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Abstract—Intensive development of systemic biology involves intensification of such branches as proteomics
and lipidomics, which are valid for systemic biology of plants. This trend is obvious due to the rapidly growing
number of publications on proteomes and lipidomes of plant cells, tissues, and whole organs. Particulars of
the plant nuclei, mitochondria, and chloroplasts have been rather well detailed in this regard. However, these
data are scarce concerning the tonoplast, Golgi apparatus, endoplasmic reticulum, and other single-mem-
brane organelles of the plant cell. This review surveys the current concepts related to specificity of protein and
lipid spectra in the membrane structures of plant cells. The little data describing changes in these parameters
in the course of development and under stress pressure are also analyzed.
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INTRODUCTION

The fundamental function of the eukaryotic cell
membranes is compartmentalization of biochemical
as well as physiological processes. Each compartment
(organelle) creates unique conditions that are charac-
terized by a particular pH level, specific spectra of
macro- and microelements, bioactive compounds,
diverse energy resources, and other features. This
function is determined by the structure of biological
membranes. According to the f luid-mosaic model put
forward in 1972, the membrane is a lipid bilayer, which
mainly constitutes of phospholipids and contains pro-
teins submerged into the lipid matrix to a different
extent [1, 2].

Numerous empirical data represent the diversity of
the protein components of the various membrane
structures. The list of these proteins includes trans-
porters, receptors, enzymes, etc. They are involved in
the signaling and metabolic functions and, in this way,
fulfill adaptations of the plant cells to stress factors and
bring the developmental programs into effect. For a
long time, it has not been possible to characterize the

protein spectra of different membranes and, all the
more, to estimate the dynamics of a protein profile
under the influence of different factors. These prob-
lems can be solved by up-to-date approaches of sys-
temic biology, namely, proteomics, or, to be correct,
the combination of genomics, transcriptomics, and
proteomics.

The term proteome was advanced in 1995 to desig-
nate all the proteins of a particular biological object
(cell, tissue, organism, etc.) that are genome-encoded
and are synthesized under certain conditions [3]. The
sequencing of the Arabidopsis thaliana genome, as well
as those of many other plant species, was of revolu-
tionary importance in identification of proteins and
annotation of their functions. The proteomic analysis,
based on such methods as two-dimensional polyacryl-
amide gel electrophoresis (2D-PAGE), high perfor-
mance liquid chromatography, and mass spectrome-
try, makes possible identification and quantitative
assay of proteins in a sample, revelation of their pri-
mary structure, and assessment of their posttransla-
tional modifications [4, 5]. The original comparison
of different approaches to proteomic analysis is given
in the work of Moshkovskii and Ptashnik [6]. The
scale of only one modern proteomic investigation may
deal with several hundreds and even thousands of pro-
teins requiring identification and determination of
their possible functions.

Rapid development of proteomics has brought
about a good deal of facts underlying many databases.

Abbreviations: GDG—glucuronosyldiacylglycerol; GGL—glyc-
eroglycolipids; GPL—glycerophospholipids; DAG—diacylglyc-
erol; DGDG—digalactosyldiacylglycerol; DPG—diphosphaty-
dilglycerol; MGDG—monogalactosyldiacylglycerol; PM—
plasma membrane; SPL—sphingolipids; SQDG—sulfoquino-
vosyldiacylglycerol; PA—phosphatidic acid; PC—phosphatidyl-
choline; PE—phosphatidylethanolamine; PG—phosphatidyl-
glycerol; PI—phosphatidylinositol; PS—phosphatidyl serine.
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They represent primary protein sequences and their
modifications (phosphorylation, glycation, etc.) along
with a functional importance of various proteins, such
as protein kinases, transcription factors, different
enzymes, and proteins carrying out protein–protein
interactions. Recently, Subba et al. [7] have described
these databases in detail. We agree with the authors
that the databases need further development. For
example, it is necessary to create and develop the
informational system encompassing the data on the
proteomes of signal cascades, secondary metabolism
networks, and various membrane organelles. Thus,
Arabidopsis contains 27000 proteins and 25–30% of
them are supposedly integrated in the membrane [8, 9].
Consequently, the comparative analysis of protein pro-
files of the plant cell membranes is of special interest.

Another rapidly developing discipline–plant lipido-
mics–is not less important. The term lipidome was
originally put forward by analogy with the term pro-
teome [10] and implies the overall array of lipids pre-
sent in the particular cell, tissue, or organism. Like the
majority of “omic” disciplines, lipidomics exploits
high-technology and maximally automated methods
of extraction, separation, and analysis of lipids
together with bioinformatic processing of the results.
Different kinds of liquid chromatography, followed by
mass-spectrometry with different ionization tech-
niques, are usually applied [11–14]. Most lipids are
not high-molecular weight substances, being hydro-
phobic or amphiphilic, easily soluble in nonpolar sol-
vents. They are products of carboanionic condensation
of thioesters (fatty acid derivatives and polyketides)
and/or those of carbocationic polymerization of iso-
prene (terpenoids including steroids) [11, 15]. Lipi-
dome of the eukaryotic cell numbers from hundreds to
thousands of individual lipids building the cell mem-
branes and accumulating in the storage structures [14].
Despite a wide diversity of the current information,
our knowledge of the changes in the lipid profiles in
the course of development and in stress situations is
still inadequate.

The present-day concepts on protein and lipid
spectra of plant cell membranes will be considered
below.

DEVELOPMENT OF CONCEPTS 
CONCERNING DIVERSITY OF PROTEOME 

AND LIPIDOME OF MEMBRANE 
STRUCTURES OF THE PLANT CELL: 

HISTORY, PROBLEMS, AND PROSPECTS. 
PROTEOME OF CELLULAR MEMBRANES

The first studies of proteomes of plant membranes
were related to analyzing the proteins present in
nuclei, chloroplasts, and mitochondria. These rather
large double-membrane organelles were isolated by
low-speed centrifugation. The subsequent identifica-
tion of their membranes did not cast doubt.
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The proteome of the Arabidopsis mitochondrial
membranes is now one of the best-characterized.
These data were reported as early as the work of Bru-
giere et al. [16]. Some time later, the application of dif-
ferent methods of extraction followed by LC-MS/MS
analysis enabled identification of 114 proteins, which
increased their number by 40%. It was found that
80 functionally annotated mitochondrial proteins of
Arabidopsis comprise the proteins involved in mem-
brane transport (including that of electrons), di- and
tricarbonic acid cycle, synthesis of amino acids and
proteins, protection from oxidative stress, etc. [17].
Various up-to-date methods of proteomic analysis are
capable of extending the protein profiles of these
organelles up to 1000–1500 proteins. In this regard,
the investigation of various stable intramembrane pro-
tein complexes deserves special attention [18]. Indeed,
this is valid for the complexes of respiratory electron-
transport chain, the complex of alternative oxidase,
the ATP-synthase complex, and the series of multi-
component transporters.

In the Arabidopsis chloroplast membranes, 242 pro-
teins were initially revealed. At least 40% of them
belong to the integral membrane proteins. The func-
tions of the remaining 86 proteins were unidentified
[19]. Further progress in methods made possible the
detection of as many as 1200–1300 proteins in the
chloroplast of this plant. They were found to partici-
pate in photosynthesis, sulfur and nitrogen metabo-
lism, and synthesis of amino acids, fatty acids, hor-
mones, secondary metabolites, pigments, vitamins,
and other products. Locations of some of these pro-
teins—in the stroma, thylakoid membrane, or
lumen—were disclosed. In this regard, the large func-
tional protein complexes in the chloroplast mem-
branes are especially interesting [20]. They include the
light-harvesting complexes, the protein complexes of
photosystems, ATP-synthase, and multicomponent
transport systems.

The study of nuclear proteome has also passed
through a thorny way. In Arabidopsis, one of the first
investigations revealed 200 nucleus-specific proteins [21].
The large-scale study identified as many as 663 pro-
teins whose functional annotation was difficult to
ascertain [22]. Among 345 nuclear proteins, the ones
involved in the transcription and signaling systems,
chaperones, and other proteins were reported. Similarly
to chloroplasts and mitochondria, much attention has
been currently paid to proteomic analysis of not only
outer and inner nuclear membranes but also to identifi-
cation of the transmembrane protein complexes of the
nuclear envelope including its pores [23, 24].

Recognizing the evident success in the exploration
of proteome of double membranes surrounding the
corresponding organelles, one should mention that
the investigation of different intracellular low-density
membranes had initially been very difficult. Their iso-
lation requires high-speed centrifugation. Separation
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of the plasma membrane, tonoplast, Golgi apparatus,
and endoplasmic reticulum was originally carried out
in density gradients of sucrose, sorbitol, Percoll, etc.
[25]. However, such a procedure could not entirely
prevent cross-contamination of the membrane frac-
tions in most cases. This review does not aim at scru-
tinizing different methods. We can only state that the
quite specific purification has been elaborated solely
for the plasma membrane [26]. This two-phase sepa-
ration has been successfully employed for more than
30 years. It is based on using of two immiscible solutions
of polyethylene glycol and dextran; their concentrations
are species- and tissue-specific. Some approaches were
proposed for tonoplast isolation [27–29], although
they are not generally accepted and require further
improvement so far. After preparing a material con-
taining a certain purified membrane fraction or that is
enriched with it, a scientist faces several more import-
ant problems. They were summarized by Ephritikhine
et al. [30]. The membrane-bound proteins, unlike sol-
uble ones, are poorly separable by two-dimensional
electrophoresis in polyacrylamide gel (2D-PAGE)
because of their physicochemical heterogeneity and
high hydrophobicity. Many hydrophobic proteins do
not dissolve in a buffer intended for isoelectric focus-
ing and precipitate at their isoelectric point. Besides,
proteins are present at low concentrations in most
membranes and often cannot be analyzed by standard
proteomic methods. To cope with the mentioned obsta-
cles, auxiliary extraction of hydrophobic proteins fol-
lowed by mass-spectrometry are applied.

Because of a rapid development of analytical tech-
nique for membrane proteome, together with a reli-
able preparative method for plasma membrane (PM),
it is this membrane that has been studied most inten-
sively in terms of proteomics. Indeed, the significance
of PM as a main barrier and essential participant of a
cellular transport system also contributes to the inter-
est in this membrane. In addition, the plasma mem-
brane is involved in the perception of various chemical
and physical external signals and their transduction
into the cell, therefore, triggers a wide array of adap-
tive and physiological responses at a cellular level.

The first mass-spectrometrical analyses of the Ara-
bidopsis plasma membrane revealed approximately
100 proteins; the most part of them had not been
found in the earlier proteomic studies [31]. Nano-flow
reversed-phase HPLC, coupled with tandem mass-
spectrometry (nano-LC/MS/MS), revealed as many
as 238 proteins in the plasma membrane fraction of
the leaf cells of this plant [32]. More than 100 of them
were attributed to ones containing one or more trans-
membrane domains. They are functionally related to
the transport through PM, vesicular transport inside
the cell, signal transduction, and responses to stress-
ors. A small number of proteins was formerly associ-
ated with other cellular compartments and might orig-
inate from contamination.
RUSSIAN JOURN
Investigations of recent years have considerably
widened our knowledge of different protein groups of
the Arabidopsis plasma membrane [33]. Because of a
limited volume of the review, we shall confine our-
selves to the main groups rather than all the annotated
proteins. The proteins of PM are conventionally sub-
divided into three categories depending on a type of
their association with the membrane: the integral
membrane proteins, the peripheral membrane pro-
teins, and the glycosylphosphatidylinositol-anchored
proteins. The members of the first group possess one
or more transmembrane domains. At the N-end, the
signaling sequence, fulfilling the delivery of proteins
into the plasma membrane through ER and Golgi
apparatus, is situated. The systems of passive and
active ion transport primarily belong to this group.
The most numerous representatives are H+-ATPase,
aquaporin [34], various transporters of ions (including
heavy metal ions), the transporters of organic molecules
(including hormones), and the proteins performing sig-
naling functions (e.g., receptor-like kinases, RLK).
The peripheral membrane proteins do not have a suf-
ficient hydrophobic domain. They are bound to the
plasma membrane through noncovalent protein–pro-
tein interactions or the covalent lipid modifications
resulting from N-myristoylation, S-palmitoylation, or
prenylation. This group includes the proteins con-
trolling vesicular traffic, including Rho of plants
(ROPs) and Soluble N-ethylmaleimide sensitive fac-
tor Attachment protein REceptors (SNARE) proteins
[9, 35]. The proteins of the third group interact with
the plasma membrane owing to glycosylphosphatidy-
linositol. This protein modification is supposed to
occur in the Golgi apparatus. This group mainly con-
sists of the enzymes involved in the cell wall construc-
tion, for example, β-1,3-glucanase, pectin esterase,
and polygalacturonase [36]. The proteins present in
the microdomains of the plasma membrane earn spe-
cial attention. The microdomains (rafts, detergent-
resistant domains) are enriched with sphingolipids
and sterols that create more ordered areas contrasting
to the surrounding layer mainly composed of phos-
pholipids [37]. The lipid components of the rafts will
be considered hereafter. Now let us take a look at the
protein components of these domains. Some proteins
are markers of the rafts: KAT1 (K+-channel), PIP2;1
(aquaporin), PIN1, PIN2, and some ABCB (auxin
transporters), remorins (group of immune response
proteins), etc. [38]. It should be noted that the rafts,
despite their rather certain physicochemical proper-
ties, are dynamic structures with content depending
on conditions and changing with time. Unfortunately,
the ratio of the functionally different protein groups of
the PM (transporters, enzymes, receptors, etc.) is
rather difficult to figure out now since a large share of
proteins has not been characterized so far.

Other single-membrane organelles are also the
objects of proteomics. The first typical protein profiles
of the vacuolar membrane (tonoplast) were obtained
AL OF PLANT PHYSIOLOGY  Vol. 68  No. 5  2021
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almost simultaneously with those of the plasma mem-
brane, but the authors inferred that the membrane
preparations were excessively contaminated. The situ-
ation was much improved in the case of the suspen-
sion-cultured cells of Arabidopsis and their protoplasts
[39]. In total, 263 proteins were revealed. Each of 46
proteins supposedly possesses two transmembrane
domains, and the remaining 177 have one such domain
or none. According to the database, 129 proteins were
annotated. This group includes V-Н+-ATPases, pyro-
phosphatases, and transporters of Zn2+, Cd2+,
sucrose, and amino acids. The functions of 21 proteins
are related to the system of protein degradation. In
fact, 34 proteins still remain uncharacterized, and a
few proteins were earlier annotated as components of
different membranes. More complete characteristic of
the tonoplast proteome of Arabidopsis was presented
by Jaquinod et al. [40]. The analysis demonstrates that
the identified proteins participate in the transportation
of ions and metabolites (26%), stress reactions (9%),
signal transduction (7%), and metabolism (6%); they
also fulfill such vacuolar functions as hydrolysis of
proteins and sugars.

The proteome of the Golgi apparatus was first
reported in the 2000s [41]. However, the inability for
correct isolation of the membranes from these organ-
elles casts some doubt on the results obtained over that
period. All the same, the interest in the Golgi appara-
tus is high, especially due to the intrinsic synthetic
processes involved in the cell wall construction.
Rather recently, a novel approach has been advanced,
including purification in a density gradient followed
by separation based on a surface charge [42]. This
made it possible to achieve a sufficiently high degree of
purification of the membrane fraction. The subse-
quent proteomic analysis has identified 491 proteins.
Their list contains 64 proteins representing contami-
nations of different origin: from mitochondrial mem-
branes (28 proteins), ER (15), and cytoplasm (14),
together with six proteins that had formerly been iden-
tified as the components of plastids, nuclei, and per-
oxisomes. More than 50 proteins (namely, 56) were
functionally ascribed to the protein synthesis system.
The remaining 371 substances were qualified as partic-
ipants of the polysaccharide biosynthesis of the cell
wall matrix (20%), transporters (12%), transferases
(12%), and proteins responsible for secretion (12%). A
group of 55 proteins (12%) represents different mem-
branes, but they are not markers of the membrane
contamination. For example, these are cellulose syn-
thase and V-ATPase that are “transit” proteins of the
Golgi apparatus.

Unfortunately, the cytoplasmic reticulum is very
poorly studied in terms of proteomics. However,
182 proteins are ascribed to this organelle [41]. Thirty
of them are still not characterized. The remaining pro-
teins are involved in folding, modification of synthe-
sized proteins, and in some other metabolic activities.
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
The first group includes two Sec63 homologs, five
peptidase homologs; BiP, HSP90, calnexin, and cal-
reticulin chaperones; nine protein disulfide isomerases,
and peptidyl prolyl isomerase. The list of the identified
compounds includes the proteins of the oligosaccharide
transferase complex (ribophorin I homologs, ribo-
phorin II, two STT3 homologs, OST3, OST6, OST48,
and DAD1) that account for oligosaccharide transfer
in the process of N-linked glycosylation. The group of
“metabolic” proteins comprise 18 cytochromes P450,
NADPH-cytochrome P450 reductase, NADH-cyto-
chrome b5 reductase, two proteins of cytochrome b5,
and 11 proteins involved in lipid metabolism. The pro-
teins of another group (including the Ca2+-ATPase
family) maintain the ionic homeostasis in the ER, and
several proteins (AtSEC12, COPII, RHD3 homolog,
etc.) mediate an exchange between the ER and Golgi
apparatus.

The development of sequencing techniques has
extended proteomic analysis to other plant species,
namely, cereals (rice, maize, oat, and rye) and dicoty-
ledonous (tobacco, soybean, etc.). Different organs of
these plants and cell cultures derived from them were
examined [43]. In the oat and rye plasma membranes,
not only protein profiles but also protein compositions of
nanodomains were compared. With nano-LC-MS/MS
analysis, 219 proteins were identified in oat and 213 in
rye. Of them, 56 and 47%, respectively, were the pro-
teins specific for nanodomains. The authors suc-
ceeded in the detailed characterization of a ratio of dif-
ferent groups of functionally important proteins pres-
ent in the plasma membrane or nanodomains in
different cereal species [44].

Therefore, the mounting publications characterize
protein spectra of membranes of the plant organisms
that are of value for crop production and biotechno-
logy. By the way, somewhat exotic plants are also
reported as to their membrane protein profiles. For
example, the plasma membrane and tonoplast from
the leaves of mangrove Avicennia officinalis growing in
equatorial marshes of Singapore were studied. Here,
even in the unsequenced genome, 254 proteins of the
PM and 165 proteins of tonoplast were identified [45].
In field mint (Menta arvensis), fewer proteins (122)
were found in the plasma membrane proteome, and
only 21 of them were identified [46].

The interesting evidence of tissue specificity of the
PM protein spectra was obtained on poplar plants [47].
Here, a relatively large part (42%) of 956 proteins cor-
responds to the plasma membrane fraction of all
examined tissues (leaf parenchyma, xylem, and cam-
bium/phloem), and only 10–11% were unique of the
particular tissue. By means of the further analysis,
213 integrated membrane proteins were qualified
according to their functions related to “transporters,”
“receptors,” “cell wall and carbohydrate metabolism,”
“transmembrane transport,” “other,” “unknown,”
and “possible contaminants.” More than 70% of the
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transporters of the largest group of integral proteins
are detected in the PM of the leaf cells, 32% are pre-
sent in the membranes of all three tissues, and only
25% are exclusively found in the plasma membranes of
the cells of xylem and/or cambium/phloem. It is sur-
prising that the PM isolated from cambium/phloem
contains the highest share of receptors. More than
70% of proteins participating in the cell wall forma-
tion and carbohydrate metabolism and all the pro-
teins involved in membrane transfer are identified in
the plasma membrane of xylem cells. Few proteins
(2–4% of the total number) were common for the
PM of mesophyll and that of two other tissues. Mean-
while, the plasma membrane of xylem and cam-
bium/phloem contains the proteins (21%) that are not
identified in such membranes of the leaf cells.

Another study performed on rice plants. It is a
comparison of the proteomes of roots, etiolated and
green leaves, growing leaf blades, and flowers [48]. In
addition to 511 proteins common for the five organs,
each organ possesses a set of specific proteins: root
(270 proteins), etiolated leaf (132), green leaf (359),
developing leaf (146), and flower (149). The protein
profile of the root plasma membrane is found to con-
siderably differ from that of leaves, regardless of the
conditions (light or darkness) of their development.
According to the PM protein composition, the devel-
oping lamina is closer to a f lower than a green leaf. The
fact that the root PM is richer in transporter proteins
than the leaf PM, as well as the evidence that the
flower PM is more saturated with signaling proteins
than the plasma membrane of the green leaf, has
aroused special interest.

Therefore, the results of the last decade, obtained
with up-to-date methods, point to the specificity of the
protein profiles either upon comparison between differ-
ent tissues of one plant or between different plant spe-
cies. This implies a functional significance of the pro-
tein components of the cell membranes. It is not ques-
tioned that the intense progress in sequencing, along
with improvements in isolation techniques and analyti-
cal methods, will provide a basis for further investiga-
tions of proteomes of the membrane organelles.

LIPIDOME OF PLANT MEMBRANES
Membrane lipidomes are primarily constituted of

polar lipids. Their amphiphilic nature allows their
association to yield the bilayer membrane structure
and fulfill plenty of different functions. These are
polar lipids that provide a basis for the bilayer. The
mass ratio of lipids to proteins is usually close to 1 : 1
in the plant cell membrane. However, the ratio would
vary from 50 : 1 to 100 : 1 if we allow for the averaged
molecular masses of lipids and proteins rather than
their absolute content [49]. Most membrane lipids
belong to glycerophospholipids (GPL), with a domi-
nance of phosphatidic acid (PA), phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidyl
RUSSIAN JOURN
serine (PS), phosphatidylinositol (PI), diacylglycerol
(DAG), and the corresponding lyso-forms. The less
common components, especially of the inner cellular
membranes, are phosphatidylglycerol (PG) and
diphosphatidylglycerol (DPG, cardiolipin). The latter
is a marker lipid of the inner mitochondrial mem-
branes where it stabilizes the proteins of the electron-
transport chain [50]. PC constitutes approximately
50% of the membrane phospholipids and, together
with PE, this share is as much as 70–80% [49]. The
fatty acid composition of GPL encompasses C16–C24
acids, both saturated and unsaturated, where C16 and
C18 dominate [51]. The trait of a plant lipidome is the
almost absolute absence of plasmalogens—GPL,
whose first position of glycerol is occupied, instead of
the fatty acid residue, by the residue of alcohol with
long aliphatic chain, which is linked with simple ether
bound. Plasmalogens are widespread in animals, both
invertebrate and vertebrate, including humans [14].

Another specific feature of plant lipidomes is the
presence of galactolipids belonging to a special group
of glyceroglycolipids (GGL). They build the mem-
brane of plastids and are represented by monogalacto-
syldiacylglycerol (MGDG), digalactosyldiacylglycerol
(DGDG), sulfolipid sulfoquinovosyldiacylglycerol
(SQDG) [52], and glucuronosyldiacylglycerol (GDG)
[53]. These lipids are found in higher plants, various
eukaryotic algae, and oxyphotobacteria [14]. In the
fatty acid composition of plant galactolipids, the
C16:0, C16:3, and C18:3 acids are the most abundant
[54].

Sphingolipids (SPL) is an essential group of polar
lipids. Their share may be as much as 10% of the total
lipids in the plant [51]. For a long time, this group has
remained inadequately explored because of difficulties
of their extraction and analysis [11, 13, 55]. SPL are
derivatives of long-chain aliphatic sphingoid bases
(aminoalcohols). These bases are diverse among plant
sphingolipids. In addition to sphingosine and sphin-
ganine that are the most typical in animals, plants
contain phytosphingosine and other derivatives. They
differ from each other by the presence, quantity, and
isomerism of double bonds as well as the number of
hydroxy groups [49, 56]. The fatty acid components
that attach to a sphingoid base by an amide bond are
represented by C14–C26 acids that are mainly long-
chain and are often hydroxylated at α-position [49, 56].
The saturated α-hydroxy-C24 (α-hydroxy-lignoceric)
acid predominates here [56]. In addition to sphingoid
bases, plant SPL contains such key groups as cera-
mides, glucosylceramides (glycosphingolipids), and
glycosylinositolphosphoceramides (phosphosphingo-
lipids). These compounds average, respectively, 0.5, 2,
34, and 64% of the total SPL amount in the leaves of
Arabidopsis [51]. Sphingomyelin, as a chief sphingo-
lipid of animals, is not present in plants.

One more essential group of the membrane lipids is
represented by sterols–derivatives of isoprene. Con-
AL OF PLANT PHYSIOLOGY  Vol. 68  No. 5  2021



PROTEOME AND LIPIDOME OF PLANT CELL MEMBRANES 805
siderable diversity of phytosterols–above 200 individual
substances—is characteristic of plant membranes [57].
For instance, more than 60 individual sterols and
pentacyclic triterpenes are isolated from maize seed-
lings [51]. In the lipidome of higher plants, the essen-
tial sterols are β-sitosterol, campesterol, and stigmas-
terol. The Arabidopsis cells accumulate up to 64, 11,
and 6% of these compounds, respectively [57]. By the
way, plants are also capable of synthesis of cholesterol
up to 10–20% of the total sterol level, especially in the
membranes of cereal root cells [57]. Phytosterols are
usually present in the membranes in a free state. Nev-
ertheless, they can be glycosylated by glucose, man-
nose, xylose, or galactose yielding steryl glycosides
that, in turn, may be acylated by C16–C18 acids [49,
51, 57]. The esters of sterols with fatty acids can also be
found in plants: rarely in membranes (as in cauli-
flower) but, rather, in lipid droplets together with tri-
acylglycerides and other nonpolar lipids [49].

The lipid composition of the cell membranes
depends on the cell type, age, developmental phase,
and environmental factors. The particular species to
which the plant belongs also matters, although consi-
derable quantitative differences are even possible
between individuals of one species [58]. The membrane
lipidome of the PM and double-membrane organelles
is the best-studied. The photosynthetic cells of plants
contain 70–80% membrane lipids in the chloroplasts,
where 80–90% of polar lipids is concentrated in the
inner mainly thylakoid membrane [12, 58].

The membranes of the plastid envelope do not con-
tain chlorophyll and consist of glycerolipids (80%) and
free sterols (up to 1%). The outer plastid membrane
contains GPL (35–50%), where PC (30–35%, mainly
in the outer monolayer) and PG (10%) dominate. The
share of GGL is 50–60% (DGDG is up to 30%,
MGDG is up to 17%, and SQDG is 6%). The inner
membrane of the plastid envelope is primarily com-
posed of GGL (85–90%), where MGDG (50–55%)
in dominant. The GPL content does not exceed 15%,
and PG is a leader in this sense (up to 10%) [52, 58].
The thylakoid membrane is chiefly formed of GGL as
well. Its structure is asymmetrical: the outer mono-
layer is enriched with MGDG and PG, while the
greater parts of DGDG and SQDG are localized in
the inner layer, which faces the grana [12, 58]. To be
correct, we should note that MGDG is incapable of
independently composing a bilayer. However, the role
of MGDG is hard to be overestimated, because the
ratio of MGDG to DGDG determines the bilayer for-
mation, lipid–protein interaction, and interprotein
interactions in the thylakoid membranes. The latter
case is an energy interaction between the light-har-
vesting complex and PSII. Another function of
MGDG is its interaction with the pigments of the xan-
thophyll cycle preventing photooxidation [59]. PE and
PS are quite absent in the plastids [58]. Under condi-
tions of phosphorous starvation, galactolipids of plas-
tids can substitute for phospholipids in other cellular
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
membranes and, thus, arise in the plasma membrane,
tonoplast [51], ER, and mitochondrial membrane [54].
The chief substitute for GGL is DGDG whose share
can attain one third of all the lipids under phosphate
deficiency, while acylated sterylglycosides substitute
for phospholipids in the outer layer [49, 60].

The lipids of the mitochondrial membranes consist
of GPL by 80%. The content of free sterols reaches
12% and that of their glycosides is 1–2% [58]. The
chief GPL of the outer mitochondrial membrane are
PC (up to 60%), PE (25–30%), and PI (15–25%).
The inner membrane also contains PC and PE (40%
each) and DPG (10–15%) [58, 61]; DPG is specific to
this membrane. Its share is zero in the tonoplast and
does not exceed 2–3% in different intracellular mem-
branes (the outer membranes of mitochondria and
plastids, the peroxisomal membrane, and the micro-
somal fraction) [61, 62]. PS is also undetectable in the
plant mitochondria [58, 61]. Fatty acid residues with
chain length С16:0, С18:2, and С18:3 prevail in GPL
of the mitochondrial membranes [54]. Such peculiar-
ity of lipid spectrum of these membranes may be due
to the semi-autonomous lipid biosynthesis in the
mitochondria. Actually, these organelles import GGL
from plastids, DAG and GPL from ER, and synthe-
size PG and DPG by themselves [54, 63]. In addition,
the mitochondria possess the proper system of fatty
acid biosynthesis differing from that of plastids and
starting from malonate [54].

Now, let us turn to the lipidome of single-mem-
brane organelles. The ER membrane possesses the
most diverse lipids participating in its formation. Of
them, GPL are the most abundant (above 80%), where
PC (35–65%), PE (10–25%), and PI (3–18%) prevail.
Sterols in free (3–14%) and bound forms (1–4%,
including steryl glycosides and acetylsterylglycosides),
together with sphingolipids (2–8%, mainly glucosyl-
ceramides), are also present [58, 64]. The peculiarity
of the ER membrane is a relatively high level of PA
(0.5–7%) and lysophospholipids (0.8–1.7%) because
of the biosynthetic and transport roles of this organelle
in arrangement of the cell lipid metabolism [64]. In
addition, the ER contains up to 0.5–4% of the lipids
typical of the membranes of plastids (MGDG and
DGDG) and mitochondria (DPG) [58]. Such diver-
sity is presumably accounted for by the ER role in lipid
synthesis.

The present review does not pretend to compre-
hensively consider lipid biosynthesis. We only men-
tion that fatty acids, including С16–С18, are synthe-
sized in the plastids. Later on, they are transported to
the ER membrane or participate in the prokaryotic
pathway directly in the inner plastid membrane, where
GGL and GPL are yielded [54]. The ER membrane is
the chief place of lipid biosynthesis in the plant cell.
The eukaryotic pathway of GPL synthesis proceeds
here together with elongation of fatty acids, synthesis
of triacylglycerides, sterols, sphingoid bases, cera-
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mides, and glucosylceramides [54, 56, 58]. Inositol-
phosphoceramides, glycosylinositolphosphoceramides,
and complex sphingolipids with long oligosaccharide
heads are synthesized in the Golgi apparatus [65].

Glyoxysomes are organelles specialized in lipid
catabolism. Thus, their membranes contain not only
GPL (25–50%, especially PC, PE, PG, and PI) but
also large amounts of free fatty acids (up to 30–40%)
[58]. It is thought that glyoxysomes themselves do
not synthesize phospholipids but receive them from
ER [12, 58].

Tonoplast (vacuolar membrane) consists of GPL
(40–60%), free sterols (5–20%), bound sterols (10–
25%), and glycosphingolipids (10–20%) [27, 58, 62].
PC (30–50%) and PE (24–50%) dominate among
GPL. The third GPL group is represented by PI (7–
15%), which are exclusively important for vacuole bio-
genesis [62]. The main components of tonoplast lipids
are the С16:0, С18:1, and С18:2 fatty acid residues
[27]. The lipid–protein microdomains (rafts), rich in
sphingolipids and sterols, are found in vacuolar mem-
branes [27]. The V-type H+-ATPase is localized pre-
dominantly in these rafts [66]. As other inner mem-
branes, the tonoplast contains plastid GGL (1–15%)
[27, 58, 62].

The plasma membrane is also diverse in respect to
the lipid composition. The peculiar feature of the
plant PM is that it contains the maximal amounts of
sphingolipids and sterols in comparison with the
intracellular membranes. Another trait is a high vari-
ability in the ratio between GPL and other mem-
brane lipids depending on the cell type, particular
organ, or taxonomy [49, 57]. The total pool of PM
lipids is composed of GPL (30–50%), SPL (5–
40%), and sterols (20–50%) [49, 58]. As in different
membranes, the main constituents of GPL are PC
(25–45%) and PE (30–40%). The remaining GPL
are PS (3–12%), PG (2–15%), PI (2–11%), and PA
(0–20%) [49, 58, 61]. In comparison with other plant
cell membranes, the plasma membrane, especially
that of leeks, contains the maximal amount of PS. In
addition, PM contains a minor fraction of PI deriva-
tives (polyphosphoinositides or phosphatidylinositol
phosphates) that are involved in signal transduction
as precursors of inositol phosphates [51]. A small
amount (0–2%) of plastid GGL is appreciable in the
plasma membrane [58]. In the shoot cells, the PM
possesses GPL that are mainly acylated with C16:0,
C18:2, and C18:3 acids; the residues of mono-, di-, and
trienoic fatty acids with a long (C20–C22) chain are
also found [49, 54]. In the root cells, phospholipids
of PM contain mainly the residues of C16:0 and
C18:2 acids [49]. In either roots or shoots, the con-
tent of saturated acyls equals or is half of that of
unsaturated ones. It is interesting that PI, as majority
of other GPL, is usually etherified with polyenic fatty
acids (50–70%), whereas the fatty-acid composition
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of polyphosphoinositides demonstrates higher satu-
ration (10–20%) [67].

Sphingolipids of plasma membrane are represented
by glycosylinositolphosphoceramides (25–30% of
total lipids in this membrane) and glucosylceramides
(2–3%) [68]. Sterols are mainly present in a free form
(70–80% of total sterols) in the PM. In the leaf cells,
conjugated sterols are primarily acylsterylglycosides
[49, 68]. It is sphingolipids and sterols of PM that are
particularly involved in the formation of lipid–protein
rafts. In these structures, their levels attain 70 and
20%, respectively, while the part of glycerolipids was
lower 10%, while the fatty-acid component mainly con-
sists of saturated radicals [68]. One molecule of sphingo-
lipid interacts with three molecules of stigmasterol to
yield a stable complex required for raft building [51].

One peculiarity of the plasma membrane arrange-
ment is a different composition of inner and outer lay-
ers. The outer one is enriched with PC, SPL, and ste-
rols, while PS, PI, (including polyphosphoinositides),
and DGDG are situated only in the inner layer [60, 68].
Such asymmetry is peculiar to both the plasmalemma
and Golgi apparatus but not the ER. The origin of this
disparity is unknown so far. Clearing this point up is
hindered due to the high rate of the flip-flop movement
of lipids in the membrane [69]. One trait of the cyto-
plasmic (inner) layer of PM is its negative charge [51].
In general, negatively charged phospholipids, prima-
rily polyphosphoinositides, create an electric gradient,
which can guide the processes of endocytosis. The
electrostatic properties acquire a signaling function
since they can determine the polarity of location of
some proteins within the plasma membrane. Among
these proteins is PINOID—the regulator of polar
transport of the phytohormone auxin, proteinic com-
ponents of the receptor of brassinosteroids, etc. The
negative charge and pH gradient between the PM lay-
ers may also play a role in formation of the specially
organized domains—rafts. They are also asymmetri-
cally organized. The outer layer of a raft is enriched
with sterols and glycosylinositolphosphoceramides
with long heads bearing from three to seven glycosidic
residues, while its inner layer contains more GPL,
including the main amounts of polyphosphoinositides
of PM [37, 68].

The interesting results were obtained in the studies
of the plasma membrane lipidome in the area of plas-
modesmata [70]. Here, the PM is enriched with sterols
and sphingolipids with long-chain fatty acids; GPL of
this membrane is acylated with fatty acid radicals that
are less saturated than in the remaining PM. In this
regard, the plasma membrane composition of the
plasmodesmа is similar to that of the lipid raft.

It was demonstrated that membrane lipids can exist
in different phase states depending on the structure of
the lipid and its ambient. Lipidomic studies of eukary-
otic cells of animals show that lipid–lipid and lipid–
protein interactions play considerable roles in deter-
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mining the functional activity of the membranes as
well as the enzymes and transporters associated with
them. Phase state of lipids can govern lateral heteroge-
neity of membrane layers. The lipid–lipid interaction
between sphingolipids and sterols is a basis for an ori-
gin of rafts that were initially associated with cotrans-
port of membrane proteins and sphingolipids from
trans-domains of the Golgi apparatus to the plasma
membrane [69]. The raft lipid composition is formed
as early as the Golgi apparatus, where corresponding
proteins incorporate into this lipid domain. Hydro-
phobic interactions between lipids and corresponding
domains of proteins are regarded as a driving force of a
self-organization of these domains. The recent inves-
tigations discovered the importance of the conforma-
tional rearrangements in transmembrane proteins
(related to the structure of transmembrane domains,
length and folding of cytoplasmic domains) for the
subsequent organization of the raft and its delivery to
the plasma membrane. Thus, the functional domains
arise inside a phospholipid matrix. Different deter-
gents are used to assess composition of rafts, thus, rafts
are also called detergent-resistant domains. Raft size is
also highly variable (in the range from micro- to nano-
meter) that was found with the help of high-definition
microscopy [69]. It has been thought for a long time
that it is lipids that play a role of a raft-forming com-
ponent. However, according to recent data, the role of
the protein constituents of the rafts is not so passive.
For example, the thickness of the lipid layer may be
defined by the length of the hydrophobic domain of
the protein. Besides, multiplication of transmembrane
protein domains increases affinity of sterols to this
area of the phospholipid bilayer. Some proteins, for
example, remorins (REM) are markers for rafts [71].
They are encoded by a multigene family consisting of
six groups. These proteins are multifunctional. They
are apparently involved in phytohormone interac-
tions, development of nodules, suppression of patho-
genic infections, formation of plasmodesmata, and
other activities. In the scope of this review, one REM
group is especially interesting. It contains the domain
termed REM C-terminal Anchor (REM-CA). Its
necessity for arrangement of the rafts (nanodomains
of 100 nm in size) in the plasma membrane of the
tobacco leaf cells was evidenced with the help of
mutants in gene encoding this protein. REM-CA was
demonstrated to support the protein association with
the internal layer of the plasma membrane. The con-
formation of REM-CA undergoes changes in the pres-
ence of sterols and phosphatidylinositol-4-phosphate.
It is suggested that the highly saturated acyl groups,
present in the second compound (30–60%), favor the
preferential interaction with sterols and, therefore,
behave as a driving force of nanodomain formation in
the inner layer of the plasma membrane [71].

The represented facts witness to a wide diversity of
lipid constituents of the membranes of the eukaryotic
plant cells that is implemented by activities of the
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
enzymes that are encoded by at least 5% of the
genome [72].

DYNAMICS OF PROTEOMIC 
AND LIPIDOMIC PROFILES

The given evidence unequivocally shows wide
spectra of protein and lipid composition of the plant
cell membranes. It is generally accepted that this
diversity determines the structure and, what is essen-
tial, the function of this cellular membrane. Some evi-
dence shows that the membranes are very dynamic
structures. In this respect, the changes in protein and
lipid profiles of membrane organelles under stress
impacts or in the course of development are of special
interest. Here we will discuss the changes occurring in
single-membrane organelles; the corresponding data
are scarce and not systematized yet.

CHANGES IN MEMBRANE PROTEOME 
UNDER STRESS

AND DURING DEVELOPMENT
The current investigations report the changes in

protein profiles caused by such abiotic stress factors as
excessive concentration of salts (including those of
heavy metals), deprivation of water, and high or low
temperature. The shifts in composition of membrane
proteome are also revealed in the higher plants inter-
acting with symbiotic or pathogenic microorganisms.
In most cases, these studies were focused on analysis
of the PM of the plant cells.

In rice plants subjected to salinization, 8 [73] or
18 [74] new proteins arise in the plasma membrane;
these events are obviously stress-induced. The later
investigation was carried out on the PM from oat
roots [75]. Two cultivars, different in salt tolerance,
were compared. In the protein profiles of plasma
membrane, 479 proteins were identified. The presence
of one or more transmembrane domains was predicted
for 438 proteins. Supposedly, these proteins may fulfill
such functions as primary and secondary metabolism,
energy metabolism, transmembrane and vesicular
transport, along with structural, protective, and sig-
naling role. The subsequent analysis enabled ascer-
taining the considerable changes in the content of
182 proteins. Due to the characters of these changes,
five clusters were isolated. The fifth one, containing
24 proteins, aroused the most interest. It manifested
the maximal stress-induced accumulation in the salt-
tolerant cultivar. Presumably, these proteins may ful-
fill metabolic, energy, storage, and transport func-
tions. The greatest attention was paid to three proteins
of this group responsible for binding of sterols or syn-
thesis of phospholipids. The authors have proved the
role of these proteins in regulation of the root develop-
ment and increase in the tolerance upon salinization.

Some changes in the PM protein profile occur
under low temperatures [76]. In Arabidopsis plants,
  No. 5  2021



808 SHISHOVA, YEMELYANOV
38 proteins were revealed, including the proteins of
Early Response to Dehydration (ERD10 and ERD14)
and plant synaptotagmin 1 (SYT1), presumably
affording membrane reparation after cold damage.
Low temperature also modifies the microdomain
composition of the plasma membrane. These changes
affect P-type ATPases, aquaporins, tubulins, and pro-
teins of clathrin-dependent endocytosis. The last evi-
dence may point to active exchange in the PM compo-
sition.

The dynamic changes in the protein profiles of the
PM of Arabidopsis leaves occur not only after a short-
term freezing (at –2°C) of the plants cold-acclimated
for different times but also accompany their return to
the normal temperature (deacclimation at 23°C) [77].
The cooling leads to accumulation of 90 proteins and
reduction in 200 in the plasma membrane. The last
effect fits a general reduction in growing and meta-
bolic activities of the chilled cells. Three functionally
important groups of the stress-inducible proteins were
qualified as transporters, metabolic proteins, and
structure-maintaining proteins. The remaining ones
were defined as the fourth unidentified group. The
fact that the maximal changes in the protein profiles
occur within different time intervals from the start of
the acclimation indicates the complexity in the path-
ways of cold hardening. During deacclimation, the
absolute majority of the dynamically changed proteins
return to their original level.

Another harsh environmental challenge is submer-
gence, which changes the ambient gas composition
and, most crucially, diminishes the access of the root
system to oxygen. In soybean seedlings, the proteomic
analysis of subcellular membranes has revealed pro-
teins that changed in number in response to oxygen
deficiency [78]. Supposing the key role of the plasma
membrane in plant adaptations to hypoxia, its partici-
pation in regulation of cytoplasmic pH and Са2+ level,
and its intimate connection with the processes in the
cell wall, the mentioned investigation has disclosed the
role of the changes in such proteins, as aquaporins,
heat-shock proteins 70, and several proteins of ionic
homeostasis and signaling. The authors represented
the changes in the tested 117 or 212 proteins (depend-
ing on the isolation technique) of the endoplasmic
reticulum membranes. It was suggested that submer-
gence primarily regulates the protein synthesis and gly-
cosylation in ER of cells of soybean root. In any case,
these data apparently require further analysis [78].

Not only abiotic but also biotic factors can alter the
protein profile of the cellular membranes. For exam-
ple, infection by the phytopathogenic fungus Alter-
naria alternata changes the content of 21 proteins in
the PM proteome of mint (Mentha arvensis). They
comprise functional groups: proteins participating in
defense responses, those associated with carbohydrate
and energy metabolism, and those accomplishing
transport processes [46].
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It appears that the most large-scale exploration of
the dynamic changes in proteome associated with
phytoimmunity was carried out on Arabidopsis plasma
membrane [79]. In total, 2300 proteins were identi-
fied. Some proteins accumulate upon activation of the
RPS2 receptor of plant-bacterial interaction. Of them,
20% included the PM proteins participating in cal-
cium and lipid signaling, membrane transport, pri-
mary and secondary metabolism, vesicular transport,
redox homeostasis, phosphorylation, etc.

Not the least shifts accompany the symbiotic inter-
action of barrel medick (Medicago truncatula) with the
fungus of arbuscular mycorrhiza. The detailed com-
parison of the PM protein profiles of the root cells
between mycorrhized and nonmycorrhized plants was
recently carried out [80]. The dynamic changes in the
content of 82 proteins were found in the course of
mycorrhization. One third of these proteins are associ-
ated with the detergent-resistant microdomains of the
plasma membrane. Some proteins are related to car-
bohydrate and lipid metabolism and are also involved
in accomplishing metabolic exchange between the
host-plant and symbiotic mycorrhizal fungus.

The symbiotic mutuality of legumes with nitrogen-
fixing bacteria is well known. The protein profiles of
plasma membrane were analyzed in the model plant
Lotus japonicus under these conditions [81]. In the peri-
bacterioid membrane, 94 proteins were identified. They
include a large group of transporters of sugars, peptides,
sulfur, etc., aquaporins, several receptor-like kinases,
and some proteins of protective responses. The results
demonstrate the intensification of the metabolic and sig-
naling processes during establishment of nitrogen-fixing
symbiosis that is associated with the dynamic changes in
the protein profiles of the peribacterioid membrane.

Let us consider now the available information on
the proteome changes in the membranes in the course
of development. Unfortunately, investigations are
scarce in this field. The intrinsic step in the life cycle
of the majority of plant cells is a unique process of an
elongation growth. This may be regarded as a stage of
differentiation of the cell, which undergoes manifold
elongation. In the higher plants, the cell length usually
ranges from 10 to 100 μm on average but can attain
even several centimeters in some cases. One classical
model object to study elongation growth is the gram-
ineous coleoptile. In this regard, the examination of
microsomal and cytoplasmic proteomes of the rye
coleoptiles [82] is of high interest. The coleoptiles were
compared on day 3 of their development during their
intense growth and on day 4, when the coleoptile was
breached with the true leaf, and its growth was dra-
matically (by 70%) retarded. The proteins were sepa-
rated by two-dimensional differential gel electropho-
resis (2-D DIGE) followed by identification of the
composition of the changing spots by reversed-phase
liquid chromatography coupled with tandem mass-
spectrometry (LC-MS/MS). The number of proteins
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in the microsomal fraction was found to sharply
decrease upon the loss of growth capability. Since the
corresponding database is absent for rye proteins, only
eight dynamically changing proteins, including the E
subunit of the vacuolar H+-ATPase, were identified.

Another conventional model organ to assess
growth processes is a root. It contains several zones
different in their functions and growth potential. The
proteome of the cell wall [83, 84] and that of the mic-
rosomal fraction enriched with PM [85] were studied
in the elongation zone of the primary roots of maize
seedlings during their growth. Four root zones,
including that of intense growth adjacent to the root
meristem, were examined [85]. Before mass-spectro-
metric analysis, the proteins of the isolated fraction
were separated by SDS-PAGE with the subsequent
enzymatic cleavage to peptides in a gel. The changes in
protein composition were quantitatively estimated by
LC-MS/MS. As a result, the greater part (83%) of the
574 analyzed proteins displayed no quantitative differ-
ence between the compared zones. The remaining
proteins underwent nonlinear changes, including a
total absence of a certain protein in some zones. Cel-
lulose synthase and aquaporins represent the proteins
whose content sequentially increased in the fractions
from the root tip. The elongation zone was found to
possess the maximal number (36) of unique proteins
that were not found in other zones. Unfortunately, the
absence of the sequenced genome of maize did not
allow for identification of the proteins manifesting
more complex dynamics.

In another unique study performed on the Arabi-
dopsis suspension culture Т87, the proteome of the
plasma membrane was analyzed for the first time at
different developmental stages of the cultured cells
(lag, log, and stationary phases) [86]. The dynamics of
protein profiles was also ascertained under a stress
impact. The content of 392 proteins was found to
change in the PM in the course of growth. They repre-
sent different functional groups indicating the changes
in the PM physiological activity during passages
through growth phases. Thus, two aquaporins (PIP2-1
and PIP2-5) accumulated upon a transfer from the
logarithmic to the stationary phase. A similar dyna-
mics was established for six PHT1—highly specific
phosphate transporters of the plasma membrane. In
the course of development of suspension culture, the
changes in the levels of P-type H+-ATPase 1, 2, 3, 6,
and 7 (but not VHA-A) were differently directed. The
content of five ABC-transporters decreased and two
increased over the log growth phase. The authors sug-
gested that the discovered dynamic patterns in the
content of these proteins are determined by the
changes in activity of vesicular secretion (exocytosis
and endocytosis), which is increased in the logarith-
mic but decreased during the stationary phase. The
cited study also targeted the changes in the proteomic
profiles caused by cold and/or ABA treatments. It was
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found that both factors afforded the effects with a
strong dependence on the growth phase. The number
of the chilling- and ABA-sensitive proteins decreased
during the log growth phase. The results show that the
regulatory processes are sophisticated not only in the
whole cell but also at a level of the plasma membrane.

The rapid elongation of the cell may also occur
due to apical growth, for example, in the case of a
pollen tube. In the pollen of Easter lily Lilium longi-
florum, the protein profiles were analyzed in the mic-
rosomal fraction, which was divided into five sub-
membrane or organelle fractions, at the onset of the
pollen germination and after the subsequent 10, 30,
60, and 240 min [87]. LC-MS/MS analysis revealed
270 proteins. At the earliest stages (10–30 min), the
augmentation was observed for the proteins associ-
ated with cytoskeleton, carbohydrate metabolism,
energy metabolism, and ionic transport. By contrast,
the content of the proteins responsible for membrane
or protein transport, signal transduction, and stress
responses significantly decreased. At the same time,
the levels of the proteins involved in the synthesis of
amino acids, lipids or sterols, and the cell wall forma-
tion along with the transport of nutrients were inde-
pendent of the pollen developmental phases. There-
fore, the data have been obtained on the changes in
proteomes of the PM and other endomembranes tak-
ing place during germination of the pollen grain and
formation of the pollen tube.

The compelling evidence discloses the essential
role of plasma membrane of the cells of germinating
pollen in the intercellular interaction of the pollen
with the pistil of rice plants [88]. The metabolic pro-
cesses intensively proceed at the apical end of the pol-
len tube during its growth. The proteomic analysis has
found 1121 proteins associated with the PM. Of them,
the levels of 192 proteins changed, namely, increase
for 119 and decrease for 73 proteins. These proteins
belong to different functional groups, including sig-
naling systems (primarily, receptor-like kinases) and
transport systems engaged in the metabolic exchange
between the pollen and pistil.

Another important process, which may be regarded
as a developmental step, is fruit maturation. The
marked changes in the protein composition were
found in the microsomal fraction isolated from the
pericarp cells of the of tomato fruits on days 30 and 45
from flowering. This corresponds to the completely
formed (green) and ripe (red) fruits, respectively [89].
Nano-LC-MS/MS has revealed 1315 total proteins.
The content of 145 significantly changed during mat-
uration. With functional annotation, they were
divided into several groups related to the cell wall
metabolism, vesicular secretion, secondary metabo-
lism, lipid and protein metabolism, signaling, and
stress-induced responses.

With the help of 2D-electrophoresis and MALDI-
TOF-MS spectrometry, it was found that the protein
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profiles of the plasma membrane significantly changed
in the ripening grapes [90]. At the first stage of analysis
of the purified PM fraction, 119 protein spots were
identified. The subsequent analysis revealed 62 pro-
teins presumably containing from one to six trans-
membrane domains. The identified proteins were
ascribed to eight functional groups responsible for
transport, metabolism, signaling, protein synthesis,
etc. In the course of maturation, the number of pro-
teins in the plasma membrane decreases from 119
through 98 to 86 proteins, respectively, on days 50, 75,
and 95 from the f lowering onset. The statistically sig-
nificant decrease is detected for 12 proteins. They
include Fe-binding protein, the precursor of apocyto-
chrome f, putative xyloglucan endotransglucosylase,
component of chaperone–protease complex, zeatin
О-glycosyltransferase, ubiquitin-binding E2-21 enzyme,
and other proteins yet unidentified. Their content in
the plasma membrane decreased through different
dynamics.

Upon fruit ripening, the essential role belongs to
the vacuole, which can occupy as much as 90% of the
cell volume. It is this organelle that determines the
properties of fruits, since such metabolites as sugars,
organic acids, and amino acids accumulate in it. The
accumulation is managed by different transporters,
enzymes, pH-maintaining systems, etc. Quantitative
proteomic analysis (iTRAQ), coupled with nano-LC-
MS/MS, made possible revealing 345 proteins in the
tonoplast of ripening apples [91]. This group com-
prises different transporters of metabolites and ions
(including the systems of primarily active transport),
proteins responsible for signaling and metabolism,
and proteins controlling vesicular secretion and adap-
tations to stressors. Moreover, the contents of 22 pro-
teins changed in the course of the fruit storage. There-
fore, the tonoplast proteome undergoes dynamic
changes during not only development but also senes-
cence of the fruits.

The given information infers that stress action on
the plant organism, changes in the character of its
growth, or passage to the next developmental phase
are associated with the shifts in protein composition of
the membranes, including plasmalemma, tonoplast,
and those of ER and Golgi apparatus. Importantly,
the dynamic changes of the membrane profiles can
occur very rapidly, even in minutes. The changes may
represent both increase in protein content (due to
intensification of synthesis and/or vesicular secretion)
and decrease (due to elimination of the proteins from
the membrane composition through yet inadequately
studied mechanisms). In this regard, the investiga-
tions, using highly purified membrane preparations
isolated from the plants with a sequenced genome, are
obviously necessary to be continued.
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CHANGES IN MEMBRANE LIPIDOME 
UNDER STRESS 

AND DURING DEVELOPMENT

One more interesting aspect deals with the rapid
changes in the membrane lipid composition in the
plant cells. The technique of lipidomic analysis allows
for highly distinguished detailing of these changes. In
this respect, the consequences of certain stress factors
are investigated. For example, these are increase in
polyunsaturation of the fatty acid residues maintain-
ing the membrane f luidity at low temperatures. Before
the detailed consideration of these extreme situations,
we are to look at normal processes of development. In
the Arabidopsis leaves, the oscillations in the plasma
membrane composition were reported [92]. This
seems to be the first observation of rhythmic changes
in the plant membrane lipidome. Under 12-h daily
illumination, the composition of glycerolipids under-
goes changes in the PC fraction. It was suggested that
the lipid profile reflects a balance between the synthe-
sis of new fatty acids and the process of reduction of
acyl groups of fatty acids catalyzed by fatty acid desat-
urases (FADs). In this case, the C16 and C18 fatty
acids, yielded in the chloroplasts, attach to glycerol
due to acyltransferase activity that is followed by
desaturation. As a matter of fact, acetyl-CoA carboxy-
lase, unlike desaturases, is a light-dependent enzyme.
It is suggested that the higher degree of saturation of
the membrane lipids under light is accounted for by
more intense de novo synthesis of fatty acids. In the
darkness, desaturation prevails leading to rise in
unsaturation. Summing up, we conclude that the
membrane lipidome is a very dynamic structure, and
its properties depend on plenty of factors. Continuing
investigations are necessary to draw decisive conclu-
sions on the factors that can control the oscillation
changes in the membrane lipid profile.

The investigation of plant resistance to low tem-
peratures has lasted more than 180 years [93]. It is
inferred that this capability is controlled by a set of fac-
tors, and its establishment involves lots of metabolic
pathways and genetic mechanisms. It was demon-
strated many times that perception of a cold signal, its
transduction, and formation of an adaptive response
are closely related to lipids of the cellular membranes.
Under this stressor, the membrane lipids convert from
a liquid-crystal to a gel state that raises membrane per-
meability and electrolyte leakage. In this case, the
number of molecular forms of lipids increases also at
the expense of oxidized derivatives. The damage of the
membranes due to chilling may be caused by lipid per-
oxidation initiated by different reactive oxygen species
(ROS). The toxic product of the membrane lipid oxi-
dation—malonic dialdehyde—accumulates at a rate
that is higher in cold-sensitive plants. To alleviate
these negative processes, the cellular membranes,
including PM, elevate unsaturation of their lipids. The
content of C18:1, C18:2, and C18:3 rapidly rises, while
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that of C16:0 and C18:0 declines. The role of this pro-
cess is especially important, since the mutants with
disturbed encoding of desaturases exhibit no tolerance
to cold stress. The cold-induced changes in lipid spec-
tra can proceed in other cellular membranes as well.
Simultaneously, the levels of PA and DGDG increase,
while those of PC and MGDG decrease, which favors
transformation of PC into PA afforded by phospholi-
pase D. PA is a precursor in the galactolipid synthesis
(occurring also in the plastid membranes) and an
essential signal molecule fulfilling transduction of var-
ious signals. The transduction cascade, which has
been initiated by PA, is then cross-integrated into
Ca2+-signaling cascade and ABA-signaling [93].
Therefore, the membrane lipids play significant roles
in adaptation to cold stress.

One more stressor type, deserving special atten-
tion, is somewhat opposite; this is extremely high tem-
perature. The typical response of many plant species
to this factor is a decrease in the degree of unsatura-
tion. It is hypothesized that the rise in temperature is
sensed by the calcium channels in the plasma mem-
brane that are controlled by a rate of the membrane
fluidity. As a result, the Сa2+ level rises, followed by its
binding to calmodulin, and the activation of a family
of transcription factors regulating the levels of various
stress proteins, for example, heat-shock proteins [94].
Heating modulates a degree of the lipid unsaturation
not only in the plasmalemma but also in the plastids
and endoplasmic reticulum. These changes are also
due to activity of fatty acid desaturases. The enhanced
instability and longer exchange time of these enzymes
take place under high temperatures. Changes in lipid
unsaturation affect the activities of such signaling
enzymes as phospholipases (including phospholipase
С and D) and protein kinases. This elevates the con-
centrations of PA and/or inositol-3-phosphate. The
signaling cascade is complicated due to a rise in ROS
concentration (namely, accumulation of hydrogen
peroxide by the activated NADPH oxidase within sev-
eral minutes). Some other scenario is performed in the
chloroplasts and mitochondria. Here, high tempera-
ture promotes peroxidation. The resultant ROS initi-
ate retrograde signaling, which stabilizes PSII and,
consequently, regulates the rate of photosynthesis. It is
obvious that the mentioned heat-inducible processes
considerably modify the composition of membranes,
and this scientific area is still in progress.

Under natural conditions, superoptimal tempera-
tures are very often combined with another stress fac-
tor—drought. Depletion of water leads to considerable
morphological changes. One of the most prominent
traits of drought-tolerant plants is the increase in
unsaturation of their fatty acids [95]. Under this
stressor, the tolerant plants accumulate polyunsatu-
rated fatty acids C18:2 and C18:3. Comparison of
watered and desiccated plants reveals significant dif-
ference in their lipid composition. Under water defi-
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
ciency, the total content of lipids, as well as the content
of their main classes, decline. Thus, the levels of PE,
PS and PA decrease by 55%. For some forms of
MGDG, this index attains 70%, although the
decrease in DGDG is minor. As a result, the
MGDG/DGDG ratio increases in more tolerant
plants. The drought-tolerant pants contain more
amounts of antioxidants inhibiting intense oxidation
of fatty acids and production of oxylipins. Decrease in
concentrations of ceramides and increase in steroids
are also reported. Therefore, changes in the water reg-
imen of plants significantly alter their lipidome.

Under phosphorous starvation, the substantial role
of plastid GGL, when they substitute for phospholip-
ids in cellular membranes, was discussed earlier [51,
54, 60]. In this respect, the discovery of a novel minor
glyceroglycolipid, namely, GDG is worth attention,
since this was done using a lipidomic approach [53].
Under phosphorous deficiency, the GPL content
(especially that of PE, PI, and PG) decreases almost
twofold in the Arabidopsis leaves. In the meantime, the
GGL level significantly rises—two times for DGDG
and GDG and 4.5 times for SQDG. In the rice seed-
lings, the GDG level increases five to seven times
under these conditions. In the plastids, the GDG syn-
thesis is coupled with the SQDG formation. The Ara-
bidopsis mutants defective in biosynthesis of these
GGL are more vulnerable than the wild type plants to
the lack of phosphorus. GDG also accumulates in
tomato and soybean plants deprived of phosphorus [96].
In addition to higher plants, GDG was found in algae.

Among different factors, modifying the lipidome of
plant membranes, salinization also should be consid-
ered. Such modifications are known to play roles in
plant adaptations to excessive concentrations of salts.
High salinity (250 mM NaCl) considerably changes
the profiles of GPL, GGL, SPL, and sterols in the
roots of hydroponically cultured barley [97]. The
plasma membrane is characterized by an increased
content of the unsaturated C18:3 fatty acid in GPL; in
addition, the plant response to salinization involves
short- and medium-chain (C14–C18) fatty acids to a
larger extent than the long-chain ones. The mem-
branes of plastids are more sensitive to damage due to
salinity than those of the plasma membrane. In plastid
membranes, the lipid profiles manifest a general
decrease in levels of all galactolipids, including GDG,
increase in the MGDG/DGDG ratio, and accumula-
tion of acetylsterylglycosides; this indicates partial
degradation of chloroplast membranes. In the salt-
resistant cultivars, these damages are pronounced as
weaker, with no signs of mitochondrial destruction.
The salt stress is accompanied by DPG accumulation
suggesting the important role of this lipid in sustaining
the mitochondrial membrane stability [97].

Vital activity of the plants leads to numerous con-
tacts with other organisms to establish quite different
interactions from pathogeniс to mutualistuic. Differ-
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ent groups of lipids are functionally involved in plant-
microbe interactions [98]. They are responsible for
recognition of pathogens by a host-plant (ergosterol,
for example) and signal transduction in the cells at the
infection site (free fatty acids, oxylipins, glycerol-3-
phosphate, ceramides, and sphingoid bases). Besides,
some lipids (azelaic acid) mediate transmission of an
infective signal to the distal plant organs during devel-
opment of systemic acquired resistance. Such lipids as
lysophospholipids and ω-hydroxy fatty acids partici-
pate in the processes associated with plant inoculation
with mycorrhizal fungi. In addition, to build the
arbuscular structures of the host plant cell and the
arbuscular fungus, the intense synthesis of membrane
lipids is necessary to create a large area for metabolite
exchange between the partners during colonization.

In conclusion, we will consider the yet sparse
examples of lipidome changes (especially in the mem-
branes) in the course of growing processes of the plant
cells. A very interesting case is the apical growth of the
pollen tube. This structure arises upon germination of
the pollen grain and grows within the stigma tissues.
Simultaneously, its plasma membrane and tonoplast
increase manifold in size [99]. The vesicular secretion
becomes greatly important at this stage. The compar-
ative lipidomic analysis of the pollen grain and the ger-
minating one has revealed complex changes in lipid
synthesis, in particular, de novo synthesis of several
classes of lipids (structural and signaling). In some
plant species, the GPL composition in the membranes
of the growing pollen tube is similar to that of leaves.
In the germinating pollen of Arabidopsis, PI and PA
average nearly 50% of GPL. Here, extraplastid
DGDG is actively synthesized. Sterols and SPL are of
the most importance for pollen formation and germi-
nation. Mutants in their synthesis are often sterile. The
PM of mature pollen is richer than that of vegetative
tissues in SPL, especially glucosylceramides. The
composition of sterols also differs in the membranes of
pollen. Thus, the most abundant sterol in the vegeta-
tive tissues of plants is sitosterol (60–75%), while
24-methylenecholesterol dominates (45.5%) in the
membranes of a male gametophyte; the sterol compo-
sition of growing pollen is more diverse [99]. Further
investigations are needed for a comprehensive know-
ledge of events occurring in the lipidome of the germi-
nating pollen and the surrounding tissues of the pistil.

The intensification of lipid synthesis accompanies
another growth process—elongation growth, which
takes place upon manifold rapid elongation of cotton
fibers. The experimental evidence allows for suggest-
ing that the biosynthesis of unsaturated fatty acids, PI,
and phosphatidylinositolmonophosphates is activated
at an early stage of fiber development [100]. Here,
unsaturated PI and their phosphates prevail and may
fulfill their functions in regulation and stimulation of
elongation of cellular fibers.
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The reported data demonstrate considerable differ-
ences in the changes of lipid profiles of different mem-
branes. These changes may represent both rapid sig-
nals and adaptive rearrangements; they can also char-
acterize the growth processes.

CONCLUSIONS
Summing up the modern data on proteome and lip-

idome of plant cellular membranes, the current intensi-
fication of these studies should be noted. This originates
from diversity and permanent improvement of the
novel methods of separation and detection based on
chromatography linked with mass spectrometry. This
method is incapable of exact quantitative analysis of the
changes in protein or lipid content in a certain mem-
brane. However, as a majority of “omic” approaches, it
enables performing qualitative and semiquantitative
analysis. The extension of bioinformatic resources,
enabling estimation of changes occurring in total pro-
tein and lipid fractions, promotes the potential of these
methods as well. The results of the work bring about
deeper insight into dynamic modifications of protein
and lipid profiles of normal and stress-impacted mem-
branes. However, the available data are scarce and in-
sufficient to characterize all the processes associated
with growth and development.

The rapid increase in the number of publications
on membrane proteome and lipidome shows the pro-
found interest in this field of systemic biology. How-
ever, it must be emphasized that the biological mem-
branes are not merely combinations of proteins and
lipids composed in a proper ratio. At present, we are
only beginning to perceive all the sophistication of
mutual influence between different components,
which determines both physicochemical properties
and functional activity of biological membranes. That
is why either proteins or lipids are active participants of
various signaling systems. The evidence given in this
review demonstrates that the integral membrane net-
work of the plant cell not merely compartmentalizes
the ongoing processes but also actively participates in
them and regulates them. Nevertheless, massive inves-
tigations are undoubtedly needed to fill the gaps in our
knowledge.
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