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Abstract

:

There are numerous exchanges of signals and materials between leaves and roots, including nitrogen, which is one of the essential nutrients for plant growth and development. In this study we identified and characterized the Chlorophyll A/B-Binding Protein (CAB) (named coe2 for CAB overexpression 2) mutant, which is defective in the development of chloroplasts and roots under normal growth conditions. The phenotype of coe2 is caused by a mutation in the Nitric Oxide Associated (NOA1) gene that is implicated in a wide range of chloroplast functions including the regulation of metabolism and signaling of nitric oxide (NO). A transcriptome analysis reveals that expression of genes involved in metabolism and lateral root development are strongly altered in coe2 seedlings compared with WT. COE2 is expressed in hypocotyls, roots, root hairs, and root caps. Both the accumulation of NO and the growth of lateral roots are enhanced in WT but not in coe2 under nitrogen limitation. These new findings suggest that COE2-dependent signaling not only coordinates gene expression but also promotes chloroplast development and function by modulating root development and absorption of nitrogen compounds.
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1. Introduction


Leaves and roots mutually regulate each other’s development [1]. Leaves provide energy for root development through photosynthesis and water absorption through respiration [2]. There is an extensive exchange of material and information between leaves and roots [3]. Because leaves also contain many mineral nutrients, they strongly depend on the absorption and supply of these metabolic raw materials by roots [4]. In leaves, chloroplasts are the center organelles for photosynthesis and metabolic reactions [5,6,7]. Chloroplasts rely on plastid retrograde signaling to regulate the expression of nuclear genes involved in seedling development [6,7]. As an example, our previous study revealed that the coe1 mutant is defective in the development of both chloroplasts and whole seedlings [8].



Nitrogen is one of the essential nutrients for plant growth and development [9]. It is an important component of chlorophyll, amino acids, nucleic acids, and secondary metabolites [10,11]. At the same time, nitrogen also acts as a signal for regulating plant growth and development [12]. Nitrogen deficiency strongly inhibits plant growth and development resulting in the inhibition of leaf and root development. It induces chlorophyll degradation and affects other metabolic processes [13,14]. The demand for nitrogen by leaves is satisfied through the absorption of nitrogen compounds by roots. At the same time, photosynthesis and respiration in leaves can provide energy and power for the absorption of these compounds by roots [2]. In addition, when plants are suffering from nutritional deficiencies such as nitrogen and phosphate, the foraging response of plant roots is activated to enhance the absorption of mineral nutrients from soils [15,16]. Some studies have shown that stress responses or signals from leaves induce root foraging responses [17]. However, the signal pathways coordinating the nitrogen requirement in leaves with the root foraging response are still unclear.



In this study, we characterized the CAB overexpression (coe) 2 mutant, which is defective in developing chloroplasts and roots. A Bulked Segregant Analysis (BSA) showed that one STOP mutation in the Nitric Oxide Associated (NOA1) gene is responsible for the phenotype of coe2. RNA-seq analysis revealed that the transcriptome profile is significantly changed in the coe2 mutant. Furthermore, root development in response to nitrogen limitation in coe2 was also affected. These new findings suggest that COE2-dependent signaling not only coordinates gene expression but also promotes chloroplast development and function by modulating root development and absorption of nitrogen compounds.




2. Results


2.1. Isolation and Identification of coe2 Mutant


To study the physiological function of plastid retrograde signaling, we generated a mutant library of Arabidopsis thaliana using EMS mutagenesis [8]. A series of coe mutants overexpressing CAB genes were isolated under normal growth conditions [8]. The coe2 mutant was selected for a systematic characterization in this study. Cotyledons of coe2 seedlings were pale-yellow (Figure 1A and Figure 2A). An analysis of chlorophyll fluorescence of WT and coe2 plants indicated that Fv/Fm and PSII photochemical efficiency (ΦPSII) were reduced in the mutant (Figure 2B,C). The expression of differentially expressed genes (DEGs) of cotyledons of seedlings of coe2 and WT was observed using heat map analysis (Figure 1B).



In contrast, non-photochemical quenching (NPQ) in coe2 was significantly increased (Figure 2D). We analyzed the chloroplast ultrastructure in coe2 through transmission electron microscopy (TEM) to analyze the effects of the mutation on chloroplast development and function. The chloroplast development of coe2 was slightly affected compared with WT; in particular, grana thylakoids were sparse and thinner (Figure S1A–C). We then extracted total proteins from the seedlings of WT and coe2 and examined chloroplast protein accumulation using immunoblotting. The levels of most subunits of the photosystem complexes were reduced in coe2 compared with WT (Figure S1D). Further, we extracted thylakoid membranes from WT and coe2 and analyzed the photosystem complexes by BN-PAGE (Figure S2). Accumulation of dimer complexes and supercomplexes of PSII and PSI were slightly reduced in coe2 compared with WT (Figure S2). Besides chloroplast development, root development was also impaired in coe2 (Figure 1A,C) suggesting that coe2 may play a role in this process. The data also indicate that coe2 is an EMS mutant, not affecting its expression but its function.




2.2. Mutation in the NOA1 Gene Causes the Phenotype of coe2


To identify the mutation site of coe2, we first backcrossed the coe2 mutant with the WT (Col ecotype) for three generations. A statistical analysis indicated that the proportion of seedlings with a similar phenotype as coe2 in the backcrossed progeny was 23~26%. Subsequently, we crossed coe2 and Ler (wild type) to produce a mapping population. In the progeny population of coe2 × Ler, the ratio of seedlings showing a similar phenotype as coe2 was around 1:4. Three hundred plants with the coe2 phenotype were selected from this progeny population and were pooled for genomic DNA extraction. The extracted DNA was first used to construct a next-generation sequence (NGS) library for next-generation sequencing. We also carried out NGS for the Col and Ler genomes, which were used as reference genomes for the Bulked Segregant Analysis (BSA). Subsequently, the sequencing results were processed according to the BSA method. Ultimately, we identified a mutation from C to T in nucleotide 1501 of the gene AtNOA1 [18,19] resulting in a stop codon that leads to premature termination of translation (Figure 1D,E). AtNOA1 is involved in regulating nitric oxide (NO) signaling [18,19]. To verify that this mutation is responsible for the phenotype of coe2, we screened T-DNA insertion lines and identified one with an insertion in the NOA1 gene (SALK_047882: herein named coe2-1) (Figure 1F). Under normal growth conditions, coe2-1 and coe2 exhibited similar growth phenotypes and chlorophyll fluorescence patterns (Figure 2). We introduced the wild-type coe2 cDNA into coe2 and generated complemented transgenic plants. The wild-type phenotype and chlorophyll fluorescence were nearly fully restored in the complementation (COM.) lines (Figure 2). Further, we analyzed the levels of COE2 mRNA in coe2 and coe2-1 by qRT-PCR. Almost no COE2 expression was detected in coe2-1 compared with WT (Figure 1G), and the expression level of COE2 in coe2 was decreased by 75% compared with WT (Figure 1G). Taken together, these findings indicate that the mutation in coe2 is responsible for the defects of the coe2 mutants.



We then performed qPCR to examine the expression of COE2 in different tissues. Consistent with its potential role in the regulation of root development, the expression of COE2 can be detected in cotyledons, roots, mature leaves, inflorescence, and seeds (Figure 3). The expression of COE2 in roots is consistent with the previous reports [20]. As reported by others, the NO levels in roots of coe2 were similar to WT [21]. Although no significant difference of NO accumulation was observed between coe2 and WT, NO-dependent signaling was defective in coe2 [22]. Therefore, a potential role of COE2-mediated NO signaling in the regulation of root development is possible.




2.3. COE2 Is Involved in Regulating the Expression of Genes Involved in Root Development


To further dissect the mechanism by which COE2 regulates plant growth and development, we performed an RNA-sequence (RNA-Seq) analysis separately on cotyledons and roots of 7-day-old seedlings of coe2 and WT grown on plates containing ½ Murashige and Skoog (MS) medium. As shown in Figure 4A, 1163 differentially expressed genes (DEGs) were identified in cotyledons of coe2 seedlings, 811 genes were significantly down-regulated, whereas 352 genes were significantly up-regulated (Figure 4A,B and Table S1). A Gene Ontology (GO) analysis indicated that the up-regulated DEGs were mainly involved in tracheary element differentiation, cell wall organization, and response to red light (Figure 4C). In contrast, genes involved in secondary metabolism, phenylpropanoid biosynthesis, response to ethylene (ETH) and jasmonic acid (JA), and root development were significantly enriched amongst the down-regulated DEGs (Figure 4D). It is well-known that ETH and JA play important roles in regulating the development of roots [23,24]. Consistent with the down-regulation of genes related to JA, the growth of coe2 and coe2-1 roots showed increased sensitivity to JA (Figure S3). Thus, the retarded root development in coe2 may be due to decreased expression of genes for ETH or JA. The expression of DEGs related to root development was impaired in cotyledons of coe2, suggesting that COE2 may control root development by regulating the expression of these genes in cotyledons.



In the roots of coe2, 1870 DEGs were identified, and 1233 genes were significantly up-regulated, while 537 genes were significantly down-regulated (Figure 5A,B and Table S2). A GO analysis indicated that the expression of genes for cellular response to hypoxia, cell wall organization and biogenesis, root epidermal cell differentiation, polysaccharide metabolism, secondary metabolism, and cell surface receptor signaling pathways were significantly up-regulated (Figure 5C). These results suggest that the genes for metabolic processes were activated in the roots of coe2. In contrast, the down-regulated DEGs were mainly related to floral whorl development, cellular response to auxin stimulus, cell-cell signaling involved in cell fate commitment, and the regulation of secondary cell wall biogenesis (Figure 5D). These results suggest that COE2 may inhibit the expression of genes for root cell differentiation while enhancing the expression of genes for cell fate commitment and cell wall biogenesis. In addition, the expression of genes involved in the negative regulation of the mitotic cell cycle and maintenance of meristem identity was also down-regulated (Figure 5D). Both cell cycle and meristem identity are required for root development [25,26,27,28,29,30], suggesting COE2 may play important roles in regulating root development. Interestingly, we found that the genes involved in the cellular response to hypoxia, cell wall organization and biogenesis, and the cell surface receptor signaling pathway were significantly up-regulated in both cotyledons and roots of coe2 (Figure 4C and Figure 5C), suggesting that the regulation of these genes by COE2 is not limited to the tissue type. To assess the data of RNA-seq, we detected the expression of PIF4 in cotyledons and roots of seedlings by qPCR. As shown in Figure S4, the expression of PIF4 detected by qPCR is consistent with that of RNA-seq.



To assess the potential roles of COE2-dependent shoot signaling in the development of roots, we performed grafting experiments using the shoots and roots from WT, coe2, and coe2-1 mutants. As shown in Figure S5A, the development of roots in grafted seedling of WT-shoot/WT-root, coe2-shoot/coe2-root, coe2-1-shoot/coe2-1-root was similar to WT and coe2. As expected, the development of roots in grafted seedling of coe2-shoot/WT-root and coe2-1-shoot/WT-root was impaired while this process was enhanced in grafted seedling of WT-shoot/coe2-root and WT-shoot/coe2-1-root (Figure S5B). These results suggest that COE2-dependent shoot signaling is required for the regulation of root development.




2.4. Nitrogen Limitation Affects the Root Development


RNA-seq analysis further revealed that the expression of genes for nitrogen metabolism in roots of coe2 was also impaired (Figure 5D). Nitrogen metabolism is required not only for leaf but also for root development [31,32]. Therefore, the effects of coe2 on the expression of genes for nitrogen metabolism indicated that COE2 might be required for the regulation of root development under nitrogen limitation. To dissect the mechanism by which COE2 regulates the development of roots, we first investigated the expression patterns of COE2 under normal conditions. As shown in Figure 3, the expression of COE2 was detected in cotyledons, hypocotyl, root tips, and lateral roots of seedlings. The expression of COE2 in roots further supports the potential role of COE2 in regulating the expression of genes for root development.




2.5. COE2 Is Involved in Regulating Root Development in Response to Nitrogen Limitation


The development of root hairs in coe2 and coe2-1 was significantly altered compared with WT (Figure 6A). Under nitrogen limitation, the development of root hairs was significantly inhibited in WT, but not in coe2 and coe2-1 (Figure 6A,B), suggesting that nitrogen is required for the development of root hairs and COE2 is involved in regulating the root hair development in response to nitrogen limitation.



The growth of cotyledons and leaves of WT seedlings was seriously impaired under nitrogen limitation, but the growth of lateral roots was enhanced (Figure 7A–C). Compared with WT, the growth of cotyledons and leaves of coe2 mutant seedlings was barely inhibited, and the growth of lateral roots was not significantly increased under nitrogen limitation (Figure 7A). These results indicate that COE2 regulates the signaling response to nitrogen limitation for the growth of cotyledons, leaves, and lateral roots. NIA1 and NIA2 are involved in the regulation of nitrogen uptake and NO production. The nia1 nia2 double mutant was more sensitive to nitrogen limitation (Figure 7A,B). Under this condition, compared with WT, the growth of cotyledons and leaves of nia1 nia2 double mutant was more inhibited, but the growth of lateral roots was significantly increased. These results suggest that nitrogen limitation signaling is involved in regulating the growth of cotyledons, leaves, and lateral roots, suggesting that COE2 may be implicated in regulating the perception of the signal elicited by nitrogen limitation.



To further evaluate the effect of coe2 on plant growth under nitrogen limitation, seedlings were grown under normal conditions and nitrogen limitation on MS medium for 4 weeks (Figure S5). The results showed that the growth level of leaves and roots of the coe2 mutant were significantly lower under normal growth conditions than WT. Under nitrogen limitation, the growth of leaves in WT was strongly inhibited, while this inhibition was weaker in coe2. Compared with the strong inhibition of leaf growth, nitrogen limitation had less effect on root growth (Figure S6A,B). Under nitrogen limitation, root development of coe2 mutant was still slower compared with WT. Compared with WT, leaf growth of the nia1 nia2 double mutant was more inhibited, but root growth was enhanced (Figure S6A,B). These results indicate that the nitrogen limitation signal is strongly activated in the nia1 nia2 double mutant. They also indicate that nitrogen limitation can promote lateral root development but inhibit leaf development. At the same time, these phenomena also suggest that COE2 may be involved in regulating the sensitivity to nitrogen limitation.




2.6. COE2-Dependent Signaling Regulates Root Development by Controlling the Expression of Downstream Transcription Factors


To address the downstream network of COE2-dependent signaling, we constructed a transcription factor (TF) regulatory network for DEGs in cotyledons and roots. For cotyledons, the network was mainly composed of WRKY, NAC, and MYB family TFs (Figure 8A). GO analysis indicated that these TFs were mainly involved in positive regulation of transcription and cell differentiation (Figure 8B). As expected, some TFs were involved in regulating the response to nitrogen compounds (e.g., ZAT6, MYB59, and HRS1) (Figure 8B) [33,34,35,36,37]. Amongst those, HRS1 and ZAT6 are essential for the metabolism of both nitrogen and phosphate and root development [33,36,37,38]. ZAT6 plays an important role in regulating root development and phosphate (Pi) acquisition and homeostasis and may act as a repressor of primary root growth and regulate Pi homeostasis through the control of root architecture [37]. HRS1 is involved in nitrate and phosphate signaling in roots and plays an important role in integrating nitrate and phosphate starvation responses and adaptation of root architecture depending on nutrient availability [33,36]. HRS1 acts downstream of the nitrate sensor and transporter NPF6.3/NRT1.1 [33]. It is required for the modulation of primary root and root hair growth under phosphate deprivation [36]. In the presence of nitrate, HRS1 can repress primary root development in response to phosphate depletion [36]. For roots, a GO analysis indicated that some TFs are directly involved in regulating root development (e.g., CUC1, AGL14, SOMBRER (SMB), and LRL3) [39,40,41,42] (Figure 9A,B). On the other hand, some TFs can regulate root development through their effects on cell differentiation, phloem or xylem histogenesis, and auxin biogenesis (Figure 9B). In addition, some TFs are also involved in regulating the response to nitrogen compounds (e.g., RRTF1, PTL, and AZF1(ZF1)) [43,44,45,46] (Figure 9A,B), suggesting that COE2-dependent signaling can rely on these TFs to regulate nitrogen metabolism for facilitating root development.





3. Discussion


3.1. COE2 Is Involved in Regulating Plastid Retrograde Signaling


Chloroplasts are not only the center of metabolism and key biochemical reactions but also the central hub for sensing environmental information. Therefore, the development and function of chloroplasts are very sensitive to internal (e.g., phytohormone and metabolites) and external influences (e.g., temperature and light intensity) [47,48,49,50]. The organelle communication network plays an important role in coordinating the expression of nuclear genes for maintaining the development and function of chloroplasts under both normal and adverse growth conditions [8]. Surprisingly coe2 is defective not only in plastid retrograde signaling but also in the regulation of other nuclear genes that are involved in the root development of seedlings.



A BSA and genetic complementation analysis revealed that the phenotype of coe2 is caused by a mutation in Nitric Oxide Associated (NOA1) (Figure 1). NOA1 is involved in regulating the metabolism and signaling pathway of NO [21,51,52,53]. NO is a small, water and lipid-soluble gas that has emerged in recent years as a major signaling molecule of ancient origin and ubiquitous importance [54,55,56,57]. NOA1 localization in chloroplasts of cotyledons [20] suggests that COE2-mediated NO signaling may act as one kind of plastid retrograde signaling to regulate the expression of nuclear genes.




3.2. COE2-Dependent Signaling Is Involved in Regulating the Foraging Response to Nitrogen Limitation


One interesting result of our study is that coe2 is defective in root development (Figure 1A). Nitrogen metabolism is required for root development [31,58,59,60]. In the nitrogen metabolism pathway, two key enzymes NIA1 and NIA2, are also required to produce NO [53,61,62] indicating that nitrogen metabolism is required for the generation of NO. A recent report suggests that auxin produced in leaves is involved in regulating root development in response to pH status and nitrogen availability [62]. The growth of the aerial part of plants is closely linked to the status of nitrogen assimilation. Nitrogen metabolites are mainly absorbed by roots and transported to the leaves [3]. The demand for nitrogen in leaves may stimulate its absorption in roots. However, it is not clear how the signals generated by nitrogen limitation in leaves are transmitted to roots. A GO analysis indicated that some DEGs in roots of coe2 are linked to nitrogen metabolism (Figure 8B) suggesting that COE2 may modulate root development by regulating nitrogen metabolism directly or indirectly. Expression of COE2 within root maturation zones and root hairs suggests that COE2 may influence the development of root hairs by regulating the absorption of nitrogen compounds (Figure 3). The development of root hairs was impaired in the coe2 and coe2-1 mutants but rescued in COM. Transgenic plants under nitrogen limitation. Coe2 seedlings grown on MS medium plates and in soil grew significantly slower than WT. These results suggest that COE2-dependent NO signaling is required for the development of roots in response to nitrogen limitation.




3.3. COE2 Regulates the Development of Roots in Response to Nitrogen Limitation through Down-Stream TFs


Transcription factors and their network are responsible for regulating gene expression in response to internal or external signals. We constructed a TF regulatory network based on the DEGs in cotyledons and roots of coe2 (Figure 8 and Figure 9). In this TF regulatory network, the TFs also regulate each other. Consistent with potential functions of COE2, TFs for the response to nitrogen compounds, cell differentiation, and cell wall biogenesis were active in the cotyledon TF network, while TFs for root development, phloem and xylem histogenesis, and the auxin biosynthetic process were active in the root TF network. These results suggest that COE2 may rely on the downstream TF network to regulate the absorption and assimilation of nitrogen and the development of roots (Figure 10). Although NO’s potential roles in the regulation of nitrogen metabolism and root development have been proposed previously [31], characterization of the TF regulatory network and the identification of key TFs have not been thoroughly explored. Based on the best-characterized function of some central TFs in our TF regulatory network, we can tentatively outline a COE2-mediated signaling pathway and the downstream TF regulatory network. These results provide a blueprint for further systematic characterization of the process by which COE2 regulates the absorption and assimilation of nitrogen compounds and the development of roots. Our studies suggest that COE2 is involved in the perception of limited nitrogen availability and the regulation of seedling development under nitrogen limitation.





4. Materials and Methods


4.1. Screening and Characterization of Mutants


The coe2 mutant was identified by screening for the coe phenotype from the EMS population. The T-DNA insertional mutants, coe2-1 (SALK_047882) and nia1 nia2 (nia1-1; nia2-5) were obtained from the Arabidopsis Biological Resource Center (ABRC). Mutant lines homozygous for the T-DNA insertion were isolated by PCR analysis using gene-specific and T-DNA-specific primers (Table S3). In addition, we generated the complemented lines of coe2 (in the background of coe2).




4.2. Constructs for Plant Transformation


To generate the complementation constructs, the full-length cDNA of COE2 was PCR-amplified using the primer pairs as described in Table S1. Then the PCR products were purified and first cloned into pDNOR201 by BP Clonase reactions (Gateway® BP Clonase® II, Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions to generate the pDNOR-COE2. The resulting plasmids were recombined into pB7WGF2 using LR Clonase reactions (Gateway® LR Clonase® II, Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) to generate the final constructs.




4.3. Plant Transformation


The complementation construct was transformed into Agrobacterium tumefaciens strain GV3105 via electroporation. Then the Agrobacterium tumefaciens that contained the complementation construct was introduced into coe2. The resulting T1 transgenic plants were selected by BASTA as described previously [8]. Homozygous transgenic plants were used in all experiments.




4.4. Chlorophyll (Chl) Fluorescence Analysis


In vivo Chl a fluorescence of whole seedlings was recorded using an imaging Chl fluorometer (ImagingPAM; Walz, Germany). To measure Fv/Fm, dark-adapted plants were exposed to a pulsed, blue measuring beam (1 Hz, intensity 4; F0) and a saturating light flash (intensity 4). Steady-state ΦII, NPQ, and qL were measured after the plants were exposed to actinic light (80 μmol photons m−2 s−1) for 10 min.




4.5. Thylakoid Membrane Isolation and Blue Native Polyacrylamide Gel Electrophoresis (BN–PAGE)


Thylakoid membranes were isolated using the method described by Sun et al. (2016) [8]. Arabidopsis leaves were ground in a pre-chilled isolation buffer (400 mM sucrose, 50 mM Hepes-KOH, 10 mM NaCl and 2 mM MgCl2, pH 7.8) and filtered through two layers of cheesecloth. The resulting homogenate was centrifuged at 5000× g for 10 min. The pellet, which contained the thylakoid membranes, was washed with isolation buffer, re-centrifuged, and finally suspended in isolation buffer. Thylakoid membranes were solubilized in Tris buffer (containing 1% (w/v) DM in 20% glycerol, 25 mM BisTris-HCl, pH 7.0) for 10 min at 4 °C with 0.5 mg ml−1 chlorophyll; insoluble debris were removed by centrifugation at 12,000× g for 10 min. The supernatant was mixed with 0.1 volume of 5% Serva blue G in 100 mM BisTris-HCl (pH 7.0), 0.5 M 6-amino-n-caproic acid, and 30% (w/v) glycerol. A total of 20 μL of this mixture was electrophoresed on a 6–12% acrylamide gradient BN-PAGE gel (according to the manufacture’s info for BN-PAGE gel) to separate the photosynthetic complexes. For immunoblot analysis, proteins were fractionated by 15% SDS-PAGE. Subsequently, proteins were transferred onto polyvinylidene difluoride membranes and probed with appropriate antibodies. Signals were detected by enhanced chemiluminescence (RPN2209, Amersham ECL, GE Healthcare, North Richland Hills, TX, USA).




4.6. Positional Cloning by BSA


To generate the mapping population for the coe2 mutant, plants were crossed to WT Arabidopsis plants of the Landsberg erecta ecotype. A total of 300 coe2 mutant plants were selected from the segregating F2 population based on high luminescence expression and yellow phenotype. The genomic DNA was extracted and mixed as next-generation sequencing (NGS) sample with the Ler ecotype and Col ecotype’s genomic DNA as control materials. NGS was performed on the Illumina GA IIx platform. Sequencing results were analyzed according to a bioinformatics flow. Based on the genetic linkage rule that the gene mutation and the mutant phenotype are linked, the mutation locus was located on a chromosome. Subsequently, SNPs and INDEL sites in the linkage interval were analyzed, and the difference between Col and Ler was subtracted. Finally, functional mutants that met the genetic rules were identified as candidate genes.




4.7. RNA Sequencing and Identification of Differentially Expressed Genes (DEGs)


Total RNA was extracted from the samples using the RNAiso Plus reagent (Takara Biomedical Technology, Dalian, China). Each RNA sample was prepared by adding 1 μg RNA. Sequencing libraries were generated using the NEBNext UltraTM RNA Library Prep Kit from Illumina (NEB, Ipswich, MA, USA), following the manufacturer’s recommendations. Index codes were added to attribute the reads to each sample. Sequencing of the libraries was performed on an Illumina platform and paired-end reads were generated. The raw data (reads) in fastq format were processed with in-house perl scripts by removing low-quality reads which contain adapter and ploy-N. All downstream analyses were performed using clean reads. Gene expression levels were estimated by calculating fragments per kilobase of transcript per million fragments mapped. DEGs between the two comparison groups were identified using the DESeq R package (v1.10.1). The resulting p values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery rate (FDR). Genes with an adjusted p-value less than 0.05, as revealed by DESeq, were assigned as DEGs. Three biological replicates were used for RNA-seq. The regulation networks for the TFs and target genes were plotted by Cytoscape according to the PlantTFDB database. The RNA sequence data are available at the (https://dataview.ncbi.nlm.nih.gov/?search=SUB8233125, accessed on 22 November 2021 on https://www.ncbi.nlm.nih.gov, accessed on 22 November 2021).




4.8. Gene Ontology (GO) Enrichment Analysis


The enrichment of gene ontology (GO) terms and pathways for the DEGs was analyzed using Metascape (http://metascape.org/, accessed on 22 November 2021).




4.9. Grafting Experiments


The Grafting experiments were performed using the method described by Marsch-Martinez et al. (2013) [63].




4.10. RNA Extraction and qRT PCR


Total RNA was extracted with the fastpure plant total RNA extraction kit (Cat. No. DC104, Vazyme; Nanjing, China). Total RNA was treated with DNaseI (Vazyme; Nanjing, China) for 30 min to remove the remaining DNA, then the cDNA was synthesized with HiScript II One-Step RT-PCR Kit (Cat. No. P611, Vazyme; Nanjing, China); qRT-PCR was performed with the corresponding primers (Supplementary Table S5). The qPCR run was performed on a CFX 96 (Bio-Rad) with the following cycle parameter: 95 °C for 30 s, 35 cycles of 95 °C for 30 s, 55–56 °C for 15 s, and 72 °C for 15 s. Actin was used as an internal control. Data from three biological and technical replicates were analyzed with Bio-Rad (Hercules, CA, USA) iQ5 software (version 2.0).









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms23020861/s1.





Author Contributions


Conceptualization of the project: X.S. and Z.L. Experimental design: X.S. Performance of some specific experiments: J.W., Y.Z. and C.G. Data analysis: R.W. and Z.L. Manuscript drafting: X.S. Contribution to the editing and proofreading of the manuscript draft: G.B., J.-D.R. and X.S. All authors have read and agreed to the published version of the manuscript.




Funding


National Natural Science Foundation of China (31670233).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data supporting the findings of this study are available within the paper and within its supplementary materials published online.




Acknowledgments


We are grateful to ABRC for the Arabidopsis seeds. We thank Nigel Crawford for providing the seeds of SALK_047882 (atnos1) and nia1 nia2 double mutant.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Burko, Y.; Gaillochet, C.; Seluzicki, A.; Chory, J.; Busch, W. Local HY5 Activity Mediates Hypocotyl Growth and Shoot-to-Root Communication. Plant Commun. 2020, 1, 100078. [Google Scholar] [CrossRef] [PubMed]

	



Tanner, W.; Beevers, H. Transpiration, a prerequisite for long-distance transport of minerals in plants? Proc. Natl. Acad. Sci. USA 2001, 98, 9443–9447. [Google Scholar] [CrossRef]

	



Wang, L.; Ruan, Y.L. Shoot-root carbon allocation, sugar signalling and their coupling with nitrogen uptake and assimilation. Funct. Plant Biol. 2016, 43, 105–113. [Google Scholar] [CrossRef]

	



Liu, T.Y.; Chang, C.Y.; Chiou, T.J. The long-distance signaling of mineral macronutrients. Curr. Opin. Plant Biol. 2009, 12, 312–319. [Google Scholar] [CrossRef]

	



Chi, W.; Feng, P.Q.; Ma, J.F.; Zhang, L.X. Metabolites and chloroplast retrograde signaling. Curr. Opin. Plant Biol. 2015, 25, 32–38. [Google Scholar] [CrossRef]

	



Chi, W.; Sun, X.; Zhang, L. Intracellular signaling from plastid to nucleus. Annu. Rev. Plant Biol. 2013, 64, 559–582. [Google Scholar] [CrossRef]

	



Nott, A.; Jung, H.S.; Koussevitzky, S.; Chory, J. Plastid-to-nucleus retrograde signaling. Annu. Rev. Plant Biol. 2006, 57, 739–759. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.; Xu, D.; Liu, Z.; Kleine, T.; Leister, D. Functional relationship between mTERF4 and GUN1 in retrograde signaling. J. Exp. Bot. 2016, 67, 3909–3924. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Liu, Y.X.; Zhang, N.; Hu, B.; Jin, T.; Xu, H.; Qin, Y.; Yan, P.; Zhang, X.; Guo, X.; et al. NRT1.1B is associated with root microbiota composition and nitrogen use in field-grown rice. Nat. Biotechnol. 2019, 37, 676–684. [Google Scholar] [CrossRef]

	



Stitt, M.; Muller, C.; Matt, P.; Gibon, Y.; Carillo, P.; Morcuende, R.; Scheible, W.R.; Krapp, A. Steps towards an integrated view of nitrogen metabolism. J. Exp. Bot. 2002, 53, 959–970. [Google Scholar] [CrossRef]

	



Wang, M.; Shen, Q.; Xu, G.; Guo, S. New insight into the strategy for nitrogen metabolism in plant cells. Int. Rev. Cell Mol. Biol. 2014, 310, 1–37. [Google Scholar]

	



Gaudinier, A.; Rodriguez-Medina, J.; Zhang, L.; Olson, A.; Liseron-Monfils, C.; Bagman, A.M.; Foret, J.; Abbitt, S.; Tang, M.; Li, B.; et al. Transcriptional regulation of nitrogen-associated metabolism and growth. Nature 2018, 563, 259–264. [Google Scholar] [CrossRef]

	



Krapp, A.; Berthome, R.; Orsel, M.; Mercey-Boutet, S.; Yu, A.; Castaings, L.; Elftieh, S.; Major, H.; Renou, J.P.; Daniel-Vedele, F. Arabidopsis roots and shoots show distinct temporal adaptation patterns toward nitrogen starvation. Plant Physiol. 2011, 157, 1255–1282. [Google Scholar] [CrossRef] [PubMed]

	



Moller, A.L.; Pedas, P.; Andersen, B.; Svensson, B.; Schjoerring, J.K.; Finnie, C. Responses of barley root and shoot proteomes to long-term nitrogen deficiency, short-term nitrogen starvation and ammonium. Plant Cell Environ. 2011, 34, 2024–2037. [Google Scholar] [CrossRef]

	



Jia, Z.; Giehl, R.F.H.; von Wiren, N. The Root Foraging Response under Low Nitrogen Depends on DWARF1-Mediated Brassinosteroid Biosynthesis. Plant Physiol. 2020, 183, 998–1010. [Google Scholar] [CrossRef]

	



Sun, B.; Gao, Y.; Lynch, J.P. Large Crown Root Number Improves Topsoil Foraging and Phosphorus Acquisition. Plant Physiol. 2018, 177, 90–104. [Google Scholar] [CrossRef]

	



Yamawo, A.; Ohsaki, H.; Cahill, J.F., Jr. Damage to leaf veins suppresses root foraging precision. Am. J. Bot. 2019, 106, 1126–1130. [Google Scholar] [CrossRef]

	



Qi, Y.; Zhao, J.; An, R.; Zhang, J.; Liang, S.; Shao, J.; Liu, X.; An, L.; Yu, F. Mutations in circularly permuted GTPase family genes AtNOA1/RIF1/SVR10 and BPG2 suppress var2-mediated leaf variegation in Arabidopsis thaliana. Photosynth. Res. 2016, 127, 355–367. [Google Scholar] [CrossRef] [PubMed]

	



Flores-Perez, U.; Sauret-Gueto, S.; Gas, E.; Jarvis, P.; Rodriguez-Concepcion, M. A mutant impaired in the production of plastome-encoded proteins uncovers a mechanism for the homeostasis of isoprenoid biosynthetic enzymes in Arabidopsis plastids. Plant Cell 2008, 20, 1303–1315. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Wang, J.; Yuan, J.; Wang, X.L.; Zhao, Q.P.; Kong, P.T.; Zhang, X. Nitric Oxide-Associated Protein1 (AtNOA1) is Essential for Salicylic Acid-Induced Root Waving in Arabidopsis thaliana. New Phytologist 2015, 207, 211–224. [Google Scholar] [CrossRef] [PubMed]

	



Van Ree, K.; Gehl, B.; Chehab, E.W.; Tsai, Y.C.; Braam, J. Nitric oxide accumulation in Arabidopsis is independent of NOA1 in the presence of sucrose. Plant J. 2011, 68, 225–233. [Google Scholar] [CrossRef]

	



Wang, L.; Guo, Y.; Jia, L.; Chu, H.; Zhou, S.; Chen, K.; Wu, D.; Zhao, L. Hydrogen peroxide acts upstream of nitric oxide in the heat shock pathway in Arabidopsis seedlings. Plant Physiol. 2014, 164, 2184–2196. [Google Scholar] [CrossRef]

	



Zhang, Y.J.; Lynch, J.P.; Brown, K.M. Ethylene and phosphorus availability have interacting yet distinct effects on root hair development. J. Exp. Bot. 2003, 54, 2351–2361. [Google Scholar] [CrossRef]

	



Yang, Z.B.; He, C.M.; Ma, Y.Q.; Herde, M.; Ding, Z.J. Jasmonic Acid Enhances Al-Induced Root Growth Inhibition. Plant Physiol. 2017, 173, 1420–1433. [Google Scholar] [CrossRef]

	



Yamada, M.; Han, X.W.; Benfey, P.N. RGF1 controls root meristem size through ROS signalling. Nature 2020, 577, 85–88. [Google Scholar] [CrossRef]

	



Lu, X.; Shi, H.; Ou, Y.; Cui, Y.; Chang, J.; Peng, L.; Gou, X.; He, K.; Li, J. RGF1-RGI1, a Peptide-Receptor Complex, Regulates Arabidopsis Root Meristem Development via a MAPK Signaling Cascade. Mol. Plant 2020, 13, 1594–1607. [Google Scholar] [CrossRef] [PubMed]

	



Brady, S.M. Auxin-Mediated Cell Cycle Activation during Early Lateral Root Initiation. Plant Cell 2019, 31, 1188–1189. [Google Scholar] [CrossRef] [PubMed]

	



Kawakatsu, T.; Stuart, T.; Valdes, M.; Breakfield, N.; Schmitz, R.J.; Nery, J.R.; Urich, M.A.; Han, X.; Lister, R.; Benfey, P.N.; et al. Unique cell-type-specific patterns of DNA methylation in the root meristem. Nat. Plants 2016, 2, 16058. [Google Scholar] [CrossRef] [PubMed]

	



Breakspear, A.; Liu, C.; Roy, S.; Stacey, N.; Rogers, C.; Trick, M.; Morieri, G.; Mysore, K.S.; Wen, J.; Oldroyd, G.E.; et al. The root hair ‘‘infectome’’ of Medicago truncatula uncovers changes in cell cycle genes and reveals a requirement for Auxin signaling in rhizobial infection. Plant Cell 2014, 26, 4680–4701. [Google Scholar] [CrossRef]

	



Mu, R.L.; Cao, Y.R.; Liu, Y.F.; Lei, G.; Zou, H.F.; Liao, Y.; Wang, H.W.; Zhang, W.K.; Ma, B.; Du, J.Z.; et al. An R2R3-type transcription factor gene AtMYB59 regulates root growth and cell cycle progression in Arabidopsis. Cell Res. 2009, 19, 1291–1304. [Google Scholar] [CrossRef]

	



Sun, H.; Li, J.; Song, W.; Tao, J.; Huang, S.; Chen, S.; Hou, M.; Xu, G.; Zhang, Y. Nitric oxide generated by nitrate reductase increases nitrogen uptake capacity by inducing lateral root formation and inorganic nitrogen uptake under partial nitrate nutrition in rice. J. Exp. Bot. 2015, 66, 2449–2459. [Google Scholar] [CrossRef]

	



Parsons, R.; Sunley, R.J. Nitrogen nutrition and the role of root-shoot nitrogen signalling particularly in symbiotic systems. J. Exp. Bot. 2001, 52, 435–443. [Google Scholar]

	



Medici, A.; Marshall-Colon, A.; Ronzier, E.; Szponarski, W.; Wang, R.; Gojon, A.; Crawford, N.M.; Ruffel, S.; Coruzzi, G.M.; Krouk, G. AtNIGT1/HRS1 integrates nitrate and phosphate signals at the Arabidopsis root tip. Nat. Commun. 2015, 6, 6274. [Google Scholar] [CrossRef]

	



Fasani, E.; DalCorso, G.; Costa, A.; Zenoni, S.; Furini, A. The Arabidopsis thaliana transcription factor MYB59 regulates calcium signalling during plant growth and stress response. Plant Mol. Biol. 2019, 99, 517–534. [Google Scholar] [CrossRef]

	



Du, X.Q.; Wang, F.L.; Li, H.; Jing, S.; Yu, M.; Li, J.; Wu, W.H.; Kudla, J.; Wang, Y. The Transcription Factor MYB59 Regulates K(+)/NO3 (−) Translocation in the Arabidopsis Response to Low K(+) Stress. Plant Cell 2019, 31, 699–714. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.M.; Nguyen, X.C.; Kim, K.E.; Han, H.J.; Yoo, J.; Lee, K.; Kim, M.C.; Yun, D.J.; Chung, W.S. Phosphorylation of the zinc finger transcriptional regulator ZAT6 by MPK6 regulates Arabidopsis seed germination under salt and osmotic stress. Biochem. Biophys. Res. Commun. 2013, 430, 1054–1059. [Google Scholar] [CrossRef] [PubMed]

	



Devaiah, B.N.; Nagarajan, V.K.; Raghothama, K.G. Phosphate homeostasis and root development in Arabidopsis are synchronized by the zinc finger transcription factor ZAT6. Plant Physiol. 2007, 145, 147–159. [Google Scholar] [CrossRef]

	



Kiba, T.; Inaba, J.; Kudo, T.; Ueda, N.; Konishi, M.; Mitsuda, N.; Takiguchi, Y.; Kondou, Y.; Yoshizumi, T.; Ohme-Takagi, M. Repression of Nitrogen Starvation Responses by Members of the Arabidopsis GARP-Type Transcription Factor NIGT1/HRS1 Subfamily. Plant Cell 2018, 30, 925–945. [Google Scholar] [CrossRef]

	



Tam, T.H.Y.; Catarino, B.; Dolan, L. Conserved regulatory mechanism controls the development of cells with rooting functions in land plants. Proc. Natl. Acad. Sci. USA 2015, 112, E3959–E3968. [Google Scholar] [CrossRef]

	



Shinohara, N.; Ohbayashi, I.; Sugiyama, M. Involvement of rRNA biosynthesis in the regulation of CUC1 gene expression and pre-meristematic cell mound formation during shoot regeneration. Front. Plant Sci. 2014, 5, 159. [Google Scholar] [CrossRef] [PubMed]

	



Garay-Arroyo, A.; Ortiz-Moreno, E.; Sanchez, M.D.; Murphy, A.S.; Garcia-Ponce, B.; Marsch-Martinez, N.; de Folter, S.; Corvera-Poire, A.; Jaimes-Miranda, F.; Pacheco-Escobedo, M.A.; et al. The MADS transcription factor XAL2/AGL14 modulates auxin transport during Arabidopsis root development by regulating PIN expression. EMBO J. 2013, 32, 2884–2895. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, T.; van den Toorn, A.; Sanchez-Perez, G.F.; Campilho, A.; Willemsen, V.; Snel, B.; Scheres, B. SOMBRERO, BEARSKIN1, and BEARSKIN2 Regulate Root Cap Maturation in Arabidopsis. Plant Cell 2010, 22, 640–654. [Google Scholar] [CrossRef]

	



O’Brien, M.; Kaplan-Levy, R.N.; Quon, T.; Sappl, P.G.; Smyth, D.R. PETAL LOSS, a trihelix transcription factor that represses growth in Arabidopsis thaliana, binds the energy-sensing SnRK1 kinase AKIN10. J. Exp. Bot. 2015, 66, 2475–2485. [Google Scholar] [CrossRef] [PubMed]

	



Matsuo, M.; Johnson, J.M.; Hieno, A.; Tokizawa, M.; Nomoto, M.; Tada, Y.; Godfrey, R.; Obokata, J.; Sherameti, I.; Yamamoto, Y.Y.; et al. High REDOX RESPONSIVE TRANSCRIPTION FACTOR1 Levels Result in Accumulation of Reactive Oxygen Species in Arabidopsis thaliana Shoots and Roots. Mol. Plant 2015, 8, 1253–1273. [Google Scholar] [CrossRef]

	



Kodaira, K.S.; Qin, F.; Tran, L.S.P.; Maruyama, K.; Kidokoro, S.; Fujita, Y.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Arabidopsis Cys2/His2 Zinc-Finger Proteins AZF1 and AZF2 Negatively Regulate Abscisic Acid-Repressive and Auxin-Inducible Genes under Abiotic Stress Conditions. Plant Physiol. 2011, 157, 742–756. [Google Scholar] [CrossRef] [PubMed]

	



Pauwels, L.; Morreel, K.; De Witte, E.; Lammertyn, F.; Van Montagu, M.; Boerjan, W.; Inze, D.; Goossens, A. Mapping methyl jasmonate-mediated transcriptional reprogramming of metabolism and cell cycle progression in cultured Arabidopsis cells. Proc. Natl. Acad. Sci. USA 2008, 105, 1380–1385. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.; Zhou, Y.; Li, J.; Sun, Y.; Shangguan, Y.; Zhu, Z.; Hu, Y.; Li, T.; Hu, Y.; Rochaix, J.D.; et al. COE 1 and GUN1 regulate the adaptation of plants to high light stress. Biochem. Biophys. Res. Commun. 2020, 521, 184–189. [Google Scholar] [CrossRef]

	



Xiao, Y.; Savchenko, T.; Baidoo, E.E.; Chehab, W.E.; Hayden, D.M.; Tolstikov, V.; Corwin, J.A.; Kliebenstein, D.J.; Keasling, J.D.; Dehesh, K. Retrograde signaling by the plastidial metabolite MEcPP regulates expression of nuclear stress-response genes. Cell 2012, 149, 1525–1535. [Google Scholar] [CrossRef]

	



Galvez-Valdivieso, G.; Mullineaux, P.M. The role of reactive oxygen species in signalling from chloroplasts to the nucleus. Physiol. Plant. 2010, 138, 430–439. [Google Scholar] [CrossRef] [PubMed]

	



Koussevitzky, S.; Nott, A.; Mockler, T.C.; Hong, F.; Sachetto-Martins, G.; Surpin, M.; Lim, J.; Mittler, R.; Chory, J. Signals from chloroplasts converge to regulate nuclear gene expression. Science 2007, 316, 715–719. [Google Scholar] [CrossRef]

	



Wunsche, H.; Baldwin, I.T.; Wu, J. Silencing NOA1 elevates herbivory-induced jasmonic acid accumulation and compromises most of the carbon-based defense metabolites in Nicotiana attenuate (F). J. Integr. Plant Biol. 2011, 53, 619–631. [Google Scholar] [CrossRef]

	



Heidler, J.; Al-Furoukh, N.; Kukat, C.; Salwig, I.; Ingelmann, M.E.; Seibel, P.; Kruger, M.; Holtz, J.; Wittig, I.; Braun, T.; et al. Nitric oxide-associated protein 1 (NOA1) is necessary for oxygen-dependent regulation of mitochondrial respiratory complexes. J. Biol. Chem. 2011, 286, 32086–32093. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Y.; Mao, Y.; Lai, D.; Zhang, W.; Zheng, T.; Shen, W. Roles of NIA/NR/NOA1-dependent nitric oxide production and HY1 expression in the modulation of Arabidopsis salt tolerance. J. Exp. Bot. 2013, 64, 3045–3060. [Google Scholar] [CrossRef] [PubMed]

	



Correa-Aragunde, N.; Foresi, N.; Lamattina, L. Nitric oxide is a ubiquitous signal for maintaining redox balance in plant cells: Regulation of ascorbate peroxidase as a case study. J. Exp. Bot. 2015, 66, 2913–2921. [Google Scholar] [CrossRef]

	



Grun, S.; Lindermayr, C.; Sell, S.; Durner, J. Nitric oxide and gene regulation in plants. J. Exp. Bot. 2006, 57, 507–516. [Google Scholar] [CrossRef]

	



Wendehenne, D.; Durner, J.; Klessig, D.F. Nitric oxide: A new player in plant signalling and defence responses. Curr. Opin. Plant Biol. 2004, 7, 449–455. [Google Scholar] [CrossRef]

	



Corpas, F.J.; Barroso, J.B.; del Rio, L.A. Peroxisomes as a source of reactive oxygen species and nitric oxide signal molecules in plant cells. Trends Plant Sci. 2001, 6, 145–150. [Google Scholar] [CrossRef]

	



Pagnussat, G.C.; Simontacchi, M.; Puntarulo, S.; Lamattina, L. Nitric oxide is required for root organogenesis. Plant Physiol. 2002, 129, 954–956. [Google Scholar] [CrossRef] [PubMed]

	



Lombardo, M.C.; Lamattina, L. Nitric oxide is essential for vesicle formation and trafficking in Arabidopsis root hair growth. J. Exp. Bot. 2012, 63, 4875–4885. [Google Scholar] [CrossRef]

	



Correa-Aragunde, N.; Graziano, M.; Chevalier, C.; Lamattina, L. Nitric oxide modulates the expression of cell cycle regulatory genes during lateral root formation in tomato. J. Exp. Bot. 2006, 57, 581–588. [Google Scholar] [CrossRef] [PubMed]

	



Lozano-Juste, J.; Leon, J. Enhanced Abscisic Acid-Mediated Responses in nia1nia2noa1–2 Triple Mutant Impaired in NIA/NR-and AtNOA1-Dependent Nitric Oxide Biosynthesis in Arabidopsis. Plant Physiol. 2010, 152, 891–903. [Google Scholar] [CrossRef] [PubMed]

	



Meier, M.; Liu, Y.; Lay-Pruitt, K.S.; Takahashi, H.; von Wiren, N. Auxin-mediated root branching is determined by the form of available nitrogen. Nat. Plants 2020, 6, 1136–1145. [Google Scholar] [CrossRef] [PubMed]

	



Marsch-Martinez, N.; Franken, J.; Gonzalez-Aguilera, K.L.; de Folter, S.; Angenent, G.; Alvarez-Buylla, E.R. An efficient flat-surface collar-free grafting method for Arabidopsis thaliana seedlings. Plant Methods 2013, 9, 14. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 00861 g001 550] 





Figure 1. Identification of coe2 mutant. (A) Phenotype of 5-day-old seedlings of coe2 and WT on 1/2 MS plates. (B) Heatmap of the expression of genes of light-harvesting proteins in cotyledons of seedlings of coe2 and WT under normal growth conditions. (C) Statistical analysis of the root length in 5-day-old seedlings of WT and coe2. Three biological replications were used. The student’s t-test of coe2 versus WT, ** p < 0.001. (D) The SNP-index of coe2. SNPs between coe2 and the reference genome were analyzed by Bulked Segregant Analysis. (E) The candidate mutation of coe2 was identified by DNA sequencing. (F) The mutation of coe2 (blue star) and coe2-1 (triangle, SALK_047882) are marked on the gene map. (G) Relative expression of COE2 in coe2, coe2-1, and WT was determined by qPCR. Three biological replicates were used. The student’s t-test of coe2 or COM. Versus WT, * p < 0.05%, ** p < 0.01%, *** p < 0.001. 
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Figure 2. coe2 is defective in photosynthesis. (A) Growth of coe2, coe2-1, complemented plants of coe2-1 (COM.-1), COM.-2, and WT in soil for four weeks. (B) Fv/Fm, (C) ΦII, and (D) NPQ for the seedlings shown in (A) were measured with an imaging PAM as described in Materials and Methods. 
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Figure 3. Expression patterns of COE2 in different tissues of seedlings. The samples of cotyledons, roots, mature leaves, inflorescence, and seeds were harvested and used to examine the expression of COE2 by qPCR. Three biological replicates were used. The student’s t-test of other tissues versus roots, * p < 0.05%, ** p < 0.01%, *** p < 0.001%. 
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Figure 4. Analysis of the differentially expressed genes (DEGs) in cotyledons of coe2 and WT. (A) Heatmap displays the expression pattern of the DEGs in cotyledons of coe2 and WT. (B) Volcano plot shows the distribution of the DEGs in cotyledons of coe2 and WT. Gene Ontology (GO) analysis of the up-regulated DEGs (C) and significantly down-regulated DEGs (D) in cotyledons of coe2, compared with WT. 
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Figure 5. Analysis of the differentially expressed genes (DEGs) in roots of coe2 and WT. (A) Heatmap displays the expression pattern of the DEGs in roots of coe2 and WT. (B) Volcano plot shows the distribution of the DEGs in cotyledons of coe2 and WT. Gene Ontology (GO) analysis of the up-regulated DEGs (C) and significantly down-regulated DEGs (D) in roots of coe2 compared with WT. 
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Figure 6. COE2 is involved in the regulation of root hair development in response to nitrogen availability. (A) Root hair growth status in coe2, coe2-1, COM.-1, and WT grown on 1/2MS plates (control conditions) and 1/2MS plates containing 0.1 mM KNO3 (nitrogen limitation). Root hairs are indicated with yellow arrows. (B) Whisker box analysis of the length of root hairs in coe2, coe2-1, COM.-1, and WT grown under control and nitrogen limitation conditions. The data were analyzed by one-way ANOVA following Brown–Forsythe test. Ns: p > 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 7. COE2 is involved in regulating the development of lateral roots under nitrogen limitation conditions. (A) Growth of seedlings of WT, coe2, coe2-1, COM.1, and nia1 nia2 under control and nitrogen limitation conditions. The lateral roots are indicated with white arrows. (B) Whisker box analysis of the number of root hairs in WT, coe2, coe2-1, COM.-1, and nia1 nia2 grown under control and nitrogen limitation conditions. (C) Whisker box analysis of the length of root hairs in WT, coe2, coe2-1, COM.-1, and nia1 nia2 grown under control and nitrogen limitation conditions. The data were analyzed by one-way ANOVA following Brown–Forsythe test. Ns: p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 8. Analysis of the transcription factor (TF) network of the DEGs in the cotyledons of coe2. (A) The TFs of DEGs of cotyledons of coe2 were selected to build the TF regulatory network. The color key indicates low to high gene expression levels (log2 FC). (B) GO analysis of the TFs shown in (A). 
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Figure 9. Analysis of the transcription factor (TF) network of the DEGs in the roots of coe2. (A) The TFs of DEGs of cotyledons of coe2 were selected to build the TFs regulatory network. The color key indicates low to high gene expression levels (log2 FC). (B) GO analysis of the TFs shown in (A). 
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Figure 10. Model showing how COE2 regulates root development in response to nitrogen limitation. Under nitrogen limitation, once COE2 perceives the nitrogen limitation signal in leaves, production of NO regulated by NIA1/NIA2 is triggered. At the same time, COE2 is involved in the inhibition of chloroplast and leaf development in response to the nitrogen limitation signals. Under the conditions of nitrogen limitation, NO is produced in leaves and transported to roots to enhance the expression of TFs and development of lateral roots by COE2; alternatively, NO is directly produced in roots and then relies on COE2 to regulate the expression of TFs and the development of lateral roots. 
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