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The model of T4 phage, Lambda phage, and E. coli is often used in research on
virus-host interactions. This paper reports for the first time the thermodynamic
driving force of biosynthesis, catabolism and metabolism for the three organisms,
on the M9 medium. Moreover, the influence of activities of nutrients and metabo-
lic products is analyzed. All three organisms were found to have very similar
Gibbs energies of metabolism. Moreover, since they share the same catabolism,
their Gibbs energies of catabolism are identical. However, Gibbs energies of
biosynthesis differ. The calculated thermodynamic properties have been used to
explain the coexistence of both bacteria and phages in a dynamic equilibrium in
natural ecosystems.
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Introduction

Microorganisms represent biological entities, but also chemical and thermodynamic
systems [1-5]. As chemical and thermodynamic systems, microorganisms interact with other
microorganisms and with their environment [1, 2]. Interactions between microorganisms can
be analyzed quantitatively, using chemistry and thermodynamics [4, 6-8]. Energetics of inter-
actions between microorganisms is of great importance [9, 10]. During the last decades, a
thermodynamic characterization has been made of bacteria [5, 11], viruses [3, 12-24] and
phage species [24-26].

Thermodynamic methods have been applied many times in life sciences. Thermody-
namic analysis of organisms is as old as thermodynamics itself. The founders of thermody-
namics, Lavoisier and Laplace were the first to measure heat released by a mouse using a
calorimeter [27, 28]. The first theoretical consideration was made by Boltzmann, who consid-
ered the role of entropy in energy transformations performed by organisms [29, 30]. The next
was the founder of modern biothermodynamics, Schrodinger [31], who used a thermodynam-
ic concept, entropy, to define life. Moreover, organisms were identified as open thermody-
namic systems by von Bertalanffy [1, 2]. Analysis of organisms became much easier due to
the work of Prigogine [32-36], who developed nonequilibrium thermodynamics as a tool that
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proved very useful in analysis of life processes. Moreover, a great contribution to the field
was given by Morowitz [37-42]. More recently, von Stockar analyzed the thermodynamic
driving force for life processes, identifying Gibbs energy as a convenient parameter for quan-
titative analysis of microbial multiplication [4, 6, 43-48]. Hansen discussed change in infor-
mation content and entropy in organisms during life processes, including evolution [49-51].
Lucia discussed the importance of entropy and Gibbs energy in life sciences [52, 53], and
sustainability and economy [54-56]. Calorimetric measurements and biothermodynamic anal-
ysis of microorganisms have been performed by Maskow [57-63]. Thermodynamics has been
applied to the fields of soil research by Barros [64-68]. Therefore, thermodynamics has been
in use in biological research for over 200 years and has given many interesting results [69].

Thermodynamics has been applied to research on viruses. Gale made thermodynam-
ic analysis of virus-host interactions during virus attachment and entry into the host cell [70-
73]. Lucia applied thermodynamics in studies on virology and epidemiology [74-77].
Maskow et al. [24] used calorimetry to study transitioning of viruses from lysogenic into lytic
cycle. Guosheng et al. [25] made a calorimetric study of the bacteriophage lytic life cycle.

Calorimetry has been used to study viruses, since the accurate methods became
available 50 years ago [78, 79]. Recent calorimetric studies of bacteriophages include: capsid
stability [80, 81], infectivity [81-83], structure [80-84], preservation [85-89], interaction with
bacteria [85, 90-93], effect against biofilms [91, 92, 94-98], capsid disassembly [99], medical
applications [86-89, 100-102], transition from lysogenic to lytic cycle [24, 103], viral enzyme
studies [104-106], and application in biosensors [107]. The methods used for calorimetric
studies of bacteriophages include isothermal titration calorimetry, differential scanning calo-
rimetry, and reaction calorimetry (a.k.a. isothermal microcalorimetry) [78, 79].

Bacteria and phages interact at two main sites: at the cell membrane and in the cyto-
plasm. At the cell membrane, the phages attach to the host cells and enter the cytoplasm. In
the cytoplasm, the phages multiply. In both processes, energetics plays an important role [13-
15, 70-73, 108].

Thermodynamic properties of viruses can be determined based on their elemental
composition, using predictive models developed by Patel and Ericson [109] and Battley [110-
113]. These methods are very important, since most thermodynamic laboratories lack the
required biosafety level for virus analysis [16]. To enable calculation of thermodynamic prop-
erties from virus elemental composition, the atom counting method was suggested [16]. The
atom counting method was found to give results in good agreement with available experi-
mental data [3, 16].

The goal of this paper is to calculate and compare the thermodynamic driving forces
for multiplication of T4 and Lambda bacteriophages, and their host E. coli. The analysis was
performed on the M9 medium, since it is widely used and chemically well characterized. The
thermodynamic driving force is quantified by Gibbs energy [6, 43], which was determined for
biosynthesis, catabolism, and metabolism as a whole, for each analyzed organism. Moreover,
the influence of activities of nutrients and products of microbial growth were taken into con-
sideration.

Methods

Based on the literature data on elemental composition and standard thermodynamic
properties of the T4 phage, Lambda phage, E. coli live matter and M9 growth medium, a
thermodynamic analysis was made of the interactions between the organisms. This section
describes the data sources and the approach used for the analysis.
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Data sources

Elemental compositions of T4 and Lambda bacteriophages were taken from [26].
Elemental composition of the host E. coli was taken from [113, 114]. Elemental compositions
of the analyzed organisms are given in tab. 1.

Table 1. Elemental composition of T4 and Lambda bacteriophages, and their host E. coli;
the amount of element J in the empirical formula of live matter is denoted with n;

Organism Nc Ny No Ny Np Ns Ref.
T4 phage 1 1.4445 0.4167 0.3120 0.0398 | 0.0032 [26]
Lambda phage 1 1.4174 | 0.4470 0.3271 | 0.0511 | 0.0031 [26]
E. coli 1 1.77 0.49 0.24 0 0 [114]

E. coli 1 1.74 0.464 0.26 0 0 [113]

Chemical composition of the M9 growth medium supplemented with glucose is giv-
en in tab. 2. The concentrations of the nutrients were taken from [115, 116]. The oxygen con-
centration was taken from [117]. Standard thermodynamic properties of the medium compo-
nents were taken from [118-120]. lonic radii were taken from [121, 122].

Standard thermodynamic properties of the analyzed organisms were taken from [5,
26], including standard enthalpy of formation, A{H°(Bio), standard molar entropy, S,°(Bio),
and standard Gibbs energy of formation, A{G°(Bio). They are given in tab. 3.

Table 2. Composition of the growth medium; the microorganisms were cultured in
an M9 medium with glucose

Substance C [mol/dm3] jon [cM] z [Qe] YDH apH
CsH1206 (aq) 0.00002397 N.A. 0 1 1
NH," (ag) 0.00935 3.00E-08 +1 0.722876 0.006759
HPO,?* (aq) 0.0337 4.00E-08 -2 0.304436 0.01026
SO,* (aq) 0.001 4.00E-08 -2 0.304436 0.000304
0,(9) 2.56E-04 N.A. 0 1 0.000256
Bio 1 N.A. 0 1 1
H,PO4 (aq) 0.022 4.00E-08 -1 0.742804 0.016342
H,0 () 1 N.A. 0 1 1
Na" (aq) 0.07595 4.00E-08 +1 0.742804 0.056416
K* (aq) 0.022 3.00E-08 +1 0.722876 | 0.015903
CI" (aq) 0.0185 3.00E-08 -1 0.722876 0.013373
Mg?" (aq) 0.001 8.00E-08 +2 0.410357 0.00041
Ca*" (aq) 0.0003 6.00E-08 +2 0.361107 0.000108
CO;, (aq) 1.29E-05 N.A. 0 1 1.29E-05

Stoichiometry and standard thermodynamic properties of biosynthesis

Elemental composition of the analyzed microorganisms was used to construct their
biosynthesis half-reactions, macrochemical equations describing conversion of nutrients into
new live matter. Elemental composition of live matter can be used to find stoichiometric coef-
ficients in the biosynthesis half-reaction [6, 8]. This is done through stoichiometry, using
conservation of matter and charge [6, 8]. The stoichiometric coefficients of the biosynthesis
half-reactions were calculated using the formulas in tab. 4.
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Table 3. Standard thermodynamic properties of live matter of the T4 and Lambda bacteriophages,
and their host E. coli; the values were taken from [5]

Organism AH°(Bio) [kJ/C-mol] | S,°(Bio) [J/C-molK] AG°(Bio) [ki/C-mol]
T4 phage -94.4 326 -52.2
Lambda phage -102.5 33.2 -59.5
E. coli -114.1 36.4 -67.0
E. coli -107.4 35.8 -60.9

Table 4. Stoichiometric coefficients for the biosynthesis half-reactions on the M9 growth medium;
the general growth reaction on the M9 growth medium is C¢H;,06 + NH,* + HPO,* + SO,* + O, —
(Bio) + H,PO, + H,O

Nutrient Stoichiometric coefficient for biosynthesis half-reaction
CH1206 (aq) —Nc/6
NH," (aq) —Ny
HPO,? (aq) Np + 2Ns — Ny
SO,” (aq) —Ns
0(9) —Ya(2no + 3Ny — Ny — Snp — 6n5)
Bio +1
HZPO4- (aQ) nN — 2np — 2ns
H,0 (1) [“2(2no + 3Ny — Ny — 5np — 6BNg) + Nc + 4np + 4ng — Ng]

Standard thermodynamic properties of the biosynthesis half-reaction include stand-
ard enthalpy of biosynthesis, AnsH®, standard entropy of biosynthesis, ApS°, and standard
Gibbs energy of biosynthesis, ApG°. Standard thermodynamic properties of biosynthesis are
at standard conditions: standard temperature of 298.15 K (25 °C) and pressure 1 bar, as well
as unit activities of all reactants and products [118, 119]. The values of standard thermody-
namic properties of biosynthesis were calculated applying the Hess’s law to the biosynthesis
half-reactions:

AH =3 viAH (i) (1)
AS% =3 viSa (i) (2)
AG? =3 1A GO(i) 3)

where A;H° denotes standard reaction enthalpy, A,S° standard reaction entropy, A,G° standard
reaction Gibbs energy, v; is the stoichiometric coefficient of substance i, AH(i) standard
enthalpy of formation of substance i, S,,°(i) standard molar entropy of substance I, and A(G°(i)
standard Gibbs energy of formation of substance i [118, 119].

Stoichiometry and thermodynamic properties of catabolism

The energy source for all the analyzed organisms is glucose and their metabolism is
aerobic. Thus, the catabolic half-reaction represents aerobic oxidation of glucose: C¢H1,0¢6 +
6 O, = 6 CO, + 6 H,O. The stoichiometric coefficients of the catabolic half-reaction were
substituted into the Hess’s law, egs. (1)-(3), to find standard thermodynamic properties of
catabolism, including standard enthalpy of catabolism, A.H°, standard entropy of catabo-
lism, A¢5S°, and standard Gibbs energy of catabolism, A.G°. Since viruses hijack the meta-
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bolic machinery of their host cells, they share the same catabolism [123]. Thus, the catabolic
half-reaction is identical for all the analyzed microorganisms [123].

Driving force of growth and biomass yield

The catabolic and biosynthesis half-reactions are combined into the growth reaction
for an organism, describing the organism’s entire metabolism [4, 6, 124]. The Gibbs energy
change of the growth reaction is Gibbs energy of growth (metabolism), also known as the
driving force of growth [4, 6, 43]. Gibbs energy of growth of heterotrophic organisms de-
pends only on the carbon and energy source, and not on the nature of catabolic reaction and
the electron acceptor used [124]. Moreover, Gibbs energy of growth can be determined from
the properties of the carbon and energy source.

Heijnen and van Dijken [125] found that the standard Gibbs energy of growth (me-
tabolism), AnetG?, is given:

0.16
~ApetG® =200+18(6-nc.¢ )* +exp{[(3.8—rs Y (3.6+04 ncys)} (4a)

where nc s is the number of carbon atoms in the substrate molecule (for glucose nc s = 6) while
I’ denotes the degree of reduction of the substrate molecules [125]. The generalized degree of
reduction of organic substance i, I, is given:

r - 4nci+Ny;—2Ng;;

(4b)
Nei
where ncj, ny; and ng; are the numbers of C, H, and O atoms in the formula of the substance,
respectively [8]. Equation (4a) was developed empirically by considering growth vyields of
many microorganisms on various substrates [125]. The explanation is that there is an opti-
mum substrate degree of reduction, which is similar to that of the live matter [124, 125]. At
this degree of reduction, Gibbs energy required to drive the metabolism is minimal, since less
changes need to be made to the substrate to incorporate it into the organism’s live matter [124,
125]. Going away from the optimal degree of reduction means that more Gibbs energy has to
be dissipated [124, 125].
A similar equation was proposed by Liu et al. [126]:

At G° = 6?_6'2 +243.1 for I'y <4.67 (5a)
S
A G® =157 =339 for I >4.67 (5h)

This equation is based on the considerations of Roels about biomass yields [127].
The third solution is to approximate the standard Gibbs energy of growth with that of most
microorganisms, ApeG® = -500 kJ/C-mol [6]. All three approaches were used in this research.

Gibbs energy of growth was used to find biomass yield, Y, using the equation [6]:

Y = Acat G 0
AmetGO - AbsGO
Standard thermodynamic properties of growth

The biomass yield can be used to combine the catabolic and biosynthesis half-
reactions into the full growth reaction [6]. The catabolic and biosynthesis half-reactions are two
parts of the total metabolism [6]. They are combined using the biomass yield [6]. The catabolic

(6)
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half-reaction is divided with the biomass yield and added to the biosynthesis half-reaction. Thus,
the stoichiometric coefficient of substance i in the total growth reaction, v; me, is:

1
Vimet = Vvi,cat *+Vibs (7)

where v and v s are stoichiometric coefficients of substance i in the catabolic and biosyn-
thesis half-reactions, respectively [6].

Similarly, standard thermodynamic parameters of the growth reaction are found by
combining those of the catabolic and biosynthesis half-reactions [6]. Standard enthalpy,
AmetH®, and entropy, ApeS°, of growth (metabolism) are given [6]:

1
AmetHO:VAcatHO"'AbsHO (8)
0o_1 0 0
AmetS :?Acats "'AbsS (9)

Standard Gibbs energy of growth is calculated using predictive models, as described
in the section Driving force of growth and biomass yield.

Activities

All thermodynamic parameters discussed thus far are under standard conditions:
standard temperature of 298.15 K (25 °C) and pressure 1 bar, as well as unit activities of all
reactants and products [118, 119]. However, it would be good to include the influence con-

centrations and activities of the reactions and products. The influence of activity on reaction
Gibbs energy, A,G, is given:

AG=A,G’+RTInQ (10)
where A,G° is standard reaction Gibbs energy, R the universal gas constant, T the tempera-

ture, and Q the reaction quotient [118, 119]. The reaction quotient is defined through the ac-
tivities and stoichiometric coefficients of the reaction participants [118, 119]:

Q=TTa (1)

where v;and a; are the stoichiometric coefficient and activity of substance i, respectively [118,
119]. Activity of substance i is given:

3 =7 G (12)

where y and C; are the activity coefficient and molarity of substance i, respectively [118, 119].

The problem of activities has been approached in four ways. The first and easiest
method is to set all activities to 1. Substituting this into eq. (11) gives Q = 1. This means that
the RT InQ term from eq. (10) becomes zero. Thus, the reaction Gibbs energy, A,G, reduces
to the standard reaction Gibbs energy, A;G°. In other words, the influence of activities on
reaction Gibbs energy is assumed to be very small and hence negligible. This modifies egs.
(10)-(12) into:

AG = A,G° (13a)
Q=1 (13b)
a; =1 foralli (13c)
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In the present discussion, this means approximating Gibbs energies of biological
processes AcgG, ApsG, and ApeG with their standard values AcgG®, ApsG°, and ApeG°.

The second approach is to approximate activities of all the components with their
concentrations, tab. 2. This means that ¥ is set to 1 for all the considered substances in eq.
(12), leaving a; = C; [118, 119, 122]. Substituting this into eq. (11) gives the concentration
reaction quotient, Q¢ [118, 119, 122]. The concentration reaction quotient is then substituted
into eq. (10) to give reaction Gibbs energy with corrections for concentrations, A,Gc. This
means that egs. (10)-(12) become:

A,Ge =A,G° +RT InQ. (14a)
Q =[]¢c" (14b)
g ~C; for alli (14c)

Approximating activities with concentrations means assuming intermolecular forces
between molecules in the solution are not very strong and can be neglected [118, 119, 122].
This assumption was used to calculate Gibbs energy of biosynthesis with corrections for con-
centrations, AysGe, which will later be compared to the values calculated using the other three
approaches.

The third approach is to include only the activity coefficients of ions, which interact
the strongest, using the extended Debye-Huckel equation. The assumption that there are no
intermolecular forces in the solution is the least accurate for ions [118, 119, 122]. lons are
charged and hence interact through coulomb forces, which are strong and have a relatively
long range [118, 119, 122]. These interactions are taken into account by the activity coeffi-
cients, which can be calculated using the extended Debye-Huckel equation [60, 128]. Accord-
ing to the extended Debye-Huckel equation, the activity coefficients depend on the ionic force
of the solution, I, given:

=3y (15)

where C; and z; are the concentration (molarity) and charge of species i, respectively. The sum
is over all the species in the solution [60, 118, 119, 122, 128]. The ionic force is then used to
calculate the activity coefficient of each species, using the extended Debye-Huckel equation:

AzZZ T

1+Bayg; /1 (16)

|0910(7’i)=

where A and B are constants, while ajo, i represents the effective diameter of the hydrated ion i
[60, 118, 119, 122, 128]. For aqueous solutions at 25 °C, A = 0.5085 and B = 3.3 A™ [122].
Once the values of y; are substituted into eq. (12), the Debye-Huckel activates are obtained,
which are then used in eq. (11) to find the Debye-Huckel reaction quotient, Qpy. The Debye-
Huckel reaction quotient is substituted into eq. (10) to find the reaction Gibbs energy with
Debye-Huckel activities, A;Gpy. This approach was used to find Ay,Gpn values.

The fourth and most accurate method is to include activities of uncharged species,
such as glucose, in addition to the Debye-Huckel activities for ions. The activity correction
for glucose, which is not charged, was calculated as described in [129]. Standard Gibbs ener-
gy of formation of glucose in an aqueous solution is equal to its standard Gibbs energy of
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formation in solid state plus two corrections: solution and dilution. The correction for solution
was taken from [129]. The dilution correction was made using the Margules model, as de-
scribed in [129]. Once the dilution correction is taken into account, thermodynamic parame-
ters of glucose in an 23.97 uM solution are AH°(glc, ag) = —1265.84 kd/mol, S,,° (glc, aq) =
250.35 J/mol K, and AG°(glc, aq) = —921.15 kJ/mol. These values are then used to find
AG®*, reaction Gibbs energy with the glucose correction. The A,G°* is then added to the
reaction quotient calculated using the Debye-Huckel activities, but with the activity of glucose
set to 1 (since it was already included into A,G°* no further corrections are needed).

The activity of live matter was set to 1 in all four approaches, since it represents a
distinct phase from the surrounding solution. Live matter is present in the solution in the form
of cells (E. coli) or virus particles (T4 and Lambda phages). Cells are separated from the
growth medium by the cell membrane and hence represent a distinct phase. Similarly, T4 and
Lambda phages possess protein capsids, which separate the virus particles from the growth
medium and make them a distinct phase. Thus, since both cells and virus particles represent
separate phases from the growth medium, their activities are anj, = 1 [118, 119]. Similarly,
water is the solvent and its activity is ap,0 = 1 [118, 119].

Results

Equations for calculating stoichiometric coefficients for biosynthesis reactions on
the M9 growth medium were formulated. They are given in tab. 4. Elemental composition of
live matter was used to formulate equations for stoichiometric coefficients for microorganism
biosynthesis on the M9 medium. The equations from tab. 4 were combined with the elemental
compositions of live matter from tab. 1 to find the values of the stoichiometric coefficients of
the analyzed organisms, given in tab. 5. The stoichiometric coefficients from tab. 5 are for the
general growth reaction on the M9 growth medium:

CeH1206 + NH,* + HPO,” + SO,* + O, — (Bio) + H,PO, + H,0 (17)
where (Bio) denotes live mater with elemental composition from tab. 1.

Table 5. Values of the stoichiometric coefficients for the biosynthesis half-reactions of the analyzed
organisms; the values were calculated using the formulas from tab. 3 and elemental composition of live
matter from tab. 1, the values of stoichiometric coefficients of products are positive, while those of
reactants are negative

Organism | CgH;,06 (aq) | NH," (aq) | HPO,” (aq) | SO,* (aq) | O, (q) |Bio| H,PO, (aq) |  H,O (1)
T4 phage -0.1667 | -0.3120 | -0.26584 | -0.0032 |-0.0267| 1 | 0.2260 0.8085
Lambda phage | -0.1667 | -0.3271 | -0.26989 | -0.0031 |-0.0460| 1 | 0.2188 0.8618
E. coli -0.1667 20.24 20.24 0 |00175| 1| 024 0.475
E. coli -0.1667 -0.26 20.26 0 |00080] 1| o026 0.52

Stoichiometric coefficients from tab. 5 were combined with standard thermodynam-
ic properties of live matter from tab. 3, to find standard thermodynamic properties of biosyn-
thesis, using the Hess’s law, eqs. (1)-(3). Standard thermodynamic properties of biosynthesis
include standard enthalpy of biosynthesis, ApH®, standard entropy of biosynthesis, ApsS°, and
standard Gibbs energy of biosynthesis, ApG°. Standard thermodynamic properties of biosyn-
thesis of the T4 phage, Lambda phage, and E. coli live matter are given in tab. 6. Standard
enthalpy of biosynthesis for E. coli is between —6.9 and —10.4 kJ/C-mol, while those of the T4
and Lambda phages are —18.6 kJ/C-mol and —25.4 kJ/C-mol, respectively. Standard entropy
of biosynthesis of E. coli is between 35.3 and 35.8 J/C-mol K, while those of the T4 and
Lambda phages are 35.8 and 33.6 kJ/C-mol, respectively. Standard Gibbs energy of biosyn-
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thesis of E. coli is between —17.6 and —21.4 kJ/C-mol, while those of the T4 and Lambda
phages are —29.9 kJ/C-mol and —36.1 kJ/C-mol, respectively.

Table 6. Standard thermodynamic properties of biosynthesis of the analyzed organisms

Organism ApsH® [KJ/C-mol] ApsS° [J/IC-molK] ApG° [KJ/C-mol]
T4 phage -18.6 35.8 -29.9
Lambda phage -25.4 33.6 -36.1
E. coli -6.9 35.3 -17.6
E. coli -10.4 35.8 -21.4

Table 7. Comparison of values of Gibbs energies of biosynthesis obtained with various activity

corrections

0
BRI [kﬁg—?nol] In(Qc) [kﬁg—Gn:ol] In(Qo) [k?/béc-;rggl] In(Q.) [kJ/Abe(riol]
T4 phage 209 |3512| -21.2 | 3866 | -203 |2093| —24.07
Lambda phage 361 | 3.783| 267 | 4149 | 258 |2.376| 2954
E. coli 176 |2647| 110 | 2939 | 103 |1166| _14.04
E. coli 214 | 2811 _145 | 3127 | 137 |1354| _17.41

Standard Gibbs energies of biosynthesis were combined with the medium composi-
tion, to find corrections for activities of the reactants and products. The results are given in
tab. 7. The composition of the growth medium is given in tab. 2. The activities were treated in
four ways, as described in the section Activities. The first and simplest method is assuming
that activities of all the substances are equal to 1. This means that they give a negligible con-
tribution to the Gibbs energy of biosynthesis in eq. (10), giving eg. (13) and hence A,G =
ApsG°. The second approach is to approximate activities with concentrations of substances,
using eq. (14). This results in the concentration reaction quotient, Q., and Gibbs energy of
biosynthesis with concentrations taken into account, AyGe, in tab. 7. The third approach is to
include activity coefficients of ions only, using the extended Debye-Huckel eq. (16). The
Debye-Huckel activity coefficients are substituted into egs. (10)-(12). The result is the Debye-
Huckel reaction quotient, Qpp, and Debye-Huckel Gibbs energy of biosynthesis, ApsGpp,
values in tab. 7. The fourth approach is to include activity of glucose, in addition to that of
ions, using the approach described in [129]. This results in the Q, and ApsG values in tab. 7.

Table 8. Stoichiometry and thermodynamic parameters of the catabolic half-reaction;
for all the analyzed organisms, the catabolic half-reactions are identical, the stoichiometric coefficients
of the products are positive, while those of the reactants are negative products and reactants

Stoichiometry

CeH1206 (aq) 0, (9) CO;, (aq) H,O (1)
-1 ) 6 6
Thermodynamic parameters
AcaH® [kI/mol] AcatS® [I/mol K] AcG° [kI/mol] In(Q,) AcaiG [kJ/mol]
—2802.74 258.97 —2871.74 -17.92 —2861.93

All the analyzed organisms are growing aerobically on the M9 medium with glu-
cose. Thus, their carbon and energy source is glucose, while the electron acceptor is oxygen.
Therefore, the catabolic half-reaction is oxidation of glucose by O,. The catabolic half-
reaction and its thermodynamic properties are given in tab. 8. For every mole of glucose con-
sumed, A H® = —2802.74 kJ/mol of heat is released. Standard entropy of catabolism is
258.97 J/mol K. Thus, the catabolic half-reaction has a highly negative standard Gibbs energy
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change of —2871.74 kJ/mol. This value can be more accurate by including the correction for
activities, as described in the section Activities. This gives the Gibbs energy of the catabolic
half-reaction of —2861.93 kJ/mol.

Catabolic and biosynthesis half-reactions are combined to find the total growth reac-
tion [6]. Gibbs energy of growth (metabolism), An«G°, was calculated using eq. (4) by
Heijnen and van Dijken [125], eq. (5) by Liu et al. [126], and the approximate value for most
microorganisms: —500 kJ/C-mol [6]. The results are given in tab. 9. These were combined
with standard Gibbs energies of catabolic and biosynthetic half-reactions to find the biomass
yield, Y, using eq. (6).

Table 9. Substrate degree of reduction, standard Gibbs energy of metabolism and biomass yields of the

analyzed organisms; AnG® and Y were calculated using three models: Heijnen equation [125], Liu
equation [126], and approximate value for most microorganisms [6]

: AnetG° (kJ/C-mol) AcaG° ApsG° Y
Organism | Substrate | I's Heijnen | Liu | Approx. | [kJ/C-mol] | [kJ/C-mol] | Heijnen |Liu| Approx.
T4 phage CgH1,0¢ |4.0| —236.1 |-409.7| -500 —2871.7 -29.9 139 |7.6| 6.1

Lambda phage | C¢H1,0¢ |4.0| —236.1 |-409.7| -500 —2871.7 -36.1 144 |7.7 6.2
E. coli CgH1,0¢ |4.0| —236.1 [-409.7| -500 -2871.7 -17.6 131 |7.3 6.0
E. coli CgH1,0¢ |4.0| —236.1 [-409.7| -500 —2871.7 -21.4 134 |74 6.0

The biomass yield was used to combine the catabolic and biosynthetic half-reactions
to find the total growth reaction, using eq. (7). The stoichiometric coefficients for the total
growth reactions of the analyzed organisms are given in tab. 10. Moreover, the biomass yields
were used to find standard enthalpy, AmeH®, and entropy, AmeS®, of growth (metabolism),
using egs. (8) and (9). Their values are shown in tab. 11. Finally, the correction for activities
was made using egs. (10)-(12), giving Gibbs energy of growth (metabolism), ApeG. The val-
ues of AneG for the analyzed organisms, along with the Gibbs energies of catabolism and
biosynthesis, are shown in tab. 12.

Table 10. Stoichiometric coefficients of entire growth reactions, including both catabolism and
anabolism, of the analyzed organisms

Organism | CeH1,0 (ag) [NH,* (ag) |HPO,” (aq) [SO,” (aq)| O,(g) |Bio|H,POy (aq) |H.O (1)|CO; (aq)
T4 phage —0.2989 -0.3120 | -0.2658 | —0.0032 |-0.8201| 1 0.2260 |[1.6019| 0.7934
Lambda phage| -0.2967 | -0.3271 | -0.2699 | —-0.0031 |-0.8265| 1 | 0.2188 |1.6422| 0.7805
E. coli —-0.3032 —-0.2400 | -0.2400 0.0000 |-0.8016| 1 0.2400 |[1.2941| 0.8191
E. coli -0.3019 | -0.2600 | —0.2600 | 0.0000 |-0.8031| 1 | 0.2600 |1.3311| 0.8111
Table 11. Standard thermodynamic properties of entire metabolic reactions of the analyzed
organisms
Organism AnetH° [KI/C-mol] AnetS® [JIC-mol K] AnetG° [KI/C-mol]
T4 phage —389.2 70.0 —409.7
Lambda phage -390.0 67.3 —-409.7
E. coli -389.5 70.6 -409.7
E. coli -389.3 70.8 —409.7
Discussion

This paper analyzes the interaction of E. coli with T4 and Lambda bacteriophages,
on the M9 growth medium with glucose. Thus, elemental compositions and standard thermo-
dynamic properties of the analyzed microorganisms were taken from the literature [5, 26, 113,



Popovi¢, M. E., Thermodynamics of Bacteria-Phage Interactions —...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 411-431

421

Table 12. Gibbs energies of catabolism, biosynthesis and entire metabolism of the analyzed
microorganisms, including the activities of the nutrients and metabolic products

Organism AatG [KI/C-mol] ApsG [kJ/C-mol] AnetG [kI/C-mol]
T4 phage —2861.93 —24.07 -402.5
Lambda phage —2861.93 -29.54 -401.8
E. coli —2861.93 -14.04 —404.8
E. coli —2861.93 -17.41 -404.3

114]. The composition of the growth medium was also taken from the literature [115-117], as
well as the thermodynamic properties of its constituents [118-122]. These were combined to
find the catabolic and biosynthetic half-reactions for E. coli, and T4 and Lambda phages.
Moreover, standard thermodynamic properties of catabolism and biosynthesis were calculat-
ed, as well as thermodynamic properties with corrections for activities of substances in the
growth medium. Finally, the driving force of growth and complete growth reactions were
formulated for the analyzed microorganisms.

Biosynthesis

Table 5 gives the stoichiometric coefficients for the biosynthesis half-reactions for
the analyzed microorganisms. The stoichiometric values for O, are different for the bacterio-
phages and the host cells. For the bacteriophages they are negative, meaning oxygen is con-
sumed for biosynthesis, in excess to that used in catabolism [6, 124]. On the other hand, for E.
coli they are positive, meaning that no additional oxygen is used for biosynthesis [6, 124].
The reason for this is the higher nitrogen content of viruses. The consumption of O, in bio-
synthesis of T4 and Lambda phages means that the substrate is partly oxidized while it is
incorporated into phage live matter. The oxidation process is exothermic. Thus, the two bacte-
riophages have more negative standard enthalpies of biosynthesis, tab. 6. The T4 phage has a
standard enthalpy of biosynthesis of —18.6 kJ/C-mol, for Lambda phage it is —25.4 kJ/C-mol,
while for E. coli AyH° is between —6.9 and —10.4 kJ/C-mol. Moreover, the more negative
enthalpies make standard Gibbs energies of biosynthesis of the T4 and Lambda phages more
negative that of their host E. coli, according to the equation ApG® = ApsH® — TARS®. Thus, for
the T4 phage standard Gibbs energy of biosynthesis is —29.9 kJ/C-mol, for the Lambda phage
it is —36.1 kJ/C-mol, while for E. coli A,G° is between —17.6 and —21.4 kJ/C-mol, tab. 6.
Therefore, the chemical structure of phages is reflected in their elemental composition. The
elemental composition of makes standard Gibbs energy of biosynthesis of phages different
from that of their host cell. The more negative Gibbs energy of biosynthesis allows viruses to
hijack their host cell metabolism [123, 130, 131]. Thus, biothermodynamic analysis reveals
how the chemical structure of phages ultimately allows them to multiply inside their host
cells, due to more negative Gibbs energy of biosynthesis.

Standard thermodynamic properties of biosynthesis of the T4 phage, Lambda phage,
and E. coli live matter are given in tab. 6. For all three organisms, standard enthalpies of bio-
synthesis are slightly negative, meaning that the biosynthesis process is slightly exothermic.
Standard entropies of biosynthesis are positive, due to the increase in the total number of par-
ticles during the process. On the product side of the biosynthesis reactions, the total number
of particles is between 1.7 and 2, while on the reactant side it is between 0.6 and 0.8, tab. 5.
The large number of particles on the product side is due to the released water molecules and
synthetized biomass. Thus, the total number of particles increases during the process, leading
to positive entropy change. On the other hand, all standard Gibbs energies of biosynthesis are
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slightly negative, between —17.6 and —36.1 kJ/C-mol, tab. 6. This means that the biosynthesis
process itself is a spontaneous process on the M9 medium. However, the standard Gibbs en-
ergies of biosynthesis are only slightly negative, meaning that the process would be very
slow, which is inadequate for living organisms [6]. Thus, additional negative Gibbs energy
must be made available by the catabolism to make the process proceed at the required rate [6].

Table 6 also shows that standard Gibbs energies of biosynthesis of the T4 and
Lambda bacteriophages are between 1.5 and 2 times more negative than those of their host E.
coli. The more negative Gibbs energy of biosynthesis allows the viruses to hijack the host cell
metabolism [26, 108]. The negative Gibbs energy of biosynthesis represents the thermody-
namic driving force for biosynthesis for both bacteria [4, 6] and viruses [26, 108]. Gibbs en-
ergy of biosynthesis is proportional to the biosynthesis rate, the rate of formation of new live
matter [132]. Thus, due to their more negative Gibbs energy of biosynthesis, the T4 and
Lambda phages are able to hijack the host cell metabolism.

Standard Gibbs energies of biosynthesis are defined under standard conditions: stand-
ard temperature of 298.15 K (25 °C) and pressure 1 bar, as well as unit activities of all reactants
and products [118, 119]. Thus, using standard Gibbs energies of biosynthesis implies assuming
that activities of all substances in the biosynthesis reaction do not greatly influence Gibbs ener-
gy of biosynthesis [6, 124, 128]. This is true in case of large absolute values of Gibbs energy [6,
124, 128]. However, A,G° for the analyzed organisms on the M9 medium is not highly nega-
tive. Thus, it is interesting to see the influence of activities, which are given in tab. 7.

Table 7 gives standard Gibbs energies of biosynthesis with different corrections for
activities of reactants and products. Approximating ApsG with its standard value ApG° is the
least accurate method. A more accurate approach is to approximate activities of substances
with their concentrations, giving the AysGc values. Even more accurate is to include the activi-
ty coefficients of ions, which interact the strongest, using the extended Debye-Huckel equa-
tion. This results in the AyGpy values. Finally, the most accurate solution is to include the
activity of uncharged species, like glucose, giving the ApsG values. The data in tab. 7 reveals
that, regardless of the method used, the ratio of Gibbs energies of T4 and Lambda phages to
that of their host cells remains similar. The bacteriophages always have a more negative
Gibbs energy of biosynthesis than their host E. coli. However, since the absolute values of
AnsG are relatively small for all the analyzed organisms, it is good to include the activity cor-
rections. For example, AyG° of the Lambda phage is —36.1 kJ/C-mol, while after the activity
correction, it becomes AnG = —29.54 kJ/C-mol. The activity corrections for the analyzed
microorganisms are between 22 and 25% of the final corrected AyG value.

Catabolism

The Gibbs energies of biosynthesis of the analyzed microorganisms do not provide a
sufficient driving force for their metabolism to proceed at required rates [4, 6, 133, 134].
Thus, additional driving force must be provided by the catabolism [4, 6, 133, 134]. The catab-
olism degrades the substrate molecules into simple products, releasing free energy to drive the
metabolism [4, 6, 69]. Catabolism of the analyzed organisms was described using a catabolic-
half reaction. Since all the analyzed organisms are growing on the same medium, their catabolic
half-reactions are identical. The stoichiometry and thermodynamic properties of the catabolic
half-reactions are given in tab. 8. The stoichiometry of the catabolic half-reaction is that of aero-
bic glucose catabolism. Standard enthalpy of catabolism A.H® = —2802.74 kJ/C-mol is much
more negative than that of biosynthesis, meaning that catabolism is highly exothermic. The
highly negative A.H® results in a high thermodynamic driving force for the catabolic half-
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reaction: standard Gibbs energy of catabolism is AcxG® = —2871.74 kJ/C-mol. Due to the large
absolute value of A.xG?, the activity correction is only minor, changing it to AcG = —2861.93
kJ/C-mol. The highly negative Gibbs energy of catabolism provides the thermodynamic driving
force that allows both bacteriophages and their host cells to multiply at required rates.

Driving force of growth and biomass yield

Table 9 shows standard Gibbs energies of growth (metabolism), AneG°, and bio-
mass yields, Y, for the analyzed organisms. Standard Gibbs energy of growth depends on the
degree of reduction of and the number of carbon atoms in the substrate [124, 125]. Since all
the analyzed microorganisms are growing on the same M9 medium with glucose, the sub-
strate is the same for all — glucose. Glucose, C¢H1,0¢, has a degree of reduction of 4 and con-
tains 6 carbon atoms. Substituting these values into egs. (4) and (5) gives the driving forces of
growth, An,G°, for the analyzed microorganisms, which are shown in tab. 9. For all the ana-
lyzed organisms, ApeG® are the same, since all are using the same substrate. The ApeG° val-
ues were calculated using three methods: eq. (4) by Heijnen and van Dijken [125], eq. (5) by
Liu et al. [126], and the average value for most microorganisms [6].

The AneG® value given eq. (5) is —409.7 kJ/C-mol, which is similar to the value for
most microorganisms, —500 kJ/C-mol. On the other hand, the value given by eq. (4), —236.1
kJ/C-mol, is less negative. Both the bacteriophages and E. coli have identical An,G° values,
since AnetG° depends only on the substrate, which is identical for both.

Even though, the AnG? is identical for the phages and bacteria, standard Gibbs en-
ergies of biosynthesis are significantly different, ApsG°. Thus, it seems that A,G° decides
which organism will win the competition for the metabolic machinery. The organism that
controls the metabolic machinery is better adapted to the environment and has an advantage.
Even though the difference in Gibbs energies of biosynthesis is double, one should have in
mind that the values of ApG° themselves are not very great. Thus, numerically, this advantage
is such that it enables the multiplication of the bacteriophages, but does not endanger the sur-
vival of the bacteria, enabling both species to survive the competitive conditions.

Bacteria and phages are known to coexist in many ecosystems, where they interact
[135, 136]. A dynamic equilibrium exists between the bacteria and phages [135, 136]. Thus,
even though phages infect bacteria, they are not able to completely dominate the ecosystem
and make the competition process irreversible. In the ecosystem, both the bacteria and the
phages coexist. This observation can be explained by the small difference in Gibbs energies of
biosynthesis of the bacteria and phages. On the other hand, Gibbs energies of metabolism are
similar and explain the existence of both kinds of microorganisms. Figure 1 shows Gibbs
energies of biosynthesis and metabolism of the analyzed organisms. From fig. 1 we see that
Gibbs energies of metabolism are similar for all the analyzed organisms. On the other hand,
Gibbs energies of biosynthesis of the phages two times more negative than that of E. coli.

Entire metabolism

Gibbs energies of metabolism were used to find biomass yields, tab. 9. The biomass
yields were found for all three models. The values given by the model by Liu et al. [126] were cho-
sen for further analysis, since the model has a better theoretical foundation and gives results more
similar to that of most microorganisms (-500 kJ/C-mol) [6]. Biomass yields were used to find
stoichiometric coefficients for the entire metabolism, which are presented in tab. 10, as well as
standard enthalpy and entropy of metabolism (growth), given in tab. 11. The data from tabs. 10 and
11 were combined to find the influence of activities on Gibbs energy of metabolism, given in tab. 12.
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Figure 1. Gibbs energies of catabolism, biosynthesis and metabolism of T4 and
Lambda phages, and their host E. coli; the contributions of Gibbs energies of
catabolism (A.G/Y, blue) and biosynthesis (A,G, orange) to the total Gibbs energy
of metabolism. Gibbs energies of metabolism are very similar for all the analyzed
organisms, however, the values of A,G of the phages are two times larger than

that of E. coli. Note: for easier presentation, the graph begins at —350, not at 0

Gibbs energy of metabolism has a relatively large value for the analyzed microor-
ganisms, between —402 and —405 kJ/C-mol. Thus, the influence of activities of nutrients and
metabolic products is relatively small. This is in accordance with the predictions of von
Stockar et al. [128]. Therefore, it is good to take activities into account when discussing pro-
cesses with a relatively low driving force, such as biosynthesis on the M9 medium. However,
activities are less important when considering processes with a greater driving force, like
entire metabolism and catabolism.

Conclusions

The driving forces for metabolism of bacteriophages and bacteria are identical -
Gibbs energy. The driving force is shared between different classes of organisms, since they
all evolved from the same last universal common ancestor (LUCA). The only differences is
that the organisms took different pathways through evolution: bacteria evolved towards great-
er complexity, while phages evolved towards simplicity. However, bacteria and phages differ
in the magnitude of Gibbs energy of biosynthesis. The phages have a more negative Gibbs
energy of biosynthesis than bacteria, enabling them to hijack their metabolism. The absolute
difference between Gibbs energies of biosynthesis of phages and bacteria is not very great.
This allows both phages and bacteria to coexist in ecosystems.

Since the magnitudes of Gibbs energies of biosynthesis on M9 medium are not very
great, the activities of nutrients and metabolic products change their values by between 22%
and 25%. Thus, it is good to take activities into account when discussing biosynthesis on the
M9 medium. On the other hand, Gibbs energies of catabolism and metabolism as a whole are
much greater and activities make only a minor correction.

Nomenclature
(Bio) — live matter i — activity of substance i
A — constant in the extended Debye-Huckel ajoni — effective diameter of the hydrated ion |

equation [cm]
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B — constant in the extended Debye-Huckel AS® — standard entropy of catabolism
equation [A™] [ImolK™]
(o8 — molarity of substance i [mol/dm3] A:G°(i) — standard Gibbs energy of formation of
| — ionic force of the solution substance i [kJmol™]
Ng, — number of C atoms in the formula of AHO(i) — standard enthalpy of formation of
substance i substance i [kJmol™]
Ncs  — number of carbon atoms in the substrate AG  —reaction Gibbs energy [kimol™]
molecule AGc - reaction Gibbs energy with corrections
Nnui  — number of H atoms in the formula of for concentrations [kJmol™]
substance i AGpy — reaction Gibbs energy with Debye-
Noij — number of O atoms in the formula of Huckel activities [kimol™!]
substance i AnetG — Gibbs energy of growth (metabolism)
Q — reaction quotient [kimol™]
Qc — activity reaction quotient AnetG® — standard Gibbs energy of growth
Q. — concentration reaction quotient (metabolism) [kmol™]
Qpn  — Debye-Huckel reaction quotient AneH® — standard enthalpy of growth
R — universal gas constant [Jmol K] (metabolism) [kJmol™]
S°(i) — standard molar entropy of substance i AneS® — standard entropy of growth
[Imol K™ (metabolism) [Jmol™K™]
T — temperature [K] AG°® - standard reaction Gibbs energy
Y — biomass yield [kimol™]
Z — charge of species i AG®* — reaction Gibbs energy with glucose
AwsG  — Gibbs energy of biosynthesis [kJmol™] activity correction [kJmol™]
AnG® — standard Gibbs energy of biosynthesis AH®  —standard reaction enthalpy [kimol™]
[kimol™] AS®  —standard reaction entropy [Jmol™K™]
ApsGc  — Gibbs energy of biosynthesis with .
corrections for concentrations Greek simbols
[kJmol™] % — activity coefficient of substance i
ApsGph — Gibbs energy of biosynthesis with I — generalized degree of reduction of
Debye-Huckel activity corrections organic substance i
[kJmol™] T — degree of reduction of the substrate
ApsH® — standard enthalpy of biosynthesis molecules
[kJmol™] Vi — stoichiometric coefficient of substance i
AnS®  — standard entropy of biosynthesis Vies  — stoichiometric coefficient of substance i
[Imol k™ in the biosynthesis half-reaction
AG  — Gibbs energy of catabolism [kimol™] Vicaa — Stoichiometric coefficients of substance
AG°® — standard Gibbs energy of catabolism i in the catabolic half-reaction
[kJmol™] Vimet — Stoichiometric coefficient of substance i
AH® — standard enthalpy of catabolism in the total growth (metabolic) reaction
[kJmol™]
References

(1]
(2]
(3]
[4]
(5]

(6]

Von Bertalanffy, L., The Theory of Open Systems in Physics and Biology. Science, 111 (1950), 2872,
pp. 23-29

Von Bertalanffy, L., General System Theory: Foundations, Development, Applications, George Braziller
Inc., New York, USA, 1971

Wimmer, E., The Test-Tube Synthesis of a Chemical Called Poliovirus. The Simple Synthesis of a Virus
has Far-Reaching Societal Implications, EMBO reports, 7 (2006), Spec No., pp. S3-S9

Von Stockar, U., Live Cells as Open Non-Equilibrium Systems, in: Biothermodynamics: The Role of
Thermodynamics in Biochemical Engineering, EPFL Press, Lausanne, Switzerland, 2013, pp. 475-534
Popovic, M., Thermodynamic Properties of Microorganisms: Determination and Analysis of Enthalpy,
Entropy, and Gibbs Free Energy of Biomass, Cells and Colonies of 32 Microorganism Species, Heliyon,
5 (2019), 6, €01950

Von Stockar, U., Biothermodynamics of Live Cells: Energy Dissipation and Heat Generation in Cellular
Structures, in: Biothermodynamics: The Role of Thermodynamics in Biochemical Engineering, EPFL
Press, Lausanne, Switzerland, 2013, pp. 475-534



Popovi¢, M. E., Thermodynamics of Bacteria-Phage Interactions —...
426 THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 411-431

[7] Ozilgen, M., Sorguven, E., Biothermodynamics: Principles and Applications, CRC Press, Boca Raton,
Fla., USA, 2017

[8] Sandler, S. I., Chemical, Biochemical, and Engineering Thermodynamics, 5™ ed., Wiley, Hoboken, N. J.,
USA, 2017

[9] Mahmoudabadi, G., et al., Energetic Cost of Building a Virus, PNAS, 114 (2017), 22, pp. E4324-E4333

[10] Yildiz, C., Ozilgen, M., Species-Specific Biological Energy Storage and Reuse, Energy Storage, 4
(2022), 6, €382

[11] Popovic, M., et al., Elemental Composition, Heat Capacity from 2 to 300 K and Derived Thermodynamic
Functions of 5 Microorganism Species, J of Biotechnology, 331 (2021), Apr., pp. 99-107

[12] Molla, A., et al., Cell-Free, De Novo Synthesis of Poliovirus, Science, 254 (1991), 5038 pp. 1647-1651

[13] Popovic, M., Popovic, M., Strain Wars: Competitive Interactions Between SARS-Cov-2 Strains are
Explained by Gibbs Energy of Antigen-Receptor Binding, Microbial Risk Analysis, 21 (2022), 100202

[14] Popovic, M., Strain Wars 2: Binding Constants, Enthalpies, Entropies, Gibbs Energies and Rates of
Binding of SARS-CoV-2 Variants, Virology, 570 (2022), May, pp. 35-44

[15] Popovic, M., Strain wars 3: Differences in Infectivity and Pathogenicity Between Delta and Omicron
Strains of SARS-CoV-2 can be Explained by Thermodynamic and Kinetic Parameters of Binding and
Growth, Microbial Risk Analysis, 22 (2022), 100217

[16] Popovic, M., Atom Counting Method for Determining Elemental Composition of Viruses and its
Applications in Biothermodynamics and Environmental Science, Computational Biology and Chemistry,
96 (2022), 107621

[17] Popovic, M., Strain Wars 4: Darwinian Evolution Through Gibbs’ Glasses: Gibbs Energies of Binding and
Growth Explain Evolution of SARS-CoV-2 from Hu-1 to BA.2, Virology, 575 (2022), Oct., pp. 36-42

[18] Popovic, M., Strain Wars 5: Gibbs Energies of Binding of BA.1 Through BA.4 Variants of SARS-CoV-
2, Microbial Risk Analysis, 22 (2022), 100231

[19] Popovic, M., Beyond COVID-19: Do Biothermodynamic Properties Allow Predicting the Future
Evolution of SARS-CoV-2 Variants?. Microbial Risk Analysis, 22 (2022), 100232

[20] Popovic, M., Formulas for Death and Life: Chemical Composition and Biothermodynamic Properties of
Monkeypox (MPV, MPXV, HMPXV) and Vaccinia (VACV) viruses, Thermal Science, 26 (2022), 6A,
pp. 4855-4868

[21] Popovic, M., Why doesn’t Ebola Virus Cause Pandemics Like SARS-CoV-2? Microbial Risk Analysis,
22 (2022), 100236

[22] Simsek, B., et al., How Much Energy is Stored in SARS-CoV-2 and its Structural Elements? Energy
Storage, 4 (2022), 2, €298

[23] Popovic, M., Minceva, M., Coinfection and Interference Phenomena are the Results of Multiple
Thermodynamic Competitive Interactions, Microorganisms, 9 (2021), 10, 2060

[24] Maskow, T., et al., Calorimetric Real Time Monitoring of Lambda Prophage Induction, Journal of
Virological Methods, 168 (2010), 1-2, pp. 126-132

[25] Guosheng, L., et al., Study on Interaction Between T4 Phage and Escherichia coli B by
Microcalorimetric Method, Journal of Virological Methods, 112 (2003), 1-2, pp. 137-143

[26] Popovic, M., Minceva, M., A Thermodynamic Insight Into Viral Infections: Do Viruses in a Lytic Cycle
Hijack Cell Metabolism Due to Their Low Gibbs Energy?, Heliyon, 6 (2003), 5, e03933

[27] Lavoisier, A. L., de Laplace, P. S., Memoir on Heat Read to the Royal Academy of Sciences, 28 june
1783, Obesity Research, 2 (1994), 2, pp. 189-202

[28] Muller, I., A History of Thermodynamics: The Doctrine of Energy and Entropy, Springer, Berlin, 2010

[29] Boltzmann, L., The Second Law of Thermodynamics, in: Theoretical Physics and Philosophical
Problems, (ed., McGuinnes, B.,), D. Riedel Publishing Company, Boston, Mass., USA, 1974

[30] Popovic, M., Research in Entropy Wonderland: A Review of the Entropy Concept, Thermal Science, 22
(2018), 2, pp. 1163-1178

[31] Schrodinger, E., What is Life? The Physical Aspect of the Living Cell, Cambridge University Press,
Cambridge, UK, 1944

[32] Glansdorff, P., Prigogine, 1., Thermodynamic Theory of Structure, Stability and Fluctuations, Hoboken,
Wiley, N. J., USA, 1971

[33] Prigogine, 1., Wiame, J. M., Biology and Thermodynamics of Irreversible Phenomena (in French),
Experientia, 2 (1946), Nov., pp. 451-453

[34] Prigogine, 1., Thermodynamic Study of Irreversible Phenomena (in French), Dunod, Paris, 1947



Popovi¢, M. E., Thermodynamics of Bacteria-Phage Interactions —...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 411-431 427

[35] Prigogine, 1., Nobel Lecture: Time, Structure and Fluctuations, Available at:
https://www.nobelprize.org/prizes/chemistry/1977/prigogine/lecture/, 1977

[36] Popovic, M., Living Organisms from Prigogine’s Perspective: An Opportunity to Introduce Students to
Biological Entropy Balance, Journal of Biological Education, 52 (2018), 3, pp. 294-300

[37] Morowitz, H., The Emergence of Complexity, Complexity, 1 (1995), 1, pp. 4-5

[38] Morowitz, H. J., Beginnings of Cellular Life: Metabolism Recapitulates Biogenesis, Yale University
Press, New Haven, Conn., USA, 1992

[39] Morowitz, H. J., Energy Flow in Biology: Biological Organization as a Problem in Thermal Physics,
Academic Press, New York, USA, 1968

[40] Morowitz, H. J., Some Order-Disorder Considerations in Living Systems, Bulletin of Mathematical
Biophysics, 17 (1955), June, pp. 81-86

[41] Morowitz, H. J., et al., The Origin of Intermediary Metabolism, Proceedings of the National Academy of
Sciences, 97 (2000), 14, pp. 7704-7708

[42] Morowitz, H. J., et al., The Chemical Logic of a Minimum Protocell, Origins Life Evol Biosphere, 18
(1988), Sept., pp. 281-287

[43] von Stockar, U., Liu, J., Does Microbial Life Always Feed on Negative Entropy? Thermodynamic
Analysis of Microbial Growth, Biochimica et Biophysica Acta, 1412 (1999), 3, pp. 191-211

[44] Von Stockar, U., et al., Thermodynamics of Microbial Growth and Metabolism: An Analysis of the
Current Situation, Journal of Biotechnology, 121 (2006), 4, pp. 517-533

[45] von Stockar, U., et al., Can Microbial Growth Yield be Estimated Using Simple Thermodynamic
Analogies to Technical Processes?. Chem. Eng. and Pro.: Pro. Intensification, 47 (2008), 6, pp. 980-990

[46] Patino, R., et al., A Study of the Growth for the Microalga Chlorella Vulgaris by Photo-Bio-Calorimetry
and other On-Line and Off-Line Techniques, Biotechnology and Bioengineering, 96 (2007), 4, pp. 757-767

[47] Von Stockar, U., Marison, . W., The Definition of Energetic Growth Efficiencies for Aerobic and
Anaerobic Microbial Growth and their Determination by Calorimetry and by Other Means,
Thermochimica Acta, 229 (1993), Dec., pp. 157-172

[48] Liu, J. S., et al., Microbial Growth by a Net Heat Up-Take: A Calorimetric and Thermodynamic Study
on Acetotrophic Methanogenesis by Methanosarcina Barkeri, Biotechnology and Bioengineering, 75
(2001), 2, pp. 170-180

[49] Hansen, L. D., et al., Transformation of Matter in Living Organisms During Growth and Evolution,
Biophysical Chemistry, 271 (2021), 106550

[50] Hansen, L. D., et al., Laws of Evolution Parallel the Laws of Thermodynamics, The Journal of Chemical
Thermodynamics, 124 (2018), Sept., pp. 141-148

[51] Hansen, L. D., et al., Biological Calorimetry and the Thermodynamics of the Origination and Evolution
of Life, Pure and Applied Chemistry, 81 (2009), 10, pp. 1843-1855

[52] Lucia, U., Grisolia, G., How Life Works a Continuous Seebeck-Peltier Transition in Cell Membrane?.
Entropy, 22 (2020), 9, 960

[53] Lucia, U., Bioengineering Thermodynamics of Biological Cells, Theoretical Biology & Medical
Modelling, 12 (2015), 29

[54] Lucia, U., et al., A Thermoeconomic Indicator for the Sustainable Development with Social
Considerations, Environ Dev Sustain, 24 (2022), May, pp. 2022-2036

[55] Grisolia, G., et al.,, The Education Index in the Context of Sustainability: Thermo-Economic
Considerations, Frontiers in Physics, 10 (2022), Aug., 800

[56] Lucia, U., Grisolia, G., The Gouy-Stodola Theorem from Irreversibility to Sustainability the
Thermodynamic Human Development Index, Sustainability, 13 (2021), 7, 3995

[57] Maskow, T., et al., What Heat is Telling us About Microbial Conversions in Nature and Technology:
from Chip- to Megacalorimetry, Microbial Biotechnology, 3 (2010), 3, pp. 269-284

[58] Maskow, T., Paufler, S., What does Calorimetry and Thermodynamics of Living Cells Tell Us?.
Methods, 76 (2015), Apr., pp. 3-10

[59] Maskow, T., Harms, H., Real Time Insights Into Bioprocesses Using Calorimetry: State of the Art and
Potential, Engineering in Life Sciences, 6 (2006), 3, pp. 266-277

[60] Maskow, T., von Stockar, U., How Reliable are Thermodynamic Feasibility Statements of Biochemical
Pathways?. Biotechnology and Bioengineering, 92 (2005), 2, pp. 223-230

[61] Maskow, T., Miniaturization of Calorimetry: Strengths and Weaknesses for Bioprocess Monitoring, in:
Biothermodynamics: The Role of Thermodynamics in Biochemical Engineering, (ed. von Stockar, U.,),
EPFL Press, Lausanne, Switzerland, 2013, pp. 423-442


https://www.nobelprize.org/prizes/chemistry/1977/prigogine/lecture/

Popovi¢, M. E., Thermodynamics of Bacteria-Phage Interactions —...
428 THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 411-431

[62] Korth, B., et al., Precious Data from Tiny Samples: Revealing the Correlation Between Energy Content
and the Chemical Oxygen Demand of Municipal Wastewater by Micro-Bomb Combustion Calorimetry,
Frontiers in Energy Research, 9 (2021), 705800

[63] Fricke, C., et al., Rapid Calorimetric Detection of Bacterial Contamination: Influence of the Cultivation
Technique, Frontiers in Microbiology, 10 (2019), Nov., 2530

[64] Barros, N., et al., The Effect of Extreme Temperatures on Soil Organic Matter Decomposition from
Atlantic Oak Forest Ecosystems, Iscience, 24 (2021), 12, 103527

[65] Barros, N., Thermodynamics of Soil Microbial Metabolism: Applications and Functions, Applied
Sciences, 11 (2021), 11, 4962

[66] Barros, N., et al., Thermodynamics of Soil Organic Matter Decomposition in Semi-Natural Oak
(Quercus) Woodland in Southwest Ireland, Oikos, 129 (2020), 11, pp. 1632-1644

[67] Barros, N., et al., Factors Influencing the Calorespirometric Ratios of Soil Microbial Metabolism, Soil
Biology and Biochemistry, 92 (2016). Jan., pp. 221-229

[68] Xu, J., et al., Exploring the Potential of Microcalorimetry to Study Soil Microbial Metabolic Diversity,
Journal of Thermal Analysis and Calorimetry, 127 (201), 2, pp. 1457-1465

[69] Berg, J. M., et al., Biochemistry, 5" ed.. Freeman, New York, USA, (Section 14.1, Metabolism Is
Composed of Many Coupled, Interconnecting Reactions, 2002

[70] Gale, P., Using Thermodynamic Equilibrium Models to Predict the Effect of Antiviral Agents on
Infectivity: Theoretical Application to SARS-CoV-2 and Other Viruses, Microbial Risk Analysis, 21
(2022), 100198

[71] Gale, P., How Virus Size and Attachment Parameters Affect the Temperature Sensitivity of Virus
Binding to Host Cells: Predictions of a Thermodynamic Model for Arboviruses and HIV, Microbial Risk
Analysis, 15 (2020), 100104

[72] Gale, P., Towards a Thermodynamic Mechanistic Model for the Effect of Temperature on Arthropod
Vector Competence for Transmission of Arboviruses, Microbial Risk Analysis, 12 (2019), Aug., pp. 27-43

[73] Gale, P., Using Thermodynamic Parameters to Calibrate a Mechanistic Dose-Response for Infection of a
Host by a Virus, Microbial risk analysis, 8 (2018), Apr., pp. 1-13

[74] Lucia, U., et al., Thermodynamics and SARS-CoV-2: Neurological Effects in Post-Covid 19 Syndrome.
Atti della Accademia Peloritana dei Pericolanti, 99 (2021), 2, A3

[75] Lucia, U., et al., Seebeck-Like Effect in SARS-CoV-2 Bio-Thermodynamics, Atti della Accademia
Peloritana dei Pericolanti-Classe di Scienze Fisiche, Matematiche e Naturali, 98 (2020), 2, 6

[76] Lucia, U., et al., Entropy-Based Pandemics Forecasting, Frontiers in Physics, 8 (2020), 274

[77] Kaniadakis, G., et al., The «k-Statistics Approach to Epidemiology, Scientific Reports, 10 (2020), 1,
19949

[78] Privalov, P. L., Microcalorimetry of Macromolecules: The Physical Basis of Biological Structures, John
Wiley & Sons, Hoboken, N. J., USA, 2012

[79] Sarge, S. M., et al., Calorimetry: Fundamentals, Instrumentation and Applications, John Wiley & Sons,
Hoboken, N, J., USA, 2014

[80] Bauer, D. W., et al., Exploring the Balance between DNA Pressure and Capsid Stability in
Herpesviruses and Phages, Journal of Virology, 89 (2015), 18, pp. 9288-9298

[81] Bauer, D. W., Evilevitch, A., Influence of Internal DNA Pressure on Stability and Infectivity of Phage A,
Journal of Molecular Biology, 427 (2015), 20, pp. 3189-3200

[82] Li, D., et al., lonic Switch Controls the DNA State in Phage A, Nucleic Acids Research, 43 (2015), 13,
pp. 6348-6358

[83] Evilevitch, A., The Mobility of Packaged Phage Genome Controls Ejection Dynamics, eLife, 7 (2018),
Sept., 37345

[84] Chakraborty, S., et al., Mechanistic Insight into the Structure and Dynamics of Entangled and Hydrated
A-Phage DNA, The Journal of Physical Chemistry. A, 116 (2012), 17, pp. 4274-4284

[85] Petsong, K., et al., Optimization of Wall Material for Phage Encapsulation via Freeze-Drying and
Antimicrobial Efficacy of Microencapsulated Phage against Salmonella, Journal of Food Science and
Technology, 58 (2021), 5, pp. 1937-1946

[86] Chang, R. Y. K., et al., Storage Stability of Inhalable Phage Powders Containing Lactose at Ambient
Conditions, International Journal of Pharmaceutics, 560 (2019), Apr., pp. 11-18

[87] zhang, Y., et al., The Stabilizing Excipients in Dry State Therapeutic Phage Formulations, AAPS
PharmSciTech, 21 (2020), 4, 133



Popovi¢, M. E., Thermodynamics of Bacteria-Phage Interactions —...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 411-431 429

[88] Leung, S. S., et al., Production of Inhalation Phage Powders Using Spray Freeze Drying and Spray
Drying Techniques for Treatment of Respiratory Infections, Pharmaceutical Research, 33 (2016), 6, pp.
1486-1496

[89] Malik, D. J., Bacteriophage Encapsulation Using Spray Drying for Phage Therapy, Current Issues in
Molecular Biology, 40 (2021), pp. 303-316

[90] Lerchner, J., et al., Chip-Calorimetric Evaluation of the Efficacy of Antibiotics and Bacteriophages
Against Bacteria on a Minute-Timescale, J. of Therm. Ana. and Calorimetry, 104 (2011), 1, pp. 31-36

[91] Morais, F. M., et al., Chip-Calorimetric Monitoring of Biofilm Eradication with Bacteriophages Reveals
an Unexpected Infection-Related Heat Profile, J. of Therm. Ana. and Cal., 115 (2014), 3, pp. 2203-2210

[92] Tkhilaishvili, T., et al., Real-Time Assessment of Bacteriophage T3-Derived Antimicrobial Activity
Against Planktonic and Biofilm-Embedded Escherichia Coli by Isothermal Microcalorimetry, Research
in Microbiology, 169 (2018), 9, pp. 515-521

[93] Wang, L., et al., Bacteriophage-Antibiotic Combinations Against Ciprofloxacin/Ceftriaxone-Resistant
Escherichia Coli in Vitro and in an Experimental Galleria Mellonella Model, International Journal of
Antimicrobial Agents, 56 (2020), 6, 106200

[94] Tkhilaishvili, T., et al., Using Bacteriophages as a Trojan Horse to the Killing of Dual-Species Biofilm
Formed by Pseudomonas Aeruginosa and Methicillin Resistant Staphylococcus Aureus, Frontiers in
Microbiology, 11 (2020), 695

[95] Tkhilaishvili, T., et al., Antibacterial Efficacy of Two Commercially Awvailable Bacteriophage
Formulations, Staphylococcal Bacteriophage and PYO Bacteriophage, Against Methicillin-Resistant
Staphylococcus aureus: Prevention and Eradication of Biofilm Formation and Control of a Systemic
Infection of Galleria mellonella Larvae, Frontiers in Microbiology, 11 (2020), 110

[96] Tkhilaishvili, T., et al., Bacteriophage Sh-1 Enhances Antibiotic Activity Against Biofilm, Degrades
Exopolysaccharide Matrix And Targets Persisters of Staphylococcus Aureus, International Journal of
Antimicrobial Agents, 52 (2018), 6, pp. 842-853

[97] Tkhilaishvili, T., et al., Simultaneous and Sequential Applications of Phages and Ciprofloxacin in
Killing Mixed-Species Biofilm of Pseudomonas Aeruginosa and Staphylococcus Aureus, in:
Orthopaedic Proceedings, The British Editorial Society of Bone & Joint Surgery, London, UK, Vol.
100, No. Suppl. 17, pp. 65-65, 2018

[98] Mariana, F., Chip-Calorimetric Monitoring and Biothermodynamic Analysis of Biofilm Growth and
Interactions with Chemical and Biological Agents, Ph. D. thesis, Technical University of Dresden,
Dresden, Germany, 2015

[99] Qiu, X., Heat Induced Capsid Disassembly and DNA Release of Bacteriophage A, PloS one, 7 (2012), 7,
€39793

[100] Chang, R. Y. K., et al., Inhalable Bacteriophage Powders: Glass Transition Temperature and
Bioactivity Stabilization, Bioengineering & Translational Medicine, 5 (2020), 2, e10159

[101] Boggione, D. M. G., et al., Preparation of Polyvinyl Alcohol Hydrogel Containing Bacteriophage and
Its Evaluation for Potential Use in the Healing of Skin Wounds, Journal of Drug Delivery Science and
Technology, 63 (2021), 102484

[102] Heselpoth, R. D., et al., Quantitative Analysis of the Thermal Stability of the Gamma Phage
Endolysin Plyg: A Biophysical and Kinetic Approach to Assaying Therapeutic Potential, Virology, 477
(2015), Mar., pp. 125-132

[103] Xu, J., et al., An Enhanced Bioindicator for Calorimetric Monitoring of Prophage-Activating
Chemicals in the Trace Concentration Range, Engineering in Life Sciences, 18 (2018), 7, pp. 475-483

[104] Kurochkina, L. P., et al., Expression and Functional Characterization of the First Bacteriophage-
Encoded Chaperonin, Journal of Virology, 86 (2012), 18, pp. 10103-10111

[105] Lee, S. J., et al., Residues of Escherichia coli Thioredoxin Critical for Interaction with Phage T7
DNA Polymerase to Increase Processivity, The FASEB Journal, 31 (2017), S1, 592-3

[106] Plotka, M., et al., Biochemical Characterization and Validation of a Catalytic Site of a Highly
Thermostable Ts2631 Endolysin from the Thermus Scotoductus Phage vB_Tsc2631, PloS one, 10
(2015), 9, e0137374

[107] Lee, J.-M., et al., Improvement of High Affinity and Selectivity on Biosensors Using Genetically
Engineered Phage by Binding Isotherm Screening, Viruses, 11 (2019), 3, 248

[108] Popovic, M., Minceva, M., Thermodynamic Insight Into Viral Infections 2: Empirical Formulas,
Molecular Compositions and Thermodynamic Properties of SARS, MERS and SARS-CoV-2 (COVID-
19) Viruses, Heliyon, 6 (2020), 9, 04943



Popovi¢, M. E., Thermodynamics of Bacteria-Phage Interactions —...
430 THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 411-431

[109] Patel, S. A., Erickson, L. E., Estimation of Heats of Combustion of Biomass from Elemental Analysis
Using Available Electron Concepts, Biotechnology and Bioengineering, 23 (1981), 9, pp. 2051-2067
[110] Battley E. H., A Theoretical Study of the Thermodynamics of Microbial Growth Using
Saccharomyces Cerevisiae and a Different Free Energy Equation, The Quarterly Review of Biology, 88
(2013), 2, pp. 69-96

[111] Battley, E. H., An Empirical Method for Estimating the Entropy of Formation and the Absolute
Entropy of Dried Microbial Biomass for use in Studies on the Thermodynamics of Microbial Growth,
Thermochimica Acta, 326 (1999), 1-2, pp. 7-15

[112] Battley, E. H., The Development of Direct and Indirect Methods for the Study of the
Thermodynamics of Microbial Growth. Thermochimica Acta, 309 (1998), 1-2, pp. 17-37

[113] Battley, E. H., On the Enthalpy of Formation of Escherichia coli K-12 cells, Biotechnology and
Bioengineering, 39 (1992), 1, pp. 5-12

[114] Bauer, S., Ziv, E., Dense Growth of Aerobic Bacteria in a Bench-Scale Fermentor, Biotechnology and
Bioengineering, 18 (1976), 1, pp. 81-94

[115] Geerlof, A., M9 Mineral Medium, Helmholtz Center Munich, available at: https://www.helmholtz-
muenchen.de/fileadmin/PEPF/Protocols/M9-medium_150510.pdf, 2010

[116] ***, Cold Spring Harbor Protocols, M9 Minimal Medium (standard), Cold Spring Harbor Laboratory,
available at: https://doi.org/10.1101/pdb.rec12295, 2022

[117] Xing, W., et al., Oxygen Solubility, Diffusion Coefficient, and Solution Viscosity, in: Rotating
Electrode Methods and Oxygen Reduction Electrocatalysts, Elsevier, Amsterdam, The Netherlands,
2014, pp. 1-31

[118] Atkins, P. W., de Paula, J., Physical Chemistry for the Life Sciences, 2" ed., W. H. Freeman and
Company, New York, USA, 2011

[119] Atkins, P. W., de Paula, J., Physical Chemistry: Thermodynamics, Structure, and Change, 10M ed.,
W. H. Freeman and Company, New York, USA, 2014

[120] Rard, J. A., Wolery, T. J., The Standard Chemical-Thermodynamic Properties of Phosphorus and
Some of its Key Compounds and Aqueous Species: An Evaluation of Differences between the Previous
Recommendations of NBS/NIST and CODATA, J. of Solution Chem., 36 (2007), 11-12, pp. 1585-1599

[121] Kielland, J., Individual Activity Coefficients of lons in Aqueous Solutions, Journal of the American
Chemical Society, 59 (1937), 9, pp. 1675-1678

[122] Skoog, D. A., et al., Fundamentals of Analytical Chemistry, 9" ed., Cengage Learning, Boston,
Mass., USA, 2013

[123] Popovic, M., Omicron BA.2.75 Sublineage (Centaurus) Follows the Expectations of the Evolution
Theory: Less Negative Gibbs Energy of Biosynthesis Indicates Decreased Pathogenicity, Microbiology
Research, 13 (2022), 4, pp. 937-952

[124] Heijnen, J. J., A Thermodynamic Approach to the Black Box Model, in:, Biothermodynamics: The
Role of Thermodynamics in Biochemical Engineering, (ed. Urs von Stockar), EPFL Press, Lausanne,
Switzerland, 2013, pp. 443-473

[125] Heijnen, J. J., Van Dijken, J. P., In Search of a Thermodynamic Description of Biomass Yields for the
Chemotrophic Growth of Microorganisms, Biotechnology and Bioengineering, 39 (1992), 8, pp. 833-858

[126] Liu, J. S., et al., A Comparison of Various Gibbs Energy Dissipation Correlations for Predicting
Microbial Growth Yields, Thermochimica Acta, 458 (2007), 1-2, pp. 38-46

[127] Roels, J. A., Energetics and Kinetics in Biotechnology, Elsevier, Amsterdam, The Netherlands, 1983

[128] Von Stockar, U., et al., Thermodynamic Analysis of Metabolic Pathways, in: Biothermodynamics: the
Role of Thermodynamics in Biochemical Engineering, (ed. von Stockar, U.,) EPFL Press, Lausanne,
Switzerland, 2013, pp. 581-604

[129] Popovic, M., et al., Thermodynamics of Hydrolysis of Cellulose to Glucose from 0 to 100 C°:
Cellulosic Biofuel Applications and Climate Change Implications, The Journal of Chemical
Thermodynamics, 128 (2019), Jan., pp. 244-250

[130] Popovic, M., Biothermodynamic Key Opens the Door of Life Sciences: Bridging the Gap between
Biology and Thermodynamics, Preprints, https://doi.org/10.20944/preprints202210.0326.v1, 2022

[131] Popovic, M., Biothermodynamics of Viruses from Absolute Zero (1950) To — Virothermodynamics
(2020), Vaccines, 10 (2022), 12, 2112

[132] Demirel, Y., Nonequilibrium Thermodynamics: Transport and Rate Processes in Physical, Chemical
and Biological Systems, 3" ed., Elsevier, Amsterdam, The Netherlands, 2014


https://www.helmholtz-muenchen.de/fileadmin/PEPF/Protocols/M9-medium_150510.pdf
https://www.helmholtz-muenchen.de/fileadmin/PEPF/Protocols/M9-medium_150510.pdf
https://doi.org/10.1101/pdb.rec12295
https://doi.org/10.20944/preprints202210.0326.v1

Popovi¢, M. E., Thermodynamics of Bacteria-Phage Interactions —...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 411-431 431

[133] Hellingwerf, K. J., et al., Energetics of Microbial Growth: An Analysis of the Relationship Between
Growth and its Mechanistic Basis by Mosaic Non-Equilibrium Thermodynamics, FEMS Microbiology
Letters, 15 (1982), 1, pp. 7-17

[134] Westerhoff, H. V., et al., Thermodynamics of Growth. Non-Equilibrium Thermodynamics of
Bacterial Growth: The Phenomenological and the Mosaic Approach, Biochimica et Biophysica Acta
(BBA) - Reviews on Bioenergetics, 683 (1982), 3-4, pp. 181-220

[135] De Paepe, M., Petit, M. A., Phage Predation: Killing the killers, eLife, 3 (2014), e04168

[136] Jover, L. F., et al., The Elemental Composition of Virus Particles: Implications for Marine
Biogeochemical Cycles, Nature Reviews. Microbiology, 12 (2014), 7, pp. 519-528

Paper submitted: October 4, 2022 © 2023 Society of Thermal Engineers of Serbia.
Paper revised: November 25, 2022 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: December 2, 2022 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.


http://www.vin.bg.ac.rs/index.php/en/

