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Abstract—Plant cells cultivated in vitro are a convenient model for studying the genetic and physiological mech-
anisms necessary for the cells to acquire a state of pluripotency. Earlier studies on a model plant Arabidopsis
thaliana (L.) Heynh. have identified the key role of genes that determine the pluripotency of cells in the shoot
apical meristem in de novo shoot regeneration in tissue culture. In accordance with this, cells of mutant plants
with a higher level of expression of pluripotency genes were characterized by an increased potential for de novo
shoot regeneration. The fae mutant was the exception to this rule. The mutant resumed the expression of plu-
ripotency genes and cell proliferation at the late stages of leaf development, which indicates a violation of the
mechanisms for maintaining epigenetic cellular memory. At the same time, leaf cells cultured in vitro showed a
lower proliferative activity compared to the wild type and were not capable of de novo regeneration of shoots.
A decrease in the regenerative potential of cultured cells of the fae mutant indicates an important role of epigen-
etic memory in the response of cells to exogenous hormones. Impaired epigenetic memory of leaf cells of the
tae mutant and differences in their proliferative and regenerative capacities in planta and in vitro make this
mutant a unique model for studying the role of epigenetic modifications in the regulation of cell pluripotency.

Keywords: leaf morphogenesis, cell pluripotency, cell culture, epigenetics

DOI: 10.1134/S1021443721010106

INTRODUCTION

Plants are characterized by high developmental
plasticity and the ability to reprogram cells and acquire
pluripotency properties. These features allow plants to
form new meristems in the course of morphogenesis
and to form calli at wound, ensuring the continuity of
development. In this regard, the study into the genetic
and physiological regulation of the plant cells pluripo-
tency has been a topical area of plant development
biology in the last decade. Cultivated plant cells are a
convenient model for studying the degree of determi-
nation of somatic cells and tissues from different
organs, identifying the key factors necessary for callu-
sogenesis and shoot regeneration. Under in vitro con-
ditions, explant cells are capable of dedifferentiation
and the acquisition of a pluripotent state, which can
lead to the formation of shoot and root meristems and
somatic embryoids, which reflects the main strategies
of plant in vivo regeneration [1].

Key factors of callusogenesis and regeneration
include the content of phytohormones (exogenous
phytohormones in the nutrient medium and endoge-
nous phytohormones in the explant cells) as well as the
genetically determined level of cell sensitivity to phy-
tohormones. Stress effects—wounding, reactive oxy-
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gen species, biotic and abiotic stresses—are no less
important for the initiation of in vitro and in vivo cal-
lusogenesis. Injuries lead to disruptions in intercellular
communications, which play a key role in determining
cell identity in plants and also cause changes in hor-
monal homeostasis, affecting hormone synthesis and
hormonal signaling pathways [2—4].

The role of reactive oxygen species and genes that
control their metabolism in the regulation of regener-
ation processes has been identified [5, 6]. Common
genetic components and active interaction of gene
networks involved in response to wounding, oxidative
stress, and exposure to exogenous hormones have
been determined, which explains the similar end
effects of their exposure [7, 8]. The main result of the
effect of hormones, injuries, and oxidative stress is cell
dedifferentiation, which is caused by the activation of
several groups of genes that support the indeterminacy
of meristem cells [4, 5].

The main genes supporting the indeterminate state
of cells of the shoot apical meristem (genes of plurip-
otency or stemness) include the WUS gene and the
genes of class I KNOX family: KN1/BP, KN2, KN6,
and STM [9, 10]. It was found that cytokinins activate
the expression of the WUS gene and KNOX genes, the
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products of which, in turn, activate the expression of
genes for the synthesis of cytokinin [11—13]. Expres-
sion of the WUS gene also leads to suppression of the
transcription of negative regulators of the cytokinin
signaling pathway [14] and a decrease in the level of
auxin signal in the central zone of the shoot apical
meristem, protecting cells from differentiation [15].
The expression of the WUS gene is affected by the
content of reactive oxygen species: hydrogen peroxide
decreases, and superoxide anion increases the level of
WUS expression [5], although the mechanisms of this
effect have not yet been studied.

The ability of phytohormones to activate the
expression of pluripotency genes and mechanisms of
reverse regulation of genes for the synthesis of hor-
mones and genes of signaling hormonal pathways are
an integral part of the maintenance of meristems
during plant development. Activation of pluripotency
genes under stress (primarily, with wounds) is the basis
of damage repair mechanisms in plants. The influence
of phytohormones and stress effects on the expression
of pluripotency genes also explains the ability of exog-
enous hormones in in vitro culture to induce repro-
gramming of explant cells and induce de novo organ-
ogenesis. When the function of pluripotency genes is
impaired (for example, with stm or wus mutations), the
ability to regenerate shoots in vitro decreases or is
completely absent [16, 17]. Conversely, the overex-
pression of pluripotency genes leads to an increase in
the in vitro regenerative capacity [18].

Overexpression of pluripotency genes (in trans-
genic plants or in plants with mutations in negative
regulators of pluripotency gene expression) also causes
disturbances in leaf morphogenesis. Leaf cells of such
plants retain pluripotency, which leads to the develop-
ment of ectopic outgrowths and buds on the leaves.
For example, outgrowths are formed in as/ [19, 20]
and as2 [21, 22] single mutants and bop I bop2 double
mutants [25]. In all cases, ectopic expression of plu-
ripotency genes was observed in the leaves of mutants
[19—21]. Pluripotency genes cease expression in leaf
cells at the early stages of leaf formation in wild-type
A. thaliana plants and in other plant species with a
simple leaf. This silencing is supported by epigenetic
mechanisms at all subsequent stages of leaf develop-
ment, which is necessary for the development of a
simple non dissected leaf [23].

We have described a mutant in which we observed
ectopic division of leaf cells [24], the development of
the secondary leaf edge, and the formation of buds on
the upper side of the leaf [25]. These processes were
observed only at the late stages of leaf development,
which indicates reprogramming of the genome and
the acquisition of pluripotency by leaf cells.

The aim of this study is to investigate the expression
of pluripotency genes and epigenetic regulators in the
leaves of mutant and wild-type A. thaliana of different
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ages and to assess the capability for callusogenesis and
regeneration of leaf explants in vitro.

MATERIALS AND METHODS

We used the Arabidopsis thaliana (L.) Heynh. tae
mutant line from the collection of the Department of
Genetics, Moscow State University, which underwent
seven backcrosses to the parental Blanes-M ecotype
(wild type, WT). Plants were grown under long day
conditions in a growth room at three temperature
regimes: 26—28°C, 22—24°C, and 18—20°C. An ear-
lier obtained mutant line containing the CycB1;1:GUS
transgene in a homozygous state was used to visualize
the divisions of leaf cells. The activation of the cyclin
gene promoter CycB1;1 in the transgenic CycBI1;1:GUS
construct was judged by the expression of the widA
B-glucuronidase (GUS) reporter gene [24]. The num-
ber of outgrowths and buds was taken into account on
the developed leaves of flowering plants.

For callusogenesis, we used a medium containing
salts of the MS medium, Gamborg vitamins (B5),
2% sucrose, 0.8% agar, and hormones: 0.2 mg/L BAP
and 1 mg/L NAA. To induce shoot regeneration, 4-week-
old calli were transplanted onto a medium of the same
composition but with a different hormone content:
1 mg/L BAP and 0.05 mg/L NAA. Callus cultures and
parent plants (sources of explants) were grown either
at 22—24°C or at 18—20°C. Explants were obtained
from plant leaves at the initial stages of inflorescense
development. The experiments were carried out in
duplicate. 44—50 explants of each genotype were
planted. The efficiency of callusogenesis was assessed
as the ratio of the number of calli to the number of
explants after 4 weeks of cultivation expressed in %.

RNA was isolated from leaves of plants of different
ages grown at 22—24°C. RNA from calli was isolated
after 3 weeks of cultivation at 22—24°C on callusogen-
esis medium and on regeneration medium. In the lat-
ter case, calli without buds were selected for RNA iso-
lation. RNA for expression analysis was isolated using
the RNeasy Plant Mini Kit (Qiagen, United States)
according to the manufacturer’s protocol and treated
with DNase (Qiagen). The first strand of cDNA was
synthesized using MMLYV reverse transcriptase (Sileks,
Russia).

Real-time PCR (RT-PCR) was performed on an
Agilent AriaMx amplifier (Agilent Technologies,
United States) with a set of reagents for RT-PCR in
the presence of SYBR Green dye (Syntol, Russia).
The primers were synthesized at Evrogen (Russia),
and the list and sequences of primers are presented in
the Appendix (Supplementary Table 1). The following
program was used for amplification: 1 cycle for 3 min
at 95°C; 40 cycles for 15 s at 95°C, 1 min at 62°C. The
analysis of the relative content of transcripts was car-
ried out according to the 2724C method. At4g333850
and Ar4g34270 genes were used as reference genes.
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RESULTS

Expressiveness of the Phenotype of the tae Mutant
and the Time of Resuming the Leaf Cell Division Depend
on Temperature

The phenotype of plants of the mutant line was
characterized by high wvariability, which showed
dependence on growing temperature. At 26—28°C, the
morphology of the mutant leaves was little distin-
guishable from the wild type: neither a characteristic
narrowing of the leaf blade nor ectopic outgrowths
were identified (Figs. 1a—1c). At 22—24°C, both char-
acteristic features were noted, although their manifes-
tation differed in time. The narrowing of the leaf blade
was noticeable already during the development of the
first pair of true leaves (Figs. 1d, 1e). Even the cotyle-
donous leaves were occasionally narrowed. At the
same time, the formation of a secondary edge, out-
growths of different morphology, and, especially, buds
was observed on mature leaves of plants (Fig. 1f), par-
ticularly after the inflorescense development. The
anatomy of mature leaves forming outgrowths [25], as
well as the features of the proliferative activity of cells
in mature leaves [24], were studied in detail earlier.

Growing plants at 18—20°C caused not only narrow-
ing but often deformation of the leaf blade (Figs. 1g—1i).
A bunch of numerous underdeveloped leaves was
formed in some plants (~15%) after the formation of
several true leaves (Figs. 1h, 1j, 1k). Such plants did not
form an inflorescense. Outgrowths and buds developed
on relatively normally developed leaves (Fig. 1i). The
average number of outgrowths and buds per leaf (2.5
and 0.6, respectively) was significantly higher than in
plants grown at 22—24°C (1.0 and 0.14, respectively).
Numerous buds could also be found in the axils of
underdeveloped leaves (Fig. 11).

To study the proliferative activity of leaf cells, we
used the B-glucuronidase (GUS) reporter gene under
the control of the CycBI;I cyclin gene promoter,
which allows visualization of cells at the G2/M stages.
Active expression of the CycB1;1:GUS transgene in the
leaves of fae plants at 18—20°C (as in the mutant at
22—-24°C and in wild-type A. thaliana plants at all
temperatures) could be detected at the earliest stages
of leaf primordia development. As the leaf grew, the
WT and the mutant cells stopped divisions, first in the
distal and then in the proximal part (Figs. 2a—2c),
which corresponds to the results of earlier studies into
cell proliferation during the development of a simple
leaf of A. thaliana [26].

At 22—-24°C, cell divisions in leaves longer than 1 mm
was not detected in either WT or in the mutant (Figs.
2d, 2e) and were renewed in the mutant only in mature
leaves [24]. At 18—20°C, this renewal could be seen
much earlier: in 5—10-mm-long leaves in juvenile
plants of the mutant (Fig. 2f). Moreover, some young
leaves of the upper tiers retained CycBI; 1:GUS expres-
sion in the proximal and central parts for much longer
(Fig. 2f, inset). Apparently, the anomalies in the devel-
opment of the upper leaves of the rosette at 18—20°C
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(Figs. 1h, 1j—11) are associated precisely with the pres-
ence of ectopic cell divisions in leaf primordia. The
highest level of CycB1;1:GUS expression in the leaves
of the mutant was observed both shortly before and
after flowering (Figs. 2g, 2h) and at 22—24°C [24].
The divisions were concentrated mainly in the area of
the central and lateral veins. Local accumulations of
dividing cells were also detected on the periphery of
the leaf blades, which led to the formation of ectopic
outgrowths (Figs. 2g, 2h).

Thus, ectopic cell division in the leaves of the
mutant began at 18—20°C earlier than at a higher tem-
perature [24]. As a result, the total number of out-
growths and buds on the leaves of flowering plants
turned out to be higher than that of plants grown at
22—-24°C. Pluripotency genes become silent at the
early stages of leaf primordium development during the
development of a simple leaf in A. thaliana, and this
silence is maintained by epigenetic mechanisms
throughout the ontogenesis [23]. The resumption of cell
division in the mutant leaf, tested by the expression of
CycBI;1:GUS and later by the appearance of out-
growths and buds on the leaf, indicates a violation of the
stability of the epigenetic silencing of pluripotency
genes and their reactivation in a leaf of the fae mutant.

Genes Supporting Cell Indeterminacy Resume
Expression at Later Stages of Leaf Development
in the tae Mutant

The expression of the main genes supporting the
pluripotency of the shoot meristem cells and genes
involved in maintaining the stability of epigenetic gene
silencing was analyzed to test the hypothesis about the
reactivation of pluripotency genes and the disturbance
of the stability of epigenetic modifications. The
expression analysis of the WUS, STM, KN1, KN2, and
KN6 genes was carried out in the leaves of different ages
in mutant and WT plants grown at 22—24°C. We used
leaves without buds of four ages: la—leaves 2—3 mm
long from 7-day-old seedlings; 2a—leaves 5—6 mm
from 14-day-old juvenile plants; 3a—17—22 mm leaves
from 21-day-old plants; 4a—mature leaves from flow-
ering plants.

We failed to reveal the expression of the studied
pluripotency genes in 1a and 2a young leaves in either
the WT or the mutant. Apparently, the expression of
these genes is suppressed at the early stages of leaf
development both in the mutant and in the WT plants.
The mutant had an increased expression of the KN/
gene in 3a leaves (Fig. 3a). The expression level of
other genes did not differ from the control (WT leaves
of the same age). The mutant showed an increase in
the expression of all genes in 4a mature leaves, except
for the WUS gene, while WT showed only trace
amounts of KNI and KN2, and the expression of the
KN6 and STM genes was not detected (Fig. 3a, Sup-
plementary Fig. 1). The time of reactivation of plurip-
otency genes coincides with the time when cell divi-
sion and expression of CycBI;1:GUS are resumed in
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Fig. 1. Temperature dependence of the fae mutant phenotype. The upper, middle, and two lower lines are plants under con-
ditions of 26—28°C, 22—24°C, and 18—20°C, respectively. (a, b) 3-week-old WT and tae plants, respectively; (¢) 4-week-old
WT (left) and tae (right) plants; (d, e) 3-week-old WT and fae plants, respectively; (f) 4-week-old WT (left) and tae (right)
plants; (g, h) WT and fae plants at the age of 1.5 months, respectively (the upper leaves of the tae rosette stopped growing;
(c) cotyledons); (i) deformed leaves of 2-month-old mutant plants with outgrowths and buds; (j—1) scanning electron micros-
copy of the leaves of fae plants shown in h; (j) a bunch of underdeveloped leaves at the top of the shoot; (k) leaves that have
stopped developing at different stages of development; (1) base of one of the apical leaves with numerous buds. Bars correspond
to (a—i) 1 cm, (j, k) 300 um, (1) 100 um.
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(b)

Fig. 2. Activity of the CycB1; 1:GUS marker of cell divisions in the leaves of WT and the tae mutant at different stages of onto-
genesis. (a—c) 7-day-old seedlings of WT (a) and fae mutant grown at 22—24°C (a, b) and 18—20°C (c) express the transgene
in the apex and base of the first true leaves ((b) the arrow points to fully colored rudiments of the second pair of true leaves).
(d—f) 14-day-old WT (d) and fae (e, f) mutant plants grown at 22—24°C (d, e¢) and 18—20°C (f) express the transgene in the
apex; leaves of WT (d) and mutant (e) at 22—24°C, reaching a size of 1 mm, stop the expression of the transgene; at 18—20°C (f)
in the leaves of the mutant, the expression of the transgene is detected in leaves 5—10 mm in size, in young upper leaves (the
tab shows a greater increase), the expression of the transgene is detected not only at the base, but also in the center of the leaf
primordium; (g—h) mature leaves of flowering mutant plants grown at 18—20°C (arrows indicate expression concentrated
along veins and areas where outgrowths begin to develop). The cotyledons are marked with an asterisk. Bars correspond to

0.1 (a—c), 1 mm (d—f), and 1 cm (g, h).

leaves. These data indicate that the activation of divi-
sions is the result of the resumption of expression of
pluripotency genes in the leaves of the mutant.

Genes Controlling DNA Methylation
and Histone Modification Altered Expression
in a Leaf of the tae Mutant

The expression of epigenetic regulators was studied
in the leaves of ages 2a, 3a, and 4a (mature leaf). We

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68

analyzed the expression level of three genes that control
DNA methylation: MET1 (methylation of CG-sites),
CMT3 (methylation of CXG-sites), and DDM I (chro-
matin-mediated methylation of DNA and H3 his-
tone), two genes of histone deacetylases (HDA13 and
HDA17), SUVR2 gene involved in RNA-dependent
DNA methylation, and the SUVHS5 gene, which
encodes a histone methyltransferase that maintains
the H3mK9 mark and is involved in CMT3-dependent

No.1 2021
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Fig. 3. Relative level of gene transcription in leaves of the fae
mutant of different ages as compared to the WT. The level of
gene expression in the leaves of WT of the same biological
age as in the mutant was taken as one unit. (a, b) Expression
of genes for pluripotency and epigenetic regulators, respec-
tively. The Supplementary (Fig. 1) shows the absolute
expression level for the KN6 and STM genes that were not
expressed in the 4a leaves of WT. Values are presented as
arithmetic mean =+ standard error of the mean of three bio-
logical replicates. The asterisk marks statistically significant
differences from the level of WT expression (Student’s
t-test, significance level: * 0.01 < P < 0.05; ** 0.001 < P <
0.01; *** P < 0.001). White, light gray, and dark color indi-
cates leaves of the second, third, and fourth ages, respec-
tively.

DNA methylation. Analysis of the expression of MET1
and CMT3 genes encoding DNA methylases did not
reveal any differences in the level of their expression in
2a leaves. The expression level of the CMT3 gene was
decreased in 3a and 4a leaves (mature leaves). METI
expression decreased only in mature 4a leaves. The
expression level of the DDM [ gene was decreased in the
mutant compared to WT in leaves of all ages (Fig. 3b).

The expression levels of HDA13 and HDA17 genes
encoding the histone deacetylases were lower in the
mutant compared to the WT in 3a and 4a leaves,
although the level of HDA13 in 2a leaves was higher
than in WT. A similar dynamics of a decrease in the
expression level with increasing age was also found
for the SUVRZ2 gene. The mutant showed a transient
increase in the expression of the SUVHS5 gene in
3a leaves, although the expression level of SUVHYS in
mature leaves (4a) was lower than in the WT leaves of
the same age (Fig. 3b). Although the expression anal-
ysis of individual representatives from different groups
of epigenetic regulators does not give a complete pic-
ture of the processes occurring in the genome, the
changes in their expression found in the leaves of the
mutant confirm the assumption about the processes of
reprogramming of the genome, which are necessary
for the reactivation of pluripotency genes.

Cells from the Leaves of the tae Mutant Show
no Pluripotency in vitro

Explants of mature leaves were used to study the
manifestation of cell pluripotency in vitro. Callusogen-
esis from explants of the fae mutant turned out to be less
effective compared to the WT (Table 1). The growth rate
of mutant calli was also significantly lower than that of
WT calli. The average mass of callus from mutant leaves
at the end of the month of cultivation at a temperature
of 18—20°C was two times lower than that of WT calli
(Table 1). At 22—24°C, calli grew better, but the differ-
ences between the fae mutant and WT remained. The
growth retardation of calli from the mutant persisted in
the regeneration medium (Figs. 4a, 4b).

The expression of the CycB1;1:GUS transgene in the
calli of the mutant was also lower than in the calli of WT
(Figs. 4c—4f). Thus, ectopic divisions, which are char-
acteristic of leaves, were not detected in calli from the
same leaves. Unlike calli from WT leaves, calli from the
mutant were not able to regenerate shoots either. This
ability did not depend on temperature (Table 1). The
proportion of calli with shoots from WT leaves at 18—
20°C was significantly lower than at 22—24°C (Table 1).
Thus, mutant cells showed a reduced proliferation rate
in vitro, did not show the ability to form buds even
under temperature conditions that enhance ectopic cell
proliferation in the leaf in vivo.

Table 1. Comparison of callusogenesis and the ability to regenerate shoots in tissue culture from leaves of fae mutant and W1

Conditions Genotype of callizlii(f;?:l?s/is, % Callus mass, mg | Calli with buds, % o ftl)\lll lérsr;t;Zilus
18—20°C WT 100 540 £ 45 6.8 +0.8 0.1 £0.1
tae 81.5+7.0 225t 24 0 0
22-24°C WT 100 600 £ 60 42.0 £5.0 0.8+ 0.1
tae 86.0 £ 8.1 450 £+ 45 0 0
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol.68 No.1 2021
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Fig. 4. Calli from leaf explants. General view of 4-week-old calli of WT (a) and fae (b) mutant on the regeneration medium.
Expression of CycB1;1:GUS in the calli of WT (c, e) and fae (d, f) mutant after 2 weeks (c, d) and 3 weeks (e, f) growth on callu-
sogenesis medium. Bars correspond to (a, b) 1 cm and (c—f) 2 mm.

Analysis of the expression of pluripotency genes on
the callusogenesis medium and on the regeneration
medium showed an increase in the expression of only
one gene, KN2, in the mutant compared to the WT
(Fig. 5). The expression of the WUS and STM genes
was lower than in the calli of the WT, and the expres-
sion level of the KNI gene either did not differ from the

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68

WT (on the callusogenesis medium) or was lower (on
the regeneration medium).

Thus, mutant cells did not exhibit any ectopic
divisions in tissue culture and increased expression of
most genes of pluripotency, which is characteristic of
mature leaf cells. These features of mutant cells did
not depend on the content of exogenous hormones,
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Fig. 5. Relative level of transcription of pluripotency genes
in calli from leaves of the fae mutant cultivated on callu-
sogenesis medium and regeneration medium as compared
to WT. The level of gene expression in WT calli was taken as
one unit. Values are presented as arithmetic mean * stan-
dard error of the mean of three biological replicates. The
asterisk marks statistically significant differences from the
level of WT expression (Student’s #-test, significance level:
*0.01 < P<0.05; **0.001 < P<0.01; *** P<0.001). Light
gray and dark color indicate data for calli on callusogenesis
and regeneration media, respectively.

which indicates a reduced response to exogenous
hormones.

DISCUSSION

Proliferation of leaf primordia cells in seedlings of the
tae mutant had the same regularities as in the WT.
Expression of the marker of cell divisions (CycB1;1:GUS
transgene) was first observed in the entire leaf primor-
dium and then ceased: first in the distal part of the leaf
primordium and then in the proximal part (Figs. 2a—2c).
No divisions were detected in leaves larger than 1 mm.
Further growth of the leaf was ensured by cell enlarge-
ment, which is characteristic of the simple leaf of
A. thaliana. Loss of proliferation by leaf cells is the
result of transcriptional repression of pluripotency
genes at early stages of its development. Silence of plu-
ripotency genes is maintained by epigenetic mecha-
nisms at all subsequent stages of ontogenesis, causing
the development of a simple undissected leaf [23]. The
complication of the leaf structure in the fae mutant
(the appearance of ectopic lobes and buds on its sur-
face) indicates a loss of cellular memory, apparently
associated with a dysfunction of some genes that con-
trol the stability of epigenetic modifications.

The instability of epigenetic changes can lead to
reprogramming of the genome and activation of silent
pluripotency genes. The presence of such reprogram-
ming is indicated by the change found in the expres-
sion of a number of epigenetic regulators in leaves of
the mutant of different ages (Fig. 3b), reactivation of
pluripotency genes (Fig. 3a), and resumption of cell
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divisions with the growth of the leaf (Fig. 2). Geneti-
cally determined changes in epigenetic regulators in
the fae mutant seem to influence the processes of cal-
lusogenesis and in vitro regeneration.

The role of epigenetic processes in the regulation of
in vitro callusogenesis and in vitro regeneration is evi-
denced by the obtained results of the transcriptomic
analysis and the dynamics of changes in DNA methyla-
tion and modification of histone proteins [27]. The role
of epigenetic modifications in the regulation of dediffer-
entiation of explant cells, callusogenesis, and regenera-
tion is also evidenced by serious disturbances of these
processes by mutations in genes that carry out DNA
methylation and histone modification [10, 28, 29].

Epigenetic modifications can affect the processes
of callusogenesis and regeneration by altering the
expression of many genes that control hormonal
homeostasis: hormone metabolism and hormonal
response. The epigenetic regulation of the expression
of genes for the synthesis, catabolism, and transport of
auxin, and genes of the auxin response, has been stud-
ied most fully [30]. It cannot be ruled out that the pre-
viously identified changes in auxin homeostasis in the
tae line [24] are also associated with changes in the
functioning of epigenetic regulators. Epigenetic
changes may also underlie the insensitivity of cultured
mutant cells to exogenous hormones, which affects
the efficiency of callusogenesis and regeneration of
leaf explants in vitro.

The tae mutant has unique characteristics of the
anatomical structure and ontogeny of the leaf [24, 25],
which distinguish it from earlier-studied mutants and
transgenic plants with ectopic expression of pluripo-
tency genes in the leaf. The main differences include
the resumption of cell proliferation and expression of
pluripotency genes at the late stages of leaf ontogene-
sis, which indicates impairments in the mutant’s epi-
genetic cellular memory. These features of leaf mor-
phogenesis, together with the lack of regenerative abil-
ities in the cells of the fae mutant in vitro, make it a
unique model for studying the role of epigenetic mod-
ifications in the regulation of cell pluripotency.

FUNDING

Electron microscopic studies of mutants were carried
out on the equipment of the Electron Microscopy in Life
Sciences Center for Collective Use of Moscow State Uni-
versity. This research was supported by the Russian Foun-
dation for Basic Research (project no. 19-04-00149).

COMPLIANCE WITH ETHICAL STANDARDS

Conflict of interests. The authors declare that they have
no conflicts of interest.

Statement on the welfare of humans or animals. This arti-
cle does not contain any studies involving animals per-
formed by any of the authors.

No.1 2021



54

ative Commons Attribution 4.

KUPRIYANOVA et al.

OPEN ACCESS

This article is distributed under the terms of the Cre-
International license

(http://creativecommons.org/licenses/by/4.0/), which per-
mits unrestricted use, distribution, and reproduction in any
medium, provided you give appropriate credit to the origi-
nal author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

SUPPLEMENTARY MATERIALS

Supplementary materials are available for this article at

https://doi.org/10.1134/S1021443721010106 for authorized
users.

REFERENCES

. Shin, J., Bae, S., and Seo, P.J., De novo shoot organo-

genesis during plant regeneration, J. Exp. Bot., 2020,
vol. 71, p. 63.
https://doi.org/10.1093 /jxb/erz395

Chen, L., Sun, B., Xu, L., and Liu, W., Wound signal-
ing: the missing link in plant regeneration, Plant Signal-
ing Behav., 2016, vol. 11, p. e1238548.
https://doi.org/10.1080/15592324.2016.1238548

Lup, S.D., Tian, X., Xu, J., and Perez-Perez, J.M.,
Wound signaling of regenerative cell reprogramming,
Plant Sci., 2016, vol. 250, p. 178.
https://doi.org/10.1016/j.plantsci.2016.06.012

Ikeuchi, M., Iwase, A., Rymen, B., Lambolez, A., Ko-
jima, M., Takebayashi, Y., Heyman, J., Watanabe, S.,
Seo, M., Veylder, L., Sakakibara, H., and Sugimoto, K.,
Wounding triggers callus formation via dynamic hor-
monal and transcriptional changes, Plant Physiol.,
2017, vol. 175, p. 1158.
https://doi.org/10.1104/pp.17.01035

Zeng, J., Dong, Z., Wu, H., Tian, Z., and Zhao, Z.,
Redox regulation of plant stem cell fate, FMBO J.,
2017, vol. 36, p. 2844.
https://doi.org/10.15252/embj.201695955

. Zhang, H., Zhang, T.T., Liu, H., Shi, Y., Wang, M.,

Bie, X.M., Li, X.G., and Zhang, X.S., Thioredoxin-
mediated ROS homeostasis explains natural variation
in plant regeneration, Plant Physiol., 2018, vol. 176,
p. 2231.

https://doi.org/10.1104/pp.17.00633

Ikeuchi, M., Shibata, M., Rymen, B., Iwase, A., Bag-
man, A.M., Watt, L., Coleman, D., Favero, D.S.,
Takahashi, T., Ahnert, S.E., Brady, S.M., and Sugimo-
to, K., A gene regulatory network for cellular repro-
gramming in plant regeneration, Plant Cell Physiol.,
2018, vol. 59, p. 765.

https://doi.org/10.1093 /pcp/pcy013

Huang, H., Ullah, F., Zhou, D.X., Yi, M., and Zhao, Y.,
Mechanisms of ROS regulation of plant development
and stress responses, Front. Plant Sci., 2019, vol. 10,
p. 800.

https://doi.org/10.3389/fpls.2019.00800

Gaillochet, C. and Lohmann, J.U., The never-ending
story: from pluripotency to plant developmental plas-

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

ticity, Development, 2015, vol. 42, p. 2237.
https://doi.org/10.1242 /dev.117614

Lee, Z.H., Hirakawa, T., Yamaguchi, N., and Ito, T.,
The roles of plant hormones and their interactions with
regulatory genes in determining meristem activity, Inf.
J. Mol. Sci., 2019, vol. 20, p. 4065.
https://doi.org/10.3390/ijms20164065

Rupp, H.M., Frank, M., Werner, T., Strnad, M., and
Schmulling, T., Increased steady state mRNA levels of
the STM and KNATI homeobox genes in cytokinin
overproducing Arabidopsis thaliana indicate a role for
cytokinins in the shoot apical meristem, Plant J., 1999,
vol. 18, p. 557.

Jasinski, S., Piazza, P., Craft, J., Hay, A., Woolley, L.,
Rieu, 1., Phillips, A., Hedden, P., and Tsiantis, M.,
KNOX action in Arabidopsis is mediated by coordinate
regulation of cytokinin and gibberellin activities, Curr.
Biol., 2005, vol. 15, p. 1560.
https://doi.org/10.1016/j.cub.2005.07.023

Yanai, O., Shani, E., Dolezal, K., Tarkowski, P., Sa-
blowski, R., Sandberg, G., Samach, A., and Ori, N.,
Arabidopsis KNOXI proteins activate cytokinin biosyn-
thesis, Curr. Biol., 2005, vol. 15, p. 1566.
https://doi.org/10.1016/j.cub.2005.07.060

Leibfried, A., To, J.P., Busch, W., Stehling, S., Kehle, A.,
Demar, M., Kieber, J.J., and Lohmann, J.U., WUS-
CHEL controls meristem function by direct regulation
of cytokinin-inducible response regulators, Nature,
2005, vol. 438, p. 1172.

https://doi.org/10.1038 /nature04270

Ma, Y., Miotk, A., Sutikovié, Z., Ermakova, O.,
Wenzl, C., Medzihradszky, A., Gaillochet, C.,
Forner, J., Utan, G., Brackmann, K., Galvin-Ampu-
dia, C.S., Vernoux, T., Greb, T., and Lohmann, J.U.,
WUSCHEL acts as an auxin response rheostat to main-
tain apical stem cells in Arabidopsis, Nat. Commun.,
2019, vol. 10, p. 5093.

https://doi.org/10.1038 /s41467-019-13074-9

Barton, M.K. and Poethig, R.S., Formation of the shoot
apical meristem in Arabidopsis thaliana: an analysis of
development in the wild type and in the shoot meristem-
less mutant, Development, 1993, vol. 119, p. 823.

Gordon, S.P., Heisler, M.G., Reddy, G.V., Ohno, C.,
Das, P., and Meyerowitz, E.M., Pattern formation
during de novo assembly of the Arabidopsis shoot meri-
stem, Development, 2007, vol. 134, p. 3539.
https://doi.org/10.1242/dev.010298

Zhang, T.Q., Lian, H., Zhou, C.M., Xu, L., Jiao, Y.,
and Wang, J.W., A two-step model for de novo activa-
tion of WUSCHEL during plant shoot regeneration,
Plant Cell, 2017, vol. 29, p. 1073.
https://doi.org/10.1105/tpc.16.00863

Byrne, M.E., Barley, R., Curtis, M., Arroyo, J.M., Dun-
ham, M., Hudson, A., and Martienssen, R.A., Asym-
metric leaves 1 mediates leaf patterning and stem cell
function in Arabidopsis, Nature, 2000, vol. 408, p. 967.
https://doi.org/10.1038 /35050091

Ori, N., Eshed, Y., Chuck, G., Bowman, J.L., and
Hake, S., Mechanisms that control KNOX gene expres-
sion in the Arabidopsis shoot, Development, 2000,
vol. 127, p. 5523.

No. 1 2021



21.

22.

23.

24.

25.

26.

DIFFERENCES IN THE MANIFESTATION OF CELL PLURIPOTENCE

Semiarti, E., Ueno, Y., Tsukaya, H., Iwakawa, H.,
Machida, C., and Machida, Y., The ASYMMETRIC
LEAVES?2 gene of Arabidopsis thaliana regulates for-
mation of asymmetric lamina, establishment of vena-
tion and repression of meristem-related homeobox
genes in leaves, Development, 2001, vol. 128, p. 1771.

Ha, C.M., Jun, J.H., Nam, H.G., and Fletcher, J.C.,
BLADE-ON-PETIOLE I and 2 control Arabidopsis lat-
eral organ fate through regulation of LOB domain and
adaxial-abaxial polarity genes, Plant Cell, 2007, vol. 19,
p. 1809.

https://doi.org/10.1105/tpc.107.051938

Hay, A. and Tsiantis, M., KNOX genes: versatile regu-
lators of plant development and diversity, Development,
2010, vol. 137, p. 3153.
https://doi.org/10.1242/dev.030049

Ezhova, T.A. and Kupriyanova, E.V., Studying auxin’s
role in ectopic outgrowths’ development on leaves of
the Arabidopsis thaliana taeniata mutant, Russ. J. Dev.
Biol., 2019, vol. 50, p. 243.
https://doi.org/10.1134/S1062360419050059

Fedotov, A.P., Ezhova, T.A., and Timonin, A.C., Bi-
zarre lamina margins in fae mutant of Arabidopsis thali-
ana (L.) Heynh. (Brassicaceae), Wulfenia, 2017, vol. 24,
p. 163.

Donnelly, P.M., Bonetta, D., Tsukaya, H., Dengler, R.E.,
and Dengler, N.G., Cell cycling and cell enlargement

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 68

27.

28.

29.

30.

No. 1

55

in developing leaves of Arabidopsis, Dev. Biol., 1999,
vol. 215, p. 407.
https://doi.org/10.1006/dbi0.1999.9443

Lee, K. and Seo, P.J., Dynamic epigenetic changes
during plant regeneration, 7Trends Plant Sci., 2018,
vol. 23, p. 235.
https://doi.org/10.1016/j.tplants.2017.11.009

Li, W., Liu, H., Cheng, Z.J., Su, Y.H., Han, H.N.,
Zhang, Y., and Zhang, X.S., DNA methylation and
histone modifications regulate de novo shoot regenera-
tion in Arabidopsis by modulating WUSCHEL expres-
sion and auxin signaling, PLoS Genet., 2011, vol. 7,
p. €1002243.

https://doi.org/10.1371 /journal.pgen.1002243

He, C., Chen, X., Huang, H., and Xu, L., Reprogram-
ming of H3K27me3 is critical for acquisition of plurip-
otency from cultured Arabidopsis tissues, PLoS Genet.,
2012, vol. 8, p. €1002911.

https://doi.org/10.1371 /journal.pgen.1002911

Mateo-Bonmati, E., Casanova-Séaez, R., and Ljung, K.,
Epigenetic regulation of auxin homeostasis, Biomole-
cules, 2019, vol. 9, p. 623.
https://doi.org/10.3390/biom9100623

Translated by M. Shulskaya

2021



	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	Expressiveness of the Phenotype of the tae Mutant and the Time of Resuming the Leaf Cell Division Depend on Temperature
	Genes Supporting Cell Indeterminacy Resume Expression at Later Stages of Leaf Development in the tae Mutant
	Genes Controlling DNA Methylation and Histone Modification Altered Expression in a Leaf of the tae Mutant
	Cells from the Leaves of the tae Mutant Show no Pluripotency in vitro

	DISCUSSION
	REFERENCES

		2021-02-12T09:32:00+0300
	Preflight Ticket Signature




