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Abstract
While it is well established that highly expressed genes in bacteria exhibit stronger codon optimization than lowly expressed 
ones, whether codon–anticodon adaptation shows fine-scale differentiation among highly expressed genes themselves 
remains unexplored. Ribosomal proteins, which are expressed in stoichiometric amounts and often cotranscribed in 
polycistronic operons, provide an ideal system for testing such differential selection. Here, I demonstrate that in 
Escherichia coli, Bacillus subtilis, and Vibrio natriegens, codon usage is more optimized in long ribosomal protein genes 
compared to short ones. This pattern persists even among genes within individual operons, such as S10, spc, and α 
operons. A ribosome in E. coli or B. subtilis needs four copies of L7/L12 (encoded by rplL) but only one copy each of the 
other ribosomal proteins. This high demand for L7/L12 leads to my prediction that the rplL gene should be translated 
more actively than its operonic partner, rplJ, encoding L10. This prediction is also strongly supported by empirical 
evidence from representative bacterial species. Actively translated mRNAs are protected from endonucleolytic cleavage 
and degradation. If rplL mRNA is more actively translated than rplJ mRNA, then rplL mRNA would be degraded less and 
become more abundant than rplJ mRNA, which is true. These results demonstrate that translation optimization reflects 
functional stoichiometry and protein length constraints. This is the first demonstration of natural selection operating 
predictably and precisely among ribosomal protein genes in the same operon, fine-tuning translational output to 
achieve efficient ribosomal assembly.
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Introduction
The study of codon–anticodon adaptation features several land
marks that have contributed significantly to translation elongation 
and its relationship to translation initiation. The pioneering studies 
by Ikemura (1981, 1992) identified differential tRNA availability as a 
key factor driving optimal codon usage in unicellular bacteria and 
yeasts. Gouy and Gautier (1982) and subsequent papers demon
strated stronger codon usage bias in highly expressed genes 
(HEGs) than lowly expressed genes (LEGs), presumably because 
HEGs have experienced stronger codon-optimizing selection than 
LEGs. Robinson et al. (1984), Sorensen et al. (1989), and Curran 
and Yarus (1989) performed early experiments that altered codon us
age, measured the resulting change in translation efficiency, and 
concluded that optimal codon usage increases protein production 
in Escherichia coli. This was consistent with subsequent experiments 
on HIV-1 (Human Immunodeficiency Virus type 1) protein-coding 

genes (Haas et al. 1996; Ngumbela et al. 2008). Thus, the conclusion 
that optimizing selection drives codon adaptation, especially in 
HEGs, in rapidly replicating organisms is well established.

However, the conclusion above was challenged by an experi
ment (Kudla et al. 2009) that altered synonymous codon usage 
of the same E. coli green fluorescent protein (GFP) but revealed 
little association between protein production and codon adapta
tion. This surprising finding was subsequently found to be con
founded by two factors that were not considered by Kudla 
et al. (2009). First, optimizing codon usage has little effect on pro
tein production when translation initiation efficiency is poor, but 
a strong effect on protein production with efficient translation 
initiation (Tuller et al. 2010; Xia 2015). Second, Kudla et al. 
(2009) used codon adaptation index (CAI) (Sharp and Li 1987; 
Xia 2007) to quantify codon adaptation. However, CAI does not 
take background mutation bias into consideration and can 
lead to a biased measure of codon adaptation (Xia 2015). When 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/43/3/m
sag062/8510634 by guest on 20 M

arch 2026

https://orcid.org/0000-0002-3092-7566
mailto:xxia@uottawa.ca
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/molbev/msag062


these two factors were incorporated into a reanalysis of the ex
perimental data by Kudla et al. (2009) , and when an index of 
translation elongation (ITE), which is a generalized version of 
CAI taking into consideration of background mutation bias and 
numerically illustrated in detail in Xia (2018a), was used to quan
tify codon adaptation, nearly 20% of the variation in protein pro
duction can be attributed to codon usage differences (Xia 2015). 
Such studies led not only to theoretical refinement of both deter
ministic (Xia 1998) and stochastic models (Bulmer 1991) but also 
to practical applications. For example, the COVID-19 
(Coronavirus disease 2019) vaccine mRNA by Pfizer and 
Moderna was extensively codon optimized (Xia 2021).

The translation rate is about 15 codons per second in highly ex
pressed E. coli genes during the exponential phase, which implies 
about 65 ms per codon (Dai et al. 2016; Irshad and Sharma 2023), 
although the average rate for all genes could be slower (Guet 
et al. 2008). Early experimental studies on E. coli at 37 °C showed 
a range from 12 amino acids per second at slow growth to 21 
amino acids per second at rapid growth (Dennis and Bremer 
1974; Dennis and Nomura 1974; Young and Bremer 1976). This 
rate is close to the transcription rate of about 85 nucleotides 
per second measured with the 5S rRNA in E. coli (Shen and 
Bremer 1977; Ryals et al. 1982). Because rRNA and mRNA are 
translated with the same RNA polymerase, one may extrapolate 
the transcription rate from 5S rRNA to mRNA. It seems that 
codon-optimized genes should also have optimized transcription 
to avoid the collision between ribosomes and RNA polymerase 
unless there is an anticollision mechanism between the two.

A minor codon in E. coli often takes 1.5 times as long to decode 
as the major codon (Gardin et al. 2014). A major codon is a trans
lationally optimal codon, operationally characterized with two 
features: (i) overused by HEGs and (ii) decoded by the most abun
dant tRNA (Xia 2018a). For mass-produced proteins that could 
reach half a million copies per generation per cell, a descendant 
cell with many more major codons than its peers should conceiv
ably be favored by natural selection.

How precisely can the theory of codon–anticodon adaptation 
predict empirical patterns of codon adaptation? It is now trivial 
to compare HEGs and LEGs and report differences in codon adap
tation between the two groups. However, it would be phenom
enal if the theory could make fine-scale predictions, such as 
differential selection that operates on highly expressed riboso
mal protein (RP) genes and generates differential patterns of co
don optimization among them.

E. coli is probably the best species for testing the fine-scale 
predictions of the codon–anticodon adaptation. It has 55 
RPs encoded by 54 protein-coding genes (Wittmann 1982; 
Wittmann-Liebold 1986; Korobeinikova et al. 2012), with L7 and 
L12 encoded by the same gene rplL sharing the same primary se
quence (Wittmann 1976). L7 is the acetylated form of L12. The 
two are often referred to as the L7/L12 protein. RP L8 is not 
from a single gene but is a complex of L7/L12 +L10. The proteins 
in the small ribosomal subunit are encoded by 21 unique genes 
(rpsA to rpsU, encoding S1 to S21, respectively), and those in the 
large ribosomal subunit are encoded by 33 unique genes (rplA to 
rplF, rplI to rplY, and rpmA to rpmJ, encoding L1 to L6, L9 to L25, 
and L27 to L36, respectively). RP L26 was found to be identical to 
S20 (Wittmann 1976, 1982). Subsequent structural determination 
revealed that S20 exists only in the small ribosomal subunit 
(Wimberly et al. 2000; Harms et al. 2001; Schuwirth et al. 2005).

Two features of E. coli RPs are directly related to differential 
selection. First, with only one exception (ie L7/L12, which is the 
only multicopy protein in bacterial ribosomes), all RPs exist in 
single copies in E. coli ribosomes (Davydov et al. 2013). It has 
long been known that RPs, except for L7/L12, are produced in 
equimolar amounts (Lindahl and Zengel 1979). Second, the L7/ 
L12 protein exists in four copies (in two dimers) in the large ribo
somal subunit in E. coli (Diaconu et al. 2005; Ilag et al. 2005; 
Gordiyenko et al. 2010; Davydov et al. 2013), and four or six cop
ies in other bacterial species (Diaconu et al. 2005; Ilag et al. 2005; 
Mandava et al. 2012; Davydov et al. 2013), although there is no 
strong evidence that L7 and L12 exist in the exact 1:1 ratio 
(Brot and Weissbach 1981; Asato 2005; Vila-Sanjurjo 2008; 
Davydov et al. 2013). E. coli mutants with only one dimer of 
L7/L12 (instead of two dimers) in the large subunit ribosome 
suffer from much reduced growth and replication (Mandava 
et al. 2012).

The two features of E. coli RPs immediately lead to two infer
ences and associated testable predictions. The first involves the 
possible mechanisms by which long and short RPs are produced 
in equimolar amounts. The longest RP (S1) has 557 aa residues in 
contrast to the shortest L36 with only 38 aa residues. Both empir
ical data (Lu et al. 2007) and theoretical models (Valleriani et al. 
2011) show that protein production decreases with sequence 
lengths in bacterial species, everything else being equal. This 
length-dependent effect is attributed to two factors (Valleriani 
et al. 2011). First, the RNA degradation in bacterial species is 
mainly carried out by endonucleases such as RNase E and 
RNase III (or their equivalents). Ribosomes on long mRNA have 
a higher chance of experiencing an endonucleolytic cleavage 
and failing to complete the translation. Second, ribosomes trav
eling along a long mRNA are more likely to experience traffic 
jams or collisions than short ones. This suggests that long 
mRNAs may have difficulties in producing the same number of 
proteins as short ones. There is indeed experimental evidence 
that S1, the longest RP, is rate limiting. Two E. coli mutants, 
MA261 and KK101, exhibit much reduced growth rates, with 
doubling times of 260 and 496 min, respectively. Addition of pu
trescine (a polyamine) at 100 μg/mL to the culture stimulated the 
synthesis of RP S1 markedly but had little effect on other RPs 
(Kashiwagi et al. 1989). The doubling time is reduced from 260 
to 128 min for the MA261 strain and from 496 to 135 min for 
the KK101 strain. This result is consistent with the hypothesis 
that the concentration of RP S1 is rate limiting in E. coli, ie in
creasing S1 concentration in the slow-growing mutants increases 
the replication rate. However, there is no study that increases the 
S1 level above the wild type to see if the replication rate is 
increased.

In order to achieve the 1:1 stoichiometric relationship (ie a 
ribosome needs one copy of each RP except for L7/L12), long 
ribosomal mRNAs may be selected to take one or more of the fol
lowing paths. First, the mRNA of long RPs, such as S1, could have 
more efficient translation initiation than that of short RPs, such 
as L36. Second, long RPs could have more abundant mRNAs (ie 
higher transcription and lower degradation) than short RPs. 
For example, RP genes of different lengths could be placed in dif
ferent operons, with genes of long coding sequences (CDSs) hav
ing stronger promoters (and consequently more mRNAs) than 
genes of short CDSs. The longest S1 is encoded by its own oper
ons, whereas many other RPs share the same operon; eg the S10 
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operon contains 11 RP genes in the order of rpsJ, rplC, rplD, rplW, 
rplB, rpsS, rplV, rpsC, rplP, rpmC, and rpsQ (Zengel et al. 1980; 
Lindahl et al. 1983; Zurawski and Zurawski 1985). Is the S1 
mRNA more abundant than the mRNA of other RP genes? 
Third, the mRNA of long RPs may have more optimized codon us
age and can be translated more efficiently than short ones. This 
could reduce the chance of an mRNA experiencing endonucleo
lytic cleavage before a ribosome reaches the stop codon. Also, 
optimal codon usage essentially allows all ribosomes to travel 
along the mRNA at roughly the same high speeds, but subopti
mal codon usage would be equivalent to allowing ribosomes to 
travel at a mixture of high and low speeds. The latter is more like
ly to cause traffic jams than the former.

The second inference is more straightforward. L7/L12 is the 
only multicopy protein in the E. coli ribosome, so its encod
ing gene should be under strong selection pressure to meet 
the 4:1 stoichiometric requirement in ribosome assembly. 
One would therefore predict that the encoding gene, rplL, 
should exhibit more optimized codon usage than all other 
RPs. In particular, the multicopy feature of L7/L12 in bacter
ial ribosomes appears universal (Diaconu et al. 2005; Ilag 
et al. 2005; Mandava et al. 2012; Davydov et al. 2013), which 
implies that the selection for increased production of the L7/ 
L12 should have operated for hundreds of millions of years. 
Such long-term directional selection most likely has left 
footprints in differential codon optimization between rplL 
(encoding L7/L12) and other RP genes. Confirming this pre
diction not only has scientific merit but also industrial signifi
cance, ie the L7/L12 abundance may be rate limiting, so 

engineering an additional rplL gene into E. coli should en
hance the growth and replication rate.

Results
Genes encoding long RPs exhibit more 
optimized codon usage than short ones
I outlined in the introduction three paths for a long CDS to pro
duce an equimolar amount of protein as a short CDS and argued 
that improved translation elongation rate through codon opti
mization is the most likely of the three. I used the index of trans
lation elongation (ITE) (Xia 2015, 2017b, 2018a) to measure codon 
optimization. ITE is advantageous over CAI in that it takes back
ground mutation into consideration, as illustrated in the 
Materials and methods section.

Consistent with the prediction, ITE increases asymptotically 
with the CDS length of RPs (Fig. 1) as predicted. Gram-negative 
bacteria such as E. coli (Fig. 1a) and Vibrio natriegens (Fig. 1c) 
share a RP S1 much longer than all the rest, which might bias 
the model fitting. For this reason, I also repeated the analysis 
for the subset of genes encoding the large RPs. The results 
(Fig. 1b and d) are also consistent with the prediction. The model 
species for the Gram-positive bacteria, Bacillus subtilis, does not 
have the large S1 gene, but the analysis was also done for all RPs 
(Fig. 1e) and the subset of genes encoding the large subunit RPs 
(Fig. 1f) for the sake of completeness.

Figure 1 ITE (a measure of codon optimization) increases asymptotically with RP gene length. The top three figures (a, c, and e) include all RP genes. The 
bottom three figures (b, d, and f) include only genes encoding the large subunit RPs. The two figures on the left (a and b), middle (c and d), and right (e 
and f) are for E. coli, V. natriegens, and B. subtilis, respectively. The P-values are from two-tailed tests. The circled point denotes rplL encoding the only 
multicopy L7/L12 protein in bacterial ribosomes. The equations are the fitted models between ITE and L (CDS length). The P-values are from LRTs, with 
the null model being y = α and the general model specified in Equation (1).
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Numerically, the increase of ITE with the CDS length of RPs 
should be asymptotic instead of linear because ITE, like CAI, 
has a maximum value of 1. One simple mathematical function 
for such an asymptotic relationship is

ITE = α −
β
L

(1) 

where α and β are parameters to be estimated from the empirical 
data of observed ITE and sequence length (L). The fitted relation
ship is shown for individual species in Fig. 1.

What is remarkable is that the positive association between ITE 

and the CDS length is maintained even for RP genes within indi
vidual operons. In the E. coli K12 reference genome (NC_000913), 
the S10 operon contains 11 RP genes (rpsJ, rplC, rplD, rplW, rplB, 
rpsS, rplV, rpsC, rplP, rpmC, rpsQ) (Zengel et al. 1980; Lindahl et al. 
1983; Zurawski and Zurawski 1985), the spc operon contains 10 
(rplN, rplX, rplE, rpsN, rpsH, rplF, rplR, rpsE, rpmD, rplO) (Cerretti 
et al. 1983), and the α operon contains 5 (rpmJ, rpsM, rpsK, 
rpsD, rplQ) (Cerretti et al. 1983; Meek and Hayward 1984). All 
three operons are packed next to each other along the same 
strand in the E. coli reference genome (NC_000913). One may 
also fit the null model (M0: y = α) and the alternative model 
(M1) in Equation (1) and then use the likelihood ratio test (LRT) 
to obtain statistical significance. However, because LRT assumes 
a large sample size, and because the sample size in Table 1 is ap
parently small, the resulting P-value would need to be corrected 
for small sample size by parametric bootstrap likelihood ratio 
test (pbLRT) (Efron 1979, 1982), as shown in Table 1. I illustrate 
the rationale of pbLRT with the S10 operon in Table 1, with sam
ple size n = 11. We first fit models M0 (y = α) and M1 in Equation 
(1) to obtain the log-likelihood (lnL) for the two models, desig
nated lnLM0 and lnLM1, respectively, and calculate the likelihood 
ratio chi-square, designated as G2 = 2×(lnLM1 − lnLM0) = 5.8744 
(Table 1). We then generate 20,000 samples based on model 
M0, estimate parameters α and β in Equation (1), calculate Gi

2 

for each sample i, and count the number of Gi
2 values greater 

than or equal to G2. This number is 700 out of 20,000. The 
P-value from pbLRT for the S10 operon genes is then 700/ 
20,000 = 0.035 (Table 1). The lack of a significant correlation for 
the spc operon genes (Table 1) could be attributed to the small 
variation in sequence length, with the minimum and maximum 
sequence length being 177 and 537, respectively. In contrast, 

the corresponding values are 114 and 618, respectively, for the 
α operon and 189 and 819, respectively, for the S10 operon.

The point inside a red circle in Fig. 1 indicates the rplL gene en
coding L7/L12, the only multicopy protein in bacterial ribosomes. 
Because each ribosome in E. coli needs multiple copies (four cop
ies in E. coli and B. subtilis) of L7/L12 but only one copy of other 
ribosome proteins, I predicted that the rplL gene should be trans
lated more efficiently. Specifically, it should have a higher ITE val
ue than other RP genes. This prediction is consistent with the 
results in Fig. 1, as the rplL gene in all three bacterial species 
shows the highest ITE among RPs.

Does S1 in E. coli exhibit increased 
translation initiation efficiency or have 
more mRNA than others?
RP S1 is the longest among RPs, with 557 residues. The next lon
gest is L2 (encoded by rplB), which has only 273 residues. Given 
that translation efficiency can decrease with increasing sequence 
length, substantiated by both empirical evidence (Lu et al. 2007) 
and theoretical models (Valleriani et al. 2011), it is not surprising 
that longer mRNAs of RPs exhibit more optimized codon usage 
(Fig. 1). One may ask if S1 mRNA exhibits increased translation ini
tiation efficiency, which is often characterized by (i) the secondary 
structure stability near the translation initiation region (TIR; flank
ing and including the Shine–Dalgarno (SD) sequence and the start 
codon) and (ii) the presence and position of SD and the pairing 
strength between SD and anti-SD (aSD) sequences.

Previous studies have shown a weakening of secondary struc
ture in bacterial and phage mRNA near TIR, especially in HEGs 
(Prabhakaran et al. 2015; Xia 2018b, 2023). The minimum folding 
energy (MFE) in this region has been used as a proxy for transla
tion initiation efficiency. However, there are differences in specify
ing the boundary of TIR among different studies. Kudla et al. 
(2009) used a window from site −4 to +37 as a proxy of translation 
initiation efficiency, whereas others (Prabhakaran et al. 2015; Xia 
2023) used a sliding window and found that the most changes in 
MFE occur 20 nt upstream and downstream of the start codon. I 
calculated MFE for three windows, 30 + 10, 20 + 20, and 10 + 30, 
where the first number is the number of nucleotides upstream 
of the start codon, and the second number is the number of nu
cleotides in the CDS, including the start codon (Table 2).

The TIR region in the S1 mRNA does exhibit reduced secondary 
structure stability (MFE = 0 means no formation of secondary struc
ture, and increasingly negative MFE means increasingly stronger 
secondary structure), suggestive of an increased translation initi
ation efficiency relative to an average gene. How likely do these 
MFE values for S1 belong to the empirical distribution of MFE values 
of other RP genes? To address the question, one first needs to fit a 
distribution to the empirical MFE values of other RP genes. One 
cannot use a normal distribution because the maximum MFE value 
is 0. One may take x = |MFE| so that all x values are non-negative 
and then fit a gamma distribution to x. However, the probability 
density of a gamma distribution is zero when x = 0, but the MFE val
ue of an RNA sequence can realistically be zero (ie no secondary 
structure formation). This implies that we need to fit a zero-inflated 
continuous distribution specified in two parts: (i) a probability 
mass π for x = 0 and (ii) a gamma distribution for x > 0. The 

Table 1 pbLRTs of the relationship between CDS length and 
ITE for three operons (S10, α, and spc).

pbLRTa S10 α operon spc

n 11 5 10
lnLM0 18.3193 9.9619 18.9035
lnLM1 21.2564 14.5091 20.5513
G2 5.8744 9.0945 3.2955
P 0.0154 0.0026 0.0695
p′ 0.0350 0.0279 0.1173

aInformation needed for pbLRT.
n, sample size; lnLM0 and lnLM1, the log-likelihood for the null model and the 
alternative model; G2 = 2 × (lnLM1 − lnLM0), likelihood ratio chi-square; p, 
uncorrected significance value from a conventional LRT; p′, P-value from 
pbLRT.
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log-likelihood function (lnL) for estimating the α, β, and π parame
ters is

lnL = k ln π + (n − k) ln (1 − π) +
􏽘n−k

i=1
ln [g(xi|α, β)] (2) 

where k is the number of observations of x = 0 out of a total of n 
observations and g(xi|α, β) is the probability density function of 
the gamma distribution. The estimated parameters for the distribu
tion of MFE values of the 53 RP genes (excluding S1) are shown in 
Table 2. The probabilities that the three MFE values for the S1 
mRNA, ie 0, −2.5, and −1.4 in Table 2, belong to the empirical dis
tribution of the MFE values for the RP genes are 0.05556, 0.27054, 
and 0.05358, respectively, given the fitted distribution.

There is no significant difference in MFE between RP 
genes and non-RP genes for E. coli in Table 2. The three 
t-tests corresponding to the three TIR positions yield 
p30 + 10 = 0.8579, p20 + 20 = 0.5892, and p10 + 30 = 0.3386. The cor
responding P-values for B. subtilis are 0.9900, 0.9766, and 0.5894, 
respectively.

The presence of a well-positioned SD with optimal base pairs 
between the SD and aSD has previously been considered as a 
good indicator of efficient translation initiation (Prabhakaran 
et al. 2015; Xia 2023). The base pairing between SD and aSD de
fines a distance from the 3′ end of 16S rRNA, known as DtoStart 

(Prabhakaran et al. 2015; Xia 2023), which is strongly con
strained, especially for RP genes (Fig. 2). The optimal DtoStart is 
likely 14 bases, assuming that RP genes are under strong stabil
izing selection to reach optimal DtoStart. Paradoxically, S1 mRNA 

does not have an SD, defined as ≥4 contiguous bases comple
mentary to aSD in the 16S rRNA. In fact, S1 mRNA in E. coli rep
resents a prime example of bacterial mRNA with an 
SD-independent TIR that enables extremely efficient translation 
(Skorski et al. 2006). The S1 protein enhances not only its own 
translation but also the SD-independent translation of many oth
er genes (Aliprandi et al. 2008; Duval et al. 2013; Lund et al. 2020), 
which explains why S1 abundance is a limiting factor of replica
tion rate and that increasing S1 production increases replication 
rate in E. coli mutants (Kashiwagi et al. 1989).

One may also ask if the S1 protein might have a higher mRNA 
concentration than other RPs. However, while RPs are much 
more expressed than an average gene in E. coli (Table 3, P < 
0.0001, two-tailed t-test), the S1 protein does not have higher 
mRNA abundance than other RPs (Table 3). Because highly ex
pressed long mRNA might sequester too many ribosomes to im
pact global translation, it seems reasonable for such mRNA to 
have an increased translation elongation rate (Fig. 1) instead of 
having many mRNA molecules.

In short, S1 mRNA has long known to be efficiently translated 
(Skorski et al. 2006; Aliprandi et al. 2008; Duval et al. 2013; Lund 
et al. 2020) and has a weak secondary structure in its TIR 
(Table 2), consistent with the previous observation that weak 
secondary structure in the TIR is associated with efficient trans
lation initiation in both bacteria and bacteriophage(Kudla et al. 
2009; Prabhakaran et al. 2015; Xia 2023). This is also consistent 

Table 2 Mean and standard deviation (Std) of MFE of the TIR in E. coli RP genes and other genes (non-RP).

Mean Std

TIRa S1 (rpsA) RPb Non-RPc RPb Non-RPc αRP βRP πRP

30 + 10 0 −4.51926 −4.58774 2.72131 2.79374 4.08103 1.19597 0.05556
20 + 20 −2.5 −4.36333 −4.17273 2.43549 2.57906 2.45565 1.82562 0.01852
10 + 30 −1.4 −4.88352 −4.52485 2.74738 2.73662 2.96331 1.70229 0.01852

A mixture distribution is fitted to x = |MFE| for RP genes, with parameters α and β for the gamma distribution when x > 0, and π as the probability mass for x = 0.
aTIR, translation initiation region in the form of (the number of nucleotides upstream of the start codon) + (the number of nucleotides in the 5′ end of the CDS). 
bRP, ribosomal proteins. cNon-RP, nonribosomal proteins.

Figure 2 Frequency distribution of DtoStart (the number of nucleotides 
between the 3′ end of the 16S rRNA to the start codon, given the 
constraint imposed by the base pairing between SD and aSD) in E. coli 
genes. The DtoStart values for ribosomal protein genes are constrained 
within a narrower range than those for the rest of E. coli genes.

Table 3 Mean and standard deviation (Std) of gene 
expression (in RPKM, reads per kilobase per million mapped 
reads) of the TIR.

Mean Std

Straina S1 
(rpsA)

RPb Non-RPc RPb Non-RPc

Wild-type 3784.43 4795.75 158.78 2595.11 1601.16
rnb 
mutant

3701.35 4692.70 159.78 2589.89 1631.78

pnr 
mutant

3059.10 3851.52 164.42 2098.88 1349.85

pnp 
mutant

2740.67 4290.89 171.78 2057.09 1593.97

aStrain, wild-type and three mutant strains defective in the ribonucleases 
RNase II, RNase R, and PNPase, respectively. bRP, ribosomal proteins. 
cNon-RP, nonribosomal proteins.
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with the interpretation that SD and various other mechanisms 
that enhance translation initiation are mostly for preventing 
the start codon from being embedded in secondary structure 
(Nakamoto 2006). However, it is puzzling that RP genes do not 
have a mean MFE closer to zero than other protein genes.

Ribosomal gene rplL encoding L7/L12 
exhibits more optimized codon usage than 
rplJ encoding L10 in the same operon
One might argue that the high codon optimization in rplL, shown 
by the high ITE values (Fig. 1), may not be caused by its multicopy 
requirement in each ribosome. Instead, rplL might happen to res
ide on a genomic segment where the mutation bias and 
tRNA-mediated selection happen to act in the same direction, 
whereas other RP genes might be in genomic regions where mu
tation and the selection act in opposite directions. For this reason, 
a fair comparison should be performed between rplL and its neigh
boring genes, or ideally against a RP gene on the same operon.

Given the reasoning above, one can predict that ITE should be 
higher for rplL than for rplJ in E. coli, given the 4:1 stoichiometric 
relationship. This prediction is consistent with empirical evi
dence (Table 4). The difference between the two genes in ITE is 
highly significant based on a paired-sample t-test (t = 4.4527, 
DF = 5, P = 0.0067, two-tailed test). The effect size, shown in 
the last column in Table 4, is more biologically meaningful 
than the P-value, which could be made infinitely small by just 
adding more bacterial species, because the difference is consist
ent in more than 30 randomly chosen bacterial species I exam
ined and is likely universal. The effect size is relatively small, 
especially for the three Gram-positive species (the last three in 
Table 4). Note that ITE varies from about 0.7 to about 0.9 among 
different RP genes that are produced in equimolar amounts. 
Therefore, the small ΔITE appears insufficient to guarantee a 
4:1 stoichiometric ratio between the two proteins.

The three Gram-negative species (the first three in Table 4) have 
greater ΔITE than the three Gram-positive species. This might sug
gest phylogenetic inertia, so a phylogeny-based inference 
(Felsenstein 1985; Harvey and Pagel 1991) would seem appropri
ate. However, all six species are highly diverged from each other 
with little homology at their synonymous sites in aligned sequen
ces (Fig. 3). Indeed, it would be silly to argue that the similarity 

in ΔITE between B. subtilis and the two other Gram-positive species 
is due to phylogenetic similarity between them. However, one 
could deduce from Table 4 and Fig. 3 that rplL ITE is consistently 
greater than rplJ ITE in both Gram-negative and Gram-positive bac
teria. Within Gram-positive bacteria, the difference is also consist
ent in species differing dramatically in GC content (percentage of 
nucleotides G and C).

Multiple experiments (Pettersson and Kurland 1980; Liljas and 
Sanyal 2018) have demonstrated a much reduced translation effi
ciency when L7/L12 is reduced below the normal level in E. coli. 
However, increasing the production of L7/L12 proteins above the 
normal level does not stimulate faster growth in E. coli (Hofmann 
et al. 2025). Thus, the level of L7/L12 appears to be at the optimal 
level in E. coli, given the normal cellular expression of other genes. 
Ribosomes are made of multiple ribosomal RNAs and proteins. 
Changing the abundance of one component may not only fail to in
crease growth and reproduction but also have a negative effect.

The rplL mRNA is more abundant than rplJ
The rplJ and rplJ are in the same operon, together with two sigma 
factors B and C, forming the rplJL-rpoBC operon. This L10-L7/L12 
operon arrangement is widely represented in bacterial lineages, 
which makes sense because they are the component proteins 
forming the stalk of the large ribosomal subunit and should be 
on the same operon and coregulated in expression (Liljas and 
Sanyal 2018). However, cistrons in a polycistronic mRNA are typic
ally translated independently (Huber et al. 2019). Occasionally, the 
same ribosome, after translating the upstream cistron, can reiniti
ate and translate the downstream cistron (Levin-Karp et al. 2013; 
Saito et al. 2020; Brown and Wade 2025). One is prone to assuming 
the same mRNA abundance for genes in the same operon. 
However, an mRNA molecule transcribed from a polycistronic op
eron in bacteria is often cleaved at intercistronic regions by one of 
two endonucleases, RNase E and RNase III, generating independ
ently translated mRNAs (Mackie 2013; Jeon et al. 2020; Jeon 
et al. 2025 ), especially when an AU-rich element (i.e., an element 
rich in nucleotides A and U) exists in the intercistronic region 
(Clarke et al. 2014). For example, the rplJL-rpoBC operon is cleaved 
by RNase III into rplJL and rpoBC mRNAs (Barry et al. 1980), so rplJL 
might also be cleaved into rplJ and rplL mRNAs. rplJ and rplL have 
an intercistronic region of ∼66 bases in many bacterial species. 
Empirical studies on Streptomyces coelicolor support the cleavage 
between rplJ and rplL (Blanco et al. 2001), although no equivalent 
study has been carried out in E. coli. Therefore, rplL and rplJ are 
likely translated independently and produce different amounts of 
proteins to approximate the 4:1 stoichiometric ratio.

Given that rplJ and rplL could be processed into independent 
mRNAs, their abundance can differ due to differential degrad
ation, even if their production rate is the same (being on the 
same transcription unit). In E. coli, ribosomes protect mRNA 
from endonucleolytic cleavage by endonucleases, such as 
RNase E (Braun et al. 1998) and SmrB (Saito et al. 2022). 
Consistent with this mRNA-protection effect of ribosomes, fac
tors such as puromycin that encourage ribosome release from 
mRNA tend to destabilize mRNA, but factors such as chloram
phenicol that freeze ribosomes on the mRNA tend to stabilize 
mRNA (Braun et al. 1998). Thus, if rplL mRNA is translated 
more actively than rplJ mRNA, then rplL mRNA should be more 

Table 4 The rplL gene encoding L7/L12 is more codon 
optimized, as measured by ITE, than the rplJ gene encoding 
L10.

Species Genome rplJ ITE rplL ITE ΔITE

E. coli NC_000913 0.81175 0.92437 0.11262
V. natriegens NZ_CP009977 0.84386 0.93439 0.09053
H. influenzae NZ_CP085952 0.8412 0.93634 0.09514
B. subtilis NC_000964 0.88445 0.91091 0.02646
M. smegmatis NZ_CP080274 0.82087 0.86506 0.04419
M. abscessus GCF_000069185 0.81307 0.84564 0.03257

The last column shows the difference in ITE. Both genes are in the same 
operon.
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abundant in the cell than rplJ mRNA, although their production 
rate is the same (being on the same transcription unit). This ex
pectation is substantiated by the transcriptomic data (Table 5). 
The difference in mRNA abundance between rplJ and rplL 
(Table 5) is significant (P = 0.01088, one-tailed t-test).

I have also calculated MFE for the same three windows (30 + 
10, 20 + 20, and 10 + 30) as specified in Table 2. The three window- 
specific MFE values are −8.5, −6.3, and −4, respectively, for the 
rplJ mRNA, and −4.1, −2.12 and −2.4, respectively, for the rplL 
mRNA. Thus, the secondary structure in TIR is weaker for rplL 
TIR than for rplJ TIR, consistent with the association of weaker 
secondary structure in TIR and translation initiation efficiency 
(Kudla et al. 2009; Prabhakaran et al. 2015; Xia 2023).

In short, rplL has more optimized codon usage and weaker sec
ondary structure at its TIR than rplJ. These differences suggest 
that rplL is more efficiently translated than rplJ. More efficient 
translation initiation implies better mRNA protection against en
donucleolytic cleavage. Consistent with this interpretation, rplL 
mRNA is more abundant than rplJ, although they share the 
same mRNA production, being on the same operon. All these re
sults point to an enhanced production of L7/L12 relative to L10 as 
a mechanism to meet the 4:1 stoichiometric relationship.

Discussion
The results presented here are consistent with the interpretation 
that differential selection operates on highly expressed riboso
mal genes to achieve functional stoichiometry (Li et al. 2014; Li 

2015). This finding extends the classical framework of codon– 
anticodon adaptation (Ikemura 1981; Gouy and Gautier 1982; 
Sharp and Li 1987; Bulmer 1991; Ikemura 1992; Xia 1998) by 
showing how such differential selection can act specifically on 
biosynthetic processes to optimize cell growth and reproduction. 
Many protein complexes have their component proteins in cer
tain stoichiometric relationships. Detecting differential selection 
on translation optimization among those component proteins 
will shed light on how biosynthetic systems can be optimized 
in the pharmaceutical industry.

Achieving equimolar protein production 
with different CDS lengths
The equimolar production of nearly all RPs, despite large vari
ation in CDS length, poses a significant challenge to translational 
coordination. Long mRNAs tend to have reduced translation effi
ciency, which is substantiated by both experimental data (Lu 
et al. 2007) and theoretical modeling (Valleriani et al. 2011). 
This length-dependent effect is attributed to two factors 
(Valleriani et al. 2011). First, the RNA degradation in bacterial 
species is mainly carried out by endonucleases, such as RNase 
E and RNase III (or their equivalents). Ribosomes upstream of 
the cleavage site will then fail to complete the translation. 
Long mRNAs have a higher chance of being cleaved than short 
ones, leading to ribosomes failing to complete the translation. 
Second, ribosomes traveling along a long mRNA are more likely 
to experience traffic jams or ribosomal stalling than short ones 
(Mohammad et al. 2016; Bonnin et al. 2017). Ribosomal stalling 
may not only affect translation efficiency of the stalled ribosome 
but also cause endonucleolytic cleavage of the mRNA (Saito et al. 
2022) and translation abortion of all ribosomes on the mRNA 
mediated by the tmRNA-SmpB complex (Keiler et al. 1996; 
Keiler 2015), RF3 (Zaher and Green 2011), ArfA (Chadani et al. 
2010, 2012), and YaeJ/ArfB (Chadani et al. 2011) working either 
jointly or independently. These factors suggest that long 
mRNAs may have difficulties in producing the same number of 
proteins as short ones, everything else being equal. Thus, long 

Figure 3 Third codon positions extracted from aligned rplL genes in the six species in Table 4. The last two species are GC rich. The sequence names are 
in the form of “Accession_Species name.”

Table 5 mRNA abundance (in RPKM) in the four genes on the 
rplJL-rpoBC operon.

Strains rplJ rplL rpoB rpoC

Wild-type 5544.11 8061.62 1373.04 1645.25
rnb mutant 6442.26 9075.65 1224.94 1381.83
pnr mutant 5314.55 6845.82 789.20 1116.71
pnp mutant 6053.07 6887.81 1095.55 1365.67
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ribosome proteins are expected to be rate limiting and conse
quently subject to strong selection to optimize their translation 
initiation and codon usage.

There is indeed experimental evidence that S1, the longest RP, 
is rate limiting. Two E. coli mutants, MA261 and KK101, exhibit 
much reduced growth rates, with doubling times of 260 and 
496 min, respectively. When putrescine is added to the culture, 
which stimulates the synthesis of RP S1 markedly but has little ef
fect on other RPs (Kashiwagi et al. 1989), the doubling time is re
duced from 260 to 128 min for the MA261 strain and from 496 to 
135 min for the KK101 strain. This result is consistent with the hy
pothesis that the concentration of RP S1 is rate limiting in E. coli, ie 
increasing S1 concentration increases the replication rate. These 
observations suggest that longer RP mRNAs should have more ef
ficient translation initiation, elongation, or both. The observed 
asymptotic increase in ITE with the CDS length of RPs (Fig. 1) pro
vides a mechanistic solution. Codon optimization accelerates 
translation elongation and potentially increases the number of 
proteins translated before mRNA cleavage or ribosome stalling.

I should mention here an alternative hypothesis for the increase 
of ITE with mRNA length (Kudla et al. 2009). Long and highly ex
pressed mRNAs could sequester too many ribosomes and conse
quently reduce the global availability of ribosomes. Such long 
and highly expressed mRNAs therefore need to have optimized co
don usage to achieve efficient elongation, not because the codon 
optimization would increase protein production but because of 
the need to avoid excessive ribosome retention by these long 
and highly expressed mRNAs.

An alternative way for long RPs to have equimolar amounts as 
short ones is by having more active mRNA transcription, more ef
ficient translation initiation (so that more ribosomes are translat
ing along the mRNA than a short mRNA), or more efficient 
translation elongation. By studying RP genes in the same operon, 
one may remove the effect of differential mRNA abundance. The 
S10, spc, and α operons in E. coli encode 11, 10, and 5 RP genes, 
respectively. ITE increases with CDS length within each of these 
operons (Table 1). It is remarkable that natural selection could 
operate so precisely among genes within the same operon.

The relationship between gene expression and sequence 
length can be affected by many factors (Coghlan and Wolfe 
2000; Jansen and Gerstein 2000; Urrutia and Hurst 2003; Li 
et al. 2007). This is the first study that takes into consideration 
the stoichiometry of the component proteins in ribosomes in pre
dicting the evolutionary trajectory of RP genes. The new concep
tual framework results in more precise and testable predictions 
and a less ambiguous interpretation of empirical results.

The exceptional case of L7/L12
The unique multicopy requirement of the L7/L12 protein pro
vides a clear case of directional selection on translation effi
ciency to achieve stoichiometric protein production. The 
consistently high ITE of rplL (encoding L7/L12) relative to other 
RP genes (Fig. 1), including its operonic partner rplJ (Table 4), re
flects a long-term evolutionary response to the need for multiple 
copies of L7/L12 per ribosome. This pattern is conserved in both 
Gram-negative and Gram-positive bacteria with diverse GC con
tent (Fig. 3), indicating that the multicopy nature of L7/L12 im
poses a universal selection pressure on synonymous sites in rplL.

The modest magnitude of ΔITE between rplL and rplJ (Table 4) 
may seem insufficient to generate a 4:1 stoichiometric ratio. The 
rplL mRNA may also have more efficient translation initiation. 
The minimum requirement for translation initiation is that the 
start codon is accessible (Nakamoto 2006). A start codon would 
not be accessible if it were embedded in a stable secondary struc
ture. For example, the start codon AUG in the replicase gene of 
MS2 phage is embedded in a stem formed by part of the replicase 
gene and the upstream coat gene. Only when the coat gene is 
translated, separating the secondary structure as a consequence, 
can the downstream replicase gene be translated (Jou et al. 1972). 
Stable secondary structure in sequences flanking the start codon 
has been experimentally shown to inhibit translation initiation 
(Osterman et al. 2013), and mRNAs in bacterial species and unicel
lular eukaryotes tend to have much weaker secondary structure 
near the start codon than elsewhere, especially those from 
HEGs (Xia 2018b). Previous studies (Kudla et al. 2009; Tuller 
et al. 2010; Goodman et al. 2013; Prabhakaran et al. 2015; Xia 
2015) demonstrated the relationship between translation initi
ation efficiency and the structural stability in sequences flanking 
the initiation signals (ie SD sequence and the start codon). In gen
eral, the weaker the secondary structure in sequences flanking the 
SD sequence and the start codon, the higher the translation initi
ation efficiency. Secondary structure stability is often measured 
by the MFE. MFE at the TIR is consistently greater (weaker second
ary structure) in rplL than in rplJ. For example, MFE equals −0.6 
and −6.3 for rplL and rplJ, respectively, in E. coli, and −0.6 and 
−3.8 for rplL and rplJ, respectively, in B. subtilis.

Actively translated mRNAs are protected by ribosomes from 
cleavage by endonucleases (Braun et al. 1998) (Saito et al. 
2022). If rplL is translated more actively than rplJ, then rplL 
mRNA will become more abundant than rplJ mRNA because 
rplL mRNA would have reduced degradation relative to rplJ 
mRNA, although the two are produced at the same rate, being 
in the same transcription unit. This expectation is supported by 
empirical evidence (Table 5).

All these lines of evidence suggest that L7/L12 is more effi
ciently produced than L10 to approximate the 4:1 stoichiometric 
ratio. An alternative way of achieving the 4:1 ratio, assuming that 
L7/L12 cannot be produced more than L10 (Petersen 1989), is to 
degrade L10 (Petersen 1990). This alternative might be used 
under special circumstances, but it seems wasteful.

Bioengineering considerations
From an applied perspective, these findings have implications for 
synthetic biology and biotechnology. Translation optimization in
volves the optimization of the translation machinery and mRNA 
(Farookhi and Xia 2024; Xia 2026). The most rapidly replicating 
bacterial species, such as the Gram-negative V. natriegens or the 
Gram-positive Clostridium perfringens, have more rrn (ribosomal 
rRNA) operons and more tRNA genes in their genomes than their 
relatives (Xia 2026). A strong positive correlation is observed be
tween the number of tRNA genes and rrn operons among diverse 
bacterial species with different doubling times (Xia 2026). The 
number of tRNA genes for amino acids is associated with the us
age of the amino acids in proteins (Xia 1998, 2026).

The design of the COVID mRNA vaccine by Pfizer and Moderna 
incorporated optimization in translation initiation, elongation, 
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and termination, as well as mRNA stability (Xia 2021). 
Optimization of the translation machinery has lagged behind. 
This study shed light on the optimization of the RP genes. To 
achieve optimal protein production in proportion to stoichiom
etry, one could engineer an extra copy of the rplL gene in the 
E. coli genome so as to meet its multicopy requirement in each 
ribosome, as previously hinted (Mandava et al. 2012). Among 
all other RPs that should be produced in equimolar amounts, 
one may place long genes and short genes in separate operons 
and engineer stronger promoters, more efficient translation ini
tiation sites, and more optimized codon usage for longer genes 
than for shorter genes.

In conclusion, this study demonstrates that synonymous co
don usage is shaped not only by overall gene expression level 
but also by functional and structural constraints within protein 
complexes. Codon optimization serves as an adaptive mechan
ism to balance translation rates, maintain stoichiometric preci
sion, and meet differential demand among subunits. The 
results refine our understanding of how natural selection acts 
at the most granular level of translation, where even small syn
onymous changes contribute to the efficiency and fidelity of 
the bacterial proteome.

Materials and methods
To test the first prediction, ie longer RP genes should be more codon 
optimized than shorter ones in E. coli, I downloaded from GenBank 
the reference genomes for E. coli K12 (Accession NC_000913), V. na
triegens (NZ_CP009977, NZ_CP009978), Haemophilus influenzae 
(NZ_CP085952), B. subtilis (NC_000964), Mycolicibacterium 
smegmatis (NZ_CP080274), and Mycobacteroides abscessus 
(GCF_000069185) and extracted all RP genes using DAMBE (Xia 
2018c) from the GenBank flat files (.gbff files). DAMBE can extract 
CDSs, upstream and downstream of CDSs, rRNA and tRNA sequen
ces, sequences between CDSs, and sequences upstream and down
stream of CDSs. For .gbff files for eukaryotic species, DAMBE can also 
extract introns, exons, and intron–exon junctions. To download a 
long list of GenBank files of bacterial genomes, one can enter the ac
cessions into a text file, one accession per line, and use NCBI’s Batch 
Entrez function to download all of them. These downloaded files are 
in GenBank flat file (.gbff) format, equivalent to the previous .gbk or 
.gb file format. They are all plain text files but contain gene annota
tions in the FEATURES table.

To extract all RPs in a species, one can first extract all CDSs and 
then save all RP genes into a separate file. To extract RP genes 
from a downloaded .gbff file, say E_coli.gbff, one would open 
E_coli.gbff into DAMBE. In the next dialog, choose “CDS” to ex
tract all CDSs and the “gene” option to use gene names as se
quence IDs. Using gene names as sequence IDs eases the 
extraction of RP genes because of their standard naming conven
tion in annotated GenBank files. To save RP genes, click “Save a 
subset of sequences,” provide a sequence file name, enter 
“^rps,” and click “Find.” This will find all genes with names start
ing with “rps,” so genes with gene IDs “rpsA,” “rpsB,” …, “rpsU” 
(which are standard names for small ribosomal subunit protein 
genes in GenBank files for bacterial genomes) will all be high
lighted. Click the right arrow to move them into the list of 
“Chosen Sequences.” Do the same to add “rplA,” “rplB,” … 
“rplY” and “rpmA,” “rpmB,” …, “rpmJ” (both “rpl” and “rpm” 

indicate large ribosomal subunit protein genes) to the list of 
“Chosen sequences.” Click “Go!” to save the RP genes.

I computed the index of translation elongation (ITE) (Xia 2015) 
implemented in DAMBE (Xia 2017b). ITE is a generalized CAI 
(Sharp and Li 1987; Xia 2007). Both ITE and CAI have a minimum 
value of 0 and a maximum value of 1. I did not use CAI because it 
does not take background mutation into consideration. The 
problem of ignoring background mutation bias can be illustrated 
with the Ala codon subfamily GCR (where R stands for either A or 
G) (Xia 2015). The frequencies of GCA and GCG in E. coli HEGs, as 
compiled and distributed with EMBOSS (Rice et al. 2000), are 
1973 and 2,654, respectively, with 57.36% being GCG. This may 
lead one to think that the E. coli translation machinery prefers 
GCG over GCA, ie GCG is a major codon. Indeed, CAI will treat 
GCG as a major codon. However, GCG is used even more fre
quently in E. coli non-HEGs, accounting for 62.91% among GCR 
codons. Thus, GCA is relatively more frequent in HEGs than in 
non-HEGs in E. coli. This suggests that mutation bias favors 
GCG, but the E. coli translation machinery prefers GCA, leading 
to relatively more frequent use of GCA in HEGs than in 
non-HEGs. This interpretation is consistent with tRNA genes in 
E. coli. The E. coli reference genome (NC_000913) encodes three 
tRNAAla genes for GCR codons, all with a UGC anticodon forming 
a perfect Watson–Crick base pair with codon GCA. This is consist
ent with the interpretation that GCA is the true major codon, ie 
preferred by HEGs relative to non-HEG and decoded by the 
most abundant tRNA. ITE takes the background mutation bias 
into account and should therefore be preferable over CAI. ITE is 
reduced to CAI when there is no background mutation bias (Xia 
2015; 2018a). One can also compute CAI with DAMBE so that com
parisons between CAI and ITE can be made. Both CAI and ITE func
tions are accessed by clicking “Seq.Analysis | Codon usage” and 
followed by choosing either CAI or ITE (index of translation elong
ation). For E. coli, one needs to choose “Escherichia coli” to use 
the E. coli reference codon usage table.

The first prediction is then reduced to a numerical relation
ship, ie ITE should increase with increasing sequence length. I 
have also downloaded the reference genome of B. subtilis 
(Accession NC_000964), the model species of the Gram-positive 
bacteria, and carried out a similar analysis to extend the gener
ality of the conceptual framework. Also analyzed is the genome 
from V. natriegens (NZ_CP009977), known to be the fastest repli
cating bacterial species (Eagon 1962; Yin et al. 2020) with a highly 
optimized translation machinery (Farookhi and Xia 2024; Xia 
2026). I calculated ITE based on R-ending and Y-ending subfam
ilies of codons (where R and Y are purine and pyrimidine, respect
ively) as was done before (Xia 2015) for E. coli genes.

The prediction that L7/L12, the only multicopy protein in bac
terial ribosomes (Davydov et al. 2013), should have better codon 
adaptation than other RP genes can be tested in multiple ways, 
controlling for other potentially confounding variables. First, it 
should have a higher ITE than others given the same sequence 
length or the same mRNA level. Second, L7/L12 and L10 are on 
the same operon (Barry et al. 1979; Fiil et al. 1979; Post et al. 
1979; Christensen et al. 1984; Climie and Friesen 1988), so we 
can exclude the potential effect of differential mRNA levels by 
comparing ITE values between L10 and L7/L12. Because the mul
ticopy feature of the L7/L12 and its sharing the same operon with 
L10 appear ubiquitous in bacterial species (Oliveira et al. 1994; 
Yakhnin et al. 2015; Aseev et al. 2024), the comparison can be 
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made across multiple species. I used the nine species used in 
Farookhi and Xia (2024) for this comparison. These nine species 
include fast-replicating and slow-replicating bacterial species.

Translation initiation efficiency is often related to two features: 
(i) the MFE of the sequences near the start codon (Kozak 1980; 
Kudla et al. 2009; Prabhakaran et al. 2015; Xia 2018b) and (ii) 
the position and pairing strength between the SD sequences 
and the aSD sequence at the 3′ tail of the 16S rRNA. I used 
DAMBE (Xia 2017b), which includes the Vienna RNA secondary 
structure library (Hofacker 2003), to measure MFE and to charac
terize SD/aSD base pairing. Open a GenBank file in DAMBE, and ex
tract CDSs together with 30 nucleotides upstream of the CDSs in 
the next dialog. Click “Sequences | Sequence manipulation | 
Delete specific segments,” and keep 30 nucleotides at the 5′ 
end of the CDS together with the 30 nucleotides upstream of 
the CDS. Click “Structure | Minimum folding energy.” In the next 
dialog, check the “Sliding window” checkbox and specify 40 nu
cleotides as the window size. Click “OK” to obtain the window- 
specific MFE.

For measuring mRNA expression, I used the transcriptomic 
data from E. coli K12 in a previous paper (Pobre and Arraiano 
2015). The data set includes transcriptomic data from a wild-type 
strain and three mutants, in four files in the NCBI SRA database 
(SRR1536586 to SRR1536589). The read quality is high, as previ
ously reanalyzed with the software ARSDA (Xia 2017a). The 
gene-specific mRNA abundance has already been available in 
the supplementary files of these two papers. However, the ex
pression values (RPKM, reads per 1,000 bases per million mapped 
reads) in these two papers were not standardized exactly to 
1,000,000 mapped reads per experiment, so my standardized 
RPKM values differ slightly from their values.
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