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Abstract: A comparative analysis of the codon usage bias was conducted in Methanosarcina mazei str. Goel and

two related Euryarchaeota microorganisms ( Picrophilus torridus str. DSM 9790 and Natronomonas pharaonis

str. DSM 2160). Results revealed that synonymous codon usage in Methanosarcina mazei str. Goel was less

biased, which was highly correlated with the GC, value. And the codon usage patterns were phylogenetically

conserved among those Euryarchaeota microorganisms. By employing a hierarchical clustering analysis, it can

be seen that it is more the species than the gene function that determines their gene codon usage patterns.

Considering that those microorganisms live in different environments where the pH conditions vary quite a lot,

it can be presumed that their living environments, especially the pH conditions, play an important role in

determining those microorganisms’ codon usage patterns.
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Methanosarcina mazei str. Goel can be found in
decaying leaf litter, garden soil, and other urban waste.
Its growth occurs at pH 5.5 to 8.0, with optimum
growth at pH 6. 8 to 7. 2. Picrophilus torridus str. DSM
9790 is a thermoacidophile, and can grow at tempera-
tures of around 60 C and in environments where the
pH drops to 0. The genus name, Picrophilus, means
acid lover. Natronomonas pharaonis str. DSM 2160
was isolated from Lake Gabara in Egypt. It exists under
high salt and pH conditions which results in limited ni-
trogen availability through ammonium.

The genome sequence of Methanosarcina mazei
str. Goel has been published'" ; however, little genom-
ic analysis on this microorganism is available. Com-
pared with the other two phylogenetically related Eur-
yarchaeota microorganisms in this study, we analyzed
the synonymous codon usage of this microorganism.

1 Material and Methods

1.1 Sequences employed

The complete sequences of the three Euryarchae-
ota microorganisms were extracted from the National
Center for Biotechnology Information website Refseq
project ( Accession NC _ 003901, NC _ 005877, NC_
007426, respectively ), which includes all complete
gene sequences of Methanosarcina mazei str. Goel and
the two other microorganisms ( Picrophilus torridus
str. DSM 9790 and Natronomonas pharaonis str.
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DSM 2160"").

Furthermore, in order to find whether there is a
correlation between the gene function and the codon
usage bias, we needed to separate the orthologous
genes from paralogous genes. Since the sequence simi-
larity cannot make it sure, we selected only five genes,
which had the same names in those microorganisms, as
orthologous genes. The five orthologous genes are
shown in Tab. 1.

1.2 Data analysis

1) GCyq

GC, is a good indicator of the extent of base
composition bias, which represents the frequency of the
nucleotide G + C at the synonymous third position of
codons, excluding Met, Trp and the stop codons.

2) Effective number of codons (ENC)

The ENC of a gene is generally used to quantify
the codon usage bias of a gene, which is essentially in-
dependent of the gene length. The ENC value is calcu-
lated as'*!

Nene =2+ + 4+ +—= (1)

where F, is the probability that two randomly chosen
codons for an amino acid with two codons are identi-
cal. The same is for F;, F, and F;. A recent compara-
tive simulation study has shown that it is the best over-
all means to estimate the absolute synonymous codon
usage bias"'. The values of ENC range from 20 (when
only one codon is used per amino acid) to 61 (when
all synonymous codons are equally used for each amino
acid) .
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Tab.1 Five orthologous genes

Gene product Microorganism End Gi GenelD
Goel 2762 194 2763 669 21 228 409 1 480 649
Argininosuccinate lyase P9790 554 646 555908 48 477 603 2 845 436
N2160 2543 181 2 544 653 76 803 254 3702 522

Goel 1537324 1538 928 21227397 1479 637

DNA primase P9790 650472 651 761 48 477 689 2 844 475
N2160 2203 045 2204 574 76 802 902 3702 092
Goel 146 550 148 154 21226 220 1478 460
CTP synthetase P9790 587 564 589 168 48 477 632 2845216
N2160 959 498 961 144 76 801 630 3703 086

Goel 1475111 1478 569 21227 348 1 479 588

DNA polymerase [

Jarge subunit P9790 584 021 587 263 48 477 630 2 844 296
N2160 238 701 242 297 76 800 890 3703 041
Goel 3329961 3330242 21228 879 1481119
Acylphosphatase P9790 266 958 267 203 48 477 309 2 845246
N2160 1 809 538 1 809 816 76 802 510 3702 491

Notes: Goel : Methanosarcina mazei str. Goel ; P9790: Picrophilus torridus str. DSM 9790; N2160: Natronomonas pharaonis str. DSM 2160.

The expected ENC value under random codon us-

age can be calculated for any value of GC,q as below:
Nene =2 +5+29[5° +(1 =5)°1 "' (2)

where s represents the given GC,q value. If the G + C
composition at the synonymous third position were the
only determinant factor shaping the codon usage, the
values of ENC would fall on the continuous curve de-
scribed by Eq. (2).

3) Relative synonymous codon usage (RSCU)

The values of RSCU of different codons in each
sequence are used to examine synonymous codon usage
without the confounding influence of the amino acid
composition of different gene samples. The RSCU val-
ue of the j-th codon for the i-th amino acid is calculat-
ed by

n; -1

RSCU; =m, ( Z m; ) n (3)
=
where m;; is the observed number of the j-th codon for

the i-th amino acid which has n, types of synonymous
codons. It is obvious that RSCU values close to 1. 0 in-
dicate a lack of bias for the corresponding codon'®'.

4) Principal component analysis (PCA)

PCA is used to investigate the major trends in co-
don usage variation among genes. The RSCU values of
genes are plotted in a multidimensional space of 59 ax-
es (excluding Met, Trp and stop codons) and PCA
identified a series of new orthogonal axes accounting
for the greatest variation among genes.

5) Hierarchical clustering analysis

The principle of hierarchical clustering is as fol-
lows. First, each sequence is considered a separate
class. Secondly, according to the distances between
these sequences, two sequences that have the minimum
distance are amalgamated into one class. Then we cal-

culate the distances between selected sequences using
the Euclidean distance method. The calculating formula
is

59

d, = (RSCU;; - RSCU,CI.)2 4)
=1

J
After the amalgamation, distances between the

amalgamated class and other classes are calculated
again. This process is continued until all the sequences
are amalgamated to one class. During this process, we
consider the RSCU values of all the codons RSCU; as
different variable components for a certain sequence
and we also consider it as a single spot in the multidi-
mensional space. Tryptophan ( Trp, W) and Methionine
(Met, M) are not considered because each has only one
codon and their RSCU values are always equal to 1.
Three stop codons are also excluded, so the dimension
number of this space is 59.
1.3 Software implemented

The calculation of the indices of codon usage and
the statistical analysis were implemented by the Codo-
nW 1.4 (http: //codonw. sourceforge. net/) and SPSS
11. 0, respectively.

2 Results

2.1 Synonymous codon usage in Methanosarcina
magzei str. Goel

The overall RSCU values of 59 sense codons in
Methanosarcina mazei str. Goel are shown in Tab. 2.

The most preferentially used codons were A-en-
ded or U-ended codons, in which six A-ended codons
and nine U-ended codons were against one C-ended
codon and two G-ended codons. Methanosarcina mazei
str. Goel is a GC poor genome with a GC content less
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Tab.2 Synonymous codon usage in Methanosarcina

mazei str. Goel

AA  Codon N RSCU|| AA Codon N  RSCU
by, UUUT 25647 117 AUU® 30656 1.18
UUC 18260 0.83 || Tle  AUC 22789 0.87
UUA 9391 0.58 AUA 24753 0.95
UUG 6260 0.39 GUU* 22990 1.30
L, CUUT 3543 221 GUC 15083 0.8
cuC 17613 1.10 GUA 19259 1.09
CUA 3876 0.24 GUG 13251 0.75
CUG 23794 1.48 ACU 14297 1.09
UCU 1363 LI9( . ACC 14204 109
UcC 13442 117 ACA* 17614 1.35
UCA* 14326 1.25 ACG 6123 0.47
STy s42 0.48 GCU 20400 1.13
AGU 9371 08| . GCC 15977 0.88
AGC 12758 111 GCA* 29380 1.63
UAU® 20762 1.15 GCG 6481 0.36
W Uac 1530 085 g AAUT 20020108
ccUt 17018 1.66 AAC 20428 0.92
po  CCC BT 0s0(l T AAAT 47283 136
CCA 6636 0.65 AAG 22374 0.64
CCG 858 0|l T GAUT 29074 108
CAA 5228 0.4l GAC 24601 0.92
G caGr 20123 159 GAA® 358431 1.40
_ CAU® 9240 108 G GAG 24989 0.60
His cac 7886 0.9 CGU 4341 0.55
UGU 5688 0.89 CGC 5461  0.69
O Lacr 704 111 CGA 2152 0.27
Gau 12916 0.70| M coe 4151 0.5
GGC 14966 0.8 AGA 14472 182
Y Goa+ 28565 155 AGG* 17136 2.15

GGG 17388 0.94

Notes: AA is the abbreviation of amino acid; N represents the number of
occurrences of each sense codon; * marks the preferentially used codons
for each amino acid.

than 45% . Due to the compositional constraints, it is
expected that A-ended and/or U-ended codons were
preferentially used in this genome.

Implementing the same method above, the overall
RSCU values of 59 sense codons in the other two Eur-
yarchaeota microorganisms were calculated as well.
And the results show that in Natronomonas pharaonis
str. DSM 2160, ten C-ended codons and seven G-ended
codons were against one U-ended codon and nil A-en-
ded codons. So this genome was C-ended and/or G-en-
ded codon preferred; meanwhile, in Picrophilus torridus
str. DSM 9790, six A-ended codons and seven U-ended
codons were against two C-ended codons and three G-
ended codons. So Picrophilus torridus str. DSM 9790
was A-ended and/or U-ended codons preferred.

Although the overall RSCU values in a genome
can reveal the codon usage pattern of a whole genome,
it may hide some codon usage variations among differ-
ent genes in a genome. ENC and GC,g, two important
codon usage indices, have been widely used to study

the codon usage variation among different genes. The
distributions of ENC values in Methanosarcina mazei
str. Goel are shown in Fig. 1 by a rose histogram,
while Fig. 2 shows the distribution plot of ENC against
GC,g for Methanosarcina mazei str. Goel. The solid
line in Fig. 2 indicates the expected ENC value if the
codon bias is due to GC,q alone.
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Fig. 1  Distribution of ENC values in Methanosarcina
mazei str. Goel
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Fig.2 ENC vs. GC;4 plot of all of Methanosarcina mazei

str. Goel genes

In order to further investigate the correlation be-
tween synonymous codon usage bias and nucleotide
compositions, a linear regression analysis was imple-
mented. The R’ value and the significance level of the
regression analysis are listed in Tab. 3.

Tab.3 R’ value of linear regression analysis

Euryarchaeota Axis 1 Axis 2

Methanosarcina mazei str. Goel 0.761* 0. 006 *

Notes: Axis 1 and axis 2 represent the values of the first and the second
axis in PCA, respectively; * P-value <0.01.

2.2 Synonymous codon usage variation in three
Euryarchaeota microbial genomes

To investigate the synonymous codon usage varia-
tions among Methanosarcina mazei str. Goel and the
other two phylogenetically related Euryarchaeota mi-
croorganisms, we also calculated the codon usage data
of genes in those three microorganisms. PCA was im-
plemented for all the identified ORFs from the three
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genomes according to the RSCU value of each gene.
To minimize the effect of amino acid composition on
codon usage, each gene was represented as a 59 dimen-
sional vector. Each dimension corresponded to the
RSCU value of one sense codon (excluding Met, Trp
and the stop codons). A plot of the first axis, second
axis and the third axis of each gene is shown in Fig. 3.
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Fig.3 A plot of main three axes of each gene
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2.3 Gene function and the codon usage among Eu-

ryarchaeota microorganisms

Because all of the three microorganisms contain
genes coding for argininosuccinate lyase, DNA primase,
CTP synthetase, DNA polymerase I large subunit and
Acylphosphatase, those gene groups were selected to find
whether there was a correlation between codon usage
and gene function. The hierarchical cluster result of the
15 genes is shown in Fig.4. The letters (a, b, c,d and e)
represent five gene products ( argininosuccinate lyase,
DNA primase, CTP synthetase, DNA polymerase [I large
subunit, Acylphosphatase, respectively) .

CASE 0 5 10 16 20 26
Label Hun

H2610c 8
H2610d 9
N2610a 8
N2610b T
N2610e 10
P9790c 13
P9790d 1
P9730b 12
P97902 1
Goela 1
Goeld 4
Goelb 2
Goelc 3
P9780e 15
Goele &

Fig.4 Dendroid chart of the cluster result of 15 genes

]

3 Discussions

3.1 Synonymous codon usage in Methanosarcina

magzei str. Goel

Synonymous codon usage in Methanosarcina
mazei str. Goel is less biased. Tab. 2 clearly shows
that U-ended and/or A-ended codons are preferential-
ly used in this genome. In Fig. 1, The ENC values of
different Methanosarcina mazei str. Goel genes vary
from 23. 97 to 61. 00, with a mean value of 50. 11 and
a standard deviation of 4. 88. Because approximately

86% ENC value of Methanosarcina mazei str. Goel
genes are higher than 45, the codon usage bias in
Methanosarcina mazei str. Goel genome is a little
slight. The GC, values of Methanosarcina mazei str.
Goel genes range from 0. 01 to 0. 51 with a mean of
0. 25 and a standard deviation of 0. 05.

It is reported that a plot of ENC against GC,4 can
be effectively used to explore the heterogeneity of co-
don usage among genes'*. If GC, is the only deter-
minant factor shaping the codon usage pattern, the val-
ues of ENC would fall on a continuous curve, which
represents random codon usage'”'. As shown in Fig.
2, the points in the plot are quite spreaded out and the
bulk of genes do not appear to be following the theo-
retical curve, which suggests that there are other con-
tributors to the codon usage pattern in Methanosarcina
mazei str. Goel besides the genomic composition.

Tab. 3 indicates that between axis 1 and the GCjg
value, R is equal to 0.76. So we are able to explain
the 76. 1% of variance in axis 1 using information a-
bout the GC, value'® . And there is a significant cor-
relation between GC,¢ content and the first two main
PCA axes of RSCU in Methanosarcina mazei str.
Goel. Therefore, it is unquestionable that base compo-
sitional constraints are the major sources determining
the codon usage in the whole genome of these micro-
organisms.

3.2 Synonymous codon usage in Crenarchaeota
microbial genomes

Synonymous codon usage in Crenarchaeota mi-
crobial genomes is phylogenetically conservative. Al-
though Fig. 3 is a little complex with some overlap
among genes from different genomes, it is clear that
Methanosarcina mazei str. Goel genes are mainly lo-
cated on the left side of the plot, while most of the
Picrophilus torridus str. DSM 9790 genes are located
on the middle of the plot and Natronomonas pharao-
nis str. DSM 2160 genes are located on the right side.
Hence, synonymous codon usage appears to be con-
served between phylogenetically related Euryarchae-
ota microorganisms.

3.3 Gene function and the codon usage among
Crenarchaeota microorganisms

Gene function has no correlation with the codon
usage among Crenarchaeota microorganisms. Fig. 4
indicates that the genes within the same microorgan-
isms are clustered together with only one exception
which is marked by a line. Thus we conclude that it is
the species, rather than the gene function, that deter-
mines the gene codon among those Euryarchaeota mi-
croorganisms.
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4 Conclusion

Data analysis reveals that the synonymous codon
usage in Methanosarcina mazei str. Goel 1is less bi-
ased, which is highly correlated with the GC;g value.
Comparative analysis of Methanosarcina mazei str.
Goel and two other Euryarchaeota microorganisms
( Picrophilus torridus str. DSM 9790 and Natrono-
monas pharaonis str. DSM 2160) shows that synony-
mous codon usage in Euryarchaeota microbial ge-
nomes is phylogenetically conservative. Moreover, it is
reported that the gene function plays a major role in
the gene codon usage pattern for some species'” .
However, in our analysis, it is more the species than
the gene function that determines those Euryarchaeota
microorganism gene codon usage patterns. Consider-
ing that Methanosarcina mazei str. Goel, Picrophilus
torridus str. DSM 9790 and Natronomonas pharaonis
str. DSM 2160 live in quite different environments, we
presume that their living environments play an impor-
tant role in determining the codon usage pattern of
those microorganisms.
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