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Abstract—It is revealed that dipeptides glycylglycine (GlyGly) and glycylaspartic acid (GlyAsp), as well as the
amino acid glycine (Gly), appreciably stimulated the growth and development of tobacco (Nicotiana tabacum L.)
regenerants and seedlings if they were present in a medium at 107 M. All three compounds GlyGly, GlyAsp,
and Gly influenced the cell differentiation and morphogenic processes in the calli. The compounds modu-
lated expression of the KNOX and GRF family genes. The profiles of induction or repression of gene expres-
sion by one and the same peptide were found to differ in tobacco regenerants and seedlings. It is concluded
that GlyGly, GlyAsp, and Gly may be considered as regulators of plant growth and development, the mode

of action of which is signaling and mainly epigenetic.
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INTRODUCTION

Peptides are involved in an extensive diverse regu-
latory network, which controls the growth and devel-
opment of plants and animals (Khavinson and Mali-
nin, 2005; Vanyushin et al., 2017). Most of the plant
peptides examined are small signaling molecules or
antimicrobial peptides that originated from nonfunc-
tioning precursor proteins (Goyal and Mattoo, 2014).
Recently, data have appeared on peptides formed from
functional proteins and directly translated on small
open reading frames (Hanada, 2013). Secretable pep-
tides (containing from 2 to 100 amino acid residues)
play important roles as regulators of intercellular inter-
actions, physiological activities, and responses to var-
ious influences and environmental signals (Czyzewicz
et al., 2013; Motomitsu et al., 2015; Tavormina et al.,
2015).

Evidence concerning the effects of exogenous pep-
tides, which are capable of plant penetration, is mea-
ger. Exogenous short peptides may selectively modu-
late expression of genes and synthesis of proteins
including those participating in DNA replication and
reparation and responsible for animal cell differentia-
tion (Khavinson and Malinin, 2005). The action of
such peptides is gene-specific. Its character is regula-
tory signaling, and its nature is presumably mainly epi-
genetic (Vanyushin et al., 2017). For example, exoge-
nous peptides (epitalon) lengthen the animal lifespan

(Khavinson et al., 2014); tetrapeptide bronchogen reg-
ulates differentiation, proliferation, and apoptosis in
human cultured cells of the bronchial epithelium; and
vilon exerts the same action on human and animal
thymus cells and lymphocytes of the peripherial blood
(Khavinson et al., 2015). These peptides are tissue-
specific and induce expression of the genes governing
DNA reparation and replication (Khavinson et al.,
2014, 2015). It is supposed that peptide-dependent
regulation of vital activity is common in eucaryots and
originated at early phases of evolution (Vanyushin
etal., 2017). An important issue of the problem
regards the simplest short peptides, which might also
be of abiogenic origin at early stages of the formation
of life; the effects of these compounds on various
organisms and biological systems are of interest.

We found earlier that the exogenous short peptides
epitalon (AlaGluAspGly), bronchogen (AlaGlu-
AspLeu), and vilon (LysGlu) influenced the growth,
development, and differentiation of the tobacco
(Nicotiana tabacum) callus (Fedoreyeva et al., 2017).

The purpose of the present work was comparative
study of the effects of low concentrations of the dipep-
tides glycylglycine (GlyGly) and glycylaspartic acid
(GlyAsp), as well as the amino acid glycine (Gly), on
the growth, development, and gene expression in
tobacco seedlings and calli.
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Table 1. Genes of the GRF family and their primers
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Gene Primer Encoded protein Accession number
GRF1 ccc gga ttc cca act aca ca DNA-(apurinic or apyrimidinic site) lyase 2-like | LOC107764892
agc geg tgt act tca cta ctt
GRF2 cat cca gca gtg cac aga ga DNA topoisomerase 3-alpha-like LOC107824417
ctt cct gag acc gag cag tg
GRF3 tac gaa ctg tga ggc atc cg 3'—5" exoribonuclease 1-like LOC107832708
ttc acc act caa tgt gee gt
GRF4 gac gaa gag gaa ggc ttg ga Endonuclease 8-like 3 LOC104218308
gcc gta ctc cca tca get tt

MATERIALS AND METHODS

Seeds of tobacco (Nicotiana tabacum L., Samsun
serotype) were sterilized for 15 min in 1.5% sodium
hypochlorite containing 0.01% Triton X-100. They
were washed with distilled water three times and were
allowed to germinate in flasks with an agarized hor-
mone-free Murashige and Skoog (MS) nutrient
medium (Sigma, United States). The emerging coty-
ledons were detached with a scalpel and were placed
on an agarized MS medium containing 10~7 M Gly-
Gly, GlyAsp, or Gly (four cotyledons per Petri plate).
The control MS medium did not contain the peptides
or amino acid. The medium also contained phytohor-
mones: 2 mg/L 6-benzylaminopurine, 0.2 mg/L
o-naphtylacetic acid, and 0.2 mg/L indole-3-butyric
acid. One experiment included 4—5 Petri plates with
explants, which were thermostated at 25°C for 14 days
in the dark. Afterwards, the explants were maintained
under light 5000 Ix (16 h daily) at 20—22°C (day) and
16—18°C (night). The experiments of regenerant deri-
vation from the explants were carried out with four
replications.

On day 21 after explantation, the rate of callus for-
mation was estimated together with the morphology of
the regenerants emerging from the explants, namely,
the color, texture, size, and number of regenerants and
leaves appearing. At the end of the experiment (after
28 days), the normally developed regenerated plants
possessing shoots and roots were registered. The
regeneration effectiveness was calculated as the num-
ber of regenerants per explant.

To obtain tobacco seedlings, the seeds were treated
as mentioned above followed by a transfer to an
agarized MS medium with 10~ M GlyGly, GlyAsp, or
Gly or without these additions in the control. After
28 days, the seedling height and fresh mass, the length
of the main root and shoot, and the leaf area were eval-
uated. The last parameter was measured under an
Olympus BX51 microscope (Japan) furnished with the
Cell program. Statistical treatment of all data was per-
formed with the help of Microsoft Excel program.
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RNA was isolated from tobacco regenerants and
seedlings by the standard method using the corre-
sponding RNK-Ekstran (Synthol, Russia) reagent
kits. The RNA concentration in the isolated samples
was determined spectrophotometrically. Preparations
of cDNA were obtained with the standard method
using a Synthol reagent kit intended for reverse tran-
scription.

Data on the primary structure of the KNOXI and
GRF genes of N. tabacum and N. sylvestris were taken
from the NCBI database. The primers of these genes
were selected with the help of the NCBI Primer-
BLAST online service and were synthesized by Syn-
thol Tables 1, 2).

Real-time polymerase chain reaction analysis
(PCR-RT) was carried out in a CEX 96 Real-Time
System thermocycler (Bio-Rad, United States). Sam-
ples were prepared by the standard method with the
reagent kit for PCR-RT in the presence of SYBR
Green (Synthol). PCR-RT reaction was performed
under uniform conditions for all samples: 5 min at
95°C (polymerase activation) and later 45 cycles for
30 s at 94°C, 30 s at 5°C, and 30 s at 72°C. The reac-
tion was undertaken in 2—3 parallels in three replica-
tions. The GaPDh (LOCI107828122) gene encoding
the protein glyceraldehyde-3-phosphate dehydroge-
nase was taken as the reference counterpart. The rela-
tive rate of gene expression was calculated using the
calibration curve drawn with the PCR products pre-
pared with the primers of the GaPDh gene.

The PCR-RT efficiency (£, %) was calculated by
the formula £= (10~ — 1) — 100, where s is the slope
angle of the dependency chart of decimal logarithms
of values of the threshold cycle (C,) on the cDNA con-
centration. This efficiency was 95—96% with the
primers of the genes tested.

RESULTS AND DISCUSSION

It was found that GlyGly, GlyAsp, or Gly, when
present at 10~7 M in a medium of tobacco, stimulated
callus formation and mass accumulation of calli and
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Table 2. Genes of the KNAT, LET families and their primers

Gene Primer Encoded protein Accession number

KNATI caa ctc agc gac ctc atg ga Homeobox protein knotted-1 like 1 LOCI107781659
tgt tce cat ggg cct teca tc

KNAT2 cgc cat att ttg gat cgc cg Homeobox protein knotted-1 like 2 LOC107807974
ccg aac aca ccg acg aca ta

KNAT3 cgt gtg agg cag gag cta aa Homeobox protein knotted-1 like 3 LOC107787501
agt atc gcc cgg gag ttt tc

KNAT6 gct gta gca gac geg atg at Homeobox protein knotted-1 like 6 LOC107780680
tct ggt ggt get cct acc tt

LET6 act tcc tcc tet gaa tct get ¢ Homeobox protein knotted-1 like LET6 LOC104227253
tgc gca gcea att gac ctt tc

LETI2 agt gca aga gac agg gtt gc Homeobox protein knotted-1 like LET12 | LOC107773625
ttt ttc acc tet ttc gtt tgc tt

Table 3. Effects of short peptides and glycine on accumulation of the callus biomass and the regenerative potential of

tobacco
Fresh callus Number of regenerants Leaf area of large Leaf area
Treatment 2 2
mass, g per explant regenerants, mm of regenerants, mm
Control 0.222 +£0.03 7.8 £0.7 6.21 £ 1.0 321+04
Gly 0.298 £0.02 8.5+0.5 1217+ 1.4 417 £ 0.5
GlyGly 0.423 £ 0.04 9.0t 0.5 12.72 £ 2.1 4.06+0.6
GlyAsp 0.413 £ 0.03 9.5+0.5 0 2.52+0.2

regenerants and also influenced leaf formation. The
regenerants derived from the callus tissue of the coty-
ledons had a mass 35—90% higher in the peptide-
treated counterparts than in the untreated control
(Fig. 1, Table 3). The leaf emergence started on days 11—
12 in the tobacco regenerants subjected to peptides in
contrast to days 14—15 in the control regenerants.
Therefore, GlyGly, GlyAsp, and Gly affected the cell
differentiation and were involved in form-building
processes in the plants. The most active callus forma-
tion occurred on the medium containing the GlyGly
peptide. In the control, areas of friable and firm mor-
phogenic calli, together with rare large morphogenic
zones containing multiple small regenerants, arose
after eight days (Fig. 1). The presence of the peptides
increased the total number of regenerants per explant.
The regeneration efficiency depended on particular
peptides and the amino acid applied (Table 3). On the
Gly- and GlyGly-containing media, large regenerants
appeared bearing bigger leaves than in the control
(Fig. 1, Table 3). Thus, the lamina area of most regen-
erants was 1.3 times higher and that of large regener-
ants was almost two times higher than in the control.

In the presence of GlyAsp, large leaves did not
emerge, and the mean leaf area of the regenerants was
even 30% smaller in comparison with the control.
Therefore, the neutral Gly and GlyGly, but not the
acidic GlyAsp dipeptide, stimulated formation of large
leaves in tobacco regenerants.

The growth and development of tobacco seedlings
were also influenced by peptides and glycine. GlyAsp
and GlyGly were the most stimulative towards devel-
opment. The root system appeared more developed in
their presence. Here, the length of the main root
increased approximately 40% against the control (Fig. 2),
and new lateral roots arose. In this case, the total
height of the seedling increased only 15%. With allow-
ance for the lower height of the seedling, the lamina
area increased 1.5 times in the presence of peptides.
The tobacco seedling biomass was approximately 40%
higher in the peptide-treated counterparts (Fig. 3,
Table 4). Apparently, the tested compounds are quite
biologically active at such a low concentration (10~7 M)
because they fulfill a signaling regulatory function in
the cell.
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Fig. 1. 28-Day-old calli of tobacco Nicotiana tabacum (a) not treated or treated with (b) glycine, (c) glycylglycine, or (d) glycy-
laspartic acid. Scale bar 1 cm.

Fig. 2. 28-Day-old seedlings of tobacco Nicotiana tabacum (a) not treated or treated with (b) glycine, (c) glycylglycine, or (d) glyc-
ylaspartic acid. Scale bar 1 cm.

Glycine also stimulated plant development but and the seedling height and the main root length
more weakly than peptides did (Table 4): the lamina increased by 10—20 and 10—30%, respectively
area was 1.3 times larger than in the untreated control, (Fig. 2b, Table 4). However, Gly, as well as dipeptides,

BIOLOGY BULLETIN Vol.47 No.4 2020
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promoted the emergence of lateral roots and, conse-
quently, also stimulated development of the tobacco
root system.

Therefore, the stimulation of tobacco plant devel-
opment by the tested dipeptides and amino acid gly-
cine was accompanied by the appearance of leaves and
additional roots, formation of a more developed leaf
blade, and enhancement of the seedling total biomass
as a result (Fig. 3, Table 4).

The fact of the physiological activity of the exam-
ined peptides (induction of morphogenesis, stimula-
tion of callus and leaf growth, and augmentation in
biomass of both callus-originated regenerants and
seedlings of tobacco) prompted us to study the expres-
sion of some genes of the KNOX and GRF families,
which encode transcription factors and are responsible
for cell differentiation and leaf emergence.

Growth-regulating factors of plants are specific
factors of transcription. They play leading roles in the
stem growth; formation of leaves, flowers, and seeds;
root development; and coordination of growth pro-
cesses under unfavorable conditions (Omidbakhsfar
et al., 2015). For the first time, the GRF gene was iden-
tified in rice (OsGRF1); it regulates the gibberellin-
induced elongation of the stem cells (Van der Knaap
et al., 2000).

The GRFfamily genes were recently discovered and
characterized in tobacco (Zhang et al., 2018). The pro-
teins encoded by them differ in the molecular masses
(24.4—65.4 kDa) and physicochemical properties.
Their functions are not defined thus far. It is supposed
that the genes of this family are involved in plant
responses to biotic and abiotic stressors (Zhang et al.,
2018).

Almost all the GRFfamily genes display a high level
of expression in all types of actively growing tissues, for
example, in germinating seeds, calli, and flower buds.
The transcription level of any GRF genes is relatively
higher in the younger than in elder leaves. This means
that these genes mainly operate in the early phases of
leaf growth and development (Kim and Kende, 2004).
However, GRF3 manifests, for example, higher
expression in leaves and stems, while GRF4 does this
in roots. Therefore, these genes may be related to reg-
ulation of growth and development of these organs.

FEDOREYEVA et al.
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Fig. 3. Fresh mass of tobacco (/) regenerants and (2) seed-
lings grown in the absence or presence of 10~ M glycine
or peptides. (a) Control; (b) glycine; (c) glycylglycine;
(d) glycylaspartic acid.

In Arabidopsis thaliana, the GRFI, GRF2, and
GRF3 genes function as regulators of cell proliferation
during leaf development (Kim and Lee, 2006). The
high GRF4 expression level correlates with the
increase in a total biomass and seed size leading to the
increase in these parameters (Van Daele et al., 2012).
In A. thaliana, GRF4 participates not only in leaf cell
proliferation but also in embryonic development of the
cotyledons and meristem (Kim and Lee, 2006).

The proteins encoded by four GRF genes of
growth-regulating factors were identified in tobacco
(Table 1). This fact has determined the choice of the
genes whose expression in response to peptides was
important to study. All proteins coded by the exam-
ined genes bound to DNA (Table 1). Those were
DNA-apurinic/apyrimidinic ligase (GRF1), DNA-
topoisomerase 3o (GRF2), 3',5'-exonuclease (GRF?3),
and endonuclease 8 (GRF4).

Figure 4 depicts the data on expression of the GRF
genes in tobacco regenerants and seedlings grown in
the presence or absence of short peptides. The level of
expression of this family of genes was markedly lower
in the seedlings than in the regenerants derived from
the callus tissue. As mentioned above, all known GRF
genes are more active and demonstrate a higher

Table 4. Effects of short peptides and glycine on the biometrical parameters of tobacco seedlings

Seedling height, Main root Shoot length, Lamina area,
Treatment Fresh mass, g
mm length, mm mm mm?

Control 0.412 £ 0.03 21.6 £ 1.2 124+ 09 9.2+ 0.6 8.91 £ 0.80
Gly 0.440 £0.03 23.7+ 1.6 14.8 = 1.1 8.9+0.6 11.78 £ 0.94
GlyGly 0.587 £ 0.04 245+ 1.6 179 £ 0.8 6.6 £ 0.5 13.69 £ 0.68
GlyAsp 0.561 £ 0.04 25.0+ 1.5 17.8 £ 1.0 7.2+0.5 13.20 £ 0.92
BIOLOGY BULLETIN  Vol. 47 No. 4 2020
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Fig. 4. Expression of the GRF genes in tobacco (/) regenerants and (2) seedlings grown in the absence or presence of 1077 M gly-
cine or peptides. (a) Control; (b) glycine; (c) glycylglycine; (d) glycylaspartic acid.

expression level in the young developing plants, espe-
cially in their leaves. This may explain why the leaves
of the 4-week-old seedlings were better developed
than the leaves of 4-week-old regenerants from the
callus.

Peptides and glycine suppressed the expression of
the GRF2 and GRFI genes in regenerants from calli
but boosted the expression of the GRF3 and GRF4
genes (Fig. 4). Thus, GlyGly and especially GlyAsp
enhanced the GRF4 expression almost fourfold in
comparison with the control.

Peptides influenced the expression of the GRF gene
family in the tobacco seedlings in a different manner
than in the regenerantes. In the seedlings, peptides
and glycine considerably enhanced expression of the
GRF3 and GRF4 genes but were almost indifferent
towards the expression of GRF2. The expression of the
GRFI gene was also unchanged by GlyGly or Gly but
it almost doubled in the presence of GlyAsp. The
GRF4 gene expression is known to be maximal in the
roots (Kim and Kende, 2004; Kim and Lee, 2006).
The 4-week-old regenerants only start the formation
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of roots, whereas seedlings of equal age already possess
well-formed roots. Apparently, this may explain the
fact that the GRF4 gene activity is higher in regener-
ants than in seedlings and can be additionally stimu-
lated by dipeptides.

Therefore, GlyGly, GlyAsp, and Gly affect the
expression of the genes encoding the proteins of
growth-regulating factors. It is not excluded that the
peptides can bind to the proteins encoded by the GRF
family genes and so participate directly in growth reg-
ulation. Gly and possibly GlyGly are known to bind
preferentially to cystein residues similarly to the ani-
mal situation where glycine binds to the cysteine loop
located at the end of the glycine receptor (Lynch et al.,
2017), and the negatively charged peptide GlyAsp
binds in preference to the positively charged residues
of lysine or arginine. In our experiments, the effects of
neutral Gly and GlyGly on tobacco development dif-
fered from those of negatively charged GlyAsp. Here,
neutral Gly and GlyGly increased to the greatest
extent the biomass of the callus-derived regenerants,
whereas GlyAsp mainly stimulated seedling growth.
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It is revealed that the proteins coded by the GRF
genes from barley Hordeum vulgare can act as repres-
sors through binding to the intervening sequence of
the Knotted3 gene; the AtGRF4, AtGRF5, and
AtGRF6 proteins from A. thaliana repress the pro-
moter activity of the KNAT2 (Knotted?2) gene (Kuijt
etal., 2014). These data demonstrate that the tran-
scription factors of the GRF Knotted (KNOX) fami-
lies interact with each other and, due to binding to a
certain sequence of the KNOX family genes, control
their activity.

The proteins of the KNOX class (KNOTTEDI1-
like homedomain) are critical regulators of the stem
cell homeostasis in plant seedlings. The KNOX genes
encode transcription factors that are involved in cessa-
tion of cell differentiation in the seedling apical zone;
they are identified in all monocot and dicot plants
(Lynch, 2004). Ectopic expression of the KNOX genes
causes dramatic changes in the leaf and flower mor-
phology in various plants (Srinivasan et al., 2011).

The KNOX gene family is divided into the KNOX1
and KNOX2 classes. The Arabidopsis genome contains
four genes of the KNOX1 class: SHOOT MERISTEM-
LESS (STM), BREVIPEDICELLUS (BP or KNATI),
KNAT2, and KNAT6. These genes operate at different
stages of various developmental processes in the
plants. Thus, the STM gene is expressed in early
embryogenesis in all meristematic zones (Zhang and
Rongming, 2014), and the gene KNAT6 is expressed at
the stage of embryonic development and exhibits the
maximal expression level over the entire boundary of
the meristem (Long et al., 1996). The expression of BP
is the most pronounced in the meristem during the
postembryonic period (Belles-Boix et al., 2006). The
KNAT?2 expression rises in the period of embryogene-
sis mainly in the central part of the meristem zone
(Byrne et al., 2002). An increase in the STM expres-
sion entails earlier formation of leaves in callus cul-
tures. Modulation of the KNOX] activity makes leaf
shapes of flowering plants more variable. The KNOX1
and KNOX2 genes differ functionally in that the
expression of the first one is confined to less differen-
tiated tissues, while the second one is expressed in
both differentiating tissues and already formed organs
(flowers and inflorescences) (Dockx et al., 1995). Evi-
dence of a reciprocal suppression of the KNOX1 and
KNOX2 expression has been reported (Hay and Tsian-
tis, 2010). In Arabidopsis, the KNAT3 gene encodes
B-glucuronidase and belongs to the KNOX2 class (Ser-
ikawa, et al., 1997). The KNAT3 gene is active only in
the tissues of the completed root (Truernit and Hasel-
off, 2007).

The LET6 and LET 12 genes were characterized for
the first time in the tomato Solanum lycopersicum
(Janssen et al., 1998). LET6 is attributed to the KNOX1
class, and LET12, to KNOX2. The LET6 gene is sup-
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posed to bear a resemblance to the STM gene from
Arabidopsis, and its expression is related to the forma-
tion of lateral organs. Expression of LET 12 occurs in
all tissues of the developing plant.

GlyGly, GlyAsp, and Gly affected expression of
the KNOX family gene in tobacco regenerants and
seedlings (Fig. 5). The KNOX family genes, which are
responsible for leaf differentiation and belong to the
KNOXI family, manifested a higher expression in the
regenerants than in the seedlings. These data establish
the processes related to leaf formation and proceeding
in the arising regenerates.

The KNAT2 and LET6 expression levels changed
only slightly under the influence of peptides in the
regenerants from tobacco callus tissue. Furthermore,
the presence of dipeptides and glycine in the medium
of seedling cultivation even decreased the expression
of these genes. In the seedlings, GlyGly and GlyAsp
inhibited 2—3 times the KNAT2 gene expression; all
the preparations tested suppressed the expression of
LETS6. It is known that a high expression level of the
KNOXI genes leads to earlier leaf differentiation in
A. thaliana (Srinivasan et al., 2011).

In the presence of peptides or glycine, leaf forma-
tion started 4—6 days earlier than in the untreated con-
trol in the regenerants from tobacco callus tissue (data
not shown). It can be suggested that dipeptides initiate
earlier expression of these genes, which decreased
after four weeks of seedling development. The contact
of calli with Gly or especially GlyGly considerably
diminished the KNAT'I gene expression in the regen-
erants. By contrast, GlyAsp strongly increased this
gene expression in the regenerants. In the seedlings,
the effects of the tested substances on KNAT 1 expres-
sion were differently directed: a slight (approximately
10%) increase caused by GlyGly or Gly and almost
twofold decrease caused by GlyAsp were observed.

The expression level of the KNAT3 gene was more
than two times higher in the seedlings than in the
regenerants. These data are consistent with the report
that the KNAT3 gene, which belongs to the KNOX2
class, is more actively expressed in the developing
roots (Serikawa et al., 1997). In the regenerants, the
KNATS3 expression level appreciably depended on the
presence of peptides or glycine in the medium; these
compounds might elevate the expression 3—5 times or
more. In turn, such an increase in the KNAT3 expres-
sion might apparently promote earlier development of
the root system in the regenerants. In fact, the calli
treated with Gly, GlyGly, or GlyAsp formed roots ear-
lier than the untreated ones.

GlyAsp boosted KNAT3 gene expression in both
the callus-originated regenerants and seedlings and
diminished the KNAT6 expression in the seedlings.
Dipeptides and glycine scarcely affected the LETI2

BIOLOGY BULLETIN Vol. 47
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Fig. 5. Expression of the KNOX genes.

gene expression in the seedlings but increased it 1.5—
2 times in the regenerants.

Therefore, the KNOX family genes actively partici-
pate in the development of the regenerants from callus
tissue and growth of the seedlings of tobacco as well as
in leaf and root formation. GlyGly, GlyAsp, and Gly
influenced the process of leaf formation in the regen-
erants from tobacco callus tissue (Fig. 1) that was
accompanied by modulation of the expression levels of
the KNOXI family genes (Fig. 5). GlyGly, GlyAsp,
and Gly even inhibited the expression of these genes in
the tobacco seedlings, which bore leaves of larger area
than leaves of the regenerants. Nonetheless, the
expression level of the gene KNAT3, belonging to the
KNOX2 class, was enhanced 3—5 times in the presence
of dipeptides (especially GlyAsp) or glycine. Presum-
ably, the expression of this gene was initiated at later
stages of seedling development; the gene activity might
be related to formation of lateral roots of the seedlings
that we actually observed (Fig. 1, Table 4).
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The molecular machinery, by which GlyGly,
GlyAsp, and Gly regulate gene expression, is still
uncertain. For example, it seems possible that the
tested compounds are capable of binding to signaling
proteins and affecting gene expression this way. Gly-
Gly, GlyAsp, and Gly, like other short bioactive pep-
tides (Khavinson et al., 2011), might directly link to
the promoter regions of genes and epigenetically con-
trol gene expression through blocking promoter meth-
ylation. In general, the regulation of gene expression
by short peptides may be of epigenetic nature. It is not
also excluded that peptides may interact with N- and
C-terminal histone sequences in chromatin through a
blockade of their enzymatic modification. Finally,
peptides may also interact with small interfering RNA
(siRNA) and thus prevent RNA binding to genes.

The reported results mean that dipeptides and gly-
cine are able to affect the growth and development of
tobacco regenerants and seedlings appreciably so that
the character of their effects is different in these plant
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objects. Regenerants and seedlings also differ in the
efficiency of expression regulation of the GRF and
KNOX family genes by the chemical agents tested.
Therefore, similarly to different short exogenous pep-
tides (Fedoreyeva et al., 2017), the dipeptides glycyl-
glycine and glycylaspartic acid, as well as the amino
acid glycine, possess a pronounced physiological
activity and may be attributed to efficient regulators of
plant growth and development.
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