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The article presents a quantitative model of the dependence of the morphological structure of the contin-
uous microalgae culture on external lighting and species-specific cell parameters. The modeling is based
on the concept of two main phases that make up the cell life cycle — interphase and division phase.
The interphase is regarded as a light-dependent process during which cell biomass increases. The divi-
sion phase does not depend on light and occurs when a cell reaches a certain mass equal to (or higher
than) the sum of masses of daughter cells. The division stage ends with cytokinesis: a cell splits into
daughter cells. The age-specific microalgae cell state is characterized by the value of its biomass, while
transitions from one state to another are characterized by the activity (growth and division). The model
is represented by a system of differential equations that fully describe the dynamics of ontogenesis.
A particular solution of the model for dynamically equilibrium growth of microalgae in the culture
at different light intensity is analyzed. As shown, in the continuous microalgae culture under photo-
lithotrophic conditions, the specific growth rate is related to the morphological structure of the cell
population by simple directly proportional equations with species-specific coefficients. These coeffi-
cients are the maximum growth rate in the interphase (at saturating light intensity) and cell division
activity in mitosis.

Keywords: microalgae, ontogenesis, age-specific cell state, interphase, mitosis, probabilistic model,
growth rate, morphological structure of culture

Considering a microalgae monoculture as a population of individual cells, one can speak about
the age population structure, or rather morphological population structure, which is determined by the re-
lationship of age groups (the same as in all plants). The difference between microalgae and higher plants
is as follows: in the strict sense, there is no age concept for individual microalgae cells in a population.
To characterize age groups and individual cells, the concept of an age-specific state, or ontogenetic state,
is applied. The transition from one state to another is one-sided and directed towards growth; it can occur
at the same or different rate depending on the actual ontogenetic state and the cell environment.

The microalgae growth in culture is directly related to the growth of each individual cell and the rate
of division, i. e., to cell cycle, the duration of which is determined by the properties of the cell environ-
ment. The study of ontogenesis of individual microalgae cells is a difficult task since they are microscopic
in size. Ideally, ontogenetic investigations can be carried out with a coeval cell population [Helmstetter,
2015]. Methodically, it can be done; the possibility is connected with occurrence of light-dependent
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and light-independent phases of microalgae cell development in ontogenesis [Tsoglin, Klyachko-Gurvich,
1980]. By establishing the relationship between durations of light and dark regimes for a particular
microalgae culture, the age-specific state for all cells in culture can be synchronized [Tsoglin, 1996;
Tsoglin, Klyachko-Gurvich, 1980]. Significant progress in the work with synchronous Chlorella cultures
is reflected in publications of the researchers [Tsoglin, 1996; Tsoglin, Pronina, 2012].

To date, there are many papers concerning the study of the eukaryotic cell cycle, inter alia early
works [Winter, 1835] and recent large reviews, such as [Cvrckovd, 2018]. The latter publication em-
phasizes that current understanding of the processes leading to cell division is based on a limited range
of concepts, although a lot of hypotheses were proposed earlier.

A similar situation is observed when constructing mathematical models for describing the age-
specific cell state in ontogenesis or the cell size distribution within a microbial population [Karlin,
1968; Riznichenko, 2011; Stepanova, 1980]. The most developed kinetic models of eukaryotic regu-
lation of the cell cycle are based on the concept of cyclin-dependent kinases and cyclins [Novék et al.,
1999; Sasabe, Machida, 2014]. However, this refers mostly to the very fact of division and is not directly
related to the growth processes of an individual cell, especially at the initial stage of the life cycle [Wang,
Levin, 2009; Wilkins, Holliday, 2009]. Moreover, the proposed kinetic models include a large number
of differential equations, and this ultimately leads to the need for reducing the systems of equations
to a small amount [Sible, Tyson, 2007; Tyson, Novék, 2001, 2015].

To establish the relationship between the microalgae growth characteristics in culture and its morpho-
logical structure, it is necessary to know the effect of the environment on the life cycle (the age-specific
state of individual cells). This relationship can be quantified in various ways. In this work, the age-
specific cell state and its transitions during the life cycle are modeled by probabilistic methods.

Basic provisions. The life cycle of a microalgae cell, or cell cycle, consists of several periods,
which are combined into two distinct phases — interphase and mitosis or meiosis [Cvrckovd, 2018;
Tyson, Novak, 2015]. During the interphase, a cell grows; then, the processes of DNA replication begin,
and a cell enters the division stage; it ends with cytokinesis — a cell splits into daughter cells. During
mitosis, two distinct daughter cells are formed. During meiosis, which can be considered as a sequence
of several mitoses (or autospores), cytokinesis ends with the formation of several daughter cells [Tsoglin,
Pronina, 2012; Wilkins, Holliday, 2009], with their abundance depending on the quantity of mitoses
according to an exponential law.

To characterize the age-specific cell state, various parameters can be applied. Cell biomass (b) can be
considered as the most appropriate quantitative characteristic of the age-specific microalgae cell state.
Indeed: in order for a cell to divide into daughter cells (d), its biomass in the interphase must increase
to a value (b,,) higher than or equal to the sum of masses of daughter cells (by):

b, > dby, d=2,4,8,16...

This inequality may be due to the fact that the process of cell division is accompanied by the internal
energy consumption and, consequently, by the mass loss [Pederson, 2003; Tsoglin, 1996]. Moreover,
the mass loss can result from a cell wall destruction, flagella shedding, etc.

The cell biomass structural form seems to be a more accurate characteristic [Trenkenshu et al., 2018]
if we consider the mass loss during division to be insignificant. In this case, it becomes possible to assess
the biomass structural form by measuring chlorophyl concentration, which is proportional to the cell
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biomass structural form [Trenkenshu et al., 2018]. At the same time, a key point in terms of methodology
is the ability to measure pigments and biomass optically — without damage to the cell structural integrity.

The growth of microalgae in culture is characterized by the rate of change in its density (biomass B
or cell abundance N) over time t. For relatively long constant external conditions, the specific growth

rate u remains constant:
dB _ dN

" Bdt  Ndt’
If, as a result of cytokinesis, an individual cell is divided into d daughter cells, the duration of the life
cycle is related to the specific growth rate of the culture by a simple ratio:

1

_lnd
o

T

Distinguishing two time periods in the life cycle [the growth stage (interphase t,) and the division
stage (mitosis T,,)], we state that their sum is equal to the duration of the life cycle:

T, =Ty + Ty

Probabilistic model of ontogenesis. The life cycle of an individual microalgae cell can be repre-
sented as a graph of the age-specific states in which the cell can be. To do this, we express the probability
that a cell is in one of its growth states through 0,(t), and the probability that it is in the division stage,
through 0,(t).

A A A A A X
0o 0, 0g-1

> TN Sl 0 o] Ot [smacs | 0o [ 5] On
x A

We denote the activity of transitions from one state to another with subscripts corresponding to the prob-
abilities from which the transition occurs. Thus, the growth transition activity is g, (0 < g < m - 1),
and the activity of complete cell division into daughter cells is p,. Analytically, such a graph can be
outlined by a system of differential equations that completely describes the change in the cell state over
time:

( dec?t(w = _:quO(t) + :umem(t)v
%t(t) = —p161 (t) + pobo(?),
) daq(t)
dt _Nrgg<t> + ug—leg—1<t>; [O < Y <m— 1]7
\ det(t) = _:U’mem(t> + /“Lm—lem—1<t)
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By integrating the obtained system of equations, one can completely describe the dynamics of cell
ontogenesis for any moment of time. However, an exact formal description of cyclic graphs is math-
ematically difficult due to integration problems [Karlin, 1968]. Nevertheless, some particular solu-
tions are possible, and those can be used in assessing the morphological structure of microalgae
populations.

Stationary case. Of particular interest is the solution of the system of equations for the stationary
case. In a stationary (dynamically equilibrium) process, the state probabilities are equal to their limits:

;0<g<<m— =
Alggoggo by 0<g<m—1), AI?EOG (8) =9

m?

and the derivatives of the probabilities in terms of time are equal to zero:

do,(t) df,,, (t)
9 e : < < — m
5 =00 g m—1), —

=0.

The system of differential equations turns into an algebraic one:

ar 0= _/’LOQO + lu’mem’

do

Tt = 0=—p0; + poyby,
J s

We express the required probabilities for the interphase in terms of the probability of the initial state:

g
6, = Mg, 9, = Log — Holog = g — %90.
My Ho Mo Hq Hg:O Iy

The probability of the age-specific cell state in the division stage is as follows:

9 Ko 90

T

Condition for normalization over all the states is:

7]
09+2Hm1 0, = 1.
Hm g=0 9

Hence, we obtain the dependences of the probability density of cell being in the growth state (©,)
and in the division stage (O,):

(Mgl)g
0 = 99 _ HZ:O Py
9 u m=1 (pg)* o m—1 (pg)*
FL::L 00 + Zgzo H';n:gl iy 90 “7(7)1 + Zg 0 Hg Z Iy
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9 Ho
@ — m — Hom 5
T g o mol_(wg)”
Hom O0 + Zg 0 Hm 1 00 o 29:0 I 1

It is possible to use the model obtained for describing age or size cell distribution in a microalgae
culture, only if we know the relationship between the probabilistic coefficients of the ontogenesis model
and the kinetic characteristics of the culture. First of all, we take into account that the last equations
were obtained for continuous dynamically equilibrium conditions. Thus, the equations can be applied
to continuous microalgae cultures. This means that probability densities of cells being in a growth state
and division stage will show the quantitative ratio of growing cells (ng/N) and the ratio of dividing
cells (n,/N) in their total abundance (N):

ng+nm:N,
(Ng)g Lo
E:@ — Hgoug n_m:@ — ﬂ_m
N 9 uo +Z )¢

7N m I
O+Zg0 Hml

The ontogenetic state of cells is described by a set of probabilistic coefficients that determine tran-
sitions from one state to another. Interestingly, this process is cyclic: in the interphase, it is directed
towards growth; in the division phase, it returns the cell to its initial state. The rate of transitions is taken
into account by activity factors which generally determine the life cycle. As established, there are two
phases in the microalgae life cycle — light-dependent and light-independent [Tsoglin, Klyachko-Gurvich,
1980; Tsoglin, Pronina, 2012]. The first relates to the interphase while the second relates to mitosis.

The continuity of growth, both for a microalgae culture and an individual cell, is characterized
by a constant specific rate, in other words, by an exponential increase in the culture density (biomass
concentration) and the cell biomass. The continuity of biomass growth under constant light allows
simplifying the equation for the probability density of cell being in the growth state and mitosis:

gOHgOMQ

Mo = Mg = const, fi,, = CONSt,

9 m—1 (n,)" 14 M m—1 (u,)’ 14 ’
M_g+zg 0 H7ng1 'U/g/um Iu_g+Zg 0 HnLgl 'U/g/um
__H _ M
%=1 +mM Om =
g m g m

The effect of light on the age-specific cell state. With continuous photolithotrophic [Stukolova,
Trenkenshu, 2020] microalgae growth, the duration of the interphase depends on a light intensity at which
cell grows. This means that the activity of transitions of age-specific states in the interphase is also
dependent on light conditions under which the cell is. The effect of light on the biomass specific growth
rate in the interphase can be described by the equation [Lelekov, Trenkenshu, 2019]:

:uma:r:i_ic CSS]‘
ug:{ mas (i = i)

,ugma:c? i — cp > 1.
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There, pgmax is the maximum specific rate of the cell mass growth at saturating light intensity;
1 1s the light intensity normalized relative to saturating one;
icp 18 the compensation point of photosynthesis in normalized units.

As a result, the probability density of cell being in the growth state or mitosis will depend on non-
saturating light intensity according to the equation:

Mo, . . Hgmaz (7’ - Z‘cp) . .
0 = AL , (1, <1<1); 0, = Eal y (B, <1<1)
g “gmax (7’ o Zcp) + Hom, & " :ngma:c (Z o Zcp) T Moy, -
At light intensities equal to or higher than saturating intensity:
Hom . . Hgmax . .
0,= —"— (i—i,) =10, = — (i —1ig,) > 1.

 gmaz T P gmaz + Mo

Given that the maximum transition activities during growth and division are species-specific con-
stants, their ratio (Ugmax/Um) 1 also a species-specific constant. This allows writing the above equations
in the form:

— 1 ) y . _ HMgmax (iiic )/:U‘m . .

Oy = i llep S1S1); Oy = T T (i <0< 1),
_ 1 S . _ Hamax [Hm .

O = T fim (17 lep) 215 O = T2 T00, (10— 0p) 2 1.

The obtained equations are graphically illustrated in Fig. 1.

J

=

“gll!(l.\'/}fl”l = 0- 5
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M gmax / Lllll = 2

Cell portion in the growth and mitosis phases, r. u.
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Light intensity, r. u.
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Fig. 1. Dependence of the cell proportion in the interphase (©,) and in the mitosis phase (©,,) on light

intensity at different species-specific ratios (shown by numbers) of specific growth rate of the cell mass
and mitosis rate (Hgmayx/Mm)
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Fig. 2 clearly shows how the morphological structure of the microalgae population at saturating light
intensity depends on the species-specific ratio Ugmax/Hm.
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Fig. 2. Dependence of the cell proportion in the interphase (©,) and in the mitosis phase (©,)
on the species-specific ratio of specific growth rate of the cell mass and mitosis rate (Lgm,y /Iy, ) at saturating
light intensity

There is an important corollary of the obtained equations. As the last equation shows, it is pos-
sible to experimentally find the quantitative value of the species-specific ratio Ugmax/Um. To do this,
it is necessary to identify the distribution of growing or dividing cells in a continuous microalgae culture
at saturating light intensity:

(Z - Z.cp) > 1,
Mgma:r . 1— @g. :U’gmam o @m
o, O, = Hny 1-0,,

Relationship between specific growth rate in a culture and probability density of the age-

specific cell state. First, we determine the relationship between the specific growth rate and the activities

of cell transitions from one state to another. This requires some transformations:

Ind Ind Ind 1 1 1 m

, p=—t—
g Hm B Mg o fg + o,

Comparing this result with the obtained probability density of age-specific cell states, we finally get:

7 p
Q,=—"—, 0, =—72—,
fig + fhm fg + i

fght
£ :/’L@g::um@m

p=—"—
gty 7
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The obtained relationship equations allow assessing the morphological structure of a microalgae cell
population at different specific growth rates of a microalgae culture. This value is determined by a simple
formula: n

N0y N gy,

Conclusion. Based on the concept of two main phases that make up the cell life cycle — interphase
and division phase, a probabilistic model of the dynamics of changes in the age-specific microalgae cell
state in ontogenesis is developed.

The age-specific microalgae cell state is characterized by its biomass value, while transitions from one
state to another are characterized by the activity of growth and division. For photolithotrophic condi-
tions of microalgae cultivating, the interphase is regarded as a light-dependent process during which cell
biomass grows. The division phase does not depend on light and starts after a cell reaches a certain mass.

A particular solution of the model is found for the dynamically equilibrium microalgae growth
in culture at different light intensities. As shown, the activities of cell transitions from the growth state
to the cytokinesis stage are species-specific microalgae culture parameters, and their quantitative ratio
is constant at saturating light intensity.

It is shown that in a continuous microalgae culture under photolithotrophic conditions, the spe-
cific growth rate is related to the morphological structure of a cell population by simple directly pro-
portional equations with species-specific coeflicients. These coefficients are the maximum growth rate
in the interphase (at saturating light intensity) and cell division activity in mitosis.

This work was carried out within the framework of IBSS state research assignment “Investigation of mechanisms
of controlling production processes in biotechnological complexes with the aim of developing scientific foundations

for production of biologically active substances and technical products of marine genesis” (No. 121030300149-0).
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CBsI3b POCTOBBIX XAPAKTEPUCTHK KYJIBTYP MUKPOBOJIOPOCJIE
C BO3PACTHBIM COCTOAHMEM KJIETOK B OHTOI'EHE3E
(BEPOATHOCTHAA MO/IEJIb)
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B pabote npeacraBieHa KOJMYECTBEHHAS MOZEb 3aBUCUMOCTH MOP(OIOrMYeCKO CTPYKTYPbl Herlpe-
PBIBHOI KyJIbTYpbl MUKPOBOJOPOCIIEH OT BHELIHETO OCBEIIEHHS U BUAOCTIEIM(UIECKUX MTapaMeTPOB
KJIETOK. B OCHOBe MOzenMpoBaHus JIEKHUT MPEACTaBICHHE O ABYX KJIIOUEBBIX (pa3ax, COCTABIISIONINX
KU3HEHHBIN ITUKJI KJIeTKH, — uHTepdase u ¢asze nenenns. MaTEepdaza paccMaTpuBaeTcs Kak CBETO-
3aBUCUMBIH TPOLIECC, IPX KOTOPOM IPOUCXOIUT POCT Oromacchl KieTkd. Pa3za JiesieHus: He 3aBUCUT
OT CBeTa W HACTYIAeT IOCje NOCTHKEeHHUs KJIETKOUM ONpe/IeN€HHOM Macchl, paBHOW (Vv OOJIbIIei)
CyMME Macc JJOYepHMX KJIETOK. 3aKaHUMBaeTCs CTaaus AeJIeHUS UTOKMHE30M — IOJIHBIM pa3zerie-
HUEM KJIETKM Ha JiouepHHe. Bo3pacTHOe cOCTOsTHME MUKPOBOAOPOCIEBON KJIETKH XapaKTepu3yeTcs
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108 R. P. Trenkenshu

BEJIMYMHOM €€ GMOMacChl, a IePeXO/Ibl M3 OTHOTO COCTOSIHUS B JPYroe — aKTUBHOCTBIO (POCTa U Aerie-
HUs). Mozens npejcTaBiieHa cucTeMoit g bepeHInaIbHbIX YpaBHEHHH, TOJHOCTBIO OMMCHIBAIOIIMX
JAMHAMUKY TIporiecca oHToreHesa. [IpoaHaIM3rpoBaHO YaCTHOE pellieHre MOJEH JUIs JUHAMHYECKH
PaBHOBECHOTO pOCTa MUKPOBOJOPOCIIEH B KyJbTYpe NPH pa3iIM4yHON MHTEHCUBHOCTH cBeTa. [lokaza-
HO, YTO B HENPEPBHIBHON KYJIbType MHUKPOBOAOPOCIEH, pacTyieil (potonuToTpopHo, yaeapHas cKo-
POCTb pocTa CBsi3aHa ¢ MOP(OIOrMIECKOl CTPYKTYPO MOMYJISINN KJIETOK MPOCTHIMU MPSIMO IPOTIOP-
[IMOHAJILHBIMH YPAaBHEHUSIMH C BHIOCHEIM(UIECKUMI KO3 UIMEHTAMI — MaKCHMaJIbHOH CKOPO-
CTBIO pocTa B nHTepda3e (IpH HACHIIIAIOIEH MHTEHCUBHOCTH CBETA) M aKTHBHOCTBIO JIEIEHNUsI KJIETOK
MIPY MHTO3€.

KuiroueBble cJ0Ba: MHUKpPOBOAOPOCHIH, OHTOTEHE3, BO3PACTHOE COCTOSHWE, WHTepasza, MHUTO3,
BEPOSATHOCTHASI MOZIEJ b, CKOPOCTh POCTa, MOP(pOIOTHUecKas CTPyKTypa KyJIbTyphl
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