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  WC  WB  nc  non 

[××10-2 s]  0.36 (0.006)  0.48 (0.009)  3.9 (0.009)  1.2 (0.0008) 

  70961  86665  4651313  15757894 

% *  30.92  31.8  98.9  100 

 [s]  0.16 (0.003)  0.51 (0.01)  0.31 (0.001)  - 
  790  75871  50877  - 

% *  0.34  27.85  1.08  - 

 [s]  0.70 (0.01)  1.00 (0.02)  0.83 (0.002)  - 
 [s]  3.09 (0.05)  3.41 (0.07)  3.29 (0.008)  - 

  157731  109924  843  - 
% *  68.74  40.35  0.02  - 

 [s/aa]  1.82  1.54  0.74  0.69 

* Fraction of  events (WC, WB, nc, non) per decoding stage (A-site OFF, A-site PROOF and 
P-site ON/E-site OFF). 
(values) are standard deviations. 
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1 At the time of the presentation of this thesis MetaNetX latest update occurred on July 2017, however, all 
results have been produced using the version of September 2015. 
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Databases Access  
 

REST2 
API1 

SOAP3 
API 

 DB at 
local 

server URL 
Kyoto Encyclopedia of Genes 

and Genomes (KEGG) X   http://www.kegg.jp 

PubChem X https://pubchem.ncbi.nlm.nih.gov 
Lipidomics Gateway   

(LipidMaps) X   http://www.lipidmaps.org 

BiGG* X http://bigg.ucsd.edu 
Chemical Entities of Biological 

Interest (ChEBI)  X  https://www.ebi.ac.uk/chebi/ 

MetaCyc X   https://metacyc.org 
ModelSEED  

(SEED)   X http://modelseed.org 

The Human Metabolome 
database 
(HMDB)   X http://www.hmdb.ca 

1API (Application Programming Interface) consists of a set of procedures that allow the access to data.  
2REST: Representational State Transfer 
3SOAP: Simple Object Access Protocol  
*BiGG database server is accessed through a localhost for speed 
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Table 3.4 Statistics on reaction directionality at different stages of flux constraining for Recon 2 v4 
after imposing directionality's based on reaction thermodynamics assessment for a wide range of 
physiological metabolite concentrations. 
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Table 4.2

Table 4.3
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Normal 
Human 

Tissue Type Extracellular 
Fluxes 

Intracellular 
concentrations 

NH1 kidney X  
NH2 kidney  X 
NH3 liver  X 
NH4 lung X X 
NH5* liver   
NH6 colon  X 
NH7 lung  X 
NH8 prostate  X 
NH9 stomach  X 
NH10 prostate  X 
NH11 lung  X 
NH12 lung  X 
    
* Used just for growth rates 

DR      A     
     MA

Annotate model with 2D compound 
structural information

Group Contribution Method (GCM) for ΔfG° estimation ΔrG° for each reaction

Metabolite identification and standardization

Cell growth in culture

Experimentally measured uptake/secretion 
rates of metabolites

Experimentally measured intracellular 
metabolite concentrations

CelCC l growth in culture

ExpExpxpxpExpExpEExpExpExpExpxpxpExpxpExpExpExExpxxpxpExppxpExpExpEExpxppEE ppxpxpxxppExpExpExppppExppx erieerererereererereeeeeeeerererereerrreeereererereeeeee mentallyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy meameameammememeameameaeameameaeeameameameameameameameameaameaeaeameaaammeameaememeameemeeameameaaaameammeameeameaeememememeameammeammmeameameeeeeameammmeameemeameaeaameameaaammmeammmmeaeeeeeeaamm ameaeaamememeaaaammmmememeammmmeameammmeameaaaammmemmemeaameaammeameeeeeeammemeaaammeameaammmeaammm ammmeeee sursursusursusursssursursuruusuursusurrrursursursussusssussusussursuruuuuuusurrrssssurssursursusurssuuururrrsurrsurssssurssursurrsursursurssussussurssurrrurssursurssssssuurussursuursurrrsurrsurrsurrsursursurrrssssursuurssssssururrs rrrsusss edededdedededededeededeededededededededededededededededdeeedededddededededdedededededeededededdedddeeeddeeeddeeededdededdedeeeedeeededededdddededeeeedeeeeddeddeeeeedddeeeeddeeedddeeeeeeeeedddeeedddeed uptuptuptuptuptupttuptuptuptptuptptuptppptuptuptuptuptuptuptuptuptptptptuptupttuptuptuptuptuptuptuuptuptuupttuptppuptpppuptptptpttpppppptuptttuptpptu tuupuptuptuptptttupttuptppttuptuptttuptuptuptuptuuu tuptttuuptpuptttuuuptuppppptupttupuuptupppppttuptuptpppppppppp akeakaaakeakeakaaaaakeakaaaaaakeakakakaaaakaaaaakkaakkaakkkaakekkkaaaaakkaaaakekkkk /secretion 
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Table 4.2 Summary of human cancer (CH) datasets types collected per tissue. The * indicates 

datasets used just for growth rate estimation. 
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Tissue Type # of sets Data Sets ID 
Lung 10 CH12,CH19,CH24,CH25,CH33,CH40,CH41,CH42,CH43,CH44 

Skin 8 CH31,CH32,CH36,CH55,CH56,CH57,CH67,CH68 

Kidney 8 CH10,CH11,CH13,CH15,CH51,CH59,CH65,CH69 

Ovary 7 CH28,CH39,CH45,CH46,CH47,CH48,CH58 

Colon 7 CH17,CH20,CH21,CH22,CH27,CH30,CH63 

Breast 6 CH14,CH26,CH34,CH35,CH37,CH64 

CNS 6 CH52,CH53,CH54,CH60,CH61,CH66 

Leukemia 6 CH16,CH23,CH29,CH38,CH50,CH62 

Prostate 2 CH18,CH49 

All Lung Cancer 13 CH1,CH2,CH9,CH12,CH19,CH24,CH25,CH33,CH40, 
CH41,CH42,CH43,CH44 

All Lung Normal 4 NH4,NH7,NH11,NH12 

All Cancer 73 All CH# sets 

All Normal 12 All NH# sets 

All Human 84 All NH# and CH# sets 
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Stage 1: Preprocessing

Stage 2: Network Expansion

Stage 3: Biosynthetic reactions

Stage 4: Validation

RedHuman

Recon 2 v4 GEM

Core 
reactions 

and 
metabolites

- 7442 reactions
- 2626 unique 
metabolites

- 1582 reactions
- 344 unique 
metabolites
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4.3.1.1 Assessment of dataset variability 
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4.3.1.2     Minimal media and assessment of extracellular reactions (uptakes/secretions) 
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4.3.1.3     GEM assessment with data for specific physiology 
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4.3.1.4     Selection of core subsystems for reduction 
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4.3.1.5     Reaction thermodynamics coverage per subsystem in the GEM 

 

Figure 4.6
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the flexibility of the reduction procedure combining redGEM and lumpGEM 

(205, 206) can be iteratively used to re-generate lumps by adding the required metabolites to 

the extracellular compartment and forcing their auxotrophy to generate the respective lumped 

pathways (Pipeline 2 in Figure B.4.8). 
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Appendix A Supplementary Texts and 
Methods 

A.1 Supplementary Texts and Methods for Chapter 1 
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A.2 Supplementary Texts and Methods for Chapter 2 
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A.3 Supplementary Texts and Methods for Chapter 3 
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A.4 Supplementary Texts and Methods for Chapter 4 
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Objective 1: Maximization of biomass yield
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Objective 2: Maximization of ATP yield per flux unit
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Objective 3: Minimization of redox potential 
min

vNADH∑
vcarbon
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Appendix B Supplementary Figures 

B.1 Supplementary Figures for Chapter 1 
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Appendix C Supplementary Tables 

C.1 Supplementary Tables for Chapter 1 
 
 

Rate constants Definition Cognate (c) Near-cognate 
(nc) 

Non-cognate 
(non) 

 Initial binding 140 *,† 140 *,† 140 *,† 

 Reverse initial 
binding 85 *,† 85 *,† 85 *,† 

 Codon reading 190 * 190 * — 

 Reverse codon 
reading 0.2 * 80 * — 

 
GTPase 
activation and 
GTP hydrolysis 

260 * 0.4 * — 

 
Pi release and 
EF-Tu 
rearrangement 

10 * 10 ¶ — 

 

aa-tRNA 
accommodation 
and peptide 
bond formation 

20 * 0.1 * — 

 
aa-tRNA 
release 0.1 * 6 * — 

⋅ −  EF-G binding 4500 §,** 4500 §,** — 

 Reverse EF-G 
binding 140 § 140 § — 

 
Translocation 
tRNA-mRNA 
movement 

500 § 500 § — 

 
EF-G and E-site 
tRNA 
dissociation 

20 § 20 § — 

μ − −

−
−

−

−
−

−

−

−

−

−
−

−

−
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C.2 Supplementary Tables for Chapter 2 

Rate constants Definition WC WB nc non 

 Initial binding 140 *,† 140 *,† 140 *,† 140 *,† 

 Reverse initial binding 85 *,† 85 *,† 85 *,† 85 *,† 

 Codon reading 190 * 190 * 190 * — 

 Reverse codon reading 0.2 * 1 ‡ 80 * — 

 GTPase activation and GTP 
hydrolysis 260 * 25 ‡ 0.4 * — 

 Pi release and EF-Tu 
rearrangement 10 * 10 ¶ 10 ¶ — 

 aa-tRNA accommodation and 
peptide bond formation 20 * 1.6 ‡ 0.1 * — 

 
aa-tRNA release 0.1 * 1.1 ‡ 6 * — 

⋅ −  EF-G binding 4500 §,** 4500 §,** 4500 §,** — 

 Reverse EF-G binding 140 § 140 § 140 § — 

 GTP hydrolysis 100 || 100 || 100 || — 

 Ribosome unlocking 30 || 30 || 30 || — 

 Translocation tRNA-mRNA 
movement 500 § 500 § 500 § — 

 Ribosome re-locking 5 || 5 || 5 || — 

 EF-G and E-site tRNA 
dissociation 20 § 20 § 20 § — 

μ − −

−
−

−

−
−

−

−

−

−

−
−

−

−

−

−

−
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tRNA name tRNA ID Wobble pairings 
Ala1B 1 U, G 
Ala2 2 - 
Arg2 3 A 
Arg3 4 - 
Arg4 5 - 
Arg5 6 - 
Asn 7 U 

Asp1 8 U 
Cys 9 U 
Gln1 10 - 
Gln2 11 - 
Glu2 12 G 
Gly1 13 - 
Gly2 14 G 
Gly3 15 U 
His 16 U 
Ile1 17 U 
Ile2 18 A 

Leu1 19 - 
Leu2 20 U 
Leu3 21 G 
Leu4 22 - 
Leu5 23 G 
Lys 24 G 

Metm 25 - 
Phe 26 U 
Pro1 27 - 
Pro2 28 U 
Pro3 29 U, G 
Ser1 30 U, G 
Ser2 31 - 
Ser3 32 U 
Ser5 33 U 
Thr1 34 U 
Thr2 35 - 
Thr3 36 U 
Thr4 37 U, G 
Trp 38 - 

Tyr1 39 U 
Tyr2 40 U 
Val1 41 G, U 

Val2A 42 U 
Val2B 43 U 
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codon (id) Cognate WC Cognate WB Near-cognate (nc) 

aaa (1) 24 - 5, 7, 10, 12, 18, 37 

aac (2) 7 - 8, 16, 17, 24, 32, 34, 36, 39, 40 

aag (3) - 24 6, 7, 11, 12, 25, 35, 37 

aau (4) - 7 8, 16, 17, 24, 32, 34, 36, 37, 39, 40 

aca (5) 37 - 1, 5, 18, 24, 29, 30, 34, 35, 36 

acc (6) 34, 36 - 2, 7, 17, 28, 32, 33, 35, 37 

acg (7) 35 37 1, 6, 24, 25, 27, 29, 30, 31, 34, 36 

acu (8) - 34, 36, 37 1, 7, 17, 28, 29, 30, 32, 33, 35 

aga (9) 5 - 3, 6, 14, 18, 24, 32, 32, 37 

agc (10) 32 - 3, 5, 6, 7, 9, 15, 17, 34, 36 

agg (11) 6 - 4, 5, 13, 14, 24, 25, 32, 35, 37, 38 

agu (12) - 32 3, 5, 6, 7, 9, 15, 17, 34, 36, 37 

aua (13) - 18 5, 17, 21, 23, 24, 25, 37, 41 

auc (14) 17 - 7, 18 20, 25, 26, 32, 34, 36, 42, 43 

aug (15) 25 - 6, 17, 18, 19, 21, 22, 23, 24, 35, 37, 41 

auu (16) - 17 7, 18, 20, 25, 26, 32, 34, 36, 37 41, 42, 43 

caa (17) 10 - 3, 11, 12, 16, 21, 24, 29 

cac (18) 16 - 3, 7, 8, 10, 11, 20, 28, 39, 40 

cag (19) 11 - 4, 10, 12, 16, 19, 21, 24, 27, 29 

cau (20) - 16 3, 7, 8, 10, 11, 20, 28, 29, 39, 40 

cca (21) 29 - 1, 3, 10, 21, 27, 28, 30, 37 

ccc (22) 28 - 2, 3, 16, 20, 27, 29, 33, 34, 36 

ccg (23) 27 29 1, 4 11 19 21 28 30 31 35 37 

ccu (24) - 28, 29 1, 3, 16, 20, 27, 30, 33, 34, 36, 37 

cga (25) - 3 4, 5, 10, 14, 21, 29, 32 

cgc (26) 3 - 4, 9, 15, 16, 20, 28, 32 

cgg (27) 4 - 3, 6, 11, 13, 14, 19, 21, 27, 29, 38 

cgu (28) 3 - 4, 9, 15, 16, 20, 28, 29, 32 

cua (29) 21 - 3, 10, 18, 19, 20, 23, 29, 41 

cuc (30) 20 - 3, 16, 17, 19, 21, 26, 28, 42, 43 

cug (31) 19 21 4, 11, 20, 22, 23, 25, 27, 29, 41 

cuu (32) - 20 3, 16, 17, 19, 21, 26, 28, 29, 41, 42, 43 

gaa (33) 12 - 1, 8, 10, 14, 24, 41 

gac (34) 8 - 2, 7, 12, 15, 16, 39, 40, 42, 43 

gag (35) - 12 1, 8, 11, 13, 14, 24, 41 
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codon (id) Cognate WC Cognate WB Near-cognate (nc) 

gau (36) - 8 1, 7, 12, 15, 16, 39, 40, 41, 42, 43 

gca (37) 1 - 2, 12, 14, 29, 30, 37, 41 

gcc (38) 2 - 1, 8, 15, 28, 33, 34, 36, 42, 43 

gcg (39) - 1 2, 12, 13, 14, 27, 29, 30, 31, 35, 37, 41 

gcu (40) - 1 2, 8, 15, 28, 29, 30, 33, 34, 36, 37, 41, 42, 43 

gga (41) 14 - 1, 3, 5, 12, 13, 15, 32, 41 

ggc (42) 15 - 2, 3, 8, 9, 13, 14, 32, 42, 43 

ggg (43) 13 14 1, 4, 6, 12, 15, 38, 41 

ggu (44) - 15 1, 3, 8, 9, 13, 14, 32, 41, 42, 43 

gua (45) 41 - 1, 12, 14, 18, 21, 23, 42, 43 

guc (46) 42, 43 - 2, 8, 15, 17, 20, 26, 41 

gug (47) - 41 1, 12, 13, 14, 19, 21, 22, 23, 25, 42, 43 

guu (48) - 41, 42, 43 1, 8, 15, 17, 20, 26 

uac (49) 39, 40 - 7, 8, 9, 16, 26, 33 

uau (50) - 39, 40 7, 8, 9, 16, 26, 30, 33 

uca (51) 30 - 1,23, 29, 32, 31, 33, 37 

ucc (52) 33 - 2, 9, 26, 28, 30, 31, 34, 36, 39, 40 

ucg (53) 31 30 1, 22, 23, 27, 29, 33, 35, 37, 38 

ucu (54) - 30, 33 1, 9, 26, 28, 29, 31, 34, 36, 37, 39, 40 

ugc (55) 9 - 3, 15, 26, 32, 32, 33, 38, 39, 40 

ugg (56) 38 - 4, 6, 9, 13, 14, 22, 23, 32, 30, 31 

ugu (57) - 9 3, 15, 26, 32, 30, 32, 33, 38, 39, 40 

uua (58) 23 - 18, 21, 22, 26, 32, 30, 41 

uuc (59) 26 - 9, 17, 20, 22, 23, 33, 39, 40, 42, 43 

uug (60) 22 23 19, 21, 25, 26, 30, 31, 38, 41 

uuu (61) - 26 9, 17, 20, 22, 23, 30, 33, 39, 40, 41, 42, 43 
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codon (id) Amino acid 

Cognate WC 
aa-tRNA 

concentration 
[μM] 

Cognate WB 
aa-tRNA 

concentration 
[μM] 

Near-cognate 
(nc) aa-tRNA 
concentration 

[μM] 

Non-cognate 
(non) aa-tRNA 
concentration 

[μM] 
aaa K 5.71 0.00 29.52 151.82 
aac N 3.09 0.00 33.19 150.77 
aag K 0.00 5.71 28.00 153.34 
aau N 0.00 3.09 35.79 148.17 
aca T 2.59 0.00 34.88 149.57 
acc T 3.39 0.00 23.86 159.80 
acg T 1.83 2.59 34.15 148.48 
acu T 0.00 5.98 36.98 144.09 
aga R 2.48 0.00 34.28 150.28 
agc S 3.70 0.00 49.29 134.07 
agg R 1.51 0.00 29.56 155.98 
agu S 0.00 3.70 51.88 131.47 
aua I 0.00 4.08 34.12 148.85 
auc I 6.67 0.00 26.79 153.59 
aug M 2.19 0.00 57.75 127.12 
auu I 0.00 6.67 38.20 142.18 
caa Q 3.09 0.00 41.57 142.40 
cac H 1.92 0.00 38.96 146.17 
cag Q 2.60 0.00 47.49 136.96 
cau H 0.00 1.92 40.59 144.54 
cca P 1.63 0.00 41.75 143.67 
ccc P 1.89 0.00 30.41 154.75 
ccg P 2.90 1.63 43.79 138.73 
ccu P 0.00 3.52 45.45 138.07 
cga R 0.00 13.29 14.12 159.64 
cgc R 13.29 0.00 30.84 142.92 
cgg R 1.28 0.00 48.48 137.29 
cgu R 13.29 0.00 32.47 141.29 
cua L 2.23 0.00 52.07 132.75 
cuc L 3.20 0.00 47.69 136.16 
cug L 14.54 2.23 32.38 137.90 
cuu L 0.00 3.20 58.14 125.70 
gaa E 14.19 0.00 38.61 134.25 
gac D 6.47 0.00 44.52 136.06 
gag E 0.00 14.19 41.65 131.21 
gau D 0.00 6.47 62.78 117.80 
gca A 11.12 0.00 36.95 138.97 
gcc A 1.68 0.00 43.58 141.79 
gcg A 0.00 11.12 46.27 129.66 
gcu A 0.00 11.12 51.82 124.11 
gga G 3.40 0.00 67.61 116.03 
ggc G 14.19 0.00 40.85 132.01 
ggg G 3.53 3.40 53.94 126.17 
ggu G 0.00 14.19 59.11 113.75 
gua V 8.82 0.00 42.56 135.67 
guc V 4.12 0.00 44.06 138.87 
gug V 0.00 8.82 65.08 113.15 
guu V 0.00 12.94 44.68 129.43 
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codon (id) Amino acid 

Cognate WC 
aa-tRNA 

concentration 
[μM]  

Cognate WB 
aa-tRNA 

concentration 
[μM]  

Near-cognate 
(nc) aa-tRNA 
concentration 

[μM]  

Non-cognate 
(non) aa-tRNA 
concentration 

[μM]  
uac Y 5.34 0.00 21.57 160.14 
uau Y 0.00 5.34 26.21 155.51 
uca S 4.64 0.00 22.23 160.18 
ucc S 2.40 0.00 25.68 158.97 
ucg S 1.06 4.64 35.08 146.28 
ucu S 0.00 7.04 34.71 145.30 
ugc C 4.67 0.00 44.77 137.61 
ugg W 2.84 0.00 29.84 154.37 
ugu C 0.00 4.67 49.41 132.98 
uua L 3.42 0.00 29.12 154.51 
uuc F 3.02 0.00 36.15 147.87 
uug L 6.33 3.42 39.34 137.96 
uuu F 0.00 3.02 49.61 134.42 
uaa stop codon - - - - 
uag stop codon - - - - 
uga stop codon - - - - 

Growth Rate [h-1] 0.4 0.7 1.07 1.6 

Total ribosomes per cell ) † 5705 8197 14456 29551 

Total tRNA per cell ( ) † 62130* 75868 133925 274138 
mRNA synthesis rate per cell † 
[Nucleotides/min/cell] 274960 572530 939533 1465240 

  [min] 1 1 1 1 
  951 951 951 951 

Cell volume ( ) [ L] ‡ 5.26 6.04 9.82 15.1 

[mRNA molecules/cell] ‡ 289 602 988 1541 
* Total tRNA per cell exceptionally obtained from the sum of the number of molecules of each tRNA species measured 
and reported directly in (59). 
† Values estimated for the growth rates of interest from the fitting of the data obtained in (58). 
‡ Values computed from Eq. A.2.1 and Eq. A.2.2. 

: Average functional life of mRNA. 
: Average number of nucleotides for the mRNA sequences in E. coli. 
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Distribution features for the 
same mRNAs (i) 

Distribution features for the 
uniquely expressed mRNAs (ii) 

Growth Rate [h-1] 0.4* >2.5† 0.4* >2.5† 
Number of mRNA species 
expressed 603 603 224 1784 

Maximal copy number value 6.5789 28.6732 6.0843 96.9363 

Minimal copy number value 0.0011 0.0072 3.8880e-04 0.0048 

Mean of mRNA copy number 
distribution 

0.2205 0.7411 0.0986 1.1284 

Median of copy number 
distribution 

0.0727 0.2260 0.0175 0.1430 

Standard deviation of copy 
number distribution 

0.5575 2.0105 0.4352 4.7472 

 Comparison with E. coli K12 

 
Mean gene length [codons] Mean value of individual 

relative deviations between 
mCU and CU from E. coli K12 

E. coli K12 317 - 

0.4 h-1* 338 15% (±9.73) 

>2.5 h-1† 319 23% (±13.37) 

* mRNA sequencing data from (79). 
† mRNA sequencing data from (80). 
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Type of study Protein mRNA sequence 
Wild Type 
(Sequence 

from (60)) also 
used to 

compute 
ribosome 

occupancy 
time 
lags 

Firefly 
Luciferase 

auggaagacgccaaaaacauaaagaaaggcccggcgccauucuauccucuagaggauggaaccgcugg
agagcaacugcauaaggcuaugaagagauacgcccugguuccuggaacaauugcuuuuacagaugcac
auaucgaggugaacaucacguacgcggaauacuucgaaauguccguucgguuggcagaagcuaugaaa
cgauaugggcugaauacaaaucacagaaucgucguaugcagugaaaacucucuucaauucuuuaugcc
gguguugggcgcguuauuuaucggaguugcaguugcgcccgcgaacgacauuuauaaugaacgugaa
uugcucaacaguaugaacauuucgcagccuaccguaguguuuguuuccaaaaagggguugcaaaaaau
uuugaacgugcaaaaaaaauuaccaauaauccagaaaauuauuaucauggauucuaaaacggauuacc
agggauuucagucgauguacacguucgucacaucucaucuaccucccgguuuuaaugaauacgauuu
uguaccagaguccuuugaucgugacaaaacaauugcacugauaaugaauuccucuggaucuacuggg
uuaccuaaggguguggcccuuccgcauagaacugccugcgucagauucucgcaugccagagauccuau
uuuuggcaaucaaaucauuccggauacugcgauuuuaaguguuguuccauuccaucacgguuuugga
auguuuacuacacucggauauuugauauguggauuucgagucgucuuaauguauagauuugaagaag
agcuguuuuuacgaucccuucaggauuacaaaauucaaagugcguugcuaguaccaacccuauuuuca
uucuucgccaaaagcacucugauugacaaauacgauuuaucuaauuuacacgaaauugcuucuggggg
cgcaccucuuucgaaagaagucggggaagcgguugcaaaacgcuuccaucuuccagggauacgacaag
gauaugggcucacugagacuacaucagcuauucugauuacacccgagggggaugauaaaccgggcgcg
gucgguaaaguuguuccauuuuuugaagcgaagguuguggaucuggauaccgggaaaacgcugggcg
uuaaucagagaggcgaauuaugugucagaggaccuaugauuauguccgguuauguaaacaauccgga
agcgaccaacgccuugauugacaaggauggauggcuacauucuggagacauagcuuacugggacgaag
acgaacacuucuucauaguugaccgcuugaagucuuuaauuaaauacaaaggauaucagguggccccc
gcugaauuggaaucgauauuguuacaacaccccaacaucuucgacgcgggcguggcaggucuucccga
cgaugacgccggugaacuucccgccgccguuguuguuuuggagcacggaaagacgaugacggaaaaa
gagaucguggauuacgucgccagucaaguaacaaccgcgaaaaaguugcgcggaggaguuguguuug
uggacgaaguaccgaaaggucuuaccggaaaacucgacgcaagaaaaaucagagagauccucauaaag
gccaagaagggcggaaaguccaaauugaucgaaggccgcggaucugguacuaguggcgggucaggug
gcucggggcgauccgaacaaaaacuuauuucugaagaagacuugcaccaucaccaucaccauuaa 

WC & tRNA 
genes 

(Sequence 
from (60)) 

auggaagacgcaaaaaacaucaaaaaaggcccggcaccguucuacccgcuggaagacggcaccgcaggc
gaacagcugcacaaagcaaugaaacguuacgcacugguaccgggcaccaucgcauucaccgacgcacac
aucgaaguaaacaucaccuacgcagaauacuucgaaauguccguacgucuggcagaagcaaugaaacg
uuacggccugaacaccaaccaccguaucguaguaugcuccgaaaacucccugcaguucuucaugccgg
uacugggcgcacuguucaucggcguagcaguagcaccggcaaacgacaucuacaacgaacgugaacug
cugaacuccaugaacaucucccagccgaccguaguauucguauccaaaaaaggccugcagaaaauccug
aacguacagaaaaaacugccgaucauccagaaaaucaucaucauggacuccaaaaccgacuaccagggc
uuccaguccauguacaccuucguaaccucccaccugccgccgggcuucaacgaauacgacuucguacc
ggaauccuucgaccgugacaaaaccaucgcacugaucaugaacuccuccggcuccaccggccugccgaa
aggcguagcacugccgcaccguaccgcaugcguacguuucucccacgcacgugacccgaucuucggca
accagaucaucccggacaccgcaauccuguccguaguaccguuccaccacggcuucggcauguucacc
acccugggcuaccugaucugcggcuuccguguaguacugauguaccguuucgaagaagaacuguucc
ugcguucccugcaggacuacaaaauccaguccgcacugcugguaccgacccuguucuccuucuucgca
aaauccacccugaucgacaaauacgaccuguccaaccugcacgaaaucgcauccggcggcgcaccgcug
uccaaagaaguaggcgaagcaguagcaaaacguuuccaccugccgggcauccgucagggcuacggccu
gaccgaaaccaccuccgcaauccugaucaccccggaaggcgacgacaaaccgggcgcaguaggcaaagu
aguaccguucuucgaagcaaaaguaguagaccuggacaccggcaaaacccugggcguaaaccagcgug
gcgaacugugcguacguggcccgaugaucauguccggcuacguaaacaacccggaagcaaccaacgca
cugaucgacaaagacggcuggcugcacuccggcgacaucgcauacugggacgaagacgaacacuucuu
caucguagaccgucugaaaucccugaucaaauacaaaggcuaccagguagcaccggcagaacuggaau
ccauccugcugcagcacccgaacaucuucgacgcaggcguagcaggccugccggacgacgacgcaggc
gaacugccggcagcaguaguaguacuggaacacggcaaaaccaugaccgaaaaagaaaucguagacuac
guagcaucccagguaaccaccgcaaaaaaacugcguggcggcguaguauucguagacgaaguaccgaa
aggccugaccggcaaacuggacgcacguaaaauccgugaaauccugaucaaagcaaaaaaaggcggcaa
auccaaacugaucgaaggccgcggaucugguacuaguggcgggucagguggcucggggcgauccgaa
caaaaacuuauuucugaagaagacuugcaccaucaccaucaccauuaa 

CU based 
(Sequence 
from (60)) 

auggaagaugcgaaaaacauuaaaaaaggcccggcgccguuuuauccgcuggaagauggcaccgcggg
cgaacagcugcauaaagcgaugaaacgcuaugcgcuggugccgggcaccauugcguuuaccgaugcgc
auauugaagugaacauuaccuaugcggaauauuuugaaaugagcgugcgccuggcggaagcgaugaa
acgcuauggccugaacaccaaccaucgcauuguggugugcagcgaaaacagccugcaguuuuuuaugc
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cggugcugggcgcgcuguuuauuggcguggcgguggcgccggcgaacgauauuuauaacgaacgcga
acugcugaacagcaugaacauuagccagccgaccgugguguuugugagcaaaaaaggccugcagaaaa
uucugaacgugcagaaaaaacugccgauuauucagaaaauuauuauuauggauagcaaaaccgauuau
cagggcuuucagagcauguauaccuuugugaccagccaucugccgccgggcuuuaacgaauaugauu
uugugccggaaagcuuugaucgcgauaaaaccauugcgcugauuaugaacagcagcggcagcaccggc
cugccgaaaggcguggcgcugccgcaucgcaccgcgugcgugcgcuuuagccaugcgcgcgauccga
uuuuuggcaaccagauuauuccggauaccgcgauucugagcguggugccguuucaucauggcuuugg
cauguuuaccacccugggcuaucugauuugcggcuuucgcguggugcugauguaucgcuuugaagaa
gaacuguuucugcgcagccugcaggauuauaaaauucagagcgcgcugcuggugccgacccuguuua
gcuuuuuugcgaaaagcacccugauugauaaauaugaucugagcaaccugcaugaaauugcgagcggc
ggcgcgccgcugagcaaagaagugggcgaagcgguggcgaaacgcuuucaucugccgggcauucgcc
agggcuauggccugaccgaaaccaccagcgcgauucugauuaccccggaaggcgaugauaaaccgggc
gcggugggcaaaguggugccguuuuuugaagcgaaagugguggaucuggauaccggcaaaacccugg
gcgugaaccagcgcggcgaacugugcgugcgcggcccgaugauuaugagcggcuaugugaacaaccc
ggaagcgaccaacgcgcugauugauaaagauggcuggcugcauagcggcgauauugcguauugggau
gaagaugaacauuuuuuuauuguggaucgccugaaaagccugauuaaauauaaaggcuaucaggugg
cgccggcggaacuggaaagcauucugcugcagcauccgaacauuuuugaugcgggcguggcgggccu
gccggaugaugaugcgggcgaacugccggcggcggugguggugcuggaacauggcaaaaccaugacc
gaaaaagaaauuguggauuauguggcgagccaggugaccaccgcgaaaaaacugcgcggcggcgugg
uguuuguggaugaagugccgaaaggccugaccggcaaacuggaugcgcgcaaaauucgcgaaauucu
gauuaaagcgaaaaaaggcggcaaaagcaaacugaucgaaggccgcggaucugguacuaguggcgggu
cagguggcucggggcgauccgaacaaaaacuuauuucugaagaagacuugcaccaucaccaucaccau
uaa 

WB based 
(Sequence 
from (60)) 

auggaggaugcuaagaauauaaagaaggguccugcuccuuuuuauccucuugaggaugguacugcug
gugagcaacuucauaaggcuaugaagcgauaugcucuuguuccugguacuauagcuuuuacugaugc
ucauauagagguuaauauaacuuaugcugaguauuuugagaugucuguucgacuugcugaggcuaug
aagcgauauggucuuaauacuaaucaucgaauaguuguuuguucugagaauucucuucaauuuuuua
ugccuguucuuggugcucuuuuuauagguguugcuguugcuccugcuaaugauauauauaaugagc
gagagcuucuuaauucuaugaauauaucucaaccuacuguuguuuuuguuucuaagaagggucuuca
aaagauacuuaauguucaaaagaagcuuccuauaauacaaaagauaauaauaauggauucuaagacug
auuaucaagguuuucaaucuauguauacuuuuguuacuucucaucuuccuccugguuuuaaugagua
ugauuuuguuccugagucuuuugaucgagauaagacuauagcucuuauaaugaauucuucugguucu
acuggucuuccuaaggguguugcucuuccucaucgaacugcuuguguucgauuuucucaugcucgag
auccuauauuugguaaucaaauaauaccugauacugcuauacuuucuguuguuccuuuucaucaugg
uuuugguauguuuacuacucuugguuaucuuauaugugguuuucgaguuguucuuauguaucgauu
ugaggaggagcuuuuucuucgaucucuucaagauuauaagauacaaucugcucuucuuguuccuacu
cuuuuuucuuuuuuugcuaagucuacucuuauagauaaguaugaucuuucuaaucuucaugagauag
cuucugguggugcuccucuuucuaaggagguuggugaggcuguugcuaagcgauuucaucuuccug
guauacgacaagguuauggucuuacugagacuacuucugcuauacuuauaacuccugagggugauga
uaagccuggugcuguugguaagguuguuccuuuuuuugaggcuaagguuguugaucuugauacugg
uaagacucuugguguuaaucaacgaggugagcuuuguguucgagguccuaugauaaugucugguua
uguuaauaauccugaggcuacuaaugcucuuauagauaaggaugguuggcuucauucuggugauaua
gcuuauugggaugaggaugagcauuuuuuuauaguugaucgacuuaagucucuuauaaaguauaagg
guuaucaaguugcuccugcugagcuugagucuauacuucuucaacauccuaauauauuugaugcugg
uguugcuggucuuccugaugaugaugcuggugagcuuccugcugcuguuguuguucuugagcaugg
uaagacuaugacugagaaggagauaguugauuauguugcuucucaaguuacuacugcuaagaagcuu
cgaggugguguuguuuuuguugaugagguuccuaagggucuuacugguaagcuugaugcucgaaag
auacgagagauacuuauaaaggcuaagaagggugguaagucuaagcuuaucgaaggccgcggaucug
guacuaguggcgggucagguggcucggggcgauccgaacaaaaacuuauuucugaagaagacuugca
ccaucaccaucaccauuaa 

 based auggaagacgcaaaaaacaucaaaaaaggcccggcaccguucuacccgcuggaagacggcaccgcaggc
gaacaacugcacaaagcaaugaaacgcuacgcacugguaccgggcaccaucgcauucaccgacgcacac
aucgaaguaaacaucaccuacgcagaauacuucgaaaugucaguacgccuggcagaagcaaugaaacgc
uacggccugaacaccaaccaccgcaucguaguaugcucagaaaacucacugcaauucuucaugccggu
acugggcgcacuguucaucggcguagcaguagcaccggcaaacgacaucuacaacgaacgcgaacugc
ugaacucaaugaacaucucacaaccgaccguaguauucguaucaaaaaaaggccugcaaaaaauccuga
acguacaaaaaaaacugccgaucauccaaaaaaucaucaucauggacucaaaaaccgacuaccaaggcu
uccaaucaauguacaccuucguaaccucacaccugccgccgggcuucaacgaauacgacuucguaccg
gaaucauucgaccgcgacaaaaccaucgcacugaucaugaacucaucaggcucaaccggccugccgaaa
ggcguagcacugccgcaccgcaccgcaugcguacgcuucucacacgcacgcgacccgaucuucggcaa
ccaaaucaucccggacaccgcaauccugucaguaguaccguuccaccacggcuucggcauguucaccac
ccugggcuaccugaucugcggcuuccgcguaguacugauguaccgcuucgaagaagaacuguuccug
cgcucacugcaagacuacaaaauccaaucagcacugcugguaccgacccuguucucauucuucgcaaaa
ucaacccugaucgacaaauacgaccugucaaaccugcacgaaaucgcaucaggcggcgcaccgcuguca
aaagaaguaggcgaagcaguagcaaaacgcuuccaccugccgggcauccgccaaggcuacggccugac



Supplementary Tables for Chapter 2 
 
 
 

 181 

cgaaaccaccucagcaauccugaucaccccggaaggcgacgacaaaccgggcgcaguaggcaaaguagu
accguucuucgaagcaaaaguaguagaccuggacaccggcaaaacccugggcguaaaccaacgcggcg
aacugugcguacgcggcccgaugaucaugucaggcuacguaaacaacccggaagcaaccaacgcacug
aucgacaaagacggcuggcugcacucaggcgacaucgcauacugggacgaagacgaacacuucuucau
cguagaccgccugaaaucacugaucaaauacaaaggcuaccaaguagcaccggcagaacuggaaucaau
ccugcugcaacacccgaacaucuucgacgcaggcguagcaggccugccggacgacgacgcaggcgaac
ugccggcagcaguaguaguacuggaacacggcaaaaccaugaccgaaaaagaaaucguagacuacgua
gcaucacaaguaaccaccgcaaaaaaacugcgcggcggcguaguauucguagacgaaguaccgaaagg
ccugaccggcaaacuggacgcacgcaaaauccgcgaaauccugaucaaagcaaaaaaaggcggcaaauc
aaaacugaucgaaggccgcggaucugguacuaguggcgggucagguggcucggggcgauccgaacaa
aaacuuauuucugaagaagacuugcaccaucaccaucaccauuaa 

WC based auggaagacgccaaaaacaucaaaaaaggaccagccccauucuacccacucgaagacggaacagccgga
gaacagcuccacaaagccaugaaacgcuacgcccucgucccaggaacaaucgccuucacagacgcccac
aucgaagucaacaucacauacgccgaauacuucgaaaugagcguccgccucgccgaagccaugaaacgc
uacggacucaacacaaaccaccgcaucgucgucugcagcgaaaacagccuccaguucuucaugccaguc
cucggagcccucuucaucggagucgccgucgccccagccaacgacaucuacaacgaacgugaacuccuc
aacagcaugaacaucagccagccaacagucgucuucgucagcaaaaaaggacuccagaaaauccucaac
guccagaaaaaacucccaaucauccagaaaaucaucaucauggacagcaaaacagacuaccagggauuc
cagagcauguacacauucgucacaagccaccucccaccaggauucaacgaauacgacuucgucccagaa
agcuucgaccgugacaaaacaaucgcccucaucaugaacagcagcggaagcacaggacucccaaaagga
gucgcccucccacaccgcacagccugcguccgcuucagccacgcccgcgacccaaucuucggaaaccag
aucaucccagacacagccauccucagcgucgucccauuccaccacggauucggaauguucacaacacuc
ggauaccucaucugcggauuccgcgucguccucauguaccgcuucgaagaagaacucuuccuccgcag
ccuccaggacuacaaaauccagagcgcccuccucgucccaacacucuucagcuucuucgccaaaagcac
acucaucgacaaauacgaccucagcaaccuccacgaaaucgccagcggaggagccccacucagcaaaga
agucggagaagccgucgccaaacgcuuccaccucccaggaauccgccagggauacggacucacagaaac
aacaagcgccauccucaucacaccagaaggagacgacaaaccaggagccgucggaaaagucgucccauu
cuucgaagccaaagucgucgaccucgacacaggaaaaacacucggagucaaccagcgcggagaacucug
cguccgcggaccaaugaucaugagcggauacgucaacaacccagaagccacaaacgcccucaucgacaa
agacggauggcuccacagcggagacaucgccuacugggacgaagacgaacacuucuucaucgucgacc
gccucaaaagccucaucaaauacaaaggauaccaggucgccccagccgaacucgaaagcauccuccucc
agcacccaaacaucuucgacgccggagucgccggacucccagacgacgacgccggagaacucccagccg
ccgucgucguccucgaacacggaaaaacaaugacagaaaaagaaaucgucgacuacgucgccagccagg
ucacaacagccaaaaaacuccgcggaggagucgucuucgucgacgaagucccaaaaggacucacaggaa
aacucgacgcccgcaaaauccgcgaaauccucaucaaagccaaaaaaggaggaaaaagcaaacucaucg
aaggccgcggaucugguacuaguggcgggucagguggcucggggcgauccgaacaaaaacuuauuuc
ugaagaagacuugcaccaucaccaucaccauuaa 

TC based   
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