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Progressive soil salinisation is a major constraint to agriculture, and deciphering

resistance strategies in plants adapted to such harsh environments has the

potential for improving salinity tolerance in crops. Efficient regulation of the

photosynthetic light reactions is a key element of acclimation to adverse

environmental conditions, as it ensures optimal production of reducing power

and ATP. The annual halophyte Mesembryanthemum crystallinum has long

served as a model plant for studying stress response mechanisms. In this

species, exposure to salt stress induces a transition from C3 photosynthesis to

crassulacean acid metabolism (CAM). This review summarises the latest findings

on the regulation of photosynthetic electron transport (PET) under salinity in M.

crystallinum, focusing on their potential dependence on CAM. It also suggests a

model in which the plastoquinone pool plays a major role in PET acclimation.
KEYWORDS

crassulacean acid metabolism, halophyte, ice plant, photosynthetic light reactions,
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1 Introduction

Soil salinisation results from natural factors, like weathering of rocks, seawater

submergence, high evaporation and low precipitation in hot climates, but also from

human activities such as inappropriate irrigation practices and excessive fertilisation

(Tarolli et al., 2024). For plants, high salt concentration is considered a major

environmental threat, often leading to ion imbalance, hyperosmotic stress, oxidative

damage, and nutrient deficiency, which can restrict the growth and development of

crops and natural ecosystems (Shahid et al., 2020). Saline environments are expected to

expand in the coming decades due to global climate change causing the rise of sea levels and
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intensified irrigation of crops. Therefore, identifying the

mechanisms underlying salinity tolerance in plants remains an

important challenge.

Among halophytes that can grow and reproduce in saline

conditions is the model plant, annual Mesembryanthemum

crystallinum L. (common ice plant), belonging to the Aizoaceae

family. Native to southern and eastern Africa, M. crystallinum is now

widely distributed in regions with a Mediterranean climate (Adams

et al., 1998). The ice plant is well known for the induction of

crassulacean acid metabolism (CAM) in response to high salinity

and for its distinct large epidermal bladder cells, where salt is

sequestered (Winter and Lüttge, 1976; Adams et al., 1998)

(Figures 1A-C). The development of nocturnal CO2 fixation

represents an extreme acclimation strategy to saline conditions,
Frontiers in Plant Science 02
which has made this halophyte one of the most extensively studied

model plants for investigating mechanisms underlying salinity

tolerance (Thomas and Bohnert, 1993; Kore-Eda et al., 2004; Libik

et al., 2005; Li et al., 2021). However, results obtained with this species

are handicapped by a persistent problem: which effects are caused

solely by salinity and which are dependent on CAM?One of the crucial

elements of stress acclimation is the maintenance of efficient

photosynthetic electron transport (PET), which ensures sufficient

ATP and NADPH production while limiting the formation of

reactive oxygen species (ROS). As induction of CAM changes the

metabolic and energetic fluxes in chloroplasts, it can be expected that it

also affects photosynthetic light reactions. Based on recent studies, this

mini review outlines the mechanisms of PET acclimation to salinity in

M. crystallinum and evaluates their dependence on CAM.
FIGURE 1

(A-C) Mesembryanthemum crystallinum plants: (A) juvenile stage, (B) flowering stage, (C) leaf abaxial surface with visible bladder cells. (A, B) Bar =
2 cm; (C) Bar = 1 cm; (D) Simplified diagram of major CAM metabolite fluxes in M. crystallinum. This model is based on information summarised in
Holtum et al. (2005) and Borland et al. (2009). CA, carbonic anhydrase; CBB, Calvin-Benson-Bassham; G6P, glucose-6-phosphate; MDH, malate
dehydrogenase; NADP-ME, NADP-dependent malic enzyme; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PEPC, phosphoenolpyruvate
carboxylase; PPDK, pyruvate orthophosphate dikinase; Rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase.
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2 CAM functioning

CAM is a water-conserving mode of photosynthesis that

enables CO2 concentration around ribulose-1,5-bisphosphate

carboxylase/oxygenase (Rubisco) despite closed stomata and is

characterized by distinct diurnal phases in carbon metabolism. At

night (phase I), atmospheric CO2 is fixed by phosphorylation-

activated phosphoenolpyruvate carboxylase (PEPC), forming

oxaloacetate that is subsequently reduced to malate and

accumulated in the vacuoles. In the morning, there is a transition

of the primary CO2-fixing enzyme from PEPC to Rubisco (phase

II). During the daytime, stored malate is decarboxylated, and the

released CO2 is then fixed by Rubisco and reduced in the Calvin-

Benson-Bassham cycle while stomata remain closed (phase III)

(Figure 1D). When environmental conditions are favourable or the

malate supply is exhausted, stomata may open in the late afternoon

(phase IV), allowing direct uptake of atmospheric CO2, which

supplements their total carbon intake (Osmond, 1978; Holtum

et al., 2005). This diurnal cycle is reflected in leaf malate

concentration, the activity of PEPC and its activating enzyme

PEPC kinase, as well as in the cellular ATP/ADP ratio (Winter,

1982; Taybi et al., 2000; Niewiadomska et al., 2004). The molecular

mechanisms underlying NaCl-induced C3-CAM shift in M.

crystallinum remain obscure. However, recent analyses have

highlighted the importance of protein phosphorylation, abscisic

acid signalling, inositol metabolism, and vacuolar H+-ATPase

activity (Guan et al., 2024; Toyokura et al., 2025; Tan et al., 2025).

CAM depends on the PEPC activity and requires a night-time

supply of three-carbon skeletons for cytosolic phosphoenolpyruvate

(PEP) synthesis. In M. crystallinum, this supply is secured by

increased degradation of starch (Figure 1D) (Paul et al., 1993;

Borland et al., 2009). In addition to providing carbon skeletons,

starch breakdown followed by glycolytic conversion of glucose-6-

phosphate to PEP in the cytosol generates ATP, which may support

vacuolar H+-ATPase activity and thereby contribute to the

energization of nocturnal malate accumulation in the vacuole

(Neuhaus and Schulte, 1996). The importance of starch

degradation for CAM was confirmed in starch-deficient mutant

plants lacking plastidic phosphoglucomutase, which fail to induce

CAM under saline conditions (Cushman et al., 2008; Haider et al.,

2012). Although this mutant is characterised by slower growth and

reduced seed production under salinity, these plants survive and

reproduce (Cushman et al., 2008), indicating that in the ice plant,

basic salinity resistance is present independently of CAM induction.
3 PET performance

The C3-CAM shift is an adaptation to habitats subjected to

seasonal changes in water availability and seasonal flooding with

seawater. The rapid juvenile growth characteristic of M.

crystallinum appears to represent a mechanism that establishes a

sufficient biomass of C3 photosynthetic tissue capable of supporting

the increased demand for reserve carbohydrates following CAM

induction (Winter and Ziegler, 1992; Adams et al., 1998). Leaves
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developing in juvenile plants exhibit efficient PET, leading to the

accumulation of transitory starch in chloroplasts. However, growth

under non-saline conditions exerts a negative effect on electron

transport in mature leaves, as indicated by plastoquinol oxidase

(PTOX) activity, and by a decline in the whole chain electron

transport (from water to ferricyanide) accompanied by enhanced

PGR5-dependent cyclic electron transport (CET) (Niewiadomska

and Pilarska, 2021). In addition, plants grown under non-saline

conditions exhibit signs of senescence, as evidenced by the

accumulation of the senescence-associated protein SAG12. In

contrast, in salt-acclimated plants with induced CAM, the decline

of linear electron transport (LET) is prevented, and chloroplastic

alternative electron sinks observed in C3 plants are not stimulated

(Niewiadomska and Pilarska, 2021). In CAM plants, the generation

of PEP from pyruvate in chloroplasts during the day requires ATP,

consumed by pyruvate orthophosphate dikinase activity (Kondo

et al., 1998), and a possible mechanism for producing this extra

energy is CET around PSI. Therefore, the lack of CET enhancement

is rather surprising and indicates that there is another source of this

extra ATP in ice plant chloroplasts. In some halophytic species

lacking CAM induction, PTOX activity under salinity is considered

a tolerance mechanism (Stepien and Johnson, 2009; Uzilday et al.,

2015). Thus, the absence of this alternative electron sink in M.

crystallinum seems unique and could be linked to C3-CAM

transition. This effect might be caused by a high turnover of

NADPH, preventing over-reduction of electron carriers, as it is

well accepted that plants activate the alternative electron sinks to

avoid electron accumulation in PET chain (Demircan et al., 2024).

However, inefficient PSI oxidation by far-red light (Niewiadomska

and Pilarska, 2021) indicates over-reduction of downstream

electron sinks.

The prevention of PSII photoinhibition under salinity appears

to be a common feature of halophytes (Bose et al., 2017). In M.

crystallinum, acclimation to salinity results in increased activity of

not only PSII, but also PSI, as shown by independent measurements

of PSI- and PSII-mediated electron transfer in isolated thylakoid

membranes using artificial electron acceptors (Niewiadomska and

Pilarska, 2021; Pilarska et al., 2023). Immunoblotting revealed no

quantitative changes in the protein levels of PSII (D1) or PSI (PsaB)

(Pilarska et al., 2025). However, this method may not be sensitive

enough to detect minor changes in the amount of these

photosystems. It is hypothesised that the higher PSII activity

could be a result of its more efficient repair, as indicated by

stronger D1 phosphorylation (Pilarska et al., 2025).
4 Changes in PQ pool redox state

In a well-accepted scenario applicable to unstressed plants, the

redox state of the plastoquinone (PQ) pool changes day-night in a

manner that it is partly reduced during the day under functioning

PET and mostly oxidized at night when electron transport is

suppressed (Havaux, 2020). Induction of PTOX in ageing leaves

under non-saline conditions is expected to contribute to an

oxidation of the photochemically active PQ pool. Indeed, HPLC
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analyses revealed a highly oxidized PQ pool during the day (Pilarska

et al., 2023). In contrast, the degree of PQ pool reduction increases

significantly in plants acclimated to salinity. Since the involvement

of CET has been excluded (Niewiadomska and Pilarska, 2021), a

possible explanation for this phenomenon is suppressed

photosynthetic control, which is a way of PET intensity

regulation by feedback control by NADPH, DpH and ATP

synthase conductivity on the plastoquinol oxidation step at

cytochrome b6f (Degen and Johnson, 2024). Support for this

interpretation comes from lower non-photochemical quenching

(NPQ) (Niewiadomska and Pilarska, 2021) and lower steady-state

P700 oxidation (Y(ND)) (Niewiadomska et al., 2011).

Despite the highly reduced PQ pool during the day, PET

performance in salt-acclimated, CAM-performing M. crystallinum

plants does not appear to be impaired. This is probably due to an

enlargement of the photochemically active PQ pool at the expense

of photochemically nonactive fraction, as shown by HPLC analyses

(Pilarska et al., 2023). Functional assays based on the PQ reduction

in leaf discs confirmed that in these plants, the larger pool of PQ can

be reduced by PSII. This finding correlates with facilitated electron

flow through PSII, as indicated by non-invasive chlorophyll a

fluorescence measurements revealing an increased pool of open

PSII reaction centres (RCs) (Pilarska et al., 2023). Such a highly

increased capacity of the PQ pool for electrons from PSII in salt-

acclimated plants can therefore be regarded as a mechanism

supporting electron transport under salinity. As demonstrated in

other species, changes in the ratio between photochemically active

and nonactive PQ take place in response to light intensity

(Szymańska and Kruk, 2010; Suslichenko and Tikhonov, 2019),

thus this effect is likely CAM-independent.

At night, when electron transport is suppressed, the chloroplast

redox state is under metabolic control, and the photochemically active

PQ pool is mostly oxidized (Havaux, 2020). However, before dawn in

salt-acclimated ice plant, the PQ pool is even in a more reduced state

than during the day (Pilarska et al., 2023). In Arabidopsis thaliana,

nocturnal reduction of the PQ pool has been attributed, at least in part,

to the activity of the NADPH dehydrogenase-like complex, which

utilizes stromal reductants (Nellaepalli et al., 2012). In salt-acclimated

ice plant, this phenomenon may be linked to altered carbon
Frontiers in Plant Science 04
metabolism associated with intensive nocturnal starch breakdown

characteristic of CAM plants (Haider et al., 2012).
5 The capacity of light harvesting

The redox state of the PQ pool influences many processes,

including the phosphorylation of photosynthetic proteins (Havaux,

2020). As shown by immunoblotting, in salt-acclimated M.

crystallinum, the phosphorylation of PSII light-harvesting

complex (LHC) proteins, LHCB1 and LHCB2, is higher than in

C3 controls both during the day and at night (Pilarska et al., 2025),

which is consistent with a greater reduction of the PQ pool.

Excitation of PSII and PSI should be adjusted to optimise

photochemistry. This can be achieved through state transitions,

which involve phosphorylation-controlled changes in the relative

size of PSII and PSI antennae (Longoni and Goldschmidt-

Clermont, 2021; Shang et al., 2023). Typically, in darkness, LHCII

are mostly dephosphorylated and their mobile fraction is bound to

PSII (State I), while in the light, part of phosphorylated LHCII

associates with PSI (State II). In salt-acclimated ice plant, functional

analyses based on changes in chlorophyll fluorescence in response

to different light quality revealed that the effectiveness of state

transitions is impaired (Pilarska et al., 2025). Additionally, low-

temperature chlorophyll emission spectra showed that day-night

variations in the relative size of the PSI antenna are less prominent,

and at night a part of mobile LHCII remains associated with PSI,

indicating a permanent State II (Pilarska et al., 2025). In CAM

plants, the values of the fast chlorophyll a fluorescence induction

kinetics parameters describing energy flow through PSII were lower

than in C3 plants, confirming a decrease in the relative size of PSII

antenna (Pilarska et al., 2025). Although a reduction in PSII light

harvesting antenna size is considered a universal acclimation

mechanism in higher plants under stress (Borisova-Mubarakshina

et al., 2020), it seems that it is not a typical response of halophytes to

salinity (Niewiadomska and Wiciarz, 2015). Nevertheless, in some

halophytic species, PSII antenna size reduction has been achieved

through quantitative changes rather than through functional

adjustments (M’rah et al., 2006; Rabhi et al., 2010).
TABLE 1 Summary of the processes discussed in this review that contribute to PET acclimation to salinity in Mesembryanthemum crystallinum, in
comparison with C3 plants.

Process/
Feature

Observed state/Effect
Proposed role/
Significance

overall PET
performance

supressed decline of LET; no CET enhancement, PTOX not active (Niewiadomska and Pilarska, 2021)
ensures unchanged electron flow
through LET

PQ pool PQ pool in a reduced state (day & night); increased size of the photo-reducible PQ pool (Pilarska et al., 2023)
maintains high electron flow
capacity; source of redox
signalling

changes in PSII and
PSI

increased PSII (Pilarska et al., 2023) and PSI activity (Niewiadomska and Pilarska, 2021); enlarged pool of
open PSII RCs (Pilarska et al., 2023); increased D1 phosphorylation (day & night) (Pilarska et al., 2025)

prevents photoinhibition

LHCII
phosphorylation,
state transitions

increased LHCII phosphorylation (day & night); permanent state II; decrease in the relative size of PSII
antenna (Pilarska et al., 2025)

limits excess excitation energy
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6 Conclusions and future perspectives

The mechanisms involved in acclimation of photosynthetic

electron transport to salinity in the facultative CAM species M.

crystallinum are summarized in Table 1. It can be concluded that

the redox dynamics of the PQ pool play a central role in PET

acclimation. Importantly, the influence of the PQ redox state is

likely to extend beyond electron transport, as it also affects the

expression of key genes encoding ROS scavengers and activity of

cytoplasmic NADP-dependent malic enzyme (Ślesak et al., 2002).

It is reasonable to speculate that mechanisms enabling M.

crystallinum to adapt the light reactions of photosynthesis to

salinity reflect both CAM-dependent and CAM-independent

effects. However, a clear distinction between these effects is not

yet possible. It therefore remains an open question whether the

highly reduced state of the PQ pool at night should be considered a

CAM-dependent phenomenon. Starch degradation and CAM

induction are closely linked, as salt exposure simultaneously

increases the transcript abundance of genes required for

nocturnal carboxylation, as well as for starch and sucrose

degradation in both wild-type plants and starch-deficient mutants

impaired in CAM induction (Taybi et al., 2017). It is anticipated

that the development of additional CAM-deficient mutants, for

example through suppression of the CAM-specific form of PEPC,

will facilitate a separation of CAM-dependent and CAM-

independent effects of salinity in this species.

A close relationship exists between the light phase of

photosynthesis and the enzymatic reactions in chloroplasts that

fulfil the changing demands for ATP and NADPH. In this respect, it

is known that the energy requirement for CO2 fixation is higher in

CAM plants than in C3 plants (Winter and Smith, 1996). Therefore,

given the absence of CET stimulation in CAM-performing M.

crystallinum, it seems important to conduct detailed studies on

ATP and NADPH formation during PET, with particular emphasis

on the mechanisms regulating chloroplast ATP synthase activity.
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Franciszek Górski Institute of Plant Physiology, Polish Academy

of Sciences) for insightful discussions and critical comments on

the manuscript.
Conflict of interest

The author(s) declared that this work 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) declared that generative AI was not used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
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.
References
Adams, P., Nelson, D. E., Yamada, S., Chmara, W., Jensen, R. G., Bohnert, H. J., et al.
(1998). Growth and development of Mesembryanthemum crystallinum (Aizoaceae).
New Phytol. 138, 171–190. doi: 10.1046/j.1469-8137.1998.00111.x

Borisova-Mubarakshina, M. M., Vetoshkina, D. V., Naydov, I. A., Rudenko, N. N.,
Zhurikova, E. M., Balashov, N. V., et al. (2020). Regulation of the size of photosystem II
light harvesting antenna represents a universal mechanism of higher plant acclimation
to stress conditions. Funct. Plant Biol. 47, 959–969. doi: 10.1071/FP19362

Borland, A. M., Griffiths, H., Hartwell, J., and Smith, J. A. C. (2009). Exploiting the
potential of plants with crassulacean acid metabolism for bioenergy production on
marginal lands. J. Exp. Bot. 60, 2879–2896. doi: 10.1093/jxb/erp118

Bose, J., Munns, R., Shabala, S., Gilliham, M., Pogson, B., and Tyerman, S. D. (2017).
Chloroplast function and ion regulation in plants growing on saline soils: lessons from
halophytes. J. Exp. Bot. 68, 3129–3143. doi: 10.1093/jxb/erx142
Cushman, J. C., Agarie, S., Albion, R. L., Elliot, S. M., Taybi, T., and Borland, A. M.
(2008). Isolation and characterization of mutants of common ice plant deficient in
crassulacean acid metabolism. Plant Physiol. 147, 228–238. doi: 10.1104/pp.108.116889

Degen, G. E., and Johnson, M. P. (2024). Photosynthetic control at the cytochrome b
6 f complex. Plant Cell 36, 4065–4079. doi: 10.1093/plcell/koae133

Demircan, N., Sonmez, M. C., Akyol, T. Y., Ozgur, R., Turkan, I., Dietz, K. J., et al.
(2024). Alternative electron sinks in chloroplasts and mitochondria of halophytes as a
safety valve for controlling ROS production during salinity. Physiol. Plant 176, e14397.
doi: 10.1111/ppl.14397

Guan, Q., Kong, W., Tan, B., Zhu, W., Akter, T., Li, J., et al. (2024). Multiomics
unravels potential molecular switches in the C3 to CAM transition of
Mesembryanthemum crystallinum. J. Proteom. 299, 105145. doi: 10.1016/
j.jprot.2024.105145
frontiersin.org

https://doi.org/10.1046/j.1469-8137.1998.00111.x
https://doi.org/10.1071/FP19362
https://doi.org/10.1093/jxb/erp118
https://doi.org/10.1093/jxb/erx142
https://doi.org/10.1104/pp.108.116889
https://doi.org/10.1093/plcell/koae133
https://doi.org/10.1111/ppl.14397
https://doi.org/10.1016/j.jprot.2024.105145
https://doi.org/10.1016/j.jprot.2024.105145
https://doi.org/10.3389/fpls.2026.1753517
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Pilarska 10.3389/fpls.2026.1753517
Haider, M. S., Barnes, J. D., Cushman, J. C., and Borland, A. M. (2012). A CAM-and
starch-deficient mutant of the facultative CAM species Mesembryanthemum
crystallinum reconciles sink demands by repartitioning carbon during acclimation to
salinity. J. Exp. Bot. 63, 1985–1996. doi: 10.1093/jxb/err412

Havaux, M. (2020). Plastoquinone in and beyond photosynthesis. Trends Plant Sci.
25, 1252–1265. doi: 10.1016/j.tplants.2020.06.011

Holtum, J. A., Smith, J. A. C., and Neuhaus, H. E. (2005). Intracellular transport and
pathways of carbon flow in plants with crassulacean acid metabolism. Funct. Plant Biol.
32, 429–449. doi: 10.1071/FP04189

Kondo, A., Nose, A., and Ueno, O. (1998). Leaf inner structure and immunogold
localization of some key enzymes involved in carbon metabolism in CAM plants. J. Exp.
Bot. 49, 1953–1961. doi: 10.1093/jxb/49.329.1953

Kore-Eda, S., Cushman, M. A., Akselrod, I., Bufford, D., Fredrickson, M., Clark, E.,
et al. (2004). Transcript profiling of salinity stress responses by large-scale expressed
sequence tag analysis in Mesembryanthemum crystallinum. Gene 341, 83–92.
doi: 10.1016/j.gene.2004.06.037

Li, C. H., Tien, H. J., Wen, M. F., and Yen, H. E. (2021). Myo-inositol transport and
metabolism participate in salt tolerance of halophyte ice plant seedlings. Physiol. Plant
172, 1619–1629. doi: 10.1111/ppl.13353

Libik, M., Konieczny, R., Surówka, E., andMiszalski, Z. (2005). Superoxide dismutase
activity in organs of Mesembryanthemum crystallinum L. plant at different stages of
CAM development. Acta Biol. Cracov. Ser. Bot. 47, 199–204.

Longoni, F. P., and Goldschmidt-Clermont, M. (2021). Thylakoid protein
phosphorylation in chloroplasts. Plant Cell Physiol. 62, 1094–1107. doi: 10.1093/pcp/
pcab043

M’rah, S., Ouerghi, Z., Berthomieu, C., Havaux, M., Jungas, C., Hajji, M., et al. (2006).
Effects of NaCl on the growth, ion accumulation and photosynthetic parameters of
Thellungiella halophila. J. Plant Physiol. 163, 1022–1031. doi: 10.1016/j.jplph.2005.07.015

Nellaepalli, S., Kodru, S., Tirupathi, M., and Subramanyam, R. (2012). Anaerobiosis
induced state transition: a non photochemical reduction of PQ pool mediated by NDH
in Arabidopsis thaliana. PloS One 7, e49839. doi: 10.1371/journal.pone.0049839

Neuhaus, H. E., and Schulte, N. (1996). Starch degradation in chloroplasts isolated
from C3 or CAM (crassulacean acid metabolism)-induced Mesembryanthemum
crystallinum L. Biochem. J. 318, 945–953. doi: 10.1042/bj3180945

Niewiadomska, E., Bilger, W., Gruca, M., Mulisch, M., Miszalski, Z., and Krupinska,
K. (2011). CAM-related changes in chloroplastic metabolism of Mesembryanthemum
crystallinum L. Planta 233, 275–285. doi: 10.1007/s00425-010-1302-y

Niewiadomska, E., Karpinska, B., Romanowska, E., Slesak, I., and Karpinski, S.
(2004). A salinity-induced C3-CAM transition increases energy conservation in the
halophyte Mesembryanthemum crystallinum L. Plant Cell Physiol. 45, 789–794.
doi: 10.1093/pcp/pch079

Niewiadomska, E., and Pilarska, M. (2021). Acclimation to salinity in halophytic ice
plant prevents a decline of linear electron transport. Environ. Exp. Bot. 184, 104401.
doi: 10.1016/j.envexpbot.2021.104401

Niewiadomska, E., and Wiciarz, M. (2015). “Adaptations of chloroplastic
metabolism in halophytic plants,” in Progress in Botany (Springer, Berlin/Heidelberg,
Germany), 177–193. doi: 10.1007/978-3-319-08807-5_7

Osmond, C. B. (1978). Crassulacean acid metabolism: a curiosity in context. Annu.
Rew. Plant Physiol. 29, 379–414. doi: 10.1146/annurev.pp.29.060178.002115

Paul, M. J., Loos, K., Stitt, M., and Ziegler, P. (1993). Starch-degrading enzymes
during the induction of CAM inMesembryanthemum crystallinum. Plant Cell Environ.
16, 531–538. doi: 10.1111/j.1365-3040.1993.tb00900.x

Pilarska, M., Niewiadomska, E., and Kruk, J. (2023). Salinity-induced changes in
plastoquinone pool redox state in halophytic Mesembryanthemum crystallinum L. Sci.
Rep. 13, 11160. doi: 10.1038/s41598-023-38194-7

Pilarska, M., Wasilewska-Dębowska, W., and Niewiadomska, E. (2025). Salinity-
induced changes in the PSII/LHCII phosphorylation and organization of the
photosynthetic protein complexes in the halophyte Mesembryanthemum crystallinum
L. J. Plant Physiol. 312, 154567. doi: 10.1016/j.jplph.2025.154567

Rabhi, M., Giuntini, D., Castagna, A., Remorini, D., Baldan, B., Smaoui, A., et al.
(2010). Sesuvium portulacastrum maintains adequate gas exchange, pigment
Frontiers in Plant Science 06
composition, and thylakoid proteins under moderate and high salinity. J. Plant
Physiol. 167, 1336–1341. doi: 10.1016/j.jplph.2010.05.009

Shahid, M. A., Sarkhosh, A., Khan, N., Balal, R. M., Ali, S., Rossi, L., et al. (2020).
Insights into the physiological and biochemical impacts of salt stress on plant growth
and development. Agronomy 10, 938. doi: 10.3390/agronomy10070938

Shang, H., Li, M., and Pan, X. (2023). Dynamic regulation of the light-harvesting
system through state transitions in land plants and green algae. Plants 12, 1173.
doi: 10.3390/plants12051173
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