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ABSTRACT

The study of lipid rafts allowed us to take a new look at the morphology, organization and functioning of
membranes, both of animal and plant origin. However, lipid rafts and their function in the cell membranes of plants
are poorly understood in comparison with the membranes of animal cells. The protective function of the plant cell
is of great importance for the body as a whole because plants lead an attached mode of life. To date, it is known
that lipid rafts are involved in the membrane mechanisms of cell protection in response to negative effects. In this
review, we summarized the literature data showing the participation of lipid rafts of plant membranes
(plasmalemma, Golgi complex membranes, chloroplasts, mitochondria, and vacuoles) in the protective function
of cells.
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INTRODUCTION

At present, it has been understood that different cell membranes have similarities in structural organization and
chemical composition. Understanding this allows us to consider the body as a system of uniform structural
elements. Violation of any of the factors of the molecular organization of this system may be unfavorable for the
organism (Filek et al. 2017). It is known that due to the lipid component, the cell membrane system is able to
activate protective mechanisms. Lipids, being an integral part of all biological membranes, play an important role
in the biochemical processes of the cell. It turns out that the lipid composition of membranes is carefully optimized
by evolution, and therefore the lipid profile of membranes changes depending on the type of tissue, cell, and
organelle (Cassim et al. 2018; Kleiman et al. 2021). The study of certain physical properties of lipids led
researchers to a new theory of the organization of biological membranes. Lipids can form partially isolated areas
of the bilayer that have special structural properties. This concept was further developed by Simons and Ikonen,
who later put forward the revolutionary theory of "lipid rafts". The main idea is that certain areas of the membrane
are self-organized into cholesterol-rich "rafts" in which lipids are in a different phase state, liquid-ordered, i.e. they
are denser than other areas of the membrane, and therefore freely drift in the surrounding space (Simons & Ikonen
1997). Currently, sterol-rich sections of the membrane are called domains, sometimes with the prefix micro - or
nano-, depending on the size. In English-language literature, these domains are called "raft", which means "raft"
(Gofii 2018). However, the most commonly used name in the scientific literature is "lipid raft", given by Simons
and lkonen in the 1990s. Membrane microdomains were defined as ordered, nanoscale (10-200 nm),
heterogeneous, highly dynamic domains that can participate in the regulation of cellular processes (Pike 2006) at
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a Symposium on lipid rafts and cell function (Keystone Symposium of Lipid Rafts and Cell Function) in 2006. To
date, it is known that lipid rafts are plastic in relation to such parameters as size, shape, and localization in the cell.
It was found that the size of rafts could vary and change depending on the concentration of lipids in the cell,
external conditions, and the active state of the membrane. In this connection, it is necessary to distinguish between
two main classes of membrane domains " nanodomains "(size 10-200 nm), the fusion of which leads to the
formation of larger structures "microdomains " (> 200 Nm) (Pleskova et al. 2015). A number of researchers believe
that rafts in cells are short-lived aggregates with an average of no more than 1 minute, containing more than 1000
lipid molecules and having an almost circular shape, which quickly (in seconds) recovers after its perturbation. In
addition, the thickness of rafts exceeds the thickness of the surrounding membrane by 0.5-1.0 nm (Bhatia et al.
2016; Rosetti et al. 2017). Lipid rafts have a different density and melting point from the membrane, so they can
"float" on the surface of a liquid-disordered membrane (Lu & Fairn 2018). This property of rafts was revealed
during the treatment of membranes with detergents. In this case, the lipid part of the membrane located in the
liquid disordered phase is dissolved, and the raft lipids located in the liquid ordered phase retain their integrity.
This is due to the presence of sterols, sphingolipids, and lipids with saturated acyl chains in rafts (Schroeder et al.
1998). This resistance to dissolution in the detergent was originally the definition of a lipid raft. Over the past two
decades, the concept of lipid rafts has become extremely popular among cell biologists, and these structures have
been proven involved in a wide variety of cellular functions and biological processes (Santos & Preta 2018).
Currently, the presence of lipid rafts in prokaryotic and eukaryotic organisms has been proven (Cascianelli et al.
2008; Toledo et al. 2018). The role of lipid rafts in cell protection mechanisms is well considered in animal
organisms. Lipid rafts have been studied more recently in plant organisms. In this connection, there are not many
data on lipid rafts of plants. The aim of this work was to generalize the literature data on the participation of lipid
rafts of various cell membranes in plant defense mechanisms.

Participation of lipid rafts in the protective mechanisms of plant cells

It is known that all plant cell membranes participate in a set of metabolic and energy processes that maintain and
reproduce the entire cellular system under normal and stressful conditions, while each membrane performs its own
specific function. Currently, it has been shown that lipid rafts in plant cells are found in the plasmalemma,
mitochondrial membranes, chloroplasts, vacuoles, and Golgi complex (Lefebvre et al. 2007; Laloi et al. 2007;
Ozolina et al. 2013; Yoshida et al. 2013; Nesterov et al. 2017). However, the lipid rafts of the plasmalemma are
the most studied; there are few data on the lipid rafts of other membranes. In particular, information on chloroplast
and mitochondrial rafts appeared in 2017.

Animal cells are studied more actively, so lipid rafts are detected in the plasmalemma, the membranes of the nuclei,
mitochondria, Golgi complex, and in the membranes of the endoplasmic reticulum (Santos & Preta 2018). The
protective function of plants is of great importance because they lead an attached mode of life. Membranes are
actively involved in the response of cells to negative effects. In this connection, much attention is paid to the study
of the membrane structure. As a result, the study of lipid rafts of plant cell membranes allowed us to understand
the functions that cell membranes perform better. Recently, researchers have proved the participation of membrane
rafts in the response of plant cells to biotic and abiotic stress (Hao et al. 2014). Plasmalemma, being the outer cell
membrane, is the first to react to negative effects using various mechanisms in which lipid rafts are involved. The
study of the composition of plant plasmalemma lipid rafts showed the presence of a variety of proteins responsible
for various functions directly or indirectly involved in responses to stress. For example, the lipid rafts of the plasma
membrane of tobacco leaves contain up to 145 proteins, of which more than 30 have not been identified. Of the
identified proteins, 36 are involved in transport processes, 34 in signaling, and 17 proteins are involved in
intercellular transport (Morel et al. 2006). 270 proteins were found in the plasma membrane of alfalfa roots. Many
of them can be classified by functions: 43 signaling, 65 transport, 21 associated with redox regulation, 30
associated with the cytoskeleton, 111 have several functions, and 22 functions are still unknown (Lefebvre et al.
2007: Arekhi et al. 2020). Currently there is information about the functional and physiological characteristics of
the individual proteins investigated in stress conditions. It is assumed that the predominant distribution of PIP-
type aquaporins in sterol-rich domains (lipid rafts) is regulated by the traffic of sterol-rich vesicles and/or by the
interaction of aquaporins with lipid "raft" proteins, which allows regulating the activity of water transport at the
membrane level. It is noted that low-temperature hardening of Arabidopsis plants results in an increase in the
proportion of PIP aquaporins and p-type ATP phases in lipid rafts. This may be due to the need for rapid water
release from the cell to prevent the formation of intracellular ice (Fan et al. 2015). The response mechanisms of
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the plasmalemma to stress involve not only the proteins that make up rafts, but also the lipids that are their basis.
Recent studies have shown that cold acclimatization leads to changes in the lipid profile of raft structures. The
proportion of phospholipids decreases and the proportion of sphingolipids and sterols increases. Together, these
results show that cold acclimatization induces changes in the composition of lipids in rafts, which leads to changes
in the thermodynamic properties and physiological functions of lipid rafts, which, consequently, affects the
resistance of plants to low temperatures (Takahashi et al. 2016, Momeni, A.R 2018, Adejoke, H.T 2019, Naderi,
D 2021, Saadatmand, M 2021). Plasmodesmata play a key role in the interaction of plants with pathogens.
Pathogens are transported from the site of infection to the conducting system that carries their long-distance
transport through the plant. It is known that one of the ways to influence the transport capacity of plasmodesmata
is the deposition of callose at their stoma (Leslie et al. 2016).

It is proved that the pathogenesis in plant cells the content of callose increases. At the same time, a correlation was
noted between the content of callose in the host cells and the plant's resistance to the spread of the pathogen. It has
also been shown that the more resistant the plant, the greater the layer of callose deposites around the site of
infection (Ellinger et al. 2013). The mechanism is that callosa can reduce the diameter of the transport channel,
thereby making it more difficult for the pathogen to spread. Currently, it is proved that lipid rafts play an important
role in the synthesis and accumulation of callose in plasmodesmata (Iswanto & Kim 2017). In lipid rafts, proteins
that regulate the binding and turnover of callose in plasmodesmata (PDCB1 and PDBG2) are localized. It was
shown that a violation of the formation of lipid rafts affects the accumulation of callose that affects the functions
of the plasmodesma, including the interaction with pathogens (Grison et al. 2015; Iswanto & Kim 2017). In
addition, defects in the lipid rafts of the plasmalemma also affect the activity of the remorin protein. To date, it has
been established that remorin is a specific raft-associated protein that is localized in the plant membrane (Jarsch
& Ott 2011; Ott 2017). Previously, the functions of this protein were unknown, but now their role in the interaction
of plants and microorganisms has been proven. It has been shown that remorins inhibit the movement of the virus
in potato leaves by interacting with the virus protein TGBp1 (Perraki et al. 2018). It has also been shown that the
accumulation of raft-associated remorin protein (MtSYMREML1) is observed when plants are infected with a
bacterium of the Rhizobiaceae family (Lefebvre et al. 2010). An interesting fact is that the immobilization of
pathogens is preceded by the appearance of mobile cytosolic vesicles-endosomes, a few hours after inoculation
(Haney et al. 2011). Interaction sites between the pathogen and the host cell are overgrown with vesicles, which
are formed by receptor-mediated endocytosis. Then the endosomes with the pathogen are delivered to the
lysosomes where their degradation occurs (Parton & Richards 2003). In addition, endocytosis is of great
importance, both under normal conditions of plant life, and under stress. This is because endocytosis is involved
in such important cellular processes as signal transmission and nutrient uptake (Paez Valencia et al. 2016). Recent
evidence proves that two endocytic pathways have been identified in plants: clathrin-mediated endocytosis and
membrane microdomain-associated endocytosis (microdomains-lipid rafts). Membrane microdomain or raft-
linked endocytosis is involved in important processes for plants such as symbiotic infection with bacteria,
internalization of sucrose transporters and proteins involved in the response to salification, regulation of the
activity of proteins that initiate cellular responses to extracellular cues (Fan et al. 2015).

Chloroplasts and mitochondria are semi-autonomous, two-membrane cell organoids that are involved in important
cellular processes. It is known that chloroplasts play an important role in the life of plants. Chloroplast membranes,
like other membranes, are involved in the cell's defense mechanisms in response to negative effects. This is because
during stress, plants need to maintain the photosynthetic efficiency of chloroplasts for normal growth and
development (Liu et al. 2018). In addition to chloroplasts, the cell also has a two-membrane, semi-autonomous
organelle. Mitochondria are central to the metabolism of plant cells. They are not only a source of energy and
metabolic intermediates for the cell, but they are also involved in the biosynthesis of certain coenzymes and
cofactors, as well as lipids. Mitochondria can regulate their metabolism by adapting to their environment. Finally,
mitochondria are involved in retrograde signaling and programmed cell death in response to external stimuli of
both abiotic and biotic nature (Rao et al. 2017). Recently, the presence of lipid rafts in the membranes of
chloroplasts and mitochondria of different types of halophytes has been proven. The study revealed a difference
in the composition of raft-specific lipids in halophytes that differ in the salt accumulation strategy, which suggests
that the functional role of these structures is related to the nature of salt tolerance and makes it possible to assume
the participation of rafts in plant adaptation to abiotic environmental factors (Nesterov et al. 2017; Nesterov et al.
2017). Currently, it has been proven that vacuole perform functions that are important for plants, both under normal
conditions and under stress (accumulation of nutrients, degradation of products of metabolism, detoxification of
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substances harmful to the cell, etc.). Similarly, to animal cell lysosomes, plant vacuoles participate in programmed
cell death (Dickman et al. 2017). According to recent data, rafts of the vacuolar membrane can participate in the
functions performed by the vacuole (Ozolina et al. 2013; Yoshida et al. 2013). It is proved that tonoplast lipid rafts
contain proteins that provide transport of metabolites through the vacuolar membrane, such as V-ATPase, ion
transporters, sugar transporters, Ca-ATPase, aquaporins. In this connection, it is concluded that rafts are involved
in the main function of the tonoplast - the regulation of membrane transport processes. It is known that this function
can play a great role in certain types of stress. In addition, proteins involved in autophagy processes (DRP1A, 1C,
2A, and 2B) were found in rafts of the vacuolar membrane (Nestyorkina et al. 2016; Yoshida et al. 2017). Studies
of the Golgi complex membrane have shown that it is involved in protein secretion, which is necessary for
intracellular processes and cell interaction with the environment. Further work on the structure of the membrane
of this organelle showed that it contains lipid rafts. The researchers concluded that a violation in the structure of
lipid rafts of the Golgi complex membranes might affect the effectiveness of the secretory pathway. This
conclusion was made based on experiments conducted to regulate the synthesis of raft specific lipids (Laloi et al.,
2007).

CONCLUSION

The plant response to stress is a complex reaction of cell membranes. In this connection, in this work, we
considered the contribution of lipid rafts of various plant cell membranes in protective mechanisms. Plants cell
membrane is the most studied in this line of research. It is proved that the lipid rafts of plant plasma lemma contain
proteins involved in the body's response to stress. The lipid rafts of chloroplasts and mitochondria are the least
studied. The contribution of these structures to plant protection from stress is determined by changes in the lipid
component of rafts.In general, plant lipid rafts are involved in protective mechanisms. The role of lipid rafts is
shown in interaction with microorganisms using the remorin protein; in transport processes (important for negative
effects) using aquaporin proteins and proton pumps; in cold and salt stability by changing the lipid composition of
rafts. Thus, the results obtained to date allow us to evaluate the participation of lipid rafts in the protective
mechanisms of plant cell membranes in response to negative effects. In addition, the analysis of these results
reveals directions for further research of the structure and functioning of plant cell membranes (search for lipid
rafts in the nuclear membrane and the membrane of the endoplasmic reticulum, etc.). The work was carried out
with partial use of funds from the grant MK-666.2020.11 on the equipment of the Shared-Use Equipment Center
"Bioanalytics" of the Siberian Institute of Plant Physiology and Biochemistry SB RAS (Irkutsk).
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