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INTRODUCTION
Intracellular signaling pathways play pivotal roles in regulating 
plant responses to various environmental stimuli, developmental 
cues and stress conditions. These pathways involve complex 
networks of molecular signals that coordinate physiological and 
biochemical changes within plant cells, ultimately influencing 
growth, development and adaptation to fluctuating 
environmental conditions. Understanding these signaling 
mechanisms is crucial for elucidating plant biology and 
developing strategies to enhance crop resilience and productivity.

DESCRIPTION

Key intracellular signaling pathways

Phytohormone signaling: Phytohormones, such as auxins, 
cytokinins, gibberellins, Abscisic Acid (ABA), ethylene and 
jasmonates, act as key signaling molecules that regulate diverse 
aspects of plant growth and stress responses. Each hormone 
interacts with specific receptors and signaling pathways to initiate 
physiological responses:

Calcium signaling: Calcium ions (Ca2+) serve as ubiquitous
secondary messengers in plant cells, mediating responses to
various stimuli including light, hormones and environmental

stresses. Calcium signaling involves influx of calcium ions into
the cytoplasm through channels such as calcium-permeable ion
channels and pumps:

Mitogen-Activated Protein Kinase (MAPK) cascades: MAPK 
cascades are conserved signaling modules that transmit 
extracellular signals to intracellular targets, regulating diverse 
cellular processes including growth, development and stress 
responses. MAPK cascades typically consist of three kinases: 
MAPK Kinase Kinase (MAPKKK), MAPK Kinase (MAPKK) and 
MAPK. Upon activation by upstream signals such as stress 
hormones or pathogen-derived signals:

Reactive Oxygen Species (ROS) signaling: ROS, including 
superoxide radicals (O2

-), Hydrogen Peroxide and singlet oxygen 
(1O2), function as signaling molecules in plant cells under stress 
conditions such as drought, pathogens and oxidative stress:

Plant defense signaling: Upon recognition of Pathogen-
Associated Molecular Patterns (PAMPs) or effectors by plant 
Pattern Recognition Receptors (PRRs) or Resistance (R) proteins, 
plants activate defense signaling pathways to mount immune 
responses:
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• Auxin signaling: Auxins regulate cell expansion, apical
dominance and tropic responses. Their signaling pathway
involves receptors like TIR1 (Transport Inhibitor Response
1) and downstream components that control gene expression
and cell growth.

• ABA signaling: ABA regulates responses to abiotic stresses
such as drought and salinity by activating ABA receptors
(PYR/PYL/RCAR) and inhibiting Protein Phosphatases
(PP2Cs), leading to the activation of stress-responsive genes
and stomatal closure.

• Ethylene signaling: Ethylene regulates fruit ripening,
senescence and responses to mechanical stress and pathogens.
Ethylene Receptors (ETRs) and signaling proteins (EIN2,
EIN3) mediate responses through transcriptional regulation
of ethylene-responsive genes.

• Calmodulin (CaM) and Calmodulin-Like Proteins (CMLs):
Calcium-binding proteins like CaM and CMLs interact with
target proteins to regulate enzyme activities, ion fluxes and
gene expression in response to calcium signals.

• Activation and phosphorylation: MAPKs undergo
sequential phosphorylation, leading to the activation of
downstream transcription factors, enzymes, and other
signaling components that coordinate adaptive responses.

• Redox homeostasis: ROS signaling involves enzymatic
antioxidants (e.g., superoxide dismutase, catalase) and non-
enzymatic antioxidants (e.g., ascorbate, glutathione) that
regulate ROS levels and maintain cellular redox homeostasis.

• PAMP-Triggered Immunity (PTI) and Effector-Triggered
Immunity (ETI): PTI involves activation of MAPK cascades,
calcium influx and ROS production, leading to defense gene
expression and reinforcement of cell walls. ETI, mediated by
R proteins recognizing specific effectors, triggers rapid and
robust defense responses, including Hypersensitive Response
(HR) and Systemic Acquired Resistance (SAR).



Integration and crosstalk

These signaling pathways exhibit extensive crosstalk and
integration to fine-tune plant responses to multiple stimuli
simultaneously. Crosstalk between hormone signaling, calcium
signaling, MAPK cascades and ROS signaling allows plants to
prioritize responses under changing environmental conditions,
ensuring optimal growth, defense and adaptation strategies.

CONCLUSION
In conclusion, intracellular signaling pathways are essential for
coordinating plant responses to environmental cues, hormonal

signals and stress conditions. Their intricate regulation and 
crosstalk enable plants to integrate multiple signals and mount 
appropriate responses to optimize growth and survival. Further 
research into these signaling mechanisms promises to uncover 
new insights into plant biology and pave the way for innovative 
strategies to enhance crop resilience, sustainability and food 
security in a dynamic and challenging global environment.
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