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Organelle Dynamics during Salinity-Induced Programmed Cell Death in Plants 

Programmed cell death (PCD) is a complex mechanism induced by environmental stress (ePCD) or develop-

mental processes (dPCD). ePCD can be triggered by various types of unfavorable abiotic conditions, includ-

ing salinity stress. Exposure to high concentrations of salt not only alters plant morphological characteristics 

but also severely affects biochemical and molecular processes. Furthermore, plants activate numerous defense 

mechanisms that operate in different organelles within the plant cell. These mechanisms involve ionic, osmot-

ic, and oxidative damage affecting the plasma membrane, mitochondria, chloroplasts, vacuoles, and nucleus. 

A major disturbance in the plasma membrane is characterized by impaired transport processes, ROS accumu-

lation, and Ca²⁺  influx. Mitochondrial dysfunction is closely associated with excessive ROS accumulation, 

activation of protective pathways such as AOX, UCPs, and the GABA shunt, and cytochrome c release. 

Moreover, the photosynthetic rate is substantially reduced in association with a decline in chlorophyll con-

tent. Vacuoles integrate osmotic and ionic signals by sequestering Na⁺  through NHX antiporters and  

V-ATPase activity; however, when this system collapses, Ca²⁺  signals converge on the nucleus. Further-

more, the overproduction of ROS acts as a signaling molecule in the activation of EXECUTER proteins in-

volved in chloroplast–nucleus communication. Salinization activates osmotic, ionic, and oxidative signaling 

pathways that ultimately result in chromatin degradation. Altogether, these interconnected processes contrib-

ute to the induction of PCD. 

Keywords: Programmed cell death, salinity stress, reactive oxygen species, nitic oxide, phytohormones,  

enzyme. 

 

Introduction 

Programmed cell death (PCD) is a genetically regulated series of events resulting in cell death [1]. It 

eliminates unnecessarily damaged cells across all developmental stages, starting from germination to the 

plant’s death [2]. PCD is classified into two distinct groups based on the mode of induction, triggered by en-

vironmental stress (ePCD) and triggered by developmental processes (dPCD) [3]. dPCD is involved in the 

latest stage of cell differentiation in various parts of the plant, controlling the formation of new cells; moreo-

ver, it may occur as a result of cell-to-cell signaling, and it is the final point of senescence in all plant tis-

sues [1]. On the other hand, ePCD is induced by abiotic (drought, salinity, temperature, heavy metals, etc.) or 

biotic (pathogens, parasites, insects, etc.) stresses. In both types, PCD is a crucial step in plant growth and 

development, helping to control and respond to the internal or external stimuli in plants. 

Among other defense mechanisms in a plant, PCD plays a key role during stress conditions, but it acts 

differently compared with other responses. In most cases, the defense systems have interplay with reactive 

oxygen species (ROS), which, in the case of PCD, is a main regulatory factor. However, during pPCD, dam-

aged or highly affected cells by stress conditions are purposely killed in order not to affect the other living 

cells. So the plant can maintain a stable and acquired number of healthy living cells [4]. 

Review 

Firstly, the term PCD was used by Lockshin and Williams (1964) and since then, many studies on the 

role in plant growth and development have been carried on. Several studies indicate that signaling pathways 

regulating PCD in both animals and plants are similar. PCD in plants is not only a developmental process, 

but also a significant response mechanism under salt stress. Salinity triggers ion imbalance, osmotic stress 

and oxidative damage, which can activate PCD pathways in plant cells [5]. Under salt stress, 
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overaccumulation of ROS becomes a “secondary stress” that impairs cellular function in organelles like 

chloroplasts, mitochondria, peroxisomes and the apoplast are principal sources of ROS under such  

conditions [6]. ROS accumulation under salinity not only damages molecular component, but also serves as a 

signaling cascade to initiate PCD. In salt-stressed cells, NADPH oxidases and mitochondrial respiration are 

activated, further enhancing ROS levels that lead to cell death [7]. NO acts as a redox-active signaling mole-

cule, promoting survival at low concentrations but contributing to PCD at high levels, particularly when ROS 

are elevated. Crosstalk between NO and ROS regulates redox balance and forms peroxynitrite (ONOO
-
), a 

potent oxidant that damages membranes, proteins, and nucleic acids, triggering PCD (a phenomenon called 

nitrosative burst) [8, 9]. Ionic imbalance, including high Na
+
 influx and K

+
 efflux, also contributes to PCD 

activation under salinity [7]. Calcium signaling is another critical regulator of salt-induced PCD, as elevated 

cytosolic Ca
2+

 activates downstream cascades, including ROS-producing enzymes like vacuolar processing 

enzymes (VPEs) and other cell death effectors [10]. Phytohormones coordinate stress responses and PCD: 

salicylic acid (SA) enhances antioxidant activity and reduces ROS-mediated cell death [11], while ethylene 

provides protection, as shown by higher salt-induced death in ethylene-insensitive Arabidopsis mutants 

(ein2-5, ein3-1) [12]. Jasmonic (JA) and gibberellins (GA) interact with SA pathways, redox balance and 

gene expression, influencing cell survival of PCD under salinity [13]. 

During PCD, various organelles play specific but interconnected roles. For example, the plasma mem-

brane (PM) acts as the primary sensor of environmental stress, detecting ionic, osmotic and oxidative chang-

es and initiating signaling cascades [21]. The mitochondria serve as one of the early stress sensors by releas-

ing signaling factors, including the release of cytochrome c, which initiates further downstream cell death 

events [14]. Also, nuclear changes include chromatin condensation and nuclear degradation, triggered down-

stream of vacuole rupture during tracheary element differentiation and PCD in Zinnia plant [15]. Moreover, 

the vacuole undergoes tonoplast premeabilisation or rupture to release hydrolyses into cytoplasmic con-

tents [16]. Finally, chloroplasts participate in ROS generation under stress and may experience thylakoid 

disorganization [17]. Altogether, these events are intertwined, forming cross-talk circuits that push the cell 

toward irreversible death. 

Under salinity stress, PCD is a tightly regulated process in which stress signals like ROS, NO, Ca
2+

, and 

phytohormones activate proteolytic enzymes and trigger organelle responses. Excessive salinity alters ions as 

well as redox balance, leading to structural and biochemical alterations in PM, mitochondria, chloroplasts, 

vacuoles and nuclei. These organelles communicate through ROS as well as calcium signaling, ensuring co-

ordinated execution of cell death. Understanding their cross-talk during salinity stress gives valuable infor-

mation about plant adaptations and the regulation of PCD during stress. In many studies, researchers de-

scribed this mechanism mostly in animals; however, there are limited sources about plant PCD induced by 

salinity. Moreover, numerous amount of discoveries were made on the separate organelles, whereas few re-

views summarise that knowledge about the relationship between plant organelles and PCD. Hence, in the 

following review, we will focus on detailed biochemical changes occurring in these organelles and their in-

terconnections during salinity stress that lead to PCD. 

 

1. Salinity stress 

One of the most widespread stress factors affecting plants is salinization. It is estimated that by 2050, 

50 % of cultivable land will be impacted by salinity stress [18]. It is described as a high concentration of so-

dium (Na
+
), chloride (Cl

-
), potassium (K

+
), and sulfate (SO4

2-
) in a soil, which inhibits mineral uptake by 

roots. Further, these ions can subsequently be dissolved in water and transported to plant cells [18]. Accord-

ing to the type of salinity-inducing elements and pH, salinization is classified into two distinct groups: neu-

tral and alkaline salinity. Neutral salinity is mainly induced by NaCl at pH = 6.998, and alkaline one is 

caused by sodium carbonate (Na2CO3) or potassium carbonate (K2CO3), where pH > 10.5 [19]. 

Salt stress conditions not only affect plant morphology but also exert profound effects on biochemical 

and molecular processes. Therefore, it affects many organelles within a plant cell, including the PM, mito-

chondria, vacuole, chloroplast and nucleus. Moreover, the homeostatic disturbance during high salinity ex-

posure is classified into two stages known as primary (decline in plant growth and mineral absorption) and 

secondary (damage of biomolecules by ROS) [20]. 

 

2. Plasma Membrane (PM) dynamics under salinity stress 

Plasma membrane (PM) serves as a vital interface between the plant cell and its environment, exhibit-

ing high dynamism and changing structural and functional features in response to environmental  
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stresses [21]. Under salinity, the PM becomes the primary sensor of ionic, osmotic and oxidative stresses, 

which act together and directly affect the behavior of PM channels [22]. The ionic aspect of salinity arises 

from toxic effects of specific ions, such as Na
+
 and Cl

-
, and from nutrient disruptions, while high salt concen-

trations lower water potential, causing water deficit or osmotic stress [23]. In addition, salt stress promoted 

the generation of ROS, including singlet oxygen, superoxide anion, hydrogen peroxide and hydroxyl radi-

cals, causing oxidative stress in many plants [24]. 

Figure 1 indicates that PM-associated stress sensors, such as receptor-like kinases (RLKs) [25], 

glycosyl inositol phosphoryl ceramides (GIPCs) [26], and other membrane proteins, first detect high external 

salts. These sensors trigger downstream signaling pathways, notably the SOS (Salt Overly Sensitive) path-

way, which attempts to regulate Na extrusion and maintain ionic homeostasis [25–28]. 

 

 

Figure 1. Plasma membrane function during salinity stress, which leads to PCD.  

Created using Canva. Inspired by [43] 

For ionic stress, Na
+
 enters the cytoplasm through non-selective cation channels (NSCCs) like cyclic 

nucleotide-gated channels (CNGCs) [29] and glutamate-activated channels (GLRs) [30], while K
+
 efflux oc-

curs via outward-rectifying K
+
 channels (GORK) [31]. High cytoplasmic Na

+
 leads to the formation of PM 

microdomains (MOCA1), which in turn activate Ca
2+

 channels, resulting in a significant influx of Ca
2+

 into 

the cytoplasm. If the PM transporter, like SOS1, that plays a critical role in controlling the NHX antiporters 

in the vacuole, becomes overwhelmed [32], then cytoplasmic Na
+
 accumulation and K+ depletion destabilize 

membrane potential and disrupt enzyme activity, generating strong intracellular death signals that contribute 

to PCD initiation [33]. 

Osmotic stress caused by high salt reduces water potential [34], leading to cytoplasmic dehydration and 

cell shrinkage. PM sensors, including RLKs and GIPCs, detect these changes, and the elevated Na
+
 levels 

further trigger Ca
2+

 influx through PM channels [25, 26]. Under extreme stress, osmotic adjustment fails, 

resulting in vacuolar contraction and structural destabilization that amplify the intracellular death signal, fur-

ther driving PCD [35]. 

Meanwhile, the PM acts as a major site for ROS production via NADPH oxidases (RBOH) [36]. ROS 

such as superoxide anion and hydrogen peroxide accumulate in the cytoplasm and apoplast, overwhelming 

detoxification mechanisms [37–39]. ROS production at the PM, combined with ionic and osmotic imbalanc-

es, acts as a death signal, activating downstream transcription factors (e.g. CBF/DREB) [40–42] and orga-

nelle-mediated PCD pathways, including mitochondrial dysfunction, vacuolar collapse and caspase-like pro-

tease activation [33]. 

Thus, under severe salinity stress, the PM integrates ionic, osmotic and oxidative stress signals, but ra-

ther than protecting the cell, its dysregulated responses converge to trigger PCD. 
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3. Mitochondrial Dynamics Under Salinity Stress 

Mitochondria show a distinct and highly sensitive response to salinity stress because of their central 

roles in energy production, signaling and carbon metabolism [43]. Salt stress disturbs the normal balance of 

mitochondrial fission and fusion, leading to swelling, fragmentation and a decrease in membrane poten-

tial [44]. As ion homeostasis and osmotic balance shift under high salt, mitochondrial compartments sense 

cytosolic Na
+
 accumulation and initiate early adaptive responses [45]. One of the earliest changes is a decline 

in the inner membrane potential (ΔΨm) due to the opening of permeability transition pores (PTPs) [46], as 

illustrated in Figure 2. 

 

Figure 2. Mitochondrial response during salinity stress exposure.  

Created using BioRender.com. Inspired by [43] 

Mitochondrial oxidative phosphorylation (OXPHOS) depends on the electron transport chain  

(Complexes I-IV) and ATP synthase (Complex V) to generate ATP [47]. Complexes I, III and IV pump pro-

tons into the intermembrane space, creating an electrochemical gradient that drives ATP synthesis [48]. Un-

der normal conditions, proton pumping and ATP production remain balanced, ensuring stable ΔΨm. Howev-

er, salinity disrupts this balance, causing excess proton buildup, over-reduction of the ETC, and impaired 

ATP synthesis [49]. 

Salt stress affects the tricarboxylic acid (TCA) cycle, reducing the activity of key enzymes such as cit-

rate synthase and isocitrate dehydrogenase [50]. This limits the supply of NADH and FADH2 to the ETC, 

weakening OXPHOS and promoting electron leakage, which increases mitochondrial ROS production [6]. 

To restore homeostasis under salt stress, mitochondria activate Ca
2+

 transporters and bypass systems 

such as AOX and UCPs, which reduce redox pressure and help stabilize ΔΨm [49, 51]. AOX maintains 

NADH oxidation by bypassing Complexes III and IV, while UCPs mildly dissipate the proton gradient to 

limit ROS without fully stopping ATP production [52; 51]. Antioxidant defenses, including MnSOD and 

enzymes of the ascorbate-glutathione cycle, further detoxify ROS and support redox balance [51]. 

Salt stress also induced the GABA shunt, where glutamate is converted to GABA and then to succinate, 

supplying the TCA cycle and reducing ROS when photosynthesis and growth decline [53, 54]. 

Under severe salinity, excess ROS act as damage signals, activating DRP3A/DRP2B and promoting mi-

tochondrial fragmentation [55, 56]. ROS also trigger mPTP opening, causing ΔΨm collapse and releasing 

cytochrome c, which activates caspase-like proteases and initiates irreversible PCD [57, 58]. When AOX, 

UCPs, antioxidant systems and the GABA shunt can no longer rebalance energy and redox status, ATP de-

pletion worsens mitochondrial failure [43], driving the cell toward programmed death. 
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4. Chloroplast During Salinity Stress 

Chloroplast is highly affected during exposure to high saline conditions. Many vital processes, which 

take place in chloroplasts, are declined, including photosynthesis. Those effects can be subdivided as osmotic 

and ionic stresses [59]. Osmotic stress is triggered by high salt concentration in soil, which disturbs the water 

absorption by roots, resulting in water deficit, and ionic stress is described as mechanical damage by an ex-

treme amount of salt in transpiring leaf cells [60]. Munns proposed the idea of the biphasic model of plant 

response to salinity stress in 1993. Where he described the first phase as not salt-specific growth retardation 

due to water deficiency, while the second salt-specific phase is related to leaf death associated with rapid 

accumulation of salt in cytoplasm and cell walls [61]. Furthermore, it leads to stomatal closure, reduced chlo-

rophyll content, decreased CO₂ concentration, and a decline in photosynthesis [62]. 

Exposure of plants to salinity stress leads to a decline in CO2 assimilation, causing an over-reduction of 

photosystem II (PSII). This imbalance results in the formation of ROS, particularly singlet oxygen 

(¹O₂) [63]. In photosynthetically active leaves, chloroplasts serve as primary sites of ROS generation [64]. 

The major ROS species formed in chloroplasts include singlet oxygen (¹O₂), superoxide radicals (O₂⁻), hy-

drogen peroxide (H₂O₂) and hydroxyl radicals (•ОН) [65] (Tab. 1). Because radical forms of ROS are diffi-

cult to detect directly, most studies focus on measuring non-radical H₂O₂ accumulation as an indicator of 

oxidative stress under saline conditions [63]. 

T a b l e  1  

The effect of different concentrations of salinity on different plant species 

 

Plant species 

Salt  

concentration 

(NaCl) 

Chloroplast content 
Photosynthetic  

efficiency 
PCD marker References 

1. A Korean wheat 

cultivar  

cv. Keumgang 

(Triticum 

aestivum L.) 

150 mM for  

1, 2, or 3 days 

The levels of Chl a and 

b decreased to 79 % of 

the control at 1 day, 

59 % at 2 days, and 

53 % at 3 days 

Photosynthetic rate 

decreased to 79 % at 

1 day, 59 % at 2 days, 

and 53 % at 3 days 

 

Proline contents 

rose to 102 % of 

the untreated 

control at 1 day, 

104 % at 2 days, 

and 109 % at 3 

days 

[66] 

2. Barley  

(Hordeum 

vulgare L.)) 

100 and  

200 mM 

El Arich, Giza2000, 

Giza127 lose, respec-

tively 33 %, 36 % and 

43 % of their total chlo-

rophyll content 

A significant decrease 

only in Giza127 at 

200mM NaCl 

An increase in 

MDA content in 

almost all barley 

genotypes 

[67] 

3. (Vicia faba L.) 60, 120, 240 

mM 

Chl a content decreased, 

reaching its lowest con-

tent, 0.270 and 0.426 

mg/g fresh weight, at 

240 mM 

Due to the decline in 

photosynthetic pig-

ments, decrease in 

photosynthetic rate as 

well 

Decline in pro-

tein content 

[68] 

4. Barley  

(Hordeum 

vulgare L.) 

200 mM Chl a content from 14 % 

to 41 %, chl b contents 

were reduced from 

12 %, to 46.8 % and 

similarly, total chloro-

phyll contents were de-

creased from 10.3 % to 

50.3 % 

The efficiency of 

electron donation to 

PSI (Fv/Fo) and 

maximum quantum 

yield of PSII (Fv/Fm) 

was significantly re-

duced 

Enhanced dissi-

pation energy 

flux per reaction 

center (DIO/RC) 

in thylakoid 

membrane. 

[69] 

5. Oat  

(Avena sativa L.) 

48, 72, 96, 120, 

144 mmolL
-1

 

At 96 mmolL
-1

 NaCl, 

the content of chloro-

phyll a decreased to 

0.86 times, while the 

content of chlorophyll b 

decreased to 0.7 times 

compared with the con-

trols 

Decline in photosyn-

thetic rate due to the 

decrease in chloro-

plast content 

The proline con-

tent in shoots 

was increased by 

3.26 times under 

NaCl stress, and 

the proline con-

tent in roots by 

3.41 times 

[70] 
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5. Vacuole During Salinity Stress 

Under saline conditions, plants rapidly experience osmotic, ionic and oxidative stress, while excess Na
+
 

and Cl
-
 disrupt cytosolic ion homeostasis, enzyme activation, biomolecule synthesis and hormonal imbal-

ance [71]. Excess accumulation of these ions provokes the activation of vacuolar transport systems to se-

quester toxic ions into the vacuoles and maintain a favorable K
+
/Na

+
 ratio [72]. Vacuolar transport systems 

include Na
+
/H

+
 antiporters, V-ATPase, V-PPase, Ca

2+
-ATPase, aquaporin, ABC transporters and etc. [73]. 

At the same time, some adjustments of the morphological and functional structure of the vacuole, such as 

vacuole enlargement (swelling), tonoplast remodeling, changes in cytosolic pH as a response to osmotic im-

balance [74], and thereby protecting the cytoplasm from ion toxicity. These dynamic changes in vacuolar 

volume, tonoplast structure and internal environment, altogether contribute to the maintenance of turgor 

pressure [3] and support osmotic adjustment [67] during the early stages of salt stress, thus protecting the 

cytoplasm from rapid ionic stress damage. 

However, failure to sequester excess Na into the vacuole causes severe cytosolic stress [75]. High salt 

levels induce ROS production, leading to oxidative damage of tonoplast lipids and proteins [76]. Under these 

conditions, cells shift to an energy-saving metabolic state, degrading stored reserves and nonessential com-

ponents to supply metabolites for energy production and essential biosynthesis [77]. Elevated cytosolic Ca
2+

 

further activated stress-signaling pathways that weaken vacuolar integrity. Early stress hormones such as 

salicylic acid (SA), gibberellin (GA) and ethylene trigger Ca
2+

 signaling and play critical roles in plant 

PCD [3; 10]. Disruption of the vacuolar Ca pumps ACA4 and ACA11 increases apoptosis-like cell death 

through an SA-dependent pathway [10], highlighting their role in linking vacuolar Ca
2+

 signaling to PCD 

onset [78]. Stress-induced autophagy often protects cells by restoring energy balance and suppressing PCD 

[79–81]. However, unknown signals can redirect autophagy into a pathway that promotes vacuole-dependent 

PCD [83, 82], characterized by tonoplast permeabilization and rupture, which releases hydrolases and drives 

cytoplasmic degradation [84, 77]. Vacuolar processing enzymes (VPEs) and other proteases can also initiate 

hypersensitive-response (HR) PCD under abiotic and biotic stress, and peroxisomal catalase removal via 

pexophagy may be required for HR activation [83, 86, 85]. Before tonoplast rupture, vacuoles show in-

creased lytic activity as autophagy-derived cargo and stress-induced proteases accumulate [77]. Activation of 

VPE and related proteases triggers membrane collapse and release of acidic contents―a hallmark of vacu-

ole-mediated PCD [85]. Disrupted coordination between autophagy and osmotic adjustment may contribute 

to tonoplast rupture [87]. Once the membrane collapses, hydrolases degrade the protoplast and later the cell 

wall. Notably, under severe energy deficiency, autophagy itself can act as a direct inducer of PCD [88]. 

 

6. Nucleus Under Salinity Stress 

A number of processes are affected by salt exposure, including cell division. Cell division is a primary 

process determining the cell shape and its further development. High salinity conditions can alter symmetry 

and asymmetry ratio, meaning the distribution of cytoplasmic components between daughter cells during 

division [89]. Moreover, it severely disrupts the work of the cytoskeleton. Salt stress induced significant dis-

turbances in the interactions among cytoskeletal components. It affects both ion transport regulation and the 

biosynthesis and regulation of various membrane and non-membrane proteins, including transporters and 

enzymes [90]. These can happen in individual cells. In some cases, cytoskeletal damage becomes irreversi-

ble, as components may form aberrant structures, including crystalline-like aggregates, which cannot be 

properly assembled and persist in daughter cells after division [91]. Additionally, earlier it was reported that 

the chloroplast proteins EXECUTER1 and EXECUTER2 transfer oxidative signals from the plastid to the 

nucleus [92]. Overaccumulation of ROS species in the nucleus resulted in cell death. 

Another type of PCD regulation involved iron homeostasis. Iron is a crucial element that plays a key 

role in development, photosynthesis, chlorophyll biosynthesis and DNA synthesis through the formation of 

Fe-S clusters and heme groups [93]. Both ROS and NO can influence ion homeostasis in plant cells. Iron 

readily reacts with ROS to generate highly reactive and toxic species; for example, during the Fenton reac-

tion, Fe
2+

 reacts with hydrogen peroxide (H₂O₂) to produce hydroxyl radicals (•ОН), which can damage nu-

cleic acids, proteins and lipids. NO is also a key element in maintaining iron balance; it helps sequester iron 

and reduce oxidative damage [94]. Furthermore, NO functions as a signaling molecule during ferritin synthe-

sis, contributing to iron storage and cellular protection [93]. 
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7. Interconnection of Cellular Organelles under Salinity Stress 

Under salinity stress, plant organelles do not act independently; instead, they form an integrated signal-

ing network in which ionic, osmotic and oxidative cues propagate rapidly between the plasma mem-

brane (PM), mitochondria, chloroplasts, vacuole and nucleus. As shown in Figure 3, high Na
+
 and Cl

-
 levels 

first disturb PM transport systems, driving Ca
2+

 influx and ROS accumulation that serve as early signals 

transmitted to internal organelles [22, 25, 36]. Mitochondria respond by altering ΔΨm, increasing ROS pro-

duction and activating protective pathways such as AOX, UCPs and the GABA shunt, but excessive stress 

leads to mPTP opening and cytochrome c release, linking mitochondrial dysfunction directly to PCD initia-

tion [46, 51, 57]. Chloroplasts similarly generate large amounts of ROS due to PSII over-reduction, and these 

oxidative signals are relayed to the nucleus via chloroplast-nuclear communication pathways such as 

EXECUTER proteins, reinforcing stress-induced transcriptional reprogramming and DNA degradation 

[63, 92]. Vacuoles integrate osmotic and ionic signals by sequestering Na
+
 through NHX antiporters  

and V-ATPase activity, but when this system collapses and Ca
2+

 converge on the nucleus, causing chromatin 

condensation and fragmentation, ultimately sealing the commitment to PCD [89]. Together, these intercon-

nected organelles create a coordinated stress-response circuit in which membrane transport, ROS signaling, 

Ca
2+

 fluxes and protease activation collectively determine whether the cell adapts or undergoes PCD. 

 

 

Figure 3. Interconnection of cellular organelles during salinity stress leading to PCD.  

Created using Biorender.com. 

Future perspectives 

Although significant progress has been made in understanding how individual organelles respond to sa-

linity, their coordinated behavior during PCD remains insufficiently explored. Future research should focus 

on identifying the precise molecular signals, such as ROS, NO, Ca fluxes and phytohormone crosstalk that 

mediate communication between mitochondria, chloroplasts, vacuoles, the plasma membrane and nucleus 

under salt stress. Advancing imaging and omics technologies could help visualize real-time organelle inter-

actions and uncover early biomarkers predicting the shift from stress tolerance to PCD. Moreover, engineer-

ing key regulators such as SOS transporters, vacuolar pumps, antioxidant systems, mitochondrial metabolic 

pathways (AOX, UCPs, GABA shunt), and chloroplast ROS-detoxifying components may provide new 

strategies for developing salt-tolerant crops. Integrating these findings will be essential for constructing 

comprehensive models of organelle-driven PCD and improving plant resilience in increasingly saline envi-

ronments. 

Conclusion 

This review discussed the effect of high salinity exposure on the five main organelles in a plant cell, re-

sulting in PCD. Over time, plants have developed a defensive system in order to protect themselves from 

high salinity. Indeed, although plants do not possess an equivalent to the animal adaptive immune system, 
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they deploy a number of defense mechanisms, and the severity of plant stress is tightly correlated with plant 

species, salt concentration and exposure longevity. The ratio between these two (plant defense system and 

severity of salinity) determines whether the plant will tolerate or activate PCD mechanisms. Hence, it is cru-

cial to investigate the defensive mechanism and their interconnection in order to develop new strategies for 

producing plant species tolerant to salinity. 

Funding 

This research was funded by the Science Committee of the Ministry of Science and Higher Education 

of the Republic of Kazakhstan (Grant No. AP23483695). 

Conflict of Interest 

The authors declare no conflict of interest. 

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given approval to  

the final version of the manuscript. CRediT: Kumargazy K.D., Satu A.S. — investigation, data curation, 

writing — original draft; Temirkhanov A.Zh, Nurbekova Zh.A., Khusanov T. — writing — review  

& editing; Nurbekova Zh.A. — supervision; Temirkhanov A.Zh. — project administration, funding 

acquisition. 

 

 

References 

1 Daneva, A., Gao, Z., Van Durme, M., & Nowack, M. K. (2016). Functions and Regulation of Programmed Cell Death in 

Plant Development. Annual Review of Cell and Developmental Biology, 32(1), 441–468. https://doi.org/10.1146/annurev-cellbio-

111315-124915 

2 Fagundes, D., Bohn, B., Cabreira, C., Leipelt, F., Dias, N., Bodanese-Zanettini, M. H., & Cagliari, A. (2015). Caspases in 

plants: Metacaspase gene family in plant stress responses. Functional & Integrative Genomics, 15(6), 639–649. 

https://doi.org/10.1007/s10142-015-0459-7 

3 Jiang, C., Wang, J., Leng, H. -N., Wang, X., Liu, Y., Lu, H., Lu, M. -Z., & Zhang, J. (2021). Transcriptional Regulation and 

Signaling of Developmental Programmed Cell Death in Plants. Frontiers in Plant Science, 12, 702928. 

https://doi.org/10.3389/fpls.2021.702928 

4 Ye, C., Zheng, S., Jiang, D., Lu, J., Huang, Z., Liu, Z., Zhou, H., Zhuang, C., & Li, J. (2021). Initiation and Execution of 

Programmed Cell Death and Regulation of Reactive Oxygen Species in Plants. International Journal of Molecular Sciences, 22(23), 

12942. https://doi.org/10.3390/ijms222312942 

5 Shabala, S. (2009). Salinity and programmed cell death: Unravelling mechanisms for ion specific signalling. Journal of Ex-

perimental Botany, 60(3), 709–712. https://doi.org/10.1093/jxb/erp013 

6 Liu, J., Fu, C., Li, G., Khan, M. N., & Wu, H. (2021). ROS Homeostasis and Plant Salt Tolerance: Plant Nanobiotechnology 

Updates. Sustainability, 13(6), 3552. https://doi.org/10.3390/su13063552 

7 Petrov, V., Hille, J., Mueller-Roeber, B., & Gechev, T. S. (2015). ROS-mediated abiotic stress-induced programmed cell 

death in plants. Frontiers in Plant Science, 6. https://doi.org/10.3389/fpls.2015.00069 

8 Zaninotto, F., Camera, S. L., Polverari, A., & Delledonne, M. (2006). Cross Talk between Reactive Nitrogen and Oxygen 

Species during the Hypersensitive Disease Resistance Response. Plant Physiology, 141(2), 379–383. 

https://doi.org/10.1104/pp.106.078857 

9 Wang, Y., Loake, G. J., & Chu, C. (2013). Cross-talk of nitric oxide and reactive oxygen species in plant programed cell 

death. Frontiers in Plant Science, 4. https://doi.org/10.3389/fpls.2013.00314 

10 Ren, H., Zhao, X., Li, W., Hussain, J., Qi, G., & Liu, S. (2021). Calcium Signaling in Plant Programmed Cell Death. Cells, 

10(5), 1089. https://doi.org/10.3390/cells10051089 

11 Barwal, S. K., Shah, S. H., Pawar, A., Siddiqui, M. H., Agnihotri, R. K., Vimala, Y., & Wani, S. H. (2024). Mechanistic in-

sights of salicylic acid-mediated salt stress tolerance in Zea mays L. seedlings. Heliyon, 10(14), e34486. 

https://doi.org/10.1016/j.heliyon.2024.e34486 

12 Pan, Y. -J., Liu, L., Lin, Y. -C., Zu, Y. -G., Li, L. -P., & Tang, Z. -H. (2016). Ethylene Antagonizes Salt-Induced Growth Re-

tardation and Cell Death Process via Transcriptional Controlling of Ethylene-, BAG- and Senescence-Associated Genes in Arabidop-

sis. Frontiers in Plant Science, 7. https://doi.org/10.3389/fpls.2016.00696 

13 Zhu, Y., Wang, Q., Gao, Z., Wang, Y., Liu, Y., Ma, Z., Chen, Y., Zhang, Y., Yan, F., & Li, J. (2021). Analysis of 

Phytohormone Signal Transduction in Sophora alopecuroides under Salt Stress. International Journal of Molecular Sciences, 22(14), 

7313. https://doi.org/10.3390/ijms22147313 



Organelle Dynamics during… 

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 25 

14 Schwarze, J., Carolan, J. C., Stewart, G. S., McCabe, P. F., & Kacprzyk, J. (2023). The boundary of life and death: Changes 

in mitochondrial and cytosolic proteomes associated with programmed cell death of Arabidopsis thaliana suspension culture cells. 

Frontiers in Plant Science, 14, 1194866. https://doi.org/10.3389/fpls.2023.1194866 

15 Obara, K., Kuriyama, H., & Fukuda, H. (2001). Direct Evidence of Active and Rapid Nuclear Degradation Triggered by 

Vacuole Rupture during Programmed Cell Death in Zinnia. Plant Physiology, 125(2), 615–626. https://doi.org/10.1104/pp.125.2.615 

16 Wertman, J., Lord, C. E., Dauphinee, A. N., & Gunawardena, A. H. (2012). The pathway of cell dismantling during pro-

grammed cell death in lace plant (Aponogeton madagascariensis) leaves. BMC Plant Biology, 12(1), 115. 

https://doi.org/10.1186/1471-2229-12-115 

17 Williams, B., & Dickman, M. (2008). Plant programmed cell death: Can’t live with it; can’t live without it. Molecular Plant 

Pathology, 9(4), 531–544. https://doi.org/10.1111/j.1364-3703.2008.00473.x 

18 Mustafa, G., Akhtar, M. S., & Abdullah, R. (2019). Global Concern for Salinity on Various Agro-Ecosystems. In 

M.S. Akhtar (Ed.), Salt Stress, Microbes, and Plant Interactions: Causes and Solution (pp. 1–19). Springer Singapore. 

https://doi.org/10.1007/978-981-13-8801-9_1 

19 Stavi, I., Thevs, N., & Priori, S. (2021). Soil Salinity and Sodicity in Drylands: A Review of Causes, Effects, Monitoring, and 

Restoration Measures. Frontiers in Environmental Science, 9, 712831. https://doi.org/10.3389/fenvs.2021.712831 

20 Ondrasek, G., Rathod, S., Manohara, K. K., Gireesh, C., Anantha, M. S., Sakhare, A. S., Parmar, B., Yadav, B. K., 

Bandumula, N., Raihan, F., Zielińska-Chmielewska, A., Meriño-Gergichevich, C., Reyes-Díaz, M., Khan, A., Panfilova, O.,  

Seguel Fuentealba, A., Romero, S. M., Nabil, B., Wan, C. (Craig), … Horvatinec, J. (2022). Salt Stress in Plants and Mitigation  

Approaches. Plants, 11(6), 717. https://doi.org/10.3390/plants11060717 

21 Conde, A., Chaves, M. M., & Geros, H. (2011). Membrane Transport, Sensing and Signaling in Plant Adaptation to Envi-

ronmental Stress. Plant and Cell Physiology, 52(9), 1583–1602. https://doi.org/10.1093/pcp/pcr107 

22 Mansour, M. M. F. (2014). The plasma membrane transport systems and adaptation to salinity. Journal of Plant Physiology, 

171(18), 1787–1800. https://doi.org/10.1016/j.jplph.2014.08.016 

23 Kingsbury, R. W., & Epstein, E. (1986). Salt Sensitivity in Wheat: A Case for Specific Ion Toxicity. Plant Physiology, 80(3), 

651–654. https://doi.org/10.1104/pp.80.3.651 

24 Sharma, P., Jha, A. B., Dubey, R. S., & Pessarakli, M. (2012). Reactive Oxygen Species, Oxidative Damage, and 

Antioxidative Defense Mechanism in Plants under Stressful Conditions. Journal of Botany, 2012, 1–26. 

https://doi.org/10.1155/2012/217037 

25 Gandhi, A., & Oelmüller, R. (2023). Emerging Roles of Receptor-like Protein Kinases in Plant Response to Abiotic Stresses. 

International Journal of Molecular Sciences, 24(19), 14762. https://doi.org/10.3390/ijms241914762 

26 Jiang, Z., Zhou, X., Tao, M., Yuan, F., Liu, L., Wu, F., Wu, X., Xiang, Y., Niu, Y., Liu, F., Li, C., Ye, R., Byeon, B.,  

Xue, Y., Zhao, H., Wang, H. -N., Crawford, B. M., Johnson, D. M., Hu, C., … Pei, Z. -M. (2019). Plant cell-surface GIPC 

sphingolipids sense salt to trigger Ca2+ influx. Nature, 572(7769), 341–346. https://doi.org/10.1038/s41586-019-1449-z 

27 Shi, H., Ishitani, M., Kim, C., & Zhu, J. -K. (2000). The Arabidopsis thaliana salt tolerance gene SOS1 encodes a putative 

Na+ /H+ antiporter. Proceedings of the National Academy of Sciences, 97(12), 6896–6901. https://doi.org/10.1073/pnas.120170197 

28 Shi, H., Quintero, F. J., Pardo, J. M., & Zhu, J. -K. (2002). The Putative Plasma Membrane Na+ /H+ Antiporter SOS1 Con-

trols Long-Distance Na+ Transport in Plants. The Plant Cell, 14(2), 465–477. https://doi.org/10.1105/tpc.010371 

29 Phang, T., Shao, G., & Lam, H. (2008). Salt Tolerance in Soybean. Journal of Integrative Plant Biology, 50(10), 1196–1212. 

https://doi.org/10.1111/j.1744-7909.2008.00760.x 

30 Craig Plett, D., & Møller, I. S. (2010). Na+ transport in glycophytic plants: What we know and would like to know. Plant, 

Cell & Environment, 33(4), 612–626. https://doi.org/10.1111/j.1365-3040.2009.02086.x 

31 Eisenach, C., Papanatsiou, M., Hillert, E., & Blatt, M. R. (2014). Clustering of the K+ channel GORK of A rabidopsis paral-

lels its gating by extracellular K+. The Plant Journal, 78(2), 203–214. https://doi.org/10.1111/tpj.12471 

32 Qiu, Q. -S., Guo, Y., Quintero, F. J., Pardo, J. M., Schumaker, K. S., & Zhu, J. -K. (2004). Regulation of Vacuolar Na+/H+ 

Exchange in Arabidopsis thaliana by the Salt-Overly-Sensitive (SOS) Pathway. Journal of Biological Chemistry, 279(1), 207–215. 

https://doi.org/10.1074/jbc.M307982200 

33 Joseph, B., & Jini, D. (2010). Salinity Induced Programmed Cell Death in Plants: Challenges and Opportunities for Salt-

tolerant Plants. Journal of Plant Sciences, 5(4), 376–390. https://doi.org/10.3923/jps.2010.376.390 

34 Mansour, M. M. F., Salama, K. H. A., & Allam, H. Y. H. (2015). Role of the Plasma Membrane in Saline Conditions: Lipids 

and Proteins. The Botanical Review, 81(4), 416–451. https://doi.org/10.1007/s12229-015-9156-4 

35 Hatsugai, N., Kuroyanagi, M., Yamada, K., Meshi, T., Tsuda, S., Kondo, M., Nishimura, M., & Hara-Nishimura, I. (2004). A 

Plant Vacuolar Protease, VPE, Mediates Virus-Induced Hypersensitive Cell Death. Science, 305(5685), 855–858. 

https://doi.org/10.1126/science.1099859 

36 Liu, M., Yu, H., Ouyang, B., Shi, C., Demidchik, V., Hao, Z., Yu, M., & Shabala, S. (2020). NADPH oxidases and the evolu-

tion of plant salinity tolerance. Plant, Cell & Environment, 43(12), 2957–2968. https://doi.org/10.1111/pce.13907 

37 Farvardin, A., González-Hernández, A. I., Llorens, E., García-Agustín, P., Scalschi, L., & Vicedo, B. (2020). The Apoplast: 

A Key Player in Plant Survival. Antioxidants, 9(7), 604. https://doi.org/10.3390/antiox9070604 

38 Hasanuzzaman, M., Raihan, Md. R. H., Masud, A. A. C., Rahman, K., Nowroz, F., Rahman, M., Nahar, K., & Fujita, M. 

(2021). Regulation of Reactive Oxygen Species and Antioxidant Defense in Plants under Salinity. International Journal of Molecu-

lar Sciences, 22(17), 9326. https://doi.org/10.3390/ijms22179326 



K.D. Kumargazy, A.S. Satu et al.  

26 Fundamental and Experimental Biology. 2026, 31, 3(123) 

39 Pottosin, I., Velarde-Buendia, A. M., Bose, J., Zepeda-Jazo, I., Shabala, S., & Dobrovinskaya, O. (2014). Cross-talk between 

reactive oxygen species and polyamines in regulation of ion transport across the plasma membrane: Implications for plant adaptive 

responses. Journal of Experimental Botany, 65(5), 1271–1283. https://doi.org/10.1093/jxb/ert423 

40 Yan, J., Liu, Y., Yan, J., Liu, Z., Lou, H., & Wu, J. (2023). The salt‐activated CBF1/CBF2/CBF3‐GALS1 module fine‐tunes 

galactan‐induced salt hypersensitivity in Arabidopsis. Journal of Integrative Plant Biology, 65(8), 1904–1917. 

https://doi.org/10.1111/jipb.13501 

41 Liu, Q., Zhao, N., Yamaguch-Shinozaki, K., & Shinozaki, K. (2000). Regulatory role of DREB transcription factors in plant 

drought, salt and cold tolerance. Chinese Science Bulletin, 45(11), 970–975. https://doi.org/10.1007/BF02884972 

42 Zandkarimi, H., Ebadi, A., Salami, S. A., Alizade, H., & Baisakh, N. (2015). Analyzing the Expression Profile of 

AREB/ABF and DREB/CBF Genes under Drought and Salinity Stresses in Grape (Vitis vinifera L.). PLOS ONE, 10(7), e0134288. 

https://doi.org/10.1371/journal.pone.0134288 

43 Che‐Othman, M. H., Millar, A. H., & Taylor, N. L. (2017). Connecting salt stress signalling pathways with salinity‐induced 

changes in mitochondrial metabolic processes in C 3 plants. Plant, Cell & Environment, 40(12), 2875–2905. 

https://doi.org/10.1111/pce.13034 

44 Tang, H., & Zhu, H. (2022). Specific Changes in Morphology and Dynamics of Plant Mitochondria under Abiotic Stress. 

Horticulturae, 9(1), 11. https://doi.org/10.3390/horticulturae9010011 

45 Rozentsvet, O. A., Bogdanova, E. S., Nurminsky, V. N., Nesterov, V. N., & Chernyshov, M. Yu. (2023). Detergent-Resistant 

Membranes in Chloroplasts and Mitochondria of the Halophyte Salicornia perennans under Salt Stress. Plants, 12(6), 1265. 

https://doi.org/10.3390/plants12061265 

46 Vianello, A., Zancani, M., Peresson, C., Petrussa, E., Casolo, V., Krajňáková, J., Patui, S., Braidot, E., & Macrì, F. (2007). 

Plant mitochondrial pathway leading to programmed cell death. Physiologia Plantarum, 129(1), 242–252. 

https://doi.org/10.1111/j.1399-3054.2006.00767.x 

47 Eubel, H., Heinemeyer, J., Sunderhaus, S., & Braun, H. -P. (2004). Respiratory chain supercomplexes in plant mitochondria. 

Plant Physiology and Biochemistry, 42(12), 937–942. https://doi.org/10.1016/j.plaphy.2004.09.010 

48 Møller, I. M., Rasmusson, A. G., & Van Aken, O. (2021). Plant mitochondria — past, present and future. The Plant Journal, 

108(4), 912–959. https://doi.org/10.1111/tpj.15495 

49 Schwarzländer, M., Logan, D. C., Johnston, I. G., Jones, N. S., Meyer, A. J., Fricker, M. D., & Sweetlove, L. J. (2012). Puls-

ing of Membrane Potential in Individual Mitochondria: A Stress-Induced Mechanism to Regulate Respiratory Bioenergetics in Ara-

bidopsis. The Plant Cell, 24(3), 1188–1201. https://doi.org/10.1105/tpc.112.096438 

50 Barreto, P., Koltun, A., Nonato, J., Yassitepe, J., Maia, I. D. G., & Arruda, P. (2022). Metabolism and Signaling of Plant Mi-

tochondria in Adaptation to Environmental Stresses. International Journal of Molecular Sciences, 23(19), 11176. 

https://doi.org/10.3390/ijms231911176 

51 Van Aken, O. (2021). Mitochondrial redox systems as central hubs in plant metabolism and signaling. Plant Physiology, 

186(1), 36–52. https://doi.org/10.1093/plphys/kiab101 

52 Barreto, P., Okura, V., Pena, I. A., Maia, R., Maia, I. G., & Arruda, P. (2016). Overexpression of mitochondrial uncoupling 

protein 1 (UCP1) induces a hypoxic response in Nicotiana tabacum leaves. Journal of Experimental Botany, 67(1), 301–313. 

https://doi.org/10.1093/jxb/erv460 

53 Che‐Othman, M. H., Jacoby, R. P., Millar, A. H., & Taylor, N. L. (2020). Wheat mitochondrial respiration shifts from the 

tricarboxylic acid cycle to the GABA shunt under salt stress. New Phytologist, 225(3), 1166–1180. https://doi.org/10.1111/nph.15713 

54 Ramos-Ruiz, R., Martinez, F., & Knauf-Beiter, G. (2019). The effects of GABA in plants. Cogent Food & Agriculture, 5(1), 

1670553. https://doi.org/10.1080/23311932.2019.1670553 

55 Arimura, S. (2018). Fission and Fusion of Plant Mitochondria, and Genome Maintenance. Plant Physiology, 176(1), 152–

161. https://doi.org/10.1104/pp.17.01025 

56 Ježek, J., Cooper, K. F., & Strich, R. (2021). The Impact of Mitochondrial Fission-Stimulated ROS Production on Pro-

Apoptotic Chemotherapy. Biology, 10(1), 33. https://doi.org/10.3390/biology10010033 

57 Morciano, G., Naumova, N., Koprowski, P., Valente, S., Sardão, V. A., Potes, Y., Rimessi, A., Wieckowski, M. R., & 

Oliveira, P. J. (2021). The mitochondrial permeability transition pore: An evolving concept critical for cell life and death. Biological 

Reviews, 96(6), 2489–2521. https://doi.org/10.1111/brv.12764 

58 Vacca, R. A., Valenti, D., Bobba, A., Merafina, R. S., Passarella, S., & Marra, E. (2006). Cytochrome c is released in a Reac-

tive Oxygen Species-Dependent Manner and Is Degraded via Caspase-Like Proteases in Tobacco Bright-Yellow 2 Cells en Route to 

Heat Shock-Induced Cell Death. Plant Physiology, 141(1), 208–219. https://doi.org/10.1104/pp.106.078683 

59 İbrahimova, U., Kumari, P., Yadav, S., Rastogi, A., Antala, M., Suleymanova, Z., Zivcak, M., Tahjib-Ul-Arif, Md., 

Hussain, S., Abdelhamid, M., Hajihashemi, S., Yang, X., & Brestic, M. (2021). Progress in understanding salt stress response in 

plants using biotechnological tools. Journal of Biotechnology, 329, 180–191. https://doi.org/10.1016/j.jbiotec.2021.02.007 

60 Parihar, P., Singh, S., Singh, R., Singh, V. P., & Prasad, S. M. (2015). Effect of salinity stress on plants and its tolerance 

strategies: A review. Environmental Science and Pollution Research, 22(6), 4056–4075. https://doi.org/10.1007/s11356-014-3739-1 

61 Munns, R. (1993). Physiological processes limiting plant growth in saline soils: Some dogmas and hypotheses. Plant, Cell & 

Environment, 16(1), 15–24. https://doi.org/10.1111/j.1365-3040.1993.tb00840.x 

62 Balasubramaniam, T., Shen, G., Esmaeili, N., & Zhang, H. (2023). Plants’ Response Mechanisms to Salinity Stress. Plants, 

12(12), 2253. https://doi.org/10.3390/plants12122253 

https://doi.org/10.3390/ijms231911176
https://doi.org/10.1093/plphys/kiab101


Organelle Dynamics during… 

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online) 27 

63 Gulzar, S., Hussain, T., Gul, B., & Hameed, A. (2020). Photosynthetic Adaptations and Oxidative Stress Tolerance in Halo-

phytes from Warm Subtropical Region. In M. -N. Grigore (Ed.), Handbook of Halophytes (pp. 1–31). Springer International Publish-

ing. https://doi.org/10.1007/978-3-030-17854-3_52-1 

64 Wrzaczek, M., Brosché, M., & Kangasjärvi, J. (2013). ROS signaling loops—Production, perception, regulation. Current 

Opinion in Plant Biology, 16(5), 575–582. https://doi.org/10.1016/j.pbi.2013.07.002 

65 Wiciarz, M., Gubernator, B., Kruk, J., & Niewiadomska, E. (2015). Enhanced chloroplastic generation of H2 O2 in 

stress‐resistant Thellungiella salsuginea in comparison to Arabidopsis thaliana. Physiologia Plantarum, 153(3), 467–476. 

https://doi.org/10.1111/ppl.12248 

66 Kamal, A. H. M., Cho, K., Kim, D. -E., Uozumi, N., Chung, K. -Y., Lee, S. Y., Choi, J. -S., Cho, S. -W., Shin, C. -S., & 

Woo, S. H. (2012). Changes in physiology and protein abundance in salt-stressed wheat chloroplasts. Molecular Biology Reports, 

39(9), 9059–9074. https://doi.org/10.1007/s11033-012-1777-7 

67 Allel, D., Ben-Amar, A., & Abdelly, C. (2018). Leaf photosynthesis, chlorophyll fluorescence and ion content of barley 

(Hordeum vulgare) in response to salinity. Journal of Plant Nutrition, 41(4), 497–508. 

https://doi.org/10.1080/01904167.2017.1385811 

68 Abdul Qados, A. M. S. (2011). Effect of salt stress on plant growth and metabolism of bean plant Vicia faba (L.). Journal of 

the Saudi Society of Agricultural Sciences, 10(1), 7–15. https://doi.org/10.1016/j.jssas.2010.06.002 

69 Salim Akhter, M., Noreen, S., Mahmood, S., Athar, H. -R., Ashraf, M., Abdullah Alsahli, A., & Ahmad, P. (2021). Influence 

of salinity stress on PSII in barley (Hordeum vulgare L.) genotypes, probed by chlorophyll-a fluorescence. Journal of King Saud 

University — Science, 33(1), 101239. https://doi.org/10.1016/j.jksus.2020.101239 

70 Mu, Y., Lin, J., Mu, C., & Gao, Z. (2015). Effects of NaCl Stress on the Growth and Physiological Changes in Oat (Avena 

sativa) Seedlings. Notulae Botanicae Horti Agrobotanici Cluj-Napoca, 43(2), 468–472. https://doi.org/10.15835/nbha4329972 

71 Hao, S., Wang, Y., Yan, Y., Liu, Y., Wang, J., & Chen, S. (2021). A Review on Plant Responses to Salt Stress and Their 

Mechanisms of Salt Resistance. Horticulturae, 7(6), 132. https://doi.org/10.3390/horticulturae7060132 

72 Mansour, M. M. F. (2023). Role of Vacuolar Membrane Transport Systems in Plant Salinity Tolerance. Journal of Plant 

Growth Regulation, 42(3), 1364–1401. https://doi.org/10.1007/s00344-022-10655-9 

73 Martinoia, E., Maeshima, M., & Neuhaus, H. E. (2006). Vacuolar transporters and their essential role in plant metabolism. 

Journal of Experimental Botany, 58(1), 83–102. https://doi.org/10.1093/jxb/erl183 

74 Andrés, Z., Pérez-Hormaeche, J., Leidi, E. O., Schlücking, K., Steinhorst, L., McLachlan, D. H., Schumacher, K.,  

Hetherington, A. M., Kudla, J., Cubero, B., & Pardo, J. M. (2014). Control of vacuolar dynamics and regulation of stomatal aperture 

by tonoplast potassium uptake. Proceedings of the National Academy of Sciences, 111(17). https://doi.org/10.1073/pnas.1320421111 

75 Shabala, S., & Cuin, T. A. (2008). Potassium transport and plant salt tolerance. Physiologia Plantarum, 133(4), 651–669. 

https://doi.org/10.1111/j.1399-3054.2007.01008.x 

76 Liu, C., Jiang, X., & Yuan, Z. (2024). Plant Responses and Adaptations to Salt Stress: A Review. Horticulturae, 10(11), 

1221. https://doi.org/10.3390/horticulturae10111221 

77 Van Doorn, W. G., & Woltering, E. J. (2010). What about the role of autophagy in PCD? Trends in Plant Science, 15(7), 

361–362. https://doi.org/10.1016/j.tplants.2010.04.009 

78 Kurusu, T., Yagala, T., Miyao, A., Hirochika, H., & Kuchitsu, K. (2005). Identification of a putative voltage‐gated Ca2+ 

channel as a key regulator of elicitor‐induced hypersensitive cell death and mitogen‐activated protein kinase activation in rice. The 

Plant Journal, 42(6), 798–809. https://doi.org/10.1111/j.1365-313X.2005.02415.x 

79 Floyd, B. E., Pu, Y., Soto-Burgos, J., & Bassham, D. C. (2015). To Live or Die: Autophagy in Plants. In A.N. Gunawardena 

& P.F. McCabe (Eds), Plant Programmed Cell Death (pp. 269–300). Springer International Publishing. https://doi.org/10.1007/978-

3-319-21033-9_11 

80 Üstün, S., Hafrén, A., & Hofius, D. (2017). Autophagy as a mediator of life and death in plants. Current Opinion in Plant Bi-

ology, 40, 122–130. https://doi.org/10.1016/j.pbi.2017.08.011 

81 Zhou, L. -L., Gao, K. -Y., Cheng, L. -S., Wang, Y. -L., Cheng, Y. -K., Xu, Q. -T., Deng, X. -Y., Li, J. -W., Mei, F. -Z., & 

Zhou, Z. -Q. (2021). Short-term waterlogging-induced autophagy in root cells of wheat can inhibit programmed cell death. 

Protoplasma, 258(4), 891–904. https://doi.org/10.1007/s00709-021-01610-8 

82 Marshall, R. S., & Vierstra, R. D. (2018). Autophagy: The Master of Bulk and Selective Recycling. Annual Review of Plant 

Biology, 69(1), 173–208. https://doi.org/10.1146/annurev-arplant-042817-040606 

83 Hatsugai, N., Yamada, K., Goto-Yamada, S., & Hara-Nishimura, I. (2015). Vacuolar processing enzyme in plant pro-

grammed cell death. Frontiers in Plant Science, 6. https://doi.org/10.3389/fpls.2015.00234 

84 Hara-Nishimura, I., & Hatsugai, N. (2011). The role of vacuole in plant cell death. Cell Death & Differentiation, 18(8), 

1298–1304. https://doi.org/10.1038/cdd.2011.70 

85 Lu, W., Deng, M., Guo, F., Wang, M., Zeng, Z., Han, N., Yang, Y., Zhu, M., & Bian, H. (2016). Suppression of OsVPE3 

Enhances Salt Tolerance by Attenuating Vacuole Rupture during Programmed Cell Death and Affects Stomata Development in Rice. 

Rice, 9(1), 65. https://doi.org/10.1186/s12284-016-0138-x 

86 Jalili, S., Ehsanpour, A. A., & Javadirad, S. M. (2022). The role of melatonin on caspase-3-like activity and expression of the 

genes involved in programmed cell death (PCD) induced by in vitro salt stress in alfalfa (Medicago sativa L.) roots. Botanical Stud-

ies, 63(1), 19. https://doi.org/10.1186/s40529-022-00348-7 

https://doi.org/10.1111/ppl.12248
https://doi.org/10.1080/01904167.2017.1385811
https://doi.org/10.3390/horticulturae7060132
https://doi.org/10.1007/s00344-022-10655-9
https://doi.org/10.1093/jxb/erl183
https://doi.org/10.1073/pnas.1320421111
https://doi.org/10.1111/j.1399-3054.2007.01008.x
https://doi.org/10.3390/horticulturae10111221
https://doi.org/10.1016/j.tplants.2010.04.009
https://doi.org/10.1111/j.1365-313X.2005.02415.x
https://doi.org/10.1007/978-3-319-21033-9_11
https://doi.org/10.1007/978-3-319-21033-9_11
https://doi.org/10.1016/j.pbi.2017.08.011
https://doi.org/10.1007/s00709-021-01610-8
https://doi.org/10.1146/annurev-arplant-042817-040606
https://doi.org/10.3389/fpls.2015.00234
https://doi.org/10.1038/cdd.2011.70
https://doi.org/10.1186/s12284-016-0138-x
https://doi.org/10.1186/s40529-022-00348-7


K.D. Kumargazy, A.S. Satu et al.  

28 Fundamental and Experimental Biology. 2026, 31, 3(123) 

87 Signorelli, S., Tarkowski, Ł. P., Van Den Ende, W., & Bassham, D. C. (2019). Linking Autophagy to Abiotic and Biotic 

Stress Responses. Trends in Plant Science, 24(5), 413–430. https://doi.org/10.1016/j.tplants.2019.02.001 

88 Teper-Bamnolker, P., Danieli, R., Peled-Zehavi, H., Belausov, E., Abu-Abied, M., Avin-Wittenberg, T., Sadot, E., & 

Eshel, D. (2021). Vacuolar processing enzyme translocates to the vacuole through the autophagy pathway to induce programmed cell 

death. Autophagy, 17(10), 3109–3123. https://doi.org/10.1080/15548627.2020.1856492 

89 Hu, Y., Fromm, J., & Schmidhalter, U. (2005). Effect of salinity on tissue architecture in expanding wheat leaves. Planta, 

220(6), 838–848. https://doi.org/10.1007/s00425-004-1401-8 

90 Smith, L. G. (2003). Cytoskeletal control of plant cell shape: Getting the fine points. Current Opinion in Plant Biology, 6(1), 

63–73. https://doi.org/10.1016/S1369-5266(02)00012-2 

91 Baranova, E. N., & Gulevich, A. A. (2021). Asymmetry of Plant Cell Divisions under Salt Stress. Symmetry, 13(10), 1811. 

https://doi.org/10.3390/sym13101811 

92 Lee, K. P., Kim, C., Landgraf, F., & Apel, K. (2007). EXECUTER1- and EXECUTER2-dependent transfer of stress-related 

signals from the plastid to the nucleus of Arabidopsis thaliana. Proceedings of the National Academy of Sciences, 104(24),  

10270–10275. https://doi.org/10.1073/pnas.0702061104 

93 Hussain, A., Shah, F., Ali, F., & Yun, B. -W. (2022). Role of Nitric Oxide in Plant Senescence. Frontiers in Plant Science, 

13, 851631. https://doi.org/10.3389/fpls.2022.851631 

94 Hsiao, H. -Y., Chung, C. -W., Santos, J. H., Villaflores, O. B., & Lu, T. -T. (2019). Fe in biosynthesis, translocation, and sig-

nal transduction of NO: Toward bioinorganic engineering of dinitrosyl iron complexes into NO-delivery scaffolds for tissue engi-

neering. Dalton Transactions, 48(26), 9431–9453. https://doi.org/10.1039/C9DT00777F 

 

 

К.Д. Қумарғазы, А.С. Сату, Т. Хусанов, А.Ж. Темірханов, Ж.А. Нұрбекова
 

Өсімдіктердегі тұздылықтан туындаған бағдарламаланған  

жасуша өлімі кезіндегі органелла динамикасы 

PCD (бағдарламаланған жасуша өлімі) — қоршаған орта стрестерінен (ePCD) немесе даму 

процестерінен (dPCD) туындаған күрделі механизм. ePCD әртүрлі қолайсыз абиотикалық 

жағдайлардан, соның ішінде тұздану стресінен туындауы мүмкін. Тұздың жоғары 

концентрациясының әсері өсімдіктердің морфологиялық ерекшеліктерін төмендетіп қана қоймай, со-

нымен қатар биохимиялық және молекулалық процестерге әсер етеді. Өсімдік әртүрлі органеллаларда 

болатын көптеген қорғаныс механизмдерін белсендіреді. Оған плазмалық мембранадағы, 

митохондриядағы, хлоропласттардағы, вакуольдегі және ядродағы иондық, осмостық және тотығу 

стрестері жатады. Плазмалық мембрананың негізгі бұзылуы тасымалдау жүйесінің төмендеуімен, 

ROS жинақталуымен және Ca2+ ағынымен сипатталады. Митохондриялық дисфункция ROS-тың 

жоғары жинақталуымен, AOX, UCP, GABA және цитохром с-ның бөлінуі сияқты қорғаныс 

жолдарының белсендірілуімен байланысты. Сонымен қатар фотосинтез жылдамдығы хлорофилл 

мөлшерінің төмендеуіне байланысты айтарлықтай төмендейді. Вакуольдер NHX антипортерлері және 

V-ATPase белсенділігі арқылы Na+ секвестрлейді және осмостық, иондық сигналдарды біріктіреді, 

бірақ бұл жүйе ыдырағанда Ca2+ ядрода жинақталады. ROS-тың артық мөлшерде генерациясы 

хлоропласт-ядролық байланыстағы EXECUTER ақуызы үшін сигналдық молекула ретінде әрекет 

етеді. Тұздану хроматиннің ыдырауына әкелетін осмостық, иондық және тотығу стресс сигналдарды 

белсендіреді. Қорытындылай келе, бұл өзара байланысты процестер PCD-ге әкеледі. 

Кілт сөздер: бағдарламаланған жасуша өлімі, тұз стресі, реактивті оттегі түрлері, азот оксиді, 

фитогормондар, ферменттер. 
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Динамика органелл при запрограммированной клеточной  

смерти растений, вызванной засолением 

PCD (запрограммированная гибель клеток) — это сложный механизм, вызываемый экологическим 

стрессом (ePCD) или процессами развития (dPCD). ePCD может быть вызван различными типами не-

благоприятных абиотических условий, включая солевой стресс. Воздействие высоких концентраций 

соли не только ухудшает морфологические особенности растений, но и серьезно влияет на биохими-

ческие и молекулярные процессы. Кроме того, растения активизируют многочисленные защитные ме-

ханизмы, которые реализуются в различных органеллах растительной клетки. Они включают в себя 

ионное, осмотическое и окислительное повреждение плазматической мембраны, митохондрий, хлоро-

пластов, вакуолей и ядер. Основные нарушения в плазматической мембране характеризуются сниже-

нием транспортной системы, накоплением АФК и притоком Са2+. Митохондриальная дисфункция 
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связана с высоким накоплением АФК, активацией защитных путей, таких как AOX, UCP, GABA, и 

высвобождением цитохрома с. Вакуоли интегрируют осмотические и ионные сигналы, изолируя Na+ 

посредством антипортеров NHX и активности V-АТФазы, но когда эта система разрушается, Ca2+ 

концентрируется в ядре. Кроме того, скорость фотосинтеза значительно снижается из-за снижения со-

держания хлорофилла. Более того, избыточное производство АФК действует как сигнальная молекула 

для белков EXECUTER, обеспечивающих взаимодействие хлоропластов с ядрами. Засоление активи-

рует осмотические, ионные и окислительные сигналы, которые приводят к деградации хроматина. В 

совокупности эти взаимосвязанные процессы приводят к образованию PCD. 

Ключевые слова: запрограммированная гибель клеток, солевой стресс, активные формы кислорода, 

оксид азота, фитогормоны, ферменты. 
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