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Abstract In each genome, some codons are favored over others by selection
likely because they are translated more efficiently and accurately. The selec-
tively favored codons tend to correspond to the most highly expressed tRNAs.
It has been recognized that this codon usage bias can influence the cellular
fitness and that might be associated with the lifestyle of the organism. To test
the impact of environments on genome evolution we studied the codon usage
bias of 615 prokaryotes. We found that the extent of codon usage corresponds
to the environment in witch the prokaryotes live. In particular, measuring the
degree of codon usage bias by the tRNA adaptation index (tAI), we obtained
that organisms living in a specialized habitat have high extents of codon usage
bias, consistent with their need to adapt efficiently to specific environmental
constraints. Differently, organisms able to live in multiple habitats exhibit
low codon usage bias as they need to adapt to various physical and chemical
conditions. Our results suggest the importance of co-evolution between tRNA
availability and codon usage of an organism, in relation with the environmental
adaptation.
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INTRODUCTION

The genetic code is degenerate, i.e., some amino acids are encoded by more
than one codon. Although coding for the same amino acid, synonymous codons
are not equally used, a phenomenon known as codon usage bias (or shorter,
codon bias) [12]. Codon usage can differ widely not only between organisms,
but also within a genome and within a single gene [16,25]. A lot of factors
might cause different codon usage bias and the selective forces influencing it,
such as selection for optimized translation, expression, location within genes,
rate of evolution, secondary structure, nucleotide composition, protein length
and environment [30]. It was demonstrated that many bacteria and yeast un-
dergo translational selection, with highly expressed genes preferentially using
codons assumed to be translated faster and/or more accurately by the ribo-
some [11,2]. Thus, the codon usage bias within a genome usually reflects the
selection pressure for translational optimization of highly expressed genes. The
choice of preferred codons in a single genome is most closely correlated with
abundance of the cognate tRNA molecules [2,17,18,7] and further influenced
by the genome’s GC content [5,14].

It was suggested by Ardersson and Kurland [1] and then substantiated
by Kudla et al. [21] that selection towards highly adapted codons in highly
expressed proteins has a global effect on the cell, resulting in an increase in
cellular fitness. This suggest that the global extent of codon usage bias of an
organism might be associated with its phenotypic traits. Following this idea,
Botzman et al. determined an association between the lifestyles of several
prokaryotic organisms and variations in their codon usage [4]. Their results
indicated that species living in a wide range of habitats have low codon usage
bias, which is consistent with the need to adapt to different environments. In
addition, results also suggest that species may more readily adjust to metabolic
variability by maintaining low codon bias. Furthermore, by analyzing 11 di-
verse microbial community sequencing samples, Roller et al. demonstrated
that microbes living in the same ecological niche share a common preference
for codon usage, regardless of their phylogenetic diversity [28]. Complementing
these studies, the analysis of acidophilic bacteria revealed that they preferen-
tially have low codon bias, consistent with both their capacity to live in a wide
range of habitats and their slow growth rate [13].

The physical requirements that are optimal for prokaryotic growth vary
dramatically for different types of bacteria and archea. As a group, bacteria
display the widest variation of all organisms in their ability to inhabit different
environments. One of the most prominent differences between prokaryotes is
their requirement for, and response to, atmospheric oxygen (O2). On the basis
of oxygen requirements, prokaryotic organisms can be divided into obligate aer-
obes (they have absolute requirement for oxygen in order to grow), obligate
anaerobes (they grow only in the absence of oxygen), facultative anaerobes
(they thrive in the presence of oxygen but also grow in its absence), aerotol-
erant anaerobes (they do not use oxygen but are indifferent to the presence
of oxygen) and microaerophiles (they require a minimum level of oxygen for
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growth, about 1%–10%). Prokaryotes have adapted to a wide range of temper-
atures. The National Center for Biotechnology Information (NCBI) Microbial
Genome Project Database uses five terms to categorize the temperature range
an organism grows at, where cryophilic refers to -30° to -2°C, psychrophilic
refers to -1° to +10°C, mesophilic refers to +11° to +45°C, thermophilic refers
to +46° to +75°C, hyperthermophilic refers to above +75°C, and organisms
that live at ranges that overlap with more than one category are labeled as the
one corresponding to the largest overlap [43]. Water is a fundamental require-
ment for life. Some organisms prefer salty environments and are thus called
halophiles. There is a wide range of halophilic microorganisms belonging to
the domains Bacteria and Archaea. Halophiles are categorized as slight, mod-
erate, or extreme, by the extent of their halotolerance. Slight halophiles prefer
0.3 to 0.8 M (1.7 to 4.8% seawater is 0.6 M or 3.5%), moderate halophiles 0.8
to 3.4 M (4.8 to 20%), and extreme halophiles 3.4 to 5.1 M (20 to 30%) salt
content [23].

To better understand the role of codon usage bias in the adaptation of
prokaryotes to their environments, we studied the codon usage for more than
600 prokariotic species.

MATERIALS AND METHODS

We analyzed the extent of codon usage bias in 615 organisms (544 bacteria
and 71 archaea) reported in Supplementary Material (see Table 1 of file Ex-
cel). Classification of environmental properties and pathogenicity were down-
loaded from [4]. Nucleotide sequences were downloaded from the FTP server of
the National Center for Biotechnology Information [3]. The tRNA gene copy
number for each organism was retrieved from the genomic tRNA database
(GtRNAdb) [22] (available at the site http://gtrnadb.ucsc.edu). To detect
different patterns of codon usage among the genes of a species, heat-maps were
drawn with the CIMminer software [39], which uses Euclidean distances and
the average linkage algorithm (http://discover.nci.nih.gov/cimminer).

RSCU values

There are a lot of methods and indices to estimate the degree of codon usage
bias in a gene. For an overview of current methods, their classification and
rationale see [29]. We used here a basic statistical indicator, the relative syn-
onymous codon usage (RSCU) [33]. The RSCU is the observed frequency of a
codon divided by the expected frequency if all the synonymous codons for the
amino acid were used equally. The RSCU is computed for each codon of each
amino acid and it is formally defined as follows. Let ni denote the number of
synonymous codons encoding for the amino acid i (codon degeneracy) and let
Xij denote the number of occurrences of the codon j for amino acid i. The
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RSCU for codon j encoding the amino acid i is defined as

RSCUij =
Xij

1
ni

ni∑
j=1

Xij

. (1)

RSCU is a real value comprised between 0 and the number of synonymous
codons for that amino acid, i.e. ni . For average synonymous codon usage (no
codon bias) the RSCU is 1. For codon usage more infrequent than the average
codon usage, the RSCU is less than one, and for more frequent usage than the
average for the amino acid, the RSCU is greater than 1.

We calculated these values with a Python script homemade. The RSCU
values of the various codons in a gene can be grouped together as the 61
components (excluding the stop codons TAA, TAG and TGA – which are
differently used by different species) of a vector which measures the codon
usage bias for that given gene.

For each genome we calculated the average vector of RSCU, RSCUavg, and
the distance between the RSCU vector of a gene and the average RSCU vector
of the genome using the cosine similarity. The cosine similarity considered as
a normalized distance d ∈ [0, 1] for each gene is estimated as:

d =
RSCU • RSCUavg

‖ RSCU ‖ ‖ RSCUavg ‖
, (2)

where • denotes the scalar product and ‖ RSCU ‖ is the magnitude of the
RSCU vector. When d is close to 1, RSCU vector of a single gene is similar to
RSCU average vector of the genome.

Principal component analysis

Principal component analysis (PCA) [19] is a multivariate statistical method
to transform a set of observations of possibly correlated variables into a set
of linearly uncorrelated variables (called principal components) spanning a
space of lower dimensionality. The transformation is defined so that the first
principal component accounts for the largest possible variance of the data, and
each succeeding component in turn has the highest variance possible under
the constraint that it is orthogonal to (i.e., uncorrelated with) the preceding
components.

We used this technique on the space of RSCUavg values, so that each or-
ganism of dataset is represented as a 61-dimensional vector with coordinates
the codons. The eigenvectors of the associated correlation matrix, ordered ac-
cording to the magnitude of the corresponding eigenvalues, are the principal
components of the original data.

We projected in the plane of the first two principal components all genomes
of the dataset. Centroids were calculated as average value with relative error
bars as standard deviation.
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We then performed another PCA adding the tRNA gene copy number
(tGCN) values to the RSCUavg values to consider the availability of tRNA for
each prokaryote.

tAI calculation

The speed of protein synthesis is bound to the waiting time for the correct
tRNA to enter the ribosomal A site [37], and thus depends on tRNA concentra-
tions [35]. The consequent adaptation of codon usage to tRNA availability [17,
18] is at the basis of tRNA adaptation index (tAI) [26,8]. It takes advantage
of the fact that the tRNA gene copy number across many genomes has a high
and positive correlation with tRNA abundance within the cell [17,24,20,9].
The tAI follows the same mathematical model of CAI [32] – defining for each
codon i its absolute (Wi):

Wi =

mi∑
j=1

(1− sij) tGCNij , (3)

where mi is the number of tRNA isoacceptors that recognize the ith codon
(i.e., tRNAs that carry the same amino acid that is encoded by i and that
make either WC or wobble pairing with it), tGCNij is the gene copy number of
the j-th tRNA that recognizes the i-th codon and sij is a selective constraint
on the efficiency of the codon-anticodon coupling. From the Wi values the
relative adaptiveness value wi of a codon is obtained as

wi =

{
Wi/Wmax if Wi 6= 0

wmean else
, (4)

where Wmax is the maximum Wi value and wmean is the geometric mean of
all wi with Wi 6= 0. Finally, the tRNA adaptation index tAIg of a gene g
is computed as the geometric mean of the relative adaptiveness values of its
codons

tAIg =

 lg∏
k=1

wk

1/lg

, (5)

where k is the codon defined by the k-th triplet in gene g and lg is the length
of the gene in codons (except the stop codon). The critical issue for tAI is
the selection of a meaningful set of sij values, i.e., weights that represent the
efficiency of the interactions between codons and tRNAs. Assuming that tRNA
usage is maximal for highly expressed genes, these values are chosen in order
to optimize the correlation of tAI values with expression levels.

We calculated tAI values using the tAI package provided by Mario dos Reis
on GitHub (https://github.com/mariodosreis/tai). This is an R package
that implements the tAI as described in dos Reis et al. [26].
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We divided the prokaryotes into groups according to their environmental
characteristics and pathogenicity and then we compared the distributions of
the average tAI values belonging to these groups. Mann-Whitney U-test was
used to verify if distributions were well separated with p-value < 0.05.

GC content

In genetics, the GC content is the percentage of the nitrogenous bases on a
DNA molecule that are either guanine or cytosine. The overall GC content was
computed using a Perl script from the inspiring study on microsporidia by Xi-
ang et al. [40] (https://github.com/hxiang1019/calcGCcontent.git). We
divided the prokaryotes into groups according to their environmental charac-
teristics and pathogenicity and then we compared the distributions of the GC
content values belonging to these groups. Mann-Whitney U-test was used to
verify if distributions were well separated with p-value < 0.05.

RESULTS AND DISCUSSION

RSCU values

Previous observations (see [25]) point to the fact that each bacterial species
has a specific pattern and level of codon bias, which is strongly shared by
all its genes; codon bias in specialized categories of genes appears to be just
a modulation of the distinctive codon bias of the species [6]. To check this
statement, we computed RSCU values of each codon for our set of prokaryotic
genomes. We plotted in Figure 1 an example of heatmap of RSCU values for
each gene (in the example, of Escherichia coli K12 substrain MG1655) that
shows the existence of a finger print of codon bias for this organism. So, we
calculated the distances (as cosine similarity) between the RSCU vector of
each gene and the RSCUavg vector belonging to the species (see Figure 2).
The distance distribution shows an average distance near to 1 meaning that
the gene vectors are quite similar to the average vector.

Overall, this exploration suggests that there should be a strong correlation
between codon bias patterns of each species and his evolutionary history. In
our opinion, there is an ecological determinant behind this rough classification
based on basic codon bias.

Principal component analysis

We performed PCA over the space of the RSCUavg vectors measured for each
species in dataset (see Figure 3). The two first principal components (PC1

and PC2) turned out to represent as much as 71% of the total variance of
codon bias over the genomes. Interestingly, the prokaryotes related to different
environmental characteristics are well localized and separated in this reduced
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Fig. 1 Heat-map of RSCU values for each gene of Escherichia coli strain K12 substrain
MG1655. Genes are in rows and codon are in columns. We note that RSCU values of each
gene cluster in the axis of codons and RSCU vectors are very close each others. So an average
RSCU vector can be considered a finger print for a species.

Fig. 2 Relative frequency F(d) of the average distances, calculated as cosine similarity,
between RSCU vector of a gene and RSCU average vector of a genome for all the prokaryotes
in dataset. Red dotted line denotes mean of the distribution and the error bar its standard
deviation. Inset: distance distribution F(d) for all the genes of Escherichia coli K12 substrain
MG1655. Note that the average distance (0.82 ± 0.02) is near to 1 to denote that the average
vector of RSCU is a good descriptor for the codon usage of the whole genome.

space (four panels of Figure 3). The same result is shown when we characterized
prokaryotes for different habitats (see Figure 4). In particular, we note that
terrestrial organisms are located in the left part of the graph, isolated from
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the others. This represents an important evidence: proteins that belong to the
a particular environment are well-localized in the space of the two principal
components. In other words, if a set of genomes are physically and functionally
connected in an environment, their corresponding genes should share common
codon bias features.

Fig. 3 Prokaryotes show different codon usage bias measured with RSCUavg values, in
relation with different environmental characteristics. We project in PC1-PC2 planes the
prokaryotes of the dataset exhibiting different environmental properties. Centroids are cal-
culated as average value with relative error bars as standard deviation.

To consider the tRNA availability of these genomes we carried out another
PCA combining together RSCUavg values and tGCN values measured for each
species in the dataset (see Figure 5). The two first principal components (PC1

and PC2) turned out to represent as much as 52% of the total variance of codon
bias over the genomes (worst than the first PCA with only RSCUavg values).
In this case, the prokaryotes related to different environmental characteristics
are not well localized and separated in this reduced space (four panels of Figure
5). These plots show that centroids of the groups are not well separated with
higher error bars as standard deviation. However, when we observe the pattern
of codon usage for different habitats (see Figure 6) organisms continue to be
well-localized in the space of the two principal components.

tAI distribution

Pathogenic prokaryotes demonstrated lower codon usage bias than non-pathogenic
prokaryotes, in accord with the multiple environments that many pathogens
occupy (see Figure 7 and Table 1). In relation to oxygen requirement, facul-
tative prokaryotes showed the lower codon usage bias and aerobic prokaryotes
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Codon usage bias in prokaryotic genomes and environmental adaptation 9

Fig. 4 Prokaryotes show different codon usage bias measured with RSCUavg values, in
relation with different habitat conditions. We project in PC1-PC2 planes all the prokaryotes
living in different habitats. Centroids are calculated as average value with relative error bars
as standard deviation.

Fig. 5 Results of the second PCA considering as coordinates the RSCUavg values togheter
with the tGCN values. We project in PC1-PC2 planes the prokaryotes of the dataset ex-
hibiting different environmental properties. Centroids are calculated as average value with
relative error bars as standard deviation.

showed the highest extent. Prokaryotes that live in different salinity envi-
ronments (halophilic or non halophilic) showed a small difference in codon
usage, with halophilic organisms exhibiting larger values of tAI. Thermophilic
prokaryotes, in agreement with previous studies, had a higher extent of codon
usage bias than mesophilic prokaryotes, demonstrating the correlation of codon
bias with temperature [34,15,42]. Regarding the habitats, organisms living in
a specialized habitat had the highest extents of codon usage bias, measured
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Fig. 6 Results of the second PCA considering as coordinates the RSCUavg values togheter
with the tGCN values. We project in PC1-PC2 planes all the prokaryotes living in different
habitats. Centroids are calculated as average value with relative error bars as standard
deviation.

by tAI index (0.434 ± 0.01) consistent with their need to adapt efficiently to
specific environmental conditions. They use efficiently always the same codons
with a corresponding abundant tRNA availability, whereas organisms able to
live in multiple habitats had low codon usage bias measured by tAI index
(0.348 ± 0.006), consistent with their need to adapt to various physical and
chemical conditions (see Figure 8).

We note that some of our results are anticorrelated with the results in [4],
because in our analysis we consider the tRNA availability. Communities of
microbes have been shown to share similar tRNA pools to facilitate horizontal
gene transfer [36], which also implies a limited choice of preferred codons that
are cognate to the shared community tRNA pool. It has also been shown
that fast growth rates introduce stronger bias in synonymous codon usage at
the level of whole metagenomes [38], much like the effect observed in single
microbial species [27,31]. This shows the importance of tRNA co-evolution
with codon bias and that the conditions under which a gene is replicated also
appear to affect codon preferences.

GC content

Microbes in the same environment live within the same physical and chem-
ical constraints, such as temperature, pH or ion concentration, and it was
demonstrated that GC content is metagenome-specific [10]. GC content distri-
butions for groups of prokaryotes living in different environments were calcu-
lated. Mann-Whitney test was effectuated to demonstrate if the distributions
between two groups were significantly different with p-value < 0.05. The test
was not passed only for halophilic and non halophilic organisms. The group of
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Fig. 7 Relative frequency F(tAI) of average tAI values for different gruops of prokaryoets
in dataset classified according to various properties. Mann-Whitney tests were effectuated to
demonstrate if two distributions of each panel were well separated with p-value < 0.05. All
the differences between the prokaryotic groups are statistically significant. Values of means
and standard deviations are reported in Table 1.

Characteristic tAI σ

pathogenic 0.366 0.005
non pathogenic 0.414 0.001
aerobic 0.406 0.116
anaerobic 0.399 0.126
facultative 0.349 0.100
halophilic 0.390 0.119
non halophilic 0.370 0.104
mesophilic 0.373 0.106
thermophilic 0435 0.139

Table 1 For each prokaryotic characteristic, we calculate average value and standard devi-
ation of tAI. We note that group of thermophiles has higher values of tAI.

host-associated species had higher values of GC content, whereas specialized
prokaryotes had lower values.

If we consider all the prokaryotes in dataset, we show in Figure 9 that
correlation between tAI and GC content is not present. In Figure 10 we show
heatmaps of RSCU average values (upper panel) and tRNA gene copy num-
bers (bottom panel) for each prokaryote in a given habitat. We sorted codons
subdivided in AT-endings and GC-endings. We note that prokaryotes belong-
ing to the same habitat do not cluster in abundance of GC- or AT-endings. It
is interesting to show how tRNA availability is equal for half codons in a lot
of species.
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Fig. 8 Relative frequency F(tAI) of average tAI values for different gruops of prokaryoets
in dataset classified according to various habitats. Mean values ± standard deviation for
each habitat are: aquatic (0.403 ±0.009), host-associated (0.388 ± 0.008), multiple (0.348
± 0.006), specialized (0.434 ± 0.010) and terrestrial (0.414 ± 0.010).

Fig. 9 Correlation between average tAI values and GC content. Linear regression is rep-
resented with R2 = 0.42. Very low slope of the line show that GC content of prokaryotes
in dataset is not strictly correlated with codon bias. Error bars are calculated as standard
deviations.

CONCLUSIONS

The analysis of codon usage bias is very important to characterize similar or
different communities of prokaryotes. Our analysis revealed a large variability
in codon bias: there are organisms showing very high degrees of codon usage
bias and organisms exhibiting very low differences in the use of codons among
genes. The aim of this work was to study the codon usage bias of prokaryotes
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Fig. 10 Heat-maps of RSCUavg and tGCN for prokaryotes in different habitats. We show
in upper panel RSCUavg values and in bottom panel tGCN values. We sorted codons sub-
divided in AT-endings and GC-endings. We note that the prokaryotes do not cluster in
abundance of GC- or AT-endings.

in different environments and, remarkably, we found that the codon usage bias
correlate to environmental conditions.

Codon usage bias was calculated by RSCU values, that characterize differ-
ent choices of codons, but only in relation to the statistics. Subsequently, we
used the tAI adaptive index, built on availability of tRNA.

The adaptation of codon usage to the genomic tRNA gene pool is a well-
known phenomenon in various organisms where translational selection is known
to be present. In fact, some authors have yet discussed how the redundancy in
the gene number of certain tRNA isoacceptors matches the frequencies of the
preferred set of codons. It can be argued that it is the need for translational
optimization and hence codon usage that shapes the tRNA pool of organisms.
The abundance of distinct tRNAs, even though transferring the same amino
acid may affect the speed of translation and protein folding [41].

In the present study, we have sustained that organisms that live in a spe-
cialized habitat have higher extents of codon usage bias, consistent with their
need to adapt efficiently to a specific environment. On the contrary, prokary-
otes that live in multiple environments have shown lower codon usage bias as
they need to be more flexible. Accordingly, phatogens, which usually live in het-
erogeneous physical conditions and facultative anaerobes, which can grow with
or without the the presence of oxygen, showed lower codon usage bias. When

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 4, 2020. ; https://doi.org/10.1101/2020.04.03.023309doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.03.023309
http://creativecommons.org/licenses/by/4.0/


14 Davide Arella et al.

comparing prokaryotes that live in different salinity environments (halophilic
or non halophilic) we have found only small differences in codon usage, with
halophilic species exhibiting higher values of tAI. As pointed out by previ-
ous studies, thermophiles exhibited a higher extent of codon usage bias than
mesophiles. We note that some of our results are the opposite of what was
found in [4], because in our analysis we take into account the tRNA availabil-
ity. Our results suggest that the co-evolution of tRNA availability and codon
usage bias of an organism plays a role in the adaptation of prokaryotes to their
environments.
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