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A mathematical model that simplifies the determination of optimal parameters ensuring the maxi-
mum viability of frozen-thawed fruit and berry cuttings was developed. Values of the minimum amount
of intracellular water n1min, which minimizes the plasmolysis probability, and n2min, which minimizes
the probability of intracellular ice formation, were determined with due account for the bioobject hetero-
geneity.

Free water amounts An, forming ice crystals inside the cell during cryopreservation of different of
fruit and berry varieties, were calculated. The optimal conditions for cutting dehydration (temperature
Ti and incubation time t2, minimum amount of intracellular water nmin) ensuring the maximum viabil-
ity after drying and low-temperature adaptation to cryopreservation were selected. The individual fea-
tures of the viability of frozen-thawed cuttings of different species were quantitatively reflected in the
free water index An. The maximum viability of frozen-thawed birch and blackcurrant cuttings was
achieved, when intracellular water was in the bound, vitrified state An = 0. The calculated An > 0 for cut-
tings of different varieties of apple- and pear-trees as well as of raspberry-bushes leads to a decrease in
the viability, and it is impossible to obtain viable plum, apricot or grape specimens after low-temperature

cryopreservation with no bound water nc at all.

Key words: mathematical model, cryopreservation, fruit and berry cuttings, viability.

In the gardening practice, it is conventional
to use vegetative propagation methods,
since segregation of multiple traits in the
offspring occurs upon propagation by seeds
[1, 2]. Therefore, in order to preserve valuable
economic and biological features, propagation
by cuttings is common. Ex situ preservation,
in banks of plant genetic resources, is the most
reliable way of long-term storage of plant
samples [1, 3—7]. Creation of cryobanks makes
it possible to preserve the natural diversity of
plants, where genetically modified organisms
are actively used.

Cryopreservation of apical meristems of
shoots is the best way to preserve their gene
pool for vegetatively propagating plants [8—
10]. This method requires specific conditions
of in vitro culturing of meristem cells, that is,
sterile conditions, nutrient media, controlled

temperature, lighting and humidity [11].
Therefore, there are difficulties while creating
such cryobanks. There are only reports on
regeneration of plants of about 16 species from
meristems that had been in liquid nitrogen [1,
10, 12-14].

Cryopreservation difficulties for plant
cells are associated with their relatively large
volumes. Ninety percent of this volume is
occupied by the central vacuole containing free
water, which is not bound in hydration shells
of macromolecules, and can freeze to form
ice crystals. These crystals damage biological
membranes causing the death of plant cells
and organs [15]. Free water must be removed
by preliminary partial dehydration of cells
and reduction in freezing rates [12, 15—-1T7].
Removing an excessively large portion of free
water results in the protoplast compression,

85



BIOTECHNOLOGIA ACTA, V.12, No 5, 2019

which leads to irreversible changes and
plasmolysis.

To ensure the integrity of cooled and
frozen-thawed cells, many researchers use
drying of fruit and berry specimens from
50-56% to 20—-30% [1, 4, 18, 19]. It was noted
that different frozen-thawed varieties and
species of crops had various viability ranging
from 0 to 100% [1, 4, 8, 9, 18—22]. At the same
time, there are no data on the effect of water
content in fruit and berry cuttings of different
species on the probability of their germination;
hence, it is necessary to study the effects of
different factors on dehydration of cells of
miscellaneous varieties of fruit and berry
crops. We believe that this is one of the reasons
for low reproducibility of cryopreservation
results on fruit and berry cuttings of different
varieties.

Our objective was to develop a
mathematical model for optimizing the
cryopreservation parameters for different
fruit and berry varieties.

Materials and Methods

Plant cuttings were cryopreserved in the
Laboratory of Preservation of the NCPGRU
of the Plant Production Institute named after
V. Ya. Yuriev of NAAS (Kharkiv) [18, 23, 24].
Cuttings of the following species and varieties
were taken as the study object: blackcurrant
(Ribes nigrum L.) — Dachnitsa, Kytaivska,
Sofiivska, Yuvilei, Raduzhna, Titiniia,
Dar Pavlovoi, Katyusha, Nadiia, Sofiia,
Alta, Shedevr, Darunok Mliieva, Lentyay,
Uvertyura, Mif, Halynka, Lybid, Ben Tiran,
Biriulevska, Nimfa, Yuvilaina Kopania, Krasa
Lvova, Biloruska Solodka, Slavuta, Vira,
Chorna Krupnoplidna, Ametyst, Ozherelye;
redcurrant (Ribes rabrum) — Kytaivska, Joker,
Sviatkova; gooseberry (Ribes uva-crispa) —
Krasen, Malakhit, Kolobok; raspberry (Rubus
idaeus L.) — Novost Kuzmina, Skromnitsa,
Struyka; grape (Vitis labrusca L.) — Lydiya,
Rkatseteli, Aligote, Kober 5BB, Traminer
Rozovyy; cherry (Prunus cerasus L.) —
Stepnaya, Amulet, Pamiat Artemenka,
Optymistka, Nochka; duke (cherry-sweet
cherry hybrid) — Alpha; sweet cherry (Prunus
avium) — Chitinskaya Chornaya, Donchanka,
Lehenda Mliieva, Dar Mliieva; plum (Prunus
domestica L.), reine-claude group — Altana,
Pamiat Materi, Oposhnyanka; Hungarian
plum group — Voloshka, Oda; apricot (Prunus
armeniaca L.) — Moldavskyi Olimpiiets,
Krymskyi Medunets; apple (Malus domestica
L.) — Belyy Naliv, Amulet; Edera; Teremok;
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Radost; Katya; pear (Pyrus communis L.),
summer group — Velyka Litnia, Uliublena
Klapa, autumn group — Horodyshchenska,
Osinnia Vdala, winter group — Bere Kyivska,
Zelena Mliiska. Birch cuttings (Betula
pubescens) were as a control for the selected
cryopreservation methods.

Cuttings were cut from one-year shoots
and divided into 10 individual specimens, with
alength of 5-12 cm and a diameter of 0.5—-1.0
cm. Cuttings had 2—-5 vegetative buds. Before
the specimens were dried, their viability and
initial water content were determined.

The effects of low-temperature sublimation
of intracellular water and plasmolysis were
evaluated from the cutting viability. The
control viability of cuttings was determined
after each stage of drying and cooling. For this
purpose, cuttings were placed in an exsiccator
with distilled water at 5 °C for 14 days for
their hydration, and then cultured in vitro
(in glasses with water at 20—-25 °C). Swelling
and development of buds indicated that the
specimens under investigation were viable. The
percentage of viability was estimated as the
ratio of the number of cuttings with evolved
buds in vitro to the total number of buds in a
specimen.

The water content in native cuttings varied
within 50-20% at — 2 = 2 °C. The water
content was determined by weighing samples
and calculating by the following formulae:

— m, —m,

: x100%, (1)
mO
mS
n, =—=x15, x100%, (1a),
mO
where: n; — water content of a sample (%):

i = 0 native sample; i = 1 after drying;
i = 2 after cryopreservation; i = 3 after
rehydration; my, — initial weight of a native
sample (g); m;, — final weight of a sample after
dehydration until constant weight (g); n, —
water content in a sample at a drying stage
(%); m, — sample weight at a drying stage (g).

To preserve the residual moisture, cuttings
were waxed or paraffinned at both ends prior
to cooling. Prior to freezing, they were exposed
at 4 °C for 10—15 days and at —5 °C for 2 weeks
to several months.

Fruit and berry cuttings were cooled on a
step-by-step basis at a rate of 0.01-0.1 °C/h
to —5+—30 °C with the increment of 5 °C and
exposed at these temperatures for 1, 3 or
7 days, respectively, in 2-liter household
thermoses placed in a refrigerator. Specimens
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were cooled from —20 and —30 °C to —196 °C by
direct immersion into liquid nitrogen at a rate
of 600—-800 °C/min. Specimens were stored
in liquid nitrogen for a period from 1 day to
1 year. They were thawed at the rate of 70 °C/
min by direct placing in a room at 20 °C [25].

The data were statistically processed on
a computer using conventional formulae in
the standard program “Stadia” to compose
regression equations.

Results and Discussion

The main criterion of the viability of a
frozen-thawed bio-object is its ability for
further development. Therefore, an in vitro
culture is the simplest and most reliable way
to quantify the viability of plant cuttings.
Determination of the cutting viability is
maximally reliable with the minimal usage
of a bioobject, if the polynomial regression
dependence (Fig. 1) is applied to experimental
data of cultured specimens in combination
with the dependence derived from Verhulst’s
formula

V0 Keﬂ]t\

(A 2
K =V, +V,et’ @

Vk](tl) =

where: V,(t;) — change in the viability of native
cuttings related to the culturing time V,(¢;) =
= n/n,, a relative value expressed in relative
units; n — the number of viable cuttings at a
culturing stage ¢; > 0; ny — the total number
of cuttings at the start of culturing ¢; = 0;
V, — initial viability of cuttingsat ¢; =0, V< 1;
K — the maximum theoretical value of the
cutting viability K = 1; n; — specific rate of

decrease in the cutting viability in culture
reflecting individual characteristics of a
bioobject’s resistance and determined by
simulation modeling (Fig. 1) or in the inverse
coordinate system, day ; t; — culturing time,
days.

Cuttings were dehydrated stepwise at
sub-zero temperatures of —5+—10 °C with
concurrent empirical determination of the
minimum moisture n,;,, at which a high
viability was observed according to the results
of culturing. The cutting viability after
removal of excess moisture was evaluated
using Moser’s formula

_ n 3)
V =n, + s
L) =1, K 117

n

where 1 — water content in a cutting, ny — the
empirically obtained correction coefficient,
a and K, — Moser’s constants that reflect
individual features of the bioobject viability,
when its water content changes (determined
by simulation modeling from experimental
values, Fig. 2).

The post-dehydration viability was
evaluated by the results of culturing

Vr] (tlnmin) = Vk (tlmax) x Vr] (nmin )’ (4)

where n,;, — the minimum water content
in cuttings, which ensures their maximum
viability V, (M) (Fig. 2).

To bind the residual free intracellular
water, temperature adaptation of cuttings was
carried out at T = —20+-30 °C. The cutting
viability in the temperature range close to the

Fig. 1. Changes in the viability of warty birch cuttings related to the in vitro culturing time
Specific rate of decrease in the cutting viability — p; = —0.78; water content — 1 = 38%
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Fig. 2. Changes in the viability of warty birch cuttings related to the in vitro culturing time after drying to a
specified water content 1,,;, = 30%
Moser’s constants K ;= 36770, a = 7.70, and the correction coefficients ny, = 24

temperature of intracellular ice formation was
determined experimentally and described by
Verhulst’s formula

V (nmin) X Ke#ZIZ
VT (tz) = z

K —V" (nmin) +V77 (nmin) X eHZIZ ’

()

where: V;(t,) — change in the cutting viability
related to time at a specified temperature
Vi(ty) = n/ngy, a relative value expressed in
relative units; n — the number of viable
cuttings t, > 0; n, — the total number of
cuttings in a sample ¢, = 0; V,, (Nn;,) — post-
drying viability of cuttings at ¢, =0, K = 1;
ny — specific rate of decrease in the cutting
viability upon temperature adaptation reflecting
individual characteristics of a bioobject’s
resistance and determined by simulation
modeling (Fig. 3) or in the inverse coordinate
system, day'; t, — exposure time, days.

The optimal exposure time ¢, at a
temperature close to the intracellular
crystallization point 7' and mng,,;, were
determined experimentally from the obtained
dependence ¢ (3) (Fig. 4).

The post-temperature adaptation viability
were evaluated by the results of culturing

Vi (tlvtz”hminsTi) :V,] (6 i) ¥ Vs (tznTi)' (6)

The viability of frozen-thawed cuttings V,
was estimated by the experimental results as
the ratio of the number of viable cuttings n to
the total number of cuttings in a sample no:
V4, = n/ny (Fig. 5). This value depends on the
initial viability Vi(t,,T") and the probability of
intracellular crystallization P*,

V, =V, (t,T)x(1-R)) ()
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The probability of intracellular
crystallization can be calculated as follows:
Y/

=pn 4
e =i (3
where n, — the fraction of bound (vitrified)
water, and An = mn,;, — N. — the fraction

of free water forming crystals at a temperature
below T".

The amount of bound water can be
calculated as follows:

i _ Min =71
P = min C . 9
“ nmin ( )
The post-dehydration and post-temperature
adaptation viability of frozen-thawed cuttings
was estimated by the results of culturing

Vo (st m6Ton) =Ve (6,4, 7, T) XV, (7). (10)

The results show that birch cuttings retain
their initial viability after different drying
regimes, step-wise cooling to —20+-30 °C,
provided they are cooled at the rate of 0.1 °C/h,
long-term storage at — 196 °C and subsequent
warming at the rate of 70 °C/min. At the same
time, we found (Fig. 2) that the water content
in specimens should not be below 32% upon
their drying. Below this critical value, the
viability of specimens decreases dramatically
as a result of excessive dehydration of cells
(plasmolysis effect). At —30+-196 °C, this
value can be reduced to 14% . The calculations
show (Fig. 5) that all intracellular water is in
a bound state. This ensures a high viability of
frozen-thawed birch cuttings.

To determine the optimum parameters
ensuring the maximum viability of frozen-
thawed cuttings of different varieties of
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Fig. 3. Changes in the viability of warty birch cuttings related to the exposure time
at a temperature close to the temperature of intracellular crystal formation
The initial viability of cuttings at a specified temperature — V(t,) = 0.99;
specific rate of decrease in the cutting viability upon temperature adaptation py = -0.11

Fig. 4. Changes in the viability of warty birch cuttings related to the in vitro culturing time
after temperature adaptation to a specified water content n,;, = 15%
Exposure time at —20 °C t, = 30 days.
Moser’s constants K, = 36770, o. = 7.70, and the correction coefficient ny =10
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Fig. 5. Dependence of the viability of frozen-thawed warty birch cuttings related to the in vitro culturing time

after temperature adaptation to a specified water content n,;, = 20%, t5 = 30 days

Table 1. The viability V and water content 1 of cuttings of different berry varieties evaluated
at the cryopreservation, stages

Cutting viability after cooling to
Species Variety -10°C -30°C ~196 °C
Experiment | Mqpn, % | Experiment | NMopin, % | Experiment | An,%

Dachnitsa 98.0+22 38 94.0 +42 30 92.0+5.82 1

Black- Yuvilei 80.0+7.1P 37 62.0+8.6P 31 54.0+13.6° | 4
currant Sofiivska 94.0+4 39 60.0+14.1b 30 6.0=2¢ 27
Kytaivska 86.0-4 38 12.0+3.7¢ 32 0.0+04d 32

Kytaivska 923,72 40 84.0+6.82 30 54.0+7.53 11

Red- | Joker 68.03.7P 42 6.0=2.4P 33 4.0%2.4P 11
Sviatkova 66.0£4.0 38 0.00¢ 30 0.0=0 -
Krasen 84.0+8.1 35 70.0+7.1 25 30.0+7.1 14

%‘;ﬁ; Malakhit 82.0+8.02 36 68.0+7.3 2 26 48.0+15.92 8
Kolobok 40.0 +3.2b 35 8.0=3.7P 25 0.0=0b 25

Novost Kuzmina |  96+2.4 37 82.0+8.0 21 70.0+7.12 3
Ejfg Struyka 94+2 48 37 58.0+12.82 22 0.0=0b 22
Skromnitsa 68.0+3.7b 37 4.0=2.4P 20 0.0=0 20
Lidiya 94.0+2.4 40 84.0+2.42 28 0.0=0 28
Rkatseteli 94.0+4.0 41 22.0+5.8b 27 0.0=0 27
Grape Aligote 92.0+3.7 40 20.0+7.1b 26 0.0=0 26
Kober 5BB 90.0+3.2 42 18.0+3.7P 27 0.0=0 27

Traminer 86.0+4.2 40 0.0+0C 27 0.0%0 :

0ZOVYyY

Nimin — the minimum amount of intracellular water minimizing the probability of plasmolysis and
Namin — the minimum amount of intracellular water minimizing the probability of intracellular ice

formation, An — the amount of free intracellular water, % .
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fruit and berry crops (Tables 1, 2 and 3),
we carried out experiments in a similar
fashion to those on birch cuttings. In the
experiments, we investigated cuttings with
the initial viability of > 99% . To improve the
result reproducibility, we used the proposed
mathematical model ¢ (2—-10) for evaluation of
the viability at 3 stages of cryopreservation.
The technological parameters for
each variety of blackcurrant, redcurrant,
gooseberry, raspberry and grape were
optimized via step-by-step cooling to —10 °C
followed by temperature adaptation at —30 °C
and freezing at —-196 °C. The maximum
viability was achieved by exposure at —5 and

—10 °C for 14-60 days, stepwise cooling of
specimens at a rate of 0.1-0.5 °C/h from —-10
to —20 and —-30 °C, 3—7-day exposure, direct
immersion in liquid nitrogen, storage for 1 to
30 days, and warming at a rate of 70—100 °C/
min. The exposure length at —5 and —10 °C was
determined by monitoring the water content in
specimens set in accordance with the maximum
permissible value established for each plant
variety.

Analysis of the viability of frozen-
thawed cuttings of berry crops showed
that within one species the average values
for different varieties varied by up to
92% in blackcurrant, 54% in redcurrant,

Table 2. The viability V and water content 1 of cuttings of different drupaceous varieties evaluated
at the cryopreservation stages

Cutting viability after cooling to
Species Variety _10°C _30°C _196 °C
M=m, % Nimin> 70 M=m, % Nomins 70 M=m, % AN, %
Stepnaya 96.0+2.4 34 78.0+8.6 33 64.0£12.9 6
Amulet 94.04.5 35 90.0::8.62 32 68.0::8.6 8
Optymistka 92.0+3.7 34 62.0::10.2P 33 48.0+10.7 7
Cherry .
Pamiat 06.02.4 35 04.0£2.42 34 34.0+2.42 22
Artemenka
Nochka 94.0+2.4 35 64.0+9.3b 35 8.0+3.7b 31
Alpha* 98.0:2.0 35 76.0+9.3 33 60.0:13.0 7
Donchanka 90.0+9.7 35 72.0+10.8° 35 54.0+10.8° 9
Sweet Lehenda 94.0+2.42 36 28.0+8.6" 31 0.0+0.0" 31
cherry
Chitinskaya | 5q .19 gb 37 12.0+3.7 30 0.0=0.0 30
Chornaya
Oposhnyanka | 92.0+3.7 40 98.0+8.6 28 0.0+0.0 28
lg,f‘;tléif 90.03.2 41 22.0+8.6 20 0.0+0.0 20
Plum Voloshka 86.0::4.0 40 12.0+3.7 19 0.0%0.0 19
0da 78.0+7.3 42 10.0+3.2 18 0.0+0.0 18
Altana 80.0-7.1 40 8.0+3.7 18 0.0%0.0 18
Krymskyi 54.0+10.8 35 12.0+3.7 21 0.0+0.0 21
Medunets
Apricot
Moldavskyi
Olimpiiets 40.07.1 40 8.0+3.7 28 0.0+0.0 28

Footnote, see Table 1.
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Table 3. The viability V and water content 1 of cuttings of different apple and pear varieties evaluated
at the cryopreservation stages

Cutting viability after cooling to
Species Variety ~10°C -30°C ~196°C
M=m, % N1mins 70 M=m, % N2min, /0 M=m, % AN, %

Radost 92.0+3.7 40 52.0+3.7 19 36.0+5.12 6
Teremok 90.0+3.24 42 48.0+3.7 22 22.0+8.0 12
Belyy Naliv 70.0=4.5P 41 52.0+3.72 19 8.0=3.7P 16
Apple Katya 46.0+7.5C 40 6.0+2.4P 21 0.0+0.0¢ 21
Sprint 40.0+7.1 42 0.0+0.0¢ 29 0.0+0.0 -

Amylet 38.0+7.3 43 0.0=0.0 28 0.0=0.0 -

Edera 26.0+8.4 40 0.0=0.0 23 0.0=0.0 -

Velyka Litnia 94.0+4.0 41 80.0=+7.1 28 74.0+8.72 2
Uliublena Klapa 90.0+3.2 40 82.0+5.8 28 28.0+7.3b 18

Osinnia Vdala 94.0+2.4 40 92.0+2.02 25 86.0+4.02 2
Fear Zelena Mliiska 88.0+3.7 40 72.0+8.60 21 8.0=3.7¢ 19
Bere Kiyvska 86.0+4.02 43 4.0=2.4¢ 22 0.0-+0.04 22
Horodyshchenska 46.0+7.5P 40 6.0+2.4 28 0.0=+0.0 28

Footnote, see Table 1.

48% in gooseberry, and 70% in raspberry
(Table 1). That is, the species difference
of berry cuttings has approximately
twice as much impact on the viability of
frozen-thawed specimens as the variety one
does. This is attributed to heterogeneity of
the bioobject, namely, to the amount of free
intracellular water An.

A similar dependence was observed for
different varieties of drupaceous plants
(Table 2). There are many-fold differences
in the viability of frozen-thawed cuttings,
depending on the variety. The exposure
length at =10 and —30 °C was determined
by monitoring the water content in
specimens set in accordance with the
maximum permissible value for each
species of cuttings: 30—-37% for cherry and
sweet cherry and 35-45% for plum and
apricot.

The cause of discrepancies in the
viability is associated with intracellular
crystallyzation, which is confirmed by
numerical values of free intracellular water
An calculated for these specimens. Significant
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differences for different varieties are likely
to depend on sugar concentrations in the
intracellular environment.

Similarly, the water contents in
specimens were optimized in accordance with
the maximum permissible value of 40% and
19-28% at —10 and —30 °C, respectively,
obtained for apple and pear. The results
show (Table 3) that there are many-fold
differences in the viability of frozen-thawed
cuttings and that the viability depends on the
free intracellular water amount An estimated
for each variety.

Analysis of the cryopreservation
efficiency for different varieties of fruit and
berry crops shows that within one species the
average values vary for different varieties:
by up to 90% in blackcurrant, 24% in
redcurrant, 79% in cherry, 54% in apple, and
82% in pear. Such significant differences in
the values obtained for cuttings of different
species and varieties are accounted for
influence of individual characteristics of a
bioobject reflected in the amounts of free,
unbound water.
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Our review of the literature shows
that many factors influence the results of
the solution of cryobiological challenges.
Experimental studies of mechanisms of all
these phenomena are extremely difficult.
Meanwhile, the problems of analysis and
optimization of these processes must be
solved. For these purposes, experimentally
statistical methods are successfully applied
for building descriptive mathematical
models of objects and investigating
relationships between the response of a
system to changes in the parameters of
interest.

No feedback during research is also an
important obstacle to the use of existing
methods of multi-factor optimization,
which is manifested in the possibility
of constructing graphical presentations
depicting relationships between parameters
of interest, both in the course of experiments
and analysis of data. Thus, opportunities
to trace causality mechanisms, which are
a basis for constructing analytical models,
are lost. At the same time, an essential
shortcoming of conventional methods of
research optimization in cryobiology is
their specificity, that is, the suitability for
certain areas of research is a solution to
biological or physical problems. To study a
cryobiological object, there is a need for an
analytical mathematical model to increase
reproducibility and comparability of data
obtained. This allows us to accelerate the
process of solving cryobiological problems
associated with large usage of a bioobject and
hereto related problems both of ethical and of
economic nature.
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MATEMATHYHA MOJEJIb OITUCY
HKUATTE3AATHOCTI JKHUBIIIB
IIJIOAO0BO-ATIAHUX RKYJbTYP
IICJISA KPIOKOHCEPBYBAHHA

JI. B. 'op6ynos’
I. B. ITempos®
O. B. Bssazinyesa'

'HanionanpHuii TexuiunMil yHiBEpCUTET
«XapKiBChbKUU NOJITEeXHIYHUHA iIHCTUTYT»,
VYkpaina
IucTuTyT IPO6GIEM Kpio6iosorii
i kpiomegunuau HAH Ykpainu, XapkiB

E-mail: embiotech@icloud.com

Po3pob6iaeHO MaTeMaTHUUYHY MOJAEIb, IO
CIIPOIIly€ MPOIleC BU3HAYEHHS ONTUMAJbHUX
mapaMeTpiB, AKi 3a0e3MeuyoTb MAaKCHUMAaJIb-
HY KUTTE3NATHICTh JeKOHCEPBOBAHUX JKUBIIiB
IJIOJIOBO-ATIAHUX KYJIbTYP. BusHaueHo Beauym-
HU MiHiMaJbHOI KiJTBKOCT1 BHYTPIITHHOKJII T H-
HOI BOAU — T{pin» 1110 MiHiMi3yIOTh IMOBipHiCTB
IJIa3MOJiBY 1 — Mo, YTBOPEHHA BHYTPIIITHBO-
KJIITMHHOTO JILOAY 3 YPaXyBaHHAM I'eTepOTeH-
HocTi 61006 eKTa.

PospaxoBano BesmumHM BiIbHOI BOAM —
Am, 1m0 yTBOPIOIOTH KPUCTAJU JbOAY BCepe-
IVHI KJITUHY 32 KPiOKOHCEPBYBAHHS Pi3HUX
COPTOTHIIIB IJOAOBO-ATiTHUX KYJbBTYpP. Bu-
3HAYEHO ONTHMaJbHi yMOBU 3HEBOJHEHHSIA
sKuUBIiB (TeMmmnepaTypa T" i uac BUTPpUMKH i,
MiHiMaJibHA KiJIBKiCTh BHYTPINITHBOKJIITUHHOL
BOAY — M,,iy), 1110 320€3MEUYIOTH MAKCUMAJIbHY
SKUTTE3NATHICTD ITig Yac iX CYUIiHHA 1 HU3BKO-
TeMIepaTypHOI afganTaIlii 1o KpioKoHCcepBYyBaH-
HA. IHAUBigyaabHI 0COOJIMBOCTI KUTTE3TATHO-
CTi TeKOHCEePBOBAHUX JKUBIIIB Pi3HUX HOPix
KiJIbKicHO BimoOpaskeHo B IOKa3sHUKAaX BiIbHOI
Bogu Arn. MaxkcumaabHOI JKUTTE3LATHOCTL Jie-
KOHCEepBOBAaHUX JKUBI[iB Oepe3u i YopHOI cMo-
POAVHU NOCATHEHO 32 YMOBU, KOJM BHYTPIII-
HBOKJIITMHHA BOJA 3HAXOAUTHCA Y 3B A3aHOMY,
BiTrpudirkoBanomy crari An = 0. PospaxoBaue
An >0 gd )KUBIIiB PiBHUX COPTiB A0IYK, TPYII,
MaJIMHU TPU3BOUTD 10 BHUIKEHHSA JKUTTE3AAT-
HOCTI, a IOBHA BiICYTHICTH 3B s13aHOI BOAU — 1,
[LJIS CJIUBU, aOPUKOCA, BUHOTPALY YHEMOKJIUB-
JII0€ OTPUMAHHSA KUTTE3TATHNX 3Pas3KiB Iicisa
HU3bKOTEMIIEPATYPHOTO KPiOKOHCEPBYBaHHA.

Knarmouwosi cnosa: mareMaTuuHa MOJIeIb, KPiOKOH-
CepBYBaHHS, *KUBI[I ILJIOJOBO-ATiTHUX KYJBTYP,
SKUTTE3NATHICTD.

MATEMATHYECKASA MOJEJIb OIIHCAHUA
JH3HECIIOCOBHOCTH YEPEHROB
IIJIOAOBO-ATOJHbIX RYJIbTYP
ITOCJIE KPUOKOHCEPBUPOBAHUSA

JI. B. I'op6ynos?

H. B. ITempos®
O. B. Bsszunuyesa’

'HanuonanpHBIN TEXHUUECKUI YHIBEPCUTET
«XapbKOBCKUY MOJIMTEXHUUYECKUA MHCTUTYT ,

VYrpauna
MucTuryT N1po6IeM KpHOGHOIOTHH
u Kkpuomenunuabl HAH YKpauusr, XapbKoB

E-mail: embiotech@icloud.com

Paspaborana maTemaTuuecKkas MOZENb, YIIPO-
II1aIoIIas IPOIECC OUpeneJeHNA ONMTUMATbHBIX
mapaMeTpPOB, 00ECTIeUNBAIOITNX MaKCUMAJIbHYIO
JKMBHECIIOCOOHOCTDH MeKOHCEePBUPOBAHHBIX Ue-
PEHKOB ILJIOI0BO-ATONHBIX KYJIbTYD. OmpemeieHbl
BEJIMYUHBI MUHUMAJIBbHOTO KOJIUYECTBA BHYTPU-
KJIETOUHOM BOIBI — 11,1, MUHIMUBUPYIOIIINE BE-
POATHOCTB ILJIA3MOJIN3A U — T g.,;, 00PaBOBAHUA
BHYTPUKJIETOYHOTO JIBZA C YUETOM reTepOTreHHO-
cTu OM000BEKTA.

Paccunransl BeIMYMHBI CBOOOJHOMN BOALI —
An, obpasyrolye KpUCTaJLIBI JIbla BHYTPU KJIET-
KU TPU KPUOKOHCEPBUPOBAHUU PAa3JIUUHBIX
COPTOTHUIIOB ILJIOAOBO-ATOAHBIX KyJabTyp. Ompe-
JeJieHbl ONTUMAJIbHBIE YCIOBUA 00e3B0KIBAHNSA
yepeHKOB (Temmeparypa 1" 1 BpeMs BBIIEDIKKU
ty, MUHUMAJbHOE KOJIMYECTBO BHYTPUKJIIETOUHOMN
BOJBI — 1|,,i), 00ECTIEUMBAOIIINIE MAKCUMATBHYTO
JKM3HECIIOCOOHOCTD IIPY UX CYIITKE U HUSKOTEMIIe-
paTypHOI afanTanuy K KpUOKOHCEPBUPOBAHMIO.
NuguBugyanbubie 0COOEHHOCTU KU3HECIOC00-
HOCTH JJeKOHCEePBUPOBBAHHBIX YUEPEHKOB Pasind-
HBIX OPOJ KOJMYECTBEHHO OTPAKEHBI B IIOKA-
3aTensax cBOOOAHOM Boxbl An. MakcumanbHaA
JKMBHECIIOCOOHOCTDL eKOHCEePBUPOBAHHBIX Ye-
PEHKOB 0epesbl 1 UePHOII CMOPOJUHBI JOCTUTHY-
Ta IPU YCJIOBUM, KOT/Ia BHYTPUKJIETOUHAA BOJA
HAXOMUTCA B CBA3AHHOM, BUTPUMUITIPOBAHHOM
cocrosaauu An = 0. Paccuurarnsoe An > 0 gia ge-
PEHKOB Pa3JIUUYHBIX COPTOB SI0JI0K, I'PYII, MAJIHU-
HBI IPUBOAUT K CHUYKEHUIO »KU3HECIIOCOOHOCTH,
a IIOJIHOe OTCYTCTBHE CBA3AHHOM BOABI — 1|, IJId
CJIMBBI, a0PUKOCa, BUHOTI'DAJA He aeT BO3MOYKHO-
CTHU IOJYUYUTH KU3HECIIOCOOHbBIE 00Pa3IIhl IIOCTIE
HU3KOTEeMIIEPaTyPHOTO KPMOKOHCEPBUPOBAHUA.

Knrwuesvie cnosa: maremaTtudyecKas MOIeJb,
KPHOKOHCEPBUPOBAHNE, YEPEHKHU ILJIOL0BO-SATOI-
HBIX KYJBTYP, dKU3HECIIOCOOHOCTb.
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