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Codon usage pattern of genes differentially expressed between two
bovine subspecies (Bos indicus vs. Bos taurus)
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Amino acids Codon Rscu Amino Codon Rscu Amino Codon Rscu
acids acids
Phe Uuu Y Pro CCu VIV Asn AAU VXY
uucC CCC VIV AAC Nia%
Leu UUA /Y- CCA Tyr UAU Y
uuG CCG NN UAC
cuc His CAU Asp GAU
CUA Y/¥- CAC Y GAC
CUG Glu GAA \ Arg CGU
lle AUU v GAG \ CGC Vo
AUC Thr ACU VY CGA V.
AUA ACC -8 CGG VD
Val GUU ACA VXY Arg AGA
GUC ACG -8 AGG VD
GUA CAA Gly GGU
GUG CAG GGC Ans
Ser ucu VXY Cys uGU GCA Nia%
ucc Y uGC GGG Y
UCA VXY Ala GCU e
UCG GCC e
Ser AGU I8V GCA Vg
AGC Nig GCG e



https://dor.isc.ac/dor/20.1001.1.20084439.1397.13.1.3.0
https://mg.genetics.ir/article-1-40-en.html

[ Downloaded from mg.genetics.ir on 2025-12-13 ]

[ DOR: 20.1001.1.20084439.1397.13.1.3.0 ]

w0l Oly Dglite SBOS 30 (S9N e § (S9!

OIS 5 (65l e

2ol sy b a5 LML U o s
S5 9598 5 S S S e gl plaes
Dl i Jsle e 5 bl (655 4 Ol 5 e &S azils
S Il e e 0 8 Ll atls Olgey
3 SNES Sy g sl ol st S5US mer S
Cod 05 S S1aS Sysmipds 3,8 o0 IS8 Cins Ol
oslital 4 (5 i oS & ool San 3,0 13 s Ol
SosS b Sos bk 3l Al anils sl e glaosaS
by s bosns G, S IKs ble e i ol
oS5 b el ladle 55 el b a5l e e siaal
Slp S ab b 55 opl b1 51 (ol p 535 Slas3s
P A B G Bl b e 6 s
S8 56 CUB (6,5 152 s (6,503 sla, S & el
O gl ¢ oS 5 58 Oljee GC Ll 05 Jsb takarr 3l 2L e
oz 5311 (3 2l Jsb s sl RNA sl 3
Jo=s Jelse addlae l s o Sla ol 5 05 oSS (e
055 9398 a5 S Olen bG5S eslinad (5,8 IS )
5 GC Jlie 05 Oly mihe bla Shds 5 plils S8
SV ka5 i8S Ulseas (CUB) ool e (slapy 58 (5 S
WS o o 5ay e i8S s Iy il S plaosas
5 Sl o alie Lol plad 3 sy ol 5 ooy a5
JoS sba Sy dmes S5 JSS ak ol 5s S el
5 ol asial 5 sl CUB wilSe ol ol
008 Sl s (eadae (SG5s s glaysSh du o Jbia
b GC (lyime Lald Lolye opl 51 pomy o 3l Lo aig
S5 bl e85 Jsb 55 S mlaw 53 a5 05 e o
(o 4 O e 5 Ol 5 05 Ol v (eesS)
Ol A S bl N s e ol ARNA 3

(Xie et al. 1998; Sharp et al. 1993) kil o s, oSb
35 (CUB) Gils io sladsaS b LLijl 55 Lmps Slolllae
Shslins pmen 5 L85 0 (s ps GESS S 5ok
53 bl ol wb Sell Sl Jde Ulpea Loy Sy

Mitreva ) ol o s 55 Sladlas 5l (63 e slaas O 150 e

- AYAY L 1) 0 5losds [ o juuwr 090 [y 98 S5

55 O e Sewed Lldie WU et al. (2015) iask s
(2014) o> Liasy 53 pmored A3 LEIS /0VE el
5 parle s ol Gle Gl are S o Yang et al.
L5 S )8 andlas 550 a5 S

eslizal 3550 03 Oy oo i 1y Ypems CAL Laxls
Y=Y wls 3 e cpl o3 O lde 5,8 e Ll
0338 o Sired gy 6l (Y Jsd) el s
RS I CNVE S-S IV Oly g 5 0l oslinal J5e
ol o Sead 3 l 3 oS 555 e e3lizud ENC 5 CAl
o bloyl e Ll YA 5 s uf:wwu oe*le g
2l onl e 23,51 ¥ S5 3 55 CAI G ENC axls
S5 OIS 5l Ll Sslie Ol 4 L] a5 das e 0L
SIS HE Co ke dnlp 5 S el g5t
cla.ﬂ o= bl o Yang et al. (2014) .50y 51,8 eslanal 5 40
S5 Lals S13 s 3550 L G0 5 S 5 05 0L
9 A8 el O ol cb.ﬂ Sl el Olgea CAl
FOS 5 o 205 ENC L1y Gastls ol (Sica
3o U 2l s ol Sheeer S LS
53 e BLE 5o 05 Ol eslimals)ge S5 slaosas
22 05 Ol sk bLs| Hajjari etal. (2016) SAGs iash
GRS $9S S S L1 oLl il slacsl
S35 Garle o (Sheen &5 LS 1S 5 sl 1S
03l sy Ol Calises glacdl s 05 Ol lea“ L CAl
sS4 JS GC 5 GC3S CAl i Sowor Gios oyl
L dacsloes =0 /88 5= /8)

Sz 0L 35 el I SO la0saS RSCU i
Cewlodds S5 Jodr 53 SlldS 5 cplilds sl5 s s
Ol O esls o e dasOlis G5 e Sl 3 L sleosas
53 Al e anlllans 50 OF (gl Bl e 05IS 4 Lo 05
AUU. CUA UUAUUU (lapsas 05 onl slaosdS o
GCA ACA ACU (UCA UCC £GC UAU AAU .CAC
Lloddosls e 5 Bl 2o (S0 5IS 4 GGC GGG
5o M el S IS mer s oS (S b
Loy 8y, 5l sl L S gl oo 8l el


https://dor.isc.ac/dor/20.1001.1.20084439.1397.13.1.3.0
https://mg.genetics.ir/article-1-40-en.html

[ Downloaded from mg.genetics.ir on 2025-12-13 ]

[ DOR: 20.1001.1.20084439.1397.13.1.3.0 ]

OL8es 5 G3bly Cpnm

o Ol D9lite SGS 30 S9N e (SeS

» Ve i e Ol oS parls VLSl
adlls 5)50 A0S e o3 edd eslinal ladsas (oS IS
bos 05 O eon Slp Sleo S sba 5 CAL sy
el SOyl 4 S 18 eslinad s se s 31 (6 ks
LE S5 S S0k il 05 Oy s p Sl I G
S Sl pl edkasglil aS 55l ENC els L v.f:w..m.za
SISl el G ol 53 addllas 3550 (5L Oly - sk
s Ly g0S (6,8 s s

oS S

a3 S3IS e 5 (S S s Ol S5l addllas sl g
5GC lgme (b bl (Gigr alax3l Jolye o doles
o p g 55 Sl ol &S e 5w 0 Ol o
22 05 0k ke fohe sl 0o Sles 5 WSS L)
50k pake soiie Gl CAL Lals dzes tie LS
D4 el Ol Dsline 5 arbiil ) 5l s 5y 035k
33l L3 Gres ladely syls LaosdS s b 51y,
S 6S sl Gl Ll e aS A O30S e SBiskd
oS sl 5 5s3 S S 3 B8 A Sl e slas sl

.mp;yvﬁ@&;};éw;ﬁélﬂgfa,\}j\

) Fel
os Sl Sl ahemsindy Aol e oY 55 (e
oKsils 51 Olil Glidss o8 5 bt e by g
S 3 5 RNASeq slaesls s bl 1l il s
Ll el )8 ax gel 5l sk Loe rdige @b 1S
Ol ol b wbis 5 (65558 s il poke 058
S e BBl 05 Ol LT mls Oals 13 Slel s bl

.Ju.)‘b

&lw

Ahn |, Jeong B-J, Bae S-E, Jung J, Son HS (2006)
Genomic analysis of influenza some viruses, including
avian flu (H5N1) strains. European Journal of
Epidemiology 21:511-519.

sosaS 5,8 (et al. 2006, Behura and Severson 2012
s baS Il She et 03 e sba ol
S eslialsgo J e JelSS s SO G Ol ey s
.(Mitreva et al. 2006) > .5 .

Gl e 038 Larli ol sla, e cleds i8S
g DAE g b Ol el s e a5 |, (CUB)
5 o3 Obe 53 CUB Lastla gs5 53 ol o, pSb oS
CUB axli o 5 4 does ciliks L;LAMK)\
Sl ol (b 05 plere Ol a3l g3t glas S
a5 BOS Oly o ity (OIS oS s 3L
Ahn et al. 2006; Zheng ) L 1s o5 L& 5 5 Shes oo e
.(etal. 2007; Naya et al. 2001

LGl glacsle o8 das o Ol Comer S5 Olalls
dole b sl e slalguS et ls s ol e Cans L]
QL (pl s b (S5 8L 5 e bl
33 b oS 8 gy bl ol gls lole 45 das
Hershberg and ) Lsi o aax 5 S50 4 oYL OLl,
o slize baaedlE) 55 L0508 (6801 s . (Petrov 2008
G Gl OS Lexls Larm,_;tf)\ Sl 5 Sl
Shields and Sharp ) tzes cies SKos an 55 oS s
23 Bl e 058 el piom s (1987 Shields et al. 1988
0SSl pan il wsline 55 a8 s s WS Ole
O3S Larls Kos am bl (S e eslinad YU 0508 Ll
Gouy and Gautier ) .yls alie Slsl s L ooglae sl e
.(1982; Ikemura 1985

2 Jlse e S S WS sisS s oSS
G S 0ken AL A0S e 55 el eslil e saS (5,8 IS
Star 5 035 Vb W05 opl w5 BC las A S5 S
) S s diasOLEs 45 sl sl eslizal a0 sIS L (gl jne

s b O Csledd eslanal sla a8 ‘5;‘}&“ 0> Jule

Behura SK and Severson DW (2012) Comparative
analysis of codon usage bias and codon context patterns
between dipteran and hymenopteran sequenced genomes.
PLoS ONE 7:e43111.

Bulmer M (1991) The selection—mutation-drift theory of
synonymous codon usage. Genetics 129:897-907.



https://dor.isc.ac/dor/20.1001.1.20084439.1397.13.1.3.0
https://mg.genetics.ir/article-1-40-en.html

[ Downloaded from mg.genetics.ir on 2025-12-13 ]

[ DOR: 20.1001.1.20084439.1397.13.1.3.0 ]

w0l Oly Dglite SBOS 30 (S9N e § (S9!

OIS 5 (65l e

Duret L and Mouchiroud D (1999) Expression pattern and,
surprisingly, gene length shape codon usage in
Caenorhabditis, Drosophila, and Arabidopsis. Proceedings
of the National Academy of Sciences of the United States
of America 96:4482-4487.

Ermolaeva MD (2001) Synonymous codon usage in
bacteria. Current Issues in Molecular Biology 3: 91-97.
Eyre-Walker A (1996) Synonymous codon bias is related
to gene length in Escherichia coli: selection for
translational accuracy. Molecular Biology and Evolution
13:864-872.

Feng C, Xu C, Wang Y, Liu W, Yin X, Li X, Chen M and
Chen K (2013) Codon usage patterns in Chinese bayberry
(Myrica rubra) based on RNA-Seq data. BMC Genomics
14:732.

Gouy M and Gautier C (1982) Codon usage in bacteria:
correlation with gene expressivity. Nucleic Acids Research
10:7055-7074.

Gouy M, Gautier C (1982) Codon usage in bacteria:
correlation with gene expressivity. Nucleic Acids Research
10:7055-74.

Gu W, Zhou T, Ma J, Sun X and Lu Z (2004) Analysis of
synonymous codon usage in SARS Coronavirus and other
viruses in the Nidovirales. Virus Research 101:155-161.
Hajjari M, Sadeghi I, Salavaty A, Nasiri H and Tahmasebi
Birgani M (2016) Tissue specific expression levels of
apoptosis involved genes have correlations with codon and
amino acid usage. Genomics Inform 14:234-240.
Hershberg R and Petrov DA (2008) Selection on codon
bias. Annual Review of Genetics 42:287-299.

Huang W, Nadeem A, Zhang B, Babar M, Soller M and
Khatib H (2012) Characterization and comparison of the
leukocyte transcriptomes of three cattle breeds. PLoS One
7:€30244.

Ikemura T (1985) Codon usage and tRNA content in
unicellular and multicellular organisms. Molecular
Biology Evolution 2:13-34.

Jenkins GM and Holmes EC (2003) The extent of codon
usage bias in human RNA viruses and its evolutionary
origin. Virus Research 92:1-7.

Kharrati Koopaei H, Mohammadabadi MR, Ansari
Mahyari S, Tarang AR, Potki P, Esmailizadeh AK (2012)
Effect of DGAT1 variants on milk composition traits in
Iranian Holstein cattle population. Animal Science Papers
and Reports 30:231-240.

Kharrati Koopaei H, Mohammadabadi MR, Ansari
Mehyari S, Esmailizadeh AK, Tarang A, Nikbakhti M
(2011) Genetic Variation of DGAT1 Gene and its
Association with Milk Production in Iranian Holstein
Cattle Breed Population. Iranian Journal of Animal
Science Research 3:185-192.

Marais G and Piganeau G (2002) Hill-Robertson
interference is a minor determinant of variations in codon
bias across Drosophila melanogaster and Caenorhabditis
elegans genomes. Molecular biology and evolution.
19:1399-1406.

Misawa K, Kikuno RF (2011) Relationship between amino
acid composition and gene expression in the mouse
genome. BMC Research Notes. 4:20.

- AYAY L 1) 0 5losds [ o juuwr 090 [y 98 S5

Mitreva M, Wendl MC, Martin J, Wylie T, Yin Y, Larson
A, Parkinson J, Waterston RH and McCarter JP (2006)
Codon usage patterns in Nematoda: analysis based on over
25 million codons in thirty-two species. Genome Biology
7: R75.

Naya H, Romero H, Carels N, Zavala A, Musto H (2001)
Translational selection shapes codon usage in the GC-rich
genome of Chlamydomonas reinhardtii. FEBS Letters
501:127-130.

Novoa EM, Pavon-Eternod M, Pan T, Ribas de Pouplana
L (2012) A role for tRNA modifications in genome
structure and codon usage. Cell 149:202-213.

Palidwor GA, Perkins TJ and Xia X (2010) A general
model of codon bias due to GC mutational bias. PL0S
ONE 5:e13431.

Pasandideh M, Mohammadabadi MR, Esmailizadeh AK,
Tarang A (2015) Association of bovinePPARGC1A and
OPN genes with milk production and composition in
Holstein cattle. Czech Journal Animal Science 60:97-104.
Plotkin JB and Kudla G (2011) Synonymous but not the
same: the causes and consequences of codon bias. Nature
Reviews Genetics 12:32-42.

Powell JR and Moriyama EN (1997) Evolution of codon
usage bias in Drosophila. Proceedings of the National
Academy of Sciences of the United States of America
94:7784-7790.

Salimpour M (2016) Differential gene expression analysis
between the Holstein and cholistani (a Pakistani breed)
population using RNA sequencing (RNA-seq). University
of Tehran, IRAN.

Shabalina SA, Spiridonov NA, Kashina A (2013) Sounds
of silence: synonymous nucleotides as a key to biological
regulation and complexity. Nucleic Acids Research
41:2073-2094.

Sharp PM, and Li WH (1986) An evolutionary perspective
on synonymous codon usage in unicellular organisms.
Journal of Molecular Evolution 24:28-38.

Sharp PM, Emery LR and Zeng K (2010) Forces that
influence the evolution of codon bias. Philosophical
Transactions of the Royal Society B: Biological Sciences
365:1203-1212.

Sharp PM, Stenico M, Peden JF, Lloyd AT (1993) Codon
usage: mutational bias, translational selection, or both?
Biochemical Society Transactions 21: 835-841.

Sharp PM, Tuohy TM and Mosurski KR (1986) Codon
usage in yeast: cluster analysis clearly differentiates highly
and lowly expressed genes. Nucleic Acids Research
14:5125-5143.

Shields DC, Sharp PM (1987) Synonymous codon usage
in Bacillus subtilis reflects both translational selection and
mutational biases. Nucleic Acids Research 15: 8023-40.
Shields DC, Sharp PM, Higgins DG, Wright F (1988)
“Silent” sites in Drosophila genes are not neutral: evidence
of selection among synonymous codons. Molecular
Biology Evolution 5:704-16.

Stenico M, Lloyd AT and Sharp PM (1994) Codon usage
in Caenorhabditis elegans: delineation of translational
selection and mutational biases. Nucleic Acids Research
22:2437-2446.


https://dor.isc.ac/dor/20.1001.1.20084439.1397.13.1.3.0
https://mg.genetics.ir/article-1-40-en.html

[ Downloaded from mg.genetics.ir on 2025-12-13 ]

[ DOR: 20.1001.1.20084439.1397.13.1.3.0 ]

0L 5 (65l e

o Ol D9lite SGS 30 S9N e (SeS

Sueoka N and Kawanishi Y (2000) DNA G+C content of
the third codon position and codon usage biases of human
genes. Gene 261:53-62.

Wan XF, Xu D, Kleinhofs A and Zhou J (2004)
Quantitative relationship between synonymous codon
usage bias and GC composition across unicellular
genomes. BMC Evolutionary Biology 4:19.

Wright F (1990) The “effective number of codons” used in
a gene. Gene 87:23-29.

Wu Y, Zhao D and Tao J (2015) Analysis of Codon Usage
Patterns in Herbaceous Peony (Paeonia lactiflora Pall.)
Based on Transcriptome Data. Gene 6:1125-1139.

Xie T, Ding D, Tao X, Dafu D (1998) The relationship
between synonymous codon usage and protein structure.
FEBS Letters 434:93-96.

Yang X, Luo X and Cai X (2014) Analysis of codon usage
pattern in Taenia saginata based on a transcriptome
dataset. Parasites an d VVectors 7:527.

Zeeberg B (2002) Shannon information theoretic
computation of synonymous codon usage biases in coding
regions of human and mouse genomes. Genome Research
12:944-955.

Zheng Y, Zhao WM, Wang H, Zhou YB, Luan Y, Qi M,
Cheng YZ, Tang W, Liu J, Yu H, Yu XP, Fan YZ, Yang X
(2007) Codon usage bias in Chlamydia trachomatis and
the effect of codon modification in the MOMP gene on
immune responses to vaccination. Biochemistry Cell
Biology 85:218-226.



https://dor.isc.ac/dor/20.1001.1.20084439.1397.13.1.3.0
https://mg.genetics.ir/article-1-40-en.html
http://www.tcpdf.org

