
The Cost of Cellular Features

• How do cells apportion their energy budgets into alternative functions, and to what extent does such fractionation
vary among phylogenetic lineages?

• What is the appropriate currency for cost measures?

• ATP hydrolyses constitute the universal currency of bioenergetics across the Tree of Life.

• Elemental composition contributes to construction costs, but certain elements are relevant to only certain traits, and do not
relate in obvious ways to maintenance and/or operational costs. 

• How can bioenergetic costs be related to the concept of fitness and evolutionary theory?

• Example applications:

• The cost of maintaining and operating a gene: DNA, RNA, and protein. 

• The costs of membranes in eukaryotes.

• Total energy budget of a cell: ciliated protozoans. 
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The Cost of Biosynthesis of Elementary Building Blocks
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Average total costs in units of ATP hydrolyses, cT = cD + cO :

amino acid 30
nucleotide 50
lipid 400
peptidoglycan        220



Energetic Content of Metabolic Precursors

1 NADH ≈ 2.5 ATPs; drives the pumping of 10 protons
1 FADH2 ≈ 1.5 ATPs; drives the pumping of 6 protons



Energetic Costs of Nucleotides

• A:T bond ≈ 100.5 ATPs
• G:C bond ≈ 98.5 ATPs

Opportunity costs
Direct costs

Average ribonucleotide:   43                6

Add 8 to direct costs for deoxyribonucleotide.



Energetic Costs of Amino Acids

Near Universal Biosynthetic Pathways for Amino Acids
Average:                       24           6



An Empirical Shortcut to Cost Estimates

Kharasch and Sher (1925) 
“degree of reduction”



Energetic and Evolutionary Consequences of a Genomic / Cellular Modification

Total baseline energetic cost: scost = sDNA + sRNA + sPRO

Net selective advantage of expressed features: snet = sdirect – scost

scost

no benefits
experienced

no costs
experienced

sdirect

costs and
benefits 

experienced

snet

All scaled relative to the total cost of building a cell.

gene
absent

FITNESS:



Lifetime Energy Requirements of Cells

Cell Volume (m3)
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• Total ATP consumption / cell division: CT = CG + ƬCM, where Ƭ = cell division time (hours).

Bacteria
Unicellular eukaryotes
Multicellular eukaryotes

Lynch and Marinov (2015)

• Scaling is nearly isometric with cell volume.

• It takes ~27 x 109 ATP hydrolyses to build 1 µm3 of cell 
volume (an E. coli cell).



Fitness prior to trait modification = 1
Fitness after investment in the trait = 1 – sc

Conversion of a Bioenergetic Cost to a Baseline Selective Disadvantage

• Selective disadvantage = reduction in population-level growth rate = sc

• Ancestral cell-division time proportional to C.

• Division time after trait modification proportional to C + c.

• Assuming c << C,

sc =  ln(2) ∙ (c / C) for binary fission.

sc = energetic fitness cost of the trait.

C = total energy budget of ancestral cell.

c = added energy cost of the trait.

Ilker and Hinczewski (2019, Phys. Rev. Letts.)



Can Selection Promote Particular Amino Acids on the Basis of Their Biosynthetic Costs Alone?

• Maximum cost differential = 59 ATPs / amino acid (glycine  tryptophan). 

• Lifetime cost of an entire cell ≈ (3 x 1010 ATPs) x cell volume (um3).

• E. coli cell volume ≈ 1 um3

• Highly expressed gene, 104 proteins per cell. 

• Relative cost ≈ (59 x 104) / (3 x 1010 ATPs) = 2 x 10-5

• Visibility to selection requires 2Nes > 1, so Ne need only exceed 4 x 104

• Lowly expressed gene with 10 proteins / cell  critical Ne = 4 x 107

• For yeast ~100 um3, critical Ne for lowly and highly expressed genes ≈ (4 x 108) and (4 x 104). 

• For animal cell ~1000 um3, critical Ne for lowly and highly expressed genes ≈ (4 x 109) and (4 x 104). 



Three Levels for the Cost of a Protein-Coding Gene

Chromosome: synthesis of nucleotides, chain elongation, and downstream transactions.

Transcription: synthesis of mRNAs for steady-state number of transcripts and accounting for turnover.

Protein: synthesis for steady-state number and turnover; downstream modifications.

• All measured relative to the total energy budget of the cell in units of ATP hydrolyses. 

Evolutionary Consequences:

Total baseline cost: sc = sDNA + sRNA + sPRO

Net selective advantage: sn = sp – sc

Effective Neutrality:

• If |s|< 1/Ne (Ne = the effective population size), selection is unable to eradicate or promote a gene modification.



Costs at the Chromosome Level

• Primary cost is nucleotide synthesis: ~50 ATPs per nucleotide  x  2 strands  x  length of gene in bp. 

• In eukaryotes, there is an additional cost of nucleosomes (eight proteins + linker): ~160 ATP per bp in gene length. 

• Additional small costs: opening of origins of replication, double-helix unwinding, replacement of RNA primers, ligation 
of Okazaki fragments. 

Bacteria:

Haploid eukaryote:

Diploid eukaryote:



Costs at the Transcriptional Level

• Ribonucleotide synthesis: ~48 ATPs per nucleotide  x  steady-state number of mRNAs/gene  x   length of transcript in bases. 

• mRNA turnover: ~2 ATPs per nucleotide / base of replacement transcripts.

Transcription Rate = decay rate (δ) x steady-state number.

• 100 bp for poly(A) tails in eukaryotes.

• Additional costs, not well understood, but small enough to be ignored: splicing, histone remodeling.

• One-time cost for steady-state replacement; recurrent costs for maintenance:

• Bacteria:

• Eukaryotes:



Costs at the Protein Level

• Amino-acid synthesis: cAA ATPs per residue  x  steady-state number of proteins/gene  x  length of protein. 

• Chain elongation: ~4 ATPs per residue  x  total proteins produced/cell lifetime  x  length of protein.

• Small cost of degradation associated with protein turnover.

• Additional costs, not well understood, but small enough to be ignored: translation initiation and termination, post-translational 
modifications, and protein folding.

• One-time cost for steady-state replacement; recurrent costs for maintenance:
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Frequency Distribution of the Costs for All Genes

• Bacteria – costs of insertions of only a few base 
pairs are visible to natural selection.

• Multicellular eukaryotes – absolute costs are ~10 to 100x those in bacteria, but the relative costs are smaller, and often too small to be 
perceived by selection.

Number of ATPs (log10)

Replication
Transcription
Translation
Total

drift barrier
effective         sensitive to selection

neutrality



General Conclusions

• The energetic cost of just a few nucleotides is sufficient to be perceived by natural selection in bacteria, but insertions of >10 kb are often 
effectively neutral in large eukaryotes with small Ne. 

• Costs at the RNA level often exceed those at the DNA level, but are often still too small to be perceived by selection in large eukaryotes. 

• Costs at the protein level are often substantial enough to be perceived even in low Ne species.

• Increased cell size does not impose a burden on the colonization of genes, but has the opposite effect.



Costs of Lipid Molecules

• Cost per molecule is substantially greater than that for amino acids and nucleotides.

• Despite the large differences in molecular composition, average costs are similar across membrane types and species.



Total Costs of Membranes

• Total number of lipid molecules  x  average cost per molecule

= [Twice the total membrane surface area  /  (head space / lipid molecule)]  x  cost per molecule. 

Henderson et al., 2007, PLoS ONE

• Use scanning electron micrograph (SEM) stacks
to obtain total membrane surface areas.

Green alga, Ostreococcus tauri

Nuclei
Chloroplast
Mitochondria
Golgi
Endoplasmic reticulum
Peroxisomes
Granules



Membrane-Cost Partitioning

• 20 to 60% of the total energy budgets of cells is associated with membranes.

• In eukaryotes, >50% of total membrane costs are associated with organelles, more so for larger-celled species.
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• Relative to total cellular ATP requirements, cost of mitochondrial membranes ≈ 5% of cell’s energy budget



Approximate Total Cell Budgets in Ciliates (Tp = Tetrahymena; Pt = Paramecium)

Bulk of investment is associated with proteins,
more so in larger cells. 

Costs of osmoregulation and motility increase
with cell volume. 

Costs of membranes are relatively independent 
of cell volume, and most due to mitochondria.



• An energetic boost associated with the emergence of the mitochondrion was not a precondition for 
the expansion of genome or cellular complexity in eukaryotes.

• There is continuity in scaling of cellular energetic features between bacteria and eukaryotes.

• Two of the central costs of a gene, the steady-state numbers of mRNA and protein molecules, 
scale sublinearly with cell volume.

• Within bacteria alone, although larger cells have higher energetic requirements per cell lifetime, 
species with larger cell sizes have reduced cell-division times, implying a higher efficiency of energy
conversion, despite having larger genome sizes.

Status of the Mitochondrial Theory for the Origin of Cellular Complexity



A Singular Event: the Origin of the Mitochondrion

Did this give rise to a Lane/Martin bioenergetic revolution 
that led to the evolution of:

• Novel protein folds
• Expansion in gene number and genome size
• Introns
• Internal complexity of cells
• Multicellularity
• Development
• Sex
• Etc.



• 10 to 20% of a eukaryotic cell’s total energy budget is associated with membranes, which is comparable to the ~20% 
composition in bacterial species.

• The cost of synthesizing mitochondrial membranes is ~5% of a eukaryotic cell’s energy budget.

• The total membrane area of mitochondria is not much different than that of the cell surface area.

Membrane scaling and prokaryote-eukaryote divide:

• The number of ATP synthase complexes and ribosomes in eukaryotic cells is approximately the same as expected 
for a bacterial cell of comparable volume.



Surface Area of Mitochondria vs. Plasma Membrane

Paramecium mitochondria

ATP synthase is restricted
to the tips of cristae
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Size-dependent Scaling: Numbers of ATP Synthase Complexes and Ribosomes / Cell

NATP synthase = 94S1.3
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• Continuity of scaling across bacteria and eukaryotes. 



Conversion of a Bioenergetic Cost to a Baseline Selective Disadvantage

• Selective disadvantage = difference in rates of increase between two genotypes:

• Rate of increase = ln(2) / (cell-division time):

where (cT / CT) is the proportional change in division time.



Across the Tree of Life, the Cost of a Gene Declines with Increasing Organismal Size 



Figure 3
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71%
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Escherichia coli (Gram negative) Bacillus subtilis (Gram positive)

• Cost of cell wall is less than that of the cell membrane, but still 5 to 10% of total budget.

• In both cases, the total cost of cell exterior is ~30% of the cell’s energy budget.



Total cost of membranes    =    (no. of lipid molecules / surface area)
x     (cost / lipid molecule)    x     surface area

The Price of Mitochondrial Membranes

Relative to total cellular ATP requirements, 
cost of mitochondrial membranes

=  0.05 V0.04 ≈ 5% of cell’s energy budget
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