditions, while Supplementary Table 2 lists the remaining 51 transcription factors which are grouped into families and ranked according to highest individual FC score. Similarly, the 23 transcription factors that were commonly down-regulated in all three experimental comparisons are shown in Table 3, while the 100 that were down-regulated in two of the three comparisons are listed in Supplementary Table 3. Since the conceptual focus of this study, however, was to identify transcription factors that “switch on” the genetic network required for wall ingrowth biosynthesis, further consideration of down-regulated genes is restricted to the Discussion.
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FIGURE 6. Venn diagrams showing intersections of transcription factors differentially up- or –down-regulated across wall ingrowth deposition in PP TCs of different organs from Arabidopsis grown. (A) Up-regulated genes. (B) Down-regulated genes. In each case the three circles represent the three experimental comparisons: Blue—cotyledons at day 5 vs. day 10; Red - first leaves at day 10 vs. day 16; Green - basal vs. apical thirds of Leaf 12 at day 31. Total number of differentially regulated genes in each of the three experimental comparisons, i.e., (i)–(iii), for each category is indicated in brackets.




Table 2. Transcription factors (17 in total) showing differential up-regulation in all three experimental comparisons analyzing wall ingrowth deposition in PP TCs of Arabidopsis.
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Table 3. Transcription factors (23 in total) showing differential down-regulation in all three experimental comparisons analyzing wall ingrowth deposition in PP TCs of Arabidopsis.
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A feature of Table 2 is the presence of five NAC genes among the 17 transcription factors identified as up-regulated across all three experimental comparisons. Three of the top four genes are NACs, including the paralogs NAC056 and NAC018, which, along with NAC029, are all members of the Class III-2 clade (Arabidopsis clades defined as per Jensen et al., 2010, and see Supplemental Figure 3). Additionally, another 10 NAC genes were also listed in the 51 transcription factors showing up-regulation in two of the three experimental comparisons (Supplementary Table 2), including NAC032, NAC019, and NAC072, each of which belongs to Class III-3 of this family in Arabidopsis. Interestingly, six of the 12 NAC genes making up Class III-2 and III-3 were represented as up-regulated in at least two of the three experimental comparisons of wall ingrowth deposition in PP TCs (see Supplementary Figure 3). NAC genes associated with secondary wall formation (see Zhong and Ye, 2015) all cluster into Clade II-1 of the NAC family (Supplementary Figure 3), thus, a similar clustering of NAC genes putatively associated with wall ingrowth formation supports a role for these genes in this process.

Other classes of transcription factors were also prominent in the list of 17 shown to be up-regulated across all three comparisons. For example, the bZIP factor AtbZIP3 showed the second highest aggregate FC score, and two MYB-related genes, RL6 and RL5, also rank highly on Table 2. In total, 12 classes of Arabidopsis transcription factors made up the 17 being up-regulated across all three experimental comparisons analyzing wall ingrowth deposition in PP TCs (Table 2).

Phenotypic Analysis of Selected Mutants of Clade III NAC Transcription Factors as Putative Regulators of Wall Ingrowth Deposition in PP TCs

Given the strong representation of Clade III NAC-domain transcription factors in the list of 17 showing up-regulation across all three experimental comparisons of wall ingrowth deposition in PP TCs, phenotypic analysis of selected T-DNA insertional mutants for some of these genes was investigated. For this purpose, seed of the nac056/018 double mutant and the nac055/019/072 triple mutant were obtained, as both mutants have previously been characterized to be homozygous knockouts for each gene (nac056/018—Kunieda et al., 2008; nac055/019/072—Zheng et al., 2012). Seed of the nac002/032 double mutant was obtained from the GABI-DUPLO collection (Bolle et al., 2013) and independently verified to be homozygous for the T-DNA insertion in each gene (see Supplementary Figure 4A). However, while RT-PCR analysis revealed that the T-DNA insertion in NAC002 caused knockout of gene expression, the insertion in NAC032 caused an ~60% knockdown in expression of the NAC032 transcript (Supplementary Figure 4B). All three mutant lines were germinated on soil alongside Col-0 as wild-type and growth phenotypes were monitored, with representative images of seedlings at day 10, 17, and 25 shown in Supplementary Figure 5. Growth of the nac002/032 double mutant approximated that of Col-0, albeit with slightly reduced rosette size at maturity (day 25), whereas nac019/055/072 and nac056/018 showed variations in organ size, leaf number and rosette development. Cotyledons and first leaves were smaller in nac055/019/072 and nac056/018, and overall growth of the entire rosette for these two mutants was clearly reduced compared to Col-0 (Supplementary Figure 5 and see Supplementary Figure 6). Interestingly, rosettes of the nac55/019/072 triple mutant were clearly smaller in size, containing slightly fewer leaves (approx. 10), compared to the larger rosette of nac056/018, with ~12 leaves by day 25 (compare Supplementary Figures 5K–L). However, the size of juvenile Leaf 1 and Leaf 2 (asterisks) for these two mutants at maturity was similar.

To quantify temporal development of these nac mutants, especially the time course for expansion of cotyledons and first-pair leaves, images were imported into ImageJ and surface area of each individual cotyledon and first leaves was measured, with results of this analysis shown in Supplementary Figure 6. In every developmental stage examined, the size of cotyledons (Supplementary Figure 6A) and first-pair leaves (Supplementary Figure 6B) in nac055/019/072 (gray bars) and nac056/018 (yellow bars) were significantly smaller than in Col-0 (blue bars) (P < 0.01 or P < 0.001, student's t-test, n = 3–5), while no differences were identified for cotyledon or leaf size between nac002/032 (orange bars) and Col-0. For Col-0 and all mutant lines, cotyledons and leaves dramatically expanded during early stages of development, but without significant difference between days 14 and 17 for cotyledons (Supplementary Figure 6A) or between days 21 and 25 for first leaves (Supplementary Figure 6B), suggesting that cotyledons and first leaves for all lines were fully expanded by days 17 and 25, respectively. Also, cotyledon size in nac055/019/072 and nac056/018 plants reached only half that compared to Col-0, whereas first leaves of these two mutants achieved about two-thirds the size of Col-0 and the nac002/032 mutant (Supplementary Figure 6).

To assess wall ingrowth deposition in PP TCs of these nac mutants compared to Col-0 as wild-type, cotyledons and first-pair leaves were harvested from plants at days 10 and 17 for cotyledons, and days 17 and 25 for first leaves. Days 10 and 17 for cotyledons and first leaves, respectively, are time-points where wall ingrowth deposition in PP TCs is abundant, and days 17 and 25 are time-points when both cotyledons and first leaves, respectively, are fully expanded (Supplementary Figure 6). Representative confocal images of wall ingrowth deposition in mPS-PI-stained tissues from Col-0 and the nac mutants are shown in Figure 7 for cotyledons and Figure 8 for first-pair leaves. As seen in Figure 7, by day 10, wall ingrowth deposition was abundant in cotyledon PP TCs in both Col-0 and the nac002/032 double mutant, this appearing as continuing linear bands of wall ingrowths along the face of the PP TC adjacent to SE/CCs (Figures 7A,B). In comparison, only discrete patches and sometimes dot-like fluorescence corresponding to wall ingrowth deposition was occasionally observed in PP TCs of cotyledons from the nac055/019/072 triple mutant and the nac056/018 double mutant, respectively (Figures 7C,D). By day 17, however, massive deposition of wall ingrowths seen as thick bands occupying a considerable volume of each PP TCs was seen in Col-0 (Figure 7E) and nac002/032 (Figure 7F), and apparently similar levels in nac055/019/072 (Figure 7G) and nac056/018 (Figure 7H).
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FIGURE 7. Confocal imaging of wall ingrowth deposition in PP TCs of Arabidopsis cotyledons from Col-0 and nac mutants. By day 10, PP TCs in cotyledons from both Col-0 (A) and nac002/032 (B) showed extensive wall ingrowth deposition along the face of PP TCs adjacent to SE/CCs. In contrast, evidence of wall ingrowth deposition was detected only as discrete patches in PP TCs from cotyledons of nac055/019/072 (C) or as small projections in nac056/018 (D). At day 17, wall ingrowths in PP TCs of cotyledons from Col-0 (E), nac002/032 (F), nac055/019/072 (G) and nac056/018 (H) were highly abundant (Class V; 7–8 points) and occupied a considerable volume of the PP TC. BS denotes bundle sheath cells; asterisks indicate SE/CCs; PP denotes PP cell or PP TC, as appropriate; arrowheads indicate wall ingrowths in PP TCs. The crescent-shaped fluorescent fragments occasionally seen in BS cells correspond to remnant starch grains not completely extracted by the bleach treatment. Scale bars = 5 μm.
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FIGURE 8. Confocal imaging of wall ingrowth deposition in PP TCs of Arabidopsis Leaf 1 and 2 from Col-0 and nac mutants. By day 17, continuous bands of wall ingrowth deposition were seen in PP TCs from first leaves of both Col-0 (A) and nac002/032 (B). In contrast, wall ingrowths in nac055/019/072 were deposited as mostly discontinuous patches or clumps (C), or as discrete projections in nac056/018 (D). By day 25, wall ingrowths in Col-0 (E) and nac002/032 (F) were seen as thick bands representing massive deposition (Class V; 7–8 points), while bands in nac055/019/072 (G) and nac056/018 (H) appeared to be thinner and occupied less volume of the PP TCs (Class IV; 5–6 points). BS denotes bundle sheath cells; asterisks indicate SE/CCs; PP denotes PP cell or PP TC, as appropriate; arrowheads indicate wall ingrowths in PP TCs. The fluorescent fragments occasionally seen in BS cells correspond to remnant starch grains not completely extracted by the bleach treatment. Scale bars = 5 μm.



Similar to deposition in cotyledons, wall ingrowths in PP TCs of first-pair leaves were abundant by day 17 in both wild-type and nac002/032 (Figures 8A,B), whereas in nac055/019/072 deposition was generally reduced and localized to discrete clumps (Figure 8C), or more limited in nac056/018 compared to Col-0 and often seen as smaller, finger-like projections (Figure 8D). At day 25, both Col-0 and nac002/032 displayed massive deposition of wall ingrowths (Figures 8E,F), while such bands appeared to be thinner and clearly less abundant relative to cell size in nac055/019/072 and nac056/018, although they were still deposited in a continuous manner (Figures 8G,H). Semi-quantitative scoring of wall ingrowth deposition in PP TCs of the three nac mutants compared to Col-0 was performed as described in Methods (and see Nguyen et al., 2017). As shown in Figure 9, and consistent with the qualitative observations, wall ingrowth deposition in the nac002/032 double mutant (orange bars) scored similarly to Col-0 (blue bars) in cotyledons of day 10 plants (Figure 9A). In contrast, significant reductions in wall ingrowth abundance were seen in the nac055/019/072 triple mutant (gray bars; P < 0.05) and particularly in the nac056/018 double mutant (yellow bars; P < 0.01) compared to Col-0 at this early stage of PP TC development (Figure 9A). In contrast to these differences at day 10, by day 17 in cotyledons, no differences were seen for wall ingrowth deposition in any of the three nac mutants compared to Col-0 (Figure 9A). In immature first leaves (day 17), a similar conclusion to that seen for immature cotyledons was recorded whereby the double mutant nac002/032 was indistinguishable from Col-0, but significant decreases were observed in nac055/019/072 (P < 0.01) and especially in nac056/018 (P < 0.001) (Figure 9B). At day 25, however, and different from mature cotyledons, the differences seen in wall ingrowth deposition in both nac055/019/072 and nac056/018 remained statistically significant (P < 0.01; P < 0.001, respectively) compared to Col-0 (Figure 9B). Collectively, these results support the conclusion that NAC056 and its paralog NAC018, and possibly to a lesser extent NAC055, NAC019, and NAC072, may be involved in regulating wall ingrowth deposition in PP TCs, and that this regulation may operate redundantly and possibly differentially between cotyledons and juvenile leaves.
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FIGURE 9. Semi-quantitative analysis of wall ingrowth deposition in Arabidopsis cotyledons and first leaves from Col-0 and nac mutants at selected developmental stages. (A) In cotyledons, by day 10 wall ingrowth deposition in both Col-0 and nac002/032 was indistinguishable, whereas deposition was significantly decreased in both nac055/019/072 (P < 0.05) and nac056/018 (P < 0.01). By day 17, however, no difference in wall ingrowth abundance was observed in any nac mutant compared to Col-0. (B) For Leaf 1 and 2 at day 17, wall ingrowth deposition in both Col-0 and nac002/032 was indistinguishable, whereas deposition was significantly decreased in both nac055/019/072 (P < 0.01) and nac056/018 (P < 0.001). By day 25, however, again, no differences in wall ingrowth abundance were seen in nac002/032 compared to Col-0, but abundance was significantly reduced in nac055/019/072 (P < 0.01) and nac056/018 (P < 0.001) compared to Col-0. Data shows mean ± SE of scores for wall ingrowth deposition in arbitrary units according to the classification scheme of Nguyen et al. (2017). *P < 0.05; **P < 0.01; ***P < 0.001, student's t-test comparing wall ingrowth scores in each mutant line compared to Col-0, at each developmental stage; n = 5–10.



To test the hypothesis that reduced levels of wall ingrowth deposition in PP TCs may impact phloem loading and consequent sugar transport to roots, root growth of Col-0 and nac056/018 was measured in the presence or absence of sucrose. At 10 days in the presence of 1% (w/v) sucrose, root growth of nac056/018 was comparable to Col-0, however by 13 and 20 days in the absence of sucrose, nac056/018 root growth was significantly reduced compared to Col-0 (P < 0.001, student's t-test, n ≥ 15) (Figure 10). This result supports the conclusion that reduced wall ingrowth development in PP TCs of Arabidopsis cotyledons of the nac056/018 double mutant negatively impacted phloem loading capacity in these plants.
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FIGURE 10. Root growth assay of nac056/018 mutant in presence or absence of added sucrose. Seeds of Col-0 or nac056/018 were grown on nutrient agar plates in the presence or absence of 1% (w/v) sucrose. After 10 days in the presence of sucrose, root growth in the two lines was comparable. At 13 days in the absence of sucrose, root growth of nac056/018 was significantly reduced compared to Col-0, and this reduction continued for roots grown for 20 days in the absence of sucrose. Data shows mean ± SE for root length, student's t-test, ***P < 0.001, n ≥ 15.



DISCUSSION

Temporal and Spatial Analysis of PP TC Development

In this study we identified and semi-quantified distinct temporal and spatial profiles of wall ingrowth deposition in PP TCs of Arabidopsis cotyledons, juvenile leaves and adult leaves, and used these profiles for RNA-Seq to identify potential regulators of PP TC development. Prominent amongst the list of transcription factors identified as commonly up-regulated across these profiles were Clade III members of the NAC-domain family, in particular the Clade III-2 paralogs NAC056 and NAC018, and the closely related NAC029. Phenotypic analysis of the nac056/018 double mutant, and nac055/019/072, a triple mutant of Clade III-3 NAC genes up-regulated across TC development, revealed significant reductions in levels of wall ingrowth deposition in PP TCs of cotyledons and juvenile leaves, suggesting that these genes may have important roles in regulating deposition of wall ingrowths in PP TCs.

A key enabling strategy in this study was using confocal imaging of mPS-PI-stained tissues to semi-quantitatively map wall ingrowth deposition in PP TCs across developing cotyledons and leaves. Nguyen et al. (2017) developed these procedures to compare wall ingrowth deposition in leaf veins across shoot development, noting the extent of deposition varied substantially between juvenile and adult leaves, leading to the conclusion that wall ingrowth deposition in PP TCs represents a novel trait of heteroblasty. The current study extended these observations by analyzing wall ingrowth deposition across developing cotyledons and juvenile leaves, as well as across the basipetal gradient of ingrowth deposition in minor veins of mature adult leaves. The observed basipetal gradient of wall ingrowth deposition seen in adult leaves is consistent with the sink/source transition in a developing leaf (Robinson-Beers et al., 1990; Imlau et al., 1999), thus implicating PP TCs in phloem loading in mature Arabidopsis leaves (Haritatos et al., 2000; Chen et al., 2012). Interestingly, some degree of basipetal development of PP TCs was observed in developing cotyledons and juvenile Leaf 1 and 2, but the gradient was quickly lost as these organs developed (Figure 3). Collectively, therefore, combining transcript profiling (RNA-Seq) across three different examples of wall ingrowth deposition (i.e., cotyledons, juvenile leaves, adult leaves) provided an opportunity to identify key factors involved in regulating this process. While harvesting whole organs for this analysis potentially limits the ability to identify transcriptional changes presumably occurring specifically in PP TCs, this limitation is off-set by comparing wall ingrowth deposition across the three different organ types. Cotyledons produced during embryogenesis are considered to be a particular leaf type that arise from a part of the shoot apical meristem that also gives rise to rosette leaves (Aida et al., 1997; Conway and Poethig, 1997; Kaplan and Cooke, 1997; Tsukaya et al., 2000). However, genetic analyses indicate that cotyledons do not share all genetic programs involved in the development of leaves (Van Lijsebettens and Clarke, 1998; Tsukaya et al., 2000; Chandler, 2008), as exampled by simpler vascular patterning compared to leaves (Sieburth and Deyholos, 2006). Furthermore, heteroblastic leaf forms, i.e., juvenile vs. adult leaves, become distinct very early in development and display qualitative differences in patterns of cellular differentiation, leading to the conclusion that juvenile and adult leaves are specified by different developmental programs (Kerstetter and Poethig, 1998). Furthermore, Nguyen et al. (2017) established that the differentiation of xylem and SE/CC complex in juvenile leaves and cotyledons occurs prior to the trans-differentiation of PP TCs, thus gene expression events associated with the latter may not overlap greatly with those of the former. Collectively, therefore, at least some of the differential gene expression events occurring commonly across the three experimental profiles of TC development analyzed here may be expected to correspond to genes regulating wall ingrowth deposition in PP TCs.

RNA-Seq Analysis Identified Transcription Factors Commonly Up-Regulated Across Temporal and Spatial Deposition of Wall Ingrowths in PP TCs

A total of 68 transcription factors were identified as commonly up-regulated in at least two of the three RNA-Seq experimental comparisons, and of this total, 17 transcription factors were commonly up-regulated in all three comparisons (Table 2). A feature of this list was the high representation of Class III-2 NAC genes (NAC056, NAC018, NAC029), each of which ranked in the top four based on aggregate fold-change across the three experimental comparisons. In addition to these NACs, another three (NAC072, NAC032, NAC019) of the ten appearing in the list of transcription factors up-regulated across two out of the three experimental comparisons, belong to the Class III-3 subclade (Supplementary Table 2 and Supplementary Figure 3). Interestingly, this representation of NACs amongst the cohort of commonly up-regulated genes is 2.4-fold higher than that expected based on the size of the NAC family compared to all other transcription factors in Arabidopsis. This observation, along with the earlier analysis that 50% of the Class III NAC transcription factors were up-regulated across wall ingrowth deposition, supports a regulatory role for this class of genes in PP TC development. This phylogenetic association of NAC genes with wall ingrowth deposition is similar in some degree to that seen for VNS genes involved in regulating secondary wall deposition (see Endo et al., 2015; Zhong and Ye, 2015), which all cluster in Clade II-1 of the NAC family (Supplementary Figure 3). This observation reveals strongly conserved structure/function relationships in regulating secondary wall biosynthesis by these VNS genes and suggests an evolutionally common ancestral capacity in regulating cell wall modification during differentiation of specific cell types (Nakano et al., 2015). Therefore, the substantial phylogenetic clustering of NAC genes identified as commonly up-regulated across wall ingrowth deposition in PP TCs also suggests co-involvement in a common developmental function, in this case putatively regulating wall ingrowth deposition in PP TCs.

Phenotypic Analysis Showed Reduced Wall Ingrowth Deposition and Compromised Root Growth in NAC mutants

A role for the NAC genes listed in Table 2 and Supplementary Table 2 in regulating wall ingrowth deposition in PP TCs was tested using relevant T-DNA insertional mutants. Analysis of two double mutants (nac056/018 and nac032/002) and one triple mutant (nac055/019/072) revealed that while wall ingrowth abundance in PP TCs of the double mutant nac002/032 was similar to Col-0 in both cotyledons and leaves, significant reductions were seen in the other two mutants, particularly nac056/018, which showed age- and tissue-dependent differences compared to wild-type. For example, in early stages of both cotyledon and juvenile leaf development, nac056/018 showed an ~50% reduction in wall ingrowth deposition compared to Col-0. By maturity in these organs, however, wall ingrowth deposition remained significantly reduced in juvenile leaves but not different in cotyledons (Figure 9). A smaller reduction was seen in nac055/019/072, which again persisted in leaves but not mature cotyledons. The reductions in wall ingrowth development seen in both nac056/018 and nac055/019/072 might simply be a consequence of reduced organ size compared to wild-type (Supplementary Figure 6). However, in the recent study by Nguyen et al. (2017) investigating PP TC development as a novel trait of heteroblasty, no correlations were observed between cotyledon/leaf size and wall ingrowth abundance. Therefore, the results reported here support the conclusion that significant reductions seen in wall ingrowth deposition in the nac056/018 and nac055/019/072 mutants is related to loss of gene function regulating this process rather than an indirect effect caused by reduced organ growth. Conclusions regarding a role for either NAC002 or NAC032 in regulating wall ingrowth deposition were inconclusive since the nac002/032 double mutant was not a complete knock-out for NAC032 (Supplementary Figure 4), and thus gene redundancy may have masked any effects on ingrowth deposition.

In Arabidopsis, wall ingrowth deposition in PP TCs is proposed to facilitate phloem loading of source leaves (Haritatos et al., 2000; Maeda et al., 2006). Root growth was used as a measure of phloem export capacity to test the effect of knocking out both ATSWEET11 and 12 in PP TCs (Chen et al., 2012), and similar to their study, the nac056/018 double mutant also showed a sucrose-dependent reduction in root growth (Figure 10). This result is consistent with the proposal that wall ingrowths in PP TCs increases phloem loading capacity in developing cotyledons and juvenile leaves. In this context, Kircher and Schopfer (2012) demonstrated that developing cotyledons act as the source of photoassimilates to supply seedling growth, in particular root growth. The reductions in wall ingrowth deposition seen in early cotyledon development (Figure 9A) and the effects seen on sucrose-dependent root growth in nac056/018 (Figure 10), is consistent with wall ingrowths playing this role, particularly in early stages of cotyledon and juvenile leaf development.

NAC018 was one of the seven novel NAC genes identified through co-expression network analysis of cell wall-related genes in Arabidopsis (Wang et al., 2012), and indeed, NAC018 (also named NAC-REGULATED SEED MORPHOLOGY2—NARS2) and its paralog NAC056 (NARS1), redundantly regulate seed morphology and embryogenesis, as well as differentiation of seed coat mucilage (Kunieda et al., 2008; Tsai et al., 2017). While a large amount of mucilage was accumulated around the columella in epidermal cells of wild-type seed coats, the double mutant nac056/018 (nars1/nars2) failed to form columella or mucilage (Kunieda et al., 2008). Mucilage contains a special type of secondary cell wall that is enriched in pectins (Kunieda et al., 2008; Arsovski et al., 2010; Haughn and Western, 2012; Voiniciuc et al., 2015), which is also a predominant component in wall ingrowths in TCs (Gunning and Pate, 1974; Vaughn et al., 2007). Collectively, these observations support the hypothesis that NAC056/NAC018 could also be involved in TC biology, possibly by regulating the pectin component of wall ingrowths.

The triple mutant nac019/055/072 was used to test the involvement of the Clade III-3 NAC019 and NAC072 genes, both of which appeared on the list of genes up-regulated in two of the three experimental comparisons examining wall ingrowth deposition in PP TCs of Arabidopsis (Supplementary Table 2). All three members of this group are well characterized in a broad range of processes including responses to drought and salinity stress, abscisic acid, ethylene and methyl jasmonate signaling, as well as pathogen defense and senescence (Fujita et al., 2004; Tran et al., 2004; Bu et al., 2008; Jensen et al., 2010; Zheng et al., 2012; Hickman et al., 2013; Schweizer et al., 2013). Many of these abiotic and biotic stress responses are known to influence TC development (see Andriunas et al., 2013), and thus the three NAC genes may be components of overlapping genetic networks regulating such events. In this context, the significant reductions in wall ingrowth abundance seen in developing cotyledons and in both developing and mature juvenile leaves (Figure 9) support this conclusion. In a similar manner, the nac002/032 double mutant was examined since NAC032 was up-regulated in two of the three experimental comparisons undertaken (Supplementary Table 2), and a link to TC biology for NAC002 is suggested by the observation that its V. faba ortholog, VfNAC002, was identified as a candidate transcriptional regulator of epidermal TC development in V. faba cotyledons (Arun-Chinnappa and McCurdy, 2016). Both NACs are also involved in abiotic and biotic stress responses (Wu et al., 2009; Vermeirssen et al., 2014; Allu et al., 2016; Mahmood et al., 2016). However, as discussed above, the double mutant was only a partial knock-down for NAC032, thus gene redundancy may have masked a wall ingrowth phenotype in nac002/032.

Roles for Other Transcription Factors in Regulating Wall Ingrowth Deposition

Other genes of interest emerging from this analysis include AtbZIP3, which showed the second highest aggregate fold-change score of genes up-regulated across all three experimental comparisons of wall ingrowth deposition (Table 2). This little-known S-group member of the large bZIP family in Arabidopsis is down-regulated by glucose (Matiolli et al., 2011), a sugar proposed to suppress wall ingrowth deposition in TCs (see Andriunas et al., 2013). AtbZIP3 was also identified as a cell wall related gene in Arabidopsis based on co-expression network analysis (Wang et al., 2012), and another AtbZIP gene, GBF3 (Supplementary Table 2), was also identified in a protein-DNA network generated between Arabidopsis transcription factors and secondary wall metabolic genes (Taylor-Teeples et al., 2015). A third member of the family, TGA7 (Supplementary Table 2), which shows high expression in vascular bundles compared to mesophyll (Endo et al., 2014), was reported to be differentially up-regulated under cold treatment in the tocopherol mutant vte2, which responds to cold by increased deposition of wall ingrowths in PP TCs (Maeda et al., 2014).

In addition to the prominence of bZIP genes, a finding emerging from this study was the relatively high number of genes previously associated with cell wall biosynthesis appearing as up-regulated across wall ingrowth deposition in PP TCs. For example, four MYB genes, namely MYB59 (Table 2), AT3G11280, MYB28, and MYB29 (Supplementary Table 2) have all been identified as components of a gene network regulating secondary wall biosynthesis (Cassan-Wang et al., 2013; Taylor-Teeples et al., 2015). Similarly, NAC018 (Table 2), NAC048, NAC092, and WRKY26 (Supplementary Table 2) have also been identified as cell wall-related genes (Wang et al., 2012; Taylor-Teeples et al., 2015), while NAC056, NAC032, and NAC048 are induced in giant cells (identified from public microarray dataset GSE37553; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37553) and NAC019 is up-regulated during syncytia formation (Szakasits et al., 2009), both of which display TC-like characteristics (Cabrera et al., 2014; Rodiuc et al., 2014).

In addition to the predominantly MYB and NAC genes described above, members from other families listed in Table 2 and Supplementary Table 2 are also identified to be cell wall- or secondary wall-related, such as the ERF members RAP2-3 (Table 2), ERF003, ERF060, and RAP2-10 (Supplementary Table 2) (Wang et al., 2012; Cassan-Wang et al., 2013; Taylor-Teeples et al., 2015). RAP2-3 is also up-regulated in syncytia (Szakasits et al., 2009). Interestingly, bHLH62 (Supplementary Table 2) which was identified as a cell wall related gene in Arabidopsis based on co-expression network analysis (Wang et al., 2012), has an ortholog in V. faba displaying epidermal-specific up-regulation in epidermal TCs of cultured V. faba cotyledons (Arun-Chinnappa and McCurdy, 2016). Another bHLH gene, AT1G15790 (Supplementary Table 2), was induced in both syncytia and giant cells (Szakasits et al., 2009; Barcala et al., 2010).

Collectively, the RNA-Seq analysis described here has identified numerous genes associated with cell wall biology in the cohort of genes up-regulated across wall ingrowth deposition in PP TCs. This observation is consistent with the conclusion that some aspects of wall ingrowth deposition may be similar to secondary wall formation, whereby a hierarchical cascade of gene expression is responsible for directing the cellulose/hemicellulose component of secondary walls distinct from that required for lignin biosynthesis. Thus commonalities between the cellulose/hemicellulose pathways for both wall ingrowth and secondary wall deposition may exist.

Down-Regulated Genes: An Additional Contribution to Transcriptional Regulation of PP TC Development?

In this study differentially expressed genes were identified as both up- and down-regulated. While the conceptual focus of this research has been to identify transcription factors actively “switching on” the genetic network required for wall ingrowth deposition, a role for negative regulators, or suppressors, of TC development is entirely feasible. Again, using secondary wall biosynthesis as a model, genes such as NAC083 and NAC104 function as negative regulators of secondary wall biosynthesis in Arabidopsis xylem vessel formation (Zhao et al., 2008; Yamaguchi et al., 2010), while several MYB transcription factors and their orthologous genes are reported to negatively regulate lignin biosynthesis and wood generation in Arabidopsis and other species such as switchgrass, maize and Eucalyptus (Sonbol et al., 2009; Fornalé et al., 2010; Legay et al., 2010; Shen et al., 2012).

The list of genes commonly down-regulated across PP TC development represents a more diverse collection of families, albeit with four of the 23 in total belonging to the bHLH family (Table 3). bHLH genes have important roles in regulating cell proliferation to cell lineage establishment (Toledo-Ortiz et al., 2003); for example, bHLH12, showing the highest aggregate negative fold-change score as listed in Table 3, controls trichrome cell fate determination (Symonds et al., 2011), while SPCH and MUTE (Table 3), regulate stomatal development (Simmons and Bergmann, 2016). The differentiation fate for these cell types is determined earlier than the time points selected here to study wall ingrowth deposition, thus their identification as down-regulated genes in this analysis could be expected and thus any relevance to regulating TC development may be minimal. Similarly, most of the secondary wall master regulators (Supplementary Table 3; see Zhong and Ye, 2015) were commonly down-regulated in this study, consistent with the observation that xylem and phloem differentiation is complete prior to the trans-differentiation of PP cells into PP TCs (Nguyen et al., 2017). In contrast, however, the recent paper identifying development of PP TCs as a novel trait of heteroblasty also reported that levels of wall ingrowth deposition were positively correlated with the miR156-mediated repression of SQUAMOSA PROMOTER BINDING PROTEIN LIKE (SPL) genes (Nguyen et al., 2017). Among this small family of transcription factors, SPL9, 10, and 15 (i.e., SPL9-Group SPLs) displayed the strongest negative correlation with PP TC development, and relevant over-expression lines exhibited lower levels of wall ingrowth deposition compared to wild-type (Nguyen et al., 2017). The RNA-Seq analysis reported here showed that SPL15 is commonly down-regulated in all three experimental comparisons (Table 3), thus providing strong support for the notion that SPL9-group SPLs function as negative regulators of TC development in Arabidopsis.

CONCLUSIONS AND FUTURE DIRECTIONS

This study identified a cohort of Class III NAC genes commonly up-regulated across wall ingrowth deposition in PP TCs in three different organs, namely cotyledons, juvenile leaves and adult leaves. The disruption of wall ingrowth deposition in the double mutant nac056/018 and to a lesser extent nac055/019/072, supports the conclusion that these genes may be involved in the regulatory cascade of gene expression required for wall ingrowth biosynthesis. Complementation of the wall ingrowth phenotype in these mutants by over-expression of wild-type genes under control of a PP-specific promoter will be a useful approach to further dissect the role of these NAC genes in regulating wall ingrowth deposition. Furthermore, several other cohorts of genes, many identified previously to be associated with cell wall synthesis in Arabidopsis, supports the conclusion that the experimental strategy used in this study was successful in revealing candidate genes putatively involved in regulating wall ingrowth deposition in PP TCs.
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Locus®  Symbol® Family® () Cotyledon (i) First leaves. (i) Leaf 12 (day 31) Aggregate

day 5vs. day 10 day 10 vs. day 16 basal vs. apical FC score9
Pd Fce P FC P FC

AT4GO0480 BHLH12  BHLH 000 —164 000 -179 000 -63 -406
AT2G02540 ZHD3 ~ ZF-HD 000 -59 000 -129 000 -50 -238
ATAG3B070  BHLH131 bHLH 000 -45 000 -166 000 -24 -235
ATAG16141  AT4G16141 GATA 000 -56 000 -105 000 -28 ~184
AT4G28750 CRF2  ERF 000 -109 0.00 -55 000 -20 -184
AT3G57600 DREB2F  ERF 0.00 =77 0.00 —45 0.00 29 -15.1
ATSGA6880 HDGS  HD-ZIP 000 -34 0.00 -88 000 -20 ~142
AT2G24645 REM14 B3 0.00 —4.7 0.00 -6.8 0.00 =21 -136
ATIGOBI80 ATMYBI3 MY 000 -7 000 -a7 004 -23 -7
AT3G04850 TCX4 CcPP 0.00 -37 0.00 —49 0.00 -20 -10.6
AT3GS0B70 GATATS ~ GATA 000 -26 000 -58 001 -22 -106
AT3G54320 WRIT AP2 000 -27 000 28 000 —24 -76
AT3G44750 HDT1 — CoH2 000 -30 000 -26 000 -20

ATIG78600 88X22  DBB 000 -29 000 -26 000 -20 I
AT5G43250 NF-YC13  NF-YC 0.00 =21 0.00 27 0.01 =21 -6.9
ATAGO1580  AT4GO1580 B3 000 —odf 0.00 -190 000 -65

ATGGS7920 SPLIS  SBP 000 -0 0.00 -89 005 -20

ATAG11070 WRKY4T ~ WRKY 000 -0 000 -64 004 -20

ATSGIG790 AGLIS — MIKC_MADS 000 -30 0.00 -24 001 0

ATSGS3210 SPCH  bHLH 000 -0 000 -0 000 -69

AT3G06120 MUTE  bHLH 000 -0 0.00 - 000 -

ATAGO4450 WRKY4Z  WRKY 000 —o0 000 -0 000 -0

ATSGA3290 WRKY49  WRKY 000 -0 000 —o0 001 -0

%5Gene locus and symbols were retrieved from TAIR1O.

©Transcription factors were classified into families based on the assignment rules in PlantTFDB.

9p-value adjusted by FOR, cakulated by Empircal analysis of DGE in CLC Genomics Workbench.

9FC—fold-change in expression of genes between data sets (comparing samples with abundant vs. no wall ingrowths), calculated by Empirical analysis of DG in CLC Genomics
Workbench.

! — oo indicates gene was not exprassed (exon counts <10)in sample with no detectable wallingrowths, but was expressed (exon caunts 2 10) in the comparison sample with abundant
wall ingrowths.

9Aggregate fold-change calculated for ranking purposes. Genes with —oo fold change were not included in this calculation and listed at the bottom of the table.
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Locus®  Symbol® Family® () Cotyledon (i) First leaves (i) Leaf 12 (day 31) Aggregate

day 5 vs. day 10 day 10 vs. day 16 Basal vs. apical FC scored
Pl Fce P FC P FC
ATSGISS10 NACOSS — NAC 000 12 000 62.1 000 42 75
ATSGI5830 AWbZIP  bZIP 000 146 000 40.1 000 24 57.1
ATIGE9490 NAC029  NAC 000 65 000 104 000 39 205
ATIGS2880 NACOT8  NAC 000 56 000 108 000 29 193
ATIG75250 RL6 MYB-related 000 102 000 68 000 20 19.0
ATIGSE010 NACO21 — NAC 000 28 000 144 004 20 189
AT1G29600  AT1G29600 C3H 000 34 000 16 000 24 17.4
ATSGIS800 SEPT-2  MIKC MADS 000 21 000 54 000 88 163
ATSGI6770 RAPZ-3  ERF 000 82 000 25 000 24 128
ATSGSO780 MYBS9  MYB 000 23 000 72 000 30 125
ATIGI9510  ALS MYB-related 000 34 000 28 000 34 90
AT4G32980 ATHT TALE 0.00 38 0.00 26 0.00 22 86
ATIGE9310 WRKYS7 — WRKY 000 22 000 36 000 24 79
AT2G40200 BHLHST — bHLH 000 20 000 34 004 24 78
AT1G02220  NAC003 NAC 0.00 22 0.00 23 0.00 25 70
ATIG27045 ATHB-54 HD-ZIP 000 ool 000 50 000 22
AT3G26790 FUS3 B3 0.00 +00 0.00 +00 0.01 1

abGene locus and symbols were retrieved from TAIR10.

Transcription factors were classified into families based on the assignment ules in PlantTFDB.

9p-value adjusted by FDR, calculated by Empircal analysis of DGE in CLC Genomics Workbench.

9FC—fold-change in expression of genes between data sets (comparing samples with abundant vs. no wall ingrowths), calculated by Empirical analysis of DGE in CLC Genomics
Workbench.

! +o0 indicates gene was not expressed (exon counts <10) in sample with no detectable wallingrowths, but was expressed (exon counts 10) in the comparison semple with abundant
wallingrowth depositon.

9Aggregate fold-change calculated for ranking purposes. Genes with oo fold change were not included in this calculation and are fisted at the bottom of the table.
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Experiment @ i) (i

Comparison Cotyledon Firstleaves Leaf 12 (day 31)
day 5 vs. day 10 day 10 vs. day 16 basal vs. apical
PP TC class® 1 v 1 v I n
Non-expressed® 14,491 14,167 14,259
P <0.05° 8,038 10,998 5,111
Infinity FCY 400 —o0 400 +00 —00
267 378 459 183 %8
FC cut-off® =2 -2 22 22 -2
1,002 1,654 2209 529 706
Trimmed 98 63 119 63 120
Up Down up Down up Down
DEGs9 1,261 1,969 25549 3,173 599 684
Transcription factors” 72 153 168 282 64 7

3PP TC class (1o V) efined by semi-quantiative assessment of wall ingrowth abundance. Class I—no wall ingrowths; Class Vi—highy abundan/massive depositon of wall ingrowths.
See Nguyen et al. (2017) for detais.

®Numbers of genes that were identified as not expressed in both samples from each experimental comparison.

SNumbers genes that were expressed in at least one of the two samples, and showed FDR corrected P < 0,05,

INumbers of genes showing infinite fold-change as=o0, because of non-expressed value in one of the two sampies.

oNumbers of genes below the corresponding fold-change cutoff, when comparing samples with abundant vs. no wall ingrowths.

"Numbers of genas excluded from analysis de to aberrant expression between experimental comparisons.

9Numbers of diferentialy expressed genes (DEG) (after trimming) derived from combining ‘infinity FC" and "FC cutoft”

hNumbers of differentially expressed transcription factors (defined by PlantTFDB) among the DEGs.
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