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Abstract

Root hairs significantly expand the surface area of roots in contact with the soil, thereby promoting water and nutrient uptake. Root
Hair Defective 6 Like 4 (RSL4) is a key transcription factor regulating root hair development, yet the mechanisms underlying its post-trans-
lational regulation remain incompletely understood. Recently, we demonstrated that Calcium-dependent Protein Kinases (CPKs) integrate
hormonal signals to phosphorylate RSL4, thereby enhancing its transcriptional activity. This Brief Report summarizes recent evidence on
how RSL4 integrates environmental and hormonal cues at multiple regulatory levels to promote root hair growth.

Keywords: Root hairs, Root Hair Defective6-Like4 (RSL4), Transcription, Phosphorylation, Phytohormone, Transcription factor

Introduction

Root hairs serve as morphological indicators of soil nutrient conditions and play vital roles in anchoring plants to the soil,
absorbing water and mineral ions, and facilitating interactions between the root system and the external environment. Root hair
morphology exhibits pronounced plasticity, as multiple phytohormones and environmental factors can modulate their density and
length to enable adaptive responses to changing environments (Gifford, et al. 2020, Lopez, et al. 2024). Therefore, studies of root hairs
can elucidate how cells integrate internal and external signals to coordinate developmental processes and may also provide a basis for
genetic improvement of crops and enhanced environmental adaptability.

Root hair development

Root hair development comprises three major stages: Cell fate determination, initiation, and elongation (Gifford, et al. 2020,
Li, et al. 2022). In Arabidopsis, the Werewolf (WER)-Glabra3 (GL3)/Enhancer of GLABRA3 (EGL3)-Transparent Testa Glabra (TTG) tran-
scriptional complex activates GLABRA2 (GL2), a key determinant of non-root hair cell fate, while repressing Hair Defective 6 (RHD6)
and Rhdé-Like1 (RSL1), thus steering cells toward the non-hair cell lineage. By contrast, in root hair cells, Caprice (CPC) competes with
WER for association with GL3/EGL3-TTG1 complex, thereby suppresses GLz and allowing root hair differentiation to proceed. At the
initiation stage, the root hair-specific transcription factor complex RHD6-RSL1 induces the expression of RSL4 and RSL2.
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RSL4 function

RSL4isakey transcription factor that promotes root hair growth by activating a suite of genes involved in root hair elongation.
The products of these genes participate in vesicle trafficking, ROS homeostasis, cell wall synthesis and remodeling, metabolism, and
signal transduction (Gifford, et al. 2020, Li, et al. 2022, Lopez, et al. 2024). In the rsl4 mutant, root hair cells exhibit either a hairless
phenotype or a markedly shortened elongation phenotype (Yi, et al. 2010), whereas ectopic expression of RSL4 induces non-root hair
cells to differentiate into root hair cells (Hwang, et al. 2017). Moreover, the duration of RSL4 protein persistence contributes to deter-
mining final root hair length (Datta, et al. 2015).

Environmental signals regulate root hair

Existing studies indicate that external nutrient signals are transduced into endogenous hormonal signals to remodel root hair
morphology (Lopez, et al. 2024). Low-nitrogen conditions induce auxin biosynthesis, increasing auxin levels in the root tip, which is
subsequently transported to the root hair zone, where it promotes root hair elongation via Auxin Response Factor 6/8 (ARF6/8) (Jia, et
al. 2023). Low-phosphate conditions induce auxin biosynthesis and promote root hair elongation through ARF19 (Bhosale, et al. 2018).
They also activate the ethylene pathway by increasing the protein of Ethylene-Insensitive 3 (EIN3), a key transcription factor in ethylene
signaling, thereby promoting root hair development (Hake, et al. 2016).

Hormonal signals regulate root hair

Multiple plant hormones regulate root hair development, particularly auxin and ethylene, both of which promote root hair
growth (Gifford, etal. 2020, Li, et al. 2022, Lopez, et al. 2024). Transcriptomic data indicate that approximately 90% of the root hair-reg-
ulated genes responsive to auxin and ethylene overlap, and that the two hormones mutually promote each other's biosynthesis, thereby
coordinately regulating root hair growth (Bergmann, et al. 2012). Other hormones, such as strigolactones, jasmonic acid, brassino-
steroids, and cytokinins, mediate signaling pathways that ultimately integrate with auxin- and/or ethylene-mediated pathways to
coordinate root hair growth (Gifford, et al. 2020, Li, et al. 2022).

RSL4 transcriptional regulation

RSL4 responds to hormonal signals at the transcriptional level to regulate root hair morphology (Fig. 1). Overexpression of
auxin-responsive ARF5/7/8/19 induces root hair elongation, and ARFs directly bind to the RSL4 promoter to activate its transcription
(Mangano, et al. 2017). Ethylene-responsive EIN3 forms a complex with RHD6 to synergistically promote RSL4 expression (Feng, et al.
2017). In the cytokinin pathway, the B-type response regulators Arabidopsis Response Regulator 1 and 12 (ARR1 and ARR12) directly bind
to the RSL4 promoter and induce its expression, thereby promoting root hair elongation (Takatsuka, et al. 2023). Collectively, these
studies demonstrate that transcription factors from multiple hormone signaling pathways can directly regulate RSL4 gene expression.

Figure 1: Model illustrating RSL4 as a central integrator of environmental-hormonal signals at both transcriptional and post-translational levels in the regulation of
root hair morphology. Note: ARFs: Auxin Response Factors; EIN3: Ethylene-insensitive 3; ARRs: Arabidopsis Response Regulators; RSL4: Root Hair Defective 6 like 4;

CPKs: Calcium-Dependent Protein Kinases. The blue arrow represents transcriptional regulation; The red arrow represents post-translational regulation.
RSL4 post-translational regulation

RSL4 responds to hormonal signals at the protein level to regulate root hair morphology (Fig. 1). A recent study demonstrated
that RSL4 undergoes phosphorylation (Li, et al. 2026). Multiple CPKs that are highly expressed in root hairs interact with and phos-
phorylate RSL4, thereby modulating its transcriptional activity and the expression of root hair-associated genes. The auxin-responsive
ARFs and the ethylene-responsive EIN3 directly regulate CPK4/11 expression, suggesting that CPKs integrate hormonal signals at the
transcriptional level and subsequently phosphorylate RSL4 to modulate its activity and root hair morphology. Interestingly, RSL4 also
regulates CPK4/11 expression at the transcriptional level, thereby forming a positive feedback loop (Li, et al. 2026).
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Discussion

Collectively, RSL4 acts as a central hub that integrates environmental and hormonal signals at both the transcriptional and
protein levels to remodel root hair morphology (Fig. 1), thereby contributing to the optimization of nutrient uptake. On the one hand,
environmental and hormonal signals directly induce RSL4 transcript via hormone-responsive transcription factors, including ARFs,
EIN3, and ARRs. On the other hand, these signals upregulate CPKs expression through the same transcription factors, and the result-
ing CPK4/11 phosphorylate RSL4 to enhance its transcriptional activity. Consequently, environmental and hormonal signals promote
root hair growth through a dual mechanism: by increasing RSL4 transcript abundance and by potentiating its transcriptional activity
on downstream target genes.

Nevertheless, several aspects of RSL4-mediated signal integration remain unclear. For instance, it remains unknown whether
and how other abiotic cues, including temperature and pH, and biotic factors, such as symbiotic microbial communities, influence
RSL4 function. Moreover, given that RSL4 translation and protein turnover are tightly regulation (Datta, et al. 2015, Li, et al. 2026), it
remains to be determined whether these processes are also regulated by environmental and hormonal signals. Addressing these out-
standing questions will provide further insights into the regulatory networks underlying root hair morphogenesis and may ultimately
inform strategies for improving crop performance under changing environmental conditions.

Conclusion

Hormones act through two convergent mechanisms: Firstly, they directly upregulate RSL4 transcription via hormone-respon-
sive transcription factors, including ARFs, EIN3, and ARRs; secondly, they induce CPK expression, and the resulting CPK4/11 proteins
phosphorylate RSL4, thereby fine-tuning its transcriptional activity and promoting the expression of root hair-associated genes.

Author contributions
Lu-Shen Li: Writing-original draft; Writing-review and editing.

References

Bruex A, Kainkaryam RM, Wieckowski Y, Kang YH, Bernhardt C, Xia Y, Zheng X, Wang JY, Lee MM, Benfey P, Woolf PJ. (2012). A gene
regulatory network for root epidermis cell differentiation in Arabidopsis. PLoS Genet. 8:21002446.

Bhosale R, Giri J, Pandey BK, Giehl RF, Hartmann A, Traini R, Truskina J, Leftley N, Hanlon M, Swarup K, Rashed A. (2018). A mecha-
nistic framework for auxin dependent Arabidopsis root hair elongation to low external phosphate. Nat Commun. 9:1409.

Datta S, Prescott H, Dolan L. (2015). Intensity of a pulse of RSL4 transcription factor synthesis determines Arabidopsis root hair cell size.
Nat Plants. 1:15138.

Feng Y, Xu P, Li B, Li P, Wen X, An F, Gong Y, Xin Y, Zhu Z, Wang Y, Guo H. (2017). Ethylene promotes root hair growth through coordinated
EINS/EILT and RHD6/RSL1 activity in Arabidopsis. Proc Natl Acad Sci USA. 114:13834-13839.

Vissenberg K, Claeijs N, Balcerowicz D, Schoenaers S. (2020). Hormonal regulation of root hair growth and responses to the environ-
ment in Arabidopsis. J Exp Bot. 71:2412-2427.

Song L, Yu H, Dong J, Che X, Jiao Y, Liu D. (2016). The molecular mechanism of ethylene-mediated root hair development induced by
phosphate starvation. PLoS Genet. 12:e1006194.

Hwang Y, Choi HS, Cho HM, Cho HT. (2017). Tracheophytes contain conserved orthologs of a basic helix-loop-helix transcription factor
that modulate root hair specific genes. The Plant Cell. 29:39-53.

Jia Z, Giehl RF, Hartmann A, Estevez JM, Bennett MJ, von Wirén N. (2023). A spatially concerted epidermal auxin signaling framework
steers the root hair foraging response under low nitrogen. Curr Biol. 33:3926-3941.

Li LS, Chen YX, Ma L, Li S. (2026). A RSL4-CPKs feedback loop integrates auxin and ethylene signals to regulate root hair growth in
Arabidopsis. Plant J. 127:€71049.

Li M, Zhu Y, Li S, Zhang W, Yin C, Lin Y. (2022). Regulation of phytohormones on the growth and development of plant root hair. Front
Plant Sci. 13:865302.

Lopez LE, Chuah YS, Encina F, Carignani Sardoy M, Berdion Gabarain V, Mutwil M, Estevez JM. (2024). New molecular components
that regulate the transcriptional hub in root hairs: Coupling environmental signals with endogenous hormones to coordinate growth. J Exp Bot.
75:4171-4179.

Mangano S, Denita-Juarez SP, Choi HS, Marzol E, Hwang Y, Ranocha P, Velasquez SM, Borassi C, Barberini ML, Aptekmann AA, Mus-
chietti JP. (2017). Molecular link between auxin and ROS-mediated polar growth. Proc Natl Acad Sci USA. 114:5289-5294.

Takatsuka H, Sasaki A, Takahashi N, Shibata M, Sugimoto K, Tanaka M, Seki M, Umeda M. (2023). Cytokinin signaling promotes root
hair growth by directly regulating expression. J Exp Bot. 74:3579-3594.

Yi K, Menand B, Bell E, Dolan L. (2010). A basic helix-loop-helix transcription factor controls cell growth and size in root hairs. Nat Genet
42:264-267.


https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1002446
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1002446
https://www.nature.com/articles/s41467-018-03851-3
https://www.nature.com/articles/s41467-018-03851-3
https://www.nature.com/articles/nplants2015138
https://www.pnas.org/doi/abs/10.1073/pnas.1711723115
https://www.pnas.org/doi/abs/10.1073/pnas.1711723115
https://academic.oup.com/jxb/article/71/8/2412/5716912
https://academic.oup.com/jxb/article/71/8/2412/5716912
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1006194
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1006194
https://academic.oup.com/plcell/article/29/1/39/6099061?login=false
https://academic.oup.com/plcell/article/29/1/39/6099061?login=false
https://www.cell.com/current-biology/fulltext/S0960-9822(23)01119-3
https://www.cell.com/current-biology/fulltext/S0960-9822(23)01119-3
https://pmc.ncbi.nlm.nih.gov/articles/PMC13392312/
https://pmc.ncbi.nlm.nih.gov/articles/PMC13392312/
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2022.865302/full
https://academic.oup.com/jxb/article/75/14/4171/7329332
https://academic.oup.com/jxb/article/75/14/4171/7329332
file:///C:\Users\omics\Desktop\Molecular%20link%20between%20auxin%20and%20ROS-mediated%20polar%20growth
https://academic.oup.com/jxb/article/74/12/3579/7076583
https://academic.oup.com/jxb/article/74/12/3579/7076583
https://www.nature.com/articles/ng.529

