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Dissipation 
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School of Life Sciences, Technical University of Munich, 85354 Freising, Germany; marko.popovic@tum.de or 
marko.popovic.td@gmail.com 

Abstract: Viroids represent the simplest, but are also among the most interesting life-like forms. 
They represent a great problem in agriculture. Moreover, pathogens similar to viroids, such as the 
hepatitis Delta virus represent a risk for human health. Viroids encode no proteins, but are still able 
to hijack their host cells’ metabolism to perform multiplication. This paper attempts to reply three 
questions about viroids. First, how can viroids hijack their host cells’ metabolism, even though they 
encode no proteins to achieve this? Second, what advantages do viroids have from their simplicity? 
Third, what can viroids, as the simplest life-like forms, tell us about life as a natural phenomenon? 
These questions are discussed from the perspective of biothermodynamics. In order to do this, 
elemental composition, biosynthesis reactions and standard thermodynamic properties of viroids 
have been determined and analyzed. 
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1. Introduction 

Viroids have been discovered in the 1970s. The unique properties of viroids have been 
recognized by the international committee on taxonomy of viruses [King et al., 2011]. Sanger et al. 
have shown that viroids consist of single stranded circular RNA molecules [Sanger et al., 1976; Wang, 
2021]. The structure of viroids has been confirmed by electron microscopy [Sogo et al., 1973]. 
Nucleotide sequence of a viroid has been determined in 1978 [Gross et al., 1978]. 

Viroids are obligate intracellular parasites, like viruses [Riedel et al., 2019]. Viruses have been 
extensively studied from the perspective of biothermodynamics. Knowing virus genetic and protein 
sequences has enabled to find the empirical formulas for several viruses, using the atom counting 
method [Popovic, 2022a]. Based on the empirical formulas, it is possible to formulate growth 
reactions, representing formation of new live matter from nutrients [Battley, 2013, 1999b, 1998; von 
Stockar, 2013b]. 

Organisms and microorganisms represent open thermodynamic systems with the property of 
growth [von Bertalanffy, 1950, 1971; von Stockar, 2013a, 2013b, Popovic, 2019]. Empirical formulas 
and thermodynamic properties have been determined for many viruses [Popovic and Minceva, 
2020a, 2020b; Popovic, 2022h, 2022i, 2022j, 2022k; Şimşek et al., 2021; Degueldre, 2021]. 
Biothermodynamic background of virus-host interactions has been under intense research during the 
last 20 years [Gale, 2021, 2020, 2019, 2018; Lucia et al., 2021, 2020a, 2020b; Mahmoudabadi et al., 2017; 
Casasnovas and Springer, 1995; Popovic and Minceva, 2021a].  

Host organisms of viroids are plants. Thermodynamic properties and empirical formulas of 
plants can be found in the literature [Popovic and Minceva, 2021b]. Hepatitis Delta virus is a 
pathogen similar to viroids. It interacts with the human liver tissue. Thermodynamic properties of 
human tissues can be found in [Popovic and Minceva, 2022c; Popovic, 2022k].  

This paper attempts to find a response for three questions about viroids. The first is how can 
viroids to multiply inside their host cells, even though they encode no proteins to help them achieve 
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this? The second is what advantage do viroids obtain from their simplicity? The third is what can 
viroids, as the simplest known life-like forms, tell us about life as a natural phenomenon? These 
questions are discussed from the biothermodynamic perspective, since energy is a key factor 
determining microorganism-host interactions [Head et al., 2022]. To perform thermodynamic 
analysis, it is necessary to calculate the empirical formulas, formulate biosynthesis reactions and find 
biothermodynamic properties of viroids. 

2. Methods 

2.1. Data sources 

Genetic sequences of the analyzed viroids were obtained from the NCBI database [NCBI, 2022; 
Sayers et al., 2022]. The genetic sequence of the Apple scar skin viroid can be found under the 
accession number M36646.1. The genetic sequence of the Avocado sunblotch viroid can be found 
under the accession number M31099.1. The genetic sequence of the Citrus exocortis viroid can be 
found under the accession number S67442.1. The genetic sequence of the Coconut cadang-cadang 
viroid can be found under the accession number KM588102.1. The genetic sequence of the Coleus 
blumei viroid 1 can be found under the accession number MZ326146.1. The genetic sequence of the 
Potato spindle tuber viroid can be found under the accession number M25199.1. The genetic sequence 
of the Tomato chlorotic dwarf viroid can be found under the accession number NC_000885.1. 

Elemental composition of plant live matter was taken from the literature [Nam & Capareda, 
2015; Pineda-Insuasti et al., 2014; Fialho et al, 2019; Titiloye et al, 2013; Latshaw and Miller, 1924; 
Medic et al., 2012]. 

Standard Gibbs energies of biosynthesis of cellular organisms (E. coli and human) and viruses 
(Ebola, SARS-CoV-2 and Herpes simplex virus type 1) have been taken from the literature [Popovic 
and Minceva, 2020a; Popovic, 2022h, 2022k]. Standard Gibbs energy of biosynthesis of Escherichia 
coli is -45.25 kJ/C-mol [Popovic and Minceva, 2020a]. Standard Gibbs energy of biosynthesis of 
human tissues is -23.78 kJ/C-mol [Popovic, 2022k]. Standard Gibbs energy of biosynthesis of the Ebola 
virus is -151.59 kJ/C-mol [Popovic, 2022k]. Standard Gibbs energy of biosynthesis of SARS-CoV-2 
(Hu-1 variant) is -222.2 kJ/C-mol [Popovic, 2022k]. Standard Gibbs energy of biosynthesis of the 
Herpes simplex virus type 1 is -371.99 kJ/C-mol [Popovic, 2022L]. 

2.2. Elemental composition of live matter and biosynthesis reactions 

Empirical formulas of the viroids were calculated based on their genetic sequences, using the 
atom counting method [Popovic, 2022a]. The atom counting method is a computational approach, 
which can find elemental composition of live matter of viroids, based on their genetic sequences 
[Popovic, 2022a]. It is implemented using a computer program, which goes along the nucleic acid 
sequences of viroids and adds atoms coming from every residue in the sequence [Popovic, 2022a]. 
The atom counting method can also be applied to find elemental composition of viruses [Popovic, 
2022a]. 

Empirical formulas of plant live matter were found based on elemental compositions reported 
in the literature as mass fractions. Mass fraction data can be converted into empirical formulas, using 
the equation 𝑛௃ = 𝑤௃𝑤஼ 𝑀஼𝑀௃  (1)

where nJ is the number of atoms of element J in the empirical formula of live matter, wJ mass fraction 
of element J in the live matter, wC mass fraction of carbon in the live matter, MC molar mass of carbon 
and MJ molar mass of element J [Duboc et al., 1999]. 

The empirical formulas of viroid particles were used to construct biosynthesis reactions, 
summarizing conversion of nutrients into new live matter [von Stockar, 2013a, 2013b; Battley, 1998]. 
The biosynthesis reaction has the general form [Popovic, 2022b, 2022g, 2022k] 
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(Amino acids) + CH2O + O2 + HPO42- + HCO3- + K+ + Mg2+ + Ca2+ + Cl- = (Bio) + SO42- + 
H2O + HCO3- + H2CO3 

(2)

where (Bio) represents new live matter, described by an empirical formula given by the atom 
counting method [Popovic, 2022a]. (Amino acid) represents a mixture of amino acids with the 
empirical formula CH1.798O0.4831N0.2247S0.022472 (expressed per mole of carbon), representing the source 
of energy, carbon, nitrogen and sulfur [Popovic, 2022b, 2022g]. CH2O represents carbohydrates, as 
the additional energy and carbon source [Popovic, 2022k]. O2 is the electron acceptor [Popovic, 2022b, 
2022g]. HPO42- is the source of phosphorus [Popovic, 2022b, 2022g]. HCO3- is a part of the bicarbonate 
buffer that takes excess H+ ions that are generated during biosynthesis [Popovic, 2022b, 2022g]. The 
ions K+, Mg2+ and Ca2+ and Cl- represent the sources of potassium, magnesium, calcium and chlorine, 
respectively [Popovic, 2022k]. SO42- is an additional metabolic product that takes excess sulfur atoms 
[Popovic, 2022b, 2022g]. H2CO3 takes the oxidized carbon atoms and is also a part of the bicarbonate 
buffer [Popovic, 2022b, 2022g]. 

2.3. Thermodynamic properties of live matter and biosynthesis  

Empirical formulas were used to find thermodynamic properties of live matter for viroids and 
plants. This was done using predictive biothermodynamic models, such as the Patel-Erickson 
equation and the Battley equation. The Patel-Erickson equation was used to find enthalpy of live 
matter. First, empirical formulas of live matter were used to find number of electrons transferred to 
oxygen, E, during complete combustion 𝐸 = 4𝑛஼ + 𝑛ு − 2𝑛ை − 0𝑛ே + 5𝑛௉ + 6𝑛ௌ (3)

where nC, nH, nO, nN, nP and nS, represent the number of C, H, O, N, P and S atoms in the empirical 
formula of live matter, respectively [Battley, 1998, 1992; Popovic, 2019]. Then, E was used to find 
standard enthalpy of combustion, ΔCH⁰, of live matter, through the Patel-Erickson equation [Patel 
and Erickson, 1981; Battley, 1998, 1992; Popovic, 2019]. ∆஼𝐻଴ = −111.14 𝑘𝐽𝑚𝑜𝑙 ∙ 𝐸 (4)

ΔCH⁰ is defined as the enthalpy change for the reaction 

CnCHnHOnONnNPnPSnSKnKMgnMgCanCaClnCl + (nC + ¼ nH + 1¼ nP + 1½ nS + ¼ nK + ½ nMg + 
½ nCa + ¾ nFe - ½ nO – ¼ nCl) O2 → nC CO2 + ½ nH H2O + ½ nN N2 + ¼ nP P4O10 + nS SO3 + 

½ nK K2O + nMg MgO + nCa CaO + nCl HCl 
(5)

Thus, Hess’s law can be used to find standard enthalpy of formation, ΔfH⁰, of live matter [Battley, 
1998, 1992; Popovic, 2019]. ∆௙𝐻଴(𝑏𝑖𝑜) = 𝑛஼∆௙𝐻଴(𝐶𝑂ଶ) + 12 𝑛ு∆௙𝐻଴(𝐻ଶ𝑂) + 14 𝑛௉∆௙𝐻଴(𝑃ସ𝑂ଵ଴) + 𝑛ௌ∆௙𝐻଴(𝑆𝑂ଷ)+ 12 𝑛௄∆௙𝐻଴(𝐾ଶ𝑂) + 𝑛ெ௚∆௙𝐻଴(𝑀𝑔𝑂) + 𝑛஼௔∆௙𝐻଴(𝐶𝑎𝑂) + 𝑛஼௟∆௙𝐻଴(𝐻𝐶𝑙)− ∆஼𝐻଴ 

(6)

Standard molar entropy of live matter, S⁰m, was found using the Battley equation [Battley, 1999a; 
Battley and Stone, 2000; Popovic, 2019]. The Battley equation has the form 𝑆௠଴ (𝑏𝑖𝑜) = 0.187 ෍ 𝑆௠଴ (𝐽)𝑎௃ 𝑛௃௃  (7)

where nJ is the number of atoms of element J in the empirical formula of live matter [Battley, 1999; 
Battley and Stone, 2000; Popovic, 2019]. S⁰m(J) and aJ are standard molar entropy and number of atoms 
per formula unit of element J in its standard state elemental form [Battley, 1999; Battley and Stone, 
2000; Popovic, 2019]. The Battley equation can be modified to give standard entropy of formation, 
ΔfS⁰, of live matter [Battley, 1999; Battley and Stone, 2000; Popovic, 2019] 
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𝑆௠଴ (𝑏𝑖𝑜) = −0.813 ෍ 𝑆௠଴ (𝐽)𝑎௃ 𝑛௃௃  (8)

Finally, ΔfH⁰ and ΔfS⁰ are combined to give standard Gibbs energy of formation of live matter, ΔfG⁰. ∆௙𝐺଴(𝑏𝑖𝑜) = ∆௙𝐻଴(𝑏𝑖𝑜) − 𝑇∆௙𝑆଴(𝑏𝑖𝑜) (9)

Once live matter is characterized by finding its ΔfH⁰, S⁰m and ΔfG⁰, these properties can be 
combined with biosynthesis reactions to find standard thermodynamic properties of biosynthesis. 
Standard thermodynamic properties of biosynthesis include standard enthalpy of biosynthesis, ΔbsH⁰, 
standard entropy of biosynthesis, ΔbsS⁰, and standard Gibbs energy of biosynthesis, ΔbsG⁰. These 
properties are found by applying the Hess’s law to biosynthesis reactions ∆௕௦𝐻଴ = ෍ 𝜈 ∆௙𝐻଴௣௥௢ௗ௨௖௧௦ − ෍ 𝜈 ∆௙𝐻଴௥௘௔௖௧௔௡௧௦  (10a)

∆௕௦𝑆଴ = ෍ 𝜈 𝑆௠௢௣௥௢ௗ௨௖௧௦ − ෍ 𝜈  𝑆௠௢௥௘௔௖௧௔௡௧௦  (10b)

∆௕௦𝐺଴ = ෍ 𝜈 ∆௙𝐺଴௣௥௢ௗ௨௖௧௦ − ෍ 𝜈 ∆௙𝐺଴௥௘௔௖௧௔௡௧௦  (10c)

where ν represents a stoichiometric coefficient [Popovic, 2022b; Atkins and de Paula, 2011, 2014; von 
Stockar, 2013a, 2013b; Battley, 1998]. The most important of these three properties is standard Gibbs 
energy of biosynthesis, which represents the thermodynamic driving force for growth of all 
organisms [von Stockar, 2013a, 2013b; von Stockar and Liu, 1999], including viruses [Popovic, 2022b]. 

2.4. Elemental composition of viroid nucleic acid 

The calculation starts from the chemical formulas of the 4 nucleotides that comprise the viroid 
RNA molecule: Adenosine monophosphate (C10H14O7N5P), Uridine monophosphate (C9H13O9N2P), 
Guanosine monophosphate (C10H14O8N5P) and Cytidine monophosphate (C9H14O8N3P). First, a water 
molecule is subtracted to find the formulas of nucleotide residues in the RNA: Adenine 
(C10H12O6N5P), Uracil (C9H11O8N2P), Guanine (C10H12O7N5P) and Cytosine (C9H12O7N3P). Then the 
chemical formulas of the nucleotide residues are combined to find chemical formulas of AU 
(C19H23O14N7P2) and GC (C19H24O14N8P2). Finally, the chemical formulas were converted into 
empirical formulas, by dividing the number of atoms of all elements with the number of carbon 
atoms. The empirical formula of the AU is CH1.2105O0.7368N0.3684P0.1053, while that of the GC is 
CH1.2632O0.7368N0.4211P0.1053. Now we can use these AU and GC empirical formulas to find the influence 
of AU and GC contents on the empirical formula of the nucleic acid. 

If we compare the empirical formulas of the A and U (CH1.2105O0.7368N0.3684P0.1053), and G and C 
(CH1.2632O0.7368N0.4211P0.1053) nucleotides, we see that both have the same content of C, O and P, while 
differing in the H and N content. G and C nucleotides has more H and N than A and U bases. Thus, 
as the GC content of the viroid RNA increases, the H and N content will also increase. If we have an 
RNA with a GC content of 0%, then it will consist solely of AU basepairs, meaning that it will have 
the same empirical formula of the AU base (CH1.2105O0.7368N0.3684P0.1053). On the other hand, if the GC 
content is 100%, the RNA will have an empirical formula of the GC base (CH1.2632O0.7368N0.4211P0.1053). 
Thus, the H content will increase from 1.2105 to 1.2632 (difference of 0.0526) and the N content from 
0.3684 to 0.4211 (difference of 0.0526). Thus, the empirical formula of an RNA with a GC content x is 
CH(1.2105+0.0526∙x)O0.7368N(0.3684+0.0526∙x)P0.1053. The empirical formulas were then used to find standard 
thermodynamic properties of viroid live matter and biosynthesis, as described in Section 2.3. These 
data were then used for discussion in Section 4.2. 

3. Results 

Based on genetic sequences, elemental composition of viroids was determined using the atom 
counting method [Popovic, 2022a]. They are reported in the form of empirical formulas in Table 1. 
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The empirical formula of the Apple scar skin viroid is CH1.2474O0.7578N0.3969P0.105550. The empirical 
formula of the Avocado sunblotch viroid is CH1.2301O0.7826N0.3811P0.105487. The empirical formula of the Citrus 
exocortis viroid is CH1.2434O0.7621N0.3966P0.105419. The empirical formula of the Coconut cadang-cadang viroid 
is CH1.2419O0.7547N0.4026P0.105128. The empirical formula of the Coleus blumei viroid 1 is 
CH1.2416O0.7698N0.3908P0.105553. The empirical formula of the Potato spindle tuber viroid is 
CH1.2434O0.7648N0.3940P0.105511. The empirical formula of the Tomato chlorotic dwarf viroid is 
CH1.2416O0.7646N0.3947P0.105417. Finally, the empirical formula of plant live matter was found to be 
CH1.6329O0.7965N0.0245P0.000521S0.001119K0.001969Mg0.000652Ca0.000597Cl0.001007. The empirical formulas of live matter 
were used to construct biosynthesis reactions for viroids and plants, which are reported in Table 2. 

The empirical formulas from Table 1 were used to find standard thermodynamic properties of 
live matter of viroids and plants, using predictive biothermodynamic models (Patel-Erickson and 
Battley). The results are shown in Table 3. These include standard enthalpy of formation, ΔfH⁰, 
standard molar entropy, S⁰m, and standard Gibbs energy of formation, ΔfG⁰. For the Apple scar skin 
viroid, standard enthalpy of formation is -177.75 kJ/C-mol, standard molar entropy is 38.73 J/C-mol 
K, and standard Gibbs energy of formation is -127.55 kJ/C-mol. For the Avocado sunblotch viroid, 
standard enthalpy of formation is -182.72 kJ/C-mol, standard molar entropy is 38.71 J/C-mol K, and 
standard Gibbs energy of formation is -132.54 kJ/C-mol. For the Citrus exocortis viroid, standard 
enthalpy of formation is -178.55 kJ/C-mol, standard molar entropy is 38.76 J/C-mol K, and standard 
Gibbs energy of formation is -128.31 kJ/C-mol. For the Coconut cadang-cadang viroid, standard 
enthalpy of formation is -176.81 kJ/C-mol, standard molar entropy is 38.70 J/C-mol K, and standard 
Gibbs energy of formation is -126.64 kJ/C-mol. For the Coleus blumei viroid 1, standard enthalpy of 
formation is -180.24 kJ/C-mol, standard molar entropy is 38.78 J/C-mol K, and standard Gibbs energy 
of formation is -129.97 kJ/C-mol. For the Potato spindle tuber viroid, standard enthalpy of formation 
is -179.18 kJ/C-mol, standard molar entropy is 38.76 J/C-mol K, and standard Gibbs energy of 
formation is -128.93 kJ/C-mol. For the Tomato chlorotic dwarf viroid, standard enthalpy of formation 
is -179.05 kJ/C-mol, standard molar entropy is 38.75 J/C-mol K, and standard Gibbs energy of 
formation is -128.82 kJ/C-mol. Finally, for plant live matter, standard enthalpy of formation is -178.83 
kJ/C-mol, standard molar entropy is 36.76 J/C-mol K, and standard Gibbs energy of formation is -
131.18 kJ/C-mol. 

Thermodynamic properties of live matter from Table 3 were combined with biosynthesis 
stoichiometries from Table 2, to find standard thermodynamic properties of biosynthesis for viroids 
and plants. The results are presented in Table 4, and include standard enthalpy of biosynthesis, ΔbsH⁰, 
standard entropy of biosynthesis, ΔbsS⁰, and standard Gibbs energy of biosynthesis, ΔbsG⁰. For the 
Apple scar skin viroid, standard enthalpy of biosynthesis is -513.18 kJ/C-mol, standard entropy of 
biosynthesis is -104.03 J/C-mol K, and standard Gibbs energy of biosynthesis is -483.41 kJ/C-mol. For 
the Avocado sunblotch viroid, standard enthalpy of biosynthesis is -480.20 kJ/C-mol, standard 
entropy of biosynthesis is -99.36 J/C-mol K, and standard Gibbs energy of biosynthesis is -451.82 kJ/C-
mol. For the Citrus exocortis viroid, standard enthalpy of biosynthesis is -514.08 kJ/C-mol, standard 
entropy of biosynthesis is -104.42 J/C-mol K, and standard Gibbs energy of biosynthesis is -484.19 
kJ/C-mol. For the Coconut cadang-cadang viroid, standard enthalpy of biosynthesis is -528.07 kJ/C-
mol, standard entropy of biosynthesis is -106.64 J/C-mol K, and standard Gibbs energy of biosynthesis 
is -497.51 kJ/C-mol. For the Coleus blumei viroid 1, standard enthalpy of biosynthesis is -501.04 kJ/C-
mol, standard entropy of biosynthesis is -102.43 J/C-mol K, and standard Gibbs energy of biosynthesis 
is -471.74 kJ/C-mol. For the Potato spindle tuber viroid, standard enthalpy of biosynthesis is -507.98 
kJ/C-mol, standard entropy of biosynthesis is -103.44 J/C-mol K, and standard Gibbs energy of 
biosynthesis is -478.38 kJ/C-mol. For the Tomato chlorotic dwarf viroid, standard enthalpy of 
biosynthesis is -509.96 kJ/C-mol, standard entropy of biosynthesis is -103.81 J/C-mol K, and standard 
Gibbs energy of biosynthesis is -480.25 kJ/C-mol. Finally, for plant live matter, standard enthalpy of 
biosynthesis is -26.79 kJ/C-mol, standard entropy of biosynthesis is 10.88 J/C-mol K, and standard 
Gibbs energy of biosynthesis is -29.16 kJ/C-mol.
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Table 1. Empirical formulas of live matter for viroids and plants. This table shows elemental composition in the form of empirical formulas. A general empirical formula has the form 
CnCHnHOnONnNPnPSnSKnKMgnMgCanCaClnCl. 

Name C H O N P S K Mg Ca Cl 

Apple scar skin viroid 1 1.2474 0.7578 0.3969 0.105550      
Avocado sunblotch viroid 1 1.2301 0.7826 0.3811 0.105487      
Citrus exocortis viroid 1 1.2434 0.7621 0.3966 0.105419      
Coconut cadang-cadang viroid 1 1.2419 0.7547 0.4026 0.105128      
Coleus blumei viroid 1 1 1.2416 0.7698 0.3908 0.105553      
Potato spindle tuber viroid 1 1.2434 0.7648 0.3940 0.105511      
Tomato chlorotic dwarf viroid 1 1.2416 0.7646 0.3947 0.105417      
Plant 1 1.6329 0.7965 0.0245 0.000521 0.001119 0.001969 0.000652 0.000597 0.001007 

Table 2. Biosynthesis reactions for viroids and plants. A general bionsythesis reaction has the form: (Amino acids) + CH2O + O2 + HPO42- + HCO3- + K+ + Mg2+ + Ca2+ + Cl- = (Bio) + SO42- 
+ H2O + HCO3- + H2CO3, where (Bio) denotes the empirical formula of live matter from Table 1. The stoichiometric coefficients for the biosynthesis reactions are given in this table. 

Name 
Reactants   Products 

Amino acid CH2O O2 HPO42- HCO3- K+ Mg2+ Ca2+ Cl- → Bio SO42- H2O HCO3- H2CO3 

Apple scar skin viroid 1.7660 0.0000 1.1277 0.1056 0.0000 0.0000 0.0000 0.0000 0.0000 → 1 0.0397 0.3164 0.1317 0.6343 
Avocado sunblotch 

viroid 1.6960 0.0000 1.0576 0.1055 0.0000 0.0000 0.0000 0.0000 0.0000 → 1 0.0381 0.3336 0.1348 0.5612 

Citrus exocortis viroid 1.7650 0.0000 1.1298 0.1054 0.0000 0.0000 0.0000 0.0000 0.0000 → 1 0.0397 0.3183 0.1315 0.6335 
Coconut cadang-cadang 

viroid 1.7914 0.0000 1.1596 0.1051 0.0000 0.0000 0.0000 0.0000 0.0000 → 1 0.0403 0.3153 0.1297 0.6617 

Coleus blumei viroid 1 1.7393 0.0000 1.1020 0.1056 0.0000 0.0000 0.0000 0.0000 0.0000 → 1 0.0391 0.3226 0.1329 0.6063 
Potato spindle tuber 

viroid 1.7535 0.0000 1.1168 0.1055 0.0000 0.0000 0.0000 0.0000 0.0000 → 1 0.0394 0.3198 0.1322 0.6213 
Tomato chlorotic dwarf 

viroid 1.7565 0.0000 1.1210 0.1054 0.0000 0.0000 0.0000 0.0000 0.0000 → 1 0.0395 0.3202 0.1319 0.6247 

Plant 0.1091 0.8909 0.0132 0.0005 0.0051 0.0020 0.0007 0.0006 0.0010 → 1 0.0013 0.1703 0.0000 0.0051 
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Table 3. Standard thermodynamic properties of live matter for viroids and plants. This table gives 
data on standard enthalpies of formation, ΔfH⁰, standard molar entropies, S⁰m, and standard Gibbs 
energies of formation, ΔfG⁰. 

Name ΔfH⁰ (kJ/C-mol) S⁰m (J/C-mol K) ΔfG⁰ (kJ/C-mol) 

Apple scar skin viroid -177.75 38.73 -127.55 

Avocado sunblotch viroid -182.72 38.71 -132.54 

Citrus exocortis viroid -178.55 38.76 -128.31 

Coconut cadang-cadang viroid -176.81 38.70 -126.64 

Coleus blumei viroid 1 -180.24 38.78 -129.97 

Potato spindle tuber viroid -179.18 38.76 -128.93 

Tomato chlorotic dwarf viroid -179.05 38.75 -128.82 

Plant -178.83 36.76 -131.18 

Table 4. Standard thermodynamic properties of biosynthesis for viroids and plants. This table gives 
data on standard enthalpies of biosynthesis, ΔbsH⁰, standard entropies of biosynthesis, ΔbsS⁰, and 
standard Gibbs energies of biosynthesis, ΔbsG⁰. 

Name ΔbsH⁰ (kJ/C-mol) ΔbsS⁰ (J/C-mol K) ΔbsG⁰ (kJ/C-mol) 

Apple scar skin viroid -513.18 -104.03 -483.41 

Avocado sunblotch viroid -480.20 -99.36 -451.82 

Citrus exocortis viroid -514.08 -104.42 -484.19 

Coconut cadang-cadang viroid -528.07 -106.64 -497.51 

Coleus blumei viroid 1 -501.04 -102.43 -471.74 

Potato spindle tuber viroid -507.98 -103.44 -478.38 

Tomato chlorotic dwarf viroid -509.96 -103.81 -480.25 

Plant -26.79 10.88 -29.16 

4. Discussion 

Viroids are subviral entities, representing the simplest known form of life-like structures 
[Strauss and Strauss, 2008; Tsagris et al., 2008; Flores et al., 1997; Riedel et al., 2019]. Unlike viruses, 
viroids do not possess a capsid: they consist of a naked circular RNA molecule, which does not 
encode any proteins [Strauss and Strauss, 2008; Tsagris et al., 2008; Flores et al., 1997; Riedel et al., 
2019]. Thus, they hijack host cell machinery. The metabolism of a viroid is reduced to just one 
chemical process – biosynthesis of its nucleic acid [Strauss and Strauss, 2008; Tsagris et al., 2008; 
Flores et al., 1997; Riedel et al., 2019]. Synthesis of the viroid RNA represents a chemical reaction of 
polymerization of nucleotides [Pinheiro et al., 2008; Dodd et al., 2020; Johansson and Dixon, 2013; 
Popovic, 2022b, 2022c].  

Viroids have a high GC content (guanine-cytosine content) [Adkar-Purushothama et al., 2020; 
Diener, 1989]. Viruses that in their nucleic acid have a high GC content are characterized by a highly 
negative Gibbs energy of biosynthesis [Popovic, 2022d]. On the other hand, viruses that have a high 
AU content, are characterized by a less negative Gibbs energy of biosynthesis [Popovic, 2022d].  

Gibbs energy of biosynthesis is the driving force for multiplication of microorganisms [von 
Stockar, 2013a, 2013b; Popovic and Popovic, 2022; Popovic, 2022b, 2022c, 2022e, 2022f, 2022g]. An 
organism characterized by a more negative Gibbs energy of biosynthesis, according to the 
biosynthesis phenomenological equation exhibits a greater multiplication rate [Popovic, 2022h].   

The discussion below focuses on three questions about viroids. The first is what enables viroids 
to hijack the metabolisms of their host cells, even though they encode no proteins and thus have no 
enzymes of their own to help them. The second question is what kind of advantage does their 
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simplicity offers to viroids over viruses. The third question is what viroids, as the simplest known 
life-like structures, tell us about life as a phenomenon.  

4.1. How do viroids hijack their host cell’s metabolism? 

Gibbs energies of biosynthesis of viroids and their host plants are presented in Figure 1 and 
Table 4. From Figure 1, we can see that Gibbs energies of biosynthesis of viroids are much more 
negative than those of plants. Gibbs energy of biosynthesis represents the thermodynamic driving 
force for multiplication of microorganisms [von Stockar, 2013a, 2013b], including viruses [Popovic, 
2022d, 2022h]. Biosynthesis reactions of the viroids and their host cells are competitive, since they 
start from the same building blocks, e.g. nucleotides [Popovic, 2022d, 2022h]. 

 

Figure 1. Gibbs energies of biosynthesis of viroids and plants. This graph shows standard Gibbs 
energies of biosynthesis, ΔbsG⁰, of viroids and plants. The green column (■) represents plants. The 
blue columns (■) represent viroids. 

The biosynthesis rate, rbs, is proportional to the Gibbs energy of biosynthesis, ΔbsG, according to 
the biosynthesis phenomenological equation 𝑟௕௦ = − 𝐿௕௦𝑇 ∆௕௦𝐺 (11)

where Lbs is the biosynthesis phenomenological coefficient and T is temperature [Popovic, 2022d, 
2022h]. Gibbs energy of biosynthesis of viroids is much more negative than those of their host plants. 
Thus, according to the biosynthesis phenomenological equation, the biosynthesis rate of viroid RNA 
will be much greater than that of their host cells components. Therefore, due to its greater 
biosynthesis rate, much more viroid RNA will be produced than host cell components. This will allow 
the viroid to hijack its host cell’s metabolism and use it for its multiplication.  

Synthesis of viroid live matter is more energetically favorable than that of the host cell live 
matter. This is why, according to the phenomenological equation, biosynthesis of viroid live matter 
is much faster than that of host cell building blocks. Thus, much more viroid live matter will be 
produced and very little host live matter. This is how viroids multiply and damage plants. Since a lot 
of energy flows through the viroid biosynthesis pathway, little remains for the host plant, which is 
thus damaged. Moreover, viroid multiplication uses building blocks that are also required for the 
host cell. Therefore, in the competition of two chemical processes, the biosynthesis of viroids prevails, 
due to its much greater thermodynamic driving force.  

4.2. Why did viroids evolve to be even simpler then viruses?  
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There are two dominant theories about the origin of viroids. Diener suggested that viroids 
represent living relics, a part of the pre-cellular RNA world [Diener, 1989; Moelling and Broecker, 
2021; Di Serio et al., 2017]. From this perspective, viroids are viewed as a step from non-living to 
living matter [Diener, 1989]. However, viroids could have also arisen through evolution from RNA 
viruses [Di Serio et al., 2017].  

Figure 2 shows standard Gibbs energies of biosynthesis of three classes of organisms: cellular 
organisms, viruses and viroids. Cellular organisms have the least negative Gibbs energies of 
biosynthesis. More negative Gibbs energies of biosynthesis are characteristic of viruses. The greater 
thermodynamic driving force for virus multiplication is what allows viruses to hijack their host cells’ 
metabolisms [Popovic, 2022b, 2022c, 2022d, 2022h]. Viroids are characterized by even more negative 
Gibbs energies of biosynthesis, meaning that they have an even greater thermodynamic driving force 
for their multiplication. Some viruses, like the Herpes simplex virus type 1, have highly negative 
Gibbs energies of biosynthesis close to those of viroids. However, Gibbs energy of biosynthesis of 
viroids is the most negative among all thermodynamically characterized classes of organisms. The 
highly negative values can be explained by the lack of protein and lipid components, which are 
present in viruses. Thus, the simplicity of viroids is what allows them to have the greatest 
thermodynamic driving force for multiplication. 

 

Figure 2. Gibbs energies of biosynthesis of viroids, viruses and cellular organisms. This graph shows 
standard Gibbs energies of biosynthesis, ΔbsG⁰, for 3 classes of organisms. The first are cellular 
organisms, represented by orange columns (■). The second are viruses, represented by blue columns 
(■). The third are viroids, represented by green columns (■). 
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Figure 3. Gibbs energy of biosynthesis and GC content of viroids. The blue line (―) represents a 
prediction based on the elemental composition of AU and GC basepairs (Section 2.4). The orange dots 
(●) represent Gibbs energies of biosynthesis of the viroids analyzed in this research. 

Viroids have a more negative Gibbs energy of biosynthesis than viruses. The loss of proteins 
allowed viroids to achieve a more negative Gibbs energy of biosynthesis than viruses. Thus, viruses 
lost cellular components to make their multiplication easier, although dependent on the host 
organism. Viroids have proceeded even further down this path, losing even proteins to make their 
multiplication even faster than that of viruses. Therefore, thermodynamic analysis might provide an 
explanation for the simplicity of viroids and their lack of proteins. 

Viroids could have arisen through evolution from RNA viruses, which lost protein components. 
The loss of protein components could have made Gibbs energy of biosynthesis of viroids even more 
negative than that of viruses, enabling them to hijack their host cells more efficiently. On the other 
hand, viroids could have also arisen very early in evolution during the RNA world as highly efficient 
parasites. Their highly negative Gibbs energy of biosynthesis would have allowed them to hijack 
their host cells very efficiently. Due to their high efficiency, there would have been no selective 
pressure on viroids to evolve further and they remained unchanged as living fossils.  

Viroids have a high GC content [Adkar-Purushothama et al., 2020; Diener, 1989]. The high GC 
content might have been selected during evolution due to the high stability of the GC basepairs 
[Diener, 1989]. In addition, the high GC content could offer viroids an energetic advantage during 
multiplication. Figure 2 shows that Gibbs energy of biosynthesis of viroid RNA and its GC content. 
Gibbs energy of biosynthesis becomes more negative as the GC content of viroid RNA increases. 
Thus, a greater GC content provides viroids with a greater thermodynamic driving force for 
multiplication. According to the biosynthesis phenomenological equation (11), this results in a 
greater multiplication rate and an even greater ability to hijack host cell metabolism. This is also 
supported by the finding that viruses with a high GC content have a more negative Gibbs energy of 
biosynthesis and greater multiplication rate [Popovic, 2022d]. Thus, the high GC content could also 
represent an adaptation that allowed viroids to multiply and hijack host cell metabolism even more 
efficiently. 

4.3. What can viroids tell us about the essence of life itself? 

It has been suggested that, in a broad sense, viroids encode for an RNA conformation, which is 
recognized and replicated by the host cell [Flores et al., 1997]. However, viroid RNA does not encode 
any proteins [Flores et al., 1997; Tsagris et al., 2008]. Thus, their RNA has no information content for 
translation into proteins [Flores et al., 1997; Tsagris et al., 2008]. Yet, viroids are able to multiply and 
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evolve like other organisms [Flores et al., 1997; Tsagris et al., 2008]. Moreover, they can enter the host 
cell, using their RNA as the antigen that fits the host cell receptor. In this respect, viroids might 
represent the bare essence of life. Their entire metabolism is reduced to just one chemical process of 
replication. Therefore, it is exactly their simplicity that makes viroids the most energetically efficient 
life forms. They do not waste energy on any processes except creating new life. Among all organisms, 
viroids have the greatest thermodynamic driving force for multiplication and exchange of matter 
with their environment. For a viroid, the environment is its host cell, from which it takes energy and 
building blocks [Popovic, 2014a, 2014b]. 

Figure 2 shows that Gibbs energy of biosynthesis of viroids is much more negative than that of 
their host plants. It is even more negative than Gibbs energy of biosynthesis of viruses. Viroids 
discovered until now are not pathogenic for humans. However, if viroids in the future evolve and 
make an interspecies jump to infect humans, they could due to their efficiency represent a great risk 
for humanity. The human pathogen Hepatitis Delta virus (HDV) is similar to viroids [Alves et al., 
2013].  Thus, it might be interesting to consider thermodynamics of multiplication of the Hepatitis 
Delta virus. HDV cannot multiply alone, but only in coinfection with the Hepatitis B virus, on which 
it relies for supporting its multiplication [Alves et al., 2013]. Moreover, HDV in coinfection with 
Hepatitis B virus has a more severe clinical picture than infection with Hepatitis B alone [Alves et al., 
2013]. This is in agreement with the finding that viroids have a greater thermodynamic driving force 
for multiplication than viruses. This leads to faster multiplication and more severe clinical picture. 
Thermodynamic analysis of human tissues has been made in [Popovic and Minceva, 2020c]. 
Furthermore, due to their simplicity, viroids are theoretically interesting, since they reveal the bare 
model of pathogen-host interactions.  

The fact that viroids do not possess information in genes for production of proteins might 
support the metabolism first hypothesis, as the basis for understanding life processes. Viroids 
represent open thermodynamic systems with the property of growth, characterized by an empirical 
formula (Table 1) and thermodynamic properties (Tables 3 and 4), which performs only one 
metabolic process. It fits into the concept of open systems in biology proposed by von Bertalanffy 
[von Bertalanffy, 1950, 1971; Popovic, 2018a, 2018b].  

Viroids show the importance of metabolism for life. Viroids consist of a nucleic acid molecule, 
which encodes no proteins, but allows the viroid to perform its sole metabolic process of biosynthesis. 
Thus, viroids might show that the essence of life is not the information content in the genome, but 
the metabolism.  

5. Conclusions 

Viroids can hijack host cell metabolism due to their more negative Gibbs energy of biosynthesis. 
Viroids have a much more negative Gibbs energy of biosynthesis than their host cells. Thus, 
according to the biosynthesis phenomenological equation, viroid live matter will be produced much 
faster than the host cell components. This will allow the viroid to hijack the host cell’s metabolism. 
Viroids damage host cells by wasting usable energy for their multiplication, leaving less energy for 
the host cell. The thermodynamically more favorable biosynthesis of viroid live matter takes most of 
the usable energy produced by the host cell. Thus, less energy remains for the host cell to use. This is 
how viroids damage host cells.  

The simplicity of viroids gives them an advantage in multiplication, in the form of a greater 
thermodynamic driving force and biosynthesis rate. Viroids do not contain any proteins. This makes 
their Gibbs energy of biosynthesis even more negative than that of viruses. Thus, the simplicity of 
viruses has enabled them to multiply very efficiently in their host cells. Viroids are an even more 
extreme example, with greater simplicity and even more efficient multiplication inside host cells.  

Viroids do not have any genetic code with information to be translated into proteins. However, 
viroids perform one metabolic reaction – biosynthesis. Moreover, viroids possess many properties of 
life, including multiplication, genetic variability, exchange of matter with their environment and 
evolution. These facts are in favor of hypothesis that metabolism, rather than information content, 
forms the essence of life.  
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