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Dynamics of energy consumption during the growth of photosynthetic Halobacterium
salinarum in populations of various age structures has been studied. Changes in the
biosynthesis of bacteriorhodopsin, a key retinal containing protein of H.salinarum
photosystem, were revealed. For several industrially significant strains, exponential
accumulation of nonproliferating halobacterium cells, whose growth is limited by different
modes of light exposure, was calculated. Various effects of proliferating and nonproliferating
cells on bacteriorhodopsin biosynthesis rate were shown. Necessity to prevent influences of
other growth limiting factors, except for energy consumption, during halobacterium cultivation
was proved using cell population structuring model.
Keywords: Halobacterium salinarum, halobacteria, model, cell population, growth dynamics, specific and
absolute biomass growth rate, substrate utilization, metabolite biosynthesis, bacteriorhodopsin.
INTRODUCTION
In the last decade Halobacterium salinarum, a
phototrophic halobacterium, has become a frequent
object of research in biotechnology. Previously,
interest in the unique properties of this extreme
bacterium was aroused basically due to phototrophic
character of its cell growth. In the early 1970s it was
shown that H. salinarum cell membranes synthesize
bacteriorhodopsin, a 7-α-helical retinal containing
protein capable of providing a significant portion of
energy due to proton potential formation, ∆µH+, Lanyi
et
al.
(2001).
Many diverse studies of
bacteriorhodopsin now provide significant insight into
the mechanisms underlying biosynthesis regulation of
the protein, formation of its tertiary structure in the socalled purple membranes, and of the cyclic
conformational changes that allow photodependent
proton transport Osterchelt (1999), Birge et al (1997)
Expansion of knowledge about the biosynthetic
properties of H. salinarum has drawn increased
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attention to the study of its biotechnological potential,
Skladnev et al. (2008). In this study, highly productive
derivatives of widely known genetically differing
halobacterium strains constructed in our laboratory
were used. In our opinion, these strains have the
greatest biotechnological prospects. All the selected
H. salinarum cultures possessed high growth
properties. H. salinarum wild strain ST033 is a highly
active producer of bacteriorhodopsin, Tjurin et al
(2008). Mutant strain D96N synthesizes a modified
form of the protein with a slowed photocycle. The
cells of colorless strain JW5 have a disturbed
synthesis of retinal and, accordingly, synthesize
inactive bacteriorhodopsin. Thus, photoenergetic
biosystems of all three halobacterium strains
essentially differ in the effectiveness: from normal
(ST033), to weakened (D96N) and inactivated (JW5).
Data about the growth characteristics of another H.
salinarum strain of a wild type (H. salinarum strain
UM17) were taken from the literature, Kaljonov et al
2006 a,b.
Studies
on
microorganism
growth
and
biosynthesis of metabolites have caused occurrence
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of many mathematical models describing the
dynamics of biomass growth and nutrient substrate
consumption. Many models of microorganism growth
are based on J.Monod’s growth model or its variants,
Pirt (1995), Bailey et al. (1986). The basic idea of
these models consists in the restriction of the specific
growth rate of a cell population either by the
concentrations of a limiting substrate or of a
biosynthetic end-product. However, the limited
application areas and numerous exceptions are usual
drawbacks of such models that necessitate the
construction of a new model.
The basic disadvantage of the J.Monod model as
described in Bailey et al. (1986) is an ambiguity about
the physical sense of its parameters (or even their
absence). According to the Monod model, the
limitation of cell growth by substrates is determined
by the constants Ks , a key substrate concentration at
which the specific growth rate of the culture is equal
to the half of µmax. However, in case of phototrophic
microorganisms (in which cell growth depends
directly on light exposure or more precisely on the
energy of quanta captured by the photobiosystem) it
is pointless to talk about any limiting concentration of
energy substrates. In other words, for phototrophic
microbes, the limitation of cell growth depends mainly
on the rate of quantum energy capture, and only
secondly on any specific nutrient. If the nutrient
composition of a medium for cultivation of
photosynthetic organisms is unbalanced or
inappropriate, the initial energy consumption is
quickly counteracted by the lack of minor nutrients or
substrates
needed
to
synthesize
cellular
components. In case of large-scale cultivation, this
fact indicates the necessity for a correct of nutrient
medium composition since incorrect medium
composition will usually quickly inhibit culture growth.
Such situations will be analyzed in the examples
given below.
An unstructured microorganism growth model
was proposed earlier Derbyshev et al (2001). The
model describes energy limitation during cultivation of
both aerobic and facultatively anaerobic bacteria. The
main point of the model assumes that if growth
limitation by nutrient elements (or any other growth
inhibiting factors) is avoided, energy substrate use
during the growth inhibition phase (GIP) would be
constant. In this case, the absolute and specific
growth rates of the biomass would decrease linearly
and hyperbolically, respectively.
A biotechnological method providing optimum
conditions for cell growth has been used for many
years. This method suggests that during cultivation
microorganism cultures receive additional feeding
from a balanced nutrient medium concentrate. The
inflow rate and amount of the feeding concentrate
exclude both the required nutrients and the inhibition
of growth by excess of corresponding nutrient
components while the oxygen mass exchange rate in

the culture remains constant and the oxygen
concentration approaches zero.
The proposed model suggests an absolutely new
view of the behavior of growing microbial populations
and the biosynthesis of various metabolites. The
model enables closer conformity between theoretical
predictions and experimental observations.
Pirt-Marr’s equation
Q = -dS/dτ = adX/dτ + mX (1)
for the calculation of energy substrate consumption
rate has been modified for the analysis of energy
consumed by cells for growth and viability
maintenance. This was done by expressing Q
through oxygen mass exchange rate as follows:
Q = JQO2
(2).
This yields the initial equation (3) for the
unstructured model of cell growth limited by oxygen
consumption was obtained. All the equation terms
are expressed in energy units:
JQO2 = adX/dτ + mX
(3).
The solution of basic equation (3) allows for
formulation of fundamental laws of culture growth
when the oxygen supply rate is limited. Unlike earlier
conceptions, this model shows that a linear decrease
in absolute growth rate of the biomass and hyperbolic
reduction in specific growth rate is a function of
biomass concentration, and that the energy substrate
consumption rate specified by oxygen mass
exchange rate is constant. Methods are provided to
define parameters for the unstructured model
proposed, these include growth efficiency and energy
substrate consumption (m, a and A = m/a), which
were not previously used in any practical way to
estimate periodic culture growth. Parameter A
describes a delay of the biomass growth rate.
Studies on the effect of Salmonella culture growth
rate on cell survival under adverse external
influences Klykov et al (1996) showed that during
GIP, if there is lack of dissolved oxygen then stable
cells accumulate at constant specific rate equal to
that of the growth delay
(A = m/a). The share of
stable cells within a population is obviously equal to
that of nonproliferating cells, which consume energy
only for viability maintenance. These results allow for
some speculations about the age structure of
microbial populations limited by lack of oxygen in
terms of energy consumption and the maintenance of
cell viability. On the base of these speculations a
structured cell population growth model was
proposed Klykov et al (1996); Klykov et al (2003);
Derbyshev et al (2003); Klykov et al (2009); Klykov et
al (2011) that describes the consumption of
substrates utilized for cell construction and synthesis
of metabolites in the cultures consisting of two groups
of cells differing in their rates of energy consumption.
Methods are described for defining parameters of the
structured model for substrate consumption and
metabolite biosynthesis by using preliminary counted
parameters of the unstructured model.
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Thus, the proposed structured model assumes that
within a growing population there are two groups of
cells essentially differing in their physiology. Group I
represents newly generated (young) cells and Group
II contains the cells being in the state of active
proliferation. Although the cells of Group I are often
called “quiescent” Pirt (1995), in our opinion these
are the cells of “zero age” Bailey et al (1986) , i.e.,
the cells being in phase G1 or in phase В as
designated for eukaryotes and prokaryotes,
respectively. Group I cells exhibit minimal
physiological functions, and for each cell these
functions are constant. A characteristic feature of
these cells is that they consume energy substrates
only for their viability maintenance. We call these
cells “stable”.
The growth of Halobacterium and consumption
of nutrient medium components during fermentation
of Halobacterium have been studied previously,
Rodriguez-Valera (1995), Manikandan et al (2009),
Robinson et al (2005), but the works are not widely
available. Most studies on this theme deal with the
metabolism of halobacterial cells , Margesin et al
(2001), Tebbe A et al (2009), Gonzalez O. et al
(2008), Lange et al (2007), Mitra et al (1993), Baliga
et al (2002), and of bacteriorhodopsin production
Gonzalez et al (2009), Lee et al (2006), Schafer et al
(1999), Ghasemi et al (2008).
In this study we attempted to analyze
phototrophic
halobacterium
growth
and
bacteriorhodopsin biosynthesis using both the
proposed unstructured and structured models that
have been tested on other microbial species and
genera as mentioned above. There is a believe that
this attempt is justified since the laws underlying the
energy consumption limitation during cell growth
under oxygen deprivation should also be observable
during the growth of phototrophic halobacteria when
energy consumption is limited by low light intensities.
Theoretical preconditions like those described by
equation (3) were used: it is obvious that the left term
of this equation expressed in the units of energy
transformed during "usual" aerobic processes can be
replaced for equivalent "light" energy component
characteristic of photosynthetic processes and equal
to E:
E = adx/dτ + mX = mXp
(3а).
This energy is received by cells from light and
transformed during biosynthesis. All the results
obtained for halobacteria are similar to those
presented in [ Klykov SP et al (2011)].
Thus, the objectives of the present paper are as
follows:
1) To describe the new unstructured and
structured models of cell growth and biosynthesis
based on the well-known laws about cell viability
maintenance
using
preliminary
estimated
phototrophic
halobacterium
growth
and
bacteriorhodopsin biosynthesis as an example.
2) To show potentialities of the used halobacterium
strains estimated by the method described.

MATERIALS AND METHODS
Halobacterium salinarum cells were cultivated in a
liquid medium containing (g/l): NaCl 250 MgSO4 ·
7H2O 20, KCl 2, CaCl2 0,065, sodium citrate 0,5 (рН
7,2). Peptone (7 g/l) and yeast extract (2 g/l) were
used as carbon and nitrogen sources. Cultivation was
performed at
37 оС and at constant lighting by
daylight lamps LD40. For bacteriorhodopsin isolation
H. salinarum cells were harvested by centrifugation
(7.000 min-1, for 15 min) and then were osmotically
ruptured in distilled water with DNA-ase I added (0,5
mkg/ml). The suspension obtained was incubated at
10 оС under intensive stirring for 1 h. The purple
membranes were precipitated by centrifuging at
50.000 g for 1 h. The precipitate was twice washed
with distilled water, and the supernatant was
separated in the same regimen. Bacteriorhodopsin
preparation
purity
was
controlled
spectrophotometrically according to ratio Aλ280/ Aλ568
-4
-5
(e280 = 1,1 · 10 Мcm and e568 = 6,3 · 10 Мcm ).
Highly productive H. salinarum cultures used were
selected initially as derivatives having high growth
properties: wild type strains ST033; strain D96N
synthesizing a mutant form of bacteriorhodopsin
characterized by slow photocycle and strain JW5 with
disturbed
retinal
synthesis
and
inactive
bacteriorhodopsin. Description of model equations
used for halobacteria growth and biosynthesis
estimation.
The equations previously considered in Derbyshev
et al (2001), Klykov et al (2011) are presented in
Table
Equations for the unstructured model
Equations (1) - (6), except for (3а), were deduced in
Derbyshev et al (2001)and represent the basic
equations of the unstructured model of cell growth.
Experimental
biomass
concentration
parameters are used for estimation of biomass
growth according to the unstructured model.
Sampling is performed in identical time intervals ∆τ =
τi+1 - τi = const, during which the biomass
concentration changes, ∆Xτ = Xτ+∆τ - Xτ , occur.
According to equation (3) for GIP the
following is deduced:
Xτ+ ∆τ = Xτ +∆X
(25)
Xτ +∆X =
Xр – (Xр - Xτ )* exp(-А*∆τ)
(26),
or Xτ+∆τ = Xр – (Xр - Xτ )* exp(-А*∆τ)
(27)
∆X = Xр – Xτ - (Xр - Xτ )* exp(-А*∆τ)
(28)
∆X = (Xр –Xτ)(1- exp(-А*∆τ))
(29)
at ∆τ = const (30) equation (29) represents a
linear regression function of Xτ
∆X = (1- exp(-А* ∆τ))Xр - (1- exp(А*∆τ))Xτ (31)
In the point of intersection with the ordinate
axis, at x = 0, equation (31) is converted as follows:
∆X = (1- exp(-А* ∆τ))Xр = ∆ºX
(32),
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where ∆ºx is the point where the regression line
intersects the ordinate axis (31).
From this it follows that
1 - ∆ºX/ Xр = exp(-А·∆τ)
(33).
Expression (33) can be presented in the following
form:
А = -[ln(1- ∆ºX/ Xр)]/ ∆τ
(34).
Similarly to formula (34) for A of logarithmic
growth phase (LGP), equations for µmax can be
deduced:
Xτ+ ∆τ = Xτ +∆x = Xτ exp(µmax ·∆τ)
(35),
from which
∆X = [exp(µmax ·∆τ)-1] Хτ
(36),
and
µma x= [Ln(1+M)]/ ∆τ
(37),
where M = [exp(µmax *∆τ)- 1] is inclination angle
tangent of the straight line ∆X = f(X) for LGP.
In the given work, µmax was calculated by the
standard technique [8]. In this case, dependence of
LGP natural logarithms, X, on time τ was built and the
tangent of inclination angle of the obtained straight
line was determined. These values were compared to
the results obtained with equation (37).
For the analysis of biomass growth, the
following parameters are determined first: biomass
concentration, Xlim, and time, τlim , corresponding to
LGP termination and beginning of GIP; hypothetical
maximum biomass concentration, Xр,
when all
amount of energy transformed by the system is
consumed for biomass viability maintenance; A =
m/a is the specific growth delay rate of the biomass
in GIP.
Equations for the structured model
Equation (7) presented for the first time in Klykov et
al (1996), was theoretically proved in Klykov et al
(2009). This equation indicates that in any population
limited in energy consumption, Xst, a specific rate of
accumulating nonproliferating cells, which consume
energy only for viability maintenance, is constant and
equal to A. This is due to the fact that the energy
consumed for cell viability maintenance causes total
div
reduction in the growth rate of proliferating cells, X ,
and, consequently, of the population growth rate as a
whole. In this case, nonproliferating cell accumulation
st
is directly proportional to concentration X at any
instant time.
Equation (8) represents an integrated form of
equation (7). For the first time it was used in Klykov
et al (1996) and theoretically proved in Klykov et al
(2003) and Klykov et al (2009). This equation shows
st
exponential character of X accumulation in time.
Equations (9) - (16) were deduced in Klykov et al
(2003) and Klykov et al (2009).
Equations (9) and (10) represent a share of
nonproliferating cells in the population. In Klykov et al
(2009) and Klykov et al (2011) it was shown that R=
st
X /X also describes the degree of synchronization of
zero age cultures. All physiological functions of zero
age cells are minimal, and cell resistance to adverse

external influences is maximum owing to the
temporarily inhibited metabolism. It is shown Klykov
et al (2009) and Klykov et al (2011) that if biomass
growth is limited only by energy inflow, all
proliferating cells are converted into stable ones after
which further proliferation ceases. Thus, the whole
amount of energy is consumed for cell viability
maintenance. It is obvious that for this case equality
R = 1 is true.
The physical meaning of parameter K in
equation (11) consists in the fact that with growth
limitation strengthening (increase the duration of
growth phase), the effect from the same work of
biochemical mechanisms underlying cell processes
continuously decreases, i.e., the number of
proliferating cells reduces over time. At the same
time, there is an accelerated increase in the quantity
of stable cells consuming energy only to maintain cell
viability (see equations 7 and 8). The latter statement
should probably be understood to reflect the increase
of stable cell number due not only to the termination
of early cell proliferation cycles, but also to the
progressive failure of stable cells to proliferate;
otherwise, the cells could start proliferating again in
the absence of limits.
Equations (12) - (16) describe the time of culture
growth termination and specific growth rate at the
moment, when the unstructured model of cell growth
and biosynthesis in GIP presented in Table 1 does
not work. In this case, other equations described
below are required.
Equations (17), (18) and (19) - (21) were
considered in Klykov et al (2003), Klykov et al (2009)
and Klykov et al (2011). The physiological processes
occurring in proliferating and stable cells differ greatly
and are diametrically opposed. Therefore, subdivision
div
of population cells into proliferating (X ) and stable
st
(X ) ones makes it possible to use equations (17, 18,
Table 1) to describe the consumption rate of
substrates utilized for cell construction and metabolite
synthesis:
div
div
st
st
dP(or –S)/dτ = k P,S X + k P,S X .
We assume that metabolites are synthesized
only by proliferating cells. Nonproliferating cells, as a
rule, destroy these products. Therefore, the signs for
the constants for metabolite synthesis and
degradation are opposite. The same should be stated
for substrates utilized for cell construction.
If stable cells do not influence the synthesis of
metabolites (or substrate utilization), i.e., kstP,S = 0,
then the synthesis is carried out by proliferating cells
and can be described by the integrated equation (19).
If both proliferating cells and zero age cells
participate in the synthesis, then the accumulation of
metabolites is described by equation (20). The similar
equation (21) is proposed for the consumption of
substrates used for cell construction, an analysis of
equations (17) - (21) shows that metabolite synthesis
proceeds with rate constants, whose signs are
opposite to each other if the influence of the stable
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Table 1 Basic model equations for growth inhibition phase

Function form

Equation

##

1

2

3

dS
= f (X )
dτ
f (QO 2)

Q=Q=

dX
+ mX
dτ
Q = JQo 2

Q=a

(1)
(2)

Q = f(X)

JQO2 = adX/dτ+mX = mXp

(3)

Q=E

E = adX/dτ+mX= mXp

(3а)

dx
dX
= f (X )
= A( X p − X )
dτ
dτ
dX 1
Xp
× = f (X )
µ=
µ = A(
− 1)
dτ X
X

(4)

(5)

X = f (τ )

X = X p − ( X p − X Lim ) exp[− A(τ − τ Lim )]

(6)

dX st
1
× st
dτ
X

dX st
1
m
× st = = A
dτ
a
X

(7)

X st = f (τ )

X st = X Lim exp[ A(τ − τ Lim )]

(8)

R = f (µ )

R =

R = f (X )

st

R=

K
A

2

2

x

p

 µ

A
× 
+
+ 2 
µ
A



K
A (X p X − X 2 )

(10)

2

dX dX st
K=
×
dτ
dτ

K

(9)

=A2 XstLim×(Xp-XLim)

(11)

τ final

τ final =

X p − X Lim
1
ln
+ τ Lim
A X p − Xfinal

(12)

τ final

τ final =

X final
1
ln
+ τ Lim
A X Lim st

(13)

X final

X final =

X final

µ final

X final

Xp

1
2
st
X p − 4 X Lim
( X p − X Lim )
2
2
1
2
Xp +
A2 X p − 4K
A
=
2

µ final = A(

+

Xp
X final

− 1)

cells is not equal to 0. This means that groups of
proliferating and stable cells behave differently during
biosynthesis: the former group synthesizes
metabolites while the latter destroys them.

(14)

(15)

(16)

It was found out that, if the cell growth process is
limited not only by energy consumption but also by
any substrate required for cell construction, than the
increase of biomass yield may suddenly stop. Studies
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Table 1 continues

dS
= f ( X st , X div )
dτ
- rate of consumption
of substrate utilized
for cell construction

dP
= f ( X st , X div )
dτ
metabolite
rate

synthesis

P = f (X ) -

-

dS
st
div
= k s X st + k s X div
dτ

dP
= kp st X st + kp div X div
dτ

P = PLim

metabolite
concentration

metabolite
concentration

(18)

st

X p − X Lim
X Lim 
+(
)  X p ln
− ( X − X Lim )(1 +
)
A 
Xp − X
X p − X 

kp

div

(19)



X p − X Lim
) X p ln
− ( X − X Lim ) +
A 
Xp −X

1
st X − X Lim
+ (k st − k div ) X Lim
A
Xp − X

(20)



X p − X Lim
) X p ln
− ( X − X Lim ) −
Xp − X


div
st X − X Lim
− k s ) X Lim
Xp − X

(21)

P = PLim + (

P = f (X )

(17)

kp

div

div

S = f (x) -

of
consumption
of
substrate utilized for
cell construction

q =f(R)
XstLim
XstLim

rate

S = S Lim

k
−( s
A

1
st
− ( )(k s
A

q= kрdiv+ (kрst-kрdiv)R

(22)

XstLim=2(X2Lim /X2p)(Xp-XLim)
XstLim=(Xp-Xfinal)Xfinal /(Xp-XLim)

on the dynamics of biomass accumulation limited by
substrates utilized for cell construction showed that in
equation (7) this parameter can be presented as:
Rfinal = kdiv/(kdiv-kst)
(38).
The required final value of Rfinal is expressed
by the identical equation if it is necessary to terminate
biosynthesis process in order to avoid the destruction
of metabolite products by active cells when kstP ≠ 0.
The situation when maximal biomass accumulation
does not coincide with that of metabolite
accumulation, i.e., when the latter occurs earlier than
the former, is actually rather common. For this case,
equation (15) would have the following appearance:
1
Xp +
A 2 X p 2 − (1 / Rfinal)* 4 K
A
X final =
2
(39).
In the studies of growing cultures, especially,
of
Pseudomonas
or
Yersinia
pestis,
by
cytorefractometric methods, Fikhman (1967), we
have repeatedly noticed that a certain number of

(23)
(24)

nonproliferating cells are always present in the
exponential growth phase. As the cell growth reaches
GIP, the number of such cells increases significantly.
Equations (12), (13), (14) and (16) then
can be transformed according to (39).
In the given work biosynthesis parameters
were determined for cells in GIP. The calculated
values were used to estimate the conformity of the
data obtained for the cells in GIP. As is well known,
biosynthesis of metabolites often occurs during GIP.
In Klykov et al (2003), Klykov et al (2009) and Klykov
et al (2011), the factors affecting cell population
structuring during LGP were investigated. Equations
describing metabolite accumulation during this
growth phase are as follows:
Xst = 2 Xl(1-Xl /X)
(40),
2
R = 2 Xl(1/X- Xl/X )
(41)
div
st
and
P = P0 + (k /µmax)(X- Xl)+2[(k div
k )/µmax] Xl [ln(X/ Xl) + Xl /X-1]
(42), where
2
Xl = XLim /Xp
(43)
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Figure 1 Initial data of halobacterium biomass, X, strain ST033, zero age cells, X , and synthesis of bacteriorhodopsin. Data calculated
st
according to the presented models. The abscissa axis is Growth time, days. The ordinate axis 1 is X and X , g/l. The ordinate axis 2 is
bacteriorhodopsin concentration , P, mg/l. Biomass concentration, g dry weight/L, experimental data;
Biomass concentration
st
Zero age cells, X , g dry weight/L;
Bacteriorhodopsin
calculated according to the unstructured model, g dry weight/L;
concentration, mg dry weight/L, experimental data;
Bacteriorhodopsin concentration calculated according to the structured model,
mg dry weight/L;
Bacteriorhodopsin concentration calculated according to the structured model, mg dry weight/L. Parameters of
GIP were used for calculation of bacteriorhodopsin concentrations in last period of LGP and for predictions of bacteriorhodopsin
concentrations after GIP.
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Figure 2 Initial data of halobacterium biomass ,X, strain UM17, zero age cells,X , and synthesis of
bacteriorhodopsin. Data calculated according to the presented models. The abscissa axis is Growth time, days. The ordinate axis 1 is X
st
and X , g/l. The ordinate axis 2 is bacteriorhodopsin concentration , P, mg/l. Biomass concentration, g dry weight/L, experimental data;
st
Biomass concentration calculated according to the unstructured model, g dry weight/L;
Zero age cells, X , g dry weight/L;
Bacteriorhodopsin concentration, mg dry weight/L, experimental data;
Bacteriorhodopsin concentration calculated according to
the structured model, mg dry weight/L;
Bacteriorhodopsin concentration calculated according to the structured model, mg dry
weight/L. Parameters of GIP were used for calculation of bacteriorhodopsin concentrations in last period of LGP.

is the initial biomass concentration during LGP,
corresponding to the beginning of cell population
structuring.
Technique for estimation of halobacteria growth
and bacteriorhodopsin biosynthesis.
Parameters Xtheor for LGP were calculated according
to standard exponential equation [8]:

Xtheor = X0*exp[ µmax*τ],
where µmax and X0
were determined from
LnXexperiment = f(τ ) (see Fig.6).
µmax was also calculated from equation (37)
and compared with the parameter calculated
according to the above equations. For this purpose
∆X for the cells during LGP was estimated according
experiment
to experimental data X
from which
corresponding values ∆X were calculated for each of
the specified sampling interval. For each previous
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Figure 3 Initial data of halobacterium biomass , X, strain D96N, zero age cells, X , and synthesis of
bacteriorhodopsin. Data calculated according to the presented models. The abscissa axis is Growth time, days. The ordinate axis 1 is X
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Bacteriorhodopsin concentration calculated according to the structured model, mg dry
weight/L. Parameters of GIP were used for calculation of bacteriorhodopsin concentrations in last period of LGP.
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Figure 4 Initial data of halobacterium biomass , X, strain JW5, zero age cells, X , and synthesis of
bacteriorhodopsin. Data calculated according to the presented models. The abscissa axis is Growth time, days. The ordinate axis 1 is X
st
and X , g/l. The ordinate axis 2 is bacteriorhodopsin concentration , P, mg/l. Biomass concentration, g dry weight/L, experimental data;
st
Biomass concentration calculated according to the unstructured model, g dry weight/L;
Zero age cells, X , g dry weight/L;
Bacteriorhodopsin concentration, mg dry weight/L, experimental data;
Bacteriorhodopsin concentration calculated according to
the structured model, mg dry weight/L;
Bacteriorhodopsin concentration calculated according to the structured model, mg dry
weight/L. Parameters of GIP were used for calculation of bacteriorhodopsin concentrations in last period of LGP and for predictions of
bacteriorhodopsin concentrations after GIP.

value of experimental biomass concentration change,
∆X , i.e. ∆Xτ = Xτ + ∆τ -Xτ. Dependence ∆Xτ = f(Xτ)
was then built according to equation (36) and µmax
was determined from (37) (see Fig. 5).
Parameters Xtheor for GIP were calculated on
the base of experimental data Xexperiment , according
to which values ∆X for sampling within the specified
time ∆τ, were obtained as a difference between
previous and subsequent X , i.e. ∆Xτ = Xτ + ∆τ -Xτ.

Then, the dependence ∆Xτ = f(Xτ) was drawn, and
the corresponding constants ∆ºX, Xр, А
were
determined. ∆ºX is the intersection of the regression
line (31) with the ordinate axis; Xр is an intersection
of regression line (31) and abscissa axis; А is
calculated from formula (34) (see Fig. 5). The
boundary point of the two growth phases (XLim, τLim)
is determined from the intersection of the straight
lines (31) and (36) (see Fig.5).
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linearization of LGP data.

Biosynthesis parameters are calculated from
equations (10) and (22). For this purpose XLimst is first
estimated by equation (23). Then values of
biosynthesis specific rate are calculated. (qP)τ is
estimated from [∆P/∆τ]τ = [(P)(τi+∆τ)-(P)τ ]/∆τ and
(qp)τ = (1/Xτ)[∆P/∆τ]τ. On the base of Xр, XLim, А,
τLim previously estimated from equation (8)
dependence Xtheor = f(τ) is deduced. XLimst calculated
above makes it possible to obtain dependence R =
f1(τ) = f2(X). Then straight line (qP)τ = kPdiv+ (kPstdiv
kP )Rτ , at R = 0 , cuts off a line segment equal to
div
kP
on the ordinate axis. The inclination angle
tangent of this line is equal to kPst-kPdiv, from which
kPst can be calculated.
These processes are characteristic of H.
salinarum strains that synthesize bacteriorhodopsin.
We show
The integrated accumulation of metabolite Ptheor
is estimated from equation (19) or (20): if kPst = 0,
then equation (19) is used, if kPst ≠ 0, equations (20)

and (21) are suitable.
Experimental results on halobacteria cultivation X,
bacteriorhodopsin synthesis P and the corresponding
theor
theor
calculated parameters X
and P
for LGP were
compared with the model values. The latter were
obtained from the calculated parameters for GIP, Xр,
XLim, XLimst, А , kPdiv, kPst , and from µmax determined
preliminary for LGP. Equation (40) for calculating the
number of stable cells was used. For the description
of metabolite accumulation during LGP, equation
(42), where P0 is the product concentration at the
moment, when the biomass structuring supposed to
occur during LGP, is used.
As it was noted above, often there is a
situation, when cell biomass stops growing while
metabolite biosynthesis continues for some time.
here that an absolute rate of bacteriorhodopsin
synthesis can be described by equation (17).
However, if no changes of R occur, then X, Xst, and
Xdiv remain constant. The integrated accumulation
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Figure 7 Calculation of metabolite synthesis constant, k , and metabolite degradation constant, k : k
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=9,944 mgP/(g X*days) and k

mgP/(gX*day). Straight line is q = -10,66R + 9,944.
(22).

Experimental data;

of biosynthesis metabolites in this case can be
expressed by the following equation:
P =P final GIP+ kdiv* Xdiv final GIP *(τ-τ final GIP)+ kst*
st
X final GIP *(τ- τ final GIP)
(44),
where P final GIP is the final concentration of the
product from equation (20), Table 1, and where Xdiv
st
final GIP and X
final GIP are the corresponding final
concentrations that can either be calculated using
equations (6), (8), (38) and (39) or determined
experimentally.
RESULTS AND DISCUSSION
Experimental results on halobacteria cultivation X,
bacteriorhodopsin synthesis P and corresponding
theor
theor
calculated parameters X
and P
are presented
in Fig. 1 - 4. The changes of halobacteria biomass
yield
and
bacteriorhodopsin
concentrations
calculated according to the presented model are also
depicted in these figures.
Physiological parameters of growth and
biosynthesis of four halobacteria strains (Table 2)
were determined from the experimental results. The
order of physiological parameter calculations
demonstrated under item 2.3. is presented in Table 2.
Figures 5-7 demonstrate the calculation of
the parameters presented in Table 2 using strain
UM17 as an example. For other strains the order of
the calculations was similar. On the basis of the
obtained
calculations
mathematical
models
describing biomass growth and bacteriorhodopsin
accumulation were constructed and graphically
presented in Fig. 1 - 4 and Fig. 8. These figures also
show predictive curves for biomass growth and
and Figure 1-4 it is apparent that the mentioned
strains estimated according to energy consumption
limiting and on the base of the structured model differ
in the physiological parameters that also allow certain
conclusions to be drawn.

Linearization of experimental data according to equation

bacteriorhodopsin synthesis. Parameter XLimSt for
strain UM17 was calculated according to equation
(24) since it was the only case when a sharp almost
2-fold decrease of absolute growth rate dX/dτ was
observed within a rather short interval (Figure 5).
When a step-by-step transition from LGP to GIP,
which is characteristic of most of cell populations,
occurs, it can be expected that equation (23) will give
the same result as equation (24). Biomass growth
parameters for the other three halobacterial strains
studied here also fit both of these equations.
Figure 8 shows differences among the four
studied strains in their absolute bacteriorhodopsin
biosynthesis rate dP/dτ (solid lines) and increase of
the amount of bacteriorhodopsin ∆P during a
constant time ∆τ -∆P/∆τ (dotted lines).
The growth of the phototrophic halobacteria,
strains D96N, JW5 and ST033, was estimated from a
limited number of points (from 3 to 5). Therefore, the
accuracy of the estimates may be limited. For LGP,
the calculation of µmax by two known ways showed
different values (Table 2). For further calculations
equation (8) was used because the number of
estimation points is small and does not allow for
using (34). However, even with the given accuracy of
our experimental data, the description of growth and
biosynthesis during both GIP, and LGP seems to be
reasonable and reflect the differences among these
strains and the conditions of their cultivation. Besides
it is evident that strains JW5 and ST033 - unlike
D96N and UM17 - have obviously expressed a
stationary growth phase starting on day 5. Model
parameters calculated for GIP describe acurately the
biomass growth and bacteriorhodopsin biosynthesis
during both GIP and LGP (Figure 1, 4). From Table 2
Knowing the amount of energy input (light
exposure rate), Xp, expressed in terms of heat of
biomass combustion, it is easy to count specific
viability maintenance m from Equation 3 (a). It would
serve a good help for estimation of not only strains,
but also quality of the used nutrient medium.
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Figure 8 Model calculations of absolute metabolite synthesis rates dP/dτ (solid lines) and increase of the
amount of bacteriorhodopsin ∆P for constant time ∆τ -∆P/∆τ (dotted lines), different halobacterium strains. The abscissa axis is Growth
time, days. The ordinate axis is dP/dτ and ∆P/∆τ, mg/(l*day).
lines- model calculations, dotted lines- experimental data)

Comparison of growth parameters of highly
productive H.salinarum cultures made using the
proposed mathematical model have shown
appreciable
distinctions
in
the
level
of
biotechnological potential of the halobacterium
strains studied:
1) Strain D96N has a lower specific growth rate
µmax, than strains JW5, ST033 and UM17;
2) Strain D96N has a lower specific rate of
nonproliferating
cell
growth
inhibition
and
accumulation, A, than strains JW5, ST033 and
UM17;
3) Strain D96N shows higher value of Xp, so m =
E/ Xp (see equation 3а) is lower than that for other
strains;
4) strains D96N and UM17 have higher values for
parameter R final (very nearly equal to equal to 1.0)
that gives evidence for more balanced growth by
these strains than for JW5 and ST033, and for the
fact that biomass growth and bacteriorhodopsin
biosynthesis are limited only by energy consumption;
5) For strains D96N and UM17 the constant of
bacteriorhodopsin destruction is close to 0, that also
confirms the above assumption on energy limitation;
6) Strains D96N and UM17, as the above
conclusions stated, have more desirable profiles of
absolute
(total)
biosynthesis
rate
of
bacteriorhodopsin, Figure 8;
7) Strains JW5 and ST033, in comparison to
strains D96N and UM17, are similar in their
properties and behavior during cultivation with a high
specific growth rate µmax, and also the ability to
synthesize bacteriorhodopsin at rather high rate in
the absence of biomass growth and population
structure changes (Figure 8) ;
8) Nutrient media for strains JW5 and ST033 in
the estimated conditions appear to be nutritionally
balanced.

D96N,

JW5,

ST033,

UM17 (solid

CONCLUSIONS
1. The proposed unstructured and structured
models based on energy limitation show a good
conformity between the calculated and experimental
data on both biomass yield and bacteriorhodopsin
concentrations; these allow useful predictions about
these biotechnological parameters.
2. The genetically modified, highly productive
derivative of H. salinarum D96N strain used here has
better biotechnological prospects than ST033 (in
contrast to UM17) because of its high levels of
biomass accumulation and bacteriorhodopsin
synthesis.
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DESIGNATIONS.
LGP is the logarithmic growth phase;
GIP is the growth inhibition phase;
S is a substrate concentration, g/l;
X is a biomass concentration, g/l;
theor
X
is a biomass concentration, g/l, were
calculated according to the nonstructured model;
τ is a time, days;
Р is products (metabolite ) concentrations, mg/l;
dP/dτ is an absolute rate of product synthesis,
mg/(l*day);
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Q = -dS/dτ is an absolute rate of substrate
consumption, g/(l*day);
QO2 is oxygen mass exchange rate, mmoleО2 /
(l*min);
J is a stochiometric factor of energy substrate (S)
oxidation,
Joule(or g)S/mmoleО2;
µ is a specific growth rate of biomass X, (hour or
days)-1 ;
q = Q/X or q = (1/X) *dP/dτ is a specific rate of
substrate
utilization
or
product
synthesis,
mgP/(gX*day);
а is a trophic coefficient, amount of energy
substrate consumed for the synthesis of a biomass
unit, JouleS/JouleX or gS/gX;
f is an amount of energy substrate accumulated
in biomass X during cultivation on a synthetic
medium, JouleS/JouleX or gS/gX;
m is an energy maintenance coefficient, the rate
of substrate consumption for maintaining viability of
one biomass unit per a unit of time, Joul
S/(JoulX*day) or gS/(gX*day);
A=m/a 1) Parameter describes a delay of the
biomass growth rate;
2) Specific rate of accumulation of stable
-1
cells, (hour or days) ;
Xр is a maximum biomass concentration, when all
the energy generated during cultivation is consumed
for cell viability maintenance, g/l;
XLim is a biomass concentration in the end of
exponential growth phase and beginning of growth
inhibition phase, g/l;
Xst is a concentration of the biomass of zero age
cells (stable), the content of «resting» cells, g/l;
XLimst is a concentration of the biomass of zero age
cells (stable) in the end of exponential growth phase
and beginning of growth inhibition phase, g/l;
Xdiv is a concentration of proliferation biomass, g/l;
τLim is the time of exponential growth phase
termination, days;
st
R is a ratio of X to biomass X, relative content
of stable cells in the biomass, synchronization
degree, parts of 1;
Xl is the initial biomass concentration in LGP
corresponding
the
beginning
of
population
structuring, g/l;
Xfinal is the final biomass concentration, at which
R=1 (when energy consumption is limited), g/l;
div
st
div
st
kр , kр , ks , ks are the constants of metabolite
and substrate biochemical reaction rates,
g of product (substrate)/ g of biomass per one
hour or days;
Plim is metabolite concentration at the end of LGP
and beginning of GIP, g/l;
P0 is metabolite concentration in LGP, when
biomass structuring occurs at X= Xl, g/l.

REFERENCES
Bailey JE, Ollis FD(1986). Biochem. Engineering Fundamentals,
2nd ed., McGraw-Hill Book Co., New York.
Baliga NS, Pan M, Ah Goo Y, Yi EC, Goodlett DR, Dimitrov K,
Shannon P, Aebersold R, Ng WV, Hood L(2002) Coordinate
regulation of energy transduction modules in Halobacterium sp.
analyzed by a global systems approach//PNAS, November
12.vol. 99 no. 23 14913–18.
Birge RR, Parsons B, Song QW, Tallent JR(1997) Protein-based
three-dimensional memories and associative processors. Mol.
Electronics, Blackweel Science Ltd., Oxford. 439-71.
Derbyshev VV, Klykov SP A(2003) technique for cultivation of cell
biomass and biosynthesis target products with specified technol.
parameters.- Patent of Russian Federation #2228352.
Derbyshev VV, Klykov SP, Glukhov NN, Scherbakov G Ja(2001)
Development of cell populations in conditions of energy supply
limitation // Biotekhnologia.p.89-96.
Fikhman BA(1967) Microbiol. refractometry. –M.: Meditsyna.
Ghasemi MF, Shodjai-Arani A, Moazami N(2008) Optimization of
bacteriorhodopsin production by Halobacterium salinarium
PTCC 1685//Process Biochem., 43, 1077–82.
Gonzalez O, Gronau S, Falb M, Pfeiffer F, Mendoza E, Zimmer R,
Oesterhelt D(2008) Reconstruction, modeling & analysis of
Halobacterium salinarum R-1 metabolism // Mol. Biosyst.,
4(2),148-59. 20.
Gonzalez O, Gronau S, Pfeiffer F, Mendoza E, Zimmer R,
Oesterhelt D(2009)Systems analysis of bioenergetics and
growth of the extreme halophile Halobacterium salinarum //
PLoS Computational Biol.,Volume 5, Issue 4, 145-52.
Kaljonov SV, Skladnev DA, Kuznetsov AE(2006) The aspects of
cultivation of halobacteria super producing bacteriorhodopsin.
Int. Conf. for 100–anniversary S.I.Alichanjan, Moscow, 122.
Kaljonov SV, Skladnev DA, Kuznetsov AE, Sinaisky VV(2006)
Optimization of the cultivation process for the bacteriorhodopsin
production. VI Int. Congress “HiTech in XXI”, Moscow, 99-104.
Klykov S P, Kurakov V V , Vilkov V B , Demidyuk I V , Gromova T
Yu , Skladnev D A (2011) A cell population structuring model to
estimate recombinant strain growth in a closed system for
subsequent search of the mode to increase protein
accumulation
during
protealysin
producer
cultivation.
Biofabrication 3 (2011) 045006 (12pp)
Klykov SP, Derbyshev VV(2003) Relationship between biomass
age structure and cell synthesis.-М.: Sputnik + Company, 48 p.
Klykov SP, Derbyshev VV(2009) Dependence of cell population
age structure, substrate utilization and metabolite synthesis on
energy consumption // Biotekhnologia p.80-89.
Klykov SP, Paderin JP, Sadikov MM, Chuprunov VP, Derbyshev
VV, Gusev VV(1996) Effect of culture growth rate on Salmonella
survival // Biotekhnologia .p.35-39.
Lange C, Zaigler A, Hammelmann M, Twellmeyer J, Raddatz G,
Schuster SC, Oesterhelt D, Soppa J (2007)Genome-wide
analysis of growth phase-dependent translational and
transcriptional regulation in halophilic archaea//BMC Genomics,
8, 415-23.
Lanyi JK,( 2001) Pohorille A Proton pumps: mechanism of action
and applications. Trends Biotechnol. 19 (4), 140-44.
Lee I, Greenbaum E, Budy S, Hillebrecht JR, Birge RR, Stuart
JA(2006) Photoinduced surface potential change of
bacteriorhodopsin mutant D96N measured by scanning surface
potential microscopy//J. Phys. Chem. B, 110, 10982-90.
Manikandan M, Pašic L, Kannan V (2009) Optimization of growth
media for obtaining high-cell density cultures of halophilic
archaea (family Halobacteriaceae) by response surface
methodology //Bioresource Technol., // 100, 3107–12.
Margesin R, Schinner F(2001) Potential of halotolerant and
halophilic microorganisms for biotechnology// Extremophiles, 5,
73–83.
Mitra AK, Miercke LJW, Turner GJ, Shandt RF, Betlach MC,
Stroud RM(1993) Twodimensional crystallization of Escherichia
coli-expressed bacteriorhodopsin and its D96N variant: high
resolution structural studies in projection //Biophysical J.,
Volume 65, September 1295-306.
Osterchelt D(1999) Closing in on bacteriorhodopsin. Ann. Rew.
Biophys. Biomol. Struct., 8, 376-99.

Klykov et al. 121

Pirt SJ(1995) Principles of microbe and cell cultivation. Blackwell
Sci. Ltd., Oxford.
Robinson JL, Pyzyna B, Atrasz RG, Christine A, Henderson CA,
Morrill KL, Burd AM, DeSoucy E, Fogelman III, RE, Naylor JB,
Steele SM, Elliott DR,Leyva JK, Shand RF(2005). Growth
kinetics
of
extremely
halophilic
archaea
(family
Halobacteriaceae) as revealed by arrhenius plots.// J. Bacteriol.,
923–29.
Rodriguez-Valer, F(1995). Cultivation of halophilic archaea. In:
Robb FT, Place AR, Sowers KR, Schreier HJ, DasSarma S,
Fleishmann EM(Eds.), Archaea , a Laboratory Manual. Cold
Spring Harbor Laboratory Press, New York, pp. 13–16.
Schafer G, Engelhard M, Muller V(1999) Bioenergetics of the
Archaea // Microbiol. and Molecular Biol. Vol. 63, No.3, p. 570–
620.

Skladnev D, Shkarin NJ, Sadovnikov VP(2008) Prospect of
application of bacteriorhodopsin, a photosynthetic protein, in
bioelectronic and optical nanosystems. Ecol. systems and
devices, 10, 3-8.
Tebbe A, Schmidt A, Konstantinidis K, FalbM, Bisle B, Klein C,
AivaliotisM, Kellermann J, Siedler F, Pfeiffer F, Lottspeich F,
Oesterhelt D(2009) Life-style changes of a halophilic archaeon
analyzed by quantitative proteomics.// Proteomics, 9(15), 384355.
Tjurin SA, Skladnev DA, Debabov VG. RU 2321627 C1.
Halobacterium salinarum strains, bacteriorhodopsin producer.
Published on 4/10/2008, Bulletin №10.

