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Commonly Used Index Descriptors 

Indices based on non-uniform usage of synonymous codon 

Indices in this section calculate the deviation of codon usage frequency from a "uniform" or 
expected "background" distribution. An increased CUB observed in a certain gene or genomic region 
suggests that selection has acted upon it, favoring certain codons that impact expression levels. 
Generally, these indices demonstrate a consistent relationship with the level of codon usage uniformity 
or frequency. At the extremes, these methods will identify cases where only one codon is used 
(maximal bias) or where all codons are utilized with equal frequency (minimum bias). It is worth noting 
that these indices are based solely on the coding sequence, thus offering an informative measurement 
of CUB without the need for prior knowledge. 

 
Relative Synonymous Codon Use (RSCU)  

The Relative Synonymous Codon Usage (RSCU)1 value for a codon represents the ratio between the 
observed frequency of a particular codon and the expected frequency, assuming equal usage of all 
synonymous codons for the corresponding amino acid. The formula for calculating RSCU is as follows: 

𝑅𝑆𝐶𝑈௜௝  =  
𝑥௜௝

1
𝑛௜

∑ 𝑥௜௝
௡೔

௝ୀଵ

 

where 𝑥௜௝ denotes the number of occurrences of the 𝑗-th codon for the 𝑖-th amino acid, while 𝑛௜  
represents the degeneracy for the 𝑖-th amino acid. It is worth noting that if the codon is missing from 
the gene, we consider the RSCU value of this codon as 0.0001. The RSCU value of 1 indicates the 
average synonymous codon usage. A codon with an RSCU value greater than 1 is considered to be 
preferred or overrepresented, as it is used more frequently than expected. Conversely, a codon with 
an RSCU value less than 1 is considered to be unpreferred or underrepresented, as it is used less 
frequently than expected based on the assumption of equal usage of all synonymous codons for the 
corresponding amino acid. Therefore, the RSCU value is a useful tool for identifying codon bias and for 
gaining insight into the regulation of gene expression. Furthermore, the RSCU values also serve as 
weights for codons in various indices that require normalization of codon count into codon frequency 
and elimination of dependency on gene length, such as Codon Adaptation Index (CAI), Intrinsic Codon 
Deviation Index (ICDI), etc. 
The RSCU of a gene on our website can be computed by taking the arithmetic mean of all codons. The 
calculation can be performed as follows: 

𝑅𝑆𝐶𝑈(𝑔) =
∑ 𝑟𝑠𝑐𝑢௞

௅
௞ୀଵ

𝐿
     

where 𝐿 is the length of a gene measured in codons and 𝑟𝑠𝑐𝑢௞ is the RSCU value for the 𝑘-th codon 
in the gene. 
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Effective Number of Codons (ENC)  

The mathematical formula utilized in the calculation of the Effective Number of Codons (ENC)2,3 is 
based on principles derived from the field of population genetics. ENC takes into account the 
degeneracy level of amino acids and computes the total number of distinct codons used in a sequence. 
This index can assess the extent of bias or preference in the usage of synonymous codons within a 
particular gene or genome. 
The theoretical value of ENC ranges from 61 (when there is no bias and all synonymous codons are 
used uniformly) to 20 (when there is maximal bias or preference observed in synonymous codon usage). 
A lower ENC value indicates a stronger inclination towards specific codons for a particular amino acid, 
while a higher ENC value suggests a more balanced or uniform utilization of synonymous codons.  
For an amino acid (AA) with a degeneracy of 𝑘, meaning it has 𝑘 synonymous codons, each with 

counts 𝑛ଵ, 𝑛ଶ, ..., 𝑛௞, 𝑛 = ∑ 𝑛௜
௞
௜ୀଵ  and 𝑝௜ = 𝑛௜/𝑛, the effective number of codons for each amino 

acid (𝑁෡௖஺஺) is calculate as follows: 

𝑁෡௖஺஺ =
1

𝐹஺஺
 

where 

𝐹஺஺ =
𝑛 ∑ 𝑝௜

ଶ − 1௞
௜ୀଵ

(𝑛 − 1)
   𝑛 > 1 

It is important to mention that if there is a maximum bias in the usage of codons for an amino acid, 
meaning that only one synonymous codon is used, the 𝐹஺஺ for that amino acid is 1. 
Finally, for the standard genetic code, the formula for calculating ENC (𝑁෡௖) for a gene is as follows: 

𝑁෡௖ = 2 +
9

𝐹തଶ

+
1

𝐹ଷ
+

5

𝐹തସ

+
3

𝐹ത଺

 

where 𝐹ത௜  (𝑖 = 2, 3, 4 and 6) represents the average values of 𝐹஺஺ for all amino acids with degeneracy 
𝑖. It is worth noting that rarely used amino acids (indicated by a 𝐹஺஺ value of 0) should be regarded as 
absent and are not taken into consideration when calculating the averages. However, if isoleucine (Ile) 
is absent or rarely used (𝐹ଷ = 0), the value of 𝐹ଷ should be calculated as the average of 𝐹തଶ and 𝐹തସ. 
 

Relative Codon Bias Strength (RCBS) 

The Relative Codon Bias (RCB)4 is a metric used to assess the level of bias in codon usage. It is calculated 
by comparing the observed frequency of a specific codon to the expected frequency assuming random 
codon usage, taking into account the biased base composition at three sites as observed in the 
sequence being studied. This difference is then divided by the expected frequency, providing a 
normalized measure of codon usage bias that is independent of overall base composition variability. 
The RCB of the codon 𝑥𝑦𝑧 is calculated as follows: 

𝑑௫௬௭ =
𝑓(𝑥, 𝑦, 𝑧) − 𝑓ଵ(𝑥) ∙ 𝑓ଶ(𝑦) ∙ 𝑓ଷ(𝑧)

𝑓ଵ(𝑥) ∙ 𝑓ଶ(𝑦) ∙ 𝑓ଷ(𝑧)
 

Specifically, 𝑓(𝑥, 𝑦, 𝑧) represents the observed frequency of codon 𝑥𝑦𝑧, where 𝑥, 𝑦, and 𝑧 denote 
the first, second, and third nucleotides of that codon, respectively. Additionally, 𝑓ଵ(𝑥) , 𝑓ଶ(𝑦)  and 
𝑓ଷ(𝑧) represent the observed frequencies of the individual bases 𝑥, 𝑦, and 𝑧 at positions 1, 2, and 
3 of the codons. Rare codons are assigned lower 𝑑௫௬௭ values, typically approaching -1. Conversely, 
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highly frequent codons are assigned higher 𝑑௫௬௭ values, which can reach a value of 1. 
The RCBS (Relative Codon Bias Strength)4 is designed to consider base compositional bias, enabling a 
more robust estimation of highly favored codon frequencies while accounting for other characteristics 
of the coding sequence, including GC content bias. It provides a quantitative evaluation of the deviation 
from expected codon frequencies, taking into account the underlying RCB factors observed in the 
gene's sequence. To calculate the RCBS for a gene with 𝐿 codons, the following formula is used: 

𝑅𝐶𝐵𝑆 = ൭ෑ൫1 + 𝑑௫௬௭
௜ ൯

௅

௜ୀଵ

൱

ଵ/௅

− 1 = exp
1

𝐿
෍൫1 + 𝑑௫௬௭

௜ ൯

௅

௜ୀଵ

− 1 

A value of RCBS close to 0 suggests a lack of bias in codon usage. Conversely, a value greater than 0.5 
indicates a favorable preference for specific codon usage, which signifies high gene expression. 
 

Directional Codon Bias Score (DCBS) 

According to the RCBS (Relative Codon Bias Strength)4 formula, rare codons have negative RCB values, 
approaching -1, while very frequent codons have positive RCB values, approaching 1. As a result, the 
presence of very rare codons decreases the final RCBS score of a gene, while the presence of very 
frequent codons increases it. However, genes with a high Codon Usage Bias (CUB) should include both 
very frequent and very rare codons. To ensure that both positive and negative codon usage biases 
contribute to the same direction and increase the RCBS score, a modified version called The Directional 
Codon Bias Score (DCBS)5 has been proposed.  
DCBS considers both overrepresented and underrepresented codons, providing a more accurate 
evaluation of codon bias in a gene by considering the directionality of codon usage bias. To calculate 
DCBS, the Directional Codon Bias (DCB) of a codon triplet 𝑥𝑦𝑧 is defined as follows: 

𝑑௫௬௭ = 𝑚𝑎𝑥 ቆ
𝑓(𝑥, 𝑦, 𝑧)

𝑓ଵ(𝑥) ∙ 𝑓ଶ(𝑦) ∙ 𝑓ଷ(𝑧)
,
𝑓ଵ(𝑥) ∙ 𝑓ଶ(𝑦) ∙ 𝑓ଷ(𝑧)

𝑓(𝑥, 𝑦, 𝑧)
ቇ 

Identical to RCBS, 𝑓(𝑥, 𝑦, 𝑧)  represents the observed frequency of codon 𝑥𝑦𝑧 , and 𝑓ଵ(𝑥) , 𝑓ଶ(𝑦) 
and 𝑓ଷ(𝑧) represent the observed frequencies of the individual bases 𝑥, 𝑦, and 𝑧 at positions 1, 2, 
and 3 of the codons. 
The DCBS of a gene, which is composed of 𝐿 codons, is calculated as follows: 

DCBS =
∑ 𝑑௫௬௭

௅
௜ୀଵ

𝐿
 

Similar to RCBS, a value close to 0 for DCBS indicates a lower degree of codon preference, while a 
higher value indicates a stronger bias in codon usage. 
 
Codon Deviation Coefficient (CDC) 

The Codon Deviation Coefficient (CDC)6 is based on the cosine distance metric between the expected 
and the observed codon usage. This metric takes into account background nucleotide compositions 
(BNC) specific to codon positions, thereby allowing for a more precise evaluation of CUB in diverse 
genetic sequences. 
In this context, the four nucleotides (adenine, thymine, guanine, and cytosine) are denoted as A, T, G, 
and C, while the GC content and purine content are represented as S and R, respectively. The expected 
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nucleotide contents (A, T, G, C) at codon position 𝑖 (𝑖 = 1, 2, 3) is derived based on the observed 
positional GC and purine contents, which can be formulated as follows: 

𝐴௜ = (1 − 𝑆௜)𝑅௜ 
𝑇௜ = (1 − 𝑆௜)(1 − 𝑅௜) 

𝐺௜ = 𝑆௜𝑅௜ 
𝐶௜ = 𝑆௜(1 − 𝑅௜) 

For any sense codon 𝑥𝑦𝑧(𝑥, 𝑦, 𝑧 ∈ A, T, G, C), the expected usage 𝜋𝑥𝑦𝑧 is defined as the product of 
its constituent expected nucleotide contents 𝑥ଵ𝑦ଶ𝑧ଷ, normalized by the sum over all sense codons: 

𝜋𝑥𝑦𝑧 =
𝑥ଵ𝑦ଶ𝑧ଷ

∑ 𝑤௔௕௖𝑎ଵ𝑏ଶ𝑐ଷ௔௕௖
 

where 

𝑤௔௕௖ = ൜
1,   𝑖𝑓 𝑎𝑏𝑐 𝑖𝑠 𝑎 𝑠𝑒𝑛𝑠𝑒 𝑐𝑜𝑑𝑜𝑛

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑎𝑛𝑑 𝑎, 𝑏, 𝑐 ∈ 𝐴, 𝑇, 𝐺, 𝐶 

Also, the observed usage of the sense codon 𝑥𝑦𝑧 is normalized by the length of gene: 

𝜋ො𝑥𝑦𝑧 =
𝐹௫௬௭

𝐿
 

where 𝐹௫௬௭ represent the observed frequency of that codon in the gene, and 𝐿 is the length of a 
gene measured in codons. 
Then, CDC is calculated using the cosine distance metric, which measures the similarity between the 
expected (𝜋) and observed (𝜋ො) codon usage patterns: 

CDC = 1 −
∑ 𝜋𝑥𝑦𝑧 × 𝜋ො𝑥𝑦𝑧௫௬௭

ඥ∑ 𝜋𝑥𝑦𝑧ଶ
௫௬௭ × ∑ 𝜋ො𝑥𝑦𝑧ଶ

௫௬௭

 

The CDC ranges from 0 to 1, where a value closer to 0 indicates a closer correspondence between the 
expected and observed codon usage patterns, suggesting a lower level of bias in codon usage. 
Conversely, a CDC value closer to 1 represents the greater level of codon usage bias. 
 
Measure Independent of Length and Composition (MILC) 

The Measure Independent of Length and Composition (MILC)7,8 quantifies the variation in codon usage 
by calculating a log-likelihood ratio between the expected and observed counts of codons. MILC is a 
versatile measure that remains unaffected by alterations in gene length and overall nucleotide 
composition, and introducing little noise into measurements. This approach yields similar numerical 
results to the widely used χଶ test, but may offer theoretical advantages in statistical analyses. Only 
sequences consisting of 80 codons or more are recommended to be analyzed using MILC. A higher 
value indicates a stronger bias in codon usage, which signifies higher gene expression. 
The individual contribution (𝑀௔) of each amino acid 𝑎 to the MILC statistic is calculated as follows: 

𝑀௔ = ෍ 𝑂௖𝐼𝑛

௖∈௔

𝑂௖

𝐸௖
= ෍ 𝑂௖𝐼𝑛

𝑓௖

𝑔௖
௖∈௔

 

where 𝑂௖ represents the observed count of codon 𝑐 in a gene, 𝐸௖ denotes the expected count of 
the same codon, 𝑓௖ signifies the frequency of codon 𝑐 in a gene, and 𝑔௖ represents the expected 
frequency of the same codon. It is important to note that the sum of 𝑓௖ or 𝑔௖ over all codons for 
each amino acid should equal 1. In addition, the 𝑂௖/𝐸௖ ratio is mathematically equal to, and can be 
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replaced by 𝑓௖/𝑔௖.  
Then, MILC can be calculated by the following formula: 

𝑀𝐼𝐿𝐶 =
∑ 𝑀௔௔

𝐿
− 𝐶 

where 𝐿 represents the gene length measured in codons, aiming to account for the expected increase 
associated with the total number of codons. The correction factor 𝐶 is employed to address the issue 
of overestimating the overall bias in shorter sequences. In the case where the codon usage in the gene 
aligns with the expected distribution and all amino acids are present, the occurrence of sampling errors 
leads to an increase in the χଶ score by 41, and an increase in the ‘scaled’ χଶ by 41/𝐿. Consequently, 
the correction factor C can be computed using the following formula: 

𝐶 =
∑ (𝑟௔ − 1)௔

𝐿
− 0.5 

where 𝑟௔ represents the number of possible codons for the amino acid 𝑎, which corresponds to its 
degeneracy class. Only the amino acids that are actually present at least once in the sequence 
contribute to the calculation of 𝐶. For example, if a gene lacks one of the amino acids with a four-fold 
degeneracy, 𝐶 would be calculated as 38/𝐿. In cases where the observed frequencies closely match 
the expected codon distribution, MILC values may become negative. To compensate for this, a constant 
of 0.5 is subtracted to the correction factor 𝐶. 
 

Intrinsic Codon Deviation Index (ICDI) 

The Intrinsic Codon Deviation Index (ICDI)9 utilizes the RSCU1 and the degeneracy of amino acids in the 
sequence, giving equal weight to all included amino acids. It can be applied to evaluate codon bias in 
genes from species without knowledge of optimal codons, and has the potential to help predict gene 
functionality. A gene with strong bias, using only one codon per amino acid, would have an ICDI value 
of 1, while a gene utilizing all codons equally would have a value of 0. 
The ICDI was calculated through the following steps. Firstly, for each of the 18 amino acids (methionine 
and tryptophan excluded) with 𝑘  number of synonymous codons, the value of 𝑆௞  is defined as 
follows: 

𝑆௞ = ෍
(𝑟𝑠𝑐𝑢௜ − 1)ଶ

𝑘(𝑘 − 1)
 

where 𝑟𝑠𝑐𝑢௜ is the RSCU1 value of the 𝑖-th codon. It is worth noting that if the amino acid is absent 
in the gene sequence, the 𝑆  value for that particular amino acid is considered as 0.0001. For the 
standard genetic code, the value of 𝑘 corresponds to the degeneracy of the codons, which can be 2, 
3, 4, or 6 triplets encoding for the same amino acid. Then the ICDI value for a gene is calculated as 
follows: 

𝐼𝐶𝐷𝐼 =
∑ 𝑆ଶ + 𝑆ଷ + ∑ 𝑆ସ + ∑ 𝑆଺

18
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Synonymous Codon Usage Order (SCUO) 

The Synonymous Codon Usage Order (SCUO)10,11 is based on an informatics method, using Shannon 
informational theory and maximum entropy theory to provide an estimate for the orderliness of 
synonymous codon usage. Entropy is a measure of uncertainty or information content in a probabilistic 
system. Shannon entropy quantifies the average amount of information needed to describe or predict 
the outcomes of a random variable. In the context of information theory, entropy represents the 
amount of "surprise" or "new information" associated with the occurrence of an event. 
According to the information theory, the uncertainty in synonymous codon usage of the 𝑖-th amino 
acid can be quantified using a function known as the 'entropy' of the probability distribution: 

𝐻௜ = − ෍ 𝑝௜௝𝑙𝑜𝑔𝑝௜௝

௞೔

௝ୀଵ

 

where 𝐻௜ represents the entropy of the 𝑖-th amino acid and 𝑘௜ is its degree of codon degeneracy. 
Moreover, 𝑝௜௝ is the normalized frequency of 𝑗-th codon usage for the 𝑖-th amino acid, which can be 
calculated as follows: 

𝑝௜௝ =
𝑥௜௝

∑ 𝑥௜௝
௡೔

௝ୀଵ

 

It is noteworthy the case that the synonymous codons are chosen at random, without any bias or 
preference, each codon has an equal probability of occurrence for representing the 𝑖-th amino acid. 
This results in a uniform distribution of synonymous codons, maximizing the entropy associated with 
the 𝑖-th amino acid in each sequence. Consequently, the maximum entropy for the 𝑖-th amino acid 
within each sequence is as follows:  

𝐻௜
௠௔௫ = −𝑙𝑜𝑔

1

𝑘௜
= 𝑙𝑜𝑔𝑘௜ 

Similarly, if only one of the synonymous codons is exclusively utilized for representing the 𝑖-th amino 
acid, it indicates an extreme bias in the codon usage. In this case, the entropy associated with the    
𝑖-th amino acid in each sequence reaches the minimum value of 0. 
The SUCO (𝑂௜) can be regarded as a quantitative measure of the bias in synonymous codon usage for 
the 𝑖-th amino acid within each sequence, which is defined as the normalized difference between the 
maximum entropy and the observed entropy for the 𝑖-th amino acid in each sequence: 

𝑂௜ =
𝐻௜

௠௔௫ − 𝐻௜

𝐻௜
௠௔௫ = 1 −

𝐻௜

𝐻௜
௠௔௫ 

Clearly, the value of 𝑂௜  falls within the range of 0 to 1, where a value of 0 indicates that the 
synonymous codon usage for the 𝑖 -th amino acid is completely random. Conversely, a value of 1 
suggests an extreme bias in the synonymous codon usage. Therefore, 𝑂௜  can be interpreted as a 
measure of the degree of bias in the synonymous codon usage for the 𝑖-th amino acid within each 
sequence. 
The weighted sum of SCUO (𝑂௪) each sequence can be represented as: 

𝑂௪ = ෍ 𝑤௜𝑂௜

௡

௜ୀଵ
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where 𝑛 is the number of distinct amino acids (methionine and tryptophan excluded) in the sequence 
and 𝑤௜  represents the relative abundance or composition ratio of the 𝑖 -th amino acid in each 
sequence: 

𝑤௜ =
∑ 𝑥௜௝

௞೔
௝ୀଵ

∑ ∑ 𝑥௜௝
௞೔

௝ୀଵ
௡
௜ୀଵ

 

Obviously, the value of 𝑂௪ also ranges from 0 to 1. A value of 1 indicates maximum bias, while a value 
of 0 signifies no bias. 
 

Weighted Sum of Relative Entropy (Ew) 

Similar to Synonymous Codon Usage Order (SCUO)10,11, the Weighted Sum of Relative Entropy (𝐸௪)12 
is is also based on Shannon's information theory and maximum entropy theory to evaluate the 
synonymous codon usage bias. 𝐸௪ is defined as the weighted sum of Relative Entropy (𝐸௜): 

𝐸௪ = ෍ 𝑤௜𝐸௜

௡

௜ୀଵ

 

where n is the number of distinct amino acids in the sequence and the formula for calculating 𝑤௜ for 
each amino acid is provided in SUCO. Furthermore, the Relative Entropy13 for the 𝑖-th amino acid (𝐸௜) 
represents the evenness component of uncertainty, quantifying the ratio of the observed uncertainty 
in amino acid usage to the maximum possible uncertainty. This measure is calculated using the 
following function: 

𝐸௜ =
𝐻௜

𝐻௜
௠௔௫ =

𝐻௜

𝑙𝑜𝑔𝑘௜
 

It is worth noting that if degeneracy for amino acids is equal to 1, which means that the amino acids 
are encoded by only one codon, the denominator becomes zero, leading to an undefined value for 𝐸௜. 
Due to such nondegenerate amino acids cannot exhibit synonymous codon usage bias, they are 
typically excluded from consideration. Clearly, the 𝐸௪ value range from 0 to 1. In contrast to 𝑂௪, a 
value of 0 indicates maximum bias, while a value of 1 signifies no bias. 
 
Codon Preference (P)  

The Codon Preference (P)14 assesses the propensity of a specific set of codons to align with a predefined 

preferred usage. P is computed for all three reading frames, making it valuable for gene identification 

in sequenced DNA, predicting the relative expression level of genes, and detecting DNA sequencing 

errors that may lead to base insertions or deletions within coding sequences. A higher P value indicates 

a more frequent usage of preferred codons.  

The preference parameter, for a codon 𝑥𝑦𝑧 is calculated as follows: 

𝑃௫௬௭ =
𝑓௫௬௭/𝐹௫௬௭

𝑟௫௬௭/𝑅௫௬௭
 

where 𝑓௫௬௭ represents the observed frequency of codon 𝑥𝑦𝑧. 𝐹௫௬௭ is the frequency of all the 
codons for an amino acid and can be calculated as follows: 
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𝐹௫௬௭ = ෍ 𝑓௫௬௭

௫௬௭∈௔

 

Then, 𝑟௫௬௭ represents the frequency of codon in a random sequence, and 𝑅௫௬௭ is the sum of 
𝑟௫௬௭ within the synonymous family which includes codon 𝑥𝑦𝑧. The formulae for their 
calculation are as follows: 

𝑅௫௬௭ = ෍ 𝑟௫௬௭

௫௬௭∈௔

 

𝑟௔௕௖ =
𝑁௫𝑁௬𝑁௭

𝑁ଷ
 

where 𝑁௫, 𝑁௬ and 𝑁௭ represent the observed frequencies of the individual bases 𝑥, 𝑦, and 𝑧 at 
positions 1, 2, and 3 of the codon. 𝑁 is the total number of bases in the sequence. 
The preference of a gene 𝑃 is defined as the geometric mean of 𝑃௫௬௭: 

𝑃 = ൭ෑ 𝑃௞

௅

௄ୀଵ

൱

ଵ
௅

= exp (
1

𝐿
෍ 𝐼𝑛𝑃௞

௅

௞ୀଵ

) 

where 𝐿 is the length of a gene measured in codons and 𝑃௞ is the preference for the 𝑘-th codon in 
the gene.  
 
Maximum-likelihood Codon Bias (MCB) 

The Maximum-likelihood Codon Bias (MCB)15 is designed to account for background nucleotide 
composition and can be further adapted to correct for di-nucleotide biases. This method proves 
valuable for estimating ancestral codon usage bias and conducting genetic population analysis. A 
higher value of MCB indicates a stronger bias in codon usage. It estimates the bias in codon usage by 
assigning weights to each amino acid. These weights are derived from the likelihood of occurrence of 
each amino acid, considering its frequency and codon degeneracy. Nevertheless, MCB is not a 
maximum-likelihood method in the strictest sense.  
The calculation can be expressed as follows:  

𝐵௚ =
∑ 𝐵௔ ∙ 𝑙𝑜𝑔𝑁௔

𝐴
 

where 𝑁௔  is the observed frequency of amino acid 𝑎, and 𝐴 is the number of amino acids 
contributing to the index. The bias for an individual amino acid, 𝐵௔ , can be obtained using the 
following formula: 

𝐵௔ = ෍
(𝑂௖ − 𝐸௖)ଶ

𝐸௖
௖∈௔

 

Where 𝑂௖ represents the observed count of codon 𝑐 in a gene, 𝐸௖ denotes the expected count of 
the same codon.  
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Indices based on codon frequency in a reference set of genes 

Indices in this section rely on the comparison to the codon frequency in a reference set of genes. 
These indices necessitate knowledge of the reference genome of the host organism and compare the 
variation in codon usage between the reference genes and the host organism. Coding sequences 
containing codons that closely resemble those in the reference set will receive a higher score, 
indicating higher gene expression. The differences among the indices lie in the methodology employed 
to compute the similarity score. 

Codon Adaptation Index (CAI)   

The Codon Adaptation Index (CAI)16 serves as a measure to quantify the degree of codon adaptation 
within a gene by comparing its codon usage with the preferred or optimal codons, which ranges from 
0 to 1. A higher CAI score suggests that the codon usage in the gene is more adapted towards the 
preferred codons observed in highly expressed a reference set, and a value of 1 is considered ideal. 
Genes with higher scores are expected to exhibit greater translation efficiency and higher protein 
expression levels. 
To calculate CAI, the first step is to construct a reference table of RSCU values specifically for highly 
expressed genes in the organism under investigation. The relative adaptiveness (𝑤௜௝) of a codon is 
calculated as the ratio of the frequency of use of that codon to the frequency of the optimal codon for 
the same amino acid: 

𝑤௜௝ =
𝑅𝑆𝐶𝑈௜௝

𝑅𝑆𝐶𝑈௜௠௔௫
=

𝑥௜௝

𝑥௜௠௔௫
 

where 𝑅𝑆𝐶𝑈௜௠௔௫  refers to the RSCU value of the codon that is most frequently used among all 
synonymous codons for the 𝑖 -th amino acid, while 𝑥௜௠௔௫  represents the count or frequency of 
occurrences of that codon. 
The CAI for a gene is then calculated as the geometric mean of the 𝑤௞ values corresponding to each 
of the codon used in that gene: 

𝐶𝐴𝐼 = exp ൭
1

𝐿
෍ 𝑙𝑛𝑤௞

௅

௞ୀଵ

൱ 

where 𝐿 is the length of the gene measured in codons and 𝑤௞ is the w value for the k-th codon in 
that gene. 𝐿 does not have an inherent impact on CAI. However, it is worth noting that CAI values for 
shorter genes may exhibit increased variability due to sampling effects. 
 

Codon Frequency Distribution (CFD) 

The Codon Frequency Distribution (CFD)17 is a factor that shows percentage of rare codon (defined as 
<30% usage frequency), which can be calculated as follows: 

𝑤௜௝ = ൜
1, 𝑖𝑓 𝑥௜௝/𝑥௜௠௔௫ < 0.3

0, 𝑒𝑙𝑠𝑒
 

where 𝑥௜௝ is the frequency of 𝑗-th codon for the 𝑖-th amino acid, and 𝑥௜௠௔௫ is the frequency of the 
optimal codon for the same amino acid. The ratio of 𝑥௜௝ to 𝑥௜௠௔௫ ranges from 0 to 1, and a value of 
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1 is set for the codon with the highest usage for a given amino acid in the desired expression organism. 
Then, the CFD for a gene is then calculated as the arithmetic mean of the 𝑤௞ values corresponding to 
each of the codon used in that gene: 

𝐶𝐹𝐷 =  
1

𝐿
෍ 𝑤௞

௅

௞ୀଵ

 

where 𝐿 is the length of the gene measured in codons and 𝑤௞ is the w value for the k-th codon in 
that gene. 
 

Frequency of Optimal Codons (FOP) 

The Frequency of Optimal Codons (FOP)18,19 is a simplified version of CAI that provides a lower-
resolution assessment of codon usage bias, which is derived by calculating the ratio of the number of 
optimal codons (ATG, TGG and stop codons excluded) to the total number of codons present in the 
gene: 

𝐹𝑂𝑃 =
# 𝑜𝑝𝑡𝑖𝑚𝑎𝑙 𝑐𝑜𝑑𝑜𝑛𝑠 𝑖𝑛 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒

# 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑑𝑜𝑛𝑠 𝑖𝑛 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒
 

The value of FOP ranges from 0 to 1, representing the occurrence of the optimal codon within a gene 
sequence. A value of 0 indicates that the optimal codons never appear, while a value of 1 indicates that 
the optimal codons always appear in the gene sequence. It is noteworthy that the optimal codons can 
be defined based on several factors, including nucleotide chemistry, codon usage bias, and tRNA 
availability. In our work, optimal codons were chosen to be the codons with the highest frequency of 
occurrence for each amino acid in reference. 
 

Codon Usage Similarity Index (COUSIN) 

The Codon Usage Similarity Index (COUSIN)20 compares the CUB of a query against that of a reference 
and normalizes the output using a Null Hypothesis of random codon usage. This index is valuable in 
identifying differential heterogeneity both between and within genomic data sets. A COUSIN score of 
1 indicates that the codon usage preferences in the query are similar to those in the reference dataset. 
A score of 0 suggests that the codon usage preferences in the query are similar to those in the null 
hypothesis, where there is an equal usage of synonymous codons. Scores between 0 and 1 imply that 
the codon usage preferences in the query are similar to those in the reference, but with a smaller 
magnitude. Scores above 1 indicate that the codon usage preferences in the query are similar to those 
in the reference, but with a larger magnitude. 
To calculate COUSIN, it is necessary to first calculate the deviation scores 𝑑𝑒𝑣௖,௔: 

𝑑𝑒𝑣௖,௔ = 𝑓௖,௔
௥௘௙

− 𝑓௖,௔
ுబ 

where 𝑓௖,௔
௥௘௙ is the frequency of the codon 𝑐 among its synonymous codons in the reference, and 

𝑓௖,௔
ுబ is the observed frequency of that codon among its synonymous codons in the query sequence. 

Then, the weight for each codon in the reference and query gene is defined by multiplying the codon 
frequency in the reference by its deviation score: 
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𝑊௖,௔
௥௘௙

= 𝑓௖,௔
௥௘௙

× 𝑑𝑒𝑣௖,௔ 

𝑊௖,௔
௤௨௘

= 𝑓௖,௔
௤௨௘

× 𝑑𝑒𝑣௖,௔ 

Using the identical deviation score to calculate the weights enables a direct comparison of the scores 
between the query and the reference. 
The 𝐶𝑂𝑈𝑆𝐼𝑁ଵ଼

௔   for each amino acid 𝑎  is determined by the ratio of the sum of weights of all 
synonymous codons associated with the amino acid in the query sequence, to the corresponding 
cumulative weights in the reference sequence. The 𝐶𝑂𝑈𝑆𝐼𝑁ଵ଼  for query sequence is obtained by 
summing the individual 𝐶𝑂𝑈𝑆𝐼𝑁ଵ଼

௔  scores of all amino acids. 

𝐶𝑂𝑈𝑆𝐼𝑁ଵ଼
௔ =

1

𝑁
×

∑ 𝑊௖,௔
௤௨௘

௖∈௔

∑ 𝑊௖,௔
௥௘௙

௖∈௔

 

𝐶𝑂𝑈𝑆𝐼𝑁ଵ଼ = ෍ 𝐶𝑂𝑈𝑆𝐼𝑁ଵ଼
௔

௔∈஺

 

where 𝑁 represents the count of amino acids present in both the query and the reference, and 𝐴 
denotes the set of these amino acids. 
The 𝐶𝑂𝑈𝑆𝐼𝑁ହଽ

௔  for each amino acid 𝑎 is a weighted average of the ratio of query and reference. The 
𝐶𝑂𝑈𝑆𝐼𝑁ହଽ for query sequence is obtained by summing the individual 𝐶𝑂𝑈𝑆𝐼𝑁ହଽ

௔  scores of all amino 
acids: 

𝐶𝑂𝑈𝑆𝐼𝑁ହଽ
௔ = 𝑓௔

௤௨௘
×

∑ 𝑊௖,௔
௤௨௘

௖∈௔

∑ 𝑊௖,௔
௥௘௙

௖∈௔

 

𝐶𝑂𝑈𝑆𝐼𝑁ହଽ = ෍ 𝐶𝑂𝑈𝑆𝐼𝑁ହଽ
௔

௔∈஺

 

 

Codon Bias Index (CBI)  

The Codon Bias Index (CBI)21 provides insights into the presence of components with high CUB within 
a specific gene. It can be employed to characterize the expression of foreign genes in a host organism. 
CBI quantifies the usage of optimal codons by calculating the ratio of optimal codons to the total 
number of codons in a gene, with the expected usage serving as a scaling factor. A value of 1 denotes 
the exclusive utilization of preferred codons, whereas a value of 0 signifies random codon selection. 
Negative values indicate a higher frequency of nonpreferred codons being employed.  
The formula for calculating CBI is as follows: 

𝐶𝐵𝐼 =
𝑁௣௙௥ − 𝑁௥௔௡ௗ

𝑁௧௢௧ − 𝑁௥௔௡ௗ
 

where 𝑁௣௙௥ represents the total number of occurrences of preferred codons, 𝑁௥௔௡ௗ denotes the 

expected number of preferred codons if all synonymous codons were used equally, and 𝑁௧௢௧ 

corresponds to the total number of codons in the sequence. These quantities can be calculated as 

follows: 



 

GenScript USA, Inc. 
 

14

𝑁௣௙௥ = ෍ 𝑁௖
௖∈஼೛ೝ೑

 

𝑁௥௔௡ௗ = ෍ 𝑁௔

𝑂௔
௣௥௙

𝐾௔௔∈஺
 

𝑁௧௢௧ = ෍ 𝑁௖  

where 𝐶௣௥௙  represents the subset of optimal codons selected from all codons 𝐶  included in the 
analysis. 𝑁௖ refers to the number of occurrences of codon 𝑐 in the sequence, while 𝑁௔ represents 

the number of occurrences of amino acid 𝑎. 𝑂௔
௣௥௙ quantifies the number of instances where optimal 

codons are used for amino acid 𝑎, and 𝐾௔ reflects the redundancy of amino acid 𝑎. On our website, 
we defined optimal codons as the codons with the highest frequency of occurrence for each amino 
acid in the reference. Moreover, methionine (M) and tryptophan (W) are not involved in the calculation. 
 
 
Mean Dissimilarity-based Index (Dmean)   

The Mean Dissimilarity-based Index (Dmean)22 is a measure that quantifies the level of diversity in 
synonymous codon usage across different gene sets or genomes. Dmean can also be used to analyze 
other compositional features, such as amino acid usage and dinucleotide relative abundance, as a 
genomic signature. By utilizing Dmean, we can gain a better understanding of the diversity in 
composition among genes. The value of Dmean ranges from 0 to 2. When all genes exhibit identical 
synonymous codon preferences for all amino acids, Dmean will be at its minimum value of 0. In simpler 
terms, lower Dmean values indicate a lower level of diversity in the usage of codons. This measure 
allows researchers to compare and rank different genomes based on their overall codon usage diversity, 
which can be calculated as follows: 

𝐷𝑚𝑒𝑎𝑛 =
∑ 𝐷൫𝑋௜ , 𝑋௝൯

𝑁(𝑁 − 1)/2
 

where 𝑁 is the total number of genes, and 𝐷൫𝑋௜ , 𝑋௝൯ is the pearson correlation distance, which can 
be employed to measure the dissimilarity in synonymous codon usage between two genes denoted as 
𝑋௜ and 𝑋௝. This distance metric is computed as one minus the Pearson's product moment correlation 

coefficient 𝑐𝑜𝑟൫𝑋௜ , 𝑋௝൯: 
𝐷൫𝑋௜ , 𝑋௝൯ = 1 − 𝑐𝑜𝑟൫𝑋௜ , 𝑋௝൯ 

The 𝑐𝑜𝑟൫𝑋௜ , 𝑋௝൯ is a widely used measure that quantifies the linear relationship between two genes, 
and can be calculated as the ratio of the covariance between 𝑋௜  and 𝑋௝  to the product of their 
standard deviations: 

𝑐𝑜𝑟൫𝑋௜ , 𝑋௝൯ =
𝑐𝑜𝑣൫𝑋௜, 𝑋௝൯

𝜎(𝑋௜) ∙ 𝜎൫𝑋௝൯
=

∑ ൫𝑋௜ − 𝑋ఫ
ഥ ൯൫𝑋௜ − 𝑋ఫ

ഥ ൯௡
௜ୀଵ

ห𝑋௜ − 𝑋ఫ
ഥ ห ∙ ห𝑋௜ − 𝑋ఫ

ഥ ห
 

This coefficient ranges from -1 to 1. A positive value indicates a direct or positive relationship, whereas 
a negative value indicates an inverse or negative relationship. A value close to 0 suggests a weak or 
negligible linear correlation. Therefore, the 𝐷൫𝑋௜ , 𝑋௝൯ can range from 0 to 2. A value of 0 indicates the 
maximum similarity between two genes in terms of synonymous codon usage, while a value of 2 
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represents the maximum diversity. 
Moreover, 𝑋௜ and  𝑋௝ in the 𝑖-th and 𝑗-th coding sequence is two collections of 𝑥௔௖, which consists 
of 59 codons (methionine, tryptophan, and stop codons were excluded). The value of 𝑥௔௖  can be 
calculated as follows: 

𝑥௔௖ =
𝑛௔௖

𝑚𝑎𝑥(𝑛௔௖)
 

where 𝑛௔௖  represents the number of occurrences of 𝑐 -th codon for the 𝑎 -th amino acid, and 
𝑚𝑎𝑥(𝑛௔௖) represents the number of occurrences of the most frequently used synonymous codon for 
the same amino acid. 
On our website, the Dmean is calculated as the Pearson correlation distance between the reference 
gene and the query gene. Lower values indicate a greater similarity in the pattern of codon usage 
between the reference and the query gene, as well as higher levels of gene expression. 
 
 

Relative Codon Adaptation (RCA) 

For any given reference set, the Relative Codon Adaptation (RCA)23 first calculates the expected 
frequency of a codon based on its positional base frequencies and then quantifies codon adaptation 
by comparing the observed codon frequency to the expected codon frequency. Consequently, RCA 
explicitly takes into account the genomic base composition, enabling more reliable and precise 
estimates of gene expression, and a higher RCA score for genes that tend to include codons that are 
more frequent in highly expressed genes. This enhanced accuracy is particularly noticeable in scenarios 
with high mutational bias or reduced selection for translational efficiency, where CAI might be 
susceptible to misinterpretation due to mutational bias artifacts in the reference set. 
Similar to CAI and RCBS, the score of RCA in the gene is calculated as the geometric mean of the 
𝑅𝐶𝐴௫௬௭ values for each codon 𝑥𝑦𝑧: 

𝑅𝐶𝐴 = ൭ෑ 𝑅𝐶𝐴௫௬௭(௞)

௅

௞ୀଵ

൱ = ex p ൭
1

𝐿
෍ 𝑅𝐶𝐴௫௬௭(௞)

௅

௞ୀଵ

൱ 

where 𝐿 represents the length of the query sequence measured in codons and 𝑅𝐶𝐴௫௬௭(௞) is the RCA 
value for the 𝑘-th codon in the gene, which can be calculated as follows: 

𝑅𝐶𝐴௫௬௭ =
𝑓(𝑥, 𝑦, 𝑧)

𝑓ଵ(𝑥)𝑓ଶ(𝑦)𝑓ଷ(𝑧)
 

where 𝑓(𝑥, 𝑦, 𝑧) represents the observed frequency of codon 𝑥𝑦𝑧 in the reference, and x, y, and z 
denote the first, second, and third nucleotides of that codon, respectively. Additionally, 𝑓ଵ(𝑥), 𝑓ଶ(𝑦) 
and 𝑓ଷ(𝑧) represent the observed frequencies of the individual bases 𝑥, 𝑦, and 𝑧 at positions 1, 2, 
and 3 of the codons in the same reference set. 
 

Codon Usage Frequency Similarity (CUFS) 

The Codon Usage Frequency Similarity (CUFS)24 is a novel measure of functional and expression 
similarity between genes that incorporates the frequency of codons and reflects similarities in amino 
acid usage. By examining the codon bias and its connection to gene expression regulation, CUFS 
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becomes a valuable tool for understanding gene function. Despite considering post-transcriptional 
aspects and genomic organization, CUFS demonstrates a strong correlation with 3D genomic distance, 
highlighting its significance in assessing functional similarity between genes. 
The CUFS offers a continuous metric based on Endres–Schindelin (ES) metric25 to evaluate the degree 
of similarity between genes and returns a distance estimation. Specifically, as genes demonstrate 
greater resemblance in terms of codon usage frequencies, their inferred distance is substantially 
reduced, resulting in lower CUFS values. In other words, a lower CUFS value indicates greater 
resemblance in terms of codon usage frequencies. A value of 0 indicates that the codon usage 
frequency between two genes is completely identical. Given the frequency vectors of a gene pair 𝑝 
and 𝑞, the calculation of Codon Usage Frequency (CUF) distance(similarity) between them, utilizing 
the ES metric, is as follows: 

𝑚 =
1

2
(𝑝 + 𝑞) 

𝑑ாௌ(𝑝, 𝑞) = ඥ𝑑௄௅(𝑝, 𝑚) + 𝑑௄௅(𝑞, 𝑚) 
where 𝑑௄௅ is Kullback-Leibler (KL)26 divergence, also known as relative entropy, which is a measure 
used to quantify the amount of information lost when one probability distribution is used to 
approximate another. It calculates the average difference in information content between 
corresponding elements of the two distributions. When the KL divergence is 0, it signifies that the two 
distributions are completely identical. Mathematically, KL divergence is defined as follows: 

𝑑௄௅(𝑝, 𝑞) = ෍ 𝑝௜𝑙𝑜𝑔
𝑝௜

𝑞௜
 

The frequency vectors of codon usage for the same amino acid can be computed as follows: 

𝑐௜ =
𝑛௜

∑ 𝑛௝௝∈஺஺
 

෍ 𝑐௜

଺ଵ

௜ୀଵ

= 20 

where the number of observed codons (𝑛௜) is normalized by dividing it by the sum of all synonymous 
codons encoding the same amino acid. 
 

Codon Usage Bias (B) 

The Codon Usage Bias (B)27 is a metric derived from the frequency-weighted sum of distances between 
the relative codon usage frequencies of two sets of genes. It is utilized to estimate the expression level 
by comparing the fraction of the distance of the query set concerning all genes to the distance from a 
reference set or a linear combination of reference sets.  
When considering 𝐹 as a particular gene and 𝑅 as the set of all genes (reference), the codon bias of 
𝐹 with respect to 𝑅 can be calculated using the following formula: 

𝐵(𝐹|𝑅) = ෍ 𝑃௔(𝐹)

௔

෍ ห𝑓௫௬௭ − 𝑟௫௬௭ห

௫௬௭∈௔

 

where 𝑓௫௬௭ and 𝑟௫௬௭ are the observed frequency of codon 𝑥𝑦𝑧, normalized by dividing each by the 
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sum of all synonymous codons encoding the same amino acid. For each amino acid 𝑎, ∑ 𝑓
𝑥𝑦𝑧௫௬௭∈𝑎 =

1 and ∑ 𝑟𝑥𝑦𝑧௫௬௭∈𝑎 = 1. 𝑃௔(𝐹) represents the set of normalized amino acid frequencies of the gene 

𝐹, and ∑ 𝑃௔(𝐹)௔ = 1.  

Similarly, the codon bias of 𝑅 with respect to 𝐹 is calculated as follows: 

𝐵(𝑅|𝐹) = ෍ 𝑃௔(𝑅)

௔

෍ ห𝑟௫௬௭ − 𝑓௫௬௭ห

௫௬௭∈௔

 

where 𝑃௔(𝑅) represents the set of normalized amino acid frequencies of the gene 𝑅, and 
∑ 𝑃௔(𝑅)௔ = 1. 
For 𝐵(𝐹|𝑅) and 𝐵(𝑅|𝐹), the maximum possible value is 2.00 and uncommon to exceed 0.5. 
Codon usage differences between two gene families generally range from 0.05 to 0.300. A higher 
value indicates significant codon usage differences between the two sets of genes. A symmetric 
version of 𝐵 is obtained by averaging 𝐵(𝐹|𝑅) and 𝐵(𝑅|𝐹): 

𝐵 = ൫𝐵(𝐹|𝑅) + 𝐵(𝑅|𝐹)൯/2 
In general, the value of 𝐵(𝐹|𝑅) and 𝐵(𝑅|𝐹) differ little, indicating that differences in amino acid 
usages between 𝐹 and 𝑅 have little influence on the calculated relative codon biases. 
Consequently, we have opted to adopt the 𝐵(𝐹|𝑅) version as the ultimate outcome. 
 

Indices based on adaptation to the tRNA levels and their supply 

Indices in this section are based on the adaptation of codons to the levels of tRNA in the cell. tRNA 
molecules are considered as major factors that influence translation elongation at the genomic level. 
Previous research has indicated that intracellular tRNA levels are correlated with codon usage and 
amino acid composition in various prokaryotic and eukaryotic species28,29. It is widely accepted that 
the preference for certain codons is due to differences in the abundance of corresponding tRNAs within 
the cell. Generally, codons with higher tRNA abundance are utilized more frequently. Genes that 
employ these preferred codons tend to exhibit enhanced translation efficiency and accuracy. 

tRNA Adaptation Index (tAI) 

The tRNA Adaptation Index (tAI)30 is a quantifiable metric used to assess translational efficiency by 
considering the intracellular abundance of tRNA molecules and the efficacy of each codon-anticodon 
interaction. The tAI value ranges from 0 to 1, with higher values indicating that genes tend to 
incorporate codons that are more adapted to the tRNA pool. Specifically, the index incorporates 
weights that have been initially derived from gene expression data in Saccharomyces cerevisiae. These 
weights assign values to each wobble interaction, reflecting the efficiency of the codon-anticodon 
pairing during translation, which can be calculated as follows: 

𝑊௜ = ෍൫1 − 𝑠௜௝൯𝑡𝐺𝐶𝑁௜௝

௡೔

௝ୀଵ

 

where 𝑛௜  is the number of tRNA types/anticodons that pair with the ith codon, 𝑡𝐺𝐶𝑁௜௝ is the gene 
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copy number of the 𝑗-th tRNA molecule that recognizes the 𝑖-th codon. The copy numbers of tRNA 
can be retrieved from Genomic tRNA Database (http://gtrnadb.ucsc.edu/). The 𝑠௜௝  represents the 
selective constraint governing the efficiency of the codon-anticodon coupling. This value falls within 
the range of 0 to 1, with values closer to 0 indicating a more efficient wobble interaction between the 
codon and anticodon. 
 
 
 
 
 
 
 
The table below displays the optimized s-values values of the codon-anticodon coupling: 

S dosReis30 Tuller31 

SG:U 0.41 0.561 

SI:C 0.28 0.28 

SI:A 0.9999 0.9999 

SU:G 0.68 0.68 

SL:A 0.89 0.89 

L, lysidine; I, inosine. The values of dosReis and Tuller can refer to literature30, 31. In this work, we use 
the s-values measured by dosReis et al. 
To determine the classical translational efficiency 𝑐𝑇𝐸௜   of a codon i, normalized weights can be 
utilized. These normalized weights can be obtained by the following formula to have a maximum value 
of 1: 

𝑐𝑇𝐸௜ = ൜
𝑊௜/𝑊௠௔௫    𝑖𝑓 𝑊௜  ≠ 0

𝑊௚௘௢௠௘௔௡         𝑖𝑓 𝑊௜  = 0
   

where 𝑊௠௔௫  is the maximum 𝑊௜  value and 𝑊௚௘௢௠௘௔௡  is the geometric mean of all 𝑐𝑇𝐸௜   with 
𝑊௜  ≠ 0. 
The tAI of a gene (𝑡𝐴𝐼௚) is the geometric mean of these relative adaptiveness values, and ranges from 
0 (low efficiency) to 1 (high efficiency): 

𝑡𝐴𝐼௚ = ൭ෑ 𝑐𝑇𝐸௞

௅

௞ୀଵ

൱

ଵ/௅

= ex p ൭
1

𝐿
෍ 𝑙𝑛(𝑐𝑇𝐸௞)

௅

௞ୀଵ

൱ 

where 𝐿 is the length of a gene measured in codons and 𝑐𝑇𝐸௞  is the translational effiency for the 
𝑘-th codon in the gene. 
 
Genetic tRNA Adaptation Index (gtAI) 

The initial implementation of the tRNA adaptation index (tAI)30 exhibited notable shortcomings. The 
𝑠௜௝ weights generated were optimized based on gene expression patterns in Saccharomyces cerevisiae, 
potentially leading to variations across different species. The subsequent stAI32,33 method utilized a hill 
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climbing algorithm for 𝑠௜௝ weight optimization, but this approach wasn't optimal for complex search 
spaces, potentially struggling to locate the global maximum even with varied starting points. To 
overcome these limitations, a species-specific approach called the Genetic tRNA Adaptation Index 
(gtAI)34 was developed. 
The gtAI employs a genetic algorithm to obtain the best set of 𝑠௜௝ weights, addressing the issue of 
obtaining meaningful weights for each organism. It also uses robust CUB indices, namely ENC2,3 and 
RSCU1, instead of the directional codon bias score (DCBS) 5 used in stAI. Highly expressed genes are 
influenced by translational selection, resulting in the incorporation of codons that better adapt to the 
intracellular tRNA pool. Therefore, a correlation is expected between RSCU and absolute adaptiveness 
(𝑊௜ ) values. In the stAI, unique 𝑠௜௝  weights are optimized for each organism by maximizing the 
nonparametric correlation between RSCU and 𝑊௜  using a genetic algorithm. This algorithm is a 
metaheuristic search approach inspired by the concept of survival of the fittest, which algorithm is as 
follows: 
 

In this work, the genetic algorithm operates with a population size of 60 and runs for 1000 iterations 
to search for the best 𝑠௜௝ weights that maximize the correlation between RSCU and 𝑊௜. Then, the 
best set of 𝑠௜௝ weights will be used to calculate the genetic tRNA adaptation index (gtAI) using the 
following equations: 

𝑊௜ = ෍൫1 − 𝑠௜௝൯𝑡𝐺𝐶𝑁௜௝

௡೔

௝ୀଵ

 

Input: Genome coding sequences  
Initialize S, vector of the initial population as chromosomes (Sij sets) with random Sij values 
(genes) Generation time = n; 
For s in S do 
Evaluate fitness function(s); 
n += 1 
IntialLabel; 
Test: 
Selection(s) where Sij sets that exhibit higher correlation between RSCU and Wi; 
Do: 
Crossover(s); 
Mutation(s); 
Evaluate fitness function(s); 
If n = Generation time, then 
Output = Best fitness(s); 
Else 
Go to IntialLabel 
Output: the best set of Sij weights + tAI values 
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𝑔𝑡𝐴𝐼 = ൭ෑ 𝑊௞

௅

௞ୀଵ

൱

ଵ/௅

= ex p ൭
1

𝐿
෍ 𝑙𝑛𝑊௞

௅

௞ୀଵ

൱ 

where 𝐿 is the length of a gene measured in codons and 𝑊௞ is the weight for the 𝑘-th codon in the 
gene. Same as tAI, the value of gtAI ranges from 0 to 1, with higher values indicating that genes tend 
to incorporate codons that are more adapted to the tRNA pool. 
 

P2 Index 

The P2 Index35 quantifies the efficiency of interactions between codons and their corresponding 
anticodons, offering insights into translation efficiency in cases where information regarding preferred 
codon sets is unavailable. A higher P2 value is typically observed in highly expressed genes, whereas 
genes with lower expression levels tend to exhibit lower P2 values. Furthermore, a P2 value exceeding 
0.5 indicates the presence of translational selection influencing the coding sequence. P2 Index is 
derived from the proportion of pyrimidine-ending codons that exhibit intermediate strength, which 
can be calculated according to the following equation: 

𝑃2 =
𝑊𝑊𝐶 + 𝑆𝑆𝑈

𝑊𝑊𝑌 + 𝑆𝑆𝑌
 

where W = A or U, S = C or G, and Y = C or U. WWC, SSU, WWY and SSY represent the frequency of 
their corresponding codons, respectively. 
 

Indices based on complex patterns of codon usage 

Indices in this section are based on measures of complex patterns of codon usage. In the coding 
region, sequences longer than a single codon may contain regulatory codes that pertain to various 
aspects of gene expression and intracellular processes. Therefore, it becomes necessary to develop 
indices that can capture these aspects, which cannot be adequately computed based solely on single 
codon distributions. Changes in the composition of codons can have an impact on these longer 
patterns, inducing a selection pressure on codon composition. Consequently, the codon-based indices 
should encompass measures that go beyond analyzing single codons and instead employ more 
advanced statistical methods. Indices in this group capture complex signals that are influenced by and, 
in turn, influence codons.  
GC Content at the First Position of Synonymous Codons (GC1) 

The GC Content at the First Position of Synonymous Codons (GC1) represents the frequency of G+C 
usage at the first position of synonymous codons, which can be calculated as follows: 

𝐺𝐶1 =
𝐺𝑁𝑁 + 𝐶𝑁𝑁

𝐴𝑁𝑁 + 𝑇𝑁𝑁 + 𝐺𝑁𝑁 + 𝐶𝑁𝑁
 

where 𝑁 represent an arbitrary base, and 𝐴𝑁𝑁, 𝑇𝑁𝑁, 𝐺𝑁𝑁 and 𝐶𝑁𝑁 represent the frequency 
of their corresponding codons, respectively. 
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GC Content at the Second Position of Synonymous Codons (GC2) 

The GC Content at the Second Position of Synonymous Codons (GC2) represents the frequency of G+C 
usage at the second position of synonymous codons, which can be calculated as follows: 

𝐺𝐶2 =
𝑁𝐺𝑁 + 𝑁𝐶𝑁

𝑁𝐴𝑁 + 𝑁𝑇𝑁 + 𝑁𝐺𝑁 + 𝑁𝐶𝑁
 

where 𝑁 represent an arbitrary base, and 𝑁𝐴𝑁, 𝑁𝑇𝑁, 𝑁𝐺𝑁 and 𝑁𝐶𝑁 represent the frequency 
of their corresponding codons, respectively. 
 
GC Content at the Third Position of Synonymous Codons (GC3) 

The GC Content at the Third Position of Synonymous Codons (GC3)36 represents the frequency of G+C 
usage at the third position of synonymous codons, which exhibits variability in nucleotide composition. 
Changes in the third position of codons typically do not result in alterations to the encoded amino acids. 
Furthermore, base mutations occurring at this position are often subjected to less selection pressure. 
Consequently, the investigation of the base composition at position 3 holds significance in the study of 
codon preference. GC3 ranges from 0 to 1, and a higher value is correlated with highly expressed genes. 
The formula for GC3 is as follows: 

𝐺𝐶3 =
𝑁𝑁𝐺 + 𝑁𝑁𝐶

𝑁𝑁𝐴 + 𝑁𝑁𝑇 + 𝑁𝑁𝐺 + 𝑁𝑁𝐶
 

where 𝑁 represent an arbitrary base, and 𝑁𝑁𝐴, 𝑁𝑁𝑇, 𝑁𝑁𝐺 and 𝑁𝑁𝐶 represent the frequency 
of their corresponding codons, respectively. 
 
GC Content (GC) 

The GC content, representing the percentage of guanine (G) and cytosine (C) nitrogenous bases in a 
gene, is a valuable measure for assessing the base composition. This measure provides insights into 
the relative proportion of G and C bases compared to the other two bases, adenine (A) and thymine 
(T) in DNA, or adenine (A) and uracil (U) in RNA. The formula for GC3 is as follows: 

𝐺𝐶 =
𝐺 + 𝐶

𝐴 + 𝑇 + 𝐺 + 𝐶
 

where 𝐴, 𝑇, 𝐺, 𝐶 represent the number of corresponding bases in the gene, respectively. 
Although AT-rich intergenic regions can reduce the overall GC content of a gene or genome, there exists 
a strong correlation between the local GC composition (GC1, GC2, and GC3) and the overall GC 
composition of the sequence. In fact, the higher the overall GC content bias, the higher the local GC 
composition. 
 

Effective Number of Codon Pairs (ENcp) 

The Similar to ENC, Effective Number of Codon Pairs (ENcp)37 is another metric used to quantify codon 
usage bias in a genome. By comparing the observed frequencies of codon pairs to the expected 
frequencies under the assumption of equal codon pair usage, ENcp provides a numerical value that 
reflects the level of bias or preference in codon pair usage. ENcp can range from 20 (when no bias or 
all the synonymous codon pairs are used uniformly) to 61 (when the maximal bias or preference 
observed in synonymous codon pair usage). The calculation of ENcp is analogous to that of ENC, with 



 

GenScript USA, Inc. 
 

22

the additional incorporation of a square root: 

𝑁෡௖௣ = ඨ෍
𝑘௠

𝐹ത௠௠
 

where 𝐹ത௠ represents the average value of 𝐹஺஺ for all amino acid pairs with degeneracy 𝑚, and 𝑘௠ 
denotes the count of amino acid pairs that share 𝑚 synonymous representations. 
For standard genetic code, ENcp can be calculated as follows: 

𝑁෡௖௣ = ඨ4 +
36

𝐹തଶ

+
4

𝐹തଷ

+
101

𝐹തସ

+
30

𝐹ത଺

+
90

𝐹ത଼
+

1

𝐹ଽ
+

64

𝐹തଵଶ

+
25

𝐹തଵ଺

+
6

𝐹തଵ଼

+
30

𝐹തଶସ

+
9

𝐹തଷ଺

 

 
 
 
 

Codon Pair Score (CPS) 

The Codon Pair Score (CPS)38,39 is a metric used to assess the similarity in codon pair preferences 
between viruses and their host species. It is calculated by taking the natural logarithm of the observed 
ratio of a specific codon pair's occurrence to the expected number of occurrences of that codon pair 
in all protein-coding sequences of a species: 

𝐶𝑃𝑆௜ = 𝑙𝑛 ൮
𝐹(𝐴𝐵)

𝐹(𝐴) ∙ 𝐹(𝐵)
𝐹(𝑋) ∙ 𝐹(𝑌)

∙ 𝐹(𝑋𝑌)
൲ 

where 𝐹(𝐴𝐵)  is the frequency of a specific codon pair 𝐴𝐵 , 𝐹(𝐴)  and 𝐹(𝐵)  represent the 
frequencies of individual codons 𝐴 and codon 𝐵, respectively. Similarly, 𝐹(𝑋𝑌) is the frequency of 
an amino acid pair 𝑋𝑌, 𝐹(𝑋) and 𝐹(𝑌) represent the frequencies of individual amino acids 𝑋 and 
amino acid 𝑌, respectively. A positive CPS value signifies that the given codon pair is statistically over-
represented, while a negative CPS indicates that the pair is statistically under-represented. In other 
words, a higher positive CPS score signifies a stronger preference for a specific codon pair. In addition, 
Codon pairs that are equally under or overrepresented have a CPS value equidistant from 0.  
The average CPS values of all codon pairs present in a gene are collectively referred to as Codon Pair 
Bias (CPB), which can be calculated as follows: 

𝐶𝑃𝐵 = ෍
𝐶𝑃𝑆௞

𝐿 − 1

௅

௞ୀଵ

 

where 𝐿 is the length of a gene and 𝐶𝑃𝑆௞ is the CPS value for the 𝑘-th codon in the gene. 
 

Codon Volatility 

The Codon Volatility40 refers to the probability of a nonsynonymous change occurring through a 
random point mutation in the codon. The volatility of a codon is influenced by mutational patterns, 
including the ratio of transitional to transversional changes. In the simplest mutation model (SMM), 
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where all nucleotides have equal mutation rates and are equally exchangeable, codon volatility is 
determined by the proportion of neighboring codons that encode different amino acids due to point 
mutations. For example, a codon such as TTG (encoding Leucine) has a volatility of 6/8, as 6 out of its 
8 neighboring codons (excluding stop codons) lead to nonsynonymous changes. The range of codon 
volatility spans from 0.5 (e.g., CGA for Arginine) to 1 (e.g., TGG for Tryptophan or ATG for Methionine). 
The volatility of a codon c is employed as a measure to quantify the likelihood that the most recent 
nucleotide mutation in that codon resulted in an amino acid substitution. If a gene contains numerous 
residues that are under selective pressure for amino acid replacements, the resulting codons within 
that gene will, on average, display increased volatility. Conversely, if a gene is subjected to strong 
purifying selection to maintain its amino acids, the resulting sequence will, on average, exhibit lower 
volatility.  
 
 
 
The codon volatility is calculated as follows: 

𝑣(𝑐) =
1

𝑛𝑜.  𝑜𝑓 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟𝑠
෍ 𝐷൫𝑎𝑐𝑖𝑑(𝑐), 𝑎𝑐𝑖𝑑(𝑐௜)൯

௡௘௜௚௛௕௢௨௥  ௖೔

 

where 𝑛𝑜.  𝑜𝑓 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟𝑠  is for the sum of sense codon 𝑐௜   that can mutate into 𝑐  by a single 
point mutation. 𝐷, representing the Hamming distance, is defined as zero when two amino acids are 
identical and one otherwise. 
The volatility of a gene can be computed as the arithmetic of codon volatility, which can be calculated 
as follows: 

𝑣(𝑔) =
∑ 𝑣௞

௅
௞ୀଵ

𝐿
  

where 𝐿 is the length of a gene measured in codons and 𝑣௞ is the volatility for the 𝑘-th codon in 
the gene. 
 

Negative CIS Elements 

Negative cis elements41 are DNA sequences that can repress the transcription of a gene by binding to 
specific transcription factors or other regulatory proteins. They can affect gene expression in various 
ways, such as reducing the amount of mRNA produced, altering the splicing or stability of mRNA, or 
interfering with the translation of mRNA. Here the number of negative CIS elements within the 
sequence is counted. 
 

Negative Repeat Elements 

Negative repeat elements42 can reduce protein expression by creating frameshift mutations or 
premature stop codons. This can happen when the repeated sequence overlaps with a coding region 
or a splice site. The repeated sequence can cause errors in DNA replication or repair, leading to changes 
in the amino acid sequence of the protein. This can result in loss of function or toxicity of the protein. 
Here the number of negative repeat elements within the sequence is counted. 
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