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Abstract. The negative correlation between the fre-
quencies of usage of amino acids and their biosyn-
thetic cost suggests that organisms minimize costs of
protein biosynthesis. Empirical results support that:
(1) free-living organisms (Archaea, Bacteria, and
Eucaryota) minimize the usage of heavy amino acids
more than intracellular organisms (viruses, chloro-
plasts, and mitochondria), a result confirmed by
comparing intracellular Bacteria with other Bacteria;
(2) avoidance of amino acids with low impact on
protein structure (Chou-Fasman indices) is greater
than for those with equal molecular weight but
greater structural impact: constraints on protein
function limit cost-minimization; (3) amino acid
weight minimization (WM) for a protein correlates
positively with the protein’s expression level and with
its size; (4) preliminary results suggest that for dif-
ferent proteins, the evolutionary rate of amino acid
replacements correlates negatively with WM in these
proteins; (5) results suggest that WM decreases with
genome-size; and (6) developmental rates correlate
positively with WM (within primates and rodents),
even after confounding factors were accounted for.
Effects of biosynthetic cost-minimization at whole-
organism levels vary with metabolic and ecological
strategies. Biosynthetic cost-minimization is an
adaptive hypothesis that yields a semi-mechanistic
explanation for small differences in allele fitness.
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nome-size — Replacement rate — Endocellularity

Introduction

Abundances of amino acids in protein composition
correlate negatively with their molecular weights
(Barrai et al. 1995). This observation suggests that
biases in amino acid usage in proteins minimize
costs of protein synthesis (Dufton 1997). The idea
that economical constraints, in addition to structural
and functional ones, shape the evolution of proteins,
is not new. Sulfur-depleted versions of some abun-
dant proteins are specifically expressed under sulfur-
starvation in a cyanobacterium (Mazel and Marlière
1989). Using synonymous-codon bias as an index
proportional to translation rate, Akashi and Gojo-
bori (2002) show in most functional groups of pro-
teins in Bacillus subtilis (3055 genes) and Escherichia
coli (3397 genes) that the abundance of energetically
less costly amino acids increases proportionally to
the level of expression of the genes. The aims of this
study are to: (1) compare levels of cost-minimization
among different groups of organisms; (2) develop a
method that quantifies amino acid cost-minimization
that does not make assumptions on the particular
metabolism of the organism, in contrast to the
method used by Akashi and Gojobori (2002); and
(3) test and explore for evolutionary and life-history
correlates and consequences of the amino acid usage
cost-minimization principle at whole-organism
levels.
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Quantifying Biosynthetic Costs: Molecular
Weight Versus Chemical Energy

Amino acid molecular weights and their structural
complexity might reflect biosynthetic costs, resource
investment, and perhaps also cytoplasmic toxicity
(Dufton 1997). Indeed, Dufton indicated that large
amino acids tend to have more complex and diverse
chemical properties, which makes their chemical be-
havior less predictable. It is also possible that the bio-
synthesis of large and structurally complex amino acids
is less accurate (Fresht 1986). These factors would in-
crease different types of costs associated with usage of
amino acids proportionally to their size. The estimates
of metabolic costs of Akashi and Gojobori (2002)
quantify the amount of chemical energy invested in the
metabolization of amino acids, but this approach does
not estimate other forms of costs associated with the
use of amino acids. Figure 1 shows the positive corre-
lation (r = 0.80, df = 18, p<0.01) of amino acid
weight with the metabolic cost of amino acid bio-
synthesis (Akashi andGojobori 2002). The correlation
in Fig. 1 shows that about 35% of the variation in
amino acid molecular weight is not explained by the
amount of chemical energy. Tests of the cost-minimi-
zation hypothesis using amino acid molecular weight
asmeasure of costs might complement the approach of
Akashi andGojobori (2002), becausemolecularweight
probably estimates additional components of costs,
besides the investment of chemical energy.

In this study I use amino acid molecular weight as
an estimate of costs rather than the energy invested in
each chemical bond in the amino acid because mo-
lecular weight is (a) probably proportional to addi-
tional types of cost, beyond the chemical energy
invested in the amino acid’s biosynthesis; (b) the
method does not require precise knowledge of the
metabolic pathways used by the organism, (c) as a
result of point (b), organisms with different metabolic
pathways are compared on a common scale, and (d)
using molecular weight as an estimate of costs pre-
vents the potential confounding effects of codon GC
content with amino acid biosynthetic cost (next sec-
tion). However, I wish to stress here that for the aim of
estimating amino acid costs, amino acid molecular
weight and chemical energy should be considered as
complementary rather than competing methods, be-
cause each method estimates a different aspect of cost.

Quantifying Biosynthetic Costs: GC Content as
Confounding Factor

Akashi and Gojobori (2002) noted that A- or T-rich
codons tend to encode more costly amino acids. In-
deed, a significant correlation exists between the mean
GC content of the synonymous-codons coding for a
specific amino acid and the biosynthetic costs of that
amino acid as calculated by Akashi and Gojobori
(2002) (Fig. 2, Kendall rank correlation coefficient
tau = )0.345, df = 18, p<0.05). A similar analysis
did not detect any significant association of mean co-
don GC content with amino acid molecular weight.
Hence the associationof gene expression levelswith the
measure of chemical energy invested into the metabo-
lism of amino acids, reported by Akashi and Gojobori

Fig. 1. Metabolic costs of amino acid biosynthesis in E. coli as a

function of amino acid molecular weight. The y axis is the total

energetic cost of an amino acid, the sum of the energy invested in

the phosphate bonds in ATP and GTP molecules and the number

of available hydrogen atoms carried in NADH, NADPH, and

FADH2 molecules to metabolize an amino acid, according to

Table 1 in Akashi and Gojobori (2002).

Fig. 2. Metabolic costs of amino acid biosynthesis in E. coli as a

function of the mean GC content of codons coding for a particular

amino acid. The y axis is the same as in Fig. 1.
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(2002), might be confounded by GC-content effects.
Functional, rather than economic, adaptations affect
GC content: for example, increases in genome-wide
GC content increase the thermic stability of double-
stranded DNA under high temperatures, and lead to
amino acid replacements that increase the thermal
stability of proteins (Bernardi and Bernardi 1986).

Predictions of the Cost-Minimization Hypothesis

The major assumption underlying the idea of cost-
minimization of amino acid use is that natural selection
would tend to restrict the usage of larger amino acids to
those relatively few sites in proteins where the specific
properties of the larger amino acids are crucial to the
function of the protein. The power of Dufton’s hy-
pothesis is in the fact that it generates many testable
predictions. Until now, population geneticists have
described genetic variability at given loci, and relative
fitnesses of each allele, but hypotheses making explicit
predictionsonwhyanallele is selectively advantagedas
compared to others are few, and often very specific to
the gene under study. The cost-minimization hypoth-
esis could be a simple tool of general use in this respect.
I present empirical tests for a set of explicit, falsi-

fiable predictions developed from Dufton’s original
hypothesis.

Prediction 1: The extent of amino acid weight
minimization (WM, the negative of the correlation
coefficient of the relative frequency of amino acids
with their molecular weight) varies among different
groups of organisms. WM is less marked in organ-
isms that absorb amino acids from their environment
than in organisms that mostly synthesize amino acids.
In general, WM increases with the overall metabolic
cost of amino acid synthesis in different organisms.

Prediction 2: For amino acids with the same mo-
lecular weight, cost-minimization decreases the usage
of amino acids with low structural impact more than
the usage of amino acids with the same molecular
weight, but greater structural impact. This is because
cost-minimization should happen more freely for
amino acids with low structural impact.

Prediction 3: Constraints to decrease costs of a
protein are proportional to the costs associated with
that protein. Therefore, WM of different proteins is
positively related to the protein’s abundance, and
increases with the protein’s size.

Prediction 4: Constraints of cost-minimization on
protein structure decrease the evolutionary rate of
amino acid replacements. The alternative hypothesis
is that structural and functional constraints, rather
than economic ones, should limit non-synonymous
rates of evolution of protein sequences.

Prediction 5: The same ultimate (adaptive) factors
that cause reduction in genome-size increase WM,

because reduction of genome-size decreases costs of
replication. Hence if the reduction of replication and
metabolic costs have common ecological causes, ne-
gative correlations of genome-size and WM should
frequently be statistically significant.

Prediction 6: Developmental rates at the whole-
organism level increase with WM. This should have
similar ultimate, but no common proximate causes as
the negative correlations described between genome-
size and developmental rates (Sessions and Larsson
1987).
Note that predictions involve different levels of

organismic organization: from properties of single
amino acids (prediction 2); to properties of different
proteins within an organism (predictions 3 and 4); to
variation among organisms (predictions 1, 5, 6); to
association with another, independent trait (genome-
size) that is presumably affected by the same causal
factors (prediction 5); to associations with whole-or-
ganism life-history traits (predictions 1 and 6). Pre-
diction 1 implies that WM results from the life-history
of the organism, and prediction 6 implies that WM
determines developmental rates. Predictions 5 and 6
seem cumbersome as they imply a ‘black box’ as to the
mechanisms that link WM and differentiation rates.
Yet, such associations would hint at links between
molecular and whole-organism levels of organization,
and indicate that natural selection affects WM via life-
history traits. Confirming or infirming predictions 5
and 6 would indicate the limits of the consequences of
cost-minimization at the molecular level on whole-
organism biology. They should not be considered as
predictions in the strictest sense, but rather as justifi-
cations for exploring the correlations. Prediction 3 is
identical to the one tested by Akashi and Gojobori
(2002); however, tests in the present study include
non-microbial organisms; use an alternative measure
of cost-minimization that does not correlate with
GC content, a potential confounding factor; and
explore the association of protein size with cost-min-
imization.

Results

Prediction 1: Cost-Minimization in Different
Groups of Organisms

The analysis of Dufton (1997) used a pool of proteins
to calculate amino acid frequencies in proteins,
without indicating possible differences among taxa in
levels of cost-minimization of amino acid composi-
tion. Table 1 shows significant variation in mean WM
in a pool of different proteins in different groups of
organisms. Amino acid usages are from Nakamura et
al. (2000). Only organisms for which amino acid
usage distributions were derived from more than
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10000 codons were used. WM is compared with
Redundancy, the mean correlation coefficient of the
number of synonymous-codons for an amino acid
(according to the standard genetic code) with the
amino acid’s respective usage in proteins. This com-
parison is done because previous studies show that
amino acid abundances in proteins increase with the
number of synonymous-codons for that amino acid
(see for example King and Jukes 1969, and Arquès
and Michel 1997). The correlation with codon re-
dundancy was greater than WM in 72% of the 253
intracellular organisms in Table 1, while in free-living
organisms, this correlation was greater than WM
only in 27% of the organisms. Amino acid molecular
weight predicts their abundances to a greater extent
than does codon redundancy in Archaea, Bacteria,
and Eucaryota. However, in most intracellular or-
ganisms (viruses, chloroplasts, and mitochondria),
the effect of cost-minimization on amino acid usage is
generally weaker than the effect of redundancy. This
observation suggests that intracellular organisms
minimize costs to a lesser extent than free-living or-
ganisms, perhaps because they absorb amino acids
from their host rather than synthesize them. Com-
parisons within bacterial taxonomic groups confirm
this result. WM was significantly weaker (t-tests,
p<0.05) in two independent groups of intracellular
bacteria from different lineages (Firmicutes: Myco-
plasma (Bacillus/Clostridium complex, Entomoplas-
mataceae), Rhodococcus (Actinobacteria), and
Spiroplasma (Bacillus/Clostridium complex, Spiro-

plasmataceae); Proteobacteria: Brucella (alpha divi-
sion), Buchnera (gamma division), Burkholderia (beta
division), Legionella (gamma division), Photorhabdus
(gamma division), and Rickettsia (alpha division))
than in free-living species from the same taxonomic
groups (Table 1). Frequent horizontal gene transfers
in bacteria and the associated uncertainties of bac-
terial phylogenetic relationships make corrections
accounting for phylogenetic dependence among taxa
difficult and the results not obligatorily more rigorous
than the ‘‘simple’’ analysis of the raw data. However,
patterns are similar in different lineages, suggesting
that one can give some confidence in the conclusion,
even without corrections for phylogenetic dependence
among taxa. It seems that some characteristics of
intracellularity cause WM to be lower in intracellular
organisms than in others. This is despite the fact that
most intracellular organisms, independently of their
phylogenetic relationships, tend to have a low GC
content (Heddi et al. 1998). Indeed, Fig. 2 shows that
high GC content associates with low biosynthetic
costs, so that the confounding effect of low GC
content in intracellular bacteria does not explain the
low WM observed in these organisms. In intracellular
bacteria, low WM is rather in spite of low GC con-
tent.
Further testable predictions can be developed on

the base of these results: WM in nitrogen-fixing
bacteria should be greater than in other, comparable
organisms, because nitrogen fixation is a biochemi-
cally very costly process. An explorative study fo-

Table 1. Mean of correlations coefficients of amino acid frequencies in proteins with the number of synonymous-codons for an amino acid

according to the standard genetic code (redundancy), with amino acid molecular weight (WM), and alpha and beta Chou-Fasman indicesa

Organisms N Redundancy WM Alpha Beta

Archaea 22 0.33 (0.14) 0.44 (0.12) 0.33 (0.07) 0.05 (0.17)

Bacteria 256 0.46 (0.13) 0.52 (0.09) 0.38 (0.09) 0.08 (0.14)

Free living Firmicutes 88 0.43 (0.13) 0.55 (0.07) 0.35 (0.09) 0.09 (0.16)

Intracellular Firmicutes 11 0.23 (0.16) 0.38 (0.11) 0.32 (0.09) 0.16 (0.16)

Free living Proteobacteria 104 0.51 (0.08) 0.57 (0.06) 0.42 (0.07) 0.09 (0.13)

Intracellular Proteobacteria 17 0.45 (0.16) 0.52 (0.09) 0.39 (0.10) 0.09 (0.11)

Eucaryota 310 0.51 (0.12) 0.57 (0.11) 0.27 (0.10) 0.03 (0.15)

Chloroplasts 14 0.50 (0.14) 0.42 (0.14) 0.24 (0.06) 0.21 (0.07)

Mitochondria 30 0.40 (0.16) 0.32 (0.14) 0.52 (0.17) 0.40 (0.09)

ds DNA viruses 96 0.51 (0.17) 0.46 (0.12) 0.26 (0.11) 0.02 (0.13)

ds RNA viruses 14 0.53 (0.13) 0.41 (0.11) 0.21 (0.09) 0.02 (0.08)

ss DNA viruses 9 0.56 (0.16) 0.50 (0.10) 0.06 (0.14) 0.05 (0.14)

()) ss RNA viruses 26 0.54 (0.11) 0.50 (0.08) 0.21 (0.08) 0.07 (0.18)

(+) ss RNA viruses 38 0.63 (0.14) 0.54 (0.11) 0.18 (0.13) 0.02 (0.13)

Retroid viruses 14 0.55 (0.16) 0.45 (0.10) 0.15 (0.13) 0.02 (0.09)

Total 841 0.49 (0.14) 0.52 (0.12) 0.30 (0.13) 0.06 (0.16)

F 11.48 23.86 48.34 24.26

a WM is the negative of the correlation coefficient. Alpha and beta indicate the mean of correlations of the residual abundance of amino acid

(after regressing out the effect of amino acid molecular weight) with the alpha and beta Chou-Fasman conformational indices, respectively.

Numbers between parentheses are standard deviations. Results are means for N species, for each of which codon frequencies were derived

from more than 10000 codons, at http://www.kasuza.or.jp/codon/ (Nakamura et al. 2000). F statistics are for ANOVA among means of

z-transformed correlation coefficients from the major groups of organisms. Categories used for ANOVA tests did not include subdivisions

within bacteria. Boldface for intracellular bacteria indicates significant differences (one-tailed t-tests) with free-living species in the same

taxonomic group.
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cusing on this point might use an approach similar to
the one described here. In this case, one should con-
sider using correlations of amino acid usage with the
number or proportion of nitrogen atoms within the
amino acid. This approach is similar to the one pre-
sented by Baudouin-Cornu et al. (2001), who showed
that the atomic composition of nitrogen- and carbon-
assimilatory enzymes is depleted in nitrogen and
carbon, respectively.

Prediction 2: Protein Function and Amino Acid
Weight Minimization

It is likely that economical considerations shaped the
amino acid composition of proteins at a later evolu-
tionary stage than constraints governing folding, ac-
tivity, specificity, and stability of proteins. Amino
acid weight minimization probably works within the
limits allowed by functional constraints: cost-mini-
mization should affect more strongly those amino
acids that are less crucial to protein structure than are
others. Amino acids vary in their impact on protein
structure, as quantified by Chou-Fasman conforma-
tional indices (Chou and Fasman 1978) that quantify
the probability that a specific amino acid is at the
physical origin of abrupt differences in the protein’s
three-dimensional structure (alpha helices or beta
sheets). Hence the cost-minimization hypothesis pre-
dicts that the usage of amino acids with high Chou-
Fasman indices should be less cost-minimized than
that of amino acids with the same molecular weight,
but lower conformational impact. Indeed, correla-
tions of residual frequencies of amino acids (regress-
ing out the effect of molecular weight) and their
Chou-Fasman conformational index are positive for
the alpha index in 98% of the species used in Table 1
(mean r = 0.30, sd = 0.13) and in 60% of all species
for the beta index. For alpha indices, 80% of the
exceptions were viruses. This pattern was also found
for the beta index. These results confirm that the
higher an amino acid’s conformational impact, the
less likely its usage is to be avoided because of cost-
minimization. The effect seems weaker for beta
sheets, perhaps because of different abundances of
alpha helices and beta sheets in the majority of pro-
teins.
While levels of cost-minimization seem low in all

intracellular organisms, the analyses of the correla-
tions of amino acid frequencies with Chou-Fasman
indices reveal differences among groups of intracel-
lular organisms: some (viruses) have the least con-
formational constraint on amino acid use (low
correlations with Chou-Fasman indices in Table 1),
while amino acid usage in mitochondria and to some
extent chloroplasts show among the highest confor-
mational impacts. This difference probably reflects
the necessity for highly efficient proteins in these

major organelles, possibly the cause of low levels of
cost-minimization.

Prediction 3: Cost-Minimization in Different Proteins

Variability in WM might exist between different
proteins in the same organism, depending on the
protein. I tested the prediction that WM correlates
positively with the amount a protein is produced by
the cell, and the protein’s size. I used as proxy of
expression level the optimization of the usage of
synonymous-codons in a gene.
Presumably, synonymous-codon optimization in-

creases translational rates and correlates positively
with gene expression (in E. coli, Gouy and Gautier
1982, Ikemura 1982; in S. cerevisiae, Bennetzen and
Hall 1982). I defined as optimal the synonymous-
codon that is most used over the whole proteome,
and estimated codon-usage optimization by the pro-
portion of codons in a protein-coding sequence that
are consistent with the synonymous-codons most
used genome-wide. Results in six organisms, with the
notable and unexplained exception of Arabidopsis,
confirm the results of Akashi and Gojobori (2002)
that cost-minimization increases with synonymous-
codon optimization (Pearson correlation coefficients
of WM with synonymous-codon optimization, num-
ber of proteins, statistical significance, sequence data
from GenBank): E. coli, r = 0.174, n = 4288,
p = 10)30; Halobacterium sp., r = 0.093, n = 2058,
p = 10)5; man, r = 0.177, n = 27357, p = 10)192;
Saccharomyces cerevisiae, r = 0.021, n = 6357,
p = 0.0502; Drosophila melanogaster, r = 0.026,
n = 13969, p = 0.001; and Arabidopsis thaliana,
r = )0.126, n = 24229, p = 4 · 10)87. One should
bear in mind that positive evidence for synonymous-
codon optimization as proxy of expression levels ex-
ists only for E. coli, Drosophila, and Saccharomyces
cerevisiae.
Figure 3 shows that in all organisms, the mean

WM of proteins (grouped according to the length of
their coding sequence) increases with the protein’s
size, confirming the prediction that WM increases for
large, hence, costly proteins. Associations of protein
size and WM might be confounded by associations of
synonymous-codon optimization with gene length,
because in Drosophila, the level of synonymous-co-
don optimization decreases with the length of the
protein’s coding sequence (mainly the region proxi-
mal to the 50 end of the mRNA is optimized; Com-
eron et al. 1999). Figure 4 shows that in Homo
sapiens, as in Drosophila, codon optimization de-
creases with protein size, but for the four remaining
organisms, synonymous-codon-bias optimization in-
creases with size. The causes for that variation are not
within the scope of this study, but associations of
coding-sequence length and synonymous-codon op-
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timization do not confound the increase of WM with
size, because protein size and WM correlate positively
in all organisms (Fig. 3), independent of the direction
of the association of synonymous-codon optimiza-
tion and protein size (Fig. 4).
There is an alternative to the hypothesis that the

pressure for cost-minimization is proportional to the
cost of synthesis of the protein. ‘‘Active’’ sites where
the specific properties of the costly amino acids are
required represent a smaller proportion of the amino
acid’s sequence in large than in small proteins. Hence
the number of opportunities for decreasing the
abundance of costly amino acids without altering the
protein’s function is proportional to the protein’s size,
which would also explain the patterns in Figure 3: the
same level of selective pressure could achieve greater
WM in a larger than a smaller protein. Further tests
are required to explore these two possibilities.
The results in this section confirm for estimates of

cost minimization that are not confounded by GC
content that cost minimization increases with the le-
vel of expression of genes and show that, independent
of the latter observation, cost-minimization increases
with the size of the protein.

Prediction 4: WM Decreases the Rate of Amino
Acid Replacements

Constraints limit the number of potential states of a
system. In proteins, for example, functional require-
ments define a limited number of amino acids that
can be at a given position in the protein, because
other amino acids would alter its structure and en-

zymatic activity. Indeed, the average alpha Chou-
Fasman index of the amino acids in proteins corre-
lates negatively with the rate of amino acid replace-
ment estimated from comparisons between
Drosophila melanogaster and D. obscura (Li 1997) in
31 proteins (r = )0.59, p<0.01, one-tailed test, not
shown). This result is expected because numbers of
potentially neutral replacements decrease for amino
acids with high impact on the protein’s structure.
Cost-minimization of amino acid usage is an adaptive
constraint of a different nature. Presumably, cost-
minimization should be a secondary constraint that
limits the number of replacements, which makes its
detection more difficult. In the case of the 31 proteins
in Drosophila, the correlation of replacement rates
with the mean Chou-Fasman index indicates that the
latter is a major factor in protein evolution. However,
economic constraints may also affect replacement
rates. This is suggested by a multiple regression
analysis of replacement rates (estimated from the
replacements in 40 proteins, occurring between Mus
musculus and Homo sapiens (Li 1997)): the multiple
regression of replacement rates (dependent) on the
mean alpha Chou-Fasman index of the proteins and
their WM is significant (R2 = 0.43, p = 0.025). The
two independent variables are correlated (r = )0.38,
p = 0.018). In order to assess the relative contribu-
tion of each independent, I used partial correlation
analysis, a method that calculates the correlation
between two variables, adjusting for each variable’s
covariation with a third (or more) variable(s) (Sokal
and Rohlf 1995). Adjusting for the effect of the mean
Chou-Fasman index, I found a significant decrease of

Fig. 3. Mean cost-minimization (WM) in amino acid composition

of proteins as a function of the length of their coding sequence in

six organisms. Genes were grouped according to their length.

Correlations of gene length with mean cost minimization (WM)

are: Arabidopsis thaliana, r = 0.83; Drosophila melanogaster,

r = 0.92; Escherichia coli, r = 0.90; Halobacterium, r = 0.81;

Homo sapiens, r = 0.68; Saccharomyces cerevisiae, r = 0.71.

Fig. 4. Mean synonymous-codon optimization of proteins as a

function of the length of their coding sequence in six organisms,

same data as in Fig. 3. Correlations of gene length with mean

synonymous-codon optimization are: Arabidopsis thaliana,

r = 0.91; Drosophila melanogaster, r = )0.86; Escherichia coli,

r = 0.83; Halobacterium sp., r = 0.82; Homo sapiens, r = )0.41;
Saccharomyces cerevisiae, r = 0.84.
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replacement rates with WM (partial correlation co-
efficient r = )0.27, p = 0.026, one-tailed test). This
partial correlation is comparable with the partial
correlation between the mean Chou-Fasman
index and replacement rates, neutralizing effects of
WM (partial correlation coefficient r = )0.24,
p = 0.034). According to these results, in this set of
40 mammal proteins, economic and functional con-
straints have similar impacts on decreasing replace-
ment rates. These preliminary results in the small
sample of proteins above do not take into account the
positive association of cost-minimization with gene-
expression levels (Akashi and Gojobori 2002), and
protein size (results of prediction 3, above). A more
detailed study on larger numbers of genes should
explore the relative importance of functional and
cost-minimization constraints in proteins grouped
according to expression levels, size, and function.

Prediction 5: Genome Size and Protein
Cost-Minimization

Genome-size correlates with various whole-organism
traits in amphibians: it decreases developmental rates
(embryonic, Horner and MacGregor 1983; and dur-
ing limb regeneration, Sessions and Larsson 1987),
and with brain histology (Roth et al. 1994). Pre-
sumably, the time and the energetic cost of replicating
large genomes decrease differentiation rates and rates
of development. Replication costs and costs of
‘‘normal’’ cell metabolism are part of the costs of
growth and development, hence the ultimate adaptive
causes for genome-size reduction should be similar to
those increasing WM. However, the proximal pro-
cesses that cause evolutionary changes in genome-size
and in WM differ (for example, polyploidy for ge-
nome-size, and point mutations for amino acid re-
placements). Hence positive associations of genome-
size and WM should indicate that changes in genome-
size and WM have a common adaptive cause, and
strengthen confidence in the interpretation of WM as

a measure of protein cost-minimization. In viruses, all
groups combined, WM decreases with genome-size
(r = )0.35, n = 71, p <0.01, results not shown):
amino acid weight is less minimized in viruses with
large genomes than viruses with shorter genomes,
suggesting a common cause to decreases in genome-
size and increases in WM. In bacteria, the correlation
is also significant, but in the opposite direction
(r = 0.52, n = 38, p<0.01), an effect that further
analyses showed to be confounded by a GC-content
effect, but not by phylogenetic constraints. (I found
that GC content and bacterial genome-size correlate
positively, also for phylogenetically independent
contrasts). Data on genome-sizes from different ver-
tebrate groups are available (Vinogradov 1998; ad-
ditional data for salamanders from Sessions and
Larsson 1987; Pagel and Johnston 1992; for frogs
from Fritz et al. 1994; for salamanders and frogs
from Roth et al. 1994). Only sequences of two mi-
tochondrial genes (Cytochrome B and NADH 4)
were available at GenBank for a sufficient number of
vertebrates with known genome-sizes to make cor-
relation analyses possible. Table 2 shows that in 5/6
groups (results were statistically significant at p<0.05
in salamanders and reptiles), genome-size correlates
negatively with WM. In salamanders, results were
qualitatively similar for cytochrome B and NADH 4.
In one group, frogs, the association was positive and
close to significant. Considering all groups of or-
ganisms, WM and genome-size correlated negatively
in 5/8 cases, and correlations were statistically sig-
nificant at p<0.05 in 50% of the cases (two tailed
tests), in 3/5 negative correlations and 1/3 positive
correlations. These results suggest that genome-size
reduction and WM may have in some cases common
ultimate causes (half of the tests are statistically sig-
nificant, which is more than the 5% significant cases
expected by pure chance from the multiplicity of
tests). Correlations based on phylogenetic contrasts
were not significant. Hence the association of ge-
nome-size and cost-minimization seems to result in

Table 2. Correlation coefficients of amino acid weight minimization (WM) in two mitochondrial proteins, cytochrome B and NADH 4,

with genome-size (WM-GS), and correlation coefficients of genomic GC contents with genome-size (GC-GS) in five groups of vertebratesa

Organisms WM-GS GC-GS P-WM-Gs P-GC-GS

Fish (CYT B) )0.45 (14, 0.11) 0.02 (40) )0.47 0.01

Salamanders (CYT B) )0.51 (23, 0.013) 0.09 (17) )0.48 0.02

Salamanders (NADH4) )0.64 (17, 0.005) 0.09 (17) )0.28 0.02

Frogs (CYT B) 0.49 (15, 0.06) 0.52 (37)

Reptiles (CYT B) )0.95 (13, 0.000) 0.44 (25) )0.73 0.43

Birds (CYT B) )0.58 (7, 0.171) 0.41 (8)

Mammals (CYT B) 0.25 (22, 0.27) )0.10 (27) 0.04 )0.01

a Numbers in parentheses indicate sample sizes followed by p values of correlation coefficients (two-tailed tests). P-WM-GS and P-GC-GS

indicate correlation coefficients for phylogenetic independent contrasts. These were never significant at p<0.05, and were not calculated for

birds (data for too few species for such an analysis) and frogs (the phylogeny of Ranidae, which contains most of the species used here, is not

yet resolved).
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large part from causes that covary with phylogeny.
This observation deserves further scrutiny, because
overall, the same trends were observed independently
in different phylogenetic groups, and that is unlikely
to happen because of circumstantial historical con-
straints that would lead to similar overall patterns in
independent lineages. Indeed, Cheverud et al. (1985)
remarked that phylogenetic-contrast methods adjust
data for variation among species due to common
history, and the interaction between common history
and species-specific evolution, in a way that only
purely species-specific components of variance are
analysed. The interaction component, if non-zero,
reflects ortho-evolutionary constraints, which imply
regulatory mechanisms where the evolution of a trait
is in part a function of former evolution in the trait.
Such orthogenetic mechanisms seem likely for the
regulation of genome-size. Hence standard methods
to account for phylogenetic constraints are not ade-
quate to test the hypothesis, and no clear conclusion
can be drawn from the reported analyses. Overall,
results suggest that the same evolutionary factor(s)
might cause the associations of genome-size and
WM. Hence selective pressures on replication rates,
for example, would cause organisms to ‘cut’ costs
of genome replication, and the same ecological
constraints are likely to select for cost-minimization
of metabolism, including protein synthesis, resulting

in weak negative correlations between genome-size
and WM.

GC Content as a Confounding Factor?

Genome-size correlates positively with the genomic
GC content, and genomic GC content associates with
biases in codon-usage and amino acid composition
(Bernardi and Bernardi 1986). Hence the correlation
of WM and genome-size might be indirect, due to
triangular relations with GC content. This hypothesis
does not account for the cases where I observed
negative correlations of genome-size with WM, be-
cause results in Table 2 show that in 5/6 groups,
correlation coefficients of GC with genome-size were
lower than those reported for WM and genome-size.
Genomic GC contents are an unlikely confounding
factor also because Fig. 2 shows that amino acids
coded by codons with high GC content are relatively
‘cheap’. Accordingly, high GC content is confounded
with high levels of cost-minimization. Yet in most
correlations in the previous section, especially the
significant ones, WM is greater in organisms with
small genomes than in those with large ones: the
opposite would have been expected if GC contents
were a confounding factor, because GC content
correlates positively with genome-size. This situation
where the correlations described are obtained in spite
of the known trends existing between genome-size
and GC content, and not because of these, is similar
to the one described for comparisons of free-living
and intracellular organisms (prediction 1).

Does Protein-Cost-Minimization Affect
Higher Levels of Organization of Whole-Organisms?

Genome-size associates with decrease in the rate of
development in amphibians (Sessions and Larsson
1987; Pagel and Rufus 1992) and with increase in
body size in copepods and flatworms (Gregory et al.
2000). The associations of genome-size with WM
reported in the previous section suggest that devel-
opmental rates might correlate with WM. This would
be because WM decreases the costs of both compo-
nents of development, growth and differentiation, by
minimizing costs of protein synthesis. Indeed, pre-
liminary results show that WM in cytochrome B and
in NADH 4 correlates negatively with rates of dif-
ferentiation (days until hatching, and regeneration
rates of hindlimbs in salamanders, Jockusch 1997).
However, genome-size is likely to be a confounding
variable in amphibians, because a negative correla-
tion exists between differentiation rate and genome-
size (Sessions and Larsson, 1987). I hence focused on
groups where genome-size varies much less than
within Amphibia. Gestation periods of primates (here
considered as inversely proportional to developmen-

Fig. 5. Primate gestation time as a function of cost-minimization

of amino acid protein composition. Gestation times are from

Brizzee and Dunlap (1986). Only species for which amino acid

protein composition was derived from more than 5000 codons were

included (Nakamura et al. 2000). Cost-minimization is quantified

by WM, the negative of the correlation coefficient of amino acid

molecular weight and its usage. Species are: 1, Pongo pygmaeus; 2,

Gorilla gorilla; 3, Homo sapiens; 4, Pan paniscus; 5, Pan troglodytes;

6, Cercopithecus aethiops; 7, Macaca mulatta; 8, Callithrix jacchus;

9, Macaca fasciata; 10, Saguinus oedipus; 11, Saimiri sciureus;12,

Papio hamadryas. Circles indicate South American species. Species

numbers followed by the same letter form a pair used in the cor-

relation analysis of phylogenetic-contrasts (r = )0.82, n = 6,

p<0.01).
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tal rates) correlate negatively with WM (Spearman
rank correlation coefficient, rs = )0.62, n = 12,
p = 0.016; Fig. 5). The correlation for the phyloge-
netic contrasts was also significant, so that phyletic
constraints do not account for the trend shown in
Fig. 5. The variation among primate species in WM
might result from biases in gene sampling for the
different species, because a pool of different genes was
used to derive amino acid abundances in different
species. Figure 5 includes only species for which
amino acid usage was determined from more than
5000 codons. Restricting this choice to those species
for which at least 10000 codons were available (de-
creasing effects of sampling biases), excludes species
numbered 4, 10, 11, and 12 from the analysis, most of
which seem to be outliers in Fig. 5. This procedure
contracts by more than half the range of variation of
WM. However, the qualitative result that the gesta-
tion period correlates negatively with WM remains
similar (rs = )0.66, n = 8, p = 0.038), and does not
result from outliers or gene-sample bias. Although
such a correlation fits the bioenergetic cost-minimi-
zation hypothesis, this positive result seems unlikely
to be due to the presumed mechanisms, because of
the long chain of unknown factors between protein
synthesis and organogenesis. For example, brain size,
even more than neonate body size, correlates with
gestation time (Sacher and Staffeldt 1974). However,
even after controlling for the effects of brain size on
gestation period, a statistical treatment that accounts
for 80% of the variation in gestation periods, the
correlation of residual gestation period with WM
remains negative and is almost significant (Spearman
rank correlation coefficient, rs = )0.44, p = 0.066,
one-tailed test). In rodents, I found that cost-mini-
mization of cytochrome B and length of gestation
correlate negatively (rs = )0.25, n = 125, p =
0.003). Accounting for covariation of gestation peri-
od and neonate size in those rodents for which esti-
mates of neonate weight was available, the
correlation remains significant (rs = )0.30, n = 40,
p = 0.03). For time until hatching in Drosophila spp.
(data from Ashburner 1989), results were qualita-
tively similar but not statistically significant
(rs = )0.28, n = 25, p = 0.097). These results are
unconclusive, especially that I did not test for phyletic
constraints in rodents, Drosophila and the reduced
primate dataset after removing outliers from the
analyses, but the overall trend suggests that cost-
minimization of biosynthesis is part of the r- versus
K-strategy syndrome. It is likely that the processes
that link molecular cost-minimization and estimates
of metabolic rates are more complex than assumed by
the amino acid usage cost-minimization hypothesis.
However, the results also indicate that this ultra-re-
ductionist approach might bear some insights at
whole-organism levels.

Random Mutations Do Not Account for
Cost-Minimization

Previous studies show that the properties of the ge-
netic code are such that nucleotide substitution rates
tend, on average, to minimize the distance between the
chemical properties of replaced and replacing amino
acids (Grantham 1974). Gojobori et al. (1982) showed
that this effect is stronger for nucleotide-substitution
patterns observed in functional genes than in non-
functional ones. Some studies even suggest that the
genetic code’s codon-amino acid assignments are op-
timized in this respect, because the existing genetic
code minimizes some measures of physico-chemical
distances between replaced and replacing amino acids
more than random sets of genetic codes (Freeland et
al. 2000). Cost-minimization of amino acid usage
might result from a similar phenomenon: amino acid
replacements, as a result of the existing substitution
patterns, could lead, in average, to the replacement of
heavier amino acids by lighter ones. My analyses,
using the substitution patterns described for mam-
malian pseudogenes (Li et al. 1984) and those de-
scribed for non-coding regions ofDrosophila genomes
(Bergman and Kreitman 2001) suggest the opposite:
under these constraints of substitution frequencies,
there is a weak, non-significant tendency for the mo-
lecular weight of replacing amino acids to be heavier
than the replaced amino acids. This suggests that
amino acid cost-minimization occurs in spite of
spontaneous substitution rates, rather than because of
these, and strengthens the view that natural selection
is involved in cost-minimization.

Conclusions

I present positive evidence that supports the hy-
pothesis that organisms minimize costs of protein
synthesis by avoiding the usage of heavy amino acids.
Levels of cost-minimization are lower (1) in intra-
cellular organisms than in free-living organisms; (2)
for amino acids with high structural impact on the
protein than for those with the same weight but lower
structural impact; and (3) in genes with low expres-
sion levels than in those with higher ones, and in
short genes as compared to long ones. (4) Among
different proteins, cost-minimization of amino acid
usage decreases evolutionary rates of amino acid re-
placements. (5) Genome-size frequently correlates
negatively with levels of protein cost-minimization,
suggesting a common adaptive (ultimate) cause to
both independent processes. Presumably, cost-mini-
mization of protein synthesis is an important com-
ponent of whole-organism metabolic strategies.
Results show that cost-minimization as observed in
the amino acid composition of single proteins (such
as cytochrome B) may reflect the metabolic-ecologi-
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cal strategy of the whole-organism. Although I con-
sider that the semi-mechanistic hypothesis of protein
cost-minimization is incorrect, or at least too sim-
plistic, I cannot dismiss the power of the hypothesis
in predicting observed trends.
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