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The tubular-shaped unicellular extensions of plant epidermal cells known as root hairs are important components of plant roots and play crucial roles in absorbing nutrients and water and in responding to stress. The growth and development of root hair include, mainly, fate determination of root hair cells, root hair initiation, and root hair elongation. Phytohormones play important regulatory roles as signal molecules in the growth and development of root hair. In this review, we describe the regulatory roles of auxin, ethylene (ETH), jasmonate (JA), abscisic acid (ABA), gibberellin (GA), strigolactone (SL), cytokinin (CK), and brassinosteroid (BR) in the growth and development of plant root hairs. Auxin, ETH, and CK play positive regulation while BR plays negative regulation in the fate determination of root hair cells; Auxin, ETH, JA, CK, and ABA play positive regulation while BR plays negative regulation in the root hair initiation; Auxin, ETH, CK, and JA play positive regulation while BR, GA, and ABA play negative regulation in the root hair elongation. Phytohormones regulate root hair growth and development mainly by regulating transcription of root hair associated genes, including WEREWOLF (WER), GLABRA2 (GL2), CAPRICE (CPC), and HAIR DEFECTIVE 6 (RHD6). Auxin and ETH play vital roles in this regulation, with JA, ABA, SL, and BR interacting with auxin and ETH to regulate further the growth and development of root hairs.
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INTRODUCTION

The root system of a plant is an important structure in the organism. Its main functions are to fix the plant into the soil, obtain nutrients and water from the soil, and synthesize nitrogenous organic compounds such as amino acids. Root morphology and activity will directly affect the growth, development, and nutritional status of the whole plant (Yang et al., 2012). The root is composed of the root cap, the meristem zone, the elongation zone, and the mature zone (Bibikova and Gilroy, 2003). Root hairs are tubular-shaped unicellular extensions of epidermal cells, which serve to both expand the root surface area, facilitate the absorption and utilization of water and nutrients by the root system, and help plants respond to stress and interact with soil microorganisms (Peterson and Farquhar, 1996; Datta et al., 2011; Vissenberg et al., 2020).

The growth and development process of plant root hairs includes, mainly, root hair cell fate determination, root hair initiation, and root hair elongation (Bibikova and Gilroy, 2003). Root hair cells are derived from root epidermal cells, but not all epidermal cells can develop into root hairs. There are three types of root hair cell fate determination. The first type is random, in which all epidermal cells have the potential to differentiate into root hairs. Most dicotyledonous plants, ferns, and many monocotyledonous plants belong to this type (Clowes, 2000; Pemberton et al., 2001). The second type is asymmetrical cell differentiation, in which the asymmetric division of epidermal stem cells in the later meristems produces two different sizes of epidermal cells. Only the short epidermal cells can differentiate into root hairs. This type of differentiation mainly exists in some monocotyledons, primitive angiosperms, and nymphaeaceae plants (Kim and Dolan, 2011). The root hair cell fate determination method of Arabidopsis belongs to the third type, which is determined by the position effect. The epidermal cells in contact with two cortical cells (H-type cells) can develop to form root hairs. However, the epidermal cells connected to only one cortical cell (N-type cells) can often only develop into non-hair cells (Dolan et al., 1994).

The initiation of root hair refers to the process in which one side of the cell wall of the root epidermal cell with a special fate begins to expand, and the cell gradually widens and grows to form a tubular bulge. After the root hair cell completes the bulging process, it enters the elongation growth stage. When the root hair grows to a certain extent, the root hair will stop growing and enter the mature stage (Bibikova and Gilroy, 2003; Datta et al., 2011).

Root hair cell fate determination, root hair initiation, and root hair elongation are regulated by different genes. The molecular mechanism of root hair cell fate determination in the dicotyledonous model plant Arabidopsis has been relatively clear. The genes involved in root hair cell fate determination in root epidermal cells include TRANSPARENT TESTA GLABRA (TTG), GLABRA3 (GL3), ENHANCER OF GLABRA3 (EGL3), WEREWOLF (WER), GLABRA2 (GL2) and CAPRICE (CPC), and its homologs TRIPTYCHON (TRY) and ENHANCER OF TRY AND CPCs (ETC1; Figure 1; Table 1; Galway et al., 1994; Rerie et al., 1994; Wada et al., 1997; Lee and Schiefelbein, 1999; Bernhardt et al., 2003; Shibata and Sugimoto, 2019). WER, GL3, EGL3, and TTG in N-type cells form a transcription complex, WER-GL3/EGL3-TTG, which accumulates in large amounts and can induce the expression of GL2 and CPC. GL2 is a negative regulator of root hair growth and development and determines the differentiation of N-type cells (Rerie et al., 1994). CPC can move laterally from N-type cells to adjacent H-type cells (Wada et al., 1997). In H-type cells, CPC competes with WER to bind to the complex GL3/EGL3-TTG to inhibit the expression of GL2 and promote the differentiation of H-type cells (Shibata and Sugimoto, 2019). In addition, TRY and ETC1 play a functionally redundant role with CPC in H-type cells (Kirik et al., 2004; Simon et al., 2007). Downstream of GL2, bHLH transcription factors are involved in the regulation of root hair growth and development. ROOT HAIR DEFECTIVE 6 (RHD6; Figure 2; Table 1) is a class I member of the Group VIII subfamily of bHLH, and plays a key role in regulating root hair initiation. In addition, RHD6 and its homolog RHD6 LIKE1 (RSL1) form a complex to regulate the expression of RSL2 and RSL4, which are the secondary members of the Group VIII subfamily of bHLH. These secondary members play an active role in the process of root hair elongation (Masucci and Schiefelbein, 1994; Yi et al., 2010; Bruex et al., 2012; Shibata and Sugimoto, 2019). SCRAMBLED (SCM; Figure 1; Table 1) is a leucine-rich repeat receptor-like kinase (LRR-RLK), which can be specifically activated by as yet unidentified signals from the junction of two cortical cells. Activated SCM can promote the differentiation of H-type cells by reducing the accumulation of WER (Kwak and Schiefelbein, 2008). In contrast, only few advances in the molecular mechanism of root hair growth and development in crops have been made. It has been reported that rice genes, including OsEXPB2 (Zou et al., 2015), OsEXPA17 (Yu et al., 2011), OsCSLD1 (Kim et al., 2007), OsRHL1, and OsFH1 are involved in regulating rice root hair growth and development (Table 1; Ding et al., 2009; Huang et al., 2013). The RTH family genes in maize (Wen et al., 2005; Nestler et al., 2014) and the genes HvEXPB1 and HvEXPB7 in barely (Kwasniewski and Szarejko, 2006; He et al., 2015) are also involved in regulating the growth and development of root hair. However, there have been few studies on the mechanism of root hair growth and development in crop plants, including rice, maize, and barley, and the exact molecular regulatory network and regulatory mechanism of root hair growth and development are still unclear.
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FIGURE 1. The regulation pattern of phytohormones on root hair cell fate determination in Arabidopsis. In N-type cells, WEREWOLF (WER), GLABRA3 (GL3), ENHANCER OF GLABRA3 (EGL3), and TRANSPARENT TESTA GLABRA (TTG) form a transcription complex WER-GL3/EGL3-TTG, which can induce the expression of GLABRA2 (GL2) and CAPRICE (CPC) in N-type cells. GL2 determines the differentiation of N-type cells, and CPC can move laterally from N-type cells to neighboring H-type cells. BR is able to upregulate the expression of WER. In H-type cells, SCRAMBLED (SCM) can be specifically activated by indeterminate signals from the junction of two cortical cells, and this activated SCM can inhibit the accumulation of WER. CPC competes with WER to bind the complex GL3/EGL3-TTG. CPC and its functionally redundant homologs TRIPTYCHON (TRY) and ENHANCER OF TRY AND CPCs (ETC1) inhibit the expression of GL2, which regulates the differentiation of H-type cells. Cytokinin (CK) and ethylene (ETH) promote CPC transcription through transcription factor ZINC FINGER PROTEIN 5 (ZFP5), auxin upregulates the expression of CPC, TRY, and ETC1, and BR promotes the expression of GL2 in H-type cells. ETH inhibits the transcription of GL2 in N-type cells. →, positive regulation; ┤, negative regulation; →, transmembrane transport; ·, unknown signal. N cell, N-type cell; H cell, H-type cell; SCM, SCRAMBLED; BR, brassinosteroid; ETH, ethylene; CK, cytokinin.




TABLE 1. The root hair growth and development-related genes in Arabidopsis and rice. –, negative regulation; +, positive regulation.
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FIGURE 2. The regulation network of phytohormones on root hair initiation and elongation in Arabidopsis. GL2 inhibits the expression of ROOT HAIR DEFECTIVE 6 (RHD6) and RHD6 LIKE1 (RSL1), which are positive regulators of root hair initiation and elongation. RHD6 and RSL1 promote the expression of RSL2 and RSL4, which in turn promote root hair elongation by upregulating the expression of elongation genes. JAZ protein, a repressor of JA signal transduction, inhibits RHD6 transcription and interferes with the interaction between RHD6 and RSL1. JAZ protein also inhibits the transcription of EIN3 and EIL1 in the ethylene signaling pathway. EIN3/EIL1 can form a complex with RHD6/RSL1 to promote root hair initiation, and EIN3 binds to the promoter region of RSL4 to promote its transcription. The auxin response factor ARF5 also binds to the RSL4 promoter region to induce RSL4 expression, and the auxin response factor ARF7 and ARF19 bind to the promoter region of ERU to induce ERU expression. GA negatively regulates the expression of root hair elongation genes through DELLA-mediated signal transduction. ABA induces the accumulation of OBP4 protein, and OBP4 binds to the RSL2 promoter region to inhibit RSL2 expression. ABA also induces the expression of AtOXI1 and other root hair initiation-related genes by H2O2 production. CK can promote root hair elongation by promoting RSL4 expression. SL induces root hair elongation-related gene expression through the MAX2-mediated signal transduction pathway. BR negatively regulates the expression of root hair elongation-related genes. →, positive regulation; ┤, negative regulation. JA, jasmonate; ETH, ethylene; CK, cytokinin; GA, gibberellin; BR, brassinosteroid; SL, strigolactone; and ABA, abscisic acid.


Increasing evidences reveals that phytohormones play important roles in regulating the growth and development of plant root hair. Phytohormones are trace organic compounds produced by the plant that can regulate plant growth and development at very low concentrations. Phytohormones can function at the synthetic site or be transported via the vascular system to distal tissues or organs (Jaillais and Chory, 2010; Wang and Irving, 2011). This review introduces the current research regarding auxin, ethylene (ETH), jasmonic acid (JA), abscisic acid (ABA), gibberellin (GA), strigolactone (SL), cytokinin (CK), and brassinosteroid (BR) in regulating the growth and development of plant root hairs. In addition, this review also discusses some unsolved questions in the field of phytohormone regulation and the molecular regulatory network of phytohormones. Progress into this field will provide theoretical basis and technical guidance for cultivating plants with well-developed root hairs.



AUXIN REGULATION OF THE GROWTH AND DEVELOPMENT OF PLANT ROOT HAIR

Auxin plays an essential role in the growth and development of plant root hair. Auxin is involved in regulating the determination of root hair cell fate and in promoting root hair initiation. Application of the exogenous auxin analogue naphthaleneacetic acid (NAA) can upregulate the expression of the CPC, TRY, and ETC1 genes, which can positively determine the fate of root hair cells (Figure 1; Niu et al., 2011). CPC, TRY, and ETC1 compete with WER to bind the complex GL3/EGL3-TTG, inhibit the expression of GL2, and thus produce more root hairs. The auxin transport inhibitor N-1-naphthylphthalamic acid (NPA) can increase the expression of the negative regulation genes (WER, GL3, GL2, and TTG) of root hair cell fate determination and reduce the expression of the TRY gene, which then inhibits root hair initiation (Niu et al., 2011). In addition, RHD6 positively regulates root hair initiation. Experimentally, the root hair density of the rhd6 mutant was determined to be significantly lower than that of the wild type, and exogenous auxin treatment increased the root hair density of rhd6, indicating that auxin acts downstream of RHD6 to regulate root hair initiation (Masucci and Schiefelbein, 1996).

Auxin is also involved in regulating the elongation of root hair. When compared to wild type Arabidopsis, the auxin-responsive mutant axr1-12 had no difference in the number of root hairs but had significantly diminished lengths of root hairs, which indicates that auxin is necessary for the elongation of root hairs (Pitts et al., 1998). Exogenous auxin treatment can induce the expression of RSL4 in roots and control the elongation of root hairs by regulating the expression of RSL4 (Yi et al., 2010). Mangano et al. (2017) demonstrated that AUXIN RESPONSE FACTOR 5 (ARF5) was able to bind directly to the promoter of RSL4 and induce the expression of RSL4 (Figure 2; Table 1). In addition, ERULUS (ERU), a member of the Catharanthus roseus RECEPTOR-LIKE KINASE1-LIKE subfamily, controls cell wall formation during the elongation of root hair. AUXIN RESPONSE FACTOR 7 (ARF7) and AUXIN RESPONSE FACTOR 19 (ARF19) are both able to bind to the promoter region of ERU and regulate its expression to control root hair elongation (Figure 2; Table 1; Schoenaers et al., 2018).

The regulation of auxin on the growth and development of root hair is regulated by auxin metabolism and polar auxin transport, which controls the local auxin level and forms a concentration gradient. The formation of this auxin concentration gradient is the main mechanism involved in regulating many life activities (Marchant et al., 2002; Cho et al., 2007). There are two pathways for indole-3-acetic acid (IAA) synthesis in plants: the tryptophan pathway and the non-tryptophan pathway. During the process of IAA synthesis through the tryptophan pathway, YUCCA is the rate-limiting enzyme for converting indole-3-pyruvate (IPA) into IAA and is involved in regulating the initiation and the elongation of root hair. Previous studies demonstrated that overexpression of yucca in Arabidopsis increased the content of the endogenous auxin compared with that in the wild type, and the root hair density and length of transgenic plants were higher than that of the wild type (Zhao et al., 2001; Zhao, 2010). In addition, overexpression of GmYUC2a, a member of YUCCA gene family of soybean, significantly increased soybean root hair density (Wang et al., 2019).

Previous studies demonstrated that the auxin influx carrier AUX1 plays an important regulatory role in regulating root hair elongation in rice. Although AUX1 is expressed in non-hair cells, but weakly or not at all in root hair cells (Jones et al., 2009), an AUX1 gene mutation led to a significant inhibition of root hair elongation (Yu et al., 2015). There are differences in the expression patterns of AUX1 in different plant roots. In addition, a mutation of the auxin efflux carrier gene PIN2 inhibited the transport of auxin from the root tip to the root hair zone and inhibited the transport of auxin from non-hair cells to root hair cells. This resulted in the lack of auxin in root hair cells and inhibited the initiation and the elongation of root hair in Arabidopsis (Cho et al., 2007). These results indicated that non-hair cells may supply auxin to root hair cells and transport auxin to root hair cells in an AUX1 and PIN2 dependent manner (Cho et al., 2007; Jones et al., 2009).



ETH REGULATION OF THE GROWTH AND DEVELOPMENT OF PLANT ROOT HAIR

Ethylene is involved in regulating root hair cell fate determination and in promoting root hair initiation. The number of root hairs in ETH-insensitive Arabidopsis mutant etr1 is significantly lower than that in the wild type (Masucci and Schiefelbein, 1994). Exogenous application of the ETH biosynthesis inhibitor aminoethoxyvinylglycine (AVG) and the ETH action inhibitor Ag+ were able to significantly reduce the root hair density of the wild type, while the treatment of the ETH precursor 1-aminocyclopropane-1-carboxylic acid (ACC) increased the root hair density of the wild type (Masucci and Schiefelbein, 1994; Masucci and Schiefelbein, 1996; Dolan, 2001). Moreover, exogenous ACC treatment was also able to induce the formation of ectopic root hairs where non-treatment plants produced non-hair cells (Tanimoto et al., 1995). Recent study indicates that ETH induces the formation of ectopic root hairs by activating the transcription factor of ethylene signaling ETHYLENE INSENSITIVE 3 (EIN3)/EIN3-LIKE1 (EIL1) and reducing the transcription level of root hair growth inhibitor GL2 (Qiu et al., 2021). EIN3 affects the formation of the WER-GL3-TTG1 complex by competing with GL3 for binding to TTG1, which in turn reduces the transcription of GL2 by decreasing the formation of the WER-GL3-TTG1 complex (Qiu et al., 2021). These results suggest that ETH is involved in regulating the fate determination of root hair cells, but the underling molecular regulation mechanism remains unclear.

Previous studies have shown that ETH may participate in the regulation of root hair cell fate determination and initiation through the C2H2 zinc finger protein ZINC FINGER PROTEIN 5 (ZFP5; Figure 1; Table 1). ZFP5 is mainly expressed in the root and abundantly in root hair cells. The root hair density and root hair length of the ZFP5 mutant zfp5-4 were found to be lower than those of the wild type (An et al., 2012). Overexpression of CPC in the background of mutant zfp5-4 restored the root hair phenotype of zfp5-4 to the level of the wild type. The loss-of-function mutant cpc had nearly no root hair (An et al., 2012). However, overexpression of ZFP5 in the background of cpc was not able to restore the defective root hair phenotype of cpc, indicating that CPC acts downstream of ZFP5 to regulate root hair cell fate determination and root hair initiation. Further studies showed that ZFP5 could directly bind to the promoter region of CPC, promote CPC transcription, and then participate in the fate determination of root hair cells and regulate the initiation and the elongation of root hair (Figure 1; An et al., 2012).

It has been reported that the root hair density of ETH insensitive mutants etr1-1 and etr1-3 was lower than that of the wild type and that the root hair density of ETH overproduction mutant eto2 was higher than that of the wild type. In addition, the transcription of ZFP5 in etr1-1 and etr1-3 was downregulated, and the transcription of ZFP5 in eto2 was upregulated. These results suggest that ETH participates in the regulation of root hair cell fate determination and root hair initiation by inducing the expression of ZFP5 (An et al., 2012; Huang et al., 2020). Studies have also shown that when the fate determination mode of root hair cells is destroyed, the promoting effect of ETH on root hair initiation will be affected. When examining this, it was demonstrated that while the expression of CPC and TRY in root hair cells promoted the formation of root hairs, the number of root hairs of mutant cpc and double-mutant cpc try decreased significantly. Exogenous ETH treatment was able to significantly improve the root hair density of mutant cpc, but exogenous ETH treatment could not significantly improve the root hair density of double-mutant cpc try, indicating that ethylene can induce root hair initiation only when the CPC/TRY complex is functional or at least partially functional (Zhang et al., 2016).

Ethylene can promote the elongation of root hairs. The root hair length of the Arabidopsis ethylene-insensitive mutant etr1 was lower than that of the wild type, while the root hair length of the ethylene overproduction mutant eto1-1 was significantly longer than that of the wild type. Exogenous ACC treatment was able to increase the root hair length of the wild type and mutant etr1 (Masucci and Schiefelbein, 1994; Pitts et al., 1998). ZFP5 is also involved in the process of ETH-promoted root hair elongation. The root hair length of the mutant zfp5-4 was lower than that of the wild type. Exogenous ACC treatment was unable to restore the root hair length of zfp5-4, which indicates that ZFP5 is required for ETH to regulate Arabidopsis root hair elongation (An et al., 2012; Huang et al., 2020).

The key transcription factor EIN3 and its homologue EIL1 in the ethylene signaling pathway positively regulate the initiation and elongation of root hair (Figure 2; Table 1). The root hair density of the Arabidopsis double-mutant ein3 eil1 was lower than that of the wild type, indicating that EIN3/EIL1 is involved in regulating root hair initiation. The root hair length of ein3 eil1 was also shorter than that of the wild type, and it had no response to exogenous ACC treatment. These results indicate that EIN3/EIL1 is necessary for ETH to induce root hair elongation. EIN3 can directly bind to the promoter region of RSL4 and activate transcription. EIN3 can also interact with RHD6 to activate the expression of RSL4 and other related genes to promote root hair elongation (Feng et al., 2017).

In addition, MYB30, a member of MYB protein family, acts as a transcription factor in plants and negatively regulates the elongation of root hair (Table 1). MYB30 can directly bind to the promoter region of RSL4 and inhibit its transcription, which then inhibits root hair elongation. ETH can promote EIN3 and MYB30 to form a complex by reducing the association between MYB30 and the RSL4 promoter. This allows the transcription of RSL4 to be activated, which promotes root hair elongation (Xiao et al., 2021).

Ethylene can interact with auxin to regulate the initiation and elongation of root hair (Figure 2; Muday et al., 2012). Compared with the wild type, the root hair length of the auxin-insensitive mutant axr1 was significantly reduced, and exogenous ACC was able to restore the elongation of root hair. The ETH-insensitive mutant ein2-1 was inhibited in root hair elongation, and exogenous NAA treatment was able to effectively alleviate this inhibition. The ETH overproducing mutant eto1 had a long root hair phenotype, and the loss-of-function of AUX1 in the background of eto1 reduced its root hair length (Pitts et al., 1998; Strader et al., 2010; Muday et al., 2012). In addition, transcriptome analysis revealed that auxin and ETH were able to upregulate the expression of 90% of the genes related to root hair growth and development (Bruex et al., 2012). These results show that auxin and ETH can regulate the growth and development of root hair in an interactive manner.

Ethylene and auxin do not have a simple upstream and downstream regulatory relationship, but it may be a mutual regulation model. IAA promotes ETH synthesis. Exogenous ETH also promotes IAA synthesis and upregulates the expression of IAA transport related genes to promote auxin transport to epidermal cells in the root elongation zone (Tsuchisaka and Theologis, 2004; Růžička et al., 2007). However, auxin and ETH signals do not regulate root hair growth and development in a completely interdependent manner. For example, exogenous application of IAA can increase the percentage of root hair cells among all epidermal cells in the double-mutant aux1 etr1, but ACC treatment has no such effect (Masucci and Schiefelbein, 1996). The above results show that auxin and ETH regulate root hair growth and development of plants by complex interactions and that the mechanisms of these interactions need to be further studied.



JA REGULATION OF THE GROWTH AND DEVELOPMENT OF PLANT ROOT HAIR

Jasmonate plays a positive role in regulating the initiation and the elongation of root hair. It has been shown that exogenous treatment with appropriate concentration of JA and methyl jasmonate (MeJA) increased the root hair length and density in Arabidopsis. The increase in root hair density is induced by promoting more root hair cells to develop into root hair and by inducing the formation of branched hairs (Zhu et al., 2006). It has also been reported that exogenous application of MeJA significantly increased the root hair length. The COI1/JAZ-mediated JA signaling pathway is essential for the regulation of root hair elongation (Han et al., 2020). F-box protein COI1 is the receptor for JA, which positively regulates the JA response. JAZ proteins are repressors of JA signaling and can interact with a wide variety of transcription factors. The JAZ protein is degraded via the SCFCOI1-26S proteasome pathway. The JA signal is then activated by releasing downstream transcription factors (Xie et al., 1998; Chini et al., 2007). The root hairs of the loss-of-function mutation of COI1 and the JAZ overexpressed plants were much shorter than those of the wild type. The root hair length of the mutant containing five mutations in jazQ without JAZ function was longer than that of the wild type. The above results show that COI1/JAZ mediated JA signal transduction is necessary for root hair elongation. JAZ protein was able to interact with RHD6 and RSL1, inhibit the transcription of RHD6, and interfere with the interaction between RHD6 and RSL1 (Figure 2). The phenotypic analysis showed that JA was involved in the regulation of root hair growth and development in a RHD6 and RSL1 dependent manner (Han et al., 2020). In addition, overexpression of cotton GrTCP11 gene in Arabidopsis decreased the content of JA and the length of root hair compared with that of wild type. The results suggest that GrTCP11 may regulate root hair elongation by negatively regulating the biosynthesis of JA and the responses of Arabidopsis to JA (Hao et al., 2021). However, it remains elusive whether GrTCP11 regulates root hair elongation through a similar mechanism in cotton.

Jasmonate and ETH interact with each other to regulate the growth and development of root hairs. It has been reported that the promoting effect of JA on root hair initiation was weakened by ETH inhibitor (AVG or silver nitrate) and that the number of root hairs decreased significantly. Compared with the wild type, the promotion of MeJA and JA on root hair formation was also weakened in ETH insensitive mutants etr1-1 and etr1-3. In addition, JA biosynthesis inhibitors ibuprofen and salicylhydroxamic acid (SHAM) treatment were able to inhibit the induction effect of ACC on root hair formation and reduce the root hair density of the ETH overproduction mutant eto1-1. These results suggest that JA promotes root hair initiation through its interaction with ETH (Zhu et al., 2006).

The ETH-activated transcription factor EIN3 and its homologue EIL1 were also identified as direct downstream targets of JAZ protein in the JA signaling pathway (Figure 2). The root hair density and lengths of the ETH double-mutant ein3 eil1 were lower than those of the wild type. Exogenous application of JA was able to increase the root hair density and length of the wild type, but exogenous JA treatment was unable to increase the root hair density and length of ein3 eil1. Therefore, JA signal may positively regulate the fate determination and initiation of root hair cells through EIN3 and EIL1 (Zhu et al., 2011).



ABA REGULATION OF THE GROWTH AND DEVELOPMENT OF PLANT ROOT HAIR

Previous research demonstrated that ABA positively regulates root hair cell fate determination and root hair initiation, but negative regulates root hair elongation. Exogenous ABA treatment increased root hair density not only by shortening the epidermal cells but also by inducing the formation of ectopic root hairs. However, the molecular mechanism by which ABA regulates root hair cell fate determination is still unclear (Lombardo and Lamattina, 2018). ABA plays a negative role in regulating root hair elongation. Exogenous ABA treatment leads to the shortening of root hair length of Arabidopsis seedlings. ABA induces the accumulation of OBF BINDING PROTEIN 4 (OBP4) protein, which directly inhibits the expression of RSL2 and inhibits root hair elongation (Figure 2; Table 1; Schnall and Quatrano, 1992; Rymen et al., 2017).

Abscisic acid regulating root hair initiation partially depends on the H2O2. Exogenous application of H2O2 has been found to induce the production of more root hairs. However, there were significantly fewer root hairs in Arabidopsis treated with ABA plus H2O2 scavenger ascorbic acid (ASA) than in those treated with ABA alone. This result indicates that H2O2 is involved in the regulation of ABA on the initiation of root hairs (Bai et al., 2007). Previous results revealed that H2O2 can directly induce the expression of AtOXI1, which can positively regulate root hair initiation and elongation (Figure 2; Table 1). The root hair density and length of the loss-of-function mutant atoxi1 were lower than those of the wild type. Exogenous ABA treatment was able to induce the expression of AtOXI1 and promote root hair initiation. These results indicate that ABA-induced root hair initiation is mediated by H2O2 through the regulation of AtOXI1 expression (Bai et al., 2007).

Previous studies demonstrated that ABA can positively regulate root hair initiation and root hair elongation in rice. Exogenous ABA treatment increased the area of the rice root hair zone, promoted the initiation of root hair, and then produced more root hair. ABA treatment also promoted rice root hair elongation (Chen et al., 2006; Wang et al., 2017). Further investigation indicated that ABA signal transduction may be involved in regulating rice root hair elongation. The OsABIL2 gene is a member of the PP2C family and is a negative regulator in the ABA signal transduction pathway in rice. Overexpression of OsABIL2 decreased the root hair length of transgenic rice compared with that of wild type rice (Table 1; Li et al., 2015a; Wang et al., 2017). SnRK2 is a positive regulator in the ABA signal transduction pathway, and OsSAPK10 is a member of SnRK2 subclass III. Overexpression of OsSAPK10 increased the root hair length of transgenic rice compared with that of wild type rice (Table 1; Wang et al., 2017; Yang et al., 2019).

Abscisic acid may participate in the regulation of rice root hair elongation by affecting auxin synthesis and polar auxin transport. It has been confirmed that ABA treatment can upregulate the expression of auxin synthesis genes including YUCCAs family members and auxin transport related genes such as OsAUX1 and OsPINs in rice roots (Table 1). ABA may regulate auxin content by regulating the dynamic balance of auxin synthesis and transport, which then regulates rice root hair elongation (Wang et al., 2017).

In conclusion, ABA interacts with auxin in regulating the growth and development of root hair. ABA regulation on root hair growth and development can differ between species. For instance, ABA positively regulates the root hair cell fate determination and root hair initiation, negatively regulates root hair elongation in Arabidopsis, and positively regulates root hair initiation and root hair elongation in rice.



GA REGULATION OF THE GROWTH AND DEVELOPMENT OF PLANT ROOT HAIR

Gibberellin positively regulates root hair initiation and negatively regulates root hair elongation. Previous results in Brassica campestris ssp. chinensis L. demonstrated that GA positively regulated root hair initiation. Exogenous GA3 treatment significantly increased the width of the root hair zone of Brassica campestris ssp. chinensis L. under saline alkali stress, and exogenous GA3 treatment increased the number of root hairs by promoting their initiation (Xu and Li, 2012).

Gibberellin negatively regulates root hair elongation (Figure 2). GA20-oxidase 2 (GA20ox2) is a rate-limiting enzyme of GA biosynthesis. The root hair length of transgenic Arabidopsis plants overexpressing the GA20ox2 gene was shorter than that of the wild type (Table 1). Moreover, under salt stress, the expression of GA20ox2 increased, GA4 accumulated, and root hair elongation was inhibited. The root hair length of transgenic plants with an overexpressed GA20ox2 gene was shorter than that of the wild type. A loss-of-function mutant ga20ox2-1 had longer root hairs than those of the wild type. These results suggest that GA20ox2 increases the content of endogenous active GA by promoting the synthesis of GA, which then negatively regulates the elongation of root hairs (Lv et al., 2018).

The inhibitory effect of GA on root hair elongation may be correlated to the DELLA protein. The DELLA protein is a negative regulator of GA signal transduction (Davière et al., 2008; Sun, 2011; Davière and Achard, 2013). The root hair length under low phosphorus conditions was much longer than that under normal culture conditions. Further investigation revealed that the content of bioactive GA decreased under low-phosphorus conditions, which leads to the accumulation of DELLA protein and inhibition of GA signal transduction (Jiang et al., 2007). These results indicate that GA negatively regulates root hair elongation through its biosynthesis and signal transduction.



SL REGULATION OF THE GROWTH AND DEVELOPMENT OF ROOT HAIR

Strigolactone has a positive regulatory effect on root hair elongation. MORE AXILLARY GROWTH2 (MAX2), an F-box protein, is an important component of the SL signal transduction pathway (Figure 2; Yao et al., 2017). Compared with the wild type, the root hair length of the SL signaling mutant max2-1 was significantly reduced. Application of GR24, a synthetic strigolactone analog, to the wild type and SL synthesis deficient mutants resulted in an increase in root hair length, but application of GR24 to SL-insensitive max2-1 did not restore its short root hair phenotype (Kapulnik et al., 2011a). These results indicated that SL promotes root hair elongation through MAX2-mediated signal transduction. In addition, overexpression of soybean MORE AXILLARY GROWTH3 (MAX3) in Arabidopsis orthologs’ mutants can restore the phenotype of the root hair and enhance root hair elongation (Ul Haq et al., 2017). It is still unclear whether SL is involved in regulating the fate determination and/or the initiation of root hair cells.

Strigolactone interacts with ETH to regulate root hair growth and development. An SL signal mutant is sensitive to ETH. Application of ETH precursor ACC to the SL-insensitive max2-1 was able to restore the short root hair of max2-1. In addition, the treatment of ETH biosynthesis inhibitor AVG was able to counteract the promoting effect of GR24 on root hair elongation of wild type plants. Therefore, ETH and SL may regulate root hair elongation in the same pathway, with ETH acting downstream of SL. ETH synthesis appears to be necessary for SL-mediated root hair elongation (Kapulnik et al., 2011b). Exogenous GR24 treatment can promote ETH biosynthesis by enhancing the transcription of ACS2, one of the rate-limiting enzymes of ETH biosynthesis, which then promotes root hair elongation (Table 1; Yamagami et al., 2003; Kapulnik et al., 2011b).

There are interactions between SL and auxin in regulating the growth and development of root hair. Application of IAA to the SL-insensitive mutant max2-1 restored its short root hair phenotype. The root hair length of the auxin-insensitive deficient mutant tir1-1 was shorter than that of the wild type. Exogenous GR24 treatment increased the root hair length of tir1-1. Simultaneous applications of IAA and GR24 to Arabidopsis resulted in a significant increase in the length of root hair, indicating that SL and auxin have an additive effect on promoting root hair elongation (Kapulnik et al., 2011b). The root hair density and length of tomato plant treated with excess GR24 were significantly lower than that of the control tomato plant. The inhibitory effect of excess GR24 on root hair density and length was counteracted by NPA, but not by exogenous IAA or NAA. Further investigation indicated that excessive SL in plants can promote the efflux of auxin, which decreases the auxin content of the plant, and thus inhibits the initiation and the elongation of root hair (Koltai et al., 2010). SL can also regulate the growth and development of root hair by regulating the expression of PINs (auxin polar transport genes) and TIR1 (auxin receptor gene; Table 1; Koltai et al., 2010; Mayzlish-Gati et al., 2012; Zhang et al., 2020).



CK REGULATION OF THE GROWTH AND DEVELOPMENT OF PLANT ROOT HAIR

Cytokinin plays a positive role in regulating the growth and development of root hair. Exogenous CK treatment can increase the density and the length of root hair (An et al., 2012; Zhang et al., 2016; Huang et al., 2020), but the underlying mechanism by which CK regulates root hair density and length is unclear. It has been reported that CK can regulate the fate determination, the initiation and the elongation of root hair cells through the C2H2 zinc finger protein ZFP5 (Figure 1; An et al., 2012). Exogenous synthetic CK 6-benzylaminopurine (6-BA) treatment was able to increase significantly the transcription level of ZFP5 and increase the density of root hair. CK may regulate the fate determination of root hair cells and promote root hair initiation by regulating the expression of ZFP5 (An et al., 2012). Exogenous CK treatment also caused an increase in the root hair length. Moreover, ZFP5 is involved in the process of CK promoting root hair elongation. The root hair length of the ZFP5 mutant zfp5-4 was lower than that of the wild type, and exogenous 6-BA treatment was unable to restore the root hair length of zfp5-4, indicating that ZFP5 is necessary for CK to regulate Arabidopsis root hair elongation (An et al., 2012). In addition, exogenous CK treatment was also able to significantly increase the root hair length and density of oilseed rape (Brassica napus L.) and alfalfa (Medicago sativa L.; Silverman et al., 1998; Li et al., 2014).

Cytokinin may regulate root hair elongation through auxin and the ETH-independent pathway. Application of 6-BA treatment to the ETH insensitive mutant etr1-1 and the auxin insensitive mutant axr1 resulted in significant increases in root hair length for the two mutants. These results indicated that CK can promote root hair elongation in the absence of auxin or ETH signal. CK is not necessary for root hair elongation, as auxin and ETH can maintain root hair elongation in its absence (Zhang et al., 2016). Treatment with CK, auxin, and ETH alone can regulate the expression of genes related to root hair growth and development, and then regulate root hair elongation. For example, treatment of the mutant rhd6 with CK, auxin, and ETH was able to induce the expression of RSL4, and then increase its root hair length (Masucci and Schiefelbein, 1994; Zhang et al., 2016).



BR REGULATION OF THE GROWTH AND DEVELOPMENT OF PLANT ROOT HAIR

Brassinosteroid plays a negative role in regulating root hair cell fate determination and initiation (Figures 1, 2). Compared with the wild type, the number of root hairs of a BR signal deficient mutant increased. Following BR signal enhancement, the number of root hairs decreased. The expression levels of WER and GL2 in the BR-insensitive mutant bri1 were lower than in the wild type, while exogenous BR treatment was able to induce the expression of WER and GL2 in bri1. BR can induce the expression of WER, which then promotes the formation of WER-GL3/EGL3-TTG complex, and consequently induces the expression of GL2 and the differentiation of N-type cells. Enhancing the BR signal can promote the expression of GL2 in root hair cells and inhibit the H-type cells from differentiating into root hair cells (Cheng et al., 2014; Wei and Li, 2016). However, the underlying molecular mechanism by which BR regulates the root hair cell fate determination is unclear and needs to be further studied.

Brassinosteroid regulation on root hair elongation differs among plant species. BR regulates root hair elongation in a concentration-dependent manner. It has been reported that BR negatively regulates root hair elongation and that the BR biosynthesis mutant det2 had longer root hair when compared to the wild type. Treatment with synthetic brassinosterol analogue 24-epibrassinolide (24-epiBL) reduced the root hair length of det2 to that of the wild type Arabidopsis. 24-epiBL treatment was able to significantly reduce the root hair length, while application of the BR synthesis inhibitor brassinazole (BRZ) promoted the elongation of root hair (Wang et al., 2010). Cell elongation has a great influence on the length of root hair, and the cell wall plasticity is an important determinant of cell elongation. Previous investigation revealed that, there, BR regulated root hair elongation in a cell-specific manner and that the overexpression of the BR receptor BRASSINOSTEROID INSENSITIVE1 (BRI1) in H-type cells promoted the elongation of root hair cells. The expression of BRI1 in non-hair cells inhibits cell elongation (Table 1). BRI1 in non-hair cells activates the expression of ETH biosynthesis gene, resulting in the increase of ETH and the accumulation of cellulose in the cell wall of non-hair cells, thus inhibiting cell elongation (Fridman et al., 2014). In rice, there is a dose effect of the regulation of BR on root hair elongation. The treatment with lower concentrations of 24-epiBL promoted root hair elongation of the wild type rice. Increasing the 24-epiBL treatment concentration reduced its promotion of root hair elongation. When the concentration of 24-epiBL treatment reaches 1 μmol/L, it inhibits root hair elongation (Wang et al., 2010; Zhao et al., 2016).

The difference of BR regulation of root hair elongation between Arabidopsis and rice may be due to species specificity. For Arabidopsis root hair elongation, the endogenous BR content may be superoptimal. Consequently, exogenous BR synthesis inhibitor treatment may promote root hair elongation by reducing BR content, while any exogenous BR treatment will lead to an excessive concentration of BR and inhibit Arabidopsis root hair elongation. In contrast, for rice root hair elongation, the endogenous BR content may be lower than the optimal concentration. Thus, treatment with low concentration of BR can promote the elongation of rice root hair; however, treatment with high concentration of BR may lead to a superoptimal concentration of BR within the rice plant, leading to inhibition of root hair elongation.

Brassinosteroid interacts with auxin in the regulation of root hair initiation and elongation. Exogenous application of 24-epiBL upregulated the expression level of AXR3/IAA17, which plays a repressive role in auxin signal transduction. The initiation and the elongation of root hairs of transgenic plants overexpressing AXR3/IAA17 were significantly inhibited (Table 1). In addition, the expression level of AXR3/IAA17 in the BR-insensitive mutant bri1 and the BR biosynthetic mutant det2 decreased. These results suggest that BR may inhibit auxin signal transduction by promoting the expression of AXR3/IAA17, which then inhibits Arabidopsis root hair initiation and elongation (Kim et al., 2006). Additionally, exogenous application of BR can increase the length and the density of root hair by enhancing the transport of auxin via the regulation of AcPIN and AcAUX1/LAX in kiwifruit (Wu et al., 2021). These results indicate that there are interactions between BR and auxin in regulating the initiation and elongation of root hair.



CONCLUSION AND PERSPECTIVE

Plant root hair can not only increase the absorption efficiency of water and nutrients in plants but can also enhance stress resistance and play an important role in regulating plant growth and development (Peterson and Farquhar, 1996; Bibikova and Gilroy, 2003; Datta et al., 2011; Vissenberg et al., 2020). Previous studies revealed that enhanced auxin transport under salt stress is able to promote the root hair growth and improve salt resistance of Arabidopsis (Fu et al., 2021). ABA accumulation can enhance drought resistance of barely by promoting root hair elongation (Zhang et al., 2021). In addition, elevated auxin concentration can enhance the resistance of tomato plant to early blight by promoting root hair production (Abdel-Motaal et al., 2020). Although it has been reported that WER, TTG, GL3, GL2, and CPC genes are involved in regulating the growth and development of root hair (Figures 1, 2), other genes that can directly regulate the growth and development of root hair have not yet been reported. Therefore, it is of great significance to identify genes that are involved in regulating root hair growth and development, and to investigate the regulatory functions of these unknown genes on root hair growth and development. Further work into this will make an important contribution to our full understanding of the molecular regulatory mechanism of root hair growth and development.

Although many important research advances have been made in the regulation of phytohormones on root hair initiation and elongation, there have been few studies on the regulation of phytohormones on root hair cell fate determination. It has not yet been reported whether JA, GA, and SL can regulate the root hair cell fate determination. The regulatory mechanism and effect of these phytohormones on the fate determination of root hair cells are still unclear.

There are complex interactions between phytohormones, which serve to jointly regulate the growth and development of root hair. Although it has been reported that JA, ABA, SL, and BR can regulate root hair growth and development by interacting with auxin or ETH, the mechanism of interaction remains to be fully described. For example, although previous results demonstrated that JA is able to mediate lateral root formation and taproot growth by regulating auxin synthesis, polar auxin transport, and signal transduction (Sun et al., 2009, 2011; Hentrich et al., 2013), it is unclear whether JA can also mediate root hair growth and development by regulating auxin synthesis, polar transport, and signal transduction. The molecular mechanism of the interaction between JA and auxin that regulates root hair growth and development needs to be further studied.

The molecular mechanism of auxin, SL, and GA in regulating root hair growth and development needs to be further studied. Previous studies revealed that auxin can promote rice internode elongation by promoting GA synthesis and inhibiting GA inactivation, which maintains a high content of active GA (Yin et al., 2007). GA can regulate root growth by affecting auxin transport and signal transduction, and auxin can also promote root growth by regulating the response of the root to GA (Fu and Harberd, 2003; Li et al., 2015b). However, during the regulatory process of root hair growth and development, the effect of the interaction between auxin and GA has not been reported, and the mechanism of interaction between auxin and GA on root hair growth and development is unclear. SL can regulate stem elongation by mediating GA metabolism and signal transduction (Zou et al., 2019), but the molecular mechanism of the interaction between SL and GA on root hair growth and development is not clear.

It has been reported that CK can promote ETH synthesis by increasing the stability of the rate-limiting enzyme ACS for ethylene biosynthesis (Hansen et al., 2009). The CK-induced ETH plays an important role in regulating the elongation of rice seminal root (Zou et al., 2018). However, it is unclear whether CK and ETH can interact to regulate root hair growth and development. In addition, it is unclear whether there are any interactions between JA, ABA, SL, BR, GA, and/or other phytohormones during the process of root hair growth and development and, if so, the molecular mechanism of these phytohormone interactions on root hair growth and development need to be further studied.

In addition, most of the current studies focus on the dicotyledonous model plant Arabidopsis, and there have been few studies on the regulation of phytohormones on the growth and development of root hairs of rice and other crops. In future research, identifying novel genes involved in regulating the growth and development of crop root hairs, investigating the biological functions of these genes, and exploring the regulatory effect and regulatory mechanism of phytohormones on root hair growth and development will provide theoretical basis and technical guidance for cultivating crops with developed root hairs. After exploring the new functions of known genes and identifying novel genes, it is possible to cultivate crops with well-developed root hairs by using the technologies including gene editing and genetic improvement. Cultivating and planting crops with well-developed root hairs can increase the efficiency of water and nutrient absorption by crops and enhance crop stress resistance, thereby increasing crop yields and ensuring world food security.
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