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SUMMARY

The effect of base composition biases on codon usage patterns was investigated in the goat species
Capra hircus, using custom-designed computational tools available within the public domain. Nuc-
leotide frequencies were nearly equal and a slight increase of adenine-thymine (AT) over guanine—
cytosine (GC) was detected throughout the dataset. However, this increase showed no influence on
the bases at the third codon position (N3). C3 and G3 were found more often than A/T3, suggesting
that there was a small or almost no influence of the general base composition on the N3 base com-
position. To understand more and analyse in-depth influence and interactions between base compo-
sitions and codons, further relative synonymous codon usage (RSCU) was investigated. Amino acid
usage and the correlation between its usages were also investigated, using both basic sequence
analysis and statistical analysis means (measures of correlation). These analyses were utilized to probe
whether there were correlations between genes, genomic characteristics and their function. Genes
with high GC and those with low GC were also investigated to see to what extent how a gene functions
could influence its sequence structure and impose certain structural modifications. This investigation
may shed light on many genomic features of Capra hircus genes and would be of significance for
future biotechnology/research projects considering Capra for transgenic and advanced genomic in-
itiatives.

INTRODUCTION raises many questions with respect to both relative

Goats belong to the Phylum Chordata, of which the syno nymgéls codon. gsageG(RS(}JlU) and llts legfge(:)ct c;)n
most noted are the Angora, the Nubian and the amino acid composition. Grantham et al. ( ) ob-

. . . served that certain unique species had characteristic
Kashmiri type. Goats are mainly reared for their meat, . .
. . Sy codon biases. This led to the development of the
milk and pelt and play a major role within many

agricultural communities. However, interest in the genome hypothesis’, which proposes that all genes

goat has also recently developed significantly in the W%thm a given genome use the same codmg Strategy
field of biotechnology. with respect to synonymous codon usage. This hypoth-

Little attention has yet been paid to the genomics e8I .has St,OOd the test of time, although slome ox
of goat species, despite being a favourable animal ceptions have arisen. Subsequently, Ikemura (1981)

model for the future of biotechnology and transgenics suggested that the codon usage biases correlated with
Specifically, the use of goats for the production of re} ative tRNA abundances by comparing codon use
. . with the abundance of the tRNAs that correspond to
heterologous proteins has met with success. Further- .
. these codons. Furthermore, it appeared that codon
more, heterogeneous gene expression has been shown

to be possible. Gene products have been directed to usage patterns were correlated with gene expression

milk and blood allowing for simple collection. Thus, levels. Although this influence of codon'blas on gene

. . expression level was found to be present in Drosophila
transgenic goats are very attractive systems for the . . o
R . . . genes, no such pattern has been identified in either
in vivo production of recombinant proteins.

The genetic code is highly degenerated in that most birds or mammals.

. . . . Codon usage has been found to vary between
amino acids are encoded by multiple codons. This ; .
classes and their related species. Codon usage changes

* To whom all correspondence should be addressed. and sequence dissimilarity between human and rat
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Table 1. Mononucleotide and dinucleotide frequencies in Capra, based upon a dataset consisting of 90 genes
(W represents A and T nucleotides, while S represents the frequencies of G and C)

No. Gene C T A G W (AT) S (GC)
1 gil412637 3223 19:90 2205 30-37 4194 62:59
2 gi|126987 2422 29-47 2621 24-69 5568 4892
3 gi[235333 33-46 2117 2111 2611 4228 5957
4 gi|129584 2511 2208 2532 2879 47-40 53-90
5 gi[617939 2125 2514 33-89 20-56 59-03 4181
6 €i|120043 3619 2014 24-63 2027 4476 5646
7 gi|116927 32:46 2461 2068 2251 4529 5497
8 gi/618000 24-30 2605 25-88 2404 5193 4833
9 gi/618000 24-89 25:59 2533 24-45 5092 4934

10 2i/618000 24-89 2533 2559 2446 5091 4935

11 gi/618000 2729 24-35 2478 23-83 49-14 5112

12 gi[617999 2532 2659 2551 2287 52:10 4819

13 gi|617999 2412 26:32 2518 2465 51-49 4877

14 gi[617999 2456 2667 2553 23:51 52:19 48:07

15 gi[617999 2368 2588 2649 2421 52:37 47-89

16 gi|617999 2342 2640 25:35 25:09 51-75 4851

17 gi[617998 2660 25-89 2429 23-49 50-18 50-09

18 gi[617998 2377 2728 2570 2351 5298 4728

19 gil110669 20-00 2624 3462 19-78 60-86 39-78

20 €i[541962 3373 2107 15-39 31-70 3646 6544

21 €i[997240 26:82 27-18 2820 2407 5538 50-90

22 2i[437751 33-85 1660 2162 2909 3822 6293

23 €i[843928 2139 2569 34:31 19:86 60-00 4125

24 gi[764926 2954 2275 2398 2410 4673 53-64

25 gi[217664 28-83 21-56 21-88 3102 4344 59-85

26 gil733115 39-44 17:30 12:98 3104 3028 70-48

27 2i[217666 2474 27-67 2736 2275 5503 4748

28 €i[663406 1869 3512 3479 18:87 69-92 37-56

29 €i[663406 18-69 3517 34-87 18-89 70-04 37-58

30 gil410716 2646 22:34 29:90 2749 5223 5395

31 gil410716 2737 2175 29-82 27-37 51-58 54-74

32 2i[380611 2077 4444 3527 15-46 79-71 3623

33 2i[380611 16:67 46:67 28-89 14-44 7556 3111

34 €i[380611 19-29 3530 3832 12:99 7362 3228

35 21606352 2947 19-62 2503 2993 4465 59-41

36 21606309 32:47 19:79 21-35 2691 4115 59-38

37 2i513936 2162 25:58 2911 27-05 54-69 4866

38 2i[513935 2473 2043 2384 3208 4427 56-81

39 2i513935 26:81 21-01 2428 2899 4529 55-80

40 gi513935 2826 19:90 2573 2801 4563 5627

41 gi[440647 2435 2044 2552 30-08 4596 54-43

4 2i/440646 2435 20-44 2565 29-95 4609 54:30

43 gi|173027 19:26 3306 3552 19:95 68-58 39-21

44 gi[261861 2399 29-84 2842 21-83 5827 4581

45 2i[261860 27-14 23-45 2437 2543 4783 52:57

46 gi[257582 26:07 2018 2256 31-58 4273 57-64

47 2i[257582 2632 2005 21-55 32:46 41-60 58-77

48 2i385134 16:62 2763 38-54 23-82 6617 40-44

49 2i[162103 2397 28-85 2767 24-86 5652 4882

50 2i/607058 2417 21-81 3111 2333 5292 47-50

51 2i148006 2404 21-63 32:05 2276 5369 4679

52 21633053 2246 26-50 28-39 24-43 5490 46-88

53 2i[225343 2517 21-79 2786 2577 49-65 5095

54 gi[219707 2780 24-02 2693 21-69 50-95 49-49

55 21862328 2947 20-59 2395 2666 4454 5613

56 2i|148316 32:68 19-16 2087 2769 4003 6037

57 2i183430 2426 2194 2941 24-75 51-35 49-02

58 2i[183430 2394 2561 34-49 2329 60-10 4723
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No. Gene C T A G W (AT) S (GC)
59 gi|191166 3143 13-73 2605 29-03 39-79 60-46
60 2i|173027 20-22 2624 34-41 19-78 60-65 40-00
61 gi|173027 22-68 28-21 32-54 21-89 60-75 44-58
62 2i|707033 20-72 28-71 32:49 19-35 61-20 40-06
63 2i[955]em 20-34 28-77 3313 18-95 61-90 39-29
64 gi|114961 2523 21-88 26:13 31-02 48-01 56-24
65 2i|556806 27-47 21-52 24-19 30-70 4571 5817
66 2i|551229 27-96 25-89 2576 23-69 51-65 51-65
67 £i/400442 24-35 20-44 25:39 30-21 45-83 54-56
68 2i[979]em 23-95 29-15 25-83 23-23 54-98 47-19
69 2i|977|em 2654 26-92 33:21 19-10 60-13 45-64
70 gi|551225 27-96 25-89 25-64 23-81 51-53 5177
71 2i[494966 3095 20-47 19-94 30-72 40-41 61-67
72 £i|416002 20-65 25-38 33-76 20-86 59-14 41-51
73 2i|311942 2361 34-39 27-65 17-13 62:04 40-74
74 2i|975]em 3423 22-18 21-15 27-05 43-33 61-28
75 2i[973|em 3333 21-88 20-18 2656 42-06 59-90
76 2i[971|em 21-55 28-82 29-38 26-07 58-19 47-63
77 2i[969]em 21-97 28-67 29-86 25-01 58-54 46-98
78 2i[967|em 3373 16-47 21-29 29-32 3775 63-05
79 2i[961|em 27-17 18-84 27-17 31-16 4601 58:33
80 2i[959]em 22-98 35-60 28-80 16-50 64-40 3948
81 2i[953|em 24-04 30-70 30-70 20-19 61-41 44-23
82 2i|841157 25-16 2573 2667 24-02 52-40 49-19
83 £i|128004 2776 21-87 2369 30-43 45-56 58-19
84 2i|164169 22-93 30-25 26-86 26-01 57-11 4894
85 gi|164145 21-48 28-70 29-26 25-93 57-96 47-41
86 gi|164135 22:22 29-17 27-11 25-21 56-28 47-43
87 2i|164133 22-44 30-13 27-68 25-55 57-81 47-99
88 gi|164125 34-18 18-:09 18-82 31-45 3692 6563
89 gi|164123 34-21 19-68 20-78 29-11 40-46 63:32
90 gi|164116 28-45 25-65 27-93 24-82 53-58 5327

suggests that, in some cases, modifications of DNA-
based constraints could lead to accelerated inter-
genomic divergence (Mouchiroud & Gautier 1990).
This evolutionary separation was also clear in many
other species, namely Escherichia coli, Saccharomyces
cerevisiae, Drosophila melanogaster and Homo sapiens.
Each species has a unique combination of eight least-
used codons, but all species make equal use of all
remaining codons. Proteins containing a high pro-
portion of low-usage codons are associated with cases
in which an excess of the protein is detrimental. Low-
usage codons are relatively insensitive to gross base
composition changes. However, dinucleotide usage
can sometimes have a significant influence on codon
usage as in the CG frequencies in several species of
primates (Zhang et al. 1991).

Inter- and intra-species gene variation have been
identified in many species (Bernardi et al. 1985). In
addition, the rate of synonymous codon substitution
in many animal classes has often been correlated
with base composition (Filipski 1988). In D. melano-
gaster, some loci are subject to a discrete nucleotide

bias favouring C at the third codon position (N3)
(Moriyama & Hartl 1993). This might not reflect
relative tRNA pools, but instead might be a function
of mRNA secondary structure or stability. Con-
versely, in mammals such as H. sapiens significant
codon usage biases are observed (Eyre-Walker 1991),
and are thought to be a product of both mutational
biases (Smith & Eyre-Walker 2001) and of selection.
In addition, a correlation has been found between
gene location in mammals and GC content, in which
the nucleotide content of certain genes seems to reflect
their surrounding isochors (lida & Akashi 2000).
Thus, variations in the rate of synonymous nucleotide
substitution may likely be the consequence of selec-
tion against A and T at synonymous positions.

Investigation of base composition and codon usage
patterns present within the coding sequences of
Capra will probably allow for identification of the
important conserved motifs, which would be of value
in evaluation of this organism as a potential trans-
genic model, that would be of interest to both science
and biotechnology.
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Fig. 1. (@) Mean mononucleotide frequency at the third codon position in Capra, based upon a 90-gene dataset (the y-axis
shows the number of N at the third position N3). (b) Frequency of each mononucleotide at the third position (A3, C3, G3 and
T3) in correspondence to all other mononucleotides at the intercodon position N4 where A4, C4, G4 and T4 represent each

base in the fourth position located after the triplet.

In the present investigation, gene sequences from
the goat species Capra hircus were characterized with
respect to base composition, RSCU and amino acid
usage.

MATERIALS AND METHODS

Capra hircus coding sequence patterns were inves-
tigated using a dataset consisting of the cDNA
sequences for all known protein-encoding genes
obtained from GenBank (www.ncbi.nlm.nih.gov/
Entrez). The sequence dataset consisted of 131466
base pairs making up 90 genes, coding for 43822
amino acids. In order to analyse codon usage variation
between genes, it is necessary to derive the RSCU
values for each gene:

RSCU,=Obs;/ Exp; )

where RSCU; is the Relative Synonymous Codon
Usage value for codon i, Obs; is the observed number
of occurrences of a codon i and Exp; is the expected
number of occurrences of codon i. The expected
number of occurrences of a codon is calculated ac-
cording to

Expi=Y_aa;] Y syn; @

where Exp; is the expected frequency of occurrence
of codon i, > "aa, is the number of times the encoded
amino acid is present in the protein sequence and
> syn; is the number of synonyms for the amino acid
encoded by codon i. An RSCU value greater than 1
means that a codon is used more often than expected,
whilst values less than 1 indicate its relative rarity.
Data analysis was performed using an IBM-compat-
ible microcomputer. Nucleotide, codon and inter-
codon analyses were performed using the Perl-based

program ‘Codon Intercodon Analyzer’ (CIAN) pro-
gram (unpublished), and GCUA (Mclnerney 1998).
Data were then subjected to statistical and graphical
analysis using SPSS (SPSS Inc., USA), Statistica
(STATSOFT, Inc., USA) and Microsoft Excel 2000
(MS, Inc., USA).

RESULTS

Only a very slight AT-bias was identified throughout
the coding sequences examined (A =262, C=252,
G =242 and T=24-4), suggesting that general nuc-
leotide usage was not subject to distinct patterning in
Capra. Comparatively, when considering only the N3,
aslight bias for C was discovered (Fig. 1 eand Table 1).
However, this frequency difference was only 2:5%
greater than what would be expected purely by chance
(25%). Thus, a mononucleotide usage pattern does
not appear to be present within coding sequences
from Capra.

A pattern was identified, however, when examining
nucleotide frequencies specifically at the intercodon
position (N4) (Fig. 15). A was the least common nuc-
leotide at N3 in the presence of T at N4. Similarly, T
was the least common nucleotide at N3 in the pres-
ence of A at N4. Equivalent results were also obtained
for G and C. This suggests that a distinct pattern may
be present at the intercodon position in the absence of
a global nucleotide bias. Analysis for the influence of
base composition on RSCU is shown in Table 2.

Based upon the GC frequency at the third codon
position (GC;), the variable N, equivalent to the
mean number of unique codons used per gene, was
calculated and plotted as a function of GC; (Fig. 2).
N, is given approximately by the equation N.=2+
s+[29/(s+ (1 —s5)*)], where s=GCs. The presence of
bias within the plotted data would suggest that a bias
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Table 2. Relative Synonymous Codon Usage (RSCU) and mean frequency per gene in Capra (the RSCU value
acts as a proportional measure of codon usage, as compared with what would be expected if all synonymous codons
were used at equal frequencies)

Amino acid Codon Mean RSCU  Mean N/gene Amino acid Codon Mean RSCU  Mean N/gene
Phe Uuu 4 1-14 Ser uCuU 4 1-2
uucC 3 0-86 UCC 5 1-5
Leu UUA 3 0-27 UCA 0 0
uuG 2 0-18 UCG 2 0-6
CuUuU 22 2 Pro CCU 13 0-84
cucC 9 0-82 CcCcC 21 1-35
CUA 15 1-36 CCA 17 11
CUG 15 1-36 CCG 11 0-71
Ile AUU 3 1-5 Thr ACU 6 1-5
AUC 2 1 ACC 5 1-25
AUA 1 0-5 ACA 3 0-75
Met AUG 1 1 ACG 2 05
Val GUU 8 1-28 Ala GCU 22 1-29
GUC 9 1-44 GCC 19 1-12
GUA 5 0-8 GCA 13 0-76
GUG 3 0-48 GCG 14 0-82
Tyr UAU 0 0 Cys UGU 6 0-55
UAC 1 2 UGC 16 1-45
TER UAA 4 0-46 TER UGA 22 2:54
UAG 0 0 Trp UGG 12 1
His CAU 26 1-24 Arg CGU 7 0-68
CAC 16 0-76 CGC 10 0-97
Gln CAA 29 1-35 CGA 19 1-84
CAG 14 0-65 CGG 9 0-87
Asn AAU 2 2 Ser AGU 5 15
AAC 0 0 AGC 4 1-2
Lys AAA 6 15 Arg AGA 6 0-58
AAG 2 0-5 AGG 11 1-06
Asp GAU 11 1-1 Gly GGU 14 0-82
GAC 9 0-9 GGC 15 0-88
Glu GAA 14 127 GGA 21 1-24
GAG 8 0-73 GGG 18 1-06

GC3S as a function of Enc for C. hircus
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Fig. 2. GC3S (x-axis) plotted as a function for Enc (in this
graph it is clear that Enc values are higher than 40).

is present at the codon usage level. However, no such
bias was identified; all of the points were distributed
evenly around a GC3S value of 50 %, as would be
expected from random codon selection. This finding
argues against the presence of a codon usage bias in
Capra sp. coding sequences. As shown in Fig. 2, genes
have a degree of codon bias that can be explained
in terms of GC mutation. This also indicates that
these genes are good candidates for genes whose
codon usage has been determined by mutational
pressure rather than natural selection or translational
efficiency.

However, when considering codon frequencies di-
rectly, the slight bias identified at the mononucleotide
level does appear to be present to a greater extent. An
overall bias for the use of A/U ending codons was
identified in Capra as compared with Homo sapiens
(Fig. 3). Thus, it appears that although a nucleotide
bias is not present at the basal level, a pattern may
exist when considering codon usage.
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Fig. 3. Graphical representation of the mean proportion of un

ique amino acids per gene in Capra, based upon a 90-gene

dataset. Leucine, serine and proline are present more often than any other amino acids. Tryptophan and methionine are
present at extremely low levels. These values were compared with those for humans to show level of amino acid usage

variations between the two species.
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Fig. 4. Codons used for each amino acid in each gene were plotted to facilitate the comparison between GGC versus AT-rich
codons and their values.

Differences were also present at the amino acid
level in Capra as compared with Homo sapiens. Levels
of glutamine, aspartate and alanine were lower in goat
as compared with human (Fig. 3). All other amino

acid levels were nearly identical. This suggests that the
putative bias identified at the codon usage level may
also have an effect on amino acid frequencies. To
further investigate whether there is an influence of
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Table 3. Statistical analysis using chi-square, for
codon usage in 90 Capra genes

AA Codon Chi
Phe uucC 235
Leu CcucC 28-8
CUG 69-8%*
Ile AUC 69-6*
Val GUG 37-2%
Tyr UAC 277
His CAC 21-0
Gln CAG 13-5
Asn AAC 14-8
Lys AAG 157
Asp GAC 19-1
Glu GAG 181
Ser ucCcC 14-5
UCG 22-3
Pro CcccC 83
CCG 34-6*
Thr ACC 35-8%*
ACG 167
Ala GCC 7-1
GCG 22:2
Cys UGC 136
Arg CGU 89
CGC 31-7*
CGG 44-8*
Gly GGC 7-8
GGG 7-1

* Codons with very high chi-squared values; AA =Amino

acids.
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base composition on amino acid codon usage, codons
for each amino acid were plotted. As is shown in
Fig. 4, the highest usage values were for CUU in Leu,
UAC for Tyr, AAU for Asn and CGA for Arg,
taking into consideration that the highest amino acid
usage values were for Leu, Arg then Asn and consider-
ing that CUU, UAC and AAU are AT-rich, while
CGA is AT-poor (Fig. 4). To examine further signifi-
cance levels for codon selection, a chi-squared #-test
was applied to the whole data set (see Table 3).

Utilizing the power of multivariate analysis, which
seeks to identify the most relevant trends governing
choice of codon in a given organism, RSCU values
were graphically plotted for each codon in each gene
using the axis 1 as a function for axis 2 (Fig. 5). This
method ‘Correspondence analysis’ was designed to
investigate trends in the dataset and proceeded by plot-
ting all of the codon usage values in an N-dimensional
hyperspace (the number of dimensions was deter-
mined by the number of synonymously degenerate
codons in that particular genetic code). The points on
this high-dimensional space could resemble a ‘cloud’.
As shown in Fig. 5, there is a clear absence of any
pattern of codon usage variation.

Coding sequences at the extremes of nucleotide
composition were then examined and classified. The
most GC-biased sequences from Capra (Table 4)
tended to encode protein members of the globin and
globulin protein families, while GC-poor sequences
corresponded predominantly to interleukins, inter-
ferons and casein proteins.

Axis-1 as a function of Axis-2 for C. hircus genes
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Fig. 5. Metric multidimensional scaling of Capra gene data, used to analyse the pattern of codon usage among synonymous
codons showing individual gene sequences in the data set. Axes 2 and 1 are plotted against one another, representing the two
main sources of variation within the data. Data points are mostly found near to axis 1, indicating that a single main trend is

involved in the codon bias in Capra.
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Table 4. Genes with high GC content versus those with very low GC content (i.e. AT low v. AT-rich genes)

No. Accession number GC %

Gene name

Genes with highest GC content

1 Gi|7331159 70-48 Relaxin-like factor; INSL-3
2 Gi|164125 65-63 Alpha-ii-globin gene
3 Gi|5419628 65-44 Beta 3 adrenergic receptor (B3AR) gene
4 Gi|164123 63-32 Alpha-i-globin gene
5 Gi|967 63-05 Beta-lactoglobulin
6 Gil4126376 62-6 Membrane-type matrix metalloproteinase-1 (MTIMMP)
7 Gi|975 613 Growth hormone
8 Gi|1911665 60-5 Tau protein isoform B

Genes with lowest GC content
1 Gi|11066965 39-78 Interleukin 2 (IL-2)
2 Gi|955 39-29 As2-casein 1
3 Gi|1730273 39-21 Interferon-gamma
4 Gi|6634063 37-58 Goat beta-casein
5 Gi|6634062 37-56 Goat beta-casein
6 Gi|3806116 3623 Goat As2-casein 2
7 Gi|3806110 32:28 AlphaS2-casein type C gene
8 Gi|3806115 3111 Alpha2S-casein type A gene

DISCUSSION combinations not commonly found at N3 and N4 rep-

Coding sequences corresponding to Capra hircus were
investigated at the nucleotide, codon and amino acid
levels for the presence of sequence patterns that might
be of functional significance. Sequence-based patterns
have been discovered in other similar genera and have
been shown to affect gene expression levels. The pres-
ent dataset which was screened for annotated, pro-
tein-coding sequences of full-length nuclear DNAs,
contains a relatively higher AT frequency. Similar AT
biases have been identified in many single-celled or-
ganisms such as Entamoeba histolytica (Ghosh et al.
2000) and Plasmodium falciparum (Musto et al. 1999),
as well as multicellular organisms such as Brugia
malayi (Fadiel et al. 2001). Comparatively complex
organisms such as Caenorhabditis elegans (Stenico
et al. 1994), Drosophila melanogaster (Marin et al.
1998), Mus musculus and Homo sapiens (Marin et al.
1989) have more often been associated with biases for
GC base pairs. In certain cases, biases have been
shown to affect gene statement levels (Stenico et al.
1994). Such base compositional constraints may shape
the genomic architecture of Capra, thereby influen-
cing gene statement and regulation.

In forming codon analysis, a sequence-specific pat-
tern was identified at the intercodon position as well,
with T being uncommon at N3 in the presence of A at
N4, and A being uncommon at N3 in the presence of
T at N4. Similar results were obtained for G and C, as
well. Biases at the intercodon position have previously
been identified in species ranging from Arabidopsis
thaliana (de Amicis & Marchetti 2000), to Wuchereria
bancrofti (Fadiel et al. 2001). Since the nucleotide

resent potential nucleotide binding partners (A with
T, G with C), selection might be taking place to in-
hibit the formation of secondary structure at codon
boundaries. It is known that dinucleotide repeat re-
gions made up of AT or GC repeats may often fold
upon themselves to form perfect hairpins (Biet et al.
1999). However, it is more likely that stem-loop
would require longer stretches of base complemen-
tarities and/or, in some cases, non-canonical base
pairing. Additionally, it has been shown that poly-AT
and poly-GC are often bound by proteins involved
directly or indirectly in recombination such as single
strand binding protein (Ssbp) (Biet et al. 1999). Thus,
selection against sites that are prone to frequent re-
combination, may be bound similarly.

In contrast to the slight bias that was identified at
the mononucleotide level, codons with A or T at N3
were clearly used more frequently than those with G
or C at the wobble position. Therefore, this suggests
that a bias favouring the use of codons with A or T at
the wobble position may be present within the tran-
scriptome of Capra. Functionally, significant AT and
GC biases have previously been identified at the co-
don usage level in many evolutionary diverse organ-
isms, and have often been found to correlate with
changes in gene expression level. Therefore, the bias
present at the level of codon usage in Capra may be
of functional importance for proper gene expression.
The codon bias thus observed may be reflective of
the level of cognate endogenous tRNA species (Kane
1995). Such non-random patterns of synonymous
codon usage may cause translational problems for
mRNA species containing excess of rare tRNA

https://doi.org/10.1017/50021859602002903 Published online by Cambridge University Press


https://doi.org/10.1017/S0021859602002903

Genomic analysis of Capra hircus genes

codons. It would also be interesting to explore the
relationship between gene length and codon usage.

To further elucidate the mechanism of codon usage,
a comparison of the goat gene set with the human
counterpart was performed. Frequencies of amino
acid occurrence in Capra were very similar to those
observed, in general, throughout Homo sapiens cod-
ing sequences (see Fig. 4). Cys and Trp, to a lesser
extent, exist in relatively greater proportions in the
dataset, while in human genome, more Ala, Glu, Asp
and Asp exist. The former are coded by codons with
N1=T and the latter are coded by N1=G. It is
possible that the trend in amino acid prevalence may
be an artefact of the size of the present dataset. Cys
residues could offer a selection advantage by the for-
mation of strong disulphide bonds, while tryptophan
may play a more neutral or secondary role. Thus,
along with translational efficiency criteria, which may
dictate the codon bias in goats, nucleotide compo-
sition may qualify the mutational bias in the event of
selection pressure. In this respect, it would be of in-
terest to verify the thermodynamic stability of indi-
vidual mRNA species in the dataset.

To mine for patterns in protein characteristics, the
top five proteins coded by genes with high and low
GC content were examined (see Table 4). High GC
content has been correlated with increased levels of
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gene expression (Stenico et al. 1994). Therefore, genes
encoding globin proteins, which are expressed at high
levels, are highly GC-rich. With respect to the GC-
poor proteins, it is interesting to note that casein
proteins are specific to goats and tend to be localized
to milk. This class of peptide would be ideal for use in
the development and application of goat transgenics.
The protein could be used as a vector for therapeutic
compounds that could then be provided to patients
through milk.

CONCLUSIONS

The goat is an animal model that promises to be of
great value to biotechnology and medicine, but not
yet characterized from a molecular standpoint. Se-
quence patterns were identified at the intercodon
position in goat coding sequences. Furthermore, co-
dons with A or T at the wobble position tended to be
used more often than GC-ending codons. Further-
more, GC content of genes appeared to be function-
ally correlated with GC-rich genes encoding globins,
and GC-poor genes corresponding to caseins. Thus,
further characterization of this animal model will be a
critical step in the development of novel transgenic
approaches for the treatment of a wide range of
medical disorders.
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