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1 Introduction

Cytokinins (CKs) are adenine-derived compounds characterized by substitution at the N6-position with either an isoprenoid or aromatic moiety. They play critical roles in plant growth and development, influencing processes such as seed germination, nutrient transport, flower and fruit development, and leaf senescence (Werner and Schmülling, 2009; Mok, 2019). Cytokinins exist primarily as active free bases (e.g., isopentenyladenine (iP), dihydrozeatin, cis-zeatin (cZ), and trans-zeatin (tZ)), which directly bind to cytokinin receptors, as well as in inactive conjugated forms (ribosides and nucleotides) (Figure 1A). Their concentration in plants is extremely low, typically in the pmol/g range of fresh weight. The occurrence, distribution, and variation of specific cytokinins depend on plant species, tissue type, and developmental stage. Interestingly, inactive cytokinin forms are often present in significantly higher concentrations compared to active free bases, suggesting tight regulation of active cytokinin levels to prevent uncontrolled signaling. This regulation is achieved through coordinated enzymatic processes involving cytokinin biosynthesis, modification, and degradation, largely governed by key enzymes such as isopentenyltransferase (IPT) for biosynthesis and cytokinin oxidase (CKX) for degradation, as well as by the expression of corresponding genes (IPT and CKX).




Figure 1 | Chemical tools in cytokinins modulation. (A) Modulation of iP with N-oxoammonium salts (left) and FMN/NaN3/hυ (right). (B) Modulation of zeatin with photo-caged/small organic molecule-caged functionalities (left) and FMN/DTT/hυ (right).



Given the crucial role of cytokinins in plant development, modifying their endogenous levels represents a promising approach for enhancing crop performance, especially under environmental stresses such as drought, heat, salinity, and heavy metal contamination. Genetic strategies, such as tissue-specific activation of isopentenyltransferase (IPT) genes, have successfully demonstrated spatial and temporal regulation of cytokinin synthesis, improving plant tolerance to abiotic stresses and delaying senescence, thereby enhancing crop yield potential (Qin et al., 2011; Nguyen et al., 2021). However, broad or constitutive expression of IPT often leads to undesired phenotypes, including impaired root growth and disrupted plant architecture, as reported early on by Smigocki et al. using constitutive promoters in maize and tobacco (Smigocki and Owens, 1988). Chemical modulation of cytokinin levels has emerged as a complementary alternative, providing improved specificity and temporal control without permanent genetic alterations. Several small-molecule regulators of cytokinin signaling and metabolism have been reported, including the cytokinin antagonist PI-55, which competitively inhibits cytokinin receptors, and INCYDE, an inhibitor of cytokinin oxidase/dehydrogenase (Spíchal et al., 2009; Nisler et al., 2010; Gemrotová et al., 2013; Prerostova et al., 2020). PI-55 and related antagonists like LGR-991 effectively decrease cytokinin perception, promoting root growth and stress resilience by mimicking conditions of low endogenous cytokinin status. In contrast, INCYDE application transiently elevates active cytokinin pools (e.g., trans-zeatin and cis-zeatin), enhancing heat tolerance and recovery when applied in combination with stress pre-acclimation treatments. Furthermore, caged cytokinins and photo-controlled chemical tools offer additional precision in cytokinin modulation, allowing rapid and reversible hormone activation in a highly localized manner. Nevertheless, chemical modulation also faces significant challenges. Achieving physiological concentrations of active cytokinins at precise temporal and spatial scales remains difficult.

Given these limitations, a pertinent question arises: Could chemical methods be employed to regulate cytokinin levels to modulate plant growth and development effectively? Chemical molecules offer distinct advantages, including precise temporal and spatial control. Additionally, selective manipulation of specific cytokinins can potentially be achieved through targeted chemical interventions. Moreover, given current limitations in gene-editing delivery systems, small molecule-based approaches present clear practical benefits. Nonetheless, the inherently low and dynamically fluctuating cytokinin concentrations pose significant challenges for direct chemical intervention at the whole-plant level (Jiang and Asami, 2018; Chen et al., 2025). To date, only a few successful examples have been reported, each with its own limitations (Cheng et al., 2020; Sun et al., 2023; Sun et al., 2024; Xie et al., 2024). Here, we will briefly introduce recent advancements over the past five years in chemical interventions targeting cytokinins and critically assess their strengths and weaknesses to guide future research efforts in this field.




2 The development of chemical tools and applications in cytokinins modulation

Cytokinin oxidase (CKX) specifically and irreversibly catalyzes the degradation of isopentenyl cytokinins, a process reliant upon its coenzyme, flavin adenine dinucleotide (FAD). Although the precise catalytic mechanism remains unclear, it is widely proposed that CKX interacts with cytokinins to form an imine intermediate, which is subsequently hydrolyzed to complete cytokinin degradation. Inspired by this mechanism, Cheng et al. recently developed a series of N-oxoammonium salts (+N=O) functioning as effective artificial deprenylases (Cheng et al., 2020). These chemical tools selectively remove the isopentenyl groups from cytokinins (e.g., iP and iPR) under mild conditions, displaying excellent biological compatibility without affecting other nucleosides, modifications, amino acids, or endogenous natural metabolites. Experiments indicated that N-oxoammonium salt possesses extremely low cytotoxicity, significantly reducing cellular iP and iPR levels across various cell lines. Arabidopsis seeds treated with salt exhibited accelerated germination, enhanced leaf growth, and increased root development, corresponding to substantially lowered iP and iPR concentrations in vivo. This study represents the first successful instance of chemically regulating plant growth by directly reducing cytokinin levels without disrupting their biosynthetic pathways, offering a powerful chemical biology tool for studying cytokinin function and holding considerable promise for crop improvement and breeding efficiency. On another front, despite significant advances over the past decade in identifying proteins associated with iP/iPR modification, artificial manipulation of these cytokinins into novel phytohormones has remained challenging, primarily due to the lack of appropriate bioorthogonal transformations targeting the prenyl group. To overcome this limitation, Xie et al. developed a visible-light-assisted bioorthogonal reaction employing flavin mononucleotide (FMN) and sodium azide under blue-light irradiation (Xie et al., 2024). This approach effectively mimicked enzymatic post-modification by selectively cleaving the prenyl double bond of iP/iPR, thereby generating an artificial N6-cyanomethyl adenosine (cnm6A). Although significant incorporation of cnm6A was observed within tRNA, no free nucleoside form was detected in living cells. Notably, it exhibited reduced cytotoxicity compared to iPR, alleviating growth inhibition in poplar (Populus trichocarpa) suspension cells. This suggests that the hydrophilic cyanomethyl substituent introduced via chemical modification likely diminished binding affinity to hydrophobic receptor sites previously implicated in growth inhibition, potentially offering distinct and beneficial biological profiles.

Zeatin is a naturally occurring cytokinin in higher plants, known to regulate various physiological processes. Its biological activity is significantly influenced by structural modifications and reversible interconversion between its cis- and trans-isomers, with the trans-isomer exhibiting considerably stronger biological activity. Although the enzyme responsible for cis/trans isomerization of zeatin remains unidentified and the chemical basis of this conversion is still poorly understood, Sun et al. have recently advanced chemical strategies to modulate zeatin’s bioactivity by mimicking the plant’s natural regulation pathways (Sun et al., 2023) (Figure 1B). Utilizing photo-controlled bioorthogonal cleavage reactions and inverse electron-demand Diels-Alder reactions, they reversibly shielded active sites of zeatin derivatives, effectively blocking their metabolism by cytokinin oxidase (CKX) and glycosyltransferases (UGT). Upon exposure to specific stimuli, such as light or small molecules, these protecting groups were rapidly removed, restoring the physiological activity of zeatin in a highly controlled temporal and spatial manner. Additionally, Sun et al. introduced a UV-light-driven (365 nm) method utilizing FMN and dithiothreitol (DTT) to selectively control the cis/trans isomerization of zeatin’s prenyl side-chain under near-physiological aqueous conditions (Sun et al., 2024). Remarkably, this approach converted a substantial fraction of the less active cis-zeatin into its biologically potent trans-form. Moreover, the process was reversible, allowing temporary masking and restoration of cytokinin activity. Demonstrating practical applicability, this strategy successfully modulated seedling growth in rice by controlling cis/trans zeatin interconversion in vivo, providing valuable insights and powerful chemical tools for developing novel, intelligently responsive phytohormones aimed at enhancing agricultural productivity.




3 Discussion

Recent research has significantly advanced the field of cytokinin modulation using chemical tools. Notably, developments such as N-oxoammonium salts functioning as artificial deprenylases have enabled selective removal of isopentenyl groups from active cytokinins like iP and iPR, offering a means to reduce active cytokinin levels with high specificity. Additionally, photo-controlled bioorthogonal chemical reactions have emerged as powerful tools to temporally and spatially control zeatin activity by selectively interconverting its biologically active trans-isomer and inactive cis-isomer, allowing precise spatial and temporal control of cytokinin signaling. These innovations provide effective alternatives or complements to genetic approaches, enabling dynamic modulation of cytokinin activity without permanent alterations to endogenous biosynthetic pathways (Table 1).


Table 1 | Summary of chemical tools for cytokinin modulation: mechanisms, advantages, limitations, and potential applications.



However, despite these promising advancements, several crucial shortcomings persist that must be addressed before chemical cytokinin modulation can be effectively applied in real-world agricultural systems. Firstly, cytokinins naturally occur at very low concentrations (typically in the picomolar to nanomolar range) and exhibit rapid, dynamic changes depending on tissue type, developmental stage, and environmental conditions. This makes it inherently difficult to achieve consistent and physiologically relevant modulation of cytokinin levels using exogenous chemical agents (Cheng, 2025). Most studies to date have been conducted under controlled laboratory conditions, often using model organisms such as Arabidopsis. The translatability of these findings to crop species in complex, variable field environments remains largely untested. Second, and critically, one underrepresented aspect in current research is the challenge of plant uptake and in planta transport of bioactive small molecules. For any chemical modulator to function effectively in agricultural settings, it must not only be biologically active but also capable of being absorbed by plant tissues, translocated to the appropriate sites of action, and retained at effective concentrations. This becomes particularly crucial when the goal is spatiotemporal control of specific physiological responses. Without targeted delivery systems or tissue-specific transport strategies, even the most potent chemical modulators may have limited effectiveness or cause unintended systemic effects. To this end, future research should explore delivery technologies such as nanoparticle-based carriers, prodrug designs, or ligand-guided systems that could facilitate controlled release and targeted transport of synthetic cytokinins or their inhibitors to specific tissues or cell types. In addition, the long-term metabolic fate and environmental impact of chemically modified cytokinins remain poorly understood. Although existing tools generally exhibit low cytotoxicity and appear biologically compatible in controlled settings, their degradation pathways, persistence in soil or water systems, and potential to interfere with non-target organisms or signaling pathways have yet to be comprehensively studied. This presents a critical barrier to the safe and sustainable deployment of chemical cytokinin modulators in agriculture.

Looking ahead, several key directions should be prioritized. First, the development of more selective, sensitive, and stable molecules capable of modulating specific cytokinin types at physiologically relevant concentrations is essential. Responsive chemical systems – such as light-activated switches or environmentally triggered release mechanisms – could offer much-needed precision in field applications. Second, large-scale validation of these tools in economically important crops under real agricultural conditions is crucial to bridge the gap between lab and field. Third, integrated profiling techniques including metabolomics, transcriptomics, and high-resolution imaging can provide insights into the distribution, mode of action, and systemic impact of these chemical agents. Lastly, deeper mechanistic investigations into cytokinin receptor interactions and downstream signaling cascades at the molecular level will provide critical insights enabling rational chemical design and optimization, ultimately facilitating the development of practical, effective, and sustainable chemical strategies for agricultural improvement.





Author contributions

LC: Conceptualization, Funding acquisition, Supervision, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the Strategic Priority Research Program of the Chinese Academy of Sciences (XDB0960103) and Beijing National Laboratory for Molecular Sciences (BNLMS-CXTD-202401).





Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Chen, L., Di, Z., Deng, Z., and Zhou, Y. (2025). Functional proteomics in plants: The role of chemical tools and applications. Trends Analyt Chem. 185, 118160. doi: 10.1016/j.trac.2025.118160

 Cheng, L. (2025). Chemical strategies to modulate and manipulate RNA epigenetic modifications. Acc Chem. Res. doi: 10.1021/acs.accounts.4c00844

 Cheng, H.-P., Yang, X.-H., Lan, L., Xie, L.-J., Chen, C., Liu, C., et al. (2020). Chemical deprenylation of N6-isopentenyladenosine (i6A) RNA. Angew Chem. Int. Ed Engl. 59, 10645–10650. doi: 10.1002/anie.202003360

 Gemrotová, M., Kulkarni, M. G., Stirk, W. A., Strnad, M., Van Staden, J., and Spíchal, L. (2013). Seedlings of medicinal plants treated with either a cytokinin antagonist (PI-55) or an inhibitor of cytokinin degradation (INCYDE) are protected against the negative effects of cadmium. Plant Growth Regul. 71, 137–145. doi: 10.1007/s10725-013-9813-8

 Jiang, K., and Asami, T. (2018). Chemical regulators of plant hormones and their applications in basic research and agriculture. Biosci Biotechnol. Biochem. 82, 1–36. doi: 10.1080/09168451.2018.1462693

 Mok, D. W. S. (2019). Cytokinins: Chemistry, activity, and function (London, England: CRC Press).

 Nguyen, H. N., Lai, N., Kisiala, A. B., and Emery, R. J. N. (2021). Isopentenyltransferases as master regulators of crop performance: their function, manipulation, and genetic potential for stress adaptation and yield improvement. Plant Biotechnol. J. 19, 1297–1313. doi: 10.1111/pbi.13603

 Nisler, J., Zatloukal, M., Popa, I., Dolezal, K., Strnad, M., and Spíchal, L. (2010). Cytokinin receptor antagonists derived from 6-benzylaminopurine. Phytochemistry 71, 823–830. doi: 10.1016/j.phytochem.2010.01.018

 Prerostova, S., Dobrev, P. I., Kramna, B., Gaudinova, A., Knirsch, V., Spichal, L., et al. (2020). Heat acclimation and inhibition of cytokinin degradation positively affect heat stress tolerance of Arabidopsis. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00087

 Qin, H., Gu, Q., Zhang, J., Sun, L., Kuppu, S., Zhang, Y., et al. (2011). Regulated expression of an isopentenyltransferase gene (IPT) in peanut significantly improves drought tolerance and increases yield under field conditions. Plant Cell Physiol. 52, 1904–1914. doi: 10.1093/pcp/pcr125

 Smigocki, A. C., and Owens, L. D. (1988). Cytokinin gene fused with a strong promoter enhances shoot organogenesis and zeatin levels in transformed plant cells. Proc. Natl. Acad. Sci. U S A 85, 5131–5135. doi: 10.1073/pnas.85.14.5131

 Spíchal, L., Werner, T., Popa, I., Riefler, M., Schmülling, T., and Strnad, M. (2009). The purine derivative PI-55 blocks cytokinin action via receptor inhibition: PI-55 blocks cytokinin action. FEBS J. 276, 244–253. doi: 10.1111/j.1742-4658.2008.06777.x

 Sun, X., Liu, L., and Cheng, L. (2023). Photo- and tetrazine-responsive modulation of trans-zeatin. J. Org Chem. 88, 2921–2930. doi: 10.1021/acs.joc.2c02601

 Sun, X., Zhao, J.-Z., Wu, C.-S., Zhang, K.-W., and Cheng, L. (2024). Flavin mononucleotide regulated photochemical isomerization and degradation of zeatin. Org Biomol Chem. 22, 2021–2026. doi: 10.1039/d4ob00028e

 Werner, T., and Schmülling, T. (2009). Cytokinin action in plant development. Curr. Opin. Plant Biol. 12, 527–538. doi: 10.1016/j.pbi.2009.07.002

 Xie, L.-J., Cheng, H.-P., Chen, M.-Y., Wang, X., Liu, L., Yuan, B.-F., et al. (2024). A bioorthogonal post-modification of N6-isopentenyl adenosine i6A RNA in live cells. CCS Chem. 6, 2241–2253. doi: 10.31635/ccschem.024.202303752




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

Copyright © 2025 Cheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


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





OEBPS/Images/fpls.2025.1602749_cover.jpg
& frontiers | Frontiers in Plant science

Harnessing cytokinins with chemistry: new
frontiers and challenges for precision plant
growth control





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

    		Cover



  		

        Harnessing cytokinins with chemistry: new frontiers and challenges for precision plant growth control

      

        		

          1 Introduction

        



        		

          2 The development of chemical tools and applications in cytokinins modulation

        



        		

          3 Discussion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-16-1602749-g001.jpg
(]

Ho H

N Naturalcytokinin oxidases

CKX1, CKX2..CKX11

N
4 e T
¢ ] —
E [
hdenosine

@

i
0 %, (FMIN)
NaNs, ho (470 am)

(*N=0)

[
o 0

(B)

"N/\/L/o’ffo Q>
NN o 580
() u> $9;

N
NN
\
- PR
/\/]\/ <5 minutes (hv) NN
Hy
ranszeain
N L}
NN
\
ALy
N H

Caged zeatin

OH

HN/\)/\
FMN, DTT i
ho@ssam) N7 S






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Chemical Tool  Mechanism of Action

N-oxoammonium sl | Seective removal of sopenenyl
roups from cytokinins P, iPR)

FAIN/side vishledight | Cleavage of preny group double
bioorthogonal reacon | bond in °A PR formation

of e

Caged eyokining Inatvation o cytokiins via
chemical cging ctvated by
light exposure

PLSS (etokinin Compeiive nhition of

receptor antagonis)  ytokinn receptors (.
AHK, AHKS)

INCYDE (cytokinin nbibiion of CKX enaymes to

oxidise devateendogenous

dehydrogenase Cytokinin levels

inhibiton)

Advantages

Highspecfcy; ow
aotonki
other nuclotides

Precise ight contels highly
slctive
cherical eansformation

Temporal and spatial contol;

reversbe actvtion

Reducescyokini sgnalng:
promotesroot growh:
s tolerane.

Enhances stees tokerance,
boosts recovery aer stess:
ey applcation

Limitations

Limited field valdation challnges
in plant uptake

Hffcincy and uptake in whole
plants untsted: imited t0
aboratry condiions

Requiment of extermal light
soure: possble
incomplete activation

Potental offarget et parcal
ceptor specificy

Timing seniive efiects: possble
overstimultion of
eyokinin responses

Potential Applications

Finetuncd rduction of actve
eyokinin poas: contro of
germination and growth

Desclopment of synthetic
eptokinin ke nudeosides:
stessalvistion

Stdying localized cytokinin
funcions; trgeed isue activation

Regulation o root development;
abotc stres mitgaion

Improving heat and drought
olerancesenhancing plant recosery





