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Abstract—This lecture presents classical information and new data on the molecular events of the “basic”
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INTRODUCTION
Cell division is the basis for the existence of any

multicellular organism, including higher plants. It is
worth remembering here characteristic of this process,
which was given by a contemporary of his discovery,
Edmund Wilson: “due to cell division, in all higher
forms at least, not only the continuity of life, but also the
maintenance of the species, is effected; for through this
beautiful mechanism the cell hands on to its descendants
an exact duplicate of the idioplasm by which its own orga-
nization is determined.” [1, p. 178].

The specificity of plants is that they develop and
grow mainly postembryonally, forming two types of
organs: axial organs, such as roots and shoots, with
indeterminate growth and, therefore, with a theoreti-
cally unlimited growth potential, and organs, such as
leaves and flowers, with deterministic growth and a
fixed final size. Cells of organs with deterministic
growth stop dividing at a certain stage of ontogeny and
proceed to elongation, the period of which is also
determined [2]. Axial organs grow throughout the life
of the plant. Such constant and long-term growth is
due to the existence of apical meristems, the cells of
which retain the ability to continuously proliferate.
Leaving the meristematic zone, cells proceed to elon-

gation and differentiation, and the transition to elon-
gation (growth at a relatively higher rate) or growth
inhibition occurs simultaneously for cells of all tissues
located at the same distance from the meristem [3].
Therefore, in the whole plant, cell growth and prolif-
eration must be coordinated, which is constantly
observed and is an obvious fact. However, elucidation
of the mechanisms of coordination of cell proliferation
and growth still remains one of the most important
tasks of experimental plant biology [4].

The specificity of organ growth undoubtedly
affects the spatiotemporal characteristics of cell prolif-
eration and the features of its regulation. In this lec-
ture, for the most part, we will consider the molecular
mechanics of the “basic” (core) cell cycle and its reg-
ulation under the influence of external factors and
phytohormones.

CELL CYCLE: BASIC DEFINITIONS
Under cell proliferation (from lat. proles—offspring

and fero—I carry), it is customary to understand their
appearance through reproduction by division. The
proliferative or more commonly referred to as the
mitotic cycle (MC) is a complex of interrelated and
chronologically determined events occurring in the
cell during the period of time from the beginning of
preparation for division, throughout mitosis itself, and
until the completion of all processes associated with
division in two daughter cells. Simplifying, we can give
the following definition of MC: a time-ordered
sequence of events occurring between two mitoses.
This year marks the 70th anniversary of the publica-

Abbreviations: CC, cell cycle; MC, mitotic cycle; TF, transcrip-
tion factor(s); CK, cytokinin(s); APC/C, Anaphase-Promoting
Complex/Cyclosome; CDK, cyclin-dependent kinase(s); CYC,
cyclin(s); DELLA domain, Asp-Glu-Leu-Leu-Ala; KRP, Kip-
related proteins (Kip-like proteins–CDK inhibitors); RBR1,
RETINOBLASTOMA-RELATED 1 (retinoblastoma-like pro-
tein 1); SIM, SIAMESE proteins (family of CDK inhibitors);
SMR, SIM-related proteins.
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tion of the classic work by Alma Howard and Stephen
Pelc [5], in which they studied the incorporation of 32P
into the DNA of Vicia faba root cells using autoradiog-
raphy and revealed that the period of DNA synthesis
occupies part of the interphase and is separated by
time intervals from the beginning and end of mitosis.
The authors proposed to divide the MC into four peri-
ods: mitosis proper (M), presynthetic period (G1),
DNA synthesis (replication) period (S) and postsyn-
thetic (or premitotic) period (G2).

In continuously multiplying populations of cells
(embryonic tissues, meristems, etc.), the next MC
begins immediately after the end of the previous one;
that is, its duration coincides with the entire period of
the cell’s existence as well as with its life (or cell) cycle
(CC). However, in a full-grown multicellular organ-
ism, after the completion of the next round of divi-
sions, some cells do not start preparing for the follow-
ing MC but proceed to differentiation and the perfor-
mance of tissue-specific functions. The portion of
such cells can be quite significant, and the period of
their life during which these cells perform specific
functions in the absence of proliferation is not
attributed to MC but is included in CC. The ratio of
the number of proliferating (dividing) cells to the total
number of cells in the population is called the “growth
fraction” or “proliferative pool.” The terms MC and
CC are often considered the same for those popula-
tions where these cycles coincide. We will use the term
CC, however, emphasizing the existence of differences
in certain cases.

The physiological role of the phase G1 consists in
the implementation of growth and the processes of
primary cell metabolism associated with it. At this
stage, the processes of transcription and translation,
the preparation of cells for DNA synthesis, are actively
going on. Phase G1 is the most variable of all CC
phases. There is a relationship between the intensity of
cell divisions and the duration of the G1 period: as a
rule, it lengthens with a decrease in the proliferative
potential of cells.

In the S period, doubling (replication) of the nuclear
DNA occurs, which is subsequently evenly distributed
between two daughter cells. The content of DNA in the
nucleus is usually expressed by the value “C.” In 1950,
Hewson Swift introduced the designation “C,” refer-
ring to the “Constant”, DNA content in an organism
various tissues' cells [6]. For the 1C value, we accept
the amount of DNA in the unreplicated haploid set of
chromosomes [7]. In plants, the amount of nuclear
DNA varies greatly. The smallest amount of DNA
(0.1 pg) per 1C was found in Genlisea margaretae [8],
and the largest, 152.2 pg, belongs to Paris japonica [9].
“C” values have been determined for many plant spe-
cies and are available, for example, from the Kew
Botanical Garden database. Based on the data avail-
able in the literature, it can be concluded that the
duration of the S period is the result of the interaction
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of several factors, such as the content of nuclear DNA
and the length of individual replicons, the number and
size of replicon families, and the synchronism of pro-
cesses occurring in individual replicon families [10, 11].

Period G2 is usually shorter than G1- and S phases,
and the variations in its duration are usually less than
those of the G1 period. Events of the G2 phase are asso-
ciated with the completion of the S period, reorgani-
zation of the cytoskeleton, and preparation for mitosis.
In mitosis, an equal distribution of the doubled chro-
mosomal material between daughter cells occurs due
to the spindle apparatus functioning. Mitosis is the
shortest (on average 1–3 h) and the least variable
period of CC.

MOLECULAR EVENTS OF THE CELL CYCLE

Many processes in cell life are controlled by the
reversible phosphorylation of certain target proteins.
In humans, approximately 2% of all functionally
active genes encode protein kinases, while that in Ara-
bidopsis thaliana is approximately 4%, which certainly
confirms the important role of protein kinases for ani-
mal and plant cells [12]. The presence of a large num-
ber of conditionally lethal mutant strains in the cell
cycle, cdc (cell division cycle), of yeast-derived
mutants has formed one of the directions in the study
of molecular mechanisms of proliferation control.
This direction is associated with the isolation of genes
capable of correcting defects in cdc yeast mutants.
Central to these genes are cdc2 in Schizosaccharomyces
pombe or CDC28 in Saccharomyces cerevisiae, encod-
ing a 34-kD protein (p34cdc2), a serine/threonine pro-
tein kinase whose activity, which in turn depends on
phosphorylation or dephosphorylation of its own
amino acid residues, is necessary for yeast cells to pass
the boundaries between G1 and S, as well as G2 and M,
periods of CC. It has been shown that the human gene,
similar to cdc2+ S. pombe, is also (along with CDC28+)
able to complement the mutation cdc2– in S. pombe [13].
Subsequently, several groups of proteins were found
that are detected only in certain periods of CC, called
cyclins. In response to proliferative stimuli, such as
growth factors, forms of D-cyclins appear in mamma-
lian cells, which interact with protein kinases Cdk4
and/or Cdk6 (Cdk, cyclin-dependent kinases), which
leads to the phosphorylation of suppressor proteins,
such as pRb (tumor growth suppressor, first discov-
ered in retinoblastoma cells) and similar proteins. This
leads to the activation of transcription factors (TF) of
the E2F type, which are released from the complex
with suppressor proteins, and the expression of genes
necessary for the transition from G1 to S period in the
CC [14]. Further, on the border of G1/S, cyclin E is
expressed and binds to Cdk2. The activity of this com-
plex is necessary to cross the indicated boundary and
start DNA replication. Progress of the S period
requires the interaction of Cdk2 with cyclin A; cyclin
URNAL OF PLANT PHYSIOLOGY  Vol. 70:91  2023
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B works in mitosis. The functioning of Cdk–cyclin
complexes is regulated by two families of Cdk inhibi-
tors both under normal conditions and (mainly) under
stress, DNA damage, telomere dysfunction, etc. Rep-
resentatives of the INK4 family specifically bind to
Cdk4 and Cdk6 and prevent the functioning of D-type
cyclins, while proteins of the Cip/Kip family inhibit
the Cdk2–cyclin E, Cdk2–cyclin A, Cdk1–cyclin A,
and Cdk1–cyclin B complexes [14].

But what about plants? Back in the 1960s, Jack
Van’t Hof demonstrated, on the separated tips of
Pisum sativum roots, that the absence of sucrose in the
medium or treatment with puromycin leads to the
arrest of CC in the G1 or G2 periods, which is consis-
tent with the paradigm of the main control points of
the CC during the transitions G1/S and G2/M and
indicates the need for protein synthesis for their suc-
cessful passage [15]. Moreover, the cascade of protein
kinase and protein phosphatase reactions that control
CC is also universal for plant cells. According to mod-
ern concepts [16–19], the CC progression is ensured
by the coordinated interaction of many regulatory pro-
teins, among which the key positions, as in mammals,
are occupied by cyclins (CYC) and serine/threonine pro-
tein kinases, called cyclin-dependent kinases (CDKs),
expressed in certain time periods of CC. Plants have
the largest number of CC regulatory proteins and their
unique representatives; for example, only plants have
B-type CDKs [20]. In A. thaliana, 13 proteins are
assigned to CDK and 49 proteins are assigned to CYC,
although not all of them are “seen” in the processes of
CC regulation [20–22]. Each type has subclasses, such
as A. thaliana—CYCA2;3 is the third representative of
the second subclass of A-type cyclins—although it has
not yet been shown that all plant species have all types
of CYC and CDK. Even within the same subclass,
CYCs differ not only in the “schedule” of their work in
CC but also in the type and number of CDKs, inhibi-
tors, and structural proteins with which they can inter-
act, indicating a significant functional diversification of
CC control mechanisms. Thus, for example, 92 poten-
tial variants of CDK–CYC complexes were found in
A. thaliana according to the interactome data [21].

However, there are three types of cyclins for which
a role in CC regulation has been postulated: CYCA,
CYCB, and CYCD [23]. Specific CDK–CYC com-
plexes regulate the transition at major CC checkpoints
(G1/S and G2/M).

Complexes CDKA;1-CYCD ensure the transition
from the G1 to S period by phosphorylation of the
RBR1 (RETINOBLASTOMA-RELATED 1) protein
with its subsequent proteolysis and, thereby, release
TF E2Fa and E2Fb, which, in combination with
dimerization proteins (DPa), provide “G1-transcrip-
tion wave” [24], activating the expression G1/S-phase
genes (Figs. 1a, 1b). It should be noted here that RB-
like proteins (RBR) are an early acquisition in the
course of evolution and are present in gymnosperms
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
and angiosperms, unicellular algae, ferns, liverworts,
and mosses. RBR1 regulates not only the G1/S transi-
tion but also functions as part of DREAM complexes,
activating gene expression in the G2 period and genes
not associated with CC and is also involved in the
preservation of stem cells and the regulation of asym-
metric divisions [19, 25].

CDKA;1-CYCA3 complexes control the passage
of S phases, CDKB1–CYCA2/B2/B3 provide pas-
sage of the G2 period and initiation of mitosis, while
CDKB2–CYCB1 and CDKA–CYCD3;1 are respon-
sible for the passage of mitosis (Fig. 1a). It has recently
been found that CYCB1 plays a key role in the organi-
zation of the mitotic network of microtubules, forming
active complexes with CDKB2;2 and phosphorylating
of the microtubule-associated proteins [26].

Data obtained on a synchronized cell culture of
A. thaliana using DNA microarrays [27] reliably con-
firm the “G2-transcription wave.” Many genes whose
expression is associated with the G2/M CC transition
(Fig. 1c) contain the so-called MSA (mitosis-specific
activator) motifs in the promoter region that recognize
TFs of the MYB3R type (such as MYB3R1 and
MYB3R4 from A. thaliana). Genes whose expression
is activated in this way include, for example, CYCB1
and CYCB2, as well as KNOLLE, which activity is nec-
essary for the formation of the cell plate after the com-
pletion of mitosis [28]. In turn, mitotic CDK–CYC
complexes phosphorylate and activate MYB3R [29].

CDK function is accurately regulated: phosphory-
lation of Tre160 (or an equivalent threonine residue)
by CDK-activating kinases (CAKs) leads to CDK
activation [30]. Phosphorylation of the N-terminal
tyrosine residue by protein kinase WEE1 leads to
CDK inactivation, while WEE1 is usually more active
in DNA damage (replication stress). It is assumed that
WEE1 delays the passage of S phase to ensure DNA
repair (Fig. 2) [31]. In addition, in maize and tomato,
WEE1 activity is associated with endoreduplication [32].

Additionally, CDK activity is specifically inhibited
by CKIs (CDK Inhibitors). In plants, Kip-related
proteins (KRP or CDK inhibitors, or ICKs) contain a
conserved domain similar to that of mammalian
Cip/Kip family proteins. In A. thaliana, KRP proteins
encode seven genes [33] and inhibit CDKs in G1/S
(Fig. 2), which leads to MC arrest and commits cells to
endoreduplication [16, 21, 32]. A second family of
CDK inhibitors known as SIAMESE (SIM proteins)
has been discovered in connection with the analysis of
A. thaliana plant mutants with impaired development
of leaf trichomes [34]. Many representatives of SMR
(SIM-related) proteins can interact with CYCD and
CDKA;1 [21, 34], but SIM proteins interact in general
with CDKB1;1 [21, 32] (Fig. 2). The ability of SMR
proteins to regulate CDKA–CYCD complexes is
probably important for adequate control of CC under
the action of biotic and abiotic stressors [35]. Interest-
ingly, for example, SMR4 interacts with CYCD3;1
:91  2023
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Fig. 1. Cyclins (CYC) and cyclin-dependent protein kinases (CDK) are the main regulators of CC. (a) Many CYCs and CDKs
are expressed at specific times of CC and their combinatorial interaction regulates its progression. (b) Expression of genes sup-
porting the G1/S transition of CC is provided by the functioning of the CDKA;1–CYCD complexes, which phosphorylate the
RBR1 protein with its subsequent proteolysis, release of TF E2Fa and E2Fb, which, in combination with DPa proteins, provide
a “G1-transcription wave.” (c) Many genes whose expression is associated with G2 and M periods of CC contain MSA-motifs
(mitosis-specific activator) in the promoter region, which recognize TF MYB3R (mitotic CDK–CYC complexes phosphorylate
and activate MYB3R), providing a “G2-transcription wave.” Gene expression of CDK and CYC and the functioning of their cor-
responding proteins are color-coded: pink, yellow, blue, and green, respectively, for G1-, S-, G2-, and M periods. Genes and their
products that are constantly expressed during CC are marked in light lilac. KNOLLE is a gene of A. thaliana required for cytoki-
nesis that encodes a protein similar to syntaxins. ORC (Origin Recognition Complex), CDC6 (Cell Division Control 6), and MCM
(Minichromosome Maintenance) are genes encoding proteins of pre-replicative complexes (according to Komaki and Sugimoto [111]
with additions and modifications).
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and slows down G1 in the last asymmetric division pre-
ceding the symmetrical division forming stomatal
guard cells [36].

One of the earliest events in CC is the licensing of
DNA (more precisely, chromatin), the process of active
access to chromatin and “anchoring” of proteins and
protein complexes on it, including DNA replication
factors and chromatin-modifying proteins [24]. Repli-
cation of the eukaryotic genome requires the activa-
tion of thousands of replication origins (ORIs) to
which initiation complexes must bind. These primary
regulatory events, the association of pre-replication
complexes (pre-RCs) with each potential origin of
replication, are activated in the late telophase almost
immediately after the distribution of the two newly
formed nuclei into daughter cells. Sequential assembly
of a conserved multisubunit complex containing six
ORC (Origin Recognition Complex) proteins, ATP
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binding protein CDC6 (Cell Division Control 6), chro-
matin licensing and DNA replication factor 1 (CDT1),
and a heterohexamer of six MCM helicase proteins
(Minichromosome Maintenance) occurs [19, 37].

In the early G1 period, CDK activity should be low,
which is necessary to license replication origins. Later,
CDK activity increases due to an increase in the level
of required CYCs of the G1 period (see Fig. 1a), reach-
ing a threshold sufficient to inactivate RBR1 and start
(firing) the work of replicons, that is, the start of the
S period. Progress of the S period is provided by spe-
cific CDK–CYC complexes; in the G2 period, CYCs
of the M period are actively transcribed, the activity of
mitotic CDKs increases, and mitosis begins. Then, to
complete mitosis, degradation (proteolysis involving
26S-proteasomes) of mitotic CYCA1, CYCB1, and
CYCB2 classes is required. These CYCs contain a spe-
cific sequence of amino acid residues (D-box,
URNAL OF PLANT PHYSIOLOGY  Vol. 70:91  2023
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Fig. 2. Main points of the functioning of activators and inhibitors of CDK and the exits of cells from the MC. G0 is a state of pro-
liferative quiescence of cells inherent in differentiated, aging, and stem cells. In G0, exit from G1 and G2 periods is possible. Under
certain conditions, such as hormonal stimuli, cells can return from G0 to MC. CAK are CDK-activating protein kinases; WEE is
CDK-inactivating protein kinase; KRP and SIM are inhibitors of CYC–CDK complexes (according to Velappan et al. [112] with
additions and modifications).
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destruction box) that determines the sensitivity to ubiq-
uitination and is recognized by APC/C (Anaphase-
Promoting Complex/Cyclosome) E3 ubiquitin ligase,
which leads to the attachment of ubiquitin and rapid
proteolytic degradation of mitotic CYCs [28]. As a
result, CDK activity again falls to the level of the early
G1 period (Fig. 3).

In the M period, parallel to the segregation of chro-
mosomes, there is the preparation for the physical sep-
aration of the two daughter cells (cytokinesis). Despite
the relative short duration of the M period (2–3 h), its
implementation is highly coordinated and involves a
huge number of molecular participants and events
leading to significant, including visible, structural
rearrangements of the cell (chromatin condensation,
formation of the spindle apparatus, destruction of the
nuclear envelope, segregation of chromosomes,
phragmoplast formation, etc.) [37, 38].

Cells can leave the MC and go into the G0 state
(proliferative quiescence), which is characteristic of
differentiated, aging, and stem cells (Fig. 2), because,
as already noted, cell growth and proliferation must be
coordinated in the whole plant. The consequence of
this interdependence is different modifications of CC,
which are most suitable for specific stages of develop-
ment and physiological needs of certain types of tis-
sues or cells [39]. One of the most common modifica-
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
tions of CC is endoreduplication (synonyms: endorep-
lication, endocycles, endoploidization), in which
multiple rounds of DNA replication occur without
subsequent chromosome segregation and cytokinesis
[17, 32, 40, 41]. Endoreduplication is usually seen in
large, metabolically active, or highly specialized cells,
although it also occurs in cells that do not fit this
description.

Endoreduplication cycles are modified MCs in
which the stages of DNA replication and mitosis are
changed. It is important that, during endocycles,
CDK activity does not reach the level required to trig-
ger mitosis (Fig. 3). This occurs due to a decrease in
the transcription of pre-mitotic and mitotic CYCA,
CYCB, and CDKB as well as a decrease in CDKB
activity under the influence of inhibitors of the SMR
family; at the same time, CDKA;1 activity is preserved
due to the formation of complexes with CYC of
D-type and CYCA3, which ensures the passage of the
S period [34, 40]. Endocycles consist of successive
specific GE- and S periods (Fig. 3), while oscillations
in antiphase of the activities of CYC–CDK complexes
and APC/C ubiquitin ligase are observed. At the end
of endocycles, APC/C activity decreases, which
allows the cell to go into a state of proliferative quies-
cence, G0; the presence and activity of CYC–CDK
complexes remains unclear [41].
:91  2023
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Fig. 3. Scheme of regulation of MC and endocycles. In G1, CDK activity increases by increasing the level of CYCs required for
this, reaching a threshold sufficient to the start of the S period. Further, the activity of mitotic CDKs increases and mitosis begins.
Mitosis is completed by degradation (proteolysis involving 26S-proteasomes) of mitotic CYCs, as a result of which CDK activity
drops to the level of early G1. During endocycles, CDK activity does not reach the level necessary to trigger mitosis, while main-
taining the activity of CDKA;1 in complexes with CYC D-type and CYCA3, which ensures the passage of the S period. The suc-
cessive the GE and S periods of endocycles end with a drop in APC/C activity. The cell goes into proliferative quiescence (G0)
(according to Breuer et al. [41] with modifications).
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It turned out that such a protein kinase as CDKG2
has a positive effect on endoreduplication, while
CDKB1;1 directly phosphorylates CDKG2 and
reduces its stability. The molecular mechanism of
action of CDKG2 is still unclear [42]. Instability of the
plastid genome caused by mutations reca1why1why3 or
ciprofloxacin also induces endocycles. The signal goes
through SOG1 (TF that responds to DNA damage)
and leads to activation of SMR5 and SMR7 [43]. Inter-
estingly, SOG1 is also involved in the induction of
endoreduplication in A. thaliana caused by strong
salinity [44]. Under these conditions, oxidative stress
develops, breaks are formed in the double-stranded
DNA molecule, and SOG1 is activated, which leads to
a change in the level of mRNA and proteins: a
decrease in CDKB1;1, CDKB2;1, and CYCB1;1 and
a simultaneous increase in WEE1, CCS52A (APC/C
activator), and E2Fa.

For plants, mixoploidy (endopolyploidy), i.e., the
presence of cells with different DNA contents in one
tissue, is a widespread phenomenon [45]. For example,
a population of leaf epidermal cells of A. thaliana is mix-
oploid [46] and, in the Col-0 ecotype, contains nuclei
with DNA amounts of 2C (36%), 4C (48%), 8C (15%),
and 16C (1%) (Fig. 4).

At present, the physiological significance of endo-
polyploidy is not yet fully understood and, therefore,
is being intensively studied. Possibly, endopolyploid-
ization is a way to accelerate plant growth under spe-
cific environmental conditions since there is a certain
relationship between the amount of nuclear DNA and
cell size [46, 47]. For cultivated in vitro cells, mixo-
URNAL OF PLANT PHYSIOLOGY  Vol. 70:91  2023
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ploidy is also a widespread phenomenon, which can be
determined both by specific cultivation conditions
(nutrient medium components, temperature, etc.)
and by the ploidy of the initial explant.

EXTERNAL FACTORS IN REGULATION
OF PLANT CELL CYCLE

Higher plants have a eukaryotic type of CC. This
means that the work of a genetically determined pro-
gram is modulated by external factors and stimuli.
External factors such as water availability, nutrients,
CO2, light, and temperature affect cell growth and
division [48]. However, changes in CC do not always
lead to changes in the size of plant organs. Thus, in
young A. thaliana seedlings, nitrate has been shown to
induce SMR1/LGO (CDK inhibitor) gene expression
as early as 3 days after germination, which leads to the
induction of endoreduplication and increase in the
amount of DNA and cell size. In lgo-2 mutant plants,
whose cells are unable to support active endoredupli-
cation, the cotyledon size is similar to that of wild-type
plants, which is achieved through cells' division [49].

With water deficiency, the rate of cell division slows
down, the size of meristems and the number of leaf
cells decrease, and the proportion of cells located in
the G1 period grows, which indicates an increase in its
duration and/or a stop of the CC at the border of G1/S.
At the same time, the duration of S, G2, and M periods
changes to a lesser extent [48]. Water deficiency in
many plant species leads to the arrest of both MC and
endocycles due to a decrease in CDK activity,
although endoredupication can be stimulated under
mild water stress. For example, in A. thaliana meso-
phyll cells, this allows the plant to maintain leaf area
during drought through a ploidy-mediated increase in
cell size [17]. Drought quickly induces a high level of
gene transcripts of SMR and KRP, CDK inhibitors,
and inhibits the expression CDKA/B and CYC in
young Arabidopsis leaves [50].

Increasing CO2 concentration accelerates the
growth of many plant species; this is apparently deter-
mined by an increase in the productivity of photosyn-
thesis and, consequently, the concentration of carbo-
hydrates [51, 52]. At the same time, an increase in the
size of leaves and roots is associated with an increase in
the proportion of dividing cells in meristems.

The first cardinal change that an etiolated seedling
encounters when it reaches the soil surface is light. We
should recall here the classical data that illumination
of etiolated seedlings causes a wave of divisions [53].
For example, already after 6 h of illumination of
3-day-old etiolated A. thaliana seedlings, there is a
coordinated increase in the expression of genes associ-
ated with translation and then genes, regulators of CC,
involved both in the transition from G1 to S phase and
from G2 to mitosis and a decrease in the expression of
CDK inhibitor genes [54].
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A decrease in the intensity of incident light causes
a decrease in the final number of cells in the leaves of
dicotyledonous plants [48]. At the same time, a similar
effect was observed when the light intensity was
reduced by 40% using neutral light filters or when the
equivalent area of the photosynthetic surface of the leaf
was covered. Both of these effects reduce the relative
rate of cell division and do not affect the duration of a
leaf’s proliferative activity. A decrease in the amount of
absorbed light is accompanied by a decrease in photo-
synthesis and sugar content in leaf tissues [48]. An
interesting recently established fact is that CDKA in
A. thaliana, independently of CC, controls light-
induced tropism and chloroplast movements, proba-
bly by influencing the organization of the cytoskele-
ton. This function requires low CDKA activity com-
pared to its activity in MC [55].

Among environmental variables, the duration of
the light phase is more predictable and has a fixed
cyclical nature. The duration of the light period con-
trols the growth and development of plants, ensuring
the regulation of the expression of many genes through
the work of the internal, light-dependent circadian
clock. The circadian clock modulates CC time by
rhythmically binding TF, TOC1/PRR1 (TIMING
OF CAB EXPRESSION1/PSEUDO RESPONSE
REGULATOR 1) to the gene promoter CDC6, one of
the components of the pre-replicative complex [56].

Studies into the influence of the spectral character-
istics of light on CC are intensively carried out on uni-
cellular green algae. It has been shown that light in the
blue region of the spectrum (400–500 nm) inhibits
cell division of Protosiphon botryoides through a signal
transmitted from a yet unidentified photoreceptor [57]
and red light stimulates cell division of Chlamydomo-
nas reinhardtii [58]. Continuous far red light elimi-
nates the negative effect of continuous blue light on
synchronous divisions in tobacco cell suspension cul-
ture, which is associated with phytochrome-induced
auxin biosynthesis [59]. Light, in general, promotes
cell proliferation by stimulating the activity of photo-
receptors, which leads to the suppression of the activ-
ity of CC inhibitors. Light also affects endoreduplica-
tion, inhibits endocycles. For example, more endocy-
cles run in the dark in hypocotyls A. thaliana, Brassica
oleracea, and Pisum sativum [60].

The most studied environmental factor influencing
CC is temperature. A lot of data shows that the dura-
tion of the total CC decreases (hence, the rate of cell
division increases) with increasing temperature [48].
However, despite changes in the rate of cell division,
the final number of cells in an organ does not change
over a wide temperature range. In fact, an increase in
the rate of cell division with an increase in temperature
is compensated by a decrease in the duration of the
period of cell proliferation [61]. It has been shown that
growth retardation at low temperature is the result of a
proportional increase in the duration of CC periods
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and the morphological characteristics of the meristem
do not change at the minimum constant temperature.
The concept of critical temperature points is pro-
posed, on the basis of which is determined the optimal
temperature for CC [62].

PHYTOHORMONES—REGULATORS
OF PLANTS’ CELL CYCLE

Phytohormones are considered as intracellular
pleiotropic factors that control almost all processes in
plant cells. At the same time, in order to show the
effect of a particular phytohormone, as a rule, they are
used exogenously. The effect of phytohormones on
the growth and development of plants, including cell
proliferation, depends on the organ and tissue, the
stage of ontogenesis, the endogenous ratio of phyto-
hormones, the light regime, etc. All this can change
the direction of phytohormones' action [63]. It has
now been convincingly shown that different phytohor-
mones can influence the same processes; however,
paradoxically, their signaling pathways do not work
redundantly. The modern paradigm determines that
the signals of different phytohormones are integrated
at the level of the gene network, and their transduction
is associated with “communication” (cross-talk) of
signaling pathways [64–66].

Auxins and Cytokinins Are the Most Important 
Regulators of the Cell Cycle

Participation of auxins and cytokinins (CK) in the
regulation of CC is the most researchable topic. In
A. thaliana, the key role of auxin in the formation of
lateral roots is shown. The auxin concentration sig-
nificantly increases in the founder cells of the pericy-
cle, which leads to the induction of divisions of these
cells, the formation of primordia, and the develop-
ment of an active meristem, which subsequently forms
a lateral root [67].

In A. thaliana plants, auxins (natural and synthetic)
have been shown to induce CDKA;1 gene transcription
in root apexes, while CK induces the transcription in
the elongation zone [68]. Auxin promotes cell division
in the root meristem and has a maximum concentra-
tion in the quiescent centre, where it is synthesized, a
high concentration in the proliferative domain, and a
relatively low concentration in the zone of cell elon-
gation and differentiation. At the same time, the use
of low concentrations of auxin (200 nM IAA) stimu-
lates mitotic activity, which leads to an increase in the
meristematic zone [65]. In addition, a double mutant
with loss of auxin biosynthesis gene functions of
WEI8/TAA1 and TAR2 (wei8tar2) does not have an
identifiable meristem, and IAA treatment partially
restores it [69]. In the transition domain of the root
apex, where cells change from normal MC, ending in
chromosome segregation and cytokinesis, to endore-
duplication cycles, any disruption in auxin biosynthe-
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sis, transport, or signaling facilitates the transition
from MC to endocycles, while an increase in auxin
levels delays the onset of endocycles and the transition
into the zone of cell elongation [65].

A fairly high basal level of transcripts and CDKA;1
protein is found in all living plant cells, even in non-
actively dividing [68], which apparently reflects their
unique ability to return to division. Auxin determines
the possibility of cell division by stimulating the accu-
mulation of a sufficient concentration of CDKA;1,
which, after interacting with certain CYCD and
CYCA, will provide its activity to pass the G1/S check-
point and the S period itself (see Figs. 1, 2).

Cell proliferation in the root meristem is negatively
affected by CKs. A decrease in CK synthesis and/or
impaired signal transduction leads to an increase in
the meristematic zone and a delay in the onset of
endoreduplication [65]. It should be noted that there
is another view on the mechanism of CK action in the
meristematic zone of the root. It has been shown that
trans-zeatin slows down the rate of root growth and the
transition of cells to elongation, lengthening the MC.
In other words, any changes in the concentration of
endogenous CK or changes in CK signaling lead to
changes in the duration of MC [70]. However, the
dominant view is that CK have the opposite effect on
MC in the apical meristems of shoots and roots [71].

Along with the root apical meristem, in vitro cul-
tured protoplasts and plant cells are frequently used
systems in studies of the role of auxins and CK in CC
regulation. On protoplasts from alfalfa leaf cells, it was
demonstrated that the number of dividing cells
depends on the auxin concentration [72]. However,
CK (zeatin) was necessary for the normal passage of
the S period and completion of mitosis, which was
expressed in an increase in the activity of the corre-
sponding CDKs, namely CDKA;1 and CDKB1;1. In
the absence of CK, the CDKA;1 protein was synthe-
sized but did not exhibit phosphorylating activity [72].
The combined action of CK and auxin significantly
increased transcription of CDKA;1 in cultivated
tobacco mesophyll protoplasts [68]. A study on
A. thaliana suspension cell culture into the effects of
auxin (NAA), CK (kinetin), and/or sucrose showed
that the expression of genes encoding components of
the CC regulatory network responds differently
depending on the combination of effectors [73].
Expression of CDKA;1, CYCA2;1, and CYCD was
induced by sucrose, while CYCD3;1 was by kinetin and
sucrose; expression of CDKB1;1 and CYCB1;1 signifi-
cantly increased with the simultaneous action of NAA
and kinetin. The level of CDK inhibitor gene tran-
scripts of the KRP family significantly decreased under
the influence of phytohormones and sucrose [73].

The combined effect of auxin and CK was also
observed in experiments with alfalfa leaf explants.
Treatment of leaf explants with 2,4-D slightly increased
the general CDK activity, as determined by histone H1
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phosphorylation, and the combination of CK and
auxin significantly increased CDK activity [74]. The
presented data show that the CK is necessary in the
indicated objects for the passage of the S phase and
G2/M transition. Moreover, the CK signal is also
probably important for the transition between all
phases of CC since in the synchronized suspension
culture of tobacco cells (BY-2) there is an oscillation of
the intracellular concentration of endogenous CK
(mainly in the form of trans-zeatin) with a maximum
before the G1/S and peaks before the S/G2, G2/M,
and M/G1 boundaries [75].

The response of whole plants to exogenous phyto-
hormones is complex and, in particular, depends on
the organ and tissue and does not necessarily repeat
the response of cells cultured in vitro. However, along
with cell culture, the treatment of A. thaliana seedlings
with zeatin caused an increase in CYCD3 mRNA levels
in plant tissues committed to division [76]. Overex-
pression of CYCD3;1 in transgenic plants increases
mitotic activity and reduces the number of endocycles.
In cell culture, the overexpression of CYCD3;1 leads to
G2 phase prolongation and delayed activation of
mitotic genes, suggesting that CYCD3;1 ensures the
formation of CDKA;1–CYCD complexes necessary
for the transition from G1 to S period and activation of
S-phase gene expression [77]. Interestingly, in A. tha-
liana mutant plants with a high content of endogenous
CK, a threefold increase in the level of CYCD3 mRNA
was noted compared to wild-type plants, while it is
possible to obtain callus tissues and maintain their
proliferation without exogenous CK from explants of
A. thaliana transgenic plants with constitutive expres-
sion of CYCD3 [76].

Auxins and CK also affect CYC and CDK gene
expression and CDK inhibitors in other experimental
systems. After 1 day of cultivation on a medium that
induces callus formation (medium with 2,4-D), in
explants of hypocotyls of 5-week-old A. thaliana
plants, increased expression of many genes associated
with CC, including CYCB1;1, CYCB2;2, and the level
of KRP1 and SMR2 transcripts (CDK inhibitors)
decreased [78]. Similarly, treatment A. thaliana seed-
ling with auxins and CK led to a decrease in KRP4
gene transcription [79].

In addition, auxins and CK also implement other
ways to control CC. Auxins stabilize the level of the
E2Fb protein, which regulates the passage of S and M
periods, activating the expression of CDKA;1 and
CDKB1;1. At a high level of E2Fb, the duration of CC
is reduced [80]. It was shown that the F-box protein
SKP2A (S-Phase Kinase-Associated Protin 2A)
A. thaliana, which controls the stability of E2Fc/DPB,
transcription repressors of genes that regulate CC,
can directly bind to auxin, which leads to ubiquitina-
tion and proteolysis of SKP2A together with its tar-
gets, E2Fc/DPB, and this has a positive effect on the
going through of CC [81]. That is, we can talk about
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the possibility of regulation of CC by auxin, bypass-
ing the classical module of its signaling: Aux/IAA-
ARF-SCFTIR1/AFB [82]. In this regard, it should
be noted that the ABP1 (AUXIN BINDING PRO-
TEIN 1), one of the first characterized proteins that
binds auxin with high affinity and meets the criteria of
the receptor, opens its functions in the regulation of
CC. The BY-2 tobacco cell culture showed that ABP1
inactivation causes CC arrest in the G1 period and a
sharp drop in CYCD3;1 expression [83]. In addition, it
was reported that auxin, via transmembrane kinases,
activates signal transduction through the Mitogen-
Activated Protein Kinase (MAPK) cascade and con-
trols the orientation of cell divisions during the lateral
roots' formation [84].

In the transition zone of the A. thaliana root apex,
CK activates two TFs, ARR1 (ARABIDOPSIS
RESPONSE REGULATOR 1) and ARR12, which
leads to the induction of SHY2/IAA3, repressors of
auxin signal transduction. This inhibits auxin signal-
ing and reduces the expression of auxin transporters,
which leads to the arrest of cell division [71]. However,
CK can have a direct effect on CC, which is not deter-
mined by the influence on auxin signal transduction.
It was shown that CK-activated ARR2 directly binds
to the promoter of the CCS52A1 gene and induces its
expression. The CCS52A1 protein, an activator of
APC/C E3 ubiquitin ligase, is expressed in the transi-
tion and elongation zones of the root and stimulates
the degradation of mitotic cyclins, which leads to the
triggering of endocycles [85].

However, for A. thaliana shoot apical meristem, it
has recently been discovered that, during the G2/M
transition, CK facilitates the movement of TF
MYB3R4 into the nucleus, which activates the expres-
sion of mitotic genes that control the “proper” going
through of mitosis and cytokinesis (see Fig. 1). The
rapid accumulation of MYB3R4 in the nucleus
depends on importin proteins and coincides with the
transient peak of CK concentration [86]. There are
also new players in the implementation of the CK sig-
nal. Thus, it was shown that CKG (CYTOKININ-
RESPONSIVE GROWTH REGULATOR), known as
TF bHLH137, controls MC and cell growth and works
after ARR2, inducing transcription of WEE1 [87].

Abscisic Acid, Gibberellins and Brassinosteroids: 
Inhibitors and Stimulators of the Cell Cycle

The ambiguous effect of ABA on cell proliferation
was discovered long ago. Along with the manifestation
of an inhibitory effect, ABA stimulated growth, cell
division, and DNA synthesis in some systems. As for
many phytohormones, this is determined by the ABA
concentration and the sensitivity of plant tissues and
cells [88]. The undisputed favorite in explaining the
negative effect of ABA on CC is the fact that, under its
influence, gene expression of KRP/ICK, which encode
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CDKA inhibitors, increases. This leads to a disruption
of the G1/S transition. In addition, ABA suppresses
the expression of CYCB1;1 (check point G2/M) [89].
ABA contributes to the increase in the size of A. thali-
ana leaf epidermal cells in plants not showing water
stress, which is associated with the stimulation of
endoreduplication [90].

Treatment of the root apex with a low concentra-
tion of ABA (0.5 μM) increases the size of the meri-
stem, while a high concentration (30 μM) leads to the
opposite result [65]. Interestingly, the negative effect of
ABA on meristem size can be partially eliminated by
cotreatment with glutathione. ROS are probably
involved in the implementation of this ABA effect [65].
Curiously, ABA treatment of the aerial parts of A. tha-
liana plants leads to an increase in the size of the root
meristem and induces the expression of CYCB1;1::GFP
(marker of mitosis). It is assumed that this is caused by
increased basipetal auxin transport [91]. More
recently, a new regulatory module has been discov-
ered, where TF ABI4 directly inhibits the activity of
promoters of at least two major cell cycle genes,
CYCB1;1 and CDKB2;2 [92].

It is well known that ethylene and ABA mutually
influence each other’s synthesis and there are points
of “communication” of their signal-transduction
pathways. However, unexpected was the result
obtained on A. thaliana wild-type suspension cell cul-
tures (Col-0) and mutants at one of the ethylene
receptors, etr1-1 and the signal transduction compo-
nent following the receptors, ctr1-1 (constitutive triple
response1-1), in which the ethylene signaling pathway
is constantly active. For wild-type cells, exogenous
ABA acts as an inhibitor of DNA synthesis and cell
proliferation. If the ethylene signal is not fully per-
ceived (etr1-1), then ABA significantly enhances cell
proliferation. When the ethylene signaling pathway is
constitutively active (ctr1-1), cells more often switch to
endoreduplication, but the addition of ABA promotes
MC reactivation [93].

Gibberellins play a significant role in coordinating
cell growth and proliferation under normal gravity,
which does not work under microgravity [94]. In the
root meristem, gibberellins are necessary both for the
going through of MC and for cell growth in the elon-
gation zone, stimulating the destruction of growth-
repressing DELLA proteins [65]. In A. thaliana seeds,
gibberellin GA4 induces CYCD1;1 expression and sev-
eral DNA replication factors. During vegetative
growth, DELLA proteins inhibit cell proliferation by
inducing the expression of CC inhibitors: SMR1,
SMR2, and KRP2. In response to osmotic stress,
DELLAs induce cell differentiation and the onset of
endoreduplication in leaves by suppressing the activity
of genes encoding APC/C inhibitors [95].

Brassinosteroids, as a rule, act as positive regula-
tors of CC [96]. Epibrassinolide increases the expres-
sion of CYCD3;1 and, thereby, enhances the intensity
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of cell division and can replace CK in callus and sus-
pension cell cultures of A. thaliana [97]. At the same
time, for A. thaliana leaf cells, brassinosteroids are
important for the processes of division, elongation,
and differentiation. The balance between cell prolifer-
ation and differentiation depends on the phytohor-
mone concentration and the functioning of the BRI1-
dependent (brassinosteroids' receptor) signaling sys-
tem [98]. In the root apical meristem, the effect of
brassinosteroids also depends on the concentration.
Plants treated with 0.4–4 nM brassinolide have a
shorter meristem than untreated plants, while 0.04 nM
phytohormone increases the size of the meristematic
zone. Also, the effect of brassinosteroids on prolifera-
tion or differentiation depends on the cell type: in the
epidermis, induction of proliferation; in the stele,
stimulation of differentiation [65].

Does Ethylene Inhibit or Stimulate Cell Proliferation?
In vegetative growth, ethylene appears to play a

dual role, stimulating and inhibiting growth, depend-
ing on species, tissue and cell type, developmental
stage, hormonal status, and environmental condi-
tions [64]. When ethylene is considered as a “stress
hormone” and stress other than flooding, it regularly
functions as an inhibitor of cell elongation and divi-
sion, in particular, in leaf tissues, which is of great
adaptive importance [50].

At present, there is no unambiguous understanding
of the role of ethylene in the control of CC. It has been
shown that ethylene inhibits nuclear DNA replication
and cell division in pea seedlings [99] and induces the
programmed death of cultivated tobacco cells during
certain periods of CC at concentrations (17700–
35000 μL/L) that are three to four orders of magni-
tude higher than physiological ones [100]. Ethylene
inhibits cell proliferation in the A. thaliana root meri-
stem, in particular, by activating the expression of
KRP1 [101]. It was shown, taking into account the
ability of CK to induce ethylene biosynthesis and the
negative effect of CK on the proliferation of root mer-
istem cells, that ethylene only partially contributes but
is not required for the manifestation of the effects of
CK. However, ethylene inhibits the stimulating effect
of CK on cell division and the growth of cotyledons in
etiolated A. thaliana seedlings [102].

Nevertheless, ethylene can have a positive effect on
CC events. Ethylene activates DNA synthesis and
endoreduplication but inhibits cytokinesis in the epi-
dermis of cucumber hypocotyls [103]. Ethylene induces
cell division in the quiescent centre of the A. thaliana
root meristem [104] and epidermal cells of etiolated
cucumber hypocotyls after short-term exposure [105].
Ethylene activates the proliferation of poplar cambial
cells [106] and cells of the quiescent centre of maize
root meristem after removal of the root tip [107]. Eth-
ylene, in cooperation with the receptor kinase PXY,
promotes an increase in the division rate in the “vascu-
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lar” meristem during the formation of the phloem [108].
On A. thaliana cultured cells of the wild-type Col-0
and mutant etr1-1 carrying a point mutation in the
ethylene binding site of the ETR1 receptor (one of five
receptors), it was shown that an inhibitor of ethylene
binding to receptors (1-methylcyclopropene, 1-MCP)
significantly reduces, and ethylene increases, the via-
bility of cells of both genotypes, similarly affecting
growth indices. Ethylene significantly increases the
number of S-phase cells in etr1-1 culture, while 1-MCP
reduces it. Other ethylene receptors, rather than
ETR1, are probably responsible for the control of cell
proliferation [109]. Exogenous ethylene stimulates the
transition to S phase of A. thaliana cultured cells only
when the production of endogenous ethylene is low. In
addition, a significant correlation was shown between
ethylene production and the growth rate of several sus-
pension cell culture strains. At the same time, ethylene
synthesis apparently precedes cell proliferation [110].

CONCLUSIONS
Note that we did not consider the effect of jasmon-

ates, strigolactones, and karrikins on CC in this lec-
ture. This was mainly due to limited space. On the
other hand, jasmonates, strigolactones, and karrikins
are, to a greater extent, “stress molecules”, and it is
probably necessary to talk about their effect on CC
separately. Nevertheless, if we summarize the above
data, it becomes clear that the conservative molecular
mechanics of CC still continues to be replenished with
new TFs, a new role for previously annotated CYCs
and CDKs, etc. As for the influence of phytohor-
mones on CC, it is obvious that the effects depend on
the organ, tissue, external conditions, gradients of
other phytohormones, etc. There is no ideal, abstract
cell or a standard effect of one or another phytohor-
mone in relation to this cell. Cells cultivated in vitro are
also not devoid of the epigenetic landscape of the origi-
nal explant. Do different cells use common or unique
CC regulation tools? The question remains open.
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