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ABSTRACT 

Plants are continuously exposed to environmental stresses such as drought, salinity, temperature fluctuations, 

excessive light and pathogen attack. These stresses disturb cellular homeostasis and photosynthetic activity and 

require coordinated responses between different cellular compartments. Chloroplasts are not only the principal 

sites of photosynthesis but also important sensors of environmental changes. Information generated within 

chloroplasts is transmitted to the nucleus through chloroplast-to-nucleus or retrograde signaling pathways. The 

present review summarizes the role of major chloroplast-derived signals in plant stress responses, based 

exclusively on the literature analyzed in the source dissertation. Particular attention is given to reactive oxygen 

species (ROS), redox signals, tetrapyrrole intermediates, methylerythritol cyclodiphosphate (MEcPP), 3′-

phosphoadenosine 5′-phosphate (PAP), and the GENOMES UNCOUPLED (GUN) pathway. The reviewed 

studies indicate that ROS represent important early stress signals, while PAP and MEcPP function as metabolic 

messengers under specific stress conditions. Tetrapyrrole-associated signaling contributes to the regulation of 

photosynthesis-associated nuclear genes. GUN1 and associated nuclear regulatory factors participate in 

coordinating chloroplast status with nuclear gene expression. Retrograde signaling was associated with drought, 

salinity, cold, heat, high-light and pathogen-related responses. Interaction with abscisic acid, salicylic acid and 

jasmonic acid provides an additional regulatory layer. The review indicates that chloroplast–nucleus 

communication is an integrated signaling network that contributes to stress adaptation, cellular protection and 

plant survival. 
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INTRODUCTION 

Plants encounter numerous environmental stresses that negatively affect growth, development and productivity. 

These stresses can broadly be classified into biotic and abiotic stresses. Drought, salinity, heat, cold, nutrient 

deficiency, excessive light and toxic metals represent important abiotic constraints, whereas pathogens and other 

biological agents cause biotic stress.  

The simultaneous occurrence of different stresses can further increase their effects on plants [1,3]. Chloroplasts 

have a central role in plant responses to environmental stress because they perform photosynthesis and are highly 

sensitive to changes in light and temperature. The chloroplast contains its own genetic system and depends on 

continuous coordination with the nuclear genome for its development and function [4,2]. The relationship 

between chloroplasts and the nucleus is bidirectional.  

Nuclear-to-plastid communication is generally referred to as anterograde signaling, whereas chloroplast-to-

nucleus communication is known as retrograde signaling. Retrograde signaling provides information concerning 

chloroplast functional status to the nucleus and thereby helps regulate nuclear gene expression [10]. 

Environmental stress can disturb photosynthetic electron transport and cellular redox balance. Consequently, 

chloroplasts can generate reactive oxygen species and other molecular signals that communicate stress 

information to the nucleus [7,9]. The present review focuses on these signaling mechanisms and their role in 

plant stress adaptation. 
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CHLOROPLAST–NUCLEUS COMMUNICATION 
 

The coordinated functioning of the nuclear and chloroplast genomes is essential for plant development and 

photosynthesis. Although chloroplasts possess their own DNA, many proteins required for chloroplast structure 

and function are encoded by nuclear genes. Therefore, information must continuously move between these two 

cellular compartments [4,10].  

 

Retrograde signaling allows the chloroplast to communicate its physiological condition to the nucleus. Signals 

originating from photosynthetic electron transport, chloroplast metabolism and redox changes can influence 

nuclear gene expression. Such communication becomes particularly important under environmental stress 

because chloroplast activity is rapidly affected by changes in environmental conditions. Pogson et al. described 

plastid signaling as a broader communication system extending beyond the nucleus, while de Dios Barajas-

López et al. emphasized plastid-to-nucleus communication as a mechanism controlling plant-cell activity [10]. 

 

 
 

Figure 1: Schematic representation of Major Chloroplast-derived Retrograde Signaling Pathways. 

Major Chloroplast-Derived Retrograde Signals 

The dissertation identifies several major signaling categories: ROS, redox signals, tetrapyrrole intermediates, 

metabolite-mediated pathways involving PAP and MEcPP, and the GUN pathway.  

Reactive Oxygen Species 

Reactive oxygen species are among the most important chloroplast-derived signals. Important ROS include 

hydrogen peroxide (H₂O₂), singlet oxygen (¹O₂) and superoxide (O₂•⁻). These molecules can arise from 

disturbances in photosynthetic electron transport and can function both as signaling molecules and as agents of 

oxidative stress [7,9]. Hydrogen peroxide generated in chloroplasts can participate in retrograde signaling and 

influence nuclear stress-responsive pathways . ROS-mediated signaling has also been associated with pathogen 

responses and hypersensitive-response-like processes [7,9]. The dissertation identifies ROS as the major early 

retrograde signaling molecule and associates ROS signaling with drought, salinity, heat and high-light stress.  

 

Redox signaling 

 

The redox state of the photosynthetic electron-transport system provides information about chloroplast 

functional status. Changes in the redox state can influence nuclear and chloroplast gene expression. Redox 

regulation involves components including the photosynthetic electron transport chain, NADPH-associated 

processes and antioxidant systems [7,9]. The dissertation also describes the triose phosphate/3-phosphoglycerate 

and malate-oxaloacetate shuttles as important systems contributing to redox balance between cellular 

compartments. 
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Tetrapyrrole signaling 

 

Tetrapyrroles are important chloroplast metabolites associated with chlorophyll and other essential cellular 

molecules. Changes in tetrapyrrole metabolism can influence the expression of photosynthesis-associated 

nuclear genes [4,10]. The GUN5 mutant was associated with the Mg-chelatase H subunit and plastid-to-nucleus 

signal transduction, providing evidence for a relationship between tetrapyrrole metabolism and retrograde 

signaling. 

 

MEcPP signaling 

 

MEcPP is a plastidial metabolite associated with the methylerythritol phosphate pathway. Xiao et al. 

demonstrated its role in retrograde signaling and regulation of nuclear stress-response genes. The dissertation 

associates MEcPP with stress and defense signaling, including responses involving wounding and pathogen 

attack.  

 

PAP signaling 

 

3′-Phosphoadenosine 5′-phosphate (PAP) represents another metabolite-mediated retrograde signal. The SAL1-

PAP pathway has been associated particularly with drought and high-light signaling. PAP also participates in 

abscisic-acid-associated processes including stomatal closure. The dissertation summarizes PAP as a signal 

associated with drought and stress-responsive transcriptional regulation.[10] 

 

Retrograde Signaling Under Abiotic Stress 

 

The reviewed studies included drought, salinity, cold, heat and high-light stress. Different environmental 

conditions were associated with somewhat different signaling responses. 

 

Stress type Signal produced Nuclear response  Outcome  

Drought  ROS, PAP Stress gene Activation  Improved tolerance  

Salt  ROS Ion homeostasis gene Salt tolerance  

Cold  ROS Cold-responsive genes Adaptation  

Heat/High light  ROS Heat shock protein (hsp) Cellular protection  

 Table 1: Retrograde Signaling responses under different abiotic stresses 

 
Figure 2: Stress-dependent activation of Chloroplast Retrograde Signaling 
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The figure shows environmental stress, chloroplast ROS/metabolic changes, retrograde signaling and subsequent 

activation of stress-responsive genes. 

Retrograde Signaling During Biotic Stress 

Chloroplasts also contribute to plant defense against pathogens. Chloroplast-generated signals can influence 

nuclear defense genes and interact with hormone-mediated defense pathways. ROS are particularly important 

components of pathogen-associated signaling [5,8]. 

Pathogen stress  Signal molecules  Response activated Effect  

Bacterial infection  ROS  Defense genes  Resistance  

Fungal infection  Salicylic acid  Immune response  Pathogen suppression  

Table 2: Chloroplast Signaling responses during biotic stress. 

The interaction between chloroplast signaling and plant immunity indicates that chloroplasts function as active 

components of plant defense rather than merely as photosynthetic organelles [5,6]. 

Gun Pathway and Nuclear Gene Regulation 

The GENOMES UNCOUPLED (GUN) pathway represents an important mechanism of retrograde 

communication. GUN1 has been described as an important regulator connecting chloroplast status with nuclear 

gene expression [10]. GUN1 is associated with chloroplast protein import, plastid gene expression, tetrapyrrole 

metabolism and stress-associated signaling.  

The Research identifies GUN1 as a crucial regulator of communication between chloroplasts and the nucleus.  

ABI4 is another important component of the signaling network. It belongs to the AP2/EREBP family and is 

associated with signal integration and stress adaptation [10]. WRKY and NAC transcription factors are also 

associated with defense regulation and stress signaling. 

Transcription factor  Function  Role in stress response  

ABI-4 Signal integration  Stress Adaptation  

WRKY Defense Regulation  Enhanced resistance  

NAC Stress Signaling  Stress tolerance  

Table 3: Major regulatory factors involved in Retrograde Signaling. 

 
Figure 3: GUN1-mediated regulation of nuclear gene expression. 
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Cross-Talk with Plant Hormones 

Retrograde signaling does not operate independently of other plant signaling systems. The dissertation identifies 

interactions with abscisic acid (ABA), salicylic acid (SA) and jasmonic acid (JA). 

Hormone  Interaction with Retrograde Signaling  Physiological effect 

ABA Drought response regulation  Water conservation  

SA Defense Signaling  Disease resistance  

JA Stress Adaptation  Enhanced defense  

Table 4: Cross-talk between Retrograde Signals and Plant Hormones. 

ABA is mainly associated with drought-related responses, whereas SA and JA are strongly connected with 

defense and stress adaptation. This interaction provides an additional level of coordination between chloroplast-

derived information and whole-plant responses. 

MATERIALS AND METHODOLOGY 

The source dissertation represents a literature-based review, rather than an original laboratory experiment. 

Research articles and scientific information related to chloroplast–nucleus communication, retrograde signaling 

and plant stress were collected and systematically examined. The dissertation reports the use of scientific 

databases and online resources for literature collection and identifies major search concepts related to retrograde 

signaling, ROS, GUN mutants, tetrapyrrole signaling and abiotic stress. 

The selected literature was categorized according to: 

 chloroplast-derived signals 

 molecular signaling pathways 

 abiotic stress responses 

 biotic stress responses 

 transcriptional regulation 

 hormonal cross-talk 

 recent molecular approaches. 

The collected information was then compared and summarized using tables, figures and pathway diagrams. 

RESULTS 

The literature analysis showed that crop plants and Arabidopsis thaliana were among the major plant systems 

represented in the selected studies. Drought, heat, salinity, high light and pathogen-related stress were prominent 

stress categories. 

      Species        Stress type  Major Findings  

Arabidopsis 

thaliana  

Drought/Heat ROS mediated Signaling activated/improved antioxidant 

defense  

Cabbage  Drought  Adaptation to abiotic stress 

Rice High light/Salinity  Enhanced stress responsive gene expression  

 Table 5: Characteristics of selected studies. 

The comparative analysis identified ROS as the most frequently reported chloroplast-derived signal, followed 

by PAP, MEcPP and tetrapyrrole-related signaling. The overall findings of the work can be summarized as 

follows: 
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1. Chloroplast-derived signals regulate nuclear gene expression during environmental stress. 

2. ROS function as important early signaling molecules. 

3. Tetrapyrroles, PAP and MEcPP contribute to stress and metabolic communication. 

4. GUN-mediated signaling coordinates chloroplast and nuclear functions. 

5. Hormonal cross-talk contributes to stress adaptation. 

 DISCUSSION 

The reviewed evidence indicates that chloroplast–nucleus communication represents an interconnected network 

rather than a single signaling pathway. Environmental stress can alter photosynthetic electron transport, redox 

balance and chloroplast metabolism, resulting in the generation of multiple signals. ROS appear to function as 

important early signals because their production is closely associated with changes in photosynthetic activity. 

H₂O₂, in particular, can participate in signal transmission from chloroplasts to the nucleus. Singlet oxygen has 

also been associated with EXECUTER-dependent signaling and acclimation to light stress.  

Metabolic signals provide another layer of retrograde communication. MEcPP regulates nuclear stress-response 

genes, whereas PAP participates in drought and high-light signaling through the SAL1-PAP pathway. 

Tetrapyrrole-associated signaling provides a connection between chloroplast biosynthetic activity and nuclear 

gene expression. The GUN pathway further integrates chloroplast functional information with nuclear 

transcriptional regulation. 

The Research integrated analysis therefore supports a model in which chloroplasts sense environmental changes, 

generate molecular signals and communicate these changes to the nucleus, which subsequently activates stress-

responsive genes. 

Future Perspectives 

The dissertation identifies several modern approaches relevant to further investigation of chloroplast retrograde 

signaling. These include RNA sequencing, proteomics, metabolomics, CRISPR-Cas9, fluorescence imaging, 

qRT-PCR and bioinformatics.  

CRISPR-based approaches can be used to investigate the functions of genes involved in signaling pathways, 

while transcriptomic and proteomic approaches can help identify stress-responsive changes at molecular levels. 

Integration of genomic, transcriptomic, proteomic and metabolomic information may provide a more complete 

understanding of chloroplast–nucleus communication. 

The dissertation also suggests that improved understanding of retrograde signaling could contribute to the 

development of stress-tolerant crop varieties through molecular breeding and biotechnology. 

CONCLUSION 

Chloroplast–nucleus communication is an important mechanism through which plants coordinate cellular 

responses to environmental stress. The reviewed literature indicates that chloroplasts function not only as 

photosynthetic organelles but also as environmental sensors capable of generating signals that regulate nuclear 

gene expression. 

ROS, tetrapyrrole intermediates, PAP and MEcPP represent major signaling components identified in the 

reviewed literature. Among these, ROS are prominent early signals, while PAP and MEcPP provide important 

metabolic information. GUN1 and associated transcriptional regulators contribute to coordination between 

chloroplast status and nuclear responses.  
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The interaction of retrograde pathways with ABA, SA and JA further demonstrates the integrated nature of plant 

stress signaling. Overall, the findings indicate that understanding chloroplast-to-nucleus communication may 

provide a useful foundation for future research aimed at improving plant adaptation and developing stress-

resilient crops. 
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