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Boron is an essential micronutrient for plant growth as it participates in cell wall integrity. The growth and development of Acacia melanoxylon stem can be adversely affected by a lack of boron. To explore the mechanism of boron deficiency in A. melanoxylon stem, the changes in morphological attributes, physiological, endogenous hormone levels, and the cell structure and component contents were examined. In addition, the molecular mechanism of shortened internodes resulting from boron deficiency was elucidated through transcriptome analysis. The results showed that boron deficiency resulted in decreased height, shortened internodes, and reduced root length and surface area, corresponding with decreased boron content in the roots, stems, and leaves of A. melanoxylon. In shortened internodes of stems, oxidative damage, and disordered hormone homeostasis were induced, the cell wall was thickened, hemicellulose and water-soluble pectin contents decreased, while the cellulose content increased under boron deficiency. Furthermore, plenty of genes associated with cell wall metabolism and structural components, including GAUTs, CESAs, IRXs, EXPs, TBLs, and XTHs were downregulated under boron deficiency. Alterations of gene expression in hormone signaling pathways comprising IAA, GA, CTK, ET, ABA, and JA were observed under boron deficiency. TFs, homologous to HD1s, NAC10, NAC73, MYB46s, MYB58, and ERF92s were found to interact with genes related to cell wall metabolism, and the structural components were identified. We established a regulatory mechanism network of boron deficiency-induced shortened internodes in A. melanoxylon based on the above results. This research provides a theoretical basis for understanding the response mechanism of woody plants to boron deficiency.
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1 Introduction

Boron is an essential trace mineral element for plants (Warington, 1923) and plays a critical role in plasma membrane integrity and function, cell wall structure and function, carbohydrate and nucleic acid metabolism, phenol, and hormone metabolism, as well as respiration and photosynthesis (García-Sánchez et al., 2020; Bolaños et al., 2023; Chen et al., 2023). Boron primarily exists in the form of boric acid (H3BO3) in soil, which is prone to leaching during heavy rainfall (Shorrocks, 1997; Brdar-Jokanović, 2020). In more than 80 countries globally, boron deficiency has become a widespread concern problem in both agriculture and forestry. Boron deficiency plants exhibit diverse visible symptoms in vegetative and reproductive organs, such as reduced root growth, suppressed plant height, decreased leaf area, lost apical shoot dominance, and reduced fertility (Shorrocks, 1997; Wang et al., 2015).

Boron is mainly involved in the formation and structural integrity of the primary cell wall by crosslinking pectin polysaccharide rhamnogalacturonan II (RG-II) (O'Neill et al., 2001; Camacho-Cristóbal et al., 2011). And nearly 90% of cellular boron is positioned on the cell wall (Kobayashi et al., 1997). When boron is lacking, the cell wall structure is disorganized, and the intercellular pectin polysaccharides are impacted, thereby preventing cell wall integrity (Martín-Rejano et al., 2011). When cell wall integrity is impaired, multiple signaling pathways are induced, such as hormone signaling, reactive oxygen species (ROS) accumulation, and the production of other cell wall components (Vaahtera et al., 2019). In Arabidopsis seedlings, the impaired cell wall integrity caused by boron deficiency triggers ethylene (ET), auxin (IAA), and ROS signals, consequently resulting in the reduction of root cell elongation (Camacho-Cristóbal et al., 2015). Unfavorable boron conditions also result in lipid peroxidation and imbalanced antioxidant enzyme activities through the excessive buildup of oxidative stress (Tewari et al., 2010). Specifically, boron deficiency increases the content of malondialdehyde (MDA) and proline (Pro), as well as upregulates the activity of lipoxygenase (LOX), and then regulates the activity of antioxidative enzymes, such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) (Molassiotis et al., 2006; Tewari et al., 2010; Yin et al., 2022).

Although the molecular mechanism of plant response to boron deficiency is not well studied, some results have been found at the transcriptional level. In the case of Neolamarckia cadamba, Yin et al. (2022) observed that the phenylalanine ammonia-lyase and phenylpropanoid biosynthesis pathways were induced under boron deficiency, resulting in increased shoot tip lignification. The expression levels of the genes related to the synthesis of pectin and cellulose in N. cadamba mature leaves were altered in response to boron deficiency stress. Moreover, numerous transcription factors (TFs) also serve as the switches of the regulatory signal cascade in response to the boron deficiency stress process. The earliest reported TFs involved in boron stress responses is AtWRKY6 in Arabidopsis (Kasajima et al., 2010). A recent study further noted that BnaWRKYs participated in the response to low boron, and BnaA9.WRKY47 contributed to the adaptation of Brassica napus to boron deficiency through upregulating BnaA3.NIP5;1 (a boron transporter gene) expression to facilitate efficient boron uptake (Feng et al., 2020). The study conducted by Song et al. (2021) utilized transcriptome analysis to find numerous differentially expressed genes (DEGs) related to antioxidant enzymes, TFs, and boron transporters, which revealed the response mechanism of boron deficiency tolerance in leaves of Beta vulgaris seedlings.

Acacia melanoxylon is an evergreen and fast-growing tree belonging to the Leguminosae family and Mimosaceae subfamily (Bradbury et al., 2011). Due to its strong adaptability, good material properties, and short rotation period, it is an ideal species that integrates economic, ecological, and greening functions. A. melanoxylon is commonly distributed in areas with high rainfall and slightly acidic soil, such as Australia, South China, Brazil, and Ethiopia (Searle, 2000). This tree species is easily affected by a lack of boron which hinders its growth. Since the development of stem is a significant economic indicator for forest tree species, the present study explored the morphological and physiological effects of boron deficiency on A. melanoxylon stem and used RNA-seq technology to identify the DEGs related to the internode shortening caused by the deficiency. Furthermore, it revealed the interaction network among the cell wall organization or biogenesis, hormone signal transduction pathways, and TFs in response to boron deficiency stress, improving the understanding of the stem response mechanism to boron deficiency in tree species.




2 Materials and methods



2.1 Plant materials and culture conditions

The elite A. melanoxylon clone SR17 was selected as plant material. And two-month-old shoots were cultured into plastic containers (30 cm × 26 cm × 14 cm) with 1/2 MS (Murashige & Skoog) nutrient solution supplemented with the following concentrations of macro- and micro-nutrients; 10.31 mM NH4NO3, 9.39 mM KNO3, 1.50 mM CaCl2, 0.75 mM MgSO4, 0.63 mM KH2PO4, 0.06 μM CoCl2, 0.05 μM CuSO4·5H2O, 50 μM FeNaEDTA, 50 μM MnSO4·H2O, 0.52 μM Na2MoO4·2H2O, 2.5 μM KI, 14.96 μM ZnSO4·7H2O. Then, the plants with consistent plant height and growth state were selected for further boron deficiency treatment (without H3BO3). The control was cultured with the nutrient solution with 50 μM of H3BO3. Each treatment was performed in three replications with 16 plants in each replication. The fresh nutrient solution was replaced every three days, and the pH was maintained at 5.5-6.0 to balance ion absorption and distribution. Experiments were conducted in a greenhouse facility under natural sunlight conditions, 75% atmospheric humidity, and a temperature range of 23-28 °C.




2.2 Growth parameters measurement and sample collection

After 60 days under boron deficiency, plant height, branch number, and internode length of the apical section (1st, 2nd, 3rd) were measured. Meanwhile, the total root length, root diameter, and root surface area were calculated by using a scanner and root image analysis software WinRHIZO Pro (Regent Instruments, QC, Canada).

Roots, stems, and leaves were also harvested and immediately frozen in liquid nitrogen and then transferred to a -80 °C refrigerator for further physiology, hormones, and RNA-seq analysis. The 2.5 g fresh samples were dried in an oven at 75 °C for a constant weight and then determined for the boron content.




2.3 Boron content measurement

0.5 g dried samples were ground to a fine powder and underwent ashing at 500 °C. Then, the ash was digested in 0.1 M HCl for 30 min and filtered using quantitative filter paper. Finally, the boron content in plants was measured using the curcumin colorimetry method with a UA-spectrophotometer (UV-2450, Shimadzu, Kyoto, Japan) (Dible et al., 1954). The calculation formulae are as follows:

	

	

	




2.4 Physiological indicators measurement

The frozen stems (0.10 g) were selected for physiological analysis. MDA content was measured using the 20% (w/v) trichloroacetic (TCA) and 0.5% (w/v) thiobarbituric acid (TBA) method (Heath and Packer, 1968). LOX activity was determined by analyzing LOX-catalyzed linoleic acid oxidation at 234 nm (Pérez et al., 1999). Pro content was extracted from 3% (w/v) aqueous sulfosalicylic acid and estimated by ninhydrin reagent at 520 nm (Bates et al., 1973). SOD activity was evaluated using the nitrotetrazolium blue chloride (NBT) photochemical reduction method (Giannopolitis and Ries, 1977). POD activity was measured based on guaiacol oxidation at 470 nm using hydrogen peroxide (H2O2). CAT activity was determined by measuring the disappearance of H2O2 at 240 nm (Rao et al., 1996). Each assay had three independent replications.




2.5 Endogenous hormone contents measurement

An improved double antibody sandwich enzyme-linked immunosorbent assay (ELISA) was used to quantify IAA, CTK, GA, ABA, ET, and JA in stems according to the kit’s instructions (Shanghai Enzyme-linked Biotechnology, Shanghai, China). Specifically, the frozen stems (0.20 g) were ground in liquid nitrogen and homogenized in 2 ml phosphate-buffered saline (PBS; 0.01 M, pH 7.5). After centrifugation at 10000 xg for 10 min, the supernatant (50.00 μL) and biotinylated plant corresponding antibodies were added to wells and incubated at 37°C for 30 min. The liquid was removed, and the plates were washed five times with washing buffer. Enzyme conjugate liquid (50 µL) was added to wells and incubated at 37 °C for 30 min, and the plates were washed five times with washing buffer. Next, color reagent A (50 µL) and B (50 µL) were added to wells and incubated at 37°C for 10 min. Finally, the reaction was terminated by adding color reagent C (50 µL). A standard curve was generated using five known contents of hormones, the absorbance (OD value) was measured at 450 nm, and the regression equation of the standard curve was used to determine the content of each hormone. Each assay had three independent replications.




2.6 Transmission electron microscope analysis

The TEM slices were performed using the method of Kong et al. (2013) with slight modifications. Specifically, stems from the same parts under different boron treatments were cut into small pieces (1 mm × 1 mm). The samples were fixed in glutaraldehyde in phosphate buffer solution (PBS, 0.1 M) for 12 h at 4°C. Then, the tissue blocks were rinsed four times using 0.1 M PBS (pH 7.4) and post-fixed for 2-3 h with 1% buffered osmium tetroxide, followed by rinsing in 0.1 M PBS (pH 7.4) for three times. Next, the samples were dehydrated using an increasing ethanol concentration series (30, 50, 70, 80, 95, 100, 100) and transferred into a mixture of ethanol and acetone (3:1, 1:1, 1:3, 0:1). Ultrathin sections were stained with 2% uranyl acetate and lead citrate, and were examined with a TEM (Hitachi, HT7800/HT7700, Japan). The cell wall thickness was measured (20 replicates for one treatment) with Image J’s scale tool based on the TEM image scale.




2.7 Cellulose, hemicellulose, and water-soluble pectin content measurement

The contents of cellulose and hemicellulose of stems were determined as follows: 3.0 g dried samples were ground to a fine powder and digested in a mixture of acidic detergent and 1-octanol for 60 minutes. Then, the digestion liquor was filtered with a funnel. The residue was digested in H2SO4 for 3 hours, then filtered again and washed with hot water until neutral. Next, the residue was dried to constant weight at 105°C. Finally, the cellulose and hemicellulose content was determined using the gravimetric technique in a fully automated fiber analysis system (Fibertech TM 8000, FOSS, Denmark). Each assay had three independent replications.

0.3 g fresh stems were ground into powder and quickly homogenized in 1 mL 80% ethanol. The samples were incubated in a 95°C water bath for 20 min. After centrifugation at 4000 xg for 10 min, the precipitate was collected. The final residue was defined as a crude cell wall after being washed with 1.5 mL 80% ethanol and acetone. 3 mg dried crude cell wall dissolved in 1 mL anhydrous sodium acetate (pH 6.5) was shaken for 15 hours. After centrifugation at 8000 xg for 10 min, the supernatant was collected. The content of WSP was measured by reading the absorbance at 530 nm with a tube photometer. Each assay had three independent replications.




2.8 Transcriptomics analysis

The RNA of stems was extracted using the RNAprep Pure Plant Kit (DP441, Tiangen, China). RNA quality and quantity were verified with an RNA integrity number (RIN) greater than 7.2, 260/280 ratio of 1.8 to 2.0, 260/230 ratio of 1.8 to 2.2, and a concentration greater than 300 ng·µL-1, RNA samples were selected for further experiments. First-strand cDNA was synthesized using the SuperScriptTM II Reverse Transcriptase kit (18-064-022, Invitrogen, USA).

RNA-Seq of qualified libraries was performed using the Illumina HiSeq4000 platform, with a sequencing strategy of 150 bp paired-end. The clean reads were mapped to the A. melanoxylon reference genome sequence (unpublished) using HISAT2 (Kim et al., 2015). After alignment, mRNA expression levels were calculated by combining RNA-Seq by Expectation Maximization (RSEM) with Fragments Per Kilobase of exon model per Million mapped fragments (FPKM) values (Trapnell et al., 2010; Li and Dewey, 2011). DEGs were identified using DESeq2 with |Log2(fold-change) | ≥ 1, FDR ≤ 0.05, and P-value< 0.05 (Love et al., 2014). All DEGs were mapped to GO terms in the GO database and pathways in the KEGG database. The TBtools software was used to delineate heatmaps based on the DEG results (Chen et al., 2020). The protein interaction networks were visualized with Cytoscape (Shannon et al., 2003). In addition, the RNA-seq data were submitted to NCBI with the submission number: PRJNA995919.




2.9 qRT-PCR validation and expression analysis

For quantitative real-time PCR (qRT-PCR), the same RNA and cDNA stem samples used for transcriptome sequencing were utilized. The qRT-PCR test was performed using the TB Green Premix Ex TaqTM kit (RR820, TaKaRa, China). The qRT-PCR reaction system and procedures were carried out according to the kit requirements. All qRT-PCR amplifications were repeated three times. All the genes were normalized against the level of protein phosphatase type 2A (evm.TU.Chr3.536 PP2a). The details of the gene-specific primers are listed in Supplementary File 1.




2.10 Statistical analysis

SPSS 26.0 (SPSS Inc., Chicago, USA) software was employed to conduct variance analysis. The minimum significant difference method (LSD) at P-value< 0.05 and 0.01. Principal component analysis (PCA), Pearson correlation analysis, and figures were prepared using Origin 2021 (OriginLab Co., Massachusetts, USA). Significant and extremely significant differences were expressed by * and **, respectively.





3 Results



3.1 Effect of boron deficiency on plant morphological attributes

Under the boron deficiency (B0) condition, the phenotype of decreased plant height, shortened internodes, increased branches, and brown roots were observed, compared to the control (50 μM boric acid) (Figures 1A, B). The results of growth parameters shown in Table 1 revealed that B0 treatment led to a 33.52% decrease in plant height, 27.76% decrease for the 1-st internode, 36.99% decrease for the 2-nd internode, and 42.59% decrease for the 3-rd internode, and a 118.33% increase in the branch number. Meanwhile, the primary root length and surface area were decreased by 32.08% and 24.89%, respectively. Interestingly, the root diameter increased by 41.37%. These results suggest that boron is essential for growth in A. melanoxylon.




Figure 1 | A. melanoxylon plants morphology under boron deficiency. (A) Phenotype; (B) Internodes morphology. Control (50 μM boric acid); B0 (0 μM boric acid). Scale bars of phenotype and internode morphology are 1 cm.




Table 1 | Growth parameters of A. melanoxylon under boron deficiency.






3.2 Effect of boron deficiency on plant biomass and boron nutrient

Under the B0 condition, the fresh weights, dry weights, and root-shoot ratio were decreased (Figures 2A–C). Meanwhile, boron deficiency led to a 65.07% reduction of boron content in roots, 15.22% in stems, and 56.68% in leaves (Figure 2D). Under the control condition, boron accumulation in roots was higher than in stems, but under the B0 condition, it was lower than in the stems (Figure 2E). Moreover, the BTCs of plants were 0.63 and 1.02 under control and B0 conditions, respectively (Figure 2F). These results suggest that A. melanoxylon preferentially transports boron from roots to shoots during long-term boron deficiency. The BEC coefficient of A. melanoxylon under the B0 condition is 90%, indicating that the soluble boron content is low and the boron utilization of the A. melanoxylon cultivar (SR17) is efficient.




Figure 2 | The biomass and boron nutrient of A. melanoxylon changes under boron deficiency. Control (50 μM boric acid); B0 (0 μM boric acid). (A) Fresh weight; (B) Dry weight; (C) Root-shoot ratio; (D) Boron content; (E) Boron accumulation; (F) BTC. All data are the mean of three replicates collected over 60 days of treatment. Data are the mean ± standard deviations. The * indicates significant differences at P-value< 0.05, and ** indicates significant differences at P-value< 0.01.






3.3 Effects of boron deficiency on physiological indicators and endogenous hormone contents in stem

The experiments showed that boron deficiency led to an increase in MDA content (15.04%, Figure 3A), LOX activity (47.79%, Figure 3C), and a decrease in Pro content (18.14%, Figure 3B). These changes induced increases in SOD (8.48%, Figure 3D) and POD (29.75%, Figure 3E) activities and a decrease in CAT activity (16.42%, Figure 3F).




Figure 3 | The physiology and hormone changes of A. melanoxylon stems under boron deficiency. Control (50 μM boric acid); B0 (0 μM boric acid). (A) MDA content; (B) Pro content; (C) LOX activity; (D) SOD activity; (E) POD activity; (F) CAT activity; (G) IAA content; (H) GA content; (I) CTK content; (J) ABA content; (K) ET content; (L) JA content. All data are the mean of three replicates collected over 60 days of treatment. Data are the mean ± standard deviations. The ** indicates significant differences at P-value< 0.01.



Compared to the control condition, the endogenous IAA, GA, CTK, ET, and JA contents were significantly reduced by 33.55%, 21.36%, 29.78%, 21.27%, and 20.63%, respectively (Figures 3G–I, K, L), while ABA content increased significantly by 23.44% under B0 condition (Figure 3J). These results indicate that A. melanoxylon altered its stem’s original endogenous hormone levels to adapt to boron deficiency.




3.4 Stem ultrastructure and cell wall components content

TEM micrograph analysis showed that the cell wall of the stem thickened under boron deficiency (Figure 4B), while it remained regular under the control condition (Figure 4A). Results of ImageJ software showed that the cell wall thickness under the boron deficiency condition significantly increased by 2.08 times compared to the control condition (Figure 4C). Moreover, the WSP and hemicellulose contents were significantly decreased by 27.52%, and 16.33%, respectively, in comparison to the control condition (Figures 4D, F), whereas the cellulose content increased significantly by 33.35% under B0 condition (Figure 4E).




Figure 4 | Structure and composition of cell wall under different boron conditions. Control (50 μM boric acid); B0 (0 μM boric acid). (A) Transmission electron microscope micrograph under control condition; (B) Transmission electron microscope micrograph under B0 condition; (C) Cell wall thickness; (D) WSP content means water soluble pectin content; (E) Cellulose content; (F) Hemicellulose content. All data are the mean of three replicates collected over 60 days of treatment. Data are the mean ± standard deviations. The ** indicates significant differences at P-value< 0.01.






3.5 Transcriptome profiling of stem under boron deficiency

After removing low-quality and short reads, the number of clean reads ranged from 7.2 to 8.7 Gb, and the percentage of Q30 was more than 88.9% (Supplementary File 2). The 77.51% to 80.76% of unique reads can match the reference genome sequence (Supplementary File 3). We assessed the similarities and differences among samples using Pearson correlation analysis and PCA. The Pearson correlation coefficient (R2) between samples was higher than 0.87, and the clustering was obvious (Supplementary Figures 1A, B), indicating that the transcriptome data are reliable for subsequent analysis.

The gene expression levels were measured according to FPKM, with all samples restricted to the range 4 ≥ log10 (FPKM) ≥ -2 (Supplementary Figure 2A). Transcriptome analysis identified a total of 5012 DEGs, of which 2348 genes were upregulated and 2264 genes were down-regulated (Supplementary Figure 2B). A volcano plot was utilized to display the FC values in gene expression (Supplementary Figure 2C). Furthermore, to better understand the overall variation in DEG expression, a heatmap was built to visualize the expression patterns of all DEGs. The DEGs were classified into 3 clusters based on their expression patterns (Supplementary Figure 2D). These results indicate that there is a considerable change in the transcription levels of many genes in A. melanoxylon stem under boron deficiency.




3.6 Real-time qPCR validation

To verify the authenticity and reproducibility of the transcriptomic data, we selected 15 DEGs and designed specific primers for qRT-PCR. The relative expression of the selected genes was compared with the results of RNA-seq analysis. The results showed that the 15 genes differed slightly from the sequencing data expression. Still, the overall expression trend was identical (Supplementary Figure 3), confirming the reliability of this study’s transcriptome sequencing results.




3.7 GO and KEGG pathways analysis of DEGs

The 406 differentially expressed GO terms (P-value< 0.05) were identified through GO enrichment analysis. Specifically, the biological process (BP), molecular functions (MF), and cell component (CC) included 224, 125, and 57 terms, respectively (Supplementary File 4). The cell wall organization or biogenesis, oxidoreductase activity, and microtubule cytoskeleton were the most significantly enriched GO terms in BP, MF, and CC ontology, respectively. Besides these categories, DEGs were functionally related to lignin metabolism, secondary metabolism, and DNA replication processes (Figure 5A; Supplementary File 4).




Figure 5 | GO function and KEGG enrichment pathway analysis of A. melanoxylon stems under boron deficiency. (A) GO function analysis. “Oxidoreductase activity, acting…” means oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen, NAD(P)H as one donor, and incorporation of one atom of oxygen. (B) KEGG enrichment pathway analysis.



To identify DEGs enriched in various metabolic pathways, the KEGG database was utilized, with a P-value< 0.05 as the screening threshold. The DEGs were categorized into 18 functional categories, including 2 environmental information processing, 2 genetic information processing, and 14 metabolism pathways (Supplementary File 5). The plant hormone signal transduction, biosynthesis of amino acids, and phenylpropanoid biosynthesis were identified as the most abundant KEGG pathways (Figure 5B).




3.8 Response of cell wall organization or biogenesis-related DEGs under boron deficiency

DEGs related to cell wall organization or biogenesis were examined to further investigate the effects of boron deficiency on cell wall structure and composition. 127 DEGs encoding proteins or enzymes were involved in cell wall metabolism, of which 106 were down-regulated and 21 were upregulated under boron deficiency (Figure 6; Supplementary File 6). 28 DEGs encoding pectinaceous components or pectin-modifying enzymes, such as pectinesterase (PMEs), polygalacturonase (PGLs), pectin acetylesterase (PAEs) and galacturonosyltransferase (GAUT) were identified, of which 5 were upregulated (evm.TU.Chr11.2523 PME2, evm.TU.Chr6.186 PME29, evm.TU.Chr5.294 PME37, evm.TU.Chr10.3814 PGLR, and evm.TU.Chr7.278 PMTD) and 23 down-regulated (Supplementary File 6). 44 DEGs encoded structural components of cell walls such as cellulose, glucans, xylans, and galacturonans. 44 DEGs encoded proteins such as expansins (EXPs), trichome birefringence-like (TBLs), and xyloglucan endotransglucosylase/hydrolase (XTHs), which are required for cell wall loosening during growth. In addition, 3 TFs (evm.TU.Chr12.383 MYB46, evm.TU.Chr12.81 MYB58, and evm.TU.Chr11.734 HD1) were downregulation under boron deficiency.




Figure 6 | Expression of DEGs for cell wall organization or biogenesis under boron deficiency. The heatmaps show log2FPKM values of the DEGs. Red indicates up-regulation and blue indicates down-regulation.






3.9 Transcription factors regulate cell wall-related genes under boron deficiency

A total of 314 DEGs encoding TFs (Supplementary File 7) were found in the transcriptome database, of which 171 were upregulated and 143 were downregulated. Among these, MYBs were the most abundant family (56), followed by AP2-EREBPs (43), bHLHs (26), NACs (25), and WRKYs (18) in turn.

The interaction network of TFs and cell wall organization or biogenesis-related genes was constructed to reveal the potential regulatory mechanisms in A. melanoxylon stem under boron deficiency. As shown in Figure 7, cell wall organization or biogenesis-related genes, such as GAUTCs, CESAs, and IRXs, were found to interact with TFs, containing 2 HD1s, 1 NAC73, and 3 MYB46s. Moreover, NAC10 and MYB58 served as master switches in charge of the transcriptional regulation of the cell wall network. It is noteworthy that 2 HD1s interacted not only with MYBs and NACs but also with several CESAs and IRXs. In addition, 3 ERF92s, which are part of the ET signaling pathway, interact with 4 CHIs.




Figure 7 | The network of transcription factors with cell wall organization or biogenesis-related genes. Cycle nodes represent genes, yellow nodes represent the transcription factors, while blue nodes represent cell wall organization or biogenesis-related genes. The size of node represents the power of the interrelation among the nodes by degree value.






3.10 Response of plant hormone-related DEGs under boron deficiency

Based on the DEGs’ enrichment results, there were 81 DEGs involved in the plant hormone signal transduction pathways, of which 30 were upregulated and 51 were downregulated (Supplementary File 8). The number of DEGs involved in the IAA signaling pathway was the most, followed by ABA and ET signaling pathways. We further analyzed the expression pattern of DEGs in IAA, CTK, GA, ABA, ET, and JA pathways and visualized them with process maps. As shown in Figure 8, all 11 DEGs in the ET pathway were down-regulated. Hormone signal receptors (GID1s, PYR/PYLs, and ETRs) and response regulator (AUX1s, AUX/IAAs, ARFs, A-ARRs, DELLAs, and ERFs) genes were also all down-regulated. In the JA signal transduction pathway, boron deficiency upregulated JAR1, leading to the downregulation of downstream protein JAZs and TF MYC2s. These results indicate that the gene expression changes associated with plant hormone signal transduction are likely to be implicated in the growth regulation of A. melanoxylon stem under boron deficiency.




Figure 8 | Process map of plant hormone signal transduction pathway for auxin, cytokinin, gibberellin, abscisic acid, ethylene and jasmonic acid. The heatmaps show log2FC values of the DEGs. Red indicates up-regulation and blue indicates down-regulation.



To clarify the complex interaction network between hormones, we drew an interaction network diagram between DEGs (Supplementary Figure 4). ABF (evm.TU.Chr.4.2387) belonging to the ABA signal transduction pathway, interacted with the AUX/IAA genes (evm.TU.Chr5.561 and evm.TU.Chr9.973) involved in the IAA signaling pathway. The AHPs (evm.TU.Chr9.755, evm.TU.Chr8.2827, and evm.TU.Chr13.2653) belonging to the CTK signal transduction pathway, interacted with ETR92s (evm.TU.Chr6.540, evm.TU.Chr8.2490 and evm.TU.Chr6.541) involved in the ET signal transduction pathway.





4 Discussion



4.1 Boron deficiency inhibits the growth and development of A. melanoxylon

The present study showed that A. melanoxylon presented various symptoms under boron deficiency, such as dwarf plants, increased branches, shortened internodes, and notably shorter and thicker roots (Figure 1). The morphological changes observed in plants may be the end phenotypic results of altering cell wall integrity and hormone homeostasis-related pathways. For instance, Yin et al. (2022) found that severe morphological changes induced by boron deficiency may be caused by damaging the cell wall integrity in N. Cadamba. Chen et al. (2022) reported that boron deficiency induced jasmonate signaling and remodeling of cell wall metabolism in pea (Pisum sativum) shoots, which was the reason for changes in shoot growth and architecture. In our study, long-term boron deficiency significantly altered the cell wall structure, composition, and endogenous hormone levels, resulting in morphological changes in A. melanoxylon stem. In addition, antioxidant enzyme (SOD, POD, CAT, and LOX) activities, antioxidant and oxidative stress indicators were also significantly changed in response to boron deficiency in A. melanoxylon stem (Figure 3). The reason may be that cells altered their osmotic potential and activated the antioxidant mechanism to protect cell membranes and maintain oxidative homeostasis under boron deficiency stress (Zhu, 2016; Zhu et al., 2020).




4.2 Boron deficiency affects cell wall organization or biogenesis in A. melanoxylon stem

The growth inhibition of apical meristems was one of the early responses to boron deficiency, which is attributable to the loss of cell wall plasticity (Dell and Huang, 1997; Chen et al., 2023). Boron deficiency disrupts the structural arrangement of the cell wall, which in turn affects cell function and cell wall components (Wang et al., 2015; Brdar-Jokanović, 2020). Boron crosslinked with RG-II in the cell wall and was closely associated with the biosynthesis of pectin, cellulose, and lignin (Hu and Brown, 1994; Wu et al., 2017; Yan et al., 2022). Boron deficiency caused the cell wall of A. melanoxylon stem to thicken, with a concomitant decrease in the hemicellulose and WSP contents (Figure 4). At the molecular level, boron deficiency caused a significant reduction in the expression of the great majority of genes involved in cell wall organization or biogenesis pathway in A. melanoxylon stem, as shown in Figure 5 and Supplementary File 3. A previous study has also reported that boron deficiency downregulates the expression of several cell wall-related genes in Arabidopsis roots (Camacho-Cristóbal et al., 2008). These results suggest that boron deficiency affects the structure and composition of the cell wall and is also involved in the expression of cell wall-related genes. Furthermore, the expression patterns of cell wall-related genes have been demonstrated to be connected with plant morphology. For example, overexpressing PmCESA2 in poplar increased secondary cell wall thickness and xylem width, leading to higher cellulose and lignin content, and improved biomass production (Maleki et al., 2020). In Arabidopsis, overexpressing AtEXPA4 enhanced primary root elongation, while knocking out AtEXPA4 slowed down primary root growth (Liu et al., 2021). However, the functions of these genes in A. melanoxylon have rarely been reported. To gain a better understanding of the effects of boron deficiency on A. melanoxylon stem, further investigations are needed to identify the genes that are either activated or repressed by boron, and how they affect the cell wall structure and composition.




4.3 Boron deficiency induced interactions of cell wall and hormone-related genes in A. melanoxylon stem

Cell wall integrity is an essential foundation of plant growth and development. Previous studies have indicated that boron deficiency can lead to changes in cell wall integrity and endogenous phytohormone balance. For instance, in Arabidopsis, Camacho-Cristóbal et al. (2015) found that boron deficiency damages cell wall integrity and activates ethylene, auxin, and ROS signaling pathways, thus causing a rapid reduction in root elongation. Additionally, Chen et al. (2022) proposed that boron deficiency disorders cell wall structure, thereby triggering the activation of JA signaling and subsequent compensatory changes in cell wall metabolism. Consequently, it can be inferred that there is an intricate interaction between cell walls and hormonal signaling mechanisms in response to boron deficiency. This hypothesis has also been validated by studies conducted on other plant species. Specifically, mutations in AtCESAs inhibit cellulose biosynthesis, leading to the redistribution of the auxin efflux carrier AtPIN1 in the shoot apical meristem, thereby significantly affecting shoot apical meristem development (Sampathkumar et al., 2019). Our research found that 3 ET response factors (ERF92s) interact with the 4 class II chitinases (CHIs) (Figure 7). Previous research has shown that CHI participates in the catabolic process of cell wall macromolecules (De Andrade Silva et al., 2020). Under boron deficiency, ERF92s were downregulated, while CHIs were upregulated in A. melanoxylon stem (Supplementary Files 6, 8). This suggests that the upregulation of CHIs expression may enhance the disassembly of cell wall macromolecules, thereby impeding the transduction of ET signaling.

Previous studies have reported the existence of crosstalk among plant hormones under abiotic stress, forming complex signal transduction networks (Waadt et al., 2022). Additionally, it has been found that boron-related morphological and physiological disorders are associated with the production and signal transduction of plant hormones (Eggert and von Wirén, 2017; Chen et al., 2023). For example, in Arabidopsis seedlings, the crosstalk between CTKs, ETs, and IAAs functions acts as a signal in response to boron deficiency, regulating root cell elongation and boron transport (Herrera-Rodríguez et al., 2022). The interaction among IAAs, CTKs, and GAs also impacts plant stem elongation (Santner et al., 2009; Hedden and Thomas, 2012; Singh and Roychoudhury, 2022). In our study, we observed that the ERF92s belonging to the ET signaling pathway interacted with the AHPs belonging to the CTK signal transduction pathway (Figure S4). This indicates that CTK affects the cell wall of A. melanoxylon plants in a boron deficiency environment through its interaction with ET. Further research is needed to investigate the relationship between other hormonal signals and plant development and cell wall integrity under boron deficiency stress.




4.4 Boron deficiency induces TFs that regulate cell wall-related genes in A. melanoxylon stem

Previous studies have reported that MYBs and NACs are master transcriptional switches of the secondary cell wall. They regulate the expression of genes involved in the biosynthesis of cellulose, xylan, glucomannan, and lignin (Zhong and Ye, 2014). AtMYB46 directly regulates the expression of secondary wall-associated CESAs in Arabidopsis (Kim et al., 2013). In Thellungiella halophila, the co-overexpression of TsHD1 and TsNAC1 significantly inhibits plant growth by restraining cell expansion (Liu et al., 2019). In our study, network analysis reveals that MYBs (evm.TU.Chr12.2815, evm.TU.Chr12.81, evm.TU.Chr10.3834, and evm.TU.Chr12.383), NACs (evm.TU.Chr1.1777 and evm.TU.Chr10.4496) and HD1s (evm.TU.Chr11.734 and evm.TU.Chr3.2229) regulate numerous DEGs involved in cell wall organization or biogenesis (Figure 7). Our research also found that these HD1s, NACs, and MYBs exhibit significant down-regulation under boron deficiency (Supplementary File 7). This suggests that long-term boron deficiency inhibits TFs-mediated processes in cell wall organization or biosynthesis, ultimately retarding the development of A. melanoxylon stem.

Finally, we built a schematic model to visualize the process of A. melanoxylon in response to boron deficiency, as shown in Figure 9. Boron deficiency causes changes in boron nutrition, leading to oxidative stress and alterations in cell wall structure and composition. Hormone biosynthesis, transport, and signal transduction are also disturbed. In addition, TFs and plant hormone signal transduction-related genes impact cell wall organization or biosynthesis, suggesting that the response of plants to boron deficiency is a complex regulatory process. Taken together, the inhibitory effects of boron deficiency stress on the growth and development of A. melanoxylon stem are attributed to changes in cell wall structure and composition and transcriptional regulation. This study provides a theoretical basis for further understanding the response mechanism of woody plants to boron deficiency stress.




Figure 9 | Schematic model of changes in the physiological and molecular mechanisms of A. melanoxylon stem under boron deficiency. The dashed line with arrows indicate speculative rules inferred by RNA-seq enrichment of DEGs. Red words represent the up-regulation of substances or genes, blue word represent down-regulation, and yellow words represent both up-regulation and down-regulation of genes.








Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

ZC: Investigation, Data curation, Formal Analysis, Writing – original draft. XB: Data curation, Formal Analysis, Investigation, Writing – original draft. BZ: Data curation, Funding acquisition, Investigation, Methodology, Writing – review & editing. CF: Writing – review & editing. XL: Methodology, Writing – review & editing. BH: Conceptualization, Supervision, Methodology, Validation, Data curation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the National Key Research and Development Program of China (2022YFD2200205) and Forestry Science and Technology Innovation Project of Guangdong Province (2020KJCX014).





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1268835/full#supplementary-material

Supplementary Figure 1 | Pearson correlation and principal component analysis between samples.

Supplementary Figure 2 | The differentially expressed genes (DEGs) in A. melanoxylon stem.

Supplementary Figure 3 | qRT-PCR validation of 15 DEGs. Data are the mean ± standard deviations (n=3).

Supplementary Figure 4 | Correlation network diagram of plant hormone signal transduction pathway (KEGG: ko04075).




References

 Bates, L. S., Waldren, R. A., and Teare, I. D. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207. doi: 10.1007/BF00018060

 Bolaños, L., Abreu, I., Bonilla, I., Camacho-Cristóbal, J. J., and Reguera, M. (2023). What can boron deficiency symptoms tell us about its function and regulation? Plants 12 (4), 777. doi: 10.3390/plants12040777

 Bradbury, G. J., Potts, B. M., and Beadle, C. L. (2011). Genetic and environmental variation in wood properties of Acacia melanoxylon. Ann. For. Sci. 68 (8), 1363–1373. doi: 10.1007/s13595-011-0115-x

 Brdar-Jokanović, M. (2020). Boron toxicity and deficiency in agricultural plants. Int. J. Mol. Sci. 21 (4), 1424. doi: 10.3390/ijms21041424

 Camacho-Cristóbal, J. J., Herrera-Rodríguez, M. B., Beato, V. M., Rexach, J., Navarro-Gochicoa, M. T., Maldonado, J. M., et al. (2008). The expression of several cell wall-related genes in Arabidopsis roots is down-regulated under boron deficiency. Environ. Exp. Bot. 63 (1-3), 351–358. doi: 10.1016/j.envexpbot.2007.12.004

 Camacho-Cristóbal, J. J., Martín-Rejano, E. M., Herrera-Rodríguez, M. B., Navarro-Gochicoa, M. T., Rexach, J., et al. (2015). Boron deficiency inhibits root cell elongation via an ethylene/auxin/ROS-dependent pathway in Arabidopsis seedlings. J. Exp. Bot. 66 (13), 3831–3840. doi: 10.1093/jxb/erv186

 Camacho-Cristóbal, J. J., Rexach, J., Herrera-Rodríguez, M. B., Navarro-Gochicoa, M. T., and González-Fontes, A. (2011). Boron deficiency and transcript level changes. Plant Sci. 181 (2), 85–89. doi: 10.1016/j.plantsci.2011.05.001

 Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13 (8), 1194–1202. doi: 10.1016/j.molp.2020.06.009

 Chen, X., Humphreys, J. L., Ru, Y., He, Y., Wu, F., Mai, J., et al. (2022). Jasmonate signaling and remodeling of cell wall metabolism induced by boron deficiency in pea shoots. Environ. Exp. Bot. 201, 104947. doi: 10.1016/j.envexpbot.2022.104947

 Chen, X., Smith, S. M., Shabala, S., and Yu, M. (2023). Phytohormones in plant responses to boron deficiency and toxicity. J. Exp. Bot. 74 (3), 743–754. doi: 10.1093/jxb/erac443

 De Andrade Silva, E. M., Reis, S. P. M., Argolo, C. S., Gomes, D. S., Barbosa, C. S., Gramacho, K. P., et al. (2020). Moniliophthora perniciosa development: key genes involved in stress-mediated cell wall organization and autophagy. Int. J. Biol. Macromol. 154, 1022–1035. doi: 10.1016/j.ijbiomac.2020.03.125

 Dell, B., and Huang, L. (1997). Physiological response of plants to low boron. Plant Soil 193, 103–120. doi: 10.1023/A:1004264009230

 Dible, W. T., Truog, E., and Berger, K. C. (1954). Boron determination in soils and plants. Anal. Chem. 26 (2), 418–421. doi: 10.1021/ac60086a047

 Eggert, K., and von Wirén, N. (2017). Response of the plant hormone network to boron deficiency. New Phytol. 216 (3), 868–881. doi: 10.1111/nph.14731

 Feng, Y., Cui, R., Wang, S., He, M., Hua, Y., Shi, L., et al. (2020). Transcription factor BnaA9. WRKY47 contributes to the adaptation of Brassica napus to low boron stress by upregulating the boric acid channel gene BnaA3. NIP5; 1. Plant Biotechnol. J. 18 (5), 1241–1254. doi: 10.1111/pbi.13288

 García-Sánchez, F., Simón-Grao, S., Martínez-Nicolás, J. J., Alfosea-Simón, M., Liu, C., Chatzissavvidis, C., et al. (2020). Multiple stresses occurring with boron toxicity and deficiency in plants. J. Hazard. Mater. 397, 122713. doi: 10.1016/j.jhazmat.2020.122713

 Giannopolitis, C. N., and Ries, S. K. (1977). Superoxide dismutases: I. Occurrence in higher plants. Plant Physiol. 59 (2), 309–314. doi: 10.1104/pp.59.2.309

 Heath, R. L., and Packer, L. (1968). Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 125 (1), 189–198. doi: 10.1016/0003-9861(68)90654-1

 Hedden, P., and Thomas, S. G. (2012). Gibberellin biosynthesis and its regulation. Biochem. J. 444 (1), 11–25. doi: 10.1042/BJ20120245

 Herrera-Rodríguez, M. B., Camacho-Cristóbal, J. J., Barrero-Rodríguez, R., Rexach, J., Navarro-Gochicoa, M. T., and González-Fontes, A. (2022). Crosstalk of cytokinin with ethylene and auxin for cell elongation inhibition and boron transport in Arabidopsis primary root under boron deficiency. Plants 11 (18), 2344. doi: 10.3390/plants11182344

 Hu, H., and Brown, P. H. (1994). Localization of boron in cell walls of squash and tobacco and its association with pectin (evidence for a structural role of boron in the cell wall). Plant Physiol. 105 (2), 681–689. doi: 10.1104/pp.105.2.681

 Kasajima, I., Ide, Y., Yokota Hirai, M., and Fujiwara, T. (2010). WRKY6 is involved in the response to boron deficiency in Arabidopsis thaliana. Physiol. Plant 139 (1), 80–92. doi: 10.1111/j.1399-3054.2010.01349.x

 Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12 (4), 357–360. doi: 10.1038/nmeth.3317

 Kim, W. C., Ko, J. H., Kim, J. Y., Kim, J., Bae, H. J., and Han, K. H. (2013). MYB 46 directly regulates the gene expression of secondary wall-associated cellulose synthases in A.rabidopsis. T. Plant J. 73 (1), 26–36. doi: 10.1111/j.1365-313x.2012.05124.x

 Kobayashi, M., Ohno, K., and Matoh, T (1997). Boron nutrition of cultured tobacco BY-2 cells. II. Characterization of the boron-polysaccharide complex. Plant Cell Physiol 38 (6), 676–683. doi: 10.1093/oxfordjournals.pcp.a029220

 Kong, Y., Xu, X., and Zhu, L. (2013). Cyanobactericidal effect of Streptomyces sp. HJC-D1 on Microcystis auruginosa. PloS One 8 (2), e57654. doi: 10.1371/journal.pone.0057654

 Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC Bioinform. 12, 1–16. doi: 10.1186/1471-2105-12-323

 Liu, C., Ma, H., Zhou, J., Li, Z., Peng, Z., and Guo, F. (2019). TsHD1 and TsNAC1 cooperatively play roles in plant growth and abiotic stress resistance of Thellungiella halophile. Plant J. 99 (1), 81–97. doi: 10.1111/tpj.14310

 Liu, W., Xu, L., Lin, H., and Cao, J. (2021). Two expansin genes, AtEXPA4 and AtEXPB5, are redundantly required for pollen tube growth and AtEXPA4 is involved in primary root elongation in Arabidopsis thaliana. Genes 12 (2), 249. doi: 10.3390/genes12020249

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 1–21. doi: 10.1186/s13059-014-0550-8

 Maleki, S. S., Mohammadi, K., Movahedi, A., Wu, F., and Ji, K. S. (2020). Increase in cell wall thickening and biomass production by overexpression of PmCesA2 in poplar. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00110

 Martín-Rejano, E. M., Camacho-Cristóbal, J. J., Herrera-Rodríguez, M. B., Rexach, J., Navarro-Gochicoa, M. T., and González-Fontes, A. (2011). Auxin and ethylene are involved in the responses of root system architecture to low boron supply in Arabidopsis seedlings. Physiol. Plant 142 (2), 170–178. doi: 10.1111/j.1399-3054.2011.01459.x

 Molassiotis, A., Sotiropoulos, T., Tanou, G., Diamantidis, G., and Therios, I. (2006). Boron-induced oxidative damage and antioxidant and nucleolytic responses in shoot tips culture of the apple rootstock EM 9 (Malus domestica Borkh). Environ. Exp. Bot. 56 (1), 54–62. doi: 10.1016/j.envexpbot.2005.01.002

 O'Neill, M. A., Eberhard, S., Albersheim, P., and Darvill, A. G. (2001). Requirement of borate crosslinking of cell wall rhamnogalacturonan II for Arabidopsis growth. Science 294 (5543), 846–849. doi: 10.1126/science.1062319

 Pérez, A. G., Sanz, C., Olías, R., and Olías, J. M. (1999). Lipoxygenase and hydroperoxide lyase activities in ripening strawberry fruits. J. Agric. Food Chem. 47 (1), 249–253. doi: 10.1021/jf9807519

 Rao, M. V., Paliyath, G., and Ormrod, D. P. (1996). Ultraviolet-B-and ozone-induced biochemical changes in antioxidant enzymes of Arabidopsis thaliana. Plant Physiol. 110 (1), 125–136. doi: 10.1104/pp.110.1.125

 Sampathkumar, A., Peaucelle, A., Fujita, M., Schuster, C., Persson, S., Wasteneys, G. O., et al. (2019). Primary wall cellulose synthase regulates shoot apical meristem mechanics and growth. Development 146 (10), dev179036. doi: 10.1242/dev.179036

 Santner, A., Calderon-Villalobos, L. I. A., and Estelle, M. (2009). Plant hormones are versatile chemical regulators of plant growth. Nat. Chem. Biol. 5 (5), 301–307. doi: 10.1038/nchembio.165

 Searle, S. D. (2000). Taylor & Francis online: acacia melanoxylon-A review of variation among planted trees. Aust. For. 63, 79–85. doi: 10.1080/00049158.2000.10674818

 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13 (11), 2498–2504. doi: 10.1101/gr.1239303

 Shorrocks, V. M. (1997). The occurrence and correction of boron deficiency. Plant Soil 193 (1-2), 121–148. doi: 10.1023/A:1004216126069

 Singh, A., and Roychoudhury, A. (2022). “Mechanism of crosstalk between cytokinin and gibberellin,” in Auxins, Cytokinins and Gibberellins Signaling in Plants (Germany: Springer International Publishing). doi: 10.1007/978-3-031-05427-3_4

 Song, X., Wang, X., Song, B., Wu, Z., Zhao, X., Huang, W., et al. (2021). Transcriptome analysis reveals the molecular mechanism of boron deficiency tolerance in leaves of boron-efficient Beta vulgaris seedlings. Plant Physiol. Biochem. 168, 294–304. doi: 10.1016/j.plaphy.2021.10.017

 Tewari, R. K., Kumar, P., and Sharma, P. N. (2010). Morphology and oxidative physiology of boron-deficient mulberry plants. Tree Physiol. 30 (1), 68–77. doi: 10.1093/treephys/tpp093

 Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., Baren, M.J., et al. (2010). Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 28 (5), 511–515. doi: 10.1038/nbt.1621

 Vaahtera, L., Schulz, J., and Hamann, T. (2019). Cell wall integrity maintenance during plant development and interaction with the environment. Nat. Plants 5 (9), 924–932. doi: 10.1038/s41477-019-0502-0

 Waadt, R., Seller, C. A., Hsu, P. K., Takahashi, Y., Munemasa, S., and Schroeder, J. I. (2022). Plant hormone regulation of abiotic stress responses. Nat. Rev. Mol. Cell Bio. 23 (10), 680–694. doi: 10.1038/s41580-022-00479-6

 Wang, N., Yang, C., Pan, Z., Liu, Y., and Peng, S. A. (2015). Boron deficiency in woody plants: various responses and tolerance mechanisms. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00916

 Warington, K. (1923). The effect of boric acid and borax on the broad bean and certain other plants. Ann. Bot. 37 (148), 629–672. doi: 10.1093/oxfordjournals.aob.a089871

 Wu, X., Riaz, M., Yan, L., Du, C., Liu, Y., and Jiang, C. (2017). Boron deficiency in trifoliate orange induces changes in pectin composition and architecture of components in root cell walls. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01882

 Yan, L., Li, S., Cheng, J., Zhang, Y., and Jiang, C. (2022). Boron-mediated lignin metabolism in response to aluminum toxicity in citrus (Poncirus trifoliata (L.) Raf.) root. Plant Physiol. Biochem. 185, 1–12. doi: 10.1016/j.plaphy.2022.05.018

 Yin, Q., Kang, L., Liu, Y., Qaseem, M. F., Qin, W., Liu, T., et al. (2022). Boron deficiency disorders the cell wall in Neolamarckia cadamba. Ind. Crops. Prod. 176, 114332. doi: 10.1016/j.indcrop.2021.114332

 Zhong, R., and Ye, Z. H. (2014). Complexity of the transcriptional network controlling secondary wall biosynthesis. Plant Sci. 229, 193–207. doi: 10.1016/j.plantsci.2014.09.009

 Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167 (2), 313–324. doi: 10.1016/j.cell.2016.08.029

 Zhu, Y., Jiang, X., Zhang, J., He, Y., Zhu, X., Zhou, X., et al. (2020). Silicon confers cucumber resistance to salinity stress through regulation of proline and cytokinins. Plant Physiol. Biochem. 156, 209–220. doi: 10.1016/j.plaphy.2020.09.014




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Chen, Bai, Zeng, Fan, Li and Hu. 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.


OEBPS/Images/fpls.2023.1268835_cover.jpg
& frontiers | Frontiers in Plant Science

Physiological and molecular mechanisms of
Acacia melanoxylon stem in response to
boron deficiency





OEBPS/Images/fpls-14-1268835-g004.jpg
*%*

L N @ ©

(wrl) ssauxoiy} jje

ok
o
M

=
o

[S20)

BO

Control

Qo

0o U N O O Mm O

™ ™ <

(%) Juauod Bso|N||BoIWBH

**

© 0O

O N « © o O
0 <+ I MO N

(%) 1UBUOD 8sSO|N||8D

BO

Control

BO

Control

BO

Control





OEBPS/Images/M2.jpg
BOPwR rmepevt confichnt BT0)
shoot borom content (g - pant”

)/root borom content (g -plant™)






OEBPS/Images/fpls-14-1268835-g002.jpg
>

Fresh weight (g)

O -=-NWHIOONO®

Boron content(ug-g-1)

= N W b OO D
O O O O o o o

Root

Root

Stem

Stem

Leaf

Leaf

—

(9

-

igh

Dry we

Boron accumulation(ug-plant‘1)

25 4

2.0

10

o N A O ©

Root Stem Leaf

*k

Root Stem Leaf

Root-shoot ratio

BTC (%)

0.20 4
0.16 1
0.12
0.08 -
0.04

0.00
Control BO

Control BO





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Physiological and molecular mechanisms of Acacia melanoxylon stem in response to boron deficiency

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant materials and culture conditions

          



          		

            2.2 Growth parameters measurement and sample collection

          



          		

            2.3 Boron content measurement

          



          		

            2.4 Physiological indicators measurement

          



          		

            2.5 Endogenous hormone contents measurement

          



          		

            2.6 Transmission electron microscope analysis

          



          		

            2.7 Cellulose, hemicellulose, and water-soluble pectin content measurement

          



          		

            2.8 Transcriptomics analysis

          



          		

            2.9 qRT-PCR validation and expression analysis

          



          		

            2.10 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effect of boron deficiency on plant morphological attributes

          



          		

            3.2 Effect of boron deficiency on plant biomass and boron nutrient

          



          		

            3.3 Effects of boron deficiency on physiological indicators and endogenous hormone contents in stem

          



          		

            3.4 Stem ultrastructure and cell wall components content

          



          		

            3.5 Transcriptome profiling of stem under boron deficiency

          



          		

            3.6 Real-time qPCR validation

          



          		

            3.7 GO and KEGG pathways analysis of DEGs

          



          		

            3.8 Response of cell wall organization or biogenesis-related DEGs under boron deficiency

          



          		

            3.9 Transcription factors regulate cell wall-related genes under boron deficiency

          



          		

            3.10 Response of plant hormone-related DEGs under boron deficiency

          



        



        



        		

          4 Discussion

        

          		

            4.1 Boron deficiency inhibits the growth and development of A. melanoxylon

          



          		

            4.2 Boron deficiency affects cell wall organization or biogenesis in A. melanoxylon stem

          



          		

            4.3 Boron deficiency induced interactions of cell wall and hormone-related genes in A. melanoxylon stem

          



          		

            4.4 Boron deficiency induces TFs that regulate cell wall-related genes in A. melanoxylon stem

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1268835-g005.jpg
GO Terms

cell wall organization or biogenesis-{ [ ]
secondary metabolic process-|
microtubule cytoskeleton-{
oxidoreductase activity-|
microtubule-based movement-{
movement of cell or subcellular component-{ [ @ 250
microtubule motor activity-{ [ @ 500
microtubule-based process-{ ® .750
secondary metabolite biosynthetic process- e
cytoskeletal part- °

kinesin complex-{ L]
monooxygenase activity-{ ° -log10(Pvalue)

motor activity (] I 14

microtubule associated complex-{ L] 12

oxidation-reduction process-| [ ]

carbohydrate metabolic process-{ [ ) I 10

cytoskeleton-| o

oxidoreductase activity, acting...{ °

single-organism metabolic process-| .

microtubule binding-{ °

Gene number

015 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Rich Factor

DNA replication{

Amino sugar and nucleotide sugar metabolism-{
Cysteine and methionine metabolism-|
Plant hormone signal transduction{
Phenylalanine metabolism-{

Galactose metabolism-|

Phenylpropanoid biosynthesis-{

MAPK signaling pathway - plant-{

Zeatin biosynthesis-{

Tryptophan metabolism-

Flavonoid biosynthesis-{

Selenocompound metabolism-{
Biosynthesis of amino acids-{

Pentose phosphate pathway-{

Glycine, serine and threonine metabolism-|
Mismatch repair-|

Arginine and proline metabolism-|

Steroid biosynthesis{

KEGG Terms

[ )
{ ]
°
@
o
[
°
°
[ )
°
[ )
[ ]
°
[ )
°
020 025 030 035
Rich Factor

Gene number
® 20

@ 40
@60
@

-log10(Pvalue)

2

k





OEBPS/Images/fpls-14-1268835-g007.jpg
evm.TU.C

.74 CESA4
evm.TU.C‘1 CESA4
‘667 CHI

‘7 i evm.TU.‘33 IRX9

HI2 evm.TU.Chr12.2815 MYB46

evm.TU.Chr7.1708 ERF92
evm. TU.

evm.TU.Chr7.1716 ERF92 evm.TU.C

Nnov

evm.TU.Chr5.596 ERF92
novel. CHI2 evm.TU.Chr11.734 HD1 evm.TU.Chr10.4496 NAC73

evm.TU.C.S CESA8 evm.TU.Chr10.3834 MYB46 evm.TU.Ch. 00 GAUTC
evm.TU.’)23 CHIT

evm.TU.Chr1.1777 NAC10

evm.TU.Chr12.81 MYB58 evm.TU.Chr12.383 MYB46
evm.TU 6 CHIA
evm.TU.Chr3.2229 HD1 evm.TU.C‘514 IRX9

evm.TU. 7 GAUTC

evm.TL.Z CTL2
evm.TU.C'

evm.TU.C'M IRX9_2
27 CESA1

evm.TU.C 26 CESA1






OEBPS/Images/fpls-14-1268835-g009.jpg
_—_—_————_—_—_————_—_—_—_————_—_—\

Control

Plant height Main root length
Branch number Root surface area
Internode length Root diameter

v 3

Cell wall thickness

POD SOD ABA IAA Water-soluble pectin
CAT Pro JA GA Cellulase
MDA LOX ET JA

Hemicellulase

. E—

AP2-EREBP PME EXP AHP B-ARR A-ARR
*
bHLH He EfR SIMKK ERF
WRKY CTLé-»CHI ¢=2-------sosessessceseesensses P
: GID1 DELLA
=*NAC,, , CESA¢~ JAR1 JAZ MYC2
L MVB #-3emenneeioo3 GAUTC | AUX/IAA ARF
: ' 'I' ~‘~~ ' E """""""""""""" 3
-y HD * |RX ¢-- PYR/PYL SnRK2 ABF

\————_———_—_—__———_———__———_————_—





OEBPS/Images/fpls-14-1268835-g008.jpg
-6.00 -4.00 -2.00 0.00 2.00 4.00 6.00

o

evm.TU.Chr1.82

AUX1 —— —

Auxin TIR1

evm.TU.Chr8.2827
" evm.TU.Chr9.755
B evm.TU.Chr13.2653

Cytokinine CREf ———>  AHP ——

evm.TU.Chr7.1909
evm.TU.Chr5.470

GID1T —

evm.TU.Chr8.1507
Gibberellin

}__.

B evm.TU.Chr2.3497
I evm.TU.Chr4.2100

evm.TU.Chr13.81
Abscisic acid }—»

evm.TU.Chr6.1008
" evm.TU.Chr7.2120
B evm.TU.Chr4.2337
B evm.TU.Chr10.4913

PYR/PYL — PP2C —1

evm.TU.Chr6.540
evm.TU.Chr6.541
evm.TU.Chr8.2490
evm.TU.Chr5.48
evm.TU.Chr2.482

ETR ——> CTR1 —

Ethylene

—

evm.TU.Chr9.266

evm.TU.Chr9.793
evm.TU.Chr9.862
evm.TU.Chr4.2686
evm.TU.Chr7.1781
evm.TU.Chr7.344
evm.TU.Chr11.1337
evm.TU.Chr9.863
evm.TU.Chr5.561

evm.¥8.8ﬂr6.£13ggo AUX/IAA
evm.TU.Chr7.17 evm.TU.Chr3.1956
evm.TU.Chr10.2640
AUX/IAA ARF —— O GH3 evm TU Ghr10 4597
DNA B evm.TU.Chr10.3003
SAUR [l evm.TU.Chr10.2997

evm.TU.Chr10.2995
evm.TU.Chr10.3002
evm.TU.Chr2.2120
evm.TU.Chr1.116
evm.TU.Chr8.665
evm.TU.Chr13.3121
evm.TU.Chr9.372
evm.TU.Chr13.3122
novel.1069
novel.109
novel.110

evm.TU.Chr4.3122
evm.TU.Chr11.1957
evm.TU.Chr6.1337 evm.TU.Chr5.1190

B-ARR ——> (O ——> A-ARR
DNA

| [

evm.TU.Chr2.1445
. evm.TU.Chr4.408

DELLA—+— TF —> O

DNA

evm.TU.Chr7.920
- evm.TU.Chr4.2387 DNA
I evm.TU.Chr7.1319

SnRK2 ——> ABF —> O
evm.TU.Chr8.659
evm.TU.Chr11.488
evm.TU.Chr8.1049
evm.TU.Chr8.1001

evm.TU.Chr6.1453
evm.TU.Chr8.1573
evm.TU.Chr4.2695

EBF1/2

M

DNA
EIN3 — ERF1/2 —> O

B evm.TU.Chr7.1716
B evm.TU.Chr5.596
evm.TU.Chr7.1708

evm.TU.Chr9.1117
SIMKK — MPK®6

-—> EIN2 —>

evm.TU.Chr11.492 B evm.TU.Chr11.981
evm.TU.Chr13.2971 evm.TU.Chr11.2200

evm.TU.Chr11.2534 evm.TU.Chr11.2198

JA-lle

H
[ Jasmonic acid ]——» JAR1 44

— JAZ —}—MYC2—— O

}——» Ccon

DNA





OEBPS/Images/fpls-14-1268835-g003.jpg
>

OCaNWhOO

MDA content (nmoI-L'1)

_\[\)wg(ﬂm

IAA content (ug-L-1)

= 4000
2 3000
5 2000
A 1000

0

o O

o O

o O

Control BO

m

< 05,

o> 0.4
[y
=03
C

202
© 0.1 1

a 0.0

204
=

Control

H

*%
BO
*%

Control

m

Control

N
o
o

o

Control

400 |

Control

Control

BO

BO

Control BO
Control BO
Control BO

Control

BO

Control

BO





OEBPS/Images/M3.jpg
VOO0 - EKINRT hieticint: B
total dry weight of BO(g)/total dry weight of controkg)






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1268835-g001.jpg
IS

(!

=

=
=
~
i~

Control

|

Control

BO BO






OEBPS/Images/M1.jpg
Boron accumslation (jig - flamt™)
oo wuatent: Onieir):  eososading -ior bt & atour®






OEBPS/Images/fpls-14-1268835-g006.jpg
evm.TU.Chr8.2406 PME
evm;H'gHr?szg%%‘rM&Ez -2.00-1.50-1.00-0.500.00 0.50 1.00 1.50 2.00
evm. . rlo. '
SRIEEE R AE | sone |
. . ; evm. : I
evm.TU.Chr13.3031 PME3
evm.TU.Chr5.381 PME40 S&%%H:%R%z‘z‘sss%&m
evm.TU.Chr10.3547 PME47 evm.TU.Chr3.2689 IRX15
N L2 ) evm.TU.Chr7.15
evm.TU.Chr3.2339 PME68
evm.TU.Chr3.2419 PME58 Ly Pd SEFS Zggé%xt?m
evm.TU.Chr12.1423 PMES8 evm.TU.Chr8.784 GUX1
evm.TU.Chr11.2523 PME2 Glucuro evm.TU.Chrd.2377 GUX2
i TS 88 EAERS YR T S oes
evm TU Chr8 9216 PGLR evm. TU.Ghr3 3053 GHIT
evm.¥H.8Rr§.§g;9pFé%I§§4 novel.18 CHI2
evim. . rf.
evm.TU.Chr10.3814 PGLR = 2%%@%%?2%'63 EXP11
evm.TU.Chr9.12 PMTD - evm.TU.Chr4.1804 EXP13
evm.TU.Chr13.2100 PMTD | evm.TU.Chr7.4668 EXP1
evm.TU.Chr7.278 PMTD e evm.TU.Chr11.1759 EXP15
— novel.11707 GAUT1 (- evm.TU.Chr3.988 EXP15
| evm.TU.Chr9.56 GAUT9 Expansin [ | [ [ [ evm.TU.Chr9.2904 EX
| evm.TU.Chr3.1775 GAUTB | | | [ =] evm.TU.Chr12.2769 EXPA6
Glycosyl evm.TU.Chr8.56 GAUTC — o [ | evm.TU.Chr2.3466
evm.TU.Chr10.4417 GAUTC — o [ | evm.TU.Chr2.2323 EXPAS
evm.TU.Chr12.2100 GAUTC — Bl | [ [ | evm.TU.Chr4.2158 EXPAS8
evm.TU.Chr7.4610 GAUT o — | evm.TU.Chr11.724 EXP30
- evm.TU.Chr4.285 GAUTF D evm.TU.Chr7.3964 TBL
= gm.w.gmg.gﬁmMM\égg(s = == evm.w.gﬂr; 05.%281 TBL19
. 2 5 L | _ evim. . r
evm.TU.Chr11.734 HD1 | = '
= Svm TU.Ghr1.2817 PER2 T b SvmTgehid 2808 TRrsY
Others evm.TU.Chr10.4622 PER3 T EE evm.TU.Chr13.166 TBL3
evm.TU.Chr7.2709 PER47 T I I [ | evm.TU.Chr12.1867 TBL31
SRRttt Sl
| ok : Trichome . evm.  U.2Nr o,
evm.TU.Chr1.384 IX15L e
i ovm TU.Chr2:2827 CESA1 birefringence | Sym.-ghr taRs TBas
: evm.TU.Chr2.2826 CESA1 - evm.TU.Chr10.4144 TBL41
: evm.TU.Chr12.405 CESA3 || evm.TU.Chr10.4143 TBL42
evm.TU.Chr5.630 CESA4 . evm.TU.Chr2.1665 TBL4
evm.TU.Chr5.631 CESA4 [ (- evm.TU.Chr2.2104 TBL44
evm.TU.Chr1.3274 CESA4 | . evm.TU.Chr4.956 TBL44
evm.TU.Chr6.2079 CESA6 I evm.TU.Chr2.3307 TBL
| evm.TU.Chr1.1367 CESAS [ evm.TU.Chr10.1166 TBL11
Ty gne 1 coae E=_ iy
1 . g ev r
evm.TU.Chr6.1582 CO . evm.TU.Chr8.2960 XTH2
| evm.TU.Chr7.3135 COBL4 I [ | | novel.23757 XTH23
Cellulose :
| evm.TU.Chr5.1752 CO — [ evm.TU.Chr7.1457 XTH32
evm.TU.Chr8.2228 COB | evm.TU.Chr11.2038 XTH33
Sxm?H'SH??zG%szz CSLD2 == evm.w.gﬂrsﬂ ‘;,}88 XTHgS
. " . evim r
evm.TU.Chr6.542 Il | evm.TU.Chr3.2577 XTH6
evm.TU.Chr2.1930 CSLE6 . evm.TU.Chr1.537 XTHS
novel.13951 CSL = evm.TU.Chr10.4603 XTH9
novel. 19295 CSLE?2 [ evm.TU.Chr7.795XTHA
evm.TU.Chr8.2494 CSLG2 . evm.TU.Chr11.2249 XTH30
evm.TU.Chr6.543 CSLG3 - evm.TU.Chr5.2470 XYL2
3%?8'%%'%890%'{” . evm.TU.Chr1.2841 XYL2

Control 2

BO 2

Control 3

BO_1

™
o
m

B
B
Control 1





OEBPS/Images/table1.jpg
plant branch internode internode internode main root root root

height number length-1st  length-2nd  length-3rd length surface diameter
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Control 9.87 £ 2.33 1.20 + 0.40 ‘ 1.70 £ 0.64 ‘ 231 071 224 +£0.87 7.16 £ 1.19 13.03 £5.29 053 £0.13
BO 646 + 1.68" 262 +0.97 ‘ 123 +047 146 + 0.67* 129 + 0.76* 485 + 1.5 979 + 325 075 +
0.19*

Control (50 uM boric acid); BO (0 UM boric acid). All data are the mean of three replicates collected over 60 days of treatment. Values are the mean + standard deviations. The ** indicates
significant differences by the Duncan test (P-value< 0.01).





