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A thermodynamic approach was used to study the correlation between the incidence of cells with various
DNA content in nucleus and the proliferation rate (mitoses and amitoses). These biological fluxes and
forces were analyzed at the circadian hierarchic level upon changes in the culture conditions for the
Rauwolfia serpentina K-27 strain, a producent of ajmaline, the anti-arrhythmic alkaloid.
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Introduction. Plant tissue cultures are characterized
by high level of cytogenetic variability [1, 2]. Previ-
ously we have reported several studies of quantitative
cell subpopulation dynamics with different relative
content of DNA (rcDNA) in nucleus depending on nu-
cleolus area as well as dynamics of specific rate of pro-
ductivity accumulation indexes during the passage for
different cultivation variants of a high productive K-27
strain of Rauwolfia serpentina Benth - a medicinal
plant used as a source of indoline alkaloids. In those
studies we have used the mathematical model specifi-
cally developed for conjugated processes in physical,
chemical and biological systems, which was called the
thermodynamic approach. This model contains a sys-
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tem of equations virtually characterizing a network of
cross interactions or conjugated processes.

The mathematical model (thermodynamic of irre-
versible process) published in [3, 4], which was ini-
tially developed for describing of higher organism’s
tissue growth and differentiation, can be undoubtedly
applied for studying of higher plant’s tissue culture.
The only problem is to select appropriately the fluxes,
forces and phenomenological coefficients and to as-
cribe them the biological significance. During cultures
passing we have conducted some experiments that al-
lowed us to chose and to ascribe the biological signifi-
cance for the fluxes, forces and phenomenological co-
efficients as well as to determine the dimension coeffi-
cients that have been described in detail in [5]. The
contribution of dynamics of the quantitative content of
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corresponding subpopulations (as biological forces) to
dynamics of biological fluxes i.e. specific rates of pro-
ductivity accumulation index has been studied and ana-
lyzed [3-6]. At the lowest hierarchy level, i.e. a circa-
dian, the alteration dynamics of the quantitative con-
tent of different cell subpopulations with rcDNA in
nucleus have been considered to be fluxes and circa-
dian dynamics of quantitative content of proliferating
cells - to be forces, since the physiological phenomena
in tissue cultures, in particular the proliferation
activity, had circadian rhythm [2, 7].

Indeed, the quantity gradient of “cells with certain
DNA content in nucleus” versus “biological develop-
ment time” under transition to the lowest hierarchy
level has been considered to be the rate of accumulation
of cells with the same characteristic, i.e. biological
flux. If the principles of linearity for the dependence of
biological fluxes on presumed biological forces, ac-
cording to Curie and Onsager, are fulfilled, one may
conclude about successful choice of selected fluxes and
forces [8]. On the other hand, descending one step in re-
laxation time hierarchy to the level, where the slowest
molecular oscillators act, authors of [9-11] have shown
on yeast culture that the expression group consisting of
five genes, which control three states of cell differenti-
ation in culture, form a network of post-transcriptional
regulation, where the specificity of one gene in the
group is determined by a higher number of connections
[10]. However, during studying the multiple cells inter-
actions at this hierarchy level [9-11], the cell quantity
in population, simultaneously synthesizing the same
transcripts, has been estimated by indirect methods.
When estimating the quantity of cell subpopulations,
corresponding to different physiological states, we
used the statistical approach, which was similar to the
method described in [10]. But, in contrast, we tried to
present our results (that also represent a network of
interactions at the level of cell population) by the
system of differential equations.

In the current work we make an effort to describe
the contribution of biological forces, i.e. the alteration
dynamics of proliferating (by mitoses or amitoses) cell
portion into biological fluxes, i.e. the alteration dynam-
ics of portion of cell subpopulations with different rela-
tive DNA content (rcDNA) in nucleus, under different
cultivation conditions of R. serpentina K-27 strain.

Materials and Methods. Object of investigation.
Genetically stable (during last 15 years) K-27 strain of
tissue culture of R. serpentina (150 passages) was stud-
ied under standard cultivation conditions in 10 S me-
dium, containing 10% sucrose (variant K-27(10 S), that
was described in [2, 12]). Cultivation of K-27 strain
was also studied by the manner of a submerged culture
in liquid nutrient medium Rzh (K-27(Rzh) variant).
Rzh medium differs from 10 S medium by four fold
lower concentration of sucrose (2.5%) and by the re-
duced content of macro- and micro-salts as well [13,
14]. Besides, this medium was recommended for in-
dustrial cultivation of R. serpentina tissues [15]. It’s
important to point out that K-27(Rzh) variant of cells is
very sensitive to some modifications of cultivation
method, for example, transition from agar to shaking in
liquid medium and significant variations of sucrose and
salts concentrations in nutrient medium. All these
changes of cultivation conditions may result in physio-
logical stress for K-27(Rzh). All cultural variants were
grown in darkness in this study due to the reason that
original tissue culture was grown in darkness for 44
years since the moment of its creation.

For both analyzed variants of cell strains, samples
were taken out every two hours of growth to study pas-
sage dynamics. Additionally, to conduct circadian in-
vestigation the samples were taken out at the same time
points every two hours but only when the production of
indoline alkaloids had maximal levels, namely 12-15"
days of growth for K-27(10 S) and 9-11" days — for
K-27(Rzh) variant. More details of culturing condi-
tions and productivity were published elsewhere [12,
14, and 15]. Pieces of callus (1g in average) were with-
drawn every two hours from two flasks, starting at 10
a.m. of the first investigation day, and ending at 8 a.m.
of the last investigation day. Taken material was imme-
diately placed into the mixture of glacial acetic acid and
96% ethanol (1:3) and after 24 hours transferred to 70%
ethanol, where it was kept until staining.

DNA content in nuclei of interphase cells was deter-
mined. Felgen’s method was used for cells staining, as
described in [16, 17]. Images of 100 stained cell nuclei
prepared from four different tissue parts were taken us-
ing optic system, consisting of a green light filter of
NU-2E microscope (Carl Zeiss, Austria), red light fil-
ter of CCD Sac-410 PA digital camera, and Asus V
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3000 video driver. The signal of stained interphase nu-
cleus was quantified using Scion Image software. Rela-
tive DNA content (designated as C) was calculated as a
ratio of peak area of stained nucleus to the peak area of
stained anaphase nucleus. Taking into account that
anaphase nucleus has 4C DNA, the abovementioned
ratio was multiplied by factor 4 to obtain the actual
number of C in the measured sample.

Determination of proliferation indexes. Squashed
cells samples stained with aceto-orcein were prepared
as described in [17]. Mitotic and amitotic indexes (MI
and AMI, respectively) were calculated after analysis
of 5 thousand cells prepared from different parts of cal-
lus tissue (four different preparations). The data ob-
tained were used to build circadian dynamics of respec-
tive proliferation index. Dynamics’ of mitoses and
amitoses quotas (MI*0.01 or AMI*0.01) were used as
biological forces.

Statistic analysis. 100 cells from every sample was
taken and according to the rcDNA in nucleus distrib-
uted into separate morphometrical classes (Table 1),
thus, the dynamics of cell distributions according to
rcDNA was obtained. An axial section along the tem-
poral axis was made for every class. The portion of
cells at each moment was multiplied by the portion of
cells of this class in the general data selection (Table 1),
thus, the dynamics’ of cell portions with different
rcDNA in nucleus for several morphometrical classes,
presented in Table 1, were obtained (Fig.1). These
curves as well as the dynamics’ of mitoses and
amitoses quotas (calculated for 5000 cells using stan-
dard method) were smoothed by two points moving av-
erage method. After that, the dynamics’ of cell portions
with different rcDNA in nucleus were compared with
the dynamics’ of proliferation indexes using the
method of paired linear regression according to [18].
Correlation coefficients and corresponding value of
criterion statistics were calculated according to the for-
mula, indicated in the legend for Table 2. If the correla-
tion was insignificant, corresponding coefficients were
considered to be equal to zero.

Under the principle of thermodynamic approach,
we will consider the alteration dynamics of the cell por-
tion, according to the value of rcDNA in the nucleus,
for cell subpopulations, selected at the each passage, as
biological fluxes on circadian hierarchy level [6].
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Table 1

Share of cell classes with different relative DNA content in
nucleolus in general cell population of different cultivation
variants of the K-27 R. serpemtima strain.

Relative DNA content, Share of the class

C

K-27 (10 S) K-27 (Rzh)
First subpopulation
<1 0,0003 0,0006
1-2,99 0,2761 0,1717
Second subpopulation
3-4,99 0,5867 0,5303
5-6,99 0,1189 0,2292
7-8,99 - 0,0569
Third subpopulation (not involved)

7-8,99 0,0133 -
9-10,99 0,0028 0,0083
>11 0,0019 0,0031

Linear dependences between dynamics of cell por-
tions of corresponding subpopulations and dynamics of
mitoses and amitoses quotas, which may be considered
as biological forces, were determined by paired linear
regression method according to [18]. Further calcula-
tion procedure was described in details in [5]. To esti-
mate the adequacy of computed curves to experimental
ones we used the normal distribution evaluation
method with zero mathematical expectation of the
deviations squares between compared curves [18].

Results and Discussion. During tissue culture of
R. serpentina K-27(10 S) and K-27(Rzh) strains
passaging two main subpopulation of cells were used.
Each of them contained different rcDNA in nucleus,
namely 1.0-2.9C and 3.0-6.9C for K-27(10 S) and
1.0-2.9C and 3.0-8.9C for K-27(Rzh). The circadian
dynamics’ of alteration of abovementioned cell por-
tions at 12-15" days of growth for K-27(10 S) and
9-11" days for K-27(Rzh) are shown on Fig.1. The
shares of specific morphometrical classes for circadian
dynamics, further combined into subpopulations, are
presented in Table 1. During indicated time interval
two dominating subpopulations were found, namely
the subpopulation of K-27(10 S) with 3.0-6.9C of
rcDNA in nucleus was 70.6% (0.71) and subpopulation
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Fig.1 Alteration dynamics of cell portion (where 1 is assumed to be 100%) with different relative DNA content in nucleus under standard
cultivation conditions in 10S medium (K-27(10 S) variant) (@, ) and under conditions of submerged cultivation in liquid medium Rzh
(K-27(Rzh) variant) (¢, d) during 12-15" and 9-12" days of cultivation. Arrows indicate the beginning of the corresponding day of growth.

of K-27(Rzh) with 3.0-8.9 C of rcDNA — 82% (0.82).
Thus, on circadian level during three days of passaging,
there was no change of dominating cell subpopulation,
according to rcDNA in nucleus.

For both cell variants (K-27 (10 S) and K-27(Rzh))
two mechanisms of proliferation were defined, namely,
mitotic and amitotic proliferation. Their circadian dy-
namics’ are shown on Fig.2.

Both cell variants showed similar circadian
rhythms of mitoses during three days of observation.
Six main peaks were observed in both cases; there were
two peaks of mitotic activity daily, positions of which
varied from day to day (Fig.2, a, b). Changing of the
cultivation conditions influenced neither average nor
maximal MI values, which remained for both cell cul-
tures at the level of 0.14 and 0.4% respectively.

The dynamics of AMI for both culture variants
showed also six main peaks; however, the curve shape
was somewhat different (Fig.2, ¢, d). For K-27(10 S)
the average AMI was about 1.1%, exceeding MI
(0.14%) almost tenfold, while the average AMI for
K-27(Rzh) variant was 0.52% that was about three
times higher than MI (0.14%). Maximal AMI values
were higher for K-27(10 S) variant, i.e. 2.5% compar-
ing to 1.2% for K-27(Rzh).

Theoretical basis that allows interpretation of ex-
perimental data by phenomenological system of equa-
tions was published in articles of Zotina and Zotin [3,
4], where the main principles of thermodynamic ap-
proach for cell and tissue cultures were stated. In par-
ticular, in the reference [5], the biological significance
was given to fluxes and forces for studying tissue cul-
ture of R. serpentina at the passage level and evidences
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Fig.2 Dynamics of change of mitoses (a) and amitoses (b) quotas under standard cultivation conditions in 10S medium (K-27(10 S) variant),
as well as of mitoses (¢) and amitoses (d) quotas under conditions of submerged cultivation in liquid medium Rzh (K-27(Rzh) variant)
during 12-15" and 9-12™ days of cultivation, respectively. Arrows indicate the day of growth beginning. For the convenience of
thermodynamic equations calculation, instead of proliferation indexes (%) we used the mitoses or amitoses quotas where 1 is assumed to be

were produced proving the possibility of application of
the developed thermodynamic model  with
corresponding values of fluxes and forces.

In our previous work [6], we have reported the re-
sults for three culture variants, for which the values of
phenomenological coefficients have been established.
In the same work [6] the notion of adaptation coeffi-
cient has been introduced to characterize the change of
the value of “conductivity” coefficient of an appropri-
ate characteristic (the gradient of which is the dynamics
of the cell portion with this characteristic under system
relaxation after the cell transfer — that is a force by it-
self) in comparison to the adaptation coefficient of the
biomass accumulation property (always equal to 1) in
the “conductor”. The “conductor” is a tissue culture,
which is placed into the medium with certain content of
nutrient substances, creates a specific concentrations
gradient of these substances during growth and differ-
entiation of cells by different ways resulting in the
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change of cell portion of respective specialization dur-
ing passage.

Trying to proceed to circadian level of studying, we
used the data, previously obtained by Kunakh et alt.
[2], as well as experiments and models of yeast culture
under conditions of continuous cultivation, opposite to
conditions of periodic cultivation, used by us [19].
From the last work we have also taken the idea to con-
sider the “age” of cells and applied it for generation of a
corresponding system of phenomenological equations.
Our investigated system was ergodic, we did not syn-
chronize cell divisions by any method, including spe-
cial light treatment, and thus, it was a system with “a
clock switched off” [9].

It is known that it’s almost impossible to distinguish
the length of mitotic cycle and cycles of epigenetic pro-
cesses using specific times of relaxation [20]. Therefore,
we probably observe on the curves of circadian dynam-
ics the spectrum of oscillations of metabolic processes,
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Fig.3 Circadian dynamics of change of cell portion with 1.0-2.9 C of rcDNA (curve 1) and mitoses quota (curve 2) during 12-15™ days of
growth of K-27(10 S) cells of R. serpentina under cultivation on 10 S agar medium: without any shift (¢) and with 12 hours-shift of the
mitotic index curve relative to the curve of cell portion with 1.0-2.9 C of rcDNA (b). The equations of fitted regression lines, obtained by the
least-squares method, are shown on the plot. Criterion statistic values for R* showed on plot ¢ is F 3= 3.13 (does not exceed the upper 5%
threshold of F-distribution for N=36 (£ 34=4.17)), and showed on plotd is F' ,s = 7.84 (exceed the upper 5% threshold of F-distribution for
N=30(F23=4.20)). This means the absence of linear dependence in the first case and the presence of linear dependence in the second one.

not related to light clock, that is why the oscillation pe-
riod changes during periodic cultivation (along with de-
pletion of nutrient substances, provided after the culture
transfer) [2]. This consideration has also given us the
reason to apply the thermodynamic approach.
Therefore, the contribution of each alteration dy-
namics of the portion of proliferating cells into alter-
ation dynamics of the portion of corresponding cell
subpopulation, according to rcDNA in nucleus, can be
described in general by the
phenomenological equations:

system  of

I,(t)-1,(t=m)=

m+36
= Z AR, (t+k)X , (t+k),

s k=m

where /,(t) — flow of the cell subpopulation with
rcDNA 1.0-2.9 C; I,(t) — flow of cell subpopulation
with rcDNA 3.0-6.9 C for K-27(10 S) or 3.0-8.9 C for
K-27(Rzh); I,(t), I = 1, 2); phenomenological coeffi-
cients (and forces as well) have more complicated com-
position than L, = R, ,A,, (X, (¢), s = 1, 2) due to the
contributions of previous force values into subsequent
values of the flow (see interpretation of symbols ¢, m,
k). Specific value and sign of correlation coefficient
(R,,) indicate the contribution of particular alteration
dynamics of proliferating cell portion (mitoses or
amitoses), i.e. the thermodynamic force: X, (¢ + k) or X,
(t + k) — into a specific biological flux /, (z) or 1, (1) (t —
time, m — initial value of t, when the first sample for cir-
cadian dynamics study was taken out, kK — number of
points, which reflects the shift of force value dynamics
relative to fluxes value dynamics, to consider the con-
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TTable 2

Correlation coefficients Rg, of dynamics of fluxes* and forces ** with successive shifts in k points every two hours (k = 1? 33) of
quantitative proliferation dynamics relative to quantitative dynamics of corresponding cell subpopulation, according to rcDNA in

K27 (105) K-27 (Rzh)
k ::i‘s I (Xa) I (Xa) I (Xa) L (Xa)
Run Rise Rou Rone Ru Rixe Rou Rose

1 2 3 4 5 6 7 8 9 10

0 0 0 -0,40 0,42 0,49 0,42 0,53 0 0

1 2 0 0,40 0 0,43 0 0,50 0 0

2 4 0 -0,47 0 0,41 0 0,52 0 0

3 6 0 -0,47 0 0,39 0 0,57 0 0

4 8 0 -0,44 0 0,37 0 0,56 0 0

5 10 -0,37 -0,52 0 0,42 0 0,63 0 0

6 12 -0,47 -0,50 0 0,37 0 0,69 0 -0,47
7 14 0 0 0 0 0 0,52 0 -0,49
8 16 0 0 0 0 0 0,38 0 0

9 18 0 0 0 0 0 0 0,41 0
10 20 0 0 0 0 0 0 0,41 0
11 22 0 0 -0,46 0 0 0 0 0
12 24 0 0,49 -0,70 -0,55 0 0 0 0
13 26 0 0,53 -0,43 -0,70 0 -0,59 -0,60 0
14 28 0 0 0 -0,58 0 0 —0,66 -0,49
15 30 0 0 0 0 0 0 0 0
16 32 0,63 0 -0,48 0 0 0 0 0
17 34 0,81 0 -0,71 0 0 0 0 0
18 36 0,61 0 -0,54 0 0 0 0 0
19 38 0 0 0 0 0 0 0 0
20 40 0 0,50 0 0 0 0 0 -0,60
21 42 0 0,55 0 0 0 0 0 -0,64
22 44 0 0 0 0 0 0 0 -0,64
23 46 0 0 0 0 0 0 0 0
24 48 0 0 0 0 0 0 0 0
25 50 0 0 0 0 0,71 0 0 0,63
26 52 0 0 0 0 0 0 0 0
27 54 0 0 0 0 0 0 0 0
28 56 0 0 0 0 0 0 0 0
29 58 0 0 0 0 0 0 0 0
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Continuation of Table 1

1 ‘ 2 ‘ 3 4 5

6 7 8 9 10
30 60 0 0 0 —-0,88 0,82 0 0
31 62 0 0 0 0 0 0 0 0
32 64 0 0 0 0 0 0 0 0
33 66 0 0 0 0 0 0 0 0

Note: *Flux I; — dynamics of portion of cell subpopulation with 1.0-2.9 C of rcDNA in nucleus; flux 1, — dynamics of portion of cels
subpopulation with 3.0-6.9 C of rc DNA in nucleus for K-27 (10 S), and 3.0-8.9 C for K-27 (Rzh); ** force Xy, — dynamics of cell portion,

proliferating by mitoses (I = 1) or amitoses (I = 2).

Paired linear regression method was used to compare the dynamics. Criterion statistics was calculated by the formula F,y, =
(N-2)R*/(1-R?), for non-zero correlation coefficients the criterion statistic value was higher than 5% of treshhold limit for F-distribution,
namely, F;3,=4,17 for N=36 (first line - k = 0) and F; ,=7, 71 for N=6 (31st line - k = 30).

tributions of preceding values of biological forces into
the moments of time ¢ + m to biological fluxes in the
moments of time ¢ + m + k) (Fig.3, Table 2); A, — adap-
tation coefficients, i.e. particular values for every
investigated system are presented below.

Experimental values of the dynamics of fluxes and
their values, calculated from equations are presented on
Fig.4. To evaluate adequacy of computed curves we
used the method of estimating distribution normality
with zero mathematical expectation of the deviations
squares between compared curves. This approach dem-
onstrates the similarity of computed curves at least for
the last two days from three days period of observation
(first day deviations may be the consequence of not tak-
ing into account the contributions of forces from the
previous day).

Comparison of contribution of mitoses and
amitoses dynamics into dynamics of cell portion with
different rcDNA in nucleus. After changing of cultiva-
tion conditions, we observed the differences in correla-
tion between some cell subpopulations dynamics, ac-
cording to their rcDNA, and portion of proliferating
cells. Positive contribution of MI and AMI into the
change of cell portion with 3.0-6.9 C of rcDNA and
negative contribution into the change of cell portion
with 1.0-2.9 C of rcDNA were observed for K-27(10 S)
variant without any temporal shift and with 2-12 hours
shift of dynamics of proliferating cell portion relatively
to dynamics of the portion of cell subpopulation with
different rcDNA.

Positive contribution of MI and AMI into the
change of cell portion with 1.0-2.9 C of rcDNA and
negative contribution of AMI (without correlation to
MI) into the change of portion of cell subpopulation
with 3.0-6.9 C (Table 2) were observed for K-27(Rzh)
variant without any temporal shift and with the 2-16
hours shift along -axis to the right. Thus, during inves-
tigated interval of time, the proliferation activity of
both cultivation variants that goes forward the appear-
ance of certain cell subpopulation on the above-men-
tioned shift, probably determines the coming out of
precursor cells of the same subpopulation, which are
different for investigated cultivation variants.

The contributions of MI and AMI into the change
of the cell portion of both subpopulations for K-27(10
S) variant, with more than 16 hours-shift of dynamics
of proliferation indexes along f-axis to the right side,
relative to the dynamics of the cell portion of corre-
sponding subpopulation with different rcDNA, were
observed to change contrarily: they become positive
for subpopulation 1.0-2.9 C, and negative — for 3.0-6.9
C. The dynamics of MI and AMI for K-27(Rzh) variant
with the shift along t-axis to the right side relative to
dynamics of corresponding subpopulations according
to their rcDNA make both positive and negative contri-
butions into the change of cells portion of both
subpopulations with different rcDNA (Table 2).

Thus, under the changing of cultivation condi-
tions, the proliferation is switched to the production of
opposite subpopulation of cells (in our case — to cells
with higher values of rcDNA, i.e. polyploidy cells).
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Fig.4 Alteration dynamics of portion of cell subpopulation with 1.0-2.9 C (a) and 3.0-6.9 C (b) of rcDNA in nucleus for K-27(10 S) variant
during 12-15" days of cultivation, and portion of cell subpopulation with 1.0-2.9 C (¢) and 3.0-8.9 C (d) of rcDNA in nucleus for K-27(Rzh)
variant during 9-12" days of cultivation. For all plots (a-d), curve 1 is the flux I, (¢), determined from the experiment; curve 2 — flux [, (1),
determined from the equation, / = 1, 2). All experimental data were smoothed by two points moving average method. Arrows indicate the

beginning of corresponding day of growth.

Moreover, when comparing the cultivation variants,
we can see the change of cell subpopulations accord-
ing to their rcDNA in nucleus. The dynamics of this
change, with some temporal shift, is positively con-
tributed by the dynamics of biological forces —
mitoses and amitoses.

Analysis of adaptation coefficients of biological
forces and fluxes A, under the change of cultivation
conditions. It was found that the change of cultivation
conditions influenced the value of adaptation coeffi-
cient A, (computed according to the above-mentioned
system of equations) of the dynamics of some prolifer-
ation indexes — biological forces to a specific flux. The
adaptation coefficients for K-27(10 S) variant were de-
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scribed by a matrix: for the system of equations with
initial values of m = 144 (time-point of sample with-
drawing, corresponding to 10.00 o’clock of the 12"
day); I,, = 0.12 (the value of flux of cell subpopulation
with 3.0-6.9 C of rcDNA at the starting point of sample
withdrawing); [, = 0.3 (the value of flux of cell
subpopulation with 3.0-6.9 C of rcDNA at the starting
point of sample withdrawing). Adaptation coefficients
for K-27(Rzh) variant were described by a matrix: for
the system of equations with initial value of m = 108
(time-point of sample withdrawing, corresponding to
10.00 o’clock of the 9" day); 1,, = 0.013 (the value of
flux of cell subpopulation with 1.0-2.9 C of rcDNA at
the starting point of sample withdrawing); [, = 0.35
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(the value of flux of cell subpopulation with 3.0-8.9 C
of rcDNA at the starting point of sample withdrawing).
As can be seen, the adaptation coefficients of both bio-
logical forces relative to the flux of cell subpopulation
with 1.0-2.9 C of rcDNA for K-27(10 S) variant were
equal. In the case of cell subpopulation 3.0-6.9 C, the
adaptation coefficient of biological force — dynamics of
change of mitoses quota was 1.67-fold higher than that
of the other biological force — dynamics of change of
amitoses quota. For the biological flux of cell
subpopulation with 1.0-2.9 C of rcDNA for K-27(Rzh)
cultivation variant, the adaptation coefficient of bio-
logical force — dynamics of change of mitoses quota
was 5-fold higher than the value of the same parameter
for amitoses. In the case of second flux—dynamics of
cell subpopulation with 3.0-8.9 C of rcDNA, the
adaptation coefficient of biological force—dynamics of
the change of mitoses quota was 60-fold higher than the
value of the same parameter for amitoses.

Comparative analysis evidenced that under the
change of cultivation conditions the adaptation coeffi-
cient of dynamics of change of mitoses quota increased
12-fold and the same parameter of amitoses quota de-
creased 3-fold towards the production of cells with
high values of rcDNA, related to differentiation, due to
accumulation of indoline alkaloids or creation of tra-
cheids, as it was shown for the passage hierarchical
level.

Conclusions. Mathematical model, designed to de-
scribe physical, chemical, and biological systems with
conjugated processes, was modified to consider the
“age” of cells. It allows determining the correlation be-
tween alteration dynamics of cell portion with different
rcDNA in nucleus (as biological fluxes) and dynamics
of portion of mitotic and amitotic proliferating cells (as
biological forces) at circadian hierarchical level in
tissue culture.

The analysis of correlation coefficients between
forces and fluxes showed that the change of cultivation
conditions leads to the change of the cell dynamics with
different relative DNA content in nucleus. This dynam-
ics is positively contributed, with some temporal shift,
by biological forces — the dynamics of mitoses and
amitoses quotas.

The response of R. serpentina tissue culture to
the change of cultivation conditions is followed by

the alteration of adaptation coefficient of the corre-
sponding force to the flux after the transition to
submerged cultivation. The contribution of dy-
namics of mitoses quotas into the increase in cell
number with high DNA content in the nucleus has
been revealed. High values of the adaptation coef-
ficients may be an evidence for the predomination
of mitotic proliferation in increasing the cell por-
tions, which then differentiate by polyploidization
into the cells, producing indoline alkaloids.The re-
sponse of R. serpentina tissue culture to the change
of cultivation conditions is followed by the alter-
ation of adaptation coefficient of the correspond-
ing force to the flux after the transition to sub-
merged cultivation. The contribution of dynamics
of mitoses quotas into the increase in cell number
with high DNA content in the nucleus has been re-
vealed. High values of the adaptation coefficients
may be an evidence for the predomination of mi-
totic proliferation in increasing the cell portions,
which then differentiate by polyploidization into
the cells, producing indoline alkaloids.

1. 1O. Ilapuirosa, H. IO. Mipioma, B. I. Aoonin, B. A Kynax

Lupkanna quHaMika CTPYKTYpHU KIITHHHHUX NMOMYJsiuii Rauwolfia

serpentina Benth. 3a pi3sHHX yMOB KyJIbTHBYBaHHS i1 Vitro

Pesome

3a 0oonomozorw mamemamuyno2o anapamy, po3poodieHozo 0 Xa-
paKkmepucmuky QisuyHux, XiMivHUX ma 0io102iYHUX cucmem, npo-
yecu 6 AKUX € CHPAJCEHUMU, AKUU  OMPUMAE  HA36Y
MepMOOUHAMIYHO20 NIOX00Y, O0CHIONCEHO MA ONUCAHO 3ANeNHC-
HOCMI MIJIC OUHAMIKOK YACMOK KAIMUH 3 PIi3HUM BiOHOCHUM
emicmom JIHK 6 510pi (Gionoziuni nomoxu) ma nokasHuxie npoiighe-
payii — mimo3ie ma amimo3sie — (0i01021YHI CUIU) HA YUPKAOHOMY
iepapxiuHomy piHi 3a 3MIHU YMOB KYIbMUBYEAHHSL OJisi BUCOKONPO-
oykmusHnoz2o wmamy K-27 R. serpentina — npodyyenma npomua-
PUMMIYHO20 ANKAI0I0Y auMAaniny.

Knrwouosi  cnosa: «kynemypa mxanun pocaun, Rauwolfia
serpentina, yupkaoua OUHAMIKA, KIIMUHHI NONYAAYIL in vitro.

U. 10. lapnukosa, H. FO. Mupioma, B. U. Aoonun, B. A. Kynax

Lupxaouas ounamuxa cmpykmypbl K1emOoYHbLX NONYAAYUL
Rauwolfia serpentina Benth. B pa3nuuHbIX yCIOBHAX
KYJIbTUBUPOBAHUA N VIIFO

Pesrome
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C nomowbio mamemamuuecko2o annapama, pazpadbomannoco 0
Xapaxkmepucmuky QuauvecKux, XUMuyeckux u 6uoi02uieckux cuc-
mem, npoyeccol 8 KOMOPbIX AGIAIOMCI CONPSNCECHHIMU, NOIYHUUB-
we2o Hazeamue MmepmoOUHAMUYECKO20 N00X00d, UCCIe008aAHbl U
ONUCAHBL 3A6UCUMOCTNU MeJCOY OUHAMUKOU YACMOMbl KIeMOK ¢
Ppasubim omHocumenvHuim cooeprcanuem JJ{HK 6 aope (buonocuuec-
Kue nomoKu) u nokasamenei npoiugepayuu — Mumo308 u amumo-
308 — (buono2uyeckue Ccuibl) Ha YUpKAOHOM UePaAPXULECKOM YPOBHE
npu usMeHeHuu YCioeull Kyibmusupo8anus 0is 6bLCOKONPOOYKMus-
noeo wmamma K-27 R. serpentina — npooyyenma npomueogapuni-
MUYECKO20 aNKaIouoda aumaiuna.

Kuniouegvle cnosa: kyrbmypa mraneu pacmenutl, Rauwolfia
serpentina, yupkaouas OUHAMUKA KIeMOYHbIX NONYIAYULL in VItro.

REFERENCES

1. Lee M. The chromosomal basis of somaclonal variation //
Ann. Rev. Plant Physiol. Plant Mol. Biol.-1988.-39.—
P.413-437.

2. Kynax B. A. BiotexHooris J1ikapchKUX pociuH. ['eHeTHuHi
Ta ¢izionoro-6ioximiuni ocnoBu.—Kuis: Jloroc, 2005.-730 c.

3. 3omun A. U., 3omuna P. C. TepmoaAMHAMHYECKHH MOAX0 K
mpo6iaeMaM pa3BUTHA, pocTa U cTaperus // XKypH. obm. 6uo-
moruu.—1969.-30, Ne 1.—C. 94-1009.

4.30omuna P. C., 3omun A. 1. O0bequHeHHBIC ypaBHEHHS POCTA
// KypH. o6ur. 6uonorun.—1973.-34, Ne 4. —C. 606-616.

. Muproma H. IO., Ilapnuxosza U. IO., Ane-Ammypu FO., Ky-
Hax B. A. [lpumeHeHue TepMOAMHAMUYECKOTO OAX0AA AJISI
U3y4eHUS TMHAMUKHU KJIETOYHBIX MONYJISALUH in vitro Ha npu-
Mepe KyJIbTypbl TKanell Rauwolfia serpentina Benth.—mipony-
L€HTa UHAOINHOBBIX aJIKaiou0B // buorexuonorusa.—2006.—
Ne 2.-C. 78-95.

6. Ilapnuxosza 1. IO., Muproma H. IO., Ane-Ammypu IO., Ky-
Hax B. A. Jlunamika KIITHHHHX mOONysAuin Rauwolfia
serpentina Benth. B pi3HHX yMOBax KyJbTHBYBAHHS in Vitro
// Biononimepwu i kiaitura.—2008.-24, Ne 4 —C. 300-310.

. Ripperger J. A., Shearman L. P., Reppert S. M., Schibler U.
Clock, an essential pacemarker component, controls
expression of circadian transcription factor DBP // Genes and
Develop.—2000.-14.—P. 679—-689.

. Yanwtit A. B. HepaBHOBecHbIE npoLiecchl B (H3MKe U OMoJI0-
run.— Kues: Hayxk. nymka, 1997.—-183 c.

9. Bianchi M. M. Collective behavior in gene regulation: Meta-

bolic clocks and cross-talking // FEBS J.—2008.-275.—
P. 2356-2363.

i

~

e}

486

10.

1

—

12.

13.

14.

15.

16.

17.

18.

19.

20.

Palumbo M. C., Farina L., De Santis A., Giuliani A., Colo-
simo A., Morelli G., Ruberti I. Collective behavior in gene
regulation: Post-transcriptional regulation and the temporal
compartmentalization of cellular cycles // FEBS J.— 2008.—
275.-P. 2364-2371.

. Klevecz R. R., Li C. M., Marcus I., Frankel P. H. Collective

behavior in gene regulation: The cell is an oscillator, the cell
cycle a developmental process // FEBS J.—2008.-275.—
P. 2372-2384.

Kynax B. A., Anv-Ammypu FO., Muproma H. IO., Mooicunes-
ckas JI. I1. HakomieHre WHIOJIMHOBBIX aJIKaJOMJ0B KIEeTOY-
HBIMH JIMHUSAMH PayBOJIb(OUU 3MEUHOU MPH MOBEPXHOCTHOM
U rIyOMHHOM BhIpaniuBanuu // bBiomomimepu i KiiTHHA.—
2006.-22, Ne 2.—C. 149-156.

Kayxosa U. E., Bonnocosuu A. I'., [[picankos B. A. Beibop nu-
TaTEeJNbHOW Cpebl Ui TIYyOMHHOTO KYJIbTHBHPOBAaHUS TKa-
Hell payBonbsduu 3meuHoit (Rauwolfia serpentina Benth.) //
Pactur. pecypcerr.—1981.-17, Ne 2.-C. 217-224.

Kynax B. A., Moxcunesckaa JI. 11., I'vbaps C. M. OcobeHHOC-
TH MOJYYSHHs U MPOJYKTHBHOCTh CYCIIEH3UOHHBIX KJIOHOB
payBosbduu 3MenHoit Rauwolfia serpentina Benth. in vitro //
Bbuorexnonorus.—2001.-Ne 4. —C. 9-21.

Uexnapayiunui nat. Ykpainu Ne 12083/ml Bix 27.03.2006,
Crioci® BUpOIIyBaHHS KalIOCHOI KyJbTypH TKaHHH pay-
Boub (il 3miiHOT Rauwolfia serpentina Benth.—mpoayueHra
aitmaniny / B. A. Kynax, 10. Ans-Ammypi, JI. I1. Moxmuie-
Bchka, H. HO. Miptora // Bron. Ne 5.

Kiernon J. A. Histological and histochemical methods.

Theory and practice.—New-York: Pergamon press, 1990.—
364 p.
IlapHnixosa l. 1O., Mipioma H. IO., An-Amypi FO., Aoonin B. I,
Kynax B. A. OcobauBocTi npoieciB npomridepanii Ta aude-
peHuiauii B KynbTypi TKaHUH Rauwolfia serpentina Benth. //
BicH. Ykp. ToB-Ba reHeTHKIB 1 cenekuioHepi.—2006.—4,
Ne 2.-C. 210-216.

Ilonnapo [Jorc. CipaBOYHHK 1O BBIYHUCITUTEIBHBIM METOIaM
craTucTuku.—M.: duHaHCH U cTaTucThUKa, 1982.-344 c.
IHeyypxun H. C., Bpunvkos A. B., Mapuenxosa T. B. Ilomyns-
LUOHHBIC acnekThl 6uorexnonornu.—HoBocubupck: Hayka,
1990.-170 c.

T'yosun b. AHanuTr4eckas pU3n0JIOTHs KIETOK U pa3BUBAIO-
muxcs opraau3moB.—M.: Mup, 1979.-287 c.

UDC 576.53:581.143.6
Received 18.02.08



