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SUMMARY:  27 
This study presents an alternative strategy to the conventional toxic analog-based method in 28 
identifying amino acid overproducers by using rare-codon-rich markers to achieve accuracy, 29 
sensitivity, and high-throughput simultaneously.  30 
 31 
ABSTRACT:  32 
To satisfy the ever-growing market for amino acids, high-performance production strains are 33 
needed. The amino acid overproducers are conventionally identified by harnessing the 34 
competitions between amino acids and their analogs. However, this analog-based method is of 35 
low accuracy, and proper analogs for specific amino acids are limited. Here, we present an 36 
alternative strategy that enables an accurate, sensitive, and high-throughput screening of amino 37 
acid overproducers using rare-codon-rich markers. This strategy is inspired by the phenomenon 38 
of codon usage bias in protein translation, for which codons are categorized into common or rare 39 
ones based on their frequencies of occurrence in the coding DNA. The translation of rare codons 40 
depends on their corresponding rare transfer RNAs (tRNAs), which cannot be fully charged by the 41 
cognate amino acids under starvation. Theoretically, the rare tRNAs can be charged if there is a 42 
surplus of the amino acids after charging the synonymous common isoacceptors. Therefore, 43 
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retarded translations caused by rare codons could be restored by feeding or intracellular 44 
overproductions of the corresponding amino acids. Under this assumption, a selection or 45 
screening system for identifying amino acid overproducers is established by replacing the 46 
common codons of the targeted amino acids with their synonymous rare alternatives in the 47 
antibiotic resistance genes or the genes encoding fluorescent or chromogenic proteins. We show 48 
that the protein expressions can be greatly hindered by the incorporation of rare codons and that 49 
the levels of proteins correlate positively with the amino acid concentrations. Using this system, 50 
overproducers of multiple amino acids can be readily screened out from mutation libraries. This 51 
rare-codon-based strategy only requires a single modified gene, and the host is less likely to 52 
escape the selection than in other methods. It offers an alternative approach for obtaining amino 53 
acid overproducers. 54 
 55 
INTRODUCTION:  56 
The current production of amino acids relies heavily on fermentation. However, the titers and 57 
yields for most amino acid production strains are below the rising demands of the global amino 58 
acid market that is worth billions of dollars1,2. Obtaining high-performance amino acid 59 
overproducers are critical for the upgrade of the amino acid industry. 60 
 61 
Traditional strategy to identify amino acid overproducers exploits the competitions between 62 
amino acids and their analogs in protein synthesis3,4. These analogs are able to charge the tRNAs 63 
that recognize the corresponding amino acids and thus inhibit the elongations of the peptide 64 
chains, leading to arrested growth or cell death5. One way to resist the analog stresses is to 65 
increase the concentrations of intracellular amino acids. The enriched amino acids will 66 
outcompete the analogs for the finite tRNAs and ensure the correct synthesis of functional 67 
proteins. Therefore, strains that survive the analogs can be selected and are likely the 68 
overproducers of the corresponding amino acids. 69 
 70 
Although proved successful in selecting overproducers for amino acids such as L-leucine6, the 71 
analog-based strategy suffers from severe drawbacks. One major concern is the analog resistance 72 
originated from the process of mutagenesis or through spontaneous mutations. Strains with 73 
resistance can escape the selection by blocking, exporting, or degrading the analogs5. Another 74 
concern is the toxic side effects of the analogs on other cellular processes7. As a consequence, 75 
strains that survive the analog selection may not be the amino acid overproducers, while the 76 
desired overproducers could be falsely exterminated due to the negative side effects. 77 
 78 
Here, a novel strategy based on the law of codon bias is presented in order to achieve accurate 79 
and rapid identifications of amino acid overproducers. Most amino acids are encoded by more 80 
than one nucleotide triplet that is favored differently by the host organisms8,9. Some codons are 81 
rarely used in the coding sequences and are referred to as the rare codons. Their translations 82 
into amino acids rely on the cognate tRNAs that carry the corresponding amino acids. However, 83 
the tRNAs that recognize rare codons usually have much lower abundances than the tRNAs of 84 
the common codons10,11. Consequently, these rare tRNAs are less likely to capture the free amino 85 
acids in the competitions with other isoacceptors, and translations of the rare-codon-rich 86 
sequences begin to decelerate or even are terminated when the amounts of amino acids are 87 



limited10. The translations could, theoretically, be restored if there is an amino acid surplus after 88 
charging the synonymous common tRNAs due to overproductions or extra feedings of the 89 
corresponding amino acids12. If the rare-codon-rich gene encodes a selection or screening marker, 90 
strains exhibiting the corresponding phenotypes can then be readily identified and are likely the 91 
overproducers of the targeted amino acids.  92 
 93 
The above strategy is applied to establish a selection and a screening system for the identification 94 
of amino acid overproducers. The selection system uses antibiotic resistance genes (e.g., kanR) 95 
as markers while the screening system uses the genes encoding fluorescent (e.g., green 96 
fluorescent protein [GFP]) or chromogenic (e.g., PrancerPurple) proteins. The marker genes in 97 
both systems are modified by replacing defined numbers of the common codons for the targeted 98 
amino acid with its synonymous rare alternative. Strains in the mutation library that harbor the 99 
rare-codon-rich marker gene are selected or screened under proper conditions, and the 100 
overproducers of the targeted amino acids can be readily identified. The workflow begins with 101 
the construction of the rare-codon-rich marker gene system, followed by the optimization of the 102 
working conditions, and then the identification and verification of the amino acid overproducers. 103 
This analog-independent strategy is based on the dogma in protein translation and has been 104 
practically verified to enable accurate and rapid identifications of amino acid overproducers. 105 
Theoretically, it could be directly employed to amino acids with rare codons and to all 106 
microorganisms. In all, the rare-codon-based strategy will serve as an efficient alternative to the 107 
conventional analog-based approach when proper analogs for specific amino acids are 108 
unavailable, or when a high false positive rate is the major concern. The protocol below uses 109 
leucine rare codon to demonstrate this strategy in identifying Escherichia coli L-leucine 110 
overproducers. 111 
 112 
PROTOCOL:  113 
 114 
1. Construction of the plasmids expressing the rare-codon-rich marker genes 115 
 116 
1.1. Select a marker gene that contains an appropriate number of the common codons for the 117 
targeted amino acid.  118 
 119 
NOTE: For L-leucine, the kanamycin resistance gene kanR, which contains 29 leucine codons, of 120 
which 27 are common codons, is used for the construction of the selection system13. The gfp 121 
gene, which contains 17 common codons out of 19 leucine codons, or the purple protein-122 
encoding gene prancerpurple (ppg), which harbors 14 leucine common codons, is used for the 123 
screening system (Supplementary Table 1). 124 
 125 
1.2. Replace the common codons in the marker genes with the synonymous rare codon. For L-126 
leucine, replace its codons in kanR, gfp, or ppg with the rare codon CTA, generating kanR-RCs, gfp-127 
RC, or ppg-RC, respectively13 (Supplementary Table 1). 128 
 129 
NOTE: The frequency of the rare codon in the marker genes will affect the stringency of the 130 
selection or screening system. In general, increasing the number of rare codons will increase the 131 



stringency of the selection or screening system. To achieve the appropriate selection or screening 132 
strength, design a series of marker genes that harbor different numbers of rare codons and 133 
compare their effects. 134 
 135 
1.3. Generate building blocks of the rare-codon-rich marker genes using tools such as 136 
GeneDesign14 (http://54.235.254.95/gd/) for gene synthesis. Alternatively, order the marker 137 
genes from commercial gene synthesis services. 138 
 139 
1.3.1. On the GeneDesign page, choose Building block design (constant length overlap). 140 
 141 
1.3.2. Paste the sequences of the rare-codon-rich marker genes in the Sequence box. 142 
 143 
1.3.3. Define the overlap length between the assembly oligos; keep in mind that the default 40 144 
bp works fine for most sequences.  145 
 146 
NOTE: See the online manual for more instructions on the settings of the other parameters. 147 
 148 
1.3.4. Click the Design building blocks button and order the oligonucleotides listed on the page. 149 
 150 
1.4. Synthesize the rare-codon-modified genes by polymerase chain reaction (PCR)-based 151 
accurate synthesis15. 152 
 153 
1.5. Ligate the rare-codon-rich kanR-RC to vector pET-28a, gfp-RC to pSB1C3, and ppg-RC to CPB-154 
37-44116.  155 
 156 
NOTE: The pET-28a and pSB1C3 plasmid maps are available on the SnapGene online plasmid 157 
database (Supplementary Table 1); the CPB-37-441 plasmid map is available on the ATUM 158 
chromogenic protein website. 159 
 160 
1.5.1. On ice, add the vector and the marker fragments in a molar ratio of 1:1 to 7.5 μL of 161 
assembly mix (see Table of Materials) to a total volume of 10 μL. Incubate the sample at 50 °C 162 
for 1 h. 163 
 164 
1.5.2. Transform 5 μL of the assembly product into 50 μL of competent cells (see the Table of 165 
Materials) at 42 °C for 30 s. 166 
 167 
1.5.3. Recover the cells in SOC (Super optimal broth with catabolite repression) medium at 37 °C 168 
for 1 h, plate them on LB (lysogeny broth) agar medium, and incubate them at 37 °C overnight. 169 
 170 
1.5.4. Inoculate the colony into LB medium and incubate at 37 °C for 8 h. 171 
 172 
1.5.5. Isolate the plasmid using a preferred commercial kit. 173 
 174 
2. Optimizing the selection conditions 175 



 176 
2.1. Make the parent strain used for mutagenesis into competent cells17.  177 
 178 
2.2. Transform 50 μL of the competent cells with 1 μL of plasmid that carries the wild-type kanR, 179 
and transform another set of the competent cells with the plasmid containing kanR-RC29 with all 180 
leucine codon replaced by the rare codon CTA. 181 
 182 
2.3. Add 950 μL of SOC medium and incubate the sample in a shaker at 250 rpm at 37 °C for 1 h. 183 
 184 
2.4. Plate 100 μL of the cell culture onto the LB agar medium containing 50 μg·mL-1 kanamycin, 185 
and incubate it at 37 °C for approximately 8 h until colonies appear. 186 
 187 
2.5. Pick the colonies that harbor the wild-type kanR and the leucine rare-codon-rich kanR-RC29 188 
and use each to inoculate 10 mL of fivefold diluted LB medium (0.2x LB) containing 50 μg·mL-1 189 
kanamycin. Incubate the samples in a shaker at 250 rpm at 37 °C. 190 
 191 
NOTE: The medium is crucial for the selection system. It should contain just enough carbon and 192 
nitrogen to allow expression of the antibiotic resistance protein from the wild-type gene rather 193 
than from the rare-codon-modified derivatives. In this case, the L-leucine concentration in 1x LB 194 
medium is too high to completely inhibit the protein expression from the rare-codon-rich kanR. 195 
Thus, a diluted LB medium with a dilution factor such as 5 is used to generate a clear difference 196 
in protein expressions from the wild-type and the rare-codon-rich genes. 197 
 198 
2.6. Transfer 200 μL of each of the cell cultures to a 96-well plate in triplicate at defined time 199 
points (e.g., 8 h, 16 h, and 24 h). Measure the OD600 (optical density at 600 nm) using a plate 200 
reader.  201 
 202 
NOTE: If a decrease in the cell OD600 cannot be detected for strains harboring the rare-codon-rich 203 
marker genes in comparison to the OD600 of the strain harboring the wild-type marker genes, try 204 
to increase the amount of rare codon in the marker genes or use a more diluted medium. 205 
 206 
2.7. Perform the amino acid feeding assay to test if the expressions of the rare-codon-rich marker 207 
genes (e.g., kanR-RC29) can be restored by increasing the concentration of the targeted amino 208 
acids.  209 
 210 
NOTE: For the selection of L-leucine overproducers, L-leucine is used for feeding. 211 
 212 
2.7.1. Inoculate the strains harboring the kanR-RC29 marker gene into 10 mL of the 0.2x LB 213 
(containing 50 μg·mL-1 kanamycin) with or without the supply of 1 g·L-1 L-leucine. Inoculate 214 
another 10 mL of the 0.2x LB with strains that harbor the wild-type kanR as control. Incubate the 215 
samples in a shaker at 250 rpm at 37 °C. 216 
 217 
2.7.2. Measure the OD600 for each culture at defined time points (e.g., 15 h, 17 h, 19 h, and 22 h). 218 
 219 



3. Optimizing the screening conditions 220 
 221 
3.1. Transform 50 μL of the parent strain used for mutagenesis with 1 μL of plasmid (~50 ng·μL-1) 222 
that carries the wild-type gfp or the wild-type ppg. Also, transform the parent strain with the 223 
rare-codon-rich derivatives of the marker genes. 224 
 225 
3.2. Add 950 μL of SOC medium and incubate the sample in a shaker at 250 rpm at 37 °C for 1 h. 226 
 227 
3.3. Plate 100 μL of the cell culture onto the LB agar medium containing the appropriate 228 
antibiotics (25 μg·mL-1 chloramphenicol for the gfp plasmid carrying a cmR marker, or 50 μg·mL-1 229 
kanamycin for the ppg plasmid carrying a kanR marker) and incubate overnight at 37 °C. 230 
 231 
3.4. Pick one colony that harbors the wild-type gfp or ppg and one colony that harbors the 232 
corresponding rare-codon-rich derivative, and transfer them to 10 mL of the properly diluted LB 233 
medium individually. Incubate the samples in a shaker at 250 rpm at 37 °C. 234 
 235 
NOTE: For E. coli strains harboring the leucine rare-codon-rich gfp-RC or ppg-RC, the undiluted 236 
LB medium (1x LB) can be used to create significant differences in the expressions of the wild-237 
type and the rare-codon-rich marker genes. Also, inducible promoters are used to drive the 238 
expressions of the screening marker genes. Begin the induction when the cells enter the 239 
exponential phase to achieve better discriminations. 240 
 241 
3.5. For fluorescence markers, transfer 200 μL of each of the cell cultures into a 96-well clear-242 
bottomed black plate in triplicate at defined time points (e.g., 2 h, 4 h, and 6 h). Measure the 243 
OD600 and the fluorescence and calculate the fluorescence intensity (the ratio of fluorescence to 244 
OD600). For chromogenic markers, measure the color development of the cell cultures. 245 
 246 
NOTE: If lower fluorescence intensities cannot be detected for strains harboring the gfp-RC in 247 
comparison to that of the strains harboring the wild-type gfp, or if a lighter color cannot be 248 
detected for cells expressing the purple protein from the ppg-RC than from the wild-type gene, 249 
try to increase the number of rare codon on the marker genes or use a more diluted medium. 250 
 251 
3.6. Perform the feeding assay (see steps 2.7.1 and 2.7.2). Measure the fluorescence intensity or 252 
the color development at defined time points (e.g., 12 h, 18 h, and 24 h). 253 
 254 
4. Identification of the amino acid overproducers 255 
 256 
4.1. Inoculate 100 μL of the culture of the mutants into 5 mL of LB medium (2% v/v) and incubate 257 
it in a shaker at 250 rpm at 37 °C until the values of OD600 reach 0.4. 258 
 259 
4.2. Make the mutants into competent cells17. 260 
 261 
4.3. Transform 50 μL of the mutant cells with 1 μL of the plasmid (~50 ng·μL-1) carrying the 262 
selection marker kanR-RC29 or the screening markers gfp-RC or ppg-RC. Add 950 μL of SOC 263 



medium and rotate the sample in a 37 °C shaker for 1 h. 264 
 265 
4.4. Select amino acid overproducers. 266 
 267 
4.4.1. Centrifuge the cell culture at 4,000 x g for 5 min, discard the supernatant and add 5 mL of 268 
0.2x LB medium containing 50 μg·mL-1 kanamycin. Incubate the sample in a 37 °C shaker 269 
overnight. 270 
 271 
4.4.2. Plate the overnight culture (e.g., 100 μL, depends on the cell density of the culture) onto 272 
0.2x LB agar medium containing 50 μg·mL-1 kanamycin and incubate at 37 °C for 12 h.  273 

 274 
NOTE: The colonies developed are the candidates of the targeted amino acid overproducers and, 275 
in this case, the L-leucine overproducers. 276 
 277 
4.5. Screen the amino acid overproducers. 278 
 279 
4.5.1. Plate the appropriate number of cells (e.g., 100 μL) harboring the screening marker (as 280 
described in step 4.3) onto the LB agar medium containing the appropriate antibiotic (25 μg·mL-281 
1 chloramphenicol for screening with gfp-RC and 50 μg·mL-1 kanamycin for screening with ppg-282 
RC) and incubate at 37 °C for 8 h. 283 
 284 
4.5.2. Inoculate the LB medium containing the appropriate antibiotic (see step 4.5.1) with each 285 
single colony from the plate. Incubate the samples in a shaker at 250 rpm at 37 °C. 286 
 287 
4.5.3. Measure the OD600 and the fluorescence and calculate the fluorescence intensity if gfp-RC 288 
is used. Measure the color development of the cell cultures if ppg-RC is used. Note that the strains 289 
exhibiting a higher fluorescence intensity or a deeper color than that of the parent strain are the 290 
candidate amino acid overproducers and, in this case, the L-leucine overproducers. 291 
 292 
NOTE: The fluorescence-activated cell sorting is also suitable for identifying single-cell high-293 
producers when the rare-codon-rich fluorescent protein genes are used for screening. 294 
 295 
4.6. Verify the amino acid productivities of the candidate strains. 296 
 297 
4.6.1. Inoculate 5 mL of LB medium with each of the candidate strains and let the cells grow 298 
overnight in a shaker at 250 rpm at 37 °C. 299 
 300 
4.6.2. Harvest the cells from 1 mL of the cell culture by centrifugation at 4,000 x g for 2 min. 301 
Discard the supernatant and resuspend the pellet with 1 mL of sterile water. 302 
 303 
4.6.3. Inoculate 20 mL of M9 medium containing 4% glucose with 200 μL of the cell suspension 304 
and incubate in a 250 mL shaker at 250 rpm at 37 °C for 24 h.  305 
 306 
4.6.4. Centrifuge 1 mL of the culture medium at 4,000 x g for 5 min. Transfer 200 μL of the 307 



supernatant to a clean 1.5 mL tube. Prepare L-leucine solutions (HPLC (high-performance liquid 308 
chromatography) grade) of 0.01, 0.05, 0.1, 0.5, and 1 g·L-1 as standards. 309 
 310 
4.6.5. Add 100 μL of 1 mM triethylamine and 100 μL of 1 M phenyl isothiocyanate to the 311 
supernatant and the standards, mix them gently, and incubate them at room temperature for 1 312 
h18. 313 
 314 
CAUTION: Triethylamine and phenyl isothiocyanate can cause severe skin burns and eye damage 315 
and is harmful if inhaled. Wear gloves and a mask and, if possible, perform this step in a fume 316 
hood. 317 
 318 
4.6.6. Add 400 μL of n-hexane to the same tube and vortex it for 10 s. The lower phase contains 319 
the amino acid derivatives and is used for HPLC analysis. 320 
 321 
CAUTION: n-hexane can cause skin irritation. Wear gloves and protective clothing. If it comes in 322 
contact with skin, rinse the skin with plenty of water. 323 
 324 
4.6.7. Prepare mobile phase A by mixing 0.1 M sodium acetate (pH 6.5) and acetonitrile in a 325 
99.3:0.7 volumetric ratio. Prepare acetonitrile (80% v/v) as mobile phase B. Filter all mobile 326 
phases through 0.2 μm polytetrafluoroethylene PTFE membranes. 327 
 328 
CAUTION: Acetonitrile is harmful if inhaled and can cause skin and eye irritations. Wear gloves 329 
and protective clothing and perform this step in a fume hood. 330 
 331 
4.6.8. Run 1 μL of the sample on an ultra-HPLC equipped with a C18 column according to the 332 
elution program in Table 1 with a flow rate of 0.42 mL·min-1 and a column temperature of 40 °C. 333 
Detect the targeted amino acids at 254 nm with a diode array detector and calculate their 334 
concentrations by mapping the peak areas to the standard curve. 335 
 336 
[Place Table 1 here] 337 
 338 
REPRESENTATIVE RESULTS:  339 
For the selection system, a sharp decrease in OD600 for strains harboring the rare-codon-rich 340 
antibiotic resistance gene should be observed in comparison to the strain harboring the wild-341 
type antibiotic resistance gene when cultured in a suitable medium (Figure 1a). Under the same 342 
conditions, the decrease in cell OD600 becomes more obvious as the number of rare codons in the 343 
antibiotic resistance gene increases (Figure 1a). It should be noted that the inhibition of rare 344 
codon on protein expressions mostly takes place under starved conditions. Therefore, if the LB 345 
medium is not properly diluted, no significant decrease in cell OD600 will be observed for the 346 
strain harboring the rare-codon-rich marker gene in comparison to the strain harboring the wild-347 
type gene (Figure 1b). After extra feeding of the corresponding amino acid, the OD600 for the 348 
strain harboring the rare-codon-rich antibiotic resistance gene will increase significantly and 349 
approach that of the strain harboring the wild-type gene (Figure 1c). 350 
 351 



[Place Figure 1 here] 352 
 353 
For the screening system, the fluorescence intensity and the number of fluorescent cells will be 354 
significantly lower for the strain that expresses the fluorescent protein from the rare-codon-rich 355 
gene than from the wild-type gene (Figure 1d and Figure 2). When using the purple protein, the 356 
color developed from the rare-codon-rich ppg should be lighter than that from the wild-type 357 
gene when expressed under the same conditions for the same incubation period (Figure 3). 358 
Feeding of the corresponding amino acid will restore protein expressions from the rare-codon-359 
rich genes. For strains harboring the rare-codon-rich gfp, the fluorescence intensity (Figure 1d) 360 
and the number of fluorescent cells (Figure 2) should increase significantly and approach that of 361 
the strains containing the wild-type gfp. When undiluted LB is used, the amino acids in the 362 
medium would be sufficient to allow slow expression of the rare-codon-rich ppg even without 363 
extra L-leucine feeding, and the expressed purple protein would become visible once the cells 364 
are pelleted (Figure 3). However, this does not conceal the fact that gene expression from the 365 
rare-codon-rich ppg was dramatically enhanced by feeding of the L-leucine to 2 g·L-1, especially 366 
when observed in liquid culture (Figure 3). Therefore, the liquid culture is a better choice for 367 
screening based on chromogenic proteins, and the use of diluted LB medium would bring a more 368 
significant difference between the phenotypes induced by the wild-type and the rare-codon-rich 369 
genes. 370 
 371 
[Place Figure 2 here] 372 
 373 
[Place Figure 3 here] 374 
 375 
The rare-codon-based strategy is able to identify overproducers of the targeted amino acids from 376 
the mutation library, and these mutants should produce higher amounts of the targeted amino 377 
acids than the parent strains (Figure 4).  378 
 379 
[Place Figure 4 here] 380 
 381 
FIGURE AND TABLE LEGENDS: 382 
 383 
Figure 1: Effects of rare codon on the expressions of marker genes used for the selection and 384 
the screening systems. (a) The cell OD600 for an E. coli strains harboring the antibiotic resistance 385 
gene (kanR) with 6, 16, 26, and 29 leucine rare-codon (RC6, RC16, RC26, and RC29) replacement 386 
after 5 h of incubation. (b) The cell OD600 for an E. coli strain harboring the wild-type (WT) and 387 
the rare-codon-rich kanR (RC) in 1x, 0.5x, and 0.2x LB media after 5 h of incubation. (c) Effects of 388 
feeding L-leucine on the cell growth for E. coli strains harboring the leucine rare-codon-rich kanR 389 
gene after 5 h of incubation. The values and error bars represent the mean and the SD (n = 6). 390 
The feeding of L-leucine significantly increased the OD600 for cells harboring the rare-codon-rich 391 
kanR. The only exception was for the feeding of 2 g·L-1 L-leucine due to a high SD in OD600 for the 392 
feeding treatment. (d) Effects of rare-codon and L-leucine feeding on GFP expressions from the 393 
wild-type (WT) and the leucine rare-codon-rich (RC) genes after 16 h of incubation. The feeding 394 
of 0.5–2 L-1 L-leucine significantly increased the fluorescence intensity for cells harboring the 395 



rare-codon-rich gfp. The values and error bars represent the mean and the SD (n = 3). **P < 0.01, 396 
***P < 0.001 as determined by two-tailed t-test, and only the most significant results were 397 
shown. 398 
 399 
Figure 2: The number of fluorescent E. coli cells that harbor the wild-type gfp or the leucine 400 
rare codon-rich gfp (gfp-RC) after the addition of L-leucine. Cells were cultured in 1x LB medium. 401 
Scale bar = 20 μm. 402 
 403 
Figure 3: Color development for cells harboring the wild-type (WT) and the leucine rare-codon-404 
rich (RC) ppg genes that encode a purple protein in 1x LB medium (left panel) and the effect of 405 
L-leucine feeding on cell culture color development (right panel). The ppg genes were induced 406 
when the cells entered the exponential phase and the images were captured 3 h after the 407 
induction. The L-leucine was added to the medium together with the inducer in the feeding assay. 408 
The colored circles were generated by picking the colors of the cell cultures and the cell pellets. 409 
 410 
Figure 4: Amino acids produced by the wild-type and the mutated strains identified by the rare-411 
codon-based strategy. (a) L-leucine productions of E. coli strains identified from mutation 412 
libraries by the kanR-RC29 (EL-1 to EL-5) and the gfp-RC that harbors 29 and 19 leucine rare 413 
codons (EL-6 to EL-10), respectively. (b) L-arginine productions of Corynebacterium glutamicum 414 
strains selected by the rare-codon-rich kanR, which contained eight arginine rare codons (AGG). 415 
The marker gene was introduced into the C. glutamicum mutation libraries derived from the wild-416 
type strain ATCC13032. The selection medium was 0.3x CGIII supplied with 25 μg·mL-1 kanamycin. 417 
 418 
Table 1: Elution program for the quantification of amino acids.  419 
 420 
DISCUSSION:  421 
The number of rare codons in the marker genes and the selection or screening medium are 422 
critical to inhibit protein expressions from the rare-codon-modified marker genes. If no 423 
significant difference can be detected between protein expressions from the wild-type marker 424 
genes and their derivatives, increasing the number of rare codons or using a nutrient-limited 425 
medium may amplify the differences. However, if the inhibition effect is too strong, the protein 426 
expressions may not be recovered even by extra feeding of the corresponding amino acids. In 427 
this case, the number of rare codons in the marker genes should be reduced to relieve part of 428 
the stress. Another way to fine-tune the selection or screening stringency is to adjust the copy 429 
numbers and the expression levels of the rare-codon-rich marker genes. Decreasing the copy 430 
number and the expression levels of the marker genes usually leads to stronger differentiations 431 
between the amino acid overproducers and the initial strains. Therefore, vectors containing the 432 
low copy number replication origins such as p15A or pSC101, as well as weak promoters, should 433 
be used. If the marker gene is driven by an inducible promoter, low induction is recommended. 434 
 435 
The rare-codon-based strategy for the selection or screening for amino acid overproducers is a 436 
reverse adaptation of the commonly used strategy of “codon optimization”, which aims at 437 
facilitating the expressions of exogenous proteins. In codon optimization, the rare codons on the 438 
targeted genes are replaced by the synonymous common ones with respect to the host; thus, 439 



the genes from other organisms could be translated much more rapidly into proteins than those 440 
exogenous genes with high proportions of rare codons19. Therefore, it is reasonable to assume 441 
that the “reverse optimization”, which switches the common codons to their synonymous rare 442 
ones, should inhibit gene expressions. However, the gene expressions should be restored by 443 
enhanced charging of the corresponding rare tRNAs when the targeted amino acids accumulate 444 
intracellularly. The incorporation of rare codons increases the threshold of the amino acid 445 
concentration in protein expressions, which offers a potential strategy to select or screen for 446 
amino acid overproducers when combined with the proper marker genes. 447 
 448 
Besides the antibiotic resistance genes, the fluorescent protein genes, and the chromogenic 449 
protein genes used in the protocol, various marker genes could be employed to establish the 450 
rare-codon-based selection or screening system. For instance, lethal genes such as tolC20 and 451 
sacB21 could be used to select amino acid overproducers. In this case, common codons on the 452 
genes that belong to the antidote system should be replaced by the synonymous rare codons of 453 
the targeted amino acids. Strains that overproduce the targeted amino acids are able to launch 454 
the antidote system and, thus, survive the toxic effects induced by the lethal genes.  455 
 456 
It should be noted that side effects may occur when using high amounts of amino acids in the 457 
feeding assay. This is because some amino acids are toxic to the microorganisms. For instance, a 458 
concentration of around 100 mg·L-1 for L-serine is able to inhibit the growth of E. coli22. However, 459 
although lower than that of the wild-type gene, we found that feeding up to 2 g·L-1 L-serine could 460 
still restore the expressions of antibiotic resistance genes that rich in serine rare codon13. 461 
Therefore, the amino acid toxicity, at least for L-serine, would not jeopardize the reliability of the 462 
feeding assay. To overcome the potential negative effects of amino acid toxicity on the 463 
productivities of the targeted strains, strategies such as random mutagenesis and the 464 
enhancement of amino acid exportations23 could be applied. In fact, the rare-codon-based 465 
method is suitable for identifying tolerant strains capable of withstanding or overproducing 466 
amino acids above the toxic levels. The key mutations that confer amino acid tolerance could be 467 
identified and introduced into the targeted strains, which would be the ideal hosts for the 468 
constructions of amino acid overproducers. 469 
 470 
The rare-codon-based selection or screening system ensures high fidelity. In other words, strains 471 
identified by the system are supposed to be the overproducers of the targeted amino acids. 472 
However, in some cases, the candidates that survive the antibiotic selection cannot produce 473 
higher amounts of the targeted amino acids than the parent strain. This could be attributed to 474 
the antibiotic resistance acquired by the strains through mutagenesis and then a loss of the 475 
selection plasmid24. As a consequence, strains without enhanced amino acid productivities could 476 
survive the antibiotic stress and escape the selection. These false positive strains could be 477 
eliminated by inserting another selection marker into the selection plasmid, such as a wild-type 478 
gene that confers resistance to another antibiotic. Strains that lost the selection plasmid are less 479 
likely to obtain dual resistance to the two antibiotics and will be eliminated during selection.  480 
 481 
Mutants identified by the rare-codon-based system should be able to overproduce the targeted 482 
amino acids in comparison to the initial strains. However, the amino acid productivities for the 483 



selected strains may still be lower than the industrial requirements. This does not suggest a 484 
failure of the rare-codon-based strategy as the strain performances are independent of the 485 
selection or screening process but depend on factors such as the characteristics of the initial 486 
strain, the approach of mutagenesis, the size of the mutation library, and the fermentation 487 
conditions. In order to obtain high-production strains, attention should be paid to the strategies 488 
of strain engineering, such as by random mutagenesis or through rational design of the amino 489 
acid biosynthetic pathways. Combining adaptive laboratory evolution and the rare-codon-based 490 
strategy would facilitate obtaining amino acid overproducers. 491 
 492 
The methionine and the tryptophan do not have alternative codons among the 20 proteinogenic 493 
amino acids. Therefore, this strategy may not be employed directly to these amino acids. One 494 
possible solution is to use engineered tRNAs that are able to recognize the stop codons to carry 495 
these amino acids. Thus, the corresponding stop codons could be adopted as the artificial rare 496 
codons of these amino acids25,26. 497 
 498 
One of the biggest shortcomings concerning the conventional analog-based strategy for the 499 
selection of amino acid overproducers is the high false positive rate5,27. Strains that go through 500 
mutagenesis could easily acquire resistance toward the toxic amino acid analogs, and the 501 
tolerance may even be acquired without the aid of mutagens27. These strains could easily escape 502 
the selection pressures from the amino acid analogs and, consequently, the selected strains are 503 
usually not the true amino acid overproducers which greatly sacrifices the efficiency of the 504 
selection process. 505 
 506 
In contrast, the rare-codon-based strategy outcompetes the traditional analog-based method by 507 
enabling accurate and rapid identifications of amino acid overproducers. To our knowledge, this 508 
is the first strategy that adopts the natural law of codon bias. It only relies on a single rare-codon-509 
rich marker gene and, thus, eliminates the use of toxic analogs. The marker genes are generally 510 
nontoxic to the host strains, and the protein expressions from rare-codon-rich genes depend 511 
primarily on the intracellular concentrations of the corresponding amino acids because of the 512 
universal and stringent law of codon bias across all species. This would prevent the strains from 513 
escaping the selection pressures. Besides, due to the great diversity of marker genes, the rare-514 
codon-based strategy could offer various choices for both the selection and the screening of 515 
amino acid overproducers. 516 
 517 
Due to the universal phenomenon of codon bias in all living organisms28, the rare-codon-based 518 
selection or screening strategy could theoretically be employed to other microorganisms besides 519 
E. coli, especially those with industrial potentials. When changing to a different host, the choice 520 
of rare codons used for designing the marker genes should be based on the codon usage 521 
frequencies and the abundances of the corresponding tRNAs for the specific host. The medium 522 
used for selection or screening should also be optimized accordingly. One example is the 523 
commonly used C. glutamicum in amino acid fermentations. A rare-codon-modified kanR gene 524 
containing eight arginine rare codons (AGG) has been shown effective in selecting C. glutamicum 525 
L-arginine overproducers by a previous study13 (Figure 4b). Explorations of the rare-codon-based 526 
strategy should facilitate the constructions and understandings of amino acid overproducers. 527 



Besides amino acids, the rare-codon-based strategy could also be employed with isobutanol, 3-528 
methyl-1-butanol, 2-methyl-1-butanol, and other products that share the same biosynthetic 529 
pathways with certain amino acids29. Strains identified by marker genes that harbor the rare 530 
codons of these amino acids are capable of overproducing the precursor compounds, which 531 
could be channeled to the synthesis of the amino acid derivatives. Therefore, the rare-codon-532 
based strategy could serve as an indirect yet rapid method to reflect the potentials of the strains 533 
in accumulating these chemicals either intra- or extracellularly. Key mutations that confer 534 
increased amino acid productivities from various overproducers could be identified by deep 535 
sequencing and be introduced individually or simultaneously into industrial strains to further 536 
improve the amino acid productions. 537 
 538 
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Time (min) Mobile phase A (%) Mobile phase B (%)

0 98 2

3.5 70 30

7 43 57

7.1 0 100

11 98 2
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Name of Material/ Equipment Company Catalog Number Comments/Description

Acetonitrile Thermo 51101

EasyPure HiPure Plasmid MiniPrep Kit Transgen EM111-01

EasyPure Quick Gel Extraction Kit Transgen EG101-01

Gibson assembly master mix NEB E2611S

Isopropyl β-D-1-thiogalactopyranoside Solarbio I8070

L-leucine Sigma L8000

Microplate reader Biotek Synergy 2

n-hexane Thermo H3061

Phenyl isothiocyanate Sigma P1034

PrancerPurple CPB-37-441 ATUM CPB-37-441

TransStar FastPfu Fly DNA polymerase Transgen AP231-01

Triethylamine Sigma T0886
Ultra-high performance liquid 

chromatography
Agilent 1290 Infinity II

Wild type C. glutamicum ATCC 13032

XL10-Gold E. coli  competent cell Agilent 200314

ZORBAX RRHD Eclipse Plus C18 column Agilent 959759-902K
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Editorial comments: 

1. Several times you mention ‘DNA to protein translation’; this should be ‘RNA to protein 

translation’ (or just ‘protein translation’). 

Re: Thanks for this suggestion, the ‘DNA to protein translation’ has been changed to ‘protein 

translation’. 

2. 1.1: Can you provide references for these gene sequences? Also, it’s unclear if this step can be 

filmed (although we may be able to work with a diagram of the procedure here). 

Re: The sequences of the marker genes and their rare codon-rich derivatives were included in the 

Supplementary Table 1 and the leucine rare codons were highlighted. Reference of the Nat Commun 

paper that offered the sequences of marker genes for the identifications of L-serine and L-arginine 

overproducers was also included. Since the sequences were given, the step 1.1 was unhighlighted 

and we agree that it is unnecessary to film this step. Instead, we would like to use a diagram to 

illustrate the codon replacement in step 1.2. 

3. 1.3–1.5: Is it also possible to have the whole gene synthesized? 

Re: Yes, these genes could be synthesized by commercial gene synthesis services. This was 

mentioned in step 1.3 as an alternative choice. 

4. 1.5: Ligate the genes to what? If the vector, which one, exactly? 

Re: Sorry for this mistake, we used the pET-28a vector for kanR-RC, pSB1C3 for gfp-RC and CPB-

37-441 for ppg-RC, references for the plasmid maps were included in Note 1.5 and the available 

sequences were given in Supplementary Table 1. 

5. 1.5.2: Which competent cells do you use? There is nothing in the Table of Materials in general 

about cells. 

Re: The E. coli competent cell XL10-Gold was used for cloning and the Table of Materials has been 

updated. 

6. 4.6.8: This step needs more details if it is to be filmed. 

Re: More details were added in step 4.6.8. 

7. Representative results: You mention that ‘the OD600 for strain harboring the rare codon-rich 

antibiotic resistance gene increases significantly’ in Figure 1c, but only show significance for WT 

versus RC with no leucine added, not for between RC experiments. Please clarify. 

Re: Thanks for this suggestion. We have compared the ODs for cells with L-leucine feeding to that 

without L-leucine feeding for the RC experiment using t test and most comparisons reached 

significant levels. The only exception was for the feeding of 2.0 g L-1 L-leucine due to a high 

standard deviation in OD600 for the feeding treatment. To keep it clear, only the most significant 

difference was marked in the figure 1c. We also compared the fluorescence intensity between the 
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RC experiments in Figure 1d, and the feeding of 0.5–2.0 L-1 L-leucine significantly increased the 

fluorescence intensity for cells harboring the rare codon-rich gfp. The Figure 1 has been updated 

and the t test results were explained in the legend. 

8. Figures 2 and 3: Please use ‘g L-1’, not ‘g l-1’ (uppercase L). 

Re: The g l-1 was replaced by g L-1 in both figures. 

9. Figure 2: There doesn’t appear to be a scale bar here. 

Re: The scale bar was added. 

10. Figure 3: Please explain the colored circles more clearly-how exactly were they created? Also, 

it’s unclear how much purple color is supposed to be in the circles in the left panel under RC. 

Re: The colored circles were generated by picking the colors of the cell cultures and the cell pellets 

using image processing software packages such as Adobe Photoshop. A similar style of using the 

colored circles to show the color development could be found on the official website of the 

chromogenic proteins (https://www.atum.bio/products/protein-paintbox?exp=3). Explanation was 

included in the Figure 3 caption. 

It is hard to define an expected purple color for the RC group because the color under RC 

should be evaluated in comparison to the color of the wild-type strain rather than being viewed 

independently. The incorporation of rare codon in the ppg gene is supposed to inhibit the purple 

protein translation. Thus, as long as the purple color under RC is lighter than that under WT, or in 

other words, the purple color for the WT group developed faster than that of the RC under the same 

culturing conditions, the system is applicable for the screening of amino acid overproducers. 



Name Sequence (5’ – 3’)*

kan R

atgagccatattcaacgggaaacgtcttgctctaggccgcgattaaattccaacatggatgctgatttatatgggtataa

atgggctcgcgataatgtcgggcaatcaggtgcgacaatctatcgattgtatgggaagcccgatgcgccagagttgtttc

tgaaacatggcaaaggtagcgttgccaatgatgttacagatgagatggtcagactaaactggctgacggaatttatgcct

cttccgaccatcaagcattttatccgtactcctgatgatgcatggttactcaccactgcgatccccgggaaaacagcatt

ccaggtattagaagaatatcctgattcaggtgaaaatattgttgatgcgctggcagtgttcctgcgccggttgcattcga

ttcctgtttgtaattgtccttttaacagcgatcgcgtatttcgtctcgctcaggcgcaatcacgaatgaataacggtttg

gttgatgcgagtgattttgatgacgagcgtaatggctggcctgttgaacaagtctggaaagaaatgcataaacttttgcc

attctcaccggattcagtcgtcactcatggtgatttctcacttgataaccttatttttgacgaggggaaattaataggtt

gtattgatgttggacgagtcggaatcgcagaccgataccaggatcttgccatcctatggaactgcctcggtgagttttct

ccttcattacagaaacggctttttcaaaaatatggtattgataatcctgatatgaataaattgcagtttcatttgatgct

cgatgagtttttctaa

kan R -

RC29

atgagccatattcaacgggaaacgtcttgctctaggccgcgactaaattccaacatggatgctgatctatatgggtataa

atgggctcgcgataatgtcgggcaatcaggtgcgacaatctatcgactatatgggaagcccgatgcgccagagctatttc

taaaacatggcaaaggtagcgttgccaatgatgttacagatgagatggtcagactaaactggctaacggaatttatgcct

ctaccgaccatcaagcattttatccgtactcctgatgatgcatggctactaaccactgcgatccccgggaaaacagcatt

ccaggtactagaagaatatcctgattcaggtgaaaatattgttgatgcgctagcagtgttcctacgccggctacattcga

ttcctgtttgtaattgtccttttaacagcgatcgcgtatttcgtctagctcaggcgcaatcacgaatgaataacggtcta

gttgatgcgagtgattttgatgacgagcgtaatggctggcctgttgaacaagtctggaaagaaatgcataaactactacc

attctcaccggattcagtcgtcactcatggtgatttctcactagataacctaatttttgacgaggggaaactaataggtt

gtattgatgttggacgagtcggaatcgcagaccgataccaggatctagccatcctatggaactgcctaggtgagttttct

ccttcactacagaaacggctatttcaaaaatatggtattgataatcctgatatgaataaactacagtttcatctaatgct

agatgagtttttctaa

gfp

atgcgtaaaggagaagaacttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaatt

ttctgtcagtggagagggtgaaggtgatgcaacatacggaaaacttacccttaaatttatttgcactactggaaaactac

ctgttccatggccaacacttgtcactactttcggttatggtgttcaatgctttgcgagatacccagatcatatgaaacag

catgactttttcaagagtgccatgcccgaaggttatgtacaggaaagaactatatttttcaaagatgacgggaactacaa

gacacgtgctgaagtcaagtttgaaggtgatacccttgttaatagaatcgagttaaaaggtattgattttaaagaagatg

gaaacattcttggacacaaattggaatacaactataactcacacaatgtatacatcatggcagacaaacaaaagaatgga

atcaaagttaacttcaaaattagacacaacattgaagatggaagcgttcaactagcagaccattatcaacaaaatactcc

aattggcgatggccctgtccttttaccagacaaccattacctgtccacacaatctgccctttcgaaagatcccaacgaaa

agagagaccacatggtccttcttgagtttgtaacagctgctgggattacacatggcatggatgaactatacaaataa

gfp-RC

atgcgtaaaggagaagaactattcactggagttgtcccaattctagttgaactagatggtgatgttaatgggcacaaatt

ttctgtcagtggagagggtgaaggtgatgcaacatacggaaaactaaccctaaaatttatttgcactactggaaaactac

ctgttccatggccaacactagtcactactttcggttatggtgttcaatgctttgcgagatacccagatcatatgaaacag

catgactttttcaagagtgccatgcccgaaggttatgtacaggaaagaactatatttttcaaagatgacgggaactacaa

gacacgtgctgaagtcaagtttgaaggtgataccctagttaatagaatcgagctaaaaggtattgattttaaagaagatg

gaaacattctaggacacaaactagaatacaactataactcacacaatgtatacatcatggcagacaaacaaaagaatgga

atcaaagttaacttcaaaattagacacaacattgaagatggaagcgttcaactagcagaccattatcaacaaaatactcc

aattggcgatggccctgtcctactaccagacaaccattacctatccacacaatctgccctatcgaaagatcccaacgaaa

agagagaccacatggtcctactagagtttgtaacagctgctgggattacacatggcatggatgaactatacaaataa

ppg

atggcgagcttggttaagaaagatatgtgtgttaagatgacgatggaaggtactgtgaacggttatcactttaagtgcgt

tggcgagggtgaaggcaagccgttcgagggcacgcagaacatgcgcattcgtgtcaccgagggcggtccgctgccttttg

cattcgacatcctggccccgtgctgtatgtacggctctaagaccttcattaaacacgtgagcggtatcccggattacttt

aaagagtcctttccagagggcttcacttgggaacgtacccagatttttgaggacggtggtgttctgaccgcgcaccaaga

caccagcctggaaggtaattgcctgatctataaagtgaaggttctgggtaccaatttcccggcgaatggtccggtgatgc

aaaagaaaaccgcgggttgggagccgtgcgtcgagatgctgtatccgcgtgacggcgtcttgtgtggtcagagcttgatg

gcgctgaagtgcaccgatggcaatcatctgaccagccacctgcgcacgacgtatcgtagccgtaaaccgagcaacgccgt

taacatgccggagttccattttggtgaccatcgcatcgaaatcctgaaagctgagcagggcaaattctacgaacaatacg

aatcggctgtcgcacgttacagcgatgtgccggaaaaagcgacgtaataa
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ppg-RC

atggcgagcctagttaagaaagatatgtgtattaagatgacgatggaaggtactgtgaacggttatcactttaagtgcgt

tggcgagggtgaaggcaagccgttcgagggcacgcagaacatgcgcactcgtgtcaccgagggcggtccgctaccttttg

cattcgacatcctagccccgtgctgtatgtacggctctaagaccttcattaaacacgtgagcggtatcccggattacttt

aaagagtcctttccagagggcttcacttgggaacgtacccagatttttgaggacggtggtgttctaaccgcgcaccaaga

caccagcctagaaggtaattgcctaatctataaagtgaaggttctaggtaccaatttcccggcgaatggtccggtgatgc

aaaagaaaaccgcgggttgggagccgtgcgtcgagatgctatatccgcgtgacggcgtcctatgtggtcagagcctaatg

gcgctaaagtgcaccgatggcaatcatctaaccagccacctacgcacgacgtatcgtagccgtaaaccgagcaacgccgt

taacatgccggagttccattttggtgaccatcgcatcgaaatcctaaaagctgagcagggcaaattctacgaacaatacg

aatcggctgtcgcacgttacagcgatgtgccggaaaaagcgacgtaataa

Vector 

pET-28(a)

aacaccccttgtattactgtttatgtaagcagacagttttattgttcatgaccaaaatcccttaacgtgagttttcgttc

cactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgca

aacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggct

tcagcagagcgcagataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccg

cctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactc

aagacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacga

cctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtat

ccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgt

cgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagca

acgcggcctttttacggttcctggccttttgctggccttttgctcacatgttctttcctgcgttatcccctgattctgtg

gataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccgagcgcagcgagtcagtgagcga

ggaagcggaagagcgcctgatgcggtattttctccttacgcatctgtgcggtatttcacaccgcatatatggtgcactct

cagtacaatctgctctgatgccgcatagttaagccagtatacactccgctatcgctacgtgactgggtcatggctgcgcc

ccgacacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccg

tctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgaggcagctgcggtaaagctcatcagcg

tggtcgtgaagcgattcacagatgtctgcctgttcatccgcgtccagctcgttgagtttctccagaagcgttaatgtctg

gcttctgataaagcgggccatgttaagggcggttttttcctgtttggtcactgatgcctccgtgtaagggggatttctgt

tcatgggggtaatgataccgatgaaacgagagaggatgctcacgatacgggttactgatgatgaacatgcccggttactg

gaacgttgtgagggtaaacaactggcggtatggatgcggcgggaccagagaaaaatcactcagggtcaatgccagcgctt

cgttaatacagatgtaggtgttccacagggtagccagcagcatcctgcgatgcagatccggaacataatggtgcagggcg

ctgacttccgcgtttccagactttacgaaacacggaaaccgaagaccattcatgttgttgctcaggtcgcagacgttttg

cagcagcagtcgcttcacgttcgctcgcgtatcggtgattcattctgctaaccagtaaggcaaccccgccagcctagccg

ggtcctcaacgacaggagcacgatcatgcgcacccgtggggccgccatgccggcgataatggcctgcttctcgccgaaac

gtttggtggcgggaccagtgacgaaggcttgagcgagggcgtgcaagattccgaataccgcaagcgacaggccgatcatc

gtcgcgctccagcgaaagcggtcctcgccgaaaatgacccagagcgctgccggcacctgtcctacgagttgcatgataaa

gaagacagtcataagtgcggcgacgatagtcatgccccgcgcccaccggaaggagctgactgggttgaaggctctcaagg

gcatcggtcgagatcccggtgcctaatgagtgagctaacttacattaattgcgttgcgctcactgcccgctttccagtcg

ggaaacctgtcgtgccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgccagggtgg

tttttcttttcaccagtgagacgggcaacagctgattgcccttcaccgcctggccctgagagagttgcagcaagcggtcc

acgctggtttgccccagcaggcgaaaatcctgtttgatggtggttaacggcgggatataacatgagctgtcttcggtatc

gtcgtatcccactaccgagatatccgcaccaacgcgcagcccggactcggtaatggcgcgcattgcgcccagcgccatct

gatcgttggcaaccagcatcgcagtgggaacgatgccctcattcagcatttgcatggtttgttgaaaaccggacatggca

ctccagtcgccttcccgttccgctatcggctgaatttgattgcgagtgagatatttatgccagccagccagacgcagacg

cgccgagacagaacttaatgggcccgctaacagcgcgatttgctggtgacccaatgcgaccagatgctccacgcccagtc

gcgtaccgtcttcatgggagaaaataatactgttgatgggtgtctggtcagagacatcaagaaataacgccggaacatta

gtgcaggcagcttccacagcaatggcatcctggtcatccagcggatagttaatgatcagcccactgacgcgttgcgcgag

aagattgtgcaccgccgctttacaggcttcgacgccgcttcgttctaccatcgacaccaccacgctggcacccagttgat

cggcgcgagatttaatcgccgcgacaatttgcgacggcgcgtgcagggccagactggaggtggcaacgccaatcagcaac

gactgtttgcccgccagttgttgtgccacgcggttgggaatgtaattcagctccgccatcgccgcttccactttttcccg

cgttttcgcagaaacgtggctggcctggttcaccacgcgggaaacggtctgataagagacaccggcatactctgcgacat

cgtataacgttactggtttcacattcaccaccctgaattgactctcttccgggcgctatcatgccataccgcgaaaggtt

ttgcgccattcgatggtgtccgggatctcgacgctctcccttatgcgactcctgcattaggaagcagcccagtagtaggt

tgaggccgttgagcaccgccgccgcaaggaatggtgcatgcaaggagatggcgcccaacagtcccccggccacggggcct

gccaccatacccacgccgaaacaagcgctcatgagcccgaagtggcgagcccgatcttccccatcggtgatgtcggcgat

ataggcgccagcaaccgcacctgtggcgccggtgatgccggccacgatgcgtccggcgtagaggatcgagatctcgatcc

cgcgaaattaatacgactcactataggggaattgtgagcggataacaattcccctctagaaataattttgtttaacttta

agaaggagatataccatgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccatatggc

tagcatgactggtggacagcaaatgggtcgcggatccgaattcgagctccgtcgacaagcttgcggccgcactcgagcac

caccaccaccaccactgagatccggctgctaacaaagcccgaaaggaagctgagttggctgctgccaccgctgagcaata

actagcataaccccttggggcctctaaacgggtcttgaggggttttttgctgaaaggaggaactatatccggattggcga

atgggacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcg

ccctagcgcccgctcctttcgctttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgg

gggctccctttagggttccgatttagtgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtag

tgggccatcgccctgatagacggtttttcgccctttgacgttggagtccacgttctttaatagtggactcttgttccaaa

ctggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgccgatttcggcctattggttaaaa

aatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaatttcaggtggcacttttcgggg

aaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgaattaattc



Leucine rare codons are denoted

taatactagtagcggccgctgcagtccggcaaaaaagggcaaggtgtcaccaccctgccctttttctttaaaaccgaaaa

gattacttcgcgttatgcaggcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagct

cactcaaaggcggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaa

ggccaggaaccgtaaaaaggccgcgttgctggcgtttttccacaggctccgcccccctgacgagcatcacaaaaatcgac

gctcaagtcagaggtggcgaaacccgacaggactataaagataccaggcgtttccccctggaagctccctcgtgcgctct

cctgttccgaccctgccgcttaccggatacctgtccgcctttctcccttcgggaagcgtggcgctttctcatagctcacg

ctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccgaccgct

gcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcagccactggtaac

aggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaagaac

agtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagctcttgatccggcaaacaaacca

ccgctggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatc

ttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatctt

cacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagctcga

ggcttggattctcaccaataaaaaacgcccggcggcaaccgagcgttctgaacaaatccagatggagttctgaggtcatt

actggatctatcaacaggagtccaagcgagctcgatatcaaattacgccccgccctgccactcatcgcagtactgttgta

attcattaagcattctgccgacatggaagccatcacaaacggcatgatgaacctgaatcgccagcggcatcagcaccttg

tcgccttgcgtataatatttgcccatggtgaaaacgggggcgaagaagttgtccatattggccacgtttaaatcaaaact

ggtgaaactcacccagggattggctgagacgaaaaacatattctcaataaaccctttagggaaataggccaggttttcac

cgtaacacgccacatcttgcgaatatatgtgtagaaactgccggaaatcgtcgtggtattcactccagagcgatgaaaac

gtttcagtttgctcatggaaaacggtgtaacaagggtgaacactatcccatatcaccagctcaccgtctttcattgccat

acgaaattccggatgagcattcatcaggcgggcaagaatgtgaataaaggccggataaaacttgtgcttatttttcttta

cggtctttaaaaaggccgtaatatccagctgaacggtctggttataggtacattgagcaactgactgaaatgcctcaaaa

tgttctttacgatgccattgggatatatcaacggtggtatatccagtgatttttttctccattttagcttccttagctcc

tgaaaatctcgataactcaaaaaatacgcccggtagtgatcttatttcattatggtgaaagttggaacctcttacgtgcc

cgatcaactcgagtgccacctgacgtctaagaaaccattattatcatgacattaacctataaaaataggcgtatcacgag

gcagaatttcagataaaaaaaatccttagctttcgctaaggatgatttctggaattcgcggccgcttctagagtttacgg

ctagctcagtcctaggtacaatgctagctactagagaaagaggagaaatactag

Vector 

pSB1C3


