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Abstract

:

The indole-3-pyruvic acid (IPA) pathway is the main auxin biosynthesis pathway in the plant kingdom. Local control of auxin biosynthesis through this pathway regulates plant growth and development and the responses to biotic and abiotic stresses. During the past decades, genetic, physiological, biochemical, and molecular studies have greatly advanced our understanding of tryptophan-dependent auxin biosynthesis. The IPA pathway includes two steps: Trp is converted to IPA by TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS/TRYPTOPHAN AMINOTRANSFERASE RELATED PROTEINs (TAA1/TARs), and then IPA is converted to IAA by the flavin monooxygenases (YUCCAs). The IPA pathway is regulated at multiple levels, including transcriptional and post-transcriptional regulation, protein modification, and feedback regulation, resulting in changes in gene transcription, enzyme activity and protein localization. Ongoing research indicates that tissue-specific DNA methylation and miRNA-directed regulation of transcription factors may also play key roles in the precise regulation of IPA-dependent auxin biosynthesis in plants. This review will mainly summarize the regulatory mechanisms of the IPA pathway and address the many unresolved questions regarding this auxin biosynthesis pathway in plants.
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1. Introduction


Auxin plays a vital role in regulating plant growth, development, and response to environmental stress [1,2,3,4]. Maintaining appropriate concentrations of free indole-3-acetic acid (IAA) is essential for the regulation of normal plant growth and development and for coping with biotic and abiotic stressors. Plants can maintain auxin homeostasis by regulating IAA biosynthesis, metabolism, and transport in vivo [5].



In plants, IAA is mainly synthesized through two pathways, the Trp-dependent and Trp-independent pathways [6]. The Trp-dependent pathway is further divided into four pathways depending on the different intermediate metabolites derived from Trp: the indole-3-pyruvic acid (IPA) pathway, the indole-3-acetamide (IAM) pathway, the tryptamine (TAM) pathway, and the indole-3-acetaldoxime (IAOx) pathway [6,7]. Among these pathways, the enzymes and biochemistry of the IPA pathway are best delineated.



In the IPA pathway, Trp is first converted into IPA by a reversible amino transfer reaction catalyzed by an enzyme in the TAA1/TARs family (Figure 1). The TAA1 gene was independently identified through mutant isolation by four research groups investigating shade avoidance [8], ethylene responses [9], responses to the auxin transport inhibitor N-1-napthylpthalamic (NPA) [10], and responses to cytokinin (CK) [11]. However, overexpression of AtTAA1 exhibited no altered phenotypes, indicating that TAA1 encodes a key but not rate-limited enzyme [8,9,11]. The TAA1 protein belongs to a superfamily of pyridoxal-5′-phosphate (PLP)-dependent enzymes that have Trp aminotransferase activity [9,12]. The TAA1 protein uses L-Trp, but not D-Trp, as a substrate, as well as L-Phe, Tyr, Ala, Leu, Gln, and Met [13]. Genome-wide phylogenetic and functional analyses identified the TAA1/TARs genes in many species, including Arabidopsis, rice and maize (Table S1) [8,9].



The IPA is then converted to IAA in a reaction mediated by a YUCCA-type flavin monooxygenase (FMO; Figure 1) [14,15]. YUC genes were first discovered through a genetic screen of activation-tagged lines in Arabidopsis. Gain-of-function mutants of YUC1 (yuc1D) had high levels of auxin and auxin-induced phenotypes like epinastic cotyledons and long hypocotyls, which indicated that YUC genes encode a rate-limiting enzyme involved in auxin biosynthesis [16]. The YUC genes are functionally redundant, as single mutants of YUC genes in Arabidopsis exhibited wild-type-like phenotypes, except for yuc8/ckrc2, which exhibited root curling when grown on medium with exogenous cytokinin (CK) [17]. The first step in the YUC-catalyzed reaction is the reduction of the FAD cofactor by NADPH to FADH, which subsequently reacts with oxygen to form a flavin-C4a-(hydro)peroxide intermediate. Then, the C4a-hydroperoxyflavin reacts with IPA to produce IAA. In vitro, YUC6 can use either PPA or IPA as a substrate, suggesting that YUC enzymes do not have strict substrate specificity [18]. To date, members of the YUC gene family have been found in more than 20 species, including 11 genes in Arabidopsis, 14 genes in rice and 14 genes in maize (Table S1) [19].



Genetic disruption of the IPA pathway, and the resulting dysregulation of IAA levels, leads to plant developmental defects under both normal and stress environments [19]. To maintain IAA homeostasis, plants have evolved multiple layers of regulatory mechanisms (Figure 1), including transcriptional regulation (layer I), post-transcriptional regulation (layer II), protein modification (layer III), and negative feedback regulation (layer IV). Transcriptional regulation mainly includes epigenetic modifications (DNA methylation and modification of histone in ribosomes) and transcription factor-mediated activation/repression of precursor-mRNA (pre-mRNA) synthesis. Immediate post-transcriptional regulation, including splicing, processing, storage, and stabilization of pre-mRNA, regulates the efficiency of mRNA translation into protein products that include truncated proteins. Finally, translated precursor proteins (pre-proteins) undergo a series of post-translational modifications (PTMs), such as phosphorylation, acetylation, ubiquitination and glycosylation, that alter the localization, stability, activity, and interaction of the protein with other proteins, ultimately determine the biological activity of the functional proteins. These regulatory processes are influenced not only by different environmental factors and hormonal signals, but also by feedback from both intermediate and final products, resulting in a complex and well-defined regulatory network. These controls form an elaborate regulatory network that collectively maintains the homeostasis of endogenous IAA (Figure 1) [1,6,19,20,21,22,23,24,25,26]. Biochemically, the enzymes in the IPA pathway can also be manipulated by synthetic chemical compounds. In this review, we systematically summarize the multi-level regulation of the IPA-dependent auxin biosynthesis pathway in plants.




2. Small Chemical Inhibitors Target TAA1/TARs and YUCCA to Modulate Auxin Synthesis


Due to the important role of IAA in plant growth and development, genes involved in IAA biosynthesis, metabolism, transport and signaling are often subject to tight genetic regulation. Auxin biosynthetic genes either show redundancy or their single mutants result in lethality or sterility, such that classical genetic approaches may not be able to comprehensively screen for key auxin-related genes. The use of small chemical inhibitors can complement classical genetics. These small molecules often competitively occupy the ligand binding pocket of the target enzymes and can be applied in discreet doses to give a wide range of effects [27,28,29]. To date, several auxin biosynthesis inhibitors have been found and widely used, including nalacin [30], NPA [31], and auxinole [32]. As the IPA pathway is by far the most well studied of the IAA biosynthesis pathways, the chemical synthesis inhibitors identified also focus on this pathway:



The compound L-kynurenine (Kyn) was found in a screen for ethylene (ET) signaling inhibitors. Exogenous application of Kyn results in root elongation that is insensitive to ET. Subsequent studies have shown that TAA1/TAR1 catalyzes the conversion of Kyn to kynurenic acid (KYNA), and that this metabolite has no inhibitory effect on root growth. Computational Docking and Molecular Modeling results further suggested that Kyn acts as a competitive inhibitor of Trp in TAA1/TAR proteins, thereby reducing conversion of IPA and decreasing the levels of free IAA [33]. Several other chemical inhibitors have been found to inhibit the activity of TAA1/TARs, including 2-amino-oxyisobutyric acid (AOIBA), Pyruvamine2031, L-aminooxy-phenylpropionic acid (AOPP), 2-(aminooxy)-3-(naphthalen-2-yl) propanoic acid (KOK1169/AONP), and the IPA analogs KOK2099 and KOK2052BP (Figure 2) [13,33,34,35,36]. There are also two compounds, amino ethoxyvinylglycine (AVG) and amino-oxyacetic acid (AOA), that more broadly inhibit the activities of PLP-dependent enzymes, including TAA1/TARs and 1-aminocyclopropane-1-carboxylic acid (ACC) synthase, in vivo [36].



A second class of IPA pathway inhibitors target the YUC proteins. Yucasin, or 5-(4-chlorophenyl)-4H-1,2,4-triazole-3-thiol, was identified from a screen for compounds affecting IAA contents in the coleoptile tip [37]. Yucasin shares a similar sub-structure with methimazole, which has been used as an artificial substrate for FMOs in vitro and is able to inhibit the function of yeast FMO [38]. Yucasin functions as a competitive inhibitor of recombinant AtYUC1, with a higher binding affinity than IPA, and inhibits YUC1 activity in a dose-dependent manner [39]. There are several other inhibitors of YUC activities, including 4-biphenylboronic acid (BBo), 4-phenoxyphenylboronic acid (PPBo), Yucasin DF and ponalrestat (Figure 2) [37,40,41].




3. Layer Ⅰ: Finely Tuned Transcriptional Regulation of IPA-Dependent Auxin Biosynthesis


3.1. Epigenetic Modification of Genes Involved in IPA-Dependent Auxin Biosynthesis Pathway


Epigenetic modifications, including DNA methylation and histone modification in nucleosomes, are critical layers of transcriptional regulation, directing mRNA synthesis and determining gene expression or silencing [25]. Several studies have focused on the roles of epigenetic modifications in IPA-dependent auxin biosynthesis.



In plants, DNA methylation is a reversible, yet relatively stable, conversion of a cytosine (C) base into a 5-methylcytosine, usually in a CG, C-(A/T/C)-G, or C-(A/T/C)-(A/T/C) sequence context, that most often results in gene silencing [22,42]. DNA methylation is introduced at a site when the DNA methyltransferase DOMAINS REARRANGED METHYLTRANSFERASE 1/2 (DRM1/2) catalyzes the methylation of DNA from two unmethylated strands, a process directed by a 24 nt small interfering RNA (siRNA) (also named the RdDM pathway) and is maintained at a site by METHYLTRANSFERASE 1 (MET1), CHROMOMETHYLASE 2 (CMT2) or CMT3 when a DNA strand is copied through semi-conservative replication of a methylated DNA [42,43]. Recent analysis of genome-wide methylation patterns has identified many genes in the IPA pathway (TAA1, TAR1/2, and YUC1/2/5/10) as targets of the RdDM pathway, suggesting that DNA methylation may play an important role in regulating the IPA-dependent auxin biosynthesis pathway [44]. However, there are few studies on the regulation of IAA homeostasis through DNA methylation in response to stress or during development. During screening of small RNA in response to different ambient temperatures, a, 24 nt siRNA (Locus_77297) was identified that directs the methylation of the YUC2 promoter in a temperature-dependent way, which then blocks the binding of the transcription factor NUCLEAR FACTOR-YA2 (NF-YA2) to the YUC2 promoter [45].



In addition to DNA methylation, modification of histones within nucleosomes, including histone H3 methylation, acetylation, and histone H2B monoubiquitination, also influences the transcriptional activity of genes [25]. The role of nucleosomal histone modification in the regulation of IAA synthesis and metabolism has been systematically summarized in our recently published review (reviewed by [25]), so this paper only briefly summarizes the genes with known histone modifications and the processes that these modifications impact (Table 1).



While epistatic modifications seem to regulate the IPA-dependent auxin biosynthesis pathway in response to stress and development, there are few relevant detailed studies. Future studies must be undertaken on how different developmental stages and different stresses epistatically alter the transcription of genes involved in the IPA-dependent IAA biosynthesis pathway.




3.2. Complex Transcriptional Regulatory Mechanisms of the TAA1/TAR and YUCCA Genes


Developmental phenotypes of different single, double and multiple mutants of the TAA1/TAR and YUC genes show that the IPA-dependent auxin biosynthesis pathway is involved in almost all aspects of plant growth and development, including seed germination, embryo development, hypocotyl growth, and leaf development [1,6,19]. Moreover, many essential transcription factors (TFs) have been identified that regulate the transcription of TAA1/TAR and YUC genes to influence different stages of plant growth and development.



3.2.1. Vegetative Stage


The vegetative stage includes seed germination and the juvenile and adult phases [63]. During seed germination, the distribution of auxin determines the adaxial–abaxial polarity and then formation of the cotyledon and leaf growth [64]. In Arabidopsis, a pair of TFs, KANADI 1 (KAN1) and REVOLUTA (REV), play opposite roles in auxin distribution by directly binding to the promoters of TAA1 and YUC5, with KAN1 repressing and REV promoting their transcription [64]. Together with the regulation of auxin transport (mediated by LAX2 and LAX3), the antagonistic function of KAN1 and REV result in maximum auxin levels at the site of cotyledon growth (Figure 3) [64]. In addition, two basic helix-loop-helix proteins, TARGET OF MONOPTEROS5 (TMO5)/TMO5-LIKE1 (T5L1) and LONESOME HIGHWAY (LHW), form a heterodimer complex and bind to the promoter of YUC4, leading to auxin accumulation during vascular cell development in the embryo [65]. Conversely, the IAA further promotes the transcription of LHW and TMO5/T5L1, indicating that there is a positive feedback regulation that fine-tunes the LHW-TMO5/T5L1 level during vascular development [65]. In rice, BABY BOOM 1 (BBM1) directly targets OsYUC6/7/9 to prompt auxin biosynthesis, leading to somatic embryogenesis [66].



In the hypocotyl, the PIF4-YUC8 regulatory module plays an important role in response to stress signals, including circadian rhythms, light, high temperature, and mechanical stress. The accumulation and transcriptional activity of PIF4 is regulated by different proteins, with competition for and interference at the YUC8 promoter by other transcription factors affect the positive regulation of YUC8 by PIF4 and, consequently, the biosynthesis of auxin (Figure 3). In response to light, PIF4 interaction with PhyB results in the phosphorylation and then ubiquitination of PIF4, which is then degraded [67]. Another two TFs, DE-ETIOLATED 1 (DET1) and CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COP1), promote high-temperature-induced hypocotyl growth by stabilizing PIF4 [68]. SEUSS (SEU) interacts with PIF4 and increases its binding and transcriptional activation activity in response to light and/or high temperature, while the interaction with CRY1 result in repression of PIF4 transcriptional activity under high temperature in a blue-light-dependent manner [69,70]. TIMING OF CAB EXPRESSION 1 (TOC1) accumulates more during evening and can repress activation the YUC8 by PIF4 [71]. FLOWERING CONTROL LOCUS A (FCA) interacts with PIF4 and promotes PIF4 dissociation from the promoter of YUC8, attenuating PIF4 transcriptional activity under high temperature. PHYTOCHROME RAPIDLY REGULATED 1 (PAR1) interacts with PIF4 and inhibits its transcriptional activity in response to light signals. EARLY FLOWERING 3 (ELF3) interacts with PIF4 to prevent PIF4 from activating YUC8, while the accumulation of ELF3 is further regulated by phyB and COP1 in the light. LONG HYPOCOTYL IN FR LIGHT 1 (HFR1) interacts with PIF4 to form non-DNA-binding heterodimers that limit PIF4 transcriptional activity in the shade. Moreover, ELONGATED HYPOCOTYL 5 (HY5) can regulate hypocotyl elongation at high temperatures by competing with PIF4 for binding to YUC8 [68]. Gibberellin (GA) antagonistically interacts with light signals through degradation of DELLA proteins, which can directly bind to the DNA-recognition domain of PIF4 and then block its transcriptional activity (Figure 3) [72]. In addition, the DELLA protein GAI interacts with ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1) and enhances its transcriptional regulation of TAA1 to regulate primary root growth [73]. Furthermore, PIF7 can directly bind to the YUC8 promoter and form a heterodimer with PIF4 under high temperature [74].



In addition, another MYB-like transcription factor, REVEILLE 1 (REV1), is also involved in regulating hypocotyl growth by integrating YUC8-dependent auxin biosynthesis and circadian clock via a PIF4-independent pathway [75]. HOOKLESS 1 (HLS1) interacts with PIF4 to co-bind downstream gene promoters, including YUC8, in response to high temperature. Moreover, HLS1 is reported to respond to mechanical stress in an EIN3-dependent manner during soil emergence of seedlings [76]. It would be interesting to investigate whether the PIF4-YUC8 module is also involved in this response. Additionally, some TFs, such as ZEITLUPE (ZTL) and MYB hypocotyl elongation-related (MYBH), have been reported to upregulate PIF4 transcription and to promote YUC8-dependent auxin biosynthesis; however, whether they act by directly binding to the PIF4 promoter remains unknown [77,78]. Taken together, these results indicate that the complex and finely tuned transcriptional regulation of YUC8 is essential for maintaining hypocotyl growth in response to the environment.



Developmental signals activate another transcriptional pathway, the miR319-TCP4-YUC5 module, to maintain cell expansion of the hypocotyl (Figure 3) [79]. Therefore, it would be interesting to investigate how stress signals and developmental signals synergistically regulate hypocotyl elongation in the future.



During root growth and development, the IPA-dependent pathway also plays an important role in integrating environmental stress and hormone signaling. For instance, jasmonic acid (JA) can promote lateral root development through the direct regulation of YUC2 by ERF109 [80]. JA also employs a group of MYC TFs, MYC2/3/4, in response to mechanical wounding via directly activating YUC8/9-dependent auxin biosynthesis [81]. CK promotes auxin biosynthesis in roots, via ARR1 activation of TAA1 transcription, while ARR12 synergically activates TAA1 transcription via interaction with ARR1 [73]. Moreover, ET insensitive 3 (EIN3) is also involved in regulating the transcription of TAA1 via direct interact with ARR1, leading to enhanced transcriptional activity of ARR1 [73]. In addition to TAA1, EIN3 also regulates YUC5/8/9 in response to aluminum (Al) stress. Al stress promotes ET accumulation in the transition zone (TZ) of roots, and then activates two transcriptional pathways, namely EIN3-YUC9 and EIN3-PIF4-YUC5/8/9, to promote auxin biosynthesis, resulting in inhibition of primary root growth under Al stress [82]. Furthermore, IAA promotes EIN3 accumulation in the nucleus via inhibiting EBF1/2 [33]. In rice, the homolog of EIN3, OsEIL1, is also involved in regulating ET-induced PR growth inhibition via directly activating the transcription of OsYUC8 and OsTAR2/MHZ10 [83,84]. Interestingly, two groups of Aux/IAA proteins, OsIAA1/9 and OsIAA21/31, can physically interact with OsEIL1 to promote and inhibit the activation of OsTAR2 by OsEIL1. ET treatment promotes degradation of the repressors IAA21/31 earlier than the activators IAA1/9 in a TIR1/AFB-dependent manner, leading to the activation of OsTAR2 by OsEIL1 [84]. Moreover, OsYUC8 is also direct regulated by OsbZIP46 in primary roots during response to exogenous abscisic acid (ABA) [85]. Additionally, two homologous B3 TFs, FUSCA 3 (FUS3) and LEAF COTYLONDON 2 (LEC2), interact to bind to and activate YUC4 during lateral root formation, while LEC2 also activate FUS3 transcription in lateral root initiation (Figure 3) [86].



In addition to these TFs, several others are also involved in regulating IAA levels in roots, although they have not been shown to directly regulate the TAA1/TAR1-YUC genes. For example, ABA can inhibit the transcription of YUC2/8 via ABI4, thereby inhibiting primary root elongation. Mechanical wounding can upregulate ERF115, thereby promoting the transcription of YUC3/5/7/8/9 and promoting post-injury root regeneration. ATH2 inhibits the transcription of YUC2 to alter root gravitropism. AGL21 positively regulates YUC5/8/TAR3, and this TF is induced by a variety of hormones including IAA/ABA/JA and a variety of stresses, including salt and drought stress and sulfate (-S) and nitrogen deficiency (-N) (Figure 3) [87]. In conclusion, the transcriptional regulation of the IPA-dependent pathway in the root system plays an important role in coordinating root growth, hormonal signaling and stress response.



For leaf growth, NF-YA2 and NF-YA10 bind to and inhibit YUC2, which in turn decreases auxin content and leaf size [45]. Moreover, the miRNA miR169d targets these two TFs and cleaves them to maintain auxin biosynthesis during leaf growth (Figure 3) [45]. In addition, ARR1/10/12, which are involved in the regulation of shoot stem cell development through direct activation of WUSCHEL (WUS), also bind to the YUC1/4 promoter, repressing YUC1/4 transcription and indirectly promoting the induction of WUS by CK (Figure 3) [88].




3.2.2. Reproductive Stage


Flower bud differentiation is a marker of the change from vegetative plant growth to reproductive growth [63]. During this stage, many TAA1/TAR and YUC genes are reported to regulate lateral organ morphogenesis and flower and seed development. Three INDETERMINATE DOMAIN (IDD) transcription factors, IDD14, IDD15, and IDD16, directly target YUC5 and TAA1 to promote auxin biosynthesis [89]. Overexpression or knockout of these IDDs result in pleiotropic phenotypes, including altered leaf shape, floral development and fertility, which can be repressed by mutation or overexpression of YUC genes, indicating the critical role of IPA-dependent auxin biosynthesis during the reproductive stage [89]. Another TF, SHORT-INTERNODES/STYLISH 1 (SHI/STY1) is also involved in regulating leaf and flower development via directly activating YUC4 and indirect upregulating YUC8 [90]. GROWTH REGULATING FACTOR 6 (GRF6) directly activates OsYUC1 and auxin biosynthesis during floral development, thus leading to increased branch and spikelet numbers [91]. GRF6 is further regulated by Os-miR396b, while blocking miR396b results in reshaping inflorescence architecture and increasing rice yield [91].



In addition to these TFs, which are useful for all organs at the reproductive growth stage, several tissue-specific TFs control local auxin biosynthesis and thus affect flower and seed development. For instance, SPATULA (SPT) integrates CK and auxin signaling via directly targeting TAA1 in the medial domain of the gynoecium, and mutation of SPT leads to severe gynoecial developmental defects [92]. FT-INTERACTING PROTEIN 7 (FTIP7), highly expressed in anthers before mitotic division of pollen, facilitates nucleocytoplasmic translocation of the TF ORYZA SATIVA HOMEOBOX 1 (OSH1), which directly represses OsYUC4 transcription and auxin biosynthesis during pollen mitosis, thus controlling the release of mature pollen (Figure 3) [93].



Furthermore, several TFs are involved in regulating seed development by directly regulating IPA pathway. For instance, LEAFY COTYLEDON 2 (LEC2) directly binds to the promoters of YUC2 and YUC4 and activates their transcription, promotes somatic embryogenesis [94]. In rice endosperm, OsNF-YB1 binds to OsYUC11 and activates its transcription, which is required for rice grain filling [95]. MATERNAL EFFECT EMBRYO ARREST 45 (MEE45) directly activates AINTEGUMENTA (ANT), and in turn ANT further activates the expression of YUC4 in the ovule integument, resulting in embryo cell proliferation and determination of seed size [96]. ZmNF-YA13, a target of Zm-miR169o, directly induces the expression of ZmYUC1 in early developing seeds, leading to a greater number of endosperm cells and a larger seed size (Figure 3) [97]. In addition to the TFs mentioned above in Arabidopsis, rice, and maize, several TFs have been reported to regulate TAA/TAR and YUC genes in other species (Table S1).






4. Layer II: Post-Transcriptional Regulation of TAA1/TAR and YUC Genes in Plants


Post-transcriptional regulation of genes can affect the splicing, processing, storage and stability of mRNA, which in turn affects mRNA translation efficiency or the final product, such as creating truncated proteins [20]. Alternative splicing of YUC4 results in the presence of two YUC4 isoforms, both of which have enzymatic activities in Arabidopsis. Of these splicing variants, YUCCA4.1 is present in all tissues and distributed throughout the cytoplasm, whereas YUCCA4.2 is present only in flowers and is localized to the cytoplasmic side of the endoplasmic reticulum membrane, which may confer properties related to subcellular compartmentation of IAA biosynthesis [98]. There is also alternative splicing of the IAA efflux transporters PIN-FORMED 4 (PIN4) and PIN7 [99,100]. In general, alternative splicing is detected in many genes involved in the IPA-dependent pathway, e.g., TAR2, YUC2 and YUC4; however, how alternative splicing influences the expression of these genes needs further investigation.



Another form of RNA processing is polyadenylation, and its distribution in the 5′-untranslated region (UTR) and 3′-UTR is responsible for the stability of mature transcripts and influences their export to the cytoplasm, their subcellular localization, and recognition by the translational machinery [23,101]. A poly(A) tag sequencing approach showed that multiple alternative polyadenylations were detected in TAA1/TAR and YUC genes; however, it remains unknown whether these alternative polyadenylations are involved in the post-transcriptional regulation of genes related to auxin biosynthesis [23].




5. Layer III: Precise Control of IPA-Dependent Auxin Biosynthesis through Post-Translational Protein Modification


Post-translational modifications, such as phosphorylation, acetylation, ubiquitination and glycosylation, can affect protein localization, stability, activity and interactions with other proteins, adding additional complexity and greater flexibility to regulation of metabolic functions [102]. However, there are fewer reports on the post-translational modifications of IAA biosynthesis-related enzymes than on the transcriptional and epistatic modification regulation of IAA biosynthetic genes. A recent study showed that the AtTAA1 is phosphorylated at Threonine 101 (T101). Whether T101 is phosphorylated or not determines whether TAA1 is in the active or inactive state. TRANS-MEMBRANE KINASE 4 (TMK4) interacts with and then phosphorylates TAA1, resulting in suppression of TAA1 activity [103]. In addition, we used the CKRC (cytokinin induced root curling) system to screen for auxin-deficient mutants, and identified a low-auxin mutant, ckrc3-1, that was prematurely terminated due to a G to A transition at position 731 of the auxiliary subunit (Naa25) of the Arabidopsis N-TERMINAL ACETYLTRANSFERASE NatB [104]. CKRC3 interacts with the NatB catalytic subunit Naa20 (NBC) to form an active NatB complex and catalyzes the N-terminal acetylation (NTA) of the second amino acid at the N-terminal end of the protein, which is Aspartic acid (Asp, D), Asparagine (Asn, N) or Glutamic acid (Glu, E). Additionally, our results further showed that the CKRC3-NBC complex can catalyze the NTA of YUC8 and increase its stability to maintain auxin biosynthesis [104].



With the development of proteomics, many more types of protein modifications are being identified and studied. Many phosphorylation, acetylation and glycosylation modification sites have been identified on TAA1/TAR and YUC proteins. Whether these modifications are involved in the regulation of IPA-dependent IAA biosynthesis and how they are altered with plant development and stress deserve further investigation [105,106].




6. Layer IV: Negative Feedback Regulation of IPA Pathway


Negative feedback regulation is an important mechanism for maintaining the homeostasis of enzymatic reactions. Suzuki et al. [107] found that exogenous application of the synthetic auxins 1-naphthaleneacetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D) decreases the transcription of TAR2, YUC1, YUC2, YUC4, and YUC6 in Arabidopsis seedlings, while use of the auxin biosynthetic inhibitor Kyn upregulated the transcription of these genes (Figure 4). Consistently, similar regulation was also observed in mutants with high or low endogenous IAA. These results suggested that the genes involved in the IPA pathway are transcriptionally regulated by negative feedback from active IAA levels [107].



Additionally, the product IPA can negatively regulate the activity of TAA1/TARs, through reversibility of the Trp aminotransferase activity and competitive inhibition of the TAA1/TARs by IPA (Figure 4). Other aminotransferases can catalyze reversible reactions; however, is remains unknown if the TAA1/TARs have this ability [108]. A recent study showed that IPA was converted to Trp in the presence of TAA1, but not heat-inactivated TAA1, suggesting that TAA1 also possesses reversible Trp aminotransferase activity, although this activity is much lower [13]. The IPA analog KOK2099 also inhibits the aminotransferase activity of TAA1, leading to a decrease in the endogenous IAA levels, while AtTAA1 activity was enhanced when the reaction mixture contained AtYUC10. These data suggested that KOK2099 and IPA strongly inhibit TAA1 activity (Figure 2 and Figure 4). Further investigation suggested that KOK2099 and IPA could mimic Trp and enter the active site of TAA1 (E-PLP); however, they could not form a Schiff base with TAA1 due to the lack of an amino moiety [13]. In addition, high concentrations of IPA were reported to inhibit recombinant AtYUC1 activity in vitro, indicating that feed-forward inhibition may also function in maintaining IPA homeostasis (Figure 4) [39]. Taken together, the negative feedback regulation of TAA1 ensures that plants do not accumulate too much IPA, thus maintaining IPA homeostasis. These feedback mechanisms are likely a key reason for which overexpression of TAA1 does not lead to excessive IAA accumulation [8,9,11,17].



Another way that the level of IPA is steadily maintained is the conversion of IPA Trp by REVERSAL OF SAV 1 (VAS1), which uses methionine as an amino donor and IPA as an amino acceptor to produce L-Trp and 2-oxo-4-methylthiobutyric acid. IPA can also be glucosylated into IPA-Glc by UGT76F1 (Figure 4) [109,110].




7. Concluding Remarks


Auxin is an essential hormone that governs plant development and responses to bio- or abiotic stress [1,111]. Study of the auxin biosynthetic pathways and their regulation at different layers is extremely important for both plant science and agricultural development. In addition, local auxin biosynthesis and distribution play essential roles in many developmental processes and stress responses [6,26,112]. However, many questions remain, particularly those surrounding regulation by DNA methylation and miRNAs.



Tissue-specific DNA methylation may regulate local IAA biosynthesis. Local auxin biosynthesis plays a critical role in the formation of the auxin gradient, which functions in regulating plant development and stress response [26]. Multiple copies of YUC genes in the plant genome may show tissue-specific expression, regulating local IAA biosynthesis [26]. However, the mechanism by which plants select one or a few YUCs for IAA synthesis at a specific location remains unclear. A recent study showed that in the drm1drm2cmt3 triple mutant, which has low levels of DNA methylation, YUC2 and TAA1 were specifically induced in the leaves, but almost none was detected in the roots [113], implying that DNA methylation may be involved in the regulation of local IAA biosynthesis. In the future, studies on tissue-specific DNA methylation will provide insight into how plants regulate local IAA biosynthesis.



Silencing of transcription factors by miRNA may also influence local auxin biosynthesis. As short, single-stranded nucleic acids, miRNA directly cleave target genes and repress the expression, which provides an additional layer of regulation to gene expression [112]. Published studies showed that miRNAs and TFs may form a regulatory module to control YUC gene expression in specific tissues, leading to spatiotemporal auxin signaling [91,97,114]. Therefore, it is extremely important to discover tissue-specific miRNA-TFs regulatory modules and to explore the mechanisms of tissue-specific distribution of miRNAs, which will help to elucidate the molecular mechanisms of IPA-dependent local auxin biosynthesis.



Many studies have shown that auxins play a key regulatory role in enhancing plant stress resistance and improving crop yields [115,116,117]. However, modification of a specific functional gene (auxin-related) or exogenous auxin application has not achieved the desired effect [118]. This is due to the facts that: auxin homeostasis is controlled at the levels of biosynthesis, metabolism, degradation and transport, and that auxin tends to act only on a specific tissue, or even a specific region of a tissue, and indiscriminately changing auxin levels in the whole plant can have unpredictable effects on overall growth [26]. In view of this, we need to explore more tissue-specific or even region-specific promoters to alter the auxin signal in a particular region to develop finer gene editing techniques to accomplish site-specific gene editing.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24108514/s1. References [115,116,119,120,121,122,123,124,125] are cited in Supplementary Materials.





Author Contributions


P.L. and D.-W.D. drafted, wrote, and edited this review. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the Scientific Research Start-up Funds for Openly recruited Doctors of Gansu Agricultural University (2017RCZX-26) and the Strategic Priority Research Program of the Chinese Academy of Sciences (XDA28020301), and Enterprise Cooperation Projects (Am20210407RD).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Blakeslee, J.J.; Spatola Rossi, T.; Kriechbaumer, V. Auxin biosynthesis: Spatial regulation and adaptation to stress. J. Exp. Bot. 2019, 70, 5041–5049. [Google Scholar] [CrossRef] [PubMed]

	



Smolko, A.; Bauer, N.; Pavlovic, I.; Pencik, A.; Novak, O.; Salopek-Sondi, B. Altered Root Growth, Auxin Metabolism and Distribution in Arabidopsis thaliana Exposed to Salt and Osmotic Stress. Int. J. Mol. Sci. 2021, 22, 7993. [Google Scholar] [CrossRef]

	



Tiwari, M.; Kumar, R.; Subramanian, S.; Doherty, C.J.; Jagadish, S.V.K. Auxin-cytokinin interplay shapes root functionality under low-temperature stress. Trends Plant Sci. 2023, 28, 447–459. [Google Scholar] [CrossRef] [PubMed]

	



Verma, S.; Negi, N.P.; Pareek, S.; Mudgal, G.; Kumar, D. Auxin response factors in plant adaptation to drought and salinity stress. Physiol. Plant. 2022, 174, e13714. [Google Scholar] [CrossRef] [PubMed]

	



Korasick, D.A.; Enders, T.A.; Strader, L.C. Auxin biosynthesis and storage forms. J. Exp. Bot. 2013, 64, 2541–2555. [Google Scholar] [CrossRef]

	



Di, D.W.; Zhang, C.; Luo, O.; An, C.-W.; Guo, G.-Q. The biosynthesis of auxin: How many paths truly lead to IAA? Plant Growth Regul. 2016, 78, 275–285. [Google Scholar] [CrossRef]

	



Morffy, N.; Strader, L.C. Old Town Roads: Routes of auxin biosynthesis across kingdoms. Curr. Opin. Plant Biol. 2020, 55, 21–27. [Google Scholar] [CrossRef]

	



Tao, Y.; Ferrer, J.L.; Ljung, K.; Pojer, F.; Hong, F.; Long, J.A.; Li, L.; Moreno, J.E.; Bowman, M.E.; Ivans, L.J.; et al. Rapid synthesis of auxin via a new tryptophan-dependent pathway is required for shade avoidance in plants. Cell 2008, 133, 164–176. [Google Scholar] [CrossRef]

	



Stepanova, A.N.; Robertson-Hoyt, J.; Yun, J.; Benavente, L.M.; Xie, D.Y.; Dolezal, K.; Schlereth, A.; Jurgens, G.; Alonso, J.M. TAA1-mediated auxin biosynthesis is essential for hormone crosstalk and plant development. Cell 2008, 133, 177–191. [Google Scholar] [CrossRef]

	



Yamada, M.; Greenham, K.; Prigge, M.J.; Jensen, P.J.; Estelle, M. The TRANSPORT INHIBITOR RESPONSE2 gene is required for auxin synthesis and diverse aspects of plant development. Plant Physiol. 2009, 151, 168–179. [Google Scholar] [CrossRef]

	



Zhou, Z.Y.; Zhang, C.G.; Wu, L.; Zhang, C.G.; Chai, J.; Wang, M.; Jha, A.; Jia, P.F.; Cui, S.J.; Yang, M.; et al. Functional characterization of the CKRC1/TAA1 gene and dissection of hormonal actions in the Arabidopsis root. Plant J. 2011, 66, 516–527. [Google Scholar] [CrossRef] [PubMed]

	



Kim, G.; Jang, S.; Yoon, E.K.; Lee, S.A.; Dhar, S.; Kim, J.; Lee, M.M.; Lim, J. Involvement of Pyridoxine/Pyridoxamine 5′-Phosphate Oxidase (PDX3) in Ethylene-Induced Auxin Biosynthesis in the Arabidopsis Root. Mol. Cells 2018, 41, 1033–1044. [Google Scholar] [CrossRef] [PubMed]

	



Sato, A.; Soeno, K.; Kikuchi, R.; Narukawa-Nara, M.; Yamazaki, C.; Kakei, Y.; Nakamura, A.; Shimada, Y. Indole-3-pyruvic acid regulates TAA1 activity, which plays a key role in coordinating the two steps of auxin biosynthesis. Proc. Natl. Acad. Sci. USA 2022, 119, e2203633119. [Google Scholar] [CrossRef] [PubMed]

	



Mashiguchi, K.; Tanaka, K.; Sakai, T.; Sugawara, S.; Kawaide, H.; Natsume, M.; Hanada, A.; Yaeno, T.; Shirasu, K.; Yao, H.; et al. The main auxin biosynthesis pathway in Arabidopsis. Proc. Natl. Acad. Sci. USA 2011, 108, 18512–18517. [Google Scholar] [CrossRef] [PubMed]

	



Stepanova, A.N.; Yun, J.; Robles, L.M.; Novak, O.; He, W.; Guo, H.; Ljung, K.; Alonso, J.M. The Arabidopsis YUCCA1 flavin monooxygenase functions in the indole-3-pyruvic acid branch of auxin biosynthesis. Plant Cell 2011, 23, 3961–3973. [Google Scholar] [CrossRef]

	



Zhao, Y.; Christensen, S.K.; Fankhauser, C.; Cashman, J.R.; Cohen, J.D.; Weigel, D.; Chory, J. A role for flavin monooxygenase-like enzymes in auxin biosynthesis. Science 2001, 291, 306–309. [Google Scholar] [CrossRef]

	



Di, D.W.; Wu, L.; Zhang, L.; An, C.W.; Zhang, T.Z.; Luo, P.; Gao, H.H.; Kriechbaumer, V.; Guo, G.Q. Functional roles of Arabidopsis CKRC2/YUCCA8 gene and the involvement of PIF4 in the regulation of auxin biosynthesis by cytokinin. Sci. Rep. 2016, 6, 36866. [Google Scholar] [CrossRef]

	



Dai, X.; Mashiguchi, K.; Chen, Q.; Kasahara, H.; Kamiya, Y.; Ojha, S.; DuBois, J.; Ballou, D.; Zhao, Y. The biochemical mechanism of auxin biosynthesis by an arabidopsis YUCCA flavin-containing monooxygenase. J. Biol. Chem. 2013, 288, 1448–1457. [Google Scholar] [CrossRef]

	



Cao, X.; Yang, H.; Shang, C.; Ma, S.; Liu, L.; Cheng, J. The Roles of Auxin Biosynthesis YUCCA Gene Family in Plants. Int. J. Mol. Sci. 2019, 20, 6343. [Google Scholar] [CrossRef]

	



Barbazuk, W.B.; Fu, Y.; McGinnis, K.M. Genome-wide analyses of alternative splicing in plants: Opportunities and challenges. Genome Res. 2008, 18, 1381–1392. [Google Scholar] [CrossRef]

	



Di, D.W.; Zhang, C.G.; Guo, G.Q. Involvement of secondary messengers and small organic molecules in auxin perception and signaling. Plant Cell Rep. 2015, 34, 895–904. [Google Scholar] [CrossRef] [PubMed]

	



Gallego-Bartolome, J. DNA methylation in plants: Mechanisms and tools for targeted manipulation. New Phytol. 2020, 227, 38–44. [Google Scholar] [CrossRef] [PubMed]

	



Hong, L.W.; Ye, C.T.; Lin, J.C.; Fu, H.H.; Wu, X.H.; Li, Q.S.Q. Alternative polyadenylation is involved in auxin-based plant growth and development. Plant J. 2018, 93, 246–258. [Google Scholar] [CrossRef] [PubMed]

	



Mateo-Bonmati, E.; Casanova-Saez, R.; Ljung, K. Epigenetic Regulation of Auxin Homeostasis. Biomolecules 2019, 9, 623. [Google Scholar] [CrossRef]

	



Wang, J.L.; Di, D.W.; Luo, P.; Zhang, L.; Li, X.F.; Guo, G.Q.; Wu, L. The roles of epigenetic modifications in the regulation of auxin biosynthesis. Front. Plant Sci. 2022, 13, 959053. [Google Scholar] [CrossRef]

	



Zhao, Y. Auxin biosynthesis and its role in plant development. Annu. Rev. Plant Biol. 2010, 61, 49–64. [Google Scholar] [CrossRef]

	



Aizezi, Y.; Xie, Y.P.; Guo, H.W.; Jiang, K. New Wine in an Old Bottle: Utilizing Chemical Genetics to Dissect Apical Hook Development. Life 2022, 12, 1285. [Google Scholar] [CrossRef]

	



Hayashi, K.I. Chemical Biology in Auxin Research. Cold Spring Harb. Perspect. Biol. 2021, 13, a040105. [Google Scholar] [CrossRef]

	



Jiang, K.; Asami, T. Chemical regulators of plant hormones and their applications in basic research and agriculture. Biosci. Biotechnol. Biochem. 2018, 82, 1265–1300. [Google Scholar] [CrossRef]

	



Xie, Y.; Zhu, Y.; Wang, N.; Luo, M.; Ota, T.; Guo, R.; Takahashi, I.; Yu, Z.; Aizezi, Y.; Zhang, L.; et al. Chemical genetic screening identifies nalacin as an inhibitor of GH3 amido synthetase for auxin conjugation. Proc. Natl. Acad. Sci. USA 2022, 119, e2209256119. [Google Scholar] [CrossRef]

	



Ruegger, M.; Dewey, E.; Hobbie, L.; Brown, D.; Bernasconi, P.; Turner, J.; Muday, G.; Estelle, M. Reduced naphthylphthalamic acid binding in the tir3 mutant of Arabidopsis is associated with a reduction in polar auxin transport and diverse morphological defects. Plant Cell 1997, 9, 745–757. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, K.; Neve, J.; Hirose, M.; Kuboki, A.; Shimada, Y.; Kepinski, S.; Nozaki, H. Rational design of an auxin antagonist of the SCF(TIR1) auxin receptor complex. ACS Chem. Biol. 2012, 7, 590–598. [Google Scholar] [CrossRef] [PubMed]

	



He, W.R.; Brumos, J.; Li, H.J.; Ji, Y.S.; Ke, M.; Gong, X.Q.; Zeng, Q.L.; Li, W.Y.; Zhang, X.Y.; An, F.Y.; et al. A Small-Molecule Screen Identifies L-Kynurenine as a Competitive Inhibitor of TAA1/TAR Activity in Ethylene-Directed Auxin Biosynthesis and Root Growth in Arabidopsis. Plant Cell 2011, 23, 3944–3960. [Google Scholar] [CrossRef] [PubMed]

	



Kakei, Y.; Nakamura, A.; Yamamoto, M.; Ishida, Y.; Yamazaki, C.; Sato, A.; Narukawa-Nara, M.; Soeno, K.; Shimada, Y. Biochemical and Chemical Biology Study of Rice OsTAR1 Revealed that Tryptophan Aminotransferase is Involved in Auxin Biosynthesis: Identification of a Potent OsTAR1 Inhibitor, Pyruvamine2031. Plant Cell Physiol. 2017, 58, 598–606. [Google Scholar] [CrossRef]

	



Narukawa-Nara, M.; Nakamura, A.; Kikuzato, K.; Kakei, Y.; Sato, A.; Mitani, Y.; Yamasaki-Kokudo, Y.; Ishii, T.; Hayashi, K.; Asami, T.; et al. Aminooxy-naphthylpropionic acid and its derivatives are inhibitors of auxin biosynthesis targeting l-tryptophan aminotransferase: Structure-activity relationships. Plant J. 2016, 87, 245–257. [Google Scholar] [CrossRef]

	



Soeno, K.; Goda, H.; Ishii, T.; Ogura, T.; Tachikawa, T.; Sasaki, E.; Yoshida, S.; Fujioka, S.; Asami, T.; Shimada, Y. Auxin biosynthesis inhibitors, identified by a genomics-based approach, provide insights into auxin biosynthesis. Plant Cell Physiol. 2010, 51, 524–536. [Google Scholar] [CrossRef]

	



Kakei, Y.; Yamazaki, C.; Suzuki, M.; Nakamura, A.; Sato, A.; Ishida, Y.; Kikuchi, R.; Higashi, S.; Kokudo, Y.; Ishii, T.; et al. Small-molecule auxin inhibitors that target YUCCA are powerful tools for studying auxin function. Plant J. 2015, 84, 827–837. [Google Scholar] [CrossRef]

	



Eswaramoorthy, S.; Bonanno, J.B.; Burley, S.K.; Swaminathan, S. Mechanism of action of a flavin-containing monooxygenase. Proc. Natl. Acad. Sci. USA 2006, 103, 9832–9837. [Google Scholar] [CrossRef]

	



Nishimura, T.; Hayashi, K.; Suzuki, H.; Gyohda, A.; Takaoka, C.; Sakaguchi, Y.; Matsumoto, S.; Kasahara, H.; Sakai, T.; Kato, J.; et al. Yucasin is a potent inhibitor of YUCCA, a key enzyme in auxin biosynthesis. Plant J. 2014, 77, 352–366. [Google Scholar] [CrossRef]

	



Tsugafune, S.; Mashiguchi, K.; Fukui, K.; Takebayashi, Y.; Nishimura, T.; Sakai, T.; Shimada, Y.; Kasahara, H.; Koshiba, T.; Hayashi, K.I. Yucasin DF, a potent and persistent inhibitor of auxin biosynthesis in plants. Sci. Rep. 2017, 7, 13992. [Google Scholar] [CrossRef]

	



Zhu, Y.; Li, H.J.; Su, Q.; Wen, J.; Wang, Y.F.; Song, W.; Xie, Y.P.; He, W.R.; Yang, Z.; Jiang, K.; et al. A phenotype-directed chemical screen identifies ponalrestat as an inhibitor of the plant flavin monooxygenase YUCCA in auxin biosynthesis. J. Biol. Chem. 2019, 294, 19923–19933. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Lang, Z.; Zhu, J.K. Dynamics and function of DNA methylation in plants. Nat. Rev. Mol. Cell Biol. 2018, 19, 489–506. [Google Scholar] [CrossRef] [PubMed]

	



Stroud, H.; Do, T.; Du, J.; Zhong, X.; Feng, S.; Johnson, L.; Patel, D.J.; Jacobsen, S.E. Non-CG methylation patterns shape the epigenetic landscape in Arabidopsis. Nat. Struct. Mol. Biol. 2014, 21, 64–72. [Google Scholar] [CrossRef]

	



Markulin, L.; Skiljaica, A.; Tokic, M.; Jagic, M.; Vuk, T.; Bauer, N.; Leljak Levanic, D. Taking the Wheel—De novo DNA Methylation as a Driving Force of Plant Embryonic Development. Front. Plant Sci. 2021, 12, 764999. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Hu, X.; Zhu, M.; Xu, M.; Wang, L. Transcription factors NF-YA2 and NF-YA10 regulate leaf growth via auxin signaling in Arabidopsis. Sci. Rep. 2017, 7, 1395. [Google Scholar] [CrossRef]

	



Xu, Y.; Prunet, N.; Gan, E.S.; Wang, Y.; Stewart, D.; Wellmer, F.; Huang, J.; Yamaguchi, N.; Tatsumi, Y.; Kojima, M.; et al. SUPERMAN regulates floral whorl boundaries through control of auxin biosynthesis. Embo J. 2018, 37, e97499. [Google Scholar] [CrossRef]

	



Gyula, P.; Baksa, I.; Toth, T.; Mohorianu, I.; Dalmay, T.; Szittya, G. Ambient temperature regulates the expression of a small set of sRNAs influencing plant development through NF-YA2 and YUC2. Plant Cell Environ. 2018, 41, 2404–2417. [Google Scholar] [CrossRef]

	



Li, C.; Gu, L.; Gao, L.; Chen, C.; Wei, C.Q.; Qiu, Q.; Chien, C.W.; Wang, S.; Jiang, L.; Ai, L.F.; et al. Concerted genomic targeting of H3K27 demethylase REF6 and chromatin-remodeling ATPase BRM in Arabidopsis. Nat. Genet. 2016, 48, 687–693. [Google Scholar] [CrossRef]

	



Poulios, S.; Vlachonasios, K.E. Synergistic action of GCN5 and CLAVATA1 in the regulation of gynoecium development in Arabidopsis thaliana. New Phytol. 2018, 220, 593–608. [Google Scholar] [CrossRef]

	



Yamaguchi, N.; Huang, J.; Tatsumi, Y.; Abe, M.; Sugano, S.S.; Kojima, M.; Takebayashi, Y.; Kiba, T.; Yokoyama, R.; Nishitani, K.; et al. Chromatin-mediated feed-forward auxin biosynthesis in floral meristem determinacy. Nat. Commun. 2018, 9, 5290. [Google Scholar] [CrossRef]

	



Lin, X.; Yuan, C.; Zhu, B.; Yuan, T.; Li, X.; Yuan, S.; Cui, S.; Zhao, H. LFR Physically and Genetically Interacts With SWI/SNF Component SWI3B to Regulate Leaf Blade Development in Arabidopsis. Front. Plant Sci. 2021, 12, 717649. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Luo, P.; Bai, J.; Wu, L.; Di, D.W.; Liu, H.Q.; Li, J.J.; Liu, Y.L.; Khaskheli, A.J.; Zhao, C.M.; et al. Function of histone H2B monoubiquitination in transcriptional regulation of auxin biosynthesis in Arabidopsis. Commun. Biol. 2021, 4, 206. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.J.; Jung, J.H.; Cortes Llorca, L.; Kim, S.G.; Lee, S.; Baldwin, I.T.; Park, C.M. FCA mediates thermal adaptation of stem growth by attenuating auxin action in Arabidopsis. Nat. Commun. 2014, 5, 5473. [Google Scholar] [CrossRef] [PubMed]

	



Peng, M.; Li, Z.; Zhou, N.; Ma, M.; Jiang, Y.; Dong, A.; Shen, W.H.; Li, L. Linking PHYTOCHROME-INTERACTING FACTOR to Histone Modification in Plant Shade Avoidance. Plant Physiol. 2018, 176, 1341–1351. [Google Scholar] [CrossRef]

	



Tasset, C.; Singh Yadav, A.; Sureshkumar, S.; Singh, R.; van der Woude, L.; Nekrasov, M.; Tremethick, D.; van Zanten, M.; Balasubramanian, S. POWERDRESS-mediated histone deacetylation is essential for thermomorphogenesis in Arabidopsis thaliana. PLoS Genet. 2018, 14, e1007280. [Google Scholar] [CrossRef]

	



van der Woude, L.C.; Perrella, G.; Snoek, B.L.; van Hoogdalem, M.; Novak, O.; van Verk, M.C.; van Kooten, H.N.; Zorn, L.E.; Tonckens, R.; Dongus, J.A.; et al. HISTONE DEACETYLASE 9 stimulates auxin-dependent thermomorphogenesis in Arabidopsis thaliana by mediating H2A.Z depletion. Proc. Natl. Acad. Sci. USA 2019, 116, 25343–25354. [Google Scholar] [CrossRef]

	



Xue, M.; Zhang, H.; Zhao, F.; Zhao, T.; Li, H.; Jiang, D. The INO80 chromatin remodeling complex promotes thermomorphogenesis by connecting H2A.Z eviction and active transcription in Arabidopsis. Mol. Plant 2021, 14, 1799–1813. [Google Scholar] [CrossRef]

	



Cui, X.; Lu, F.; Qiu, Q.; Zhou, B.; Gu, L.; Zhang, S.; Kang, Y.; Cui, X.; Ma, X.; Yao, Q.; et al. REF6 recognizes a specific DNA sequence to demethylate H3K27me3 and regulate organ boundary formation in Arabidopsis. Nat. Genet. 2016, 48, 694–699. [Google Scholar] [CrossRef]

	



Lee, K.; Seo, P.J. Coordination of matrix attachment and ATP-dependent chromatin remodeling regulate auxin biosynthesis and Arabidopsis hypocotyl elongation. PLoS ONE 2017, 12, e0181804. [Google Scholar] [CrossRef]

	



Figueiredo, D.D.; Batista, R.A.; Roszak, P.J.; Kohler, C. Auxin production couples endosperm development to fertilization. Nat. Plants 2015, 1, 15184. [Google Scholar] [CrossRef]

	



Milutinovic, M.; Lindsey, B.E., 3rd; Wijeratne, A.; Hernandez, J.M.; Grotewold, N.; Fernandez, V.; Grotewold, E.; Brkljacic, J. Arabidopsis EMSY-like (EML) histone readers are necessary for post-fertilization seed development, but prevent fertilization-independent seed formation. Plant Sci. 2019, 285, 99–109. [Google Scholar] [CrossRef] [PubMed]

	



Rizzardi, K.; Landberg, K.; Nilsson, L.; Ljung, K.; Sundas-Larsson, A. TFL2/LHP1 is involved in auxin biosynthesis through positive regulation of YUCCA genes. Plant J. 2011, 65, 897–906. [Google Scholar] [CrossRef] [PubMed]

	



Manuela, D.; Xu, M. Juvenile Leaves or Adult Leaves: Determinants for Vegetative Phase Change in Flowering Plants. Int. J. Mol. Sci. 2020, 21, 9753. [Google Scholar] [CrossRef] [PubMed]

	



Huang, T.; Harrar, Y.; Lin, C.; Reinhart, B.; Newell, N.R.; Talavera-Rauh, F.; Hokin, S.A.; Barton, M.K.; Kerstetter, R.A. Arabidopsis KANADI1 acts as a transcriptional repressor by interacting with a specific cis-element and regulates auxin biosynthesis, transport, and signaling in opposition to HD-ZIPIII factors. Plant Cell 2014, 26, 246–262. [Google Scholar] [CrossRef] [PubMed]

	



Ohashi-Ito, K.; Iwamoto, K.; Nagashima, Y.; Kojima, M.; Sakakibara, H.; Fukuda, H. A Positive Feedback Loop Comprising LHW-TMO5 and Local Auxin Biosynthesis Regulates Initial Vascular Development in Arabidopsis Roots. Plant Cell Physiol. 2019, 60, 2684–2691. [Google Scholar] [CrossRef] [PubMed]

	



Khanday, I.; Santos-Medellin, C.; Sundaresan, V. Somatic embryo initiation by rice BABY BOOM1 involves activation of zygote-expressed auxin biosynthesis genes. New Phytol. 2023, 238, 673–687. [Google Scholar] [CrossRef]

	



Lorrain, S.; Allen, T.; Duek, P.D.; Whitelam, G.C.; Fankhauser, C. Phytochrome-mediated inhibition of shade avoidance involves degradation of growth-promoting bHLH transcription factors. Plant J. 2008, 53, 312–323. [Google Scholar] [CrossRef]

	



Gangappa, S.N.; Kumar, S.V. DET1 and HY5 Control PIF4-Mediated Thermosensory Elongation Growth through Distinct Mechanisms. Cell Rep. 2017, 18, 344–351. [Google Scholar] [CrossRef]

	



Huai, J.L.; Zhang, X.Y.; Li, J.L.; Ma, T.T.; Zha, P.; Jing, Y.J.; Lin, R.C. SEUSS and PIF4 Coordinately Regulate Light and Temperature Signaling Pathways to Control Plant Growth. Mol. Plant 2018, 11, 928–942. [Google Scholar] [CrossRef]

	



Ma, D.; Li, X.; Guo, Y.; Chu, J.; Fang, S.; Yan, C.; Noel, J.P.; Liu, H. Cryptochrome 1 interacts with PIF4 to regulate high temperature-mediated hypocotyl elongation in response to blue light. Proc. Natl. Acad. Sci. USA 2016, 113, 224–229. [Google Scholar] [CrossRef]

	



Zhu, J.Y.; Oh, E.; Wang, T.; Wang, Z.Y. TOC1-PIF4 interaction mediates the circadian gating of thermoresponsive growth in Arabidopsis. Nat. Commun. 2016, 7, 13692. [Google Scholar] [CrossRef]

	



de Lucas, M.; Daviere, J.M.; Rodriguez-Falcon, M.; Pontin, M.; Iglesias-Pedraz, J.M.; Lorrain, S.; Fankhauser, C.; Blazquez, M.A.; Titarenko, E.; Prat, S. A molecular framework for light and gibberellin control of cell elongation. Nature 2008, 451, 480–484. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Z.; Liu, X.; Ljung, K.; Li, S.; Zhao, W.; Yang, F.; Wang, M.; Tao, Y. Type B Response Regulators Act As Central Integrators in Transcriptional Control of the Auxin Biosynthesis Enzyme TAA1. Plant Physiol 2017, 175, 1438–1454. [Google Scholar] [CrossRef]

	



Fiorucci, A.S.; Galvao, V.C.; Ince, Y.C.; Boccaccini, A.; Goyal, A.; Allenbach Petrolati, L.; Trevisan, M.; Fankhauser, C. PHYTOCHROME INTERACTING FACTOR 7 is important for early responses to elevated temperature in Arabidopsis seedlings. New Phytol. 2020, 226, 50–58. [Google Scholar] [CrossRef] [PubMed]

	



Rawat, R.; Schwartz, J.; Jones, M.A.; Sairanen, I.; Cheng, Y.F.; Andersson, C.R.; Zhao, Y.D.; Ljung, K.; Harmer, S.L. REVEILLE1, a Myb-like transcription factor, integrates the circadian clock and auxin pathways. Proc. Natl. Acad. Sci. USA 2009, 106, 16883–16888. [Google Scholar] [CrossRef] [PubMed]

	



Shen, X.; Li, Y.; Pan, Y.; Zhong, S. Activation of HLS1 by Mechanical Stress via Ethylene-Stabilized EIN3 Is Crucial for Seedling Soil Emergence. Front. Plant Sci. 2016, 7, 1571. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, Y.; Kim, J.H.; Nguyen, H.N.; Jikumaru, Y.; Kamiya, Y.; Hong, S.W.; Lee, H. A novel Arabidopsis MYB-like transcription factor, MYBH, regulates hypocotyl elongation by enhancing auxin accumulation. J. Exp. Bot. 2013, 64, 3911–3922. [Google Scholar] [CrossRef]

	



Saitoh, A.; Takase, T.; Abe, H.; Watahiki, M.; Hirakawa, Y.; Kiyosue, T. ZEITLUPE enhances expression of PIF4 and YUC8 in the upper aerial parts of Arabidopsis seedlings to positively regulate hypocotyl elongation. Plant Cell Rep. 2021, 40, 479–489. [Google Scholar] [CrossRef]

	



Challa, K.R.; Aggarwal, P.; Nath, U. Activation of YUCCA5 by the Transcription Factor TCP4 Integrates Developmental and Environmental Signals to Promote Hypocotyl Elongation in Arabidopsis. Plant Cell 2016, 28, 2117–2130. [Google Scholar] [CrossRef]

	



Cai, X.T.; Xu, P.; Zhao, P.X.; Liu, R.; Yu, L.H.; Xiang, C.B. Arabidopsis ERF109 mediates cross-talk between jasmonic acid and auxin biosynthesis during lateral root formation. Nat. Commun. 2014, 5, 5833. [Google Scholar] [CrossRef]

	



Perez-Alonso, M.M.; Sanchez-Parra, B.; Ortiz-Garcia, P.; Santamaria, M.E.; Diaz, I.; Pollmann, S. Jasmonic Acid-Dependent MYC Transcription Factors Bind to a Tandem G-Box Motif in the YUCCA8 and YUCCA9 Promoters to Regulate Biotic Stress Responses. Int. J. Mol. Sci. 2021, 22, 9768. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.; Gao, S.; Tian, H.; Wu, W.; Robert, H.S.; Ding, Z. Local Transcriptional Control of YUCCA Regulates Auxin Promoted Root-Growth Inhibition in Response to Aluminium Stress in Arabidopsis. PLoS Genet. 2016, 12, e1006360. [Google Scholar] [CrossRef] [PubMed]

	



Qin, H.; Zhang, Z.; Wang, J.; Chen, X.; Wei, P.; Huang, R. The activation of OsEIL1 on YUC8 transcription and auxin biosynthesis is required for ethylene-inhibited root elongation in rice early seedling development. PLoS Genet. 2017, 13, e1006955. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Ma, B.; Tao, J.J.; Yin, C.C.; Hu, Y.; Huang, Y.H.; Wei, W.; Xin, P.Y.; Chu, J.F.; Zhang, W.K.; et al. Rice EIL1 interacts with OsIAAs to regulate auxin biosynthesis mediated by the tryptophan aminotransferase MHZ10/OsTAR2 during root ethylene responses. Plant Cell 2022, 34, 4366–4387. [Google Scholar] [CrossRef]

	



Qin, H.; Wang, J.; Zhou, J.; Qiao, J.; Li, Y.; Quan, R.; Huang, R. Abscisic acid promotes auxin biosynthesis to inhibit primary root elongation in rice. Plant Physiol. 2023, 191, 1953–1967. [Google Scholar] [CrossRef]

	



Tang, L.P.; Zhou, C.; Wang, S.S.; Yuan, J.; Zhang, X.S.; Su, Y.H. FUSCA3 interacting with LEAFY COTYLEDON2 controls lateral root formation through regulating YUCCA4 gene expression in Arabidopsis thaliana. New Phytol. 2017, 213, 1740–1754. [Google Scholar] [CrossRef]

	



Yu, L.H.; Miao, Z.Q.; Qi, G.F.; Wu, J.; Cai, X.T.; Mao, J.L.; Xiang, C.B. MADS-box transcription factor AGL21 regulates lateral root development and responds to multiple external and physiological signals. Mol. Plant 2014, 7, 1653–1669. [Google Scholar] [CrossRef]

	



Meng, W.J.; Cheng, Z.J.; Sang, Y.L.; Zhang, M.M.; Rong, X.F.; Wang, Z.W.; Tang, Y.Y.; Zhang, X.S. Type-B ARABIDOPSIS RESPONSE REGULATORs Specify the Shoot Stem Cell Niche by Dual Regulation of WUSCHEL. Plant Cell 2017, 29, 1357–1372. [Google Scholar] [CrossRef]

	



Cui, D.; Zhao, J.; Jing, Y.; Fan, M.; Liu, J.; Wang, Z.; Xin, W.; Hu, Y. The arabidopsis IDD14, IDD15, and IDD16 cooperatively regulate lateral organ morphogenesis and gravitropism by promoting auxin biosynthesis and transport. PLoS Genet. 2013, 9, e1003759. [Google Scholar] [CrossRef]

	



Eklund, D.M.; Staldal, V.; Valsecchi, I.; Cierlik, I.; Eriksson, C.; Hiratsu, K.; Ohme-Takagi, M.; Sundstrom, J.F.; Thelander, M.; Ezcurra, I.; et al. The Arabidopsis thaliana STYLISH1 protein acts as a transcriptional activator regulating auxin biosynthesis. Plant Cell 2010, 22, 349–363. [Google Scholar] [CrossRef]

	



Gao, F.; Wang, K.; Liu, Y.; Chen, Y.; Chen, P.; Shi, Z.; Luo, J.; Jiang, D.; Fan, F.; Zhu, Y.; et al. Blocking miR396 increases rice yield by shaping inflorescence architecture. Nat. Plants 2015, 2, 15196. [Google Scholar] [CrossRef] [PubMed]

	



Reyes-Olalde, J.I.; Zuniga-Mayo, V.M.; Serwatowska, J.; Chavez Montes, R.A.; Lozano-Sotomayor, P.; Herrera-Ubaldo, H.; Gonzalez-Aguilera, K.L.; Ballester, P.; Ripoll, J.J.; Ezquer, I.; et al. The bHLH transcription factor SPATULA enables cytokinin signaling, and both activate auxin biosynthesis and transport genes at the medial domain of the gynoecium. PLoS Genet. 2017, 13, e1006726. [Google Scholar] [CrossRef] [PubMed]

	



Song, S.; Chen, Y.; Liu, L.; See, Y.H.B.; Mao, C.; Gan, Y.; Yu, H. OsFTIP7 determines auxin-mediated anther dehiscence in rice. Nat. Plants 2018, 4, 495–504. [Google Scholar] [CrossRef] [PubMed]

	



Stone, S.L.; Braybrook, S.A.; Paula, S.L.; Kwong, L.W.; Meuser, J.; Pelletier, J.; Hsieh, T.F.; Fischer, R.L.; Goldberg, R.B.; Harada, J.J. Arabidopsis LEAFY COTYLEDON2 induces maturation traits and auxin activity: Implications for somatic embryogenesis. Proc. Natl. Acad. Sci. USA 2008, 105, 3151–3156. [Google Scholar] [CrossRef] [PubMed]

	



Balcerowicz, M. Filling the grain: Transcription factor OsNF-YB1 triggers auxin biosynthesis to boost rice grain size. Plant Physiol. 2021, 185, 757–758. [Google Scholar] [CrossRef]

	



Li, Y.J.; Yu, Y.; Liu, X.; Zhang, X.S.; Su, Y.H. The Arabidopsis MATERNAL EFFECT EMBRYO ARREST45 protein modulates maternal auxin biosynthesis and controls seed size by inducing AINTEGUMENTA. Plant Cell 2021, 33, 1907–1926. [Google Scholar] [CrossRef]

	



Zhang, M.; Zheng, H.; Jin, L.; Xing, L.; Zou, J.; Zhang, L.; Liu, C.; Chu, J.; Xu, M.; Wang, L. miR169o and ZmNF-YA13 act in concert to coordinate the expression of ZmYUC1 that determines seed size and weight in maize kernels. New Phytol. 2022, 235, 2270–2284. [Google Scholar] [CrossRef]

	



Kriechbaumer, V.; Wang, P.; Hawes, C.; Abell, B.M. Alternative splicing of the auxin biosynthesis gene YUCCA4 determines its subcellular compartmentation. Plant J. 2012, 70, 292–302. [Google Scholar] [CrossRef]

	



Kashkan, I.; Hrtyan, M.; Retzer, K.; Humpolickova, J.; Jayasree, A.; Filepova, R.; Vondrakova, Z.; Simon, S.; Rombaut, D.; Jacobs, T.B.; et al. Mutually opposing activity of PIN7 splicing isoforms is required for auxin-mediated tropic responses in Arabidopsis thaliana. New Phytol. 2022, 233, 329–343. [Google Scholar] [CrossRef]

	



Kashkan, I.; Timofeyenko, K.; Kollarova, E.; Ruzicka, K. In Vivo Reporters for Visualizing Alternative Splicing of Hormonal Genes. Plants 2020, 9, 868. [Google Scholar] [CrossRef]

	



Millevoi, S.; Vagner, S. Molecular mechanisms of eukaryotic pre-mRNA 3′ end processing regulation. Nucleic Acids Res. 2010, 38, 2757–2774. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zeng, L. Crosstalk between Ubiquitination and Other Post-translational Protein Modifications in Plant Immunity. Plant Communities 2020, 1, 100041. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Qin, G.; Cao, M.; Chen, R.; He, Y.; Yang, L.; Zeng, Z.; Yu, Y.; Gu, Y.; Xing, W.; et al. A phosphorylation-based switch controls TAA1-mediated auxin biosynthesis in plants. Nat. Commun. 2020, 11, 679. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.Q.; Pu, Z.X.; Di, D.W.; Zou, Y.J.; Guo, Y.M.; Wang, J.L.; Zhang, L.; Tian, P.; Fei, Q.H.; Li, X.F.; et al. Significance of NatB-mediated N-terminal acetylation of auxin biosynthetic enzymes in maintaining auxin homeostasis in Arabidopsis thaliana. Commun. Biol. 2022, 5, 1410. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; Zhang, C.; Sha, H.; Wang, X.; Yu, Y.; Liu, J.; Zhao, G.; Wang, J.; Qiu, G.; Xu, X.; et al. Ubiquitin-Conjugating Enzyme OsUBC11 Affects the Development of Roots via Auxin Pathway. Rice 2023, 16, 9. [Google Scholar] [CrossRef]

	



Tan, S.; Luschnig, C.; Friml, J. Pho-view of Auxin: Reversible Protein Phosphorylation in Auxin Biosynthesis, Transport and Signaling. Mol. Plant 2021, 14, 151–165. [Google Scholar] [CrossRef]

	



Suzuki, M.; Yamazaki, C.; Mitsui, M.; Kakei, Y.; Mitani, Y.; Nakamura, A.; Ishii, T.; Soeno, K.; Shimada, Y. Transcriptional feedback regulation of YUCCA genes in response to auxin levels in Arabidopsis. Plant Cell Rep. 2015, 34, 1343–1352. [Google Scholar] [CrossRef]

	



Eliot, A.C.; Kirsch, J.F. Pyridoxal phosphate enzymes: Mechanistic, structural, and evolutionary considerations. Annu. Rev. Biochem. 2004, 73, 383–415. [Google Scholar] [CrossRef]

	



Chen, L.; Huang, X.X.; Zhao, S.M.; Xiao, D.W.; Xiao, L.T.; Tong, J.H.; Wang, W.S.; Li, Y.J.; Ding, Z.; Hou, B.K. IPyA glucosylation mediates light and temperature signaling to regulate auxin-dependent hypocotyl elongation in Arabidopsis. Proc. Natl. Acad. Sci. USA 2020, 117, 6910–6917. [Google Scholar] [CrossRef]

	



Zheng, Z.; Guo, Y.; Novak, O.; Dai, X.; Zhao, Y.; Ljung, K.; Noel, J.P.; Chory, J. Coordination of auxin and ethylene biosynthesis by the aminotransferase VAS1. Nat. Chem. Biol. 2013, 9, 244–246. [Google Scholar] [CrossRef]

	



Di, D.W.; Sun, L.; Wang, M.; Wu, J.; Kronzucker, H.J.; Fang, S.; Chu, J.; Shi, W.; Li, G. WRKY46 promotes ammonium tolerance in Arabidopsis by repressing NUDX9 and indole-3-acetic acid-conjugating genes and by inhibiting ammonium efflux in the root elongation zone. New Phytol. 2021, 232, 190–207. [Google Scholar] [CrossRef] [PubMed]

	



Luo, P.; Di, D.; Wu, L.; Yang, J.; Lu, Y.; Shi, W. MicroRNAs Are Involved in Regulating Plant Development and Stress Response through Fine-Tuning of TIR1/AFB-Dependent Auxin Signaling. Int. J. Mol. Sci. 2022, 23, 510. [Google Scholar] [CrossRef] [PubMed]

	



Forgione, I.; Woloszynska, M.; Pacenza, M.; Chiappetta, A.; Greco, M.; Araniti, F.; Abenavoli, M.R.; Van Lijsebettens, M.; Bitonti, M.B.; Bruno, L. Hypomethylated drm1 drm2 cmt3 mutant phenotype of Arabidopsis thaliana is related to auxin pathway impairment. Plant Sci. 2019, 280, 383–396. [Google Scholar] [CrossRef] [PubMed]

	



Gaddam, S.R.; Bhatia, C.; Sharma, A.; Badola, P.K.; Saxena, G.; Trivedi, P.K. miR775 integrates light, sucrose and auxin associated pathways to regulate root growth in Arabidopsis thaliana. Plant Sci. 2021, 313, 111073. [Google Scholar] [CrossRef]

	



Li, J.Y.; Ren, J.J.; Zhang, T.X.; Cui, J.H.; Gong, C.M. CkREV Enhances the Drought Resistance of Caragana korshinskii through Regulating the Expression of Auxin Synthetase Gene CkYUC5. Int. J. Mol. Sci. 2022, 23, 5902. [Google Scholar] [CrossRef]

	



Li, Q.; Yin, M.; Li, Y.; Fan, C.; Yang, Q.; Wu, J.; Zhang, C.; Wang, H.; Zhou, Y. Expression of Brassica napus TTG2, a regulator of trichome development, increases plant sensitivity to salt stress by suppressing the expression of auxin biosynthesis genes. J. Exp. Bot. 2015, 66, 5821–5836. [Google Scholar] [CrossRef]

	



Shao, A.; Ma, W.; Zhao, X.; Hu, M.; He, X.; Teng, W.; Li, H.; Tong, Y. The Auxin Biosynthetic TRYPTOPHAN AMINOTRANSFERASE RELATED TaTAR2.1-3A Increases Grain Yield of Wheat. Plant Physiol. 2017, 174, 2274–2288. [Google Scholar] [CrossRef]

	



Di, D.W.; Sun, L.; Zhang, X.N.; Li, G.J.; Kronzucker, H.J.; Shi, W.M. Involvement of auxin in the regulation of ammonium tolerance in rice (Oryza sativa L.). Plant Soil 2018, 432, 373–387. [Google Scholar] [CrossRef]

	



Zhao, X.; Wen, B.; Li, C.; Liu, L.; Chen, X.; Li, D.; Li, L.; Fu, X. PpEBB1 directly binds to the GCC box-like element of auxin biosynthesis related genes. Plant Sci. 2021, 306, 110874. [Google Scholar] [CrossRef]

	



Min, L.; Hu, Q.; Li, Y.; Xu, J.; Ma, Y.; Zhu, L.; Yang, X.; Zhang, X. LEAFY COTYLEDON1-CASEIN KINASE I-TCP15-PHYTOCHROME INTERACTING FACTOR4 network regulates somatic embryogenesis by regulating auxin homeostasis. Plant Physiol. 2015, 169, 2805–2821. [Google Scholar] [CrossRef]

	



Schiessl, K.; Lilley, J.L.S.; Lee, T.; Tamvakis, I.; Kohlen, W.; Bailey, P.C.; Thomas, A.; Luptak, J.; Ramakrishnan, K.; Carpenter, M.D.; et al. NODULE INCEPTION recruits the lateral root developmental program for symbiotic nodule organogenesis in Medicago truncatula. Curr. Biol. 2019, 29, 3657–3668 e5. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z.; Wang, R.; Kong, K.; Begum, N.; Almakas, A.; Liu, J.; Li, H.; Liu, B.; Zhao, T.; Zhao, T. An APETALA2/ethylene responsive factor transcription factor GmCRF4a regulates plant height and auxin biosynthesis in soybean. Front. Plant Sci. 2022, 13, 983650. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Zhou, Z.; Wang, L.; Yan, S.; Cheng, Z.; Liu, X.; Han, L.; Chen, G.; Wang, S.; Song, W.; et al. The CsHEC1-CsOVATE module contributes to fruit neck length variation via modulating auxin biosynthesis in cucumber. Proc. Natl. Acad. Sci. USA 2022, 119, e2209717119. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.L.; Zheng, T.C.; Li, P.; Liu, W.C.; Qiu, L.K.; Wang, J.; Cheng, T.R.; Zhang, Q.X. Integrative analysis of HD-Zip III gene PmHB1 contribute to the plant architecture in Prunus mume. Sci. Horticamsterdam 2022, 293, 110664. [Google Scholar] [CrossRef]

	



Wang, H.L.; Yang, Q.; Tan, S.Y.; Wang, T.; Zhang, Y.; Yang, Y.L.; Yin, W.L.; Xia, X.L.; Guo, H.W.; Li, Z.H. Regulation of cytokinin biosynthesis using PtRD26pro-IPT module improves drought tolerance through PtARR10-PtYUC4/5-mediated reactive oxygen species removal in Populus. J. Integr. Plant Biol. 2022, 64, 771–786. [Google Scholar] [CrossRef]








[image: Ijms 24 08514 g001 550] 





Figure 1. Overview of IPA-dependent pathway regulation. Auxin biosynthesis through the IPA pathway is controlled through multiple layers of regulation. The first layer, transcriptional regulation, includes DNA methylation, histone modification in ribosome, repression/activation by transcription factors. The second layer, post-transcriptional regulation, includes alternative splicing and polyadenylation. The third layer is protein modification, which includes phosphorylation, acetylation, ubiquitination and so on. The fourth layer is feedback regulation of gene transcription and enzyme activities of TAA1/TARs and YUCs induced by accumulation of IPA and/or IAA. 
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Figure 2. The enzymes and chemical inhibitors involved in the IPA-dependent auxin biosynthesis pathway. (A) The enzymes involved in IPA-dependent auxin biosynthesis; (B) the chemical structures of auxin biosynthetic inhibitors. L-kynurenine, Kyn; 2-amino-oxyisobutyric acid, AOIBA; Pyruvamine2031, PVM2031; L-aminooxy-phenylpropionic acid, AOPP; 2-(aminooxy)-3-(naphthalen-2-yl) propanoic acid, AONP; amino ethoxyvinylglycine, AVG; amino-oxyacetic acid, AOA; 5-(4-chlorophenyl)-4H-1,2,4-triazole-3-thiol, Yucasin; 4-biphenylboronic acid, BBo; 4-phenoxyphenylboronic acid, PPBo. 
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Figure 3. Transcriptional regulation of TAA1/TAR and YUC genes. # indicates details of PIF4 and its interacting proteins. 






Figure 3. Transcriptional regulation of TAA1/TAR and YUC genes. # indicates details of PIF4 and its interacting proteins.



[image: Ijms 24 08514 g003]







[image: Ijms 24 08514 g004 550] 





Figure 4. Negative feedback regulation of IPA-dependent auxin biosynthesis pathway. 
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Table 1. Epigenetic modifications of YUC genes.






Table 1. Epigenetic modifications of YUC genes.





	Gene
	Regulated by
	Related Developmental Process
	Ref.





	YUC1
	SUP-LHP1-PRC2 complex
	Floral patterning
	[46]



	YUC2
	DRM1 and DRM2
	Leaf growth and thermomorphogenesis
	[45,47]



	YUC3
	BRM and REF6
	n.s.
	[48]



	YUC4
	GCN5/HAG1
	Gynoecium development
	[49]



	YUC4
	SUP-LHP1-PRC2 complex
	Floral whorl boundaries
	[46]



	YUC4
	CLF, LHP1, CHR11, and CHR17
	Floral patterning and floral determinacy
	[46,50]



	YUC6
	SWI3B
	Leaf blade development
	[51]



	YUC7
	HUB complex
	Root gravitropism
	[52]



	YUC8
	FCA
	Thermal adaptation of stem growth
	[53]



	YUC8
	PIF7-MRG2 complex
	Shade-induced hypocotyl elongation
	[54]



	YUC8
	SWR1 chromatin remodeling complex
	Thermomorphogenesis
	[55]



	YUC8
	HDA9-PWR complex
	Thermomorphogenesis
	[56]



	YUC8
	INO80 chromatin remodeling complex
	Thermomorphogenesis
	[57]



	YUC8
	JMJ14, JMJ15, and JMJ18
	Response to high temperature
	[58]



	YUC9
	ARP4
	Shade-induced hypocotyl elongation
	[59]



	YUC10
	FIS2-PRC2 complex
	Endosperm development
	[60]



	YUC10
	EML1 and EML3
	Seed development
	[61]



	YUCs
	TFL2/LHP1
	n.s.
	[62]



	YUCs
	JMJ12/REF6
	Thermomorphogenesis
	[58]







SUPERMAN, SUP; LIKE HETEROCHROMATIN 1, LHP1; Polycomb Repressive Complex 2, PRC2; DOMAINS REARRANGED METHYLTRANSFERASE 1/2, DRM1/2; BRAHMA, BRM; RELATIVE OF EARLY FLOWERING 6, REF6; GENERAL CONTROL NONREPRESSIBLE 5, GCN5; HISTONE ACETYLTRANSFERASE OF THE GNAT FAMILY 1, HAG1; CURLY LEAF, CLF; CHROMATIN REMODELING 11/17, CHR11/17; FLOWERING CONTROL LOCUS A, FCA; MORF-RELATED GENE 2, MRG2; SWI2/SNF2-RELATED 1, SWR1; HISTONE DEACETYLASE 9, HDA9; POWERDRESS, PWR; INOSITOL AUXOTROPHY 80, INO80; JUMONJI DOMAIN-CONTAINING 14/15/18, JMJ14/15/18; ACTIN-RELATED PROTEIN 4, ARP4; FERTILIZATION-INDEPENDENT SEED 2, FIS2; EMSY-Like protein 1/3, EML1/3; TERMINAL FLOWER 2, TFL2; n.s. stands for non-studied.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
| |
| |
| |
| |
| |
| |
I |
L-Trp : |
P | 0 I i |
Kyn, AVG, AOA, AOIBA = : AH'\OH @\ MOH WOH :
O\
PVM2031, AOPP, AONP 4| = L O, S O R
KOK2099, KOK2052BP s i AOIBA PVM2031 AOPP |
| |
Q}Yﬁ : O o
| _
' COOH OH o071
e | 0 i O o\NH2 O OH i
IPA | AONP KOK2099 KOK2052BP |
, Z I S STt S S s |
N g | HN/NH |
Yucasin, BBo, PPBo, YDF | Slie i £>/k ./‘ @ O o
: |
ponalrestat 8 "2 & |
> gg ! Yucasin PPBO i
=t I

o | OH |
| F H S 5 :

| N \N r
| ¢ HNTH ,'b@ i
! |
! |

O k=
YDF ponalrestat





nav.xhtml


  ijms-24-08514


  
    		
      ijms-24-08514
    


  




  





media/file2.png
Layer | :Transcriptional regulation

DNA
l DNA methylation modifications, histone
modifications in ribosome, repression/

pre-mRNA \VAVAVAVAVAVAY, activation by transcription factors...
l ﬂ Layer Il : Post-transcriptional regulation

J |

Alternative splicing, polyadenylations...

MRNA

|

pre-Protein

Layer lll: Protein modification

Phosphorylation, acetylation, ubiquitination
and glycosylation...

Layer IV: Feedback regulation

o IPA, IAA...






media/file5.jpg





media/file3.jpg
A
;z
g

E

Kym, AV, AOA, ACIBA
PVM2031, AOPP, AONP.
KOK2089, KOK20528P

I
AAITARS

E
ﬁ
g

T

1PA

[Vucasin, 880, PPBo, YOF,
[ponatrestat

SNz oN

o

o
o

L

AoiBA

AoNP.

oo ok

PM2031

KOK20%9

a0

APt

KOK0528P






media/file1.jpg
DNA
pre-mRNA

mRNA

!

pre-Protein

!

Enzyme

nyﬁ

YAAmAm

VUCCA:

%
e

Layer | : Transcriptional regulation
ONA mothyaton modiicatons, hstone
modfcatons innbosom. s
Scivaton by vanscrpion facors.

Layer Il Post-transcriptional regulation

Atemativ spicing, polyadenytaons.

Layer li: Protein modification

Phosphonaion, cetlatn, ubiquinaton
and tycosylaon.

Layer IV: Feedback regulation
A 1A





media/file7.jpg
ap

TAA1/TARs YUCCAs
lJ: 1 l OH
e Yoo ey, sy
\’\N «~—{VAsT}— N
e Trp IPA

Enzyime
Blue MRNA

— feedback regulation IPyA-Glc I1AA-amino





media/file0.png





media/file8.png
1L

TAA1/TARs YUCCASs

1! .

S L, —{TAAT}— $ T °E_[YUccA }» N b
N +— VAST |— N N
L-Trp IPA IAA
|
Enzyme [UGT76F1)
Blue mRNA J,

— feedback regulation IPyA-Gilc |AA-amino





media/file6.png
Vegetative Stage

Reproductive Stage

8

Germination

A5
w

Juvenile

|
QS

Floral

dvelopment

OsYUC6/7/9 «— OsBBM1

Embryo development «<—I|AA RANT
TAA1/YUCS5«—— REV
YUCS5 « LHW &—*TM5
,,,,,,, MYBH <« *Kight
—YUC8+ PIF4 sTO#Proteins < Elock
Hypocoty! « IAA < I AL Femperature
PIF7
—YUC5 < TCP4— miR319
ARR12«
—TAA1« ARR1¢—GAl|
EIN3 «
YUC2/8| ABI4 <
YUC5/8/9 «—— PLF4
Primary root « IAA<«— YUC9 « EIN3/EIL1«

TAA1/YUC8 «—— ?«
OsYUC8 «—— OsEIL1 =«

IAA1/9 —Pll—IAA21/31

OsTAR2 «
—OsYUC8 «—— OsbZIP46 «
YUC2 « ERF109«
Lateral root « IAA<—|: YUCS5/8/TAR3 «--- AGL21 «
YUC4 < FUS3 %’breughWNaCl
t LEC2:| *N/-S
WAL s ATH2
Root gravitropism «—— IAA<—|:TAA1 < ? < CK
YUCS « PIF4 < ARR1/12
IAA «——YUCB8/9 «——— MYC2/3/4 < UA«—Hounding
Leaf development «—— |[AA«—— YUC2 « NF-YA2/10; miR169d
Shoot stem cell «—— |IAA«—— YUC4| ARR1/10/12« ?
IWUS «
Leaf phyllotaxis «——— IAA«——— YUC1/4«ooenee PLT3/5/7
L ateral organ < IAA<—|: YUCS « IDD14/15/16
hUlow (o g SPL
Ovule integument«—— |[AA«—— YUC4 « ANT «—— MEE45
Anther dehiscence «—— |[AA<—— OsYUC4——— OSH1<+—C0OsFTIP7
gg\glnoecium ) IAA<—|: YUC1/4———TCP14/15 « |
pment TAA1 « SPL« CK
ARR1YARR12): |
YUC4 « STY1
Floral development «—— IAA<—|:YUCS <
OsYUC1 «——— OsGRF6! OsmiR396b
YUC4 < LEC2
Seed development<—IAA<—|:YUC2<
' OsYUC11«———0OsNF-YB1
Seed size « IAA «—— ZmYUCT1«—— ZmNF-YA3| ZmmiR169
# (ibd ) ”‘igiht ) +—e interaction
DELLA HJIiR1 P,j\_R1 pt]E/B-PELF?; SEUe— — promotion
- s (1 = B
.H—Y|_5 FCA CRY1 HLS1 DET1 COP1 @® hormone
' | ) ¥ stress

Temperature






