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Supplementary Fig. 1: Kernel density plots for DNA similarity between original genes and DNA 

sequences designed by CodonTransformer (red), codons with Unified Random Choice (URC, blue) and 

Background Frequency Choice (BFC, green). The left plots are for all genes for each organism and right 

plots are for 10% genes with the highest original CSI). 
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Supplementary Fig. 2: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) of genomic DNA sequences of E. coli general (merged E. coli genomes) and their generated 

counterparts by CodonTransformer, base (Pretrain) and fine-tuned (Transformer), BFC (Background 

Frequency Choice) and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 3: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of B. subtilis and their generated counterparts by CodonTransformer

base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) and URC (Unified 

Random Choice). Source data for this figure is available at https://zenodo.org/records/13262517.
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Supplementary Fig. 4: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of P. putida and their generated counterparts by CodonTransformer

base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) and URC (Unified 

Random Choice). Source data for this figure is available at https://zenodo.org/records/13262517.
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Supplementary Fig. 5: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of T. barophilus and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 6: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of S. cerevisiae and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 7: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of C. reinhardtii and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 8: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of C. reinhardtii chloroplast and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 9: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of A. thaliana and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 10: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of N. tabacum and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 11: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of N. tabacum chloroplast and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 12: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of C. elegans and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 13: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of D. rerio and their generated counterparts by CodonTransformer

base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) and URC (Unified 

Random Choice). Source data for this figure is available at https://zenodo.org/records/13262517.
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Supplementary Fig. 14: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of D. melanogaster and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 15: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of M. musculus and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 16: Codon similarity index (CSI), GC content, and codon frequency distribution 

(CFD) for genomic DNA sequences of H. sapiens and their generated counterparts by 

CodonTransformer base (Pretrain) and fine-tuned (Transformer), BFC (Background Frequency Choice) 

and URC (Unified Random Choice). Source data for this figure is available at 

https://zenodo.org/records/13262517.
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Supplementary Fig. 17: CodonTransformer embedding for organisms used for training (all, 164 species) 

and fine-tuning (red). These embeddings are plotted using hierarchical clustering which groups similar 

embeddings into clusters based on their variance, creating a hierarchical tree structure.
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Supplementary Fig. 18: Model comparison based on normalized DTW distances between sequences 

generated for 50 random genes selected among top 10% CSI. Mean and standard deviation of 

normalized DTW distance between corresponding genes for E. coli (a), S. cerevisiae (b), A. thaliana (c), 

M. musculus (d), H. sapiens (e). Data underlying this figure is provided in the Source Data file.
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Supplementary Fig. 19: Model comparison based on minimum free energy (mfe) of RNA folding. Relationship 

between minimum folding energy and length for sequences generated by different models for 50 random genes 

among the top 10% CSI of each organism (a) and 52 benchmark proteins (f) for E. coli, S. cerevisiae, A. 

thaliana, M. musculus, and H. sapiens. b, Relationship between minimum folding energy normalized by protein 

length for generated and natural RNA. Minimum energy of RNA normalized by length for natural and benchmark 

proteins (c and g, respectively) and their GC content (d and h, respectively). e, Relationship between GC 

content of generated and natural. Data for this figure is provided in the Source Data file.
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Supplementary Fig. 20: Model comparison based on Jaccard index between sequences generated for 

52 benchmark proteins. Mean and standard deviation of Jaccard index between corresponding proteins

for E. coli (a), S. cerevisiae (b), A. thaliana (c), M. musculus (d), H. sapiens (e). Data underlying this 

figure is provided in the Source Data file.
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Supplementary Fig. 21: Model comparison based on sequence similarity between sequences generated 

for 52 benchmark proteins. Mean and standard deviation of sequence similarity between corresponding 

proteins for E. coli (a), S. cerevisiae (b), A. thaliana (c), M. musculus (d), H. sapiens (e). Data underlying 

this figure is provided in the Source Data file.

35  

35  3

3    

35   

5   2

     

44 3 

4   2

42 2 

 2  
     2  5

     3   

     3 55

     2 52

     5 33

         

        2

     2 2 

     2  3

     5   

   

   

   

   

   
     

        
            

           
        

            

     

       

   

                          
        

            

     
        

            

           

4 

  

  

   

                                                                     

     

     

4    

 3   

3    

3    

3    

3   4

3   2

 2 45

 3 52

4  5 

4   2

4  55

   5 
     3   

     3

     3 3

     4 53

     3 3

     3  5

     3 34

     2   

     3  4

         

     4 33

     2  4

     2 3 

     2  5

     4 2 

   

   

   

   

   

   
     

        
            

           
        

            

     

       

   

    

                              
        

            

     
        

            

           

4 

  

  

   

                                                                 

3    

3  5 

3    

3   4

 4

     

45  5

45   

45  2

     
     3 2 

     3  5

     3   

     3   

     5 33

     5  5

     2  4

     2  4

     2 5 

         

   

   

   

   

   
     

        
            

           
        

            

     

       

   

                          
        

            

     
        

            

           

4 

  

  

   

                                                             

3  34

3    

3   3

3  32

 5 35

 2  3

45 55

44   

44  2

   3 
     2  3

     3   

     3  4

     3 3

     4 4 

     4   

     2   

        4

     2 43

        3

   

   

   

   

   
     

        
            

           
        

            

     

       

   

                          
        

            

     
        

            

           

4 

  

  

   

                                                             

3    

3   3

3    

3  4

4  4 

 4 5 

4  52

3  5 

44 23

    
     3  3

     3 3 

     3  4

     2   

     2   

     5  

     2 34

     2  

     2  

     4 4 

   

   

   

   

   
     

        
            

           
        

            

     

       

   

                          
        

            

     
        

            

           

4 

  

  

   

                                                                         

a

b c

d e



  5    5    5    5    5  

        
        
        

     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     
     
     
     

 
 
 
 
 
 

                                   

 5  5  5  5  5 

                                              

     

     
        
            

           
        
            

     

       

   

                                                                                

  5    5    5    5    5    5  

        
        

     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     
     
     
     

 
 
 
 
 
 

                                   

 5  5  5  5  5  5 

                                              

     

     
        
            

           
        
            

     

       

   

    

                                                                            

  5    5    5    5    5  

        
        
        

     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     
     
     
     

 
 
 
 
 
 

                                   

 5  5  5  5  5 

                                              

     

     
        
            

           
        
            

     

       

   

                                                                        

  5    5    5    5    5  

        
        
        

     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     
     
     
     

 
 
 
 
 
 

                                   

 5  5  5  5  5 

                                              

     

     
        
            

           
        
            

     

       

   

                                                                        

  5    5    5    5    5  

        
        
        

     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     
     
     
     

 
 
 
 
 
 

                                   

 5  5  5  5  5 

                                              

     

     
        
            

           
        
            

     

       

   

                                                                                    

26

Supplementary Fig. 22: Distribution of 64 codons among 52 benchmark proteins codon-optimized by 

different models for E. coli (a), S. cerevisiae (b), A. thaliana (c), M. musculus (d), H. sapiens (e). Data 

underlying this figure is provided in the Source Data file.
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Supplementary Fig. 23: Distribution of 64 codons among 50 random genes selected from the top 10% 

CSI and their generated counterpart by different models for E. coli (a), S. cerevisiae (b), A. thaliana (c), 

M. musculus (d), H. sapiens (e). Data underlying this figure is provided in the Source Data file.
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Supplementary Fig. 24 Distribution of 64 codons among genomes and their generated counterpart by 

base and fine-tuned CodonTransformer for E. coli (a), S. cerevisiae (b), A. thaliana (c), M. musculus (d), 

H. sapiens (e). Data underlying this figure is provided in the Source Data file.

1
0̂

50

1
0̂

50

1
0̂

50

2
x1

0̂
50

2
x1

0̂
50

2
x1

0̂
50

1
0̂

60

1
0̂

60

1
0̂

60

3
x1

0̂
60

3
x1

0̂
60

3
x1

0̂
60

5
x1

0̂
60

5
x1

0̂
60

5
x1

0̂
60

Count

C
o
d

o
n

a b c d e



29

Supplementary Fig. 25: Model comparison based on normalized DTW distances between sequences 

generated for 52 benchmark proteins. Mean and standard deviation of normalized  DTW distances 

between corresponding proteins for E. coli (a), S. cerevisiae (b), A. thaliana (c), M. musculus (d), H. 

sapiens (e). Data underlying this figure is provided in the Source Data file.
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Supplementary Fig. 26: The average number of negative cis-regulatory elements of E. coli genes (from 

the general set), 50 lowest and 50 highest CSI, and for their codon-optimized sequences by the base and 

fine-tuned CodonTransformer.
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