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12) received simultaneous inoculation with 105 copies
each of HBV/A (A2_JPN strain) and HBV/G
(G_US1646 strain). The ChiM93-10 mouse developed
HBV/G DNA 17 weeks after inoculation, 9 weeks since
HBV/A DNA had increased to >107 copies/ml (Fig. GA).
HBV/G DNA increased to the level of total HBV DNA at
week 21, thereby indicating that by then, HBV/G had
taken over HBV/A almost completely.

For the reasons unknown, infection with HBV/G was
not established in the ChiM93-12 mouse simultaneously
coinfected with HBV/A (Fig. 6B), although it was in-
fected with HBV/A in levels by some 2 logs lower (107
copies/ml) than the ChiM93-10 mouse. Serum levels
of human albumin in the ChiM93-12 mouse (mean,
2.1 X 10¢ ng/ml) were much lower than the other
chimeric mice used in this study (mean, 4.7 X 106
ng/ml). Thus, a lower extent of repopulation with hu-
man hepatocytes may have prohibited active replica-
tion of HBV/A. This would be a prerequisite to
infection with HBV/G at high levels.

Coinfection of Mice with HBVIA and HBVIG by
Inoculation with a Mouse Passage of G-on-A Super-
infection. Three ChiM mice (ChiM169-8, ChiM133-3,
and ChiM133-6) received serum from a ChiM92-9
mouse with G-on-A superinfection taken at week 26,
when HBV/G had almost replaced HBV/A (Fig. 3A).
Profiles of HBV/A and HBV/G, after inoculation with
105 copies of HBV DNA, were similar among the mice
(Fig. 7A-C). HBV/G DNA was detected at week 1 in
levels comparable to those of total HBV DNA. Despite
receiving the inoculation with a mouse passage containing
HBV/G, in copies by 5 logs greater than those of HBV/A,
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HBV/G DNA decreased thereafter and stayed >1 log
lower than total HBV DNA until week 7. Since week 4,
HBV/G started to increase and replaced HBV/A almost
completely until weeks 10-12, and continued to do so
through weeks 19-22 of the observation (Fig. 7A).

Cloning and Sequencing HBV DNA in Chimeric
Mice Coinfected with HBV/A and HBV/G. HBV
DNA clones from sera of ChiM92-9 sampled at 26 weeks
(Fig. 4A) and ChiM169-8 inoculated with serum passage
in it (Fig. 7A) included those of HBV/A and G invariably.
They confirmed the results of real-time detection PCR
and PCR-RFLP and did not possess any mutations in
comparison with the original inoculum of either geno-
type. No recombinations between HBV/A and G were
detected, either. At least 5 clones of cach genotype were
propagated and sequenced in both sera.

Cotransfection of Hub7 Cells with Plasmids Car-
rying the Core Gene of Genotype A and the Entire
Genome of Genotype G. Huh7 cells were transfected
with 2 plasmids that were pcDNA_core clones that ex-
pressed the core protein of genotype A2, under the con-
trol of cytomegalovirus promoter, and the pUC19/G
clone incorporated with 1.24-fold the genome of geno-
type G. Transfection only with genotype G induced its
replication in a weak level (Fig. 8). When Huh7 cells were
cotransfected with the genotype G clone and the genotype
A core clone, however, the replication was enhanced in a
dose-dependent manner.

Liver Pathology of ChiM Mice Infected with
HBV/A and/or HBV/G. Figure 9 shows the histology of
liver in representative ChiM mice either simultaneously
coinfected with genotypes A and G (viremia of only ge-
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Fig. 7. (A) ChiM169-8, (B) ChiM133-3, and (C) ChiM133-6 mice
inoculated with a serum passage from a mouse coinfected with geno-
types A and G (ChiM92-9 in Fig. 4A).

notype A in ChiM93-12) or superinfected with genotypes
G-on-A (ChiM92-9) and monoinfected with genotype G
(ChiM92-3) during 32-39 weeks. HBV infection was
demonstrated by double staining for HBcAg and human
albumin (Supplementary Fig. 2). The mouse coinfected
with genotypes A and G revealed steatosis of hepatocytes
with hematoxylin-eosin stain and fibrosis of stage 2 (F2)
with Masson’s trichrome stain. In contrast, the mice
monoinfected with genotype A (ChiM93-12) or G
(ChiM92-3) had neither steatosis nor fibrosis. Table 1
summarizes the liver pathology of all autopsied mice. Ste-
atosis in 30%-80% of repopulated human hepatocytes
and stage F1-F2 fibrosis were observed in the majority of
mice superinfected or coinfected with genotypes G and A

or C.
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Fig. 8. Trans-complementation of the core gene of genotype A for
enhanced replication of genotype G. Huh7 cells were cotransfected with
plasmids constructed with 1.24-fold the genome of genotype G
(pUC19/G) and plasmids expressing the core gene of genotype A
(pcDNA_core) in an increasing ratio. Gel strips were Southern-blotted by
the complete HBV probe of genotype G. The far left lane represents
negative control with pcDNA_core alone. The migration position of
single-stranded (ss) HBV DNA is indicated on the left.

Discussion

Using ChiM mice infected with pedigreed HBV DNA
in the standardized copy number, we have determined
early viral dynamics of HBV/G in detail. Due to con-
straints on securing ChiM mice with a satisfactory rate of
replacement for human hepatocytes (>60%), only 2 or 3
of them were used for each experiment. Concordance of
viral dynamics among them, however, would give cre-
dence to the reproducibility of obtained results.

HBV/G infected ChiM mice by itself in corroboration
with its monoinfection in human beings.2! The replica-
tion was very slow, however, and did not elevate serum
HBV DNA to levels detectable by the method used
(>10? copies/ml). Coinfection with HBV/A enhanced
the replication of HBV/G remarkably. HBV/G replicated
vividly when coinfected with HBV/C, as well. However,
the time required for a 10-fold increase (log time) is 2-fold
longer in mice initally infected with HBV/C versus
HBV/A (3.3 versus 1.6 weeks). Combined, these results
would indicate that HBV/G can thrive at the expense of
other genotypes, and coinfection with HBV/A is much
more advantageous for its enhanced replication than the
other genotypes, including HBV/C. In support of this
view, coinfection with HBV/A is frequent in individuals
infected with HBV/G.1¢34 Such a heavy dependence of
HBV/G on HBV/A does not require recombination be-
tween them, because no recombination events occurred
in ChiM mice coinfected with them.

The initial replication of HBV/G was much slower
than that of HBV/A, even in simultaneous coinfection.
This was typically observed in three ChiM mice inocu-
lated with a mouse passage of G-on-A superinfection con-
raining HBV/G in the concentration a few logs higher
than that of HBV/A. Despite such an enormous differ-
ence in introduced virions, the replication of HBV/A far
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Fig. 9. Liver histology in a ChiM92-3 mouse monoinfected with genotype G, a ChiM93-12 mouse coinfected with genotypes A and G (but
persistently infected with genotype A alone), and a ChiM92-9 mouse superinfected with genotype G-on-A. Liver sections stained with hematoxylin-

eosin or Masson’s trichrome stain are shown.

exceeded that of HBV/G in the initial several weeks.
Thereafter, HBV/G caught up with HBV/A, then took it
over almost completely. Such a replacement was observed
when HBV/G was superinfected on HBV/A, or vice versa.

The mechanism by which genotype G depends on ge-
notype A for replication was pursued in cotransfection
experiments in Huh7 cells. Cotransfection with the pcD-
NA_core clone carrying the core gene of genotype A2
increased the replication of the pUC19/G clone con-
structed with 1.24-fold the genome of genotype G in a
dose-dependent manner (Fig. 8). Hence, #rans-comple-
mentation with the core protein of genotype A would be
required for genotype G to replicate actively. The possi-

Table 1. Steatosis and Fibrosis in Human Hepatocytes in
the Liver of Chimeric Mice Monoinfected or Coinfected with

HBV/G
Features
Steatosls Fibrosis

Inoculation Mouse No. (%)* Stage
G alone ChiM92-3 <5 FO
ChiM 184-4 <5 FO
A alone ChiM 93-121 <5 FO
A-on-G ChiM 93-4 50 Fi
ChiM 172-3 40 F1
G-on-A ChiM 92-9 40 F2
ChiM 124-11 50 F1
G-on-C ChiM 91-21 80 F2
ChiM 95-11 NA NA
A plus G ChiM 93-10 30 FO
Passage ChiM 169-8 50 F1
A plus G ChimM 133-3 <5 F2
ChiM 133-6 30 F2

Abbreviation: NA, not available.
*Percentage of human hepatocytes with steatosis. tSimultaneously inoculated
with A plus G but became infected with genotype A only (Fig. 6B).

10

bility remains, however, for other viral elements from
coinfecting genotypes to enhance the replication of geno-
type G. Cotransfection of cultured cells with genotype G
and others would help clarify how it depends on coinfect-
ing the other genotypes.3s

Coinfection with HBV/G may be associated with
pathological manifestations. ChiM mice coinfected with
HBV/A and HBV/G developed steatosis and fibrosis in
the liver not observed in mice monoinfected with either of
these genotypes. Very recently, Lacombe et al.22 reported
more severe fibrosis in HIV-positive French patients who
were infected with HBV/G than the others; they would
most likely have been coinfected with other genotypes in
undetectable levels. On the basis of clinical and experi-
mental pieces of evidence, it does seem that HBV/G has a
strong disease-inducing capacity, which would be opera-
ble only when it is coinfected with other genotypes. High
levels of HBcrAg in mice with HBV/G (Figs. 3-6) under
immunocompromised states would implicate accumula-
tion of the product of the core gene in the fibrosis of
patients coinfected with it and HIV. Parients with HIV
are infected with HBV at a frequency of 6%-9%, and
liver-related deaths happen more often in coinfected pa-
tients.3637 Fibrosis proceeds faster in patients coinfected
with HIV and HBV, as in those with HCV.3839 Thera-
peutic intervention to prevent fibrosis would be required
in patients coinfected with HIV and HBV, particularly in
HBV/G patients.

In conclusion, the early viral dynamics of HBV/G have
been characterized in ChiM mice monoinfected with
HBV/G or coinfected with other genotypes. The replica-
tion of HBV/G is very slow and depends heavily on coin-
fection with other genotypes. HBV/G rapidly takes over

0
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the other genotypes, though they are indispensable. Infec-
tion with HBV/G may induce steatosis and fibrosis in the

liver—but again, only in the case of coinfection with
other genotypes. However, it is still unclear whether or
not such an increased pathogenicity of HBV/G is ex-
pressed exclusively in animals and patients with genetic or
acquired immune deficiency.
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ABSTRACT

Understanding regulatory mechanisms of protein
synthesis in eukaryotes is essential for the accu-
rate annotation of genome sequences. Kozak
reported that the nucleotide sequence GCCGCC
(A/JG)ICCAUGG (AUG is the initiation codon) was
frequently observed in vertebrate genes and that
this ‘consensus’ sequence enhanced translation
initiation. However, later studies using invertebrate,
fungal and plant genes reported different ‘con-
sensus’ sequences. In this study, we conducted
extensive comparative analyses of nucleotide
sequences around the initiation codon by using
genomic data from 47 eukaryote species including
animals, fungi, plants and protists. The analyses
revealed that preferred nucleotide sequences are
quite diverse among different species, but differ-
ences between patterns of nucleotide bias roughly
reflect the evolutionary relationships of the species.
We also found strong biases of A/G at position —3,
A/C at position —2 and C at position +5 that were
commonly observed in all species examined. Genes
with higher expression levels showed stronger
signals, suggesting that these nucleotides are
responsible for the regulation of translation initiation.
The diversity of preferred nucleotide sequences
around the initiation codon might be explained by
differences in relative contributions from two distinct
patterns, GCCGCCAUG and AAAAAAAUG, which
implies the presence of multiple molecular mecha-
nisms for controlling translation initiation.

INTRODUCTION

The control of translation initiation is one of the most
fundamental processes in the regulation of gene expression.
In 1978, Kozak (1,2) proposed the scanning model for
translation initiation in eukaryotes. According to this
model, the 408 ribosomal subunit with several initiation
factors binds the 7-methyl guanosine cap at the 5 end of an
mRNA and moves along the mRNA until it encounters
an AUG codon. It was also proposed that when the AUG
codon is in the context of GCCGCC(A/G)CCAUGG
(A/G represents A or G and AUG represents the
translation initiation codon), which is called the ‘Kozak
consensus sequence’, the efficiency of translation initiation
is enhanced. However, the detailed molecular mechanism
of translation initiation in eukaryotes is still unclear.
Moreover, although the sequence is described as a ‘con-
sensus’ sequence, the extent of conservation is quite low.
It was reported that only 0.2% of vertebrate genes contain
precisely the sequence GCCGCC(A/G)CCAUGG (3). We
therefore avoid using the word ‘consensus’ in this context,
and instead refer to the sequence as ‘preferred’ sequence.
Kozak compiled 211 genes (4) and 699 genes (5)
primarily from vertebrates and obtained the above
sequence. This sequence was initially thought to be
essential for all eukaryotes (4). Later, however, it was
revealed that a preferred nucleotide sequence around the
initiation codon varies considerably among different
species. The preferred sequences are GCGGC(A/C)
(A/GYA/CYCAUGGCG for Monocots (1127 genes),
AAAAAAA(A/C)AAUGGCU for Dicots (derived from
3643 genes) (6), ACAACCAAAAUGGC for Drosophila
melanogaster (192 genes), UAAAT(A/C)AACAUG
(A/G)C for other invertebrates (155 genes), and
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AAAAAAAAAAUGTC for Saccharomyces cerevisiae
(461 genes) (3). Kozak also reported that replacement of
A/G at position —3 (three bases before the initiation
codon) and G at position +4 (one base after the initiation
codon) strongly impaired translation initiation in mam-
mals (7,8). However, in S. cerevisiae nucleotide substitu-
tions at position —3 did not substantially affect the rate of
translation initiation (9,10), although there is a nucleotide
bias towards A at this position (3). It therefore appears
that the molecular mechanisms for recognizing the
initiation codon vary among species.

There have been two limitations to previous studies
aimed at identifying preferred sequences around the
initiation codon. First, the number of species and genes
examined was limited. In this study, we used whole-
genome expression data and gene sequences from diverse
eukaryote species. The second issue has been that the GC
contents in genomes are known to differ from species to
species. The preference for A before the initiation codon in
Dicots and S. cerevisiae can be partially explained by the
AT-richness of their genomes. To compare nucleotide
sequences responsible for translation initiation among
various species, differences in the usage of nucleotides in
each genome must be considered. We previously invented
a method of graphically representing nucleotide appear-
ance biases at each position in a gene on the basis of the
deviation from the expected values that are calculated for
a given genome sequence (11,12). Application of this
method to bacterial genomic data led to the successful
identification of the Shine-Dalgarno (SD) sequence, a
well-characterized signal for translation initiation in
prokaryotes (11). We have also reported that the
nucleotides appearing at the second codon (the codon
next to the initiation codon) are highly biased in eukaryote
genes and that a preferred second codon is characteristic
of each species (e.g. GCG for mammals and plants) (12).

To obtain additional insight into the molecular mecha-
nisms of translation initiation in eukaryotes, we exten-
sively examined the nucleotide sequences around the
initiation codon by using the method introduced above.
We conducted comparative analyses of the biases in
nucleotides located in positions proximal to the initiation
codon among 47 eukaryote species including animals,
fungi, plants and protists. We thereby were able to identify
both universal and species-specific features, and these
features possibly reflect the evolution of the mechanism of
translation initiation.

MATERIALS AND METHODS
Data

We used cDNA or genome sequence data from 47
eukaryote species including 22 metazoans, eight plants,
nine fungi and eight protists. Species names and the
database used are shown in Table 1. We used only protein-
coding genes that start from the AUG codon and end with
a stop codon. As for human genes, we used genes in
categories I-1V provided by the H-Invitational Database
(13). When information about alternative splicing variants
was available, only one representative sequence with the

longest coding sequence (CDS) was used. Otherwise, all of
the protein-coding genes were used [for UniGene database
(14)]. The amount of expressed mRNAs in humans and
S. cerevisiae, obtained by serial analysis of gene expression
(SAGE), were downloaded from H-ANGEL (http://
jbirc.jbic.or jp/hinv/h-angel/) (15) and Holstege’s web
site (http://www.wi.mit.edu/young/expression.html) (16),
respectively.

Evaluation of nucleotide frequency bias

To examine biases in nucleotide appearance around the
initiation codon, all genes from each species were aligned
at the initiation codons without any alignment gaps. The
number of each nucleotide [A, U (T), G and C] was
counted at each position in the alignment. The observed
numbers of nucleotides were compared with the expected
numbers using the likelihood-ratio statistic or the
G-statistic, which is used for a test for goodness-of-fit
(17). The expectations were calculated for each species in
four separate categories, namely, the 5 untranslated
regions (UTRs) and the first, second and third positions
in a codon in CDSs, because nucleotide frequencies are
different among these categories. The G-value at position i
was calculated by the formula:

) . (D
60 =23y 0p(%) !

n

where O is the observed number of nucleotide n (A, U, G
and C) at position i, and E? is the expected number of
nucleotide n in the category to which position i belongs
(5 UTRs or the first, second or third positions in a
codon). As regards the genomic data [RefSeq, MIPS and
GeneDB (14,18,19)], 100 base-pair (bp) regions upstream
from the initiation codon were regarded as the 5 UTRs
and data from these regions were used for the computa-
tion of the expectatnons It is known that the distribution
of the G-statistic is approximated by the ¥*-distribution
with f— 1 degrees of freedom when the sample size is large,
where f is the number of different classes (f = 4). Each
term in Formula | represents the contribution of each
nucleotide to the bias. When O is larger and smaller than
EW, the values of 209 In(0¥/E®) become positive and
negative, respectively. For this reason, we regarded each
term in Formula 1 as a measure of the bias for each
nucleotide at a given position. G-values are proportional
to the number of genes (V) when the fractions of observed
and expected numbers of nucleotides are the same. To
compare nucleotide biases among different species with
different numbers of genes, we defined a value that is not
affected by the number of genes, g/ = 20 In(0{/el)),
where 07 and el are the fractions of the observed and
expected numbers of nucleotide n at position i. When 0! is
zero, g is defined to be zero. The G-value divided by Nis
equal to the sum of g(GW/N =3 g).

Cluster analysis of the patterns in nucleotide biases

We quantified similarities between the patterns in nucleo-
tide bias around initiation codons by using the Pearson’s
correlation coefficient. The correlation coefficient rxy

o



Table 1. The 47 eukaryote species used for analysis
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Species

Common name

Database®

Animals, Vertebrates
Homo .s'apiensh
Pan troglodyies®
Macaca fascicularis®
Macaca nudarta®
Mus musculus®
Raitus norvegicus®
Oryctolagus cuniculus
Canis familiaris®
Bos taurus®
Sus scrofd®
Gallus gallus®
Xenopus laevis®
Xenopus tropicalis®
Danio rerio

b

Animals, Invertebrates
Ciona intestinalis®
Drosophila melanogasier®
Anopheles gambiae’

Apis lme/[l_'ferah
Bombyx mori®
Tribolium castaneum
Caenorhabditis elegans®
Schistosoma juponicmnh

Plants, Monocots
Oryza sativa®
Hordeum vulgare’,b
Triticum aestivum
Zea maysh

Plants, Dicots
Arabidopsis thaliana®
Glycine max®
Lycopersicon esculentum®
Solanum tuberosum®

Fungi
Saccharomyces cerevisiae
Debaryomyces hansenii
Eremothecium gossypii
Kluyveromyces lactis
Yarrowia lipolytica
Candida glabrata
Schizosaccharomyces pombe
Aspergillus fumigatus
Cryptococcus neoformans

Protists
Theileria parva
Theileria annulata
Cryptosporidium parvum
Plasmodium falciparum
Leishmania major
Trypanosoma brucei
Dictyosteliun discoideum
Cyanidioschyzon merolae

Human

Chimpanzee
Crab-eating macaque
Rhesus monkey
Mouse

Rat

Rabbit

Dog

Cattle

Pig

Chicken

African clawed frog
Western clawed frog
Zebrafish

Sea squirt
Fruit fly

African malaria mosquito

Honeybee
Domestic silkworm
Red flour beetle

Rice

Barley

Bread wheat
Indian corn

Thale cress
Soybean
Tomato
Potato

Budding yeast

Fission yeast

Slime mold

H-Invitational Database 3.0 (13)
Ensembl (CHIMPLA) (35)
UniGene (14)

Ensembl (MMUL_0_1)
FANTOM3 (36)

Mammalian Gene Collection (37)
UniGene

Ensembl (BROADDI)
Mammalian Gene Collection
UniGene

Ensemble (WASHUC!)
Xenopus Gene Collection (38)
Xenopus Gene Collection
Zebrafish Gene Collection (39)

UniGene

Ensemble (BDGP4)
Ensemble (AgamP3)
Ensemble (AMEL2.0)
UniGene

RefSeq (14)
Ensemble (CEL150)
UniGene

KOME (released on 24 December 2004) (40)
UniGene
UniGene
UniGene

TAIR (released on 28 February 2004) (41)
UniGene
UniGene
UniGene

MIPS (18)

RefSeq

RefSeq

RefSeq

RefSeq

RefSeq

GeneDB (Version 2.1) (19)
RefSeq

RefSeq

RefSeq

RefSeq

RefSeq

GeneDB (released on 26 January 2006)
RefSeq

RefSeq

dictyBase (released on 3, May, 2006) (42)
Cyanidioschvzon merolae Genome Project (43)

*These data were downloaded from the following websites. H-Invitational Database 3.0, http://www jbirc.jbic.or.jp/hinv/ahg-db/; Ensembl, http://
www.ensembl.org/; UniGene, http://www.ncbi.nlm.nih.gov/sites/entrez?db = unigene; FANTOM3, http://fantom.gsc.riken.go.jp/; Mammalian Gene
Collection, http://mge.ncinih.gov/; Xenopus Gene Collection, http://xge.nci.nih.gov/; Zebrafish Gene Collection, http://zge.nei.nih.gov/; RefSeq,
http://www.ncbi.nim.nih.gov/RefSeq/; KOME, http://cdna0l.dna.affrc.go.jp/cDNA/; TAIR, http://www.arabidopsis.org/; MIPS, http://mips.gsf.de/;
GeneDB, http://www.sanger.ac.uk/; dictyBase, http://dictybase.org/; Cyanidioschyzon merolae Genome Project, http://merolae.biol.s.u-tokyo.ac.jp/.

Species for which ¢cDNA data were used.
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between species X and Y was calculated from the g, values
from positions —9 to —1 in the ¥ UTRs, and from positions
+4 1o +6 in the CDSs (the second codon) as follows:

) (gg?n - %) (g(\'?’n - g_v)

2 2
\/z_; (¥ — &%) \/zz (€% -2v)
! i n

where g()?n and g(\l,)n represent g, values of nucleotide n
(A, U, G or C) at position i in species X and Y,
respectively, and gx and gy represent the average of g,
values among all positions (from -9 to —! and from +4 to
+6) and nucleotides in species X and Y, respectively. We
calculated r-values for all combinations among the 47
species examined and defined the similarity score D as
1 —r. Using the similarity scores, the cluster analysis was
conducted by the group average method (Figure 3), the
centroid method and the Ward method (Figure S1). Note
that D is free from the absolute values of g,. When the
number of genes used is small, the g, values tend to
become large, apparently because highly expressed genes
are more likely to be contained in a small gene set than are
genes expressed at low levels. Therefore, although the g,
values are affected by the number of genes, the values of D
are expected to be robust against the difference in the

number of genes for each species.

Fxy =

Evaluation of hexanucleotide biases

We evaluated the deviation of the observed number of a
particular combination of nucleotides from the expected
number by using the Z-value (Tables 3 and 4 and Table Sl
that is available as Supplementary Data). The Z-value was
calculated by Z = (O — E)/[E(1 — E/N)]"2, where N is the
number of genes, and O and E are observed and expected
numbers of a particular combination of nucleotides,
respectively. The expected number was calculated by
assuming that a nucleotide at each position appears
independently (see the legend of Table 3). We calculated
the Z-values for all possible combinations of six nucleo-
tides (4% = 4096 combinations) in the region upstream of
the initiation codon (from positions —6 to —1) and ranked
them according to the Z-value. To see whether a sequence
that is a mixture of GCCGCCAUG and AAAAAAAUG
is suppressed in genes or not, we examined hexanucleotide
sequences generated by combining three nucleotides from
GCCGCCAUG and three nucleotides from AAAAAA
AUG (e.g. GAAACCAUG or ACAGACAUG). There
are 20 (4Csz) such combinations (Table 4). From them, we
excluded AAAGCCAUG and GCCAAAAUQG, because
GCCAUG and AAAAUG were observed much more
frequently than the expectations (Table S1). We regarded
the remaining 18 sequences as ‘mixed sequences’. We
conducted the Wilcoxon rank sum test to see whether the
ranks of the 18 mixed sequences are significantly low
among the 4096 sequences or not.

RESULTS

We evaluated biases in nucleotide appearance at each
position around the initiation codon by using the

10

G-statistic (see Materials and Methods section). Figure 1
shows the results obtained for 10 012 human genes. As
shown in the upper diagram of this figure, the fractions of
nucleotides A, T, G and C vary considerably in a position-
dependent manner. The largest deviation of nucleotide
frequencies from the expected values was observed at
position —3, which is indicated by the largest G-value at
this position (middle diagram). At this position, the values
of g, are positive for A and G (lower diagram), which
indicates that A and G appear more frequently than the
expectations (see Materials and Methods section). In fact,
the fractions of A and G at position —3 are 39.3% and
34.6%, respectively, which are much larger than those in
the entire 5 UTRs of 10 012 human genes (23.7% and
26.6%, respectively). The results depicted in the lower
diagram suggest that the preferred sequence in humans is
GCCGCC(A/G)(C/A)YCAUGGCG, which is nearly the
same as the sequence reported by Kozak (4,5). Note that
the bias of GCG at the second codon is also quite strong,
as we previously reported (12).

H.sapiens| 10,012
SUTR, 24 bp CDS, 24 bp
8 ¢ 2 w - 45, 2 @2 g

A

U

G

C

0.3}
= 02
N
O 04 II d

0l

0.8

06

0.4
03:0.2- 0

. L]
-0.2

-0.4

Figure 1. Biases in nucleotide appearance for 10012 human genes. Top,
fractions of nucleotides appearing at each position in 24 base-pair (bp)
regions in 5 UTRs and CDSs. A, U, G and C are shown in green,
magenta, yellow and blue, respectively. Middle, G-values divided by the
number of genes (N = 10012), showing the deviation from the expected
values. Bottom, the values of g, for n = A, U, G or C at each position.
The color scheme is the same as that used in the diagram at the top.
Colored bars above and below the horizontal line indicate positive and
negative g, values, respectively, and these bars were drawn without
overlapping. In the middle and bottom diagrams, the values for the
initiation codon (AUG) are omitted. Note that the biases shown in
this figure are statistically highly significant (P << 107'? from positions
-9 to +6) because of the large sample size.
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We applied the method described here to investigate the
genes of 47 eukaryote species for which full-length cDNA
or whole-genome data are available (Figure 2). These
species included a wide variety of eukaryotes such as the
soil-dwelling social amoeba Dictyostelium discoideum and
the unicellular red alga Cyanidioschyzon merolae (Table 1).
We used cDNA data when they are available, because
gene annotation based on expression data is expected to
be more accurate than that predicted from genome
sequences. For most of the animal and plant species
examined, cDNA data were used (Table 1). In Figure 2,
only the region from positions —9 to +6 is shown, in
which the G-values are relatively large. This figure reveals
that the preferred nucleotide sequences around the
initiation codon, as well as the extent of deviation from
the expectations, vary among species. However, several
features were commonly observed among species. For
example, A is preferred at position —3 in all species
examined. To compare the patterns of bias in nucleotide
frequencies among different species, we quantified the
similarity of g, values in the region from positions —9 to
+6 between two species (see Materials and Methods
section). By using a similarity score (D), we conducted the
cluster analysis (Figure 3). The results showed that
vertebrates, Monocots and Dicots each formed a cluster,
thus indicating that the patterns of nucleotide bias are
similar within each of - these groups of organisms.
Although the cluster dendrogram changed depending on
the method of cluster analysis used, the clustering of
vertebrates, Monocots and Dicots was robust (Figure S1).
Fungi, invertebrates (containing urochordates, arthro-
pods, nematodes and platyhelminithes) and each taxo-
nomic group of protists also tended to form a cluster.
These observations suggest that the patterns of nucleotide
bias around the initiation codon roughly reflect the
evolutionary relationships of eukaryote species.

Figure 4 shows the preferred sequences for each
taxonomic group of eukaryotes. These sequences were
obtained by taking the average of the patterns of
nucleotide bias for all species belonging to each group.
The sequences obtained here are similar to those
previously reported. For example, for Monocots the
preferred sequence obtained is G(A/C)G/A)GC(A/C/
GYG/A)C/AYG/CO)AUGGCG, which is similar to that
reported in Joshi er al. (6) (see Introduction section). The
following biases in nucleotide appearance were commonly
observed among all taxonomic groups examined: —6G
(G at position —6), —3A/G, —2A/C and +5C. Of these
biases, —3A is the most remarkable. Moreover, a general
tendency toward the under-representation of U around
the initiation codon was observed. The biases in protists
are relatively weak, reflecting highly variable patterns of
nucleotide bias in these species (Figure 2).

Figure 4 also suggests that A-rich biases are present in
the region from positions —4 to —1 in almost all species
examined. These biases are clearly observed even in
species with very low GC content. For example, the
fraction of A in the D. discoideum genome is 38.8% (the
GC content is 22.4%) (20), while the fraction of A at
position —3 is as high as 85.9% (Figure S2). Moreover, we
identified signals that had not been reported to date.
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Monocots showed a signal of GC(C/G)GC(C/G)AUG as
mentioned above, but a similar pattern was also observed
in Dicots. Furthermore, a relatively weak but clear signal
of GCCGCCAUG was detected from invertebrates and
fungi, which is similar to the sequence for vertebrates.
It therefore appears that the preferred sequences in
eukaryotes can be regarded as a summation of the
repetition of GCC and that of A (see Discussion section).

To determine whether the biases described above are
responsible for the efficiency of translation initiation, we
examined the correlation of the strengths of the biases
with gene expression levels. It is reasonable to assume that
the translation rates would be high for highly expressed
genes and low for genes expressed at low levels. In fact, we
have conducted a genome-wide microarray analysis and
shown that the efficiency of translation initiation is
correlated with the expression level of mRNAs for
S. cerevisiae genes (Akiyama er al., unpublished data).
Therefore, the signals for efficient translation initiation are
assumed to be more conspicuous for highly expressed
genes. Figure 5A indicates the results for 1000 genes with
high expression levels and those for 1000 genes with low
expression levels in humans and S. cerevisiuze. Table 2
gives the fractions of —3A and + 5G for genes expressed
at high and low levels, and those for the entire set of genes
in the two species. These results clearly show that the
biases identified by using an entire set of genes became
stronger when highly expressed genes were used. These
results suggest that some of the preferred sequences
identified in this study are responsible for the efficiency
of translation initiation.

We also identified a clear pattern of three-base
periodicity from several vertebrate and Monocot species
(Figure 5B). Interestingly, a similar pattern of a GCC or
GCG repeat was observed in both 5 UTRs and CDS
regions, and the biases were more prominent in the regions
near the initiation codon. One might suspect that the
three-base periodicity in the 5 UTRs is due to an artifact,
ie. that the CDSs are wrongly annotated as UTRs
because of an inaccurate assignment of initiation
codons. To determine whether this observation is due to
an artifact or not, we conducted the same analysis using
only the genes containing an in-frame stop codon in the 5
UTR, but which do not contain any in-frame AUG
codons between the initiation codon and the closest
upstream stop codon from the initiation codon
(Figure S3A). For such genes, there are no possibilities
that wrongly annotated 5 UTRs used in the analyses
contain CDSs. The results clearly show that the periodic
pattern described above is also observed in such genes,
suggesting that this pattern is not an artifact, but rather a
signal for the initiation of translation (Figure S3B).

As shown in Figure 5C, U- and A-rich biases were
commonly observed around positions —40 and —15,
respectively, in amphibians, fishes and insects. In
D. melanogaster, for example, the average fraction of U
in the region from positions —45 to —35 is 28.2%, and the
average fraction of A from positions —20 to —10-is 35.6%.
These values are considerably larger than the averages in
the entire 5 UTRs (21.4% for U and 31.5% for A).
However, these biases are not clear in the other species.




866 Nucleic Acids Research, 2008, Vol. 36, No. 3

R.norvegicus 4,855 M.mulatta 1,128  S.scrofa 2035 P.troglodytes 2,937 M. musczdus 17,473 C.familianis 1,127 leplcahs 2919

1.2 1.0 1.2 10 1.0 10

10 08 1.0 08 08 08 ‘-°
08 08 08 08 06 06 08
06 04 0.64 06
0s 04 . 04 04 0.4 o4
0.2 n 02 1 0.2 02 ﬂ 02 02 P 0.2

° | o [ [ ° 0 0
02 -0.2 ' -0.2 02 02 0.2, 02
0.4 -0.4 0.4
o 0.4 oe 04 04 -0.4] o6

Xlaevis 8055  B.iaurus 1,337  D.rerio.7,902 G.gallus 813  O.cuniculus 766 M.fasciulanis 3999 H.sapiens 10,012

1.2 14 1.2 1.2 1.2 0.6 0.8

1.0 12 1.0 1.0 10 06

03 10 08 0.3 08 0.4 "

08 ot 06 06 0.6 i o4

0.4 04 0.4 0.4 0.4 0.2 02

02 02 02 0.2 02 -
]

0 o 0 ! 0o 0 0 [
-02 -02 0.2 02 1 02 02
-0.4 04 -0.4 04 -0.4 02 )
08 08 06 08 0.6 04

L escu.‘entum 765 G.ma)q 570  S.tuberosumS50 A. thaliana, 13,665 S cerevisiae)5,980 K.lactis 5,223 {D.hansenii 6,302
1.0 1.0 10 08 0.6 0.8 0.8
08 0.8 08 0.6 0 08 08
i .4
06 06 06 04 04 0.4
04 0.4 04 02
02 0.2 02 J 0.2 0.2 02

0 [+] 0 [} 0 0 0
-0.2 02 0.2 -0.2 -0.2 -0.2
0.4 0.4 -0.4 02

i -0.4 -0.4 -0.4

(c jlabrata)5,166  |E.gossypil 4,711 Lllpolyuca 6,007] c neofonnafﬂe 085 D.melancgaster 9,517 A gambiae 1,931 Afumigatus)9,923
06 1.0

08 s 0.8 0 8 o8
06

04 0.6 o 0.6
02 0.4 0.4

02 0.2 02 02
o 0 0 0 o
0.2 02 02 -0.2
-02 -04 04 -04 0.4

-0.4
C.intestinalis 898 .B.mori 875 T castaneum 4,820 Lp&%é 4966 C.elogans 6662 |P.falciparum3518 oli.gfvum' 2919

10 14 10 10
12
08 1 08 o8 0.4
08 08 06 06
0.4 g i 04 04 0.2
0.2 02 02 02
o{} Q 0 : * 0 e 0 E 0
0.2 'gi -0, 2 02 02 -02 02
-0.4 o8 :g ; oa -0.4 -04 -
D.discoideum 3,117 [T.parvd 2,179 3792 S.japonicum 4,474 Amelifera1,015  T.brucei 8,750 g.émajoi 1,463
10 0.6 3 06 0.6 1.0 .
08 0.8 06
08 0.4 04 04 0.4 06 04
04 0.4
02 0.2 02 02 0.2 02 02
Y o H 0 0 0 ﬂ 0 0 4
-0.2 -0.2 -0.2
04 02 -02 02 02 0.4 o
Zmays1.194  Hwulgare 568 O.sativa 20670 T.aestivum 769 [ mero/ags 094 §Pec'es # of genes
1.0 1.0 08 1.0 ¢
08 0.8 08 06
06 06 04 06 04
04 04 ’n 02 04 02 WA
02 P- 02 0z 0 |y
] o 0 [¢] -0.2]
G
-0.2 02 -0.2 0.4 e
0.4 0.4 02 04 Y ow cos [ [

Flgure 2. Nucleotide biases around the initiation codon in 47 eukaryote species. Each diagram shows g, values from posmons -9 to +6 in each
species. The name of the species and the number of genes used are also given. The color scheme is the same as that used in Figure 1. The initiation
codon (AUG) is not shown.
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among the dendrograms constructed by three different clustering
methods (Figure S1).
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DISCUSSION

In this study, we revealed that the signals —3A/G, —2A/C
and +5C are common among various eukaryote species
(Figure 4). Several studies have shown that —3A/G plays

(o'e]
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the most crucial role in enhancing translation initiation
(7,21-24). In accord with these studies, our results
indicated that the signal of —3A/G is the most remarkable
in almost all eukaryote species examined, and this signal is
even stronger in highly expressed genes (Figure 5A).
Recently, Pisarev et al. (24) demonstrated that —3G in an
mRNA interacts with a eukaryotic initiation factor el F2a
by using a rabbit cell system, although the amino acids in
an elF2a that are involved in the interaction are still
unknown. Based on this observation, a purine base at
position —3 was proposed to interact with an elF2a as a
key element in translation initiation. Since the amino acid
sequences of this protein are highly conserved among
various eukaryotes, the interaction between the nucleotide
at position —3 and an elF2e may be a common
mechanism for translation initiation.

Although Kozak (25) reported that recognition of the
initiation codon was not augmented by a nucleotide at
position + 5, other researchers suggested that +5A/C in
mammals or +35C in plants affect the efficiency of
translation initiation (26,27). Our analyses using various
cukaryotes (Figures 2 and 4) and highly expressed genes
(Figure 5A and Table 2) suggest the importance of +5C
for translation initiation. However, since the nucleotide at
position +35 determines the chemical properties of the
second amino acid, it is also possible that this nucleotide is
under the functional constraint of the amino acid
sequences (12). As regards the —2A/C signal, to our
knowledge, there has been no experimental data sugges-
tive of its role in the initiation of translation.

Although +4G has been described as important for
translation initiation in vertebrates and plants, the effect
of +4G is relatively minor compared with that of —3A/G
(21,24,25). Our study showed that the nucleotide appear-
ing at position +4 is highly biased, but a preferred
nucleotide is not common among all eukaryotes. In
vertebrates and plants, G is preferred at this position,
whereas in invertebrates, fungi and protists, T is generally
preferred. The biases of +4G in humans and +4U in
S. cerevisine were even more conspicuous when highly
expressed genes were examined, suggesting the possibility
that position +4 is involved in enhancing translation
initiation; however, the nucleotide at the position required
for effective translation initiation appear to be diversified
among eukaryotes.

In the original scanning model, it was postulated that
translation is initiated from the first AUG codon in an
mRNA (8). However, it has since been revealed that the
actual mechanism of translation initiation is much more
complicated than previously thought. It is known that
AUG trinucleotides referred to as upstream AUGs
(uAUGs) are frequently observed in ¥ UTRs, and that
short open reading frames designated as upstream ORFs
(uORFs) are often also present (28). It has been reported
that ~55% and ~25% of mammalian genes have one or
more tAUGs and uORFs, respectively (29). These uAUGs
and uORFs are apparently involved in the down-regulation
of translation (30). Moreover, even if the first AUG codon
islocated within a context of a ‘Kozak consensus sequence’,
translation is not necessarily initiated from it (31,32).
Dresios et al. (33) suggested that a short element in a



868 Nucleic Acids Research, 2008, Vol. 36,

Vertebrates 14 sp. Invertebrates 8 sp.
1.0; 1.07
08 0.6
06 0.61
0.4 0.4+
[=

o> 0.2 [ 02 *

[2 0 ' i

-0.2 -02 '
-0.4 -0.4]

No.3

Monocots 4 sp.

1.0
0.8
0.6
0.4
a.2

[i]

02

04

Dicots 4 sp. | Fungi9 sp.

10- 1.0
08- 08
0s- 06
0.4 0.4
02 f"‘ 0.2

oj a
02" 02
-0.4 04

Protists:8 sp.

1.0
08
0.6
0.4
0.2
o
-0.2
0.4
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are shown from positions —100 to —1 for Xenopus laevis, Danio rerio, D. melanogaster and Anopheles gambiae.
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Table 2. Fractions (%) of —3A and +5G for genes expressed at high
and low levels
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Table 4. Observed and expected numbers of genes that contain a
preferred sequence or a mixed sequence

H. sapiens S. cerevisiae Pattern (o] E V4 Rank

All Top Bottom All Top Bottom AAAAAAAUG 1725 337.3 75.6 1

1000 1000 1000 1000 GCCGCCAUG 841 113.5 68.3 2

ACAGCAAUG 190 142.1 4.0 523

—-3A 39.3 46.3 36.8 58.2 72.2 46.0 AACACCAUG 242 215.6 1.8 1008

+5C 35.8 41.5 344 38.0 50.6 292 GAAGCAA G 158 139.6 1.6 1093

GCAACAA 274 261.9 0.7 1398

ACAACCA G 225 240.4 -1.0 2302

ACAGACAUG 146 162.9 -1.3 2473

GCACAAAUG 54 69.1 —-1.8 2718

Table 3. Obs d and ted bers of ntaini , GCAAACAUG 261 300.2 -23 2946

p:lef:rred Seq:z;vcee and expected numbers of genes containing a GACAACAUG 26 269.4 by 313

GACACAAUG 185 2349 -3.3 3345

. ] ] GAAACCAUG 186 236.3 —-3.3 3349

H. sapiens C. elegans 0. sativa A. thaliana ACCACAAUG 185 239.0 35 3438

GAAGACAUG 115 160.1 -3.6 3465

Pattern 0E z O0F z 0 E Z 0 E Z ACCAACAUG 204 274.0 -42 3655
A AA 72 127.4 —4.

GCCGCCAUG 79 16.7 153" 4 04 55" 262 44.6 32.6" 20 1.5 14.9* A:gggc—Agg 67 14;1 —6.2 g;gg

AAAAAAAUG I3 2.7 63" 62 363 43" 33 28 17.9" 235 73.2 19.0 GACGAAAUG 68 1592 -72 4027

ACCGAAAUG 50 162.0 -8.8 4075

O and Erepresent the observed and expected numbers of genes containing
a given sequence, respectively. £ was calculated under the assumption
that each nucleotide at each position appears independently. For
examﬁ;;)l E for AAAAAAAUG in humans was calculated as
No§ 0G0 0l Voo S9857 x 0.215 x 0.207 x 0.251 x 0.393x
0. 295 X 0 213 = 2 7, where N is the number of human genes with 5 UTRs
that are six or more bases long, and 0, is the observed fraction of A at
position i. The deviation of O from E was evaluated by the Z-value
(see Materials and Methods section). An asterisk indicates P < 1074,

eukaryotic mRNA directly base pairs with an 18S rRNA to
enhance translation initiation, which is similar to the
interaction of the SD sequence with a 16S rRNA in a
prokaryotic mRNA. It should be noted that the original
scanning model cannot account for these observations.
Our results are consistent with the previous assertion
that preferred sequences around the initiation codon vary
among different eukaryote species (Figure 2) (5,6).
However, Figure 4 suggests that the sequences could
generally be decomposed into two distinct patterns, the
repetition of GCC and that of A. To examine this
possibility in more detail, we compared the observed and
expected numbers of genes containing the sequences
GCCGCCAUG and AAAAAAAUG in several species
(Table 3). The expected number was calculated based on
the assumption that an observed nucleotide at each
position will appear in a manner independent of a
nucleotide at another position. The results clearly
showed that the observed numbers are significantly
larger than the expected numbers for these sequences. It
is therefore suggested that the sequence GCCGCCAUG
or AAAAAAAUG, and not a particular nucleotide at
each position, may play a role as a whole in translation
initiation. We further examined the existence of genes
containing a hexanucleotide sequence that is a mixture
of these two sequences (e.g. GAAACCAUG or
ACAGACAUG). We then found that such mixed
sequences are significantly suppressed in  genes

(P <0.01), while AAAAAAAUG and GCCGCCAUG

are the most and the second most over-represented
patterns, respectively, among all hexanucleotide

110

These numbers were obtained from 219496 genes in all of the 47
species examined.

sequences (Table 4). These observations support the idea
that there are two distinct patterns of signals for
translation initiation.

If we assume the presence of the two distinct patterns of
signals, then the variation in preferred sequences among
different species could be accounted for by differences in
the relative contribution from each pattern. In vertebrates
or Monocots, the signal of GCC repeats is relatively
strong, whereas in invertebrates or Dicots, the signal of
repetition of A is more conspicuous. What, then,
determines the relative contribution of each pattern to
the preferred sequence in a given species? One factor might
be the GC content in the genome. Figure 6A shows the
GC content in §¥ UTRs and that in the whole genome
sequences in 25 species with data for more than 3000
genes. This figure suggests that these species can be
classified into two groups, i.e. GC-rich and AT-rich. As
shown in Figure 6B, a species belonging to the GC-rich
group shows a clear signal of GCC repeats, while an
AT-rich species frequently exhibits very strong signals of
A. These distinct signals might be recognized by different
molecular mechanisms. Kozak (34) herself pointed out
that the ‘Kozak consensus sequence’ is repetitious and
that the unit of recognition may be a three-base motif. The
three-base periodicity observed in this study might help a
ribosome locate the correct reading frame. However, the
mechanisms for recognizing the abovementioned signals
remain unknown at this stage of research. Additional
experimental studies will be required to gain a more
precise understanding of the molecular mechanisms of
translation initiation in eukaryotes.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Figure 6. Correlation between GC contents and nucleotide bias around
the initiation codon. (A) Horizontal and vertical axes represent the GC
contents in the whole genome and in the 5 UTRs, respectively. All
species with data for >3000 genes were used. These species can be
classified into two groups, i.e. GC-rich (yellow circle) and AT-rich
(green circle). We used the genomic GC contents in X. luevis (35) and
Schistosoma  japonicum (14) for those in Xenopus tropicalis and
Schistosoma mansoni, respectively, because the genome sequences of
X. laevis and S. japonicum are not available. The name of each species
is represented by the initial letter of the generic name and the first three
letters of the specific name (Table ). (B) Bias in nucleotide appearance
around the initiation codon for 13 GC-rich species and for 12 AT-rich
species. These diagrams were created in the same manner as those in

Figure 4.
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ABSTRACT

Orthologs are genes in different species that
evolved from a common ancestral gene by specia-
tion. Currently, with the rapid growth of transcrip-
tome data of various species, more reliable
orthology information is prerequisite for further
studies. However, detection of orthologs could be
erroneous if pairwise distance-based methods,
such as reciprocal BLAST searches, are utilized.
Thus, as a sub-database of H-InvDB, an integrated
database of annotated human genes (http://h-invi
tational.jp/), we constructed a fully curated data-
base of evolutionary features of human genes,
called ‘Evola’. In the process of the ortholog
detection, computational analysis based on con-
served genome synteny and transcript sequence
similarity was followed by manual curation by
researchers examining phylogenetic trees. In total,
18968 human genes have orthologs among 11

vertebrates (chimpanzee, mouse, cow, chicken,
zebrafish, etc.), either computationally detected or
manually curated orthologs. Evola provides amino
acid sequence alignments and phylogenetic trees of
orthologs and homologs. In ‘dy/ds view’, natural
selection on genes can be analyzed between human
and other species. In ‘Locus maps’, all transcript
variants and their exon/intron structures can be
compared among orthologous gene loci. We expect
the Evola to serve as a comprehensive and reliable
database to be utilized in comparative analyses
for obtaining new knowledge about human genes.
Evola is available at http://www.h-invitational.jp/
evola/.

INTRODUCTION

A large number of genome and transcript sequences
accumulated in the last decade give us an opportunity

*To whom correspondence should be addressed. Tel: +81 3 3599 8800; Fax: +81 3 3599 8801; Email: rsakate@ni.aist.go.jp
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for large-scale comparative analyses. In particular,
detection of orthologs, groups of genes in different
species that evolved by speciation, accelerates functional
and evolutionary studies. Despite the past efforts to
develop bioinformatics methods for analyzing a large
number of sequences, it is still a challenge to compre-
hensively identify orthologs between species. A number
of automated pairwise distance-based methods for
ortholog detection have been proposed, as represented
by the reciprocal best BLAST hits (RBH) method (1)
and the reciprocal smallest distance (RSD) method (2).
However, as genes might have frequently undergone
duplications and losses in evolutionary lineages leading
to human (3), pairwise distance-based methods might
lead to erroneous inferences of phylogenetic relationships
and thus of orthologs. Thus, phylogenetic tree-based
detection can be the most plausible solution to provide
more reliable orthologs.

Here this database ‘Evola’, a sub-database comple-
mentary to the H-Invitational database (H-InvDB), was
developed to provide orthology information for the
originally annotated human genes in H-InvDB. Evola
features its ortholog detection in which genome synteny-
based computational analysis was followed by manual
curation of molecular phylogenetic trees. Evola differs in
this way from other ortholog databases such as
Inparanoid (4), Ensembl-Compara (5), Homologene (6),
HOGENOM (7) and TreeFam (8). These databases are
based on BLAST hits (Inparanoid), BLAST hits and
synteny (Ensembl-Compara and Homologene) and phy-
logenetic trees (HOGENOM and TreeFam). The concept
of Evola is that genomic region (gene locus) is a unit of
genes that are duplicated or lost. In collaboration with
H-InvDB, Evola enables users to compare gene structure,
transcript variants, upstream/downstream region of the
genome among species.

H-InvDB is an integrated database of annotated
human genes providing annotation of human full-length
enriched c¢cDNAs (9,10,11). At the meetings of the
Human Full-Length ¢DNA Annotation Invitational
held in Japan (2002 and 2003), Evola started with
H-InvDB to annotate evolutionary features of the
human genes. With several updates afterwards and a
subsequent All Human Genes Evolutionary Annotation
(AHG-EV) meeting in 2006, the current strategy of
evolutionary annotation (computational analysis and
manual curation) in Evola has been established.
Orthology information for human and other 11 verte-
brates is currently included in the Evola: human,
chimpanzee, macaque, mouse, rat, dog, cow, opossum,
chicken, zebrafish, Tetraodon and Fugu. Several visua-
lization tools are incorporated into the database,
including sequence alignment viewer, natural selection
plot and graphical representation of orthologous
gene loci among different species. Evola is now one
of the databases listed in the Comparison
of Orthology Predictions project of the HUGO
Gene Nomenclature Committee (HGNC, http://www.
genenames.org/).

ORTHOLOG DETECTION

Computational analysis: Ortholog detection based
on conserved genomic synteny and pairwise distance

Species for ortholog detection were selected with con-
sideration of completeness of their genome assemblies
(chromosome level), abundance of transcript sequences
(~20000) and importance in biology (intensively studied
or a representative of a phylogenetic clade). Whole
genome sequence assemblies of human (hgl8), chimpan-
zee (panTro2), macaque (rheMac2), mouse (mm8), rat
(rn4), dog (canFam?2), cow (rn4), opossum (monDom4),
chicken (galGal3), zebrafish (danRer4), Tetraodon
(tetNigl) and Fugu (frl) were downloaded from UCSC
(http://genome.ucsc.edu/). Conserved syntenic regions
were detected by a modified pairwise genome alignment
method (12) using BLASTZ (13) with the options of
C=2, T=4, Y=23400 between human and other
primates (between more similar genome sequences), and
C =2 between human and non-primate vertebrates
(between less similar genome sequences).

For human transcripts, H-InvDB representative tran-
scripts (HITs) were used. Other vertebrates’ transcripts
(mRNAs) were downloaded from DDBJ (http://www.
ddbj.nig.ac.jp/) release 66, Ensembl (http://www.ensembl.
org/) release 38 and RefSeq (http://www.ncbi.nlm.
nih.gov/RefSeq/) release 17, and their genomic locations
(one location per transcript) were detected on cognate
genomes by a hybrid method using BLAT (14), BLAST
(15) and est2genome (16) as they were used to detect
genomic locations of human transcripts in H-InvDB.
Representative transcripts (one transcript per gene locus)
were determined in consideration of percent identity and
coverage to the genome, number of exons, etc. of all
transcripts in each locus (9,10,11). Thus, in Evola,
representative transcripts were defined as genes.

Lengths of overlapping exons of each gene pair between
human and other species were calculated in the genome
alignment. A gene pair with the maximum length was
selected as the best assignment (not a minimum length was
defined). Every gene in a species was assigned to a gene in
the other species. If two human genes were assigned to one
mouse gene, this was defined as a two-to-one ortholog. As
a result, Evola contains not only one-to-one orthologs but
also many-to-many orthologs. For all the assignment
pairs, coding sequences (CDSs) and amino acid (a.a.)
sequences of other species were predicted by FASTY (17).
They were predicted by comparing with the amino acid
sequences of the corresponding human genes. Finally, if
the length of the alignable region between human and
other species ortholog candidates was >80a.a., they were
defined as computationally detected orthologs.

Manual curation: Examination of phylogenetic
trees by experts

Homologs of human genes (amino acid sequences) were
obtained from UniProt (http://www.uniprot.org/) and
human RefSeq (NP) by FASTY similarity searches with
the option of E-value of <le—5. For each human gene, a
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sequence set consisting of both the computationally
detected orthologs and the homologs was prepared. For
these sequence sets, phylogenetic trees were constructed by
the neighbor-joining (NJ) method (18). In detail, multiple
amino acid sequence alignments and phylogenetic trees
were constructed by ClustalW (19) with the options of
bootstrap = 1000, seed = 1, kimura, tossgaps,
bootlabels = node.

Phylogenetic trees were examined by experts in the
field of molecular evolution, who attended the evolu-
tionary annotation meetings described in the introduction.
The trees were drawn by NJplot (http://pbil.univ-lyonl fr/
software/njplot.html) and the default rooting was used.
Discarding or re-rooting the tree was judged by the
experts if necessary. All the ortholog pairs of human and
other species detected by the computational analysis were
examined (Figure 1). The primary principles of manual
curation in Evola to be checked were as follows. [I]
Phylogenetic topology between gene tree and species tree
is consistent. As a gene tree, the minimum sub-clade
including the pair (a part of the tree) was examined. As a
species tree of reference, a phylogenetic tree indicating the
trifurcation among primates, rodents and Laurasiatherian
(dog, cow, etc.) species (20) was used, because the
phylogenetic relationship has been controversial among
them (21). In fact, we found that ((human—-mouse)-dog)
clades for some genes and ((human—dog)-mouse) clades
for other genes. [2] Outgroup includes either two or
more species that are phylogenetically distant from all
the species in the sub-clade, or human and other
species. In the latter case, human duplicate genes might
exist. [3] Available bootstrap values of the corresponding
three branches (one between the sub-clade and outgroup,
and its two descendants) are all >900. The gene pairs
consistent with all the principles were defined as ‘manually
curated orthologs’, otherwise their annotation status
remained to be ‘computationally detected orthologs’.

DATABASE CONTENTS

Evola contains two ortholog datasets: (1) more compre-
hensive set of orthologs (computational analysis); and
(2) more reliable orthologs (computational analysis
supported by manual curation). In the current Evola
(release 4.1), orthology information for 18968 human
genes is available among 11 vertebrates: chimpanzee,
macaque, mouse, rat, dog, cow, opossum, chicken,
zebrafish, Tetraodon and Fugu (Table 1). Manually
curated orthologs occupied 25.4% of all computationally
detected ortholog pairs (24 122/94 935) (release 4.1, 2007).

Evola is a sub-database of H-InvDB (9,10,11), and
orthology information in Evola is, as ‘Evolutionary
annotation’, a part of the comprehensive human gene
annotations in H-InvDB. Thus, orthology information
can be utilized with close reference to other annotation in
H-InvDB. For example, 2090 human genes with orthology
information belonged to H-Inv protein similarity
categories of ‘hypothetical proteins’ (similarity category
IV-VI). Molecular functions of these hypothetical
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Figure 1. An example of manually curated gene pair from H.sapiens
(red underline) and Macaca.sp (blue underline). In this case, conditions
of phylogenetic topologies, outgroup species (light gray background)
and bootstrap values (two circles) are sufficient (refer to the text). Thus,
the pair was defined as a manually curated ortholog.

Table 1. Number of orthologs provided in Evola (release 4.1, June
2007)

Species Genes Human genes
Homo sapiens (Human) 18968 -

Pan troglodytes (Chimpanzee) 16 368 15615
Macaca sp. (Macaque)® 12037 12352
Mus musculus (Mouse) 15570 14574
Rattus norvegicus (Rat) 15632 14302
Canis familiaris (Dog) 14730 13916
Bos taurus (Cow) 9375 10181
Monodelphis domestica (Opossum) 13201 13 588
Gallus gallus (Chicken) 9266 10738
Danio rerio (Zebrafish) 12334 10468
Tetraodon nigroviridis (Tetraodon) 11 505 9820
Takifugu rubripes (Fugu) 9738 9459

Numbers of genes of both human and other species are listed. Owing to
lineage-specific duplication or loss, the numbers are usually different
(for example, 15570 mouse genes are orthologous to 14574 human
genes). 18968 human genes have at least one ortholog among other 11
species.

*Macaca mulatta,
included.

Macaca fascicularis, Macaca fuscata, etc. are

proteins can be analyzed using model species. Moreover,
cross references between Evola and other annotations
in H-InvDB (protein—protein interaction (PPI), expres-
sion, polymorphism, disease, etc.) can produce valuable
information contributing to the comprehensive under-
standing of the human genes.

We aimed to develop user-friendly interfaces that
provide easy access to a variety of orthology information
in Evola. Users can search orthologs in the top page
of Evola as well as in the search systems of H-InvDB
[simple search, advanced search and navigation system
(Navi)]. Users can download data for each human gene on
the main page as well as all the data of Evola in the
download page. On the main page of Evola (Figure 2),

115



D790 Nucleic Acids Research, 2008, Vol. 36, Database issue

@H-InvDB =20

Banroh {Kevwied T2t s [

B evoln

Hoess capless Plucesn)

HIIO0002118S
OEAD/DEAH box heficase, N-terminal
domaln col

EITTTH EXERTYN T

I HeToo0021188 2
P, oyt (Ch— oot

A Fuinap f

G Ot

C——
o

T
1.1

LOWTLETALLL B 48

T70C021183 8. aedlans
t_831618 P, teaglclyton
16320 _Racese.sp
120

s

e
mmllx‘, Eaislane
v 338410 P
w\u" Hageps,en
Ex:xou

M
£ HiToacemiey

-
¥ HE

Lxes .anlu-

© DIPOCISI1163 b asplans

131
_$24418 P37 poc] 1

B

s ety oo | HONDO caTiors (Horcx) HIXDONOTT?  HEME  Ofv. 1r22 SI6USSEY 01042054 |4
5

[ sureme D0

111
1
i3
3

1
1

wrpnm::n -

B Cascnlwe
SEEICTICITINN0. B et regieas 13000
S67S67 Doverion svgurTE ]
: e P Ton:
nae E
ITINSE11103 0, eoplase 261 cwareconier|
S2U8E3_9. taooicdytes CNATOT
_Racece.
CAR 07593

3
hSssrnzie s Asaemine
St

4 0.
£ 53.667062 D.smaren
Gome.

o_asTees

Dech te Lisn 1

O, 14902 MST272. 3KTES068 | +§

saree

o MR

(%]

Figure 2. Evola main page. This page is divided into left and right frames.

In the left frame, tables of orthologs, download data, Gene ontology, and

InterPro are listed. Three green buttons are links to show *Alignment’ (A), ‘dy/ds view’ (B) and *Locus maps’ (C) in the right frame.

the following information for a human gene is available in
the left frame: gene name, ortholog list with annotation
status, download of sequences, alignments and phyloge-
netic trees, Gene ontology (22) and InterPro (23).
In addition to the set of original ClustalW alignments,
another set of alignments, including properly aligned
sequences only (24), was also constructed and provided.
In the latter sets, sequences with distinctively low
identity to other sequences in an alignment were excluded.
Based on both alignment sets, phylogenetic trees were
constructed by the neighbor-joining method (18) and the
NJML + method (25).

In the right frame of the main page, Evola features
the three views described below. Users can switch among
the views.

Alignment: Multiple alignments of orthologs
and homologs (Figure 2A)

Amino acid sequence alignments of orthologs and
homologs are displayed. Users can switch from
‘Alignment of Orthologs’ (default) to ‘Alignment of
Orthologs and Homologs’, or vice versa. Each amino
acid residue is color coded as defined in ClustalX (19).
Accession numbers and species names of orthologs
(human and other species) are colored in their species
colors defined in Evola (human in red, mouse in gray,
etc.). Accession numbers of homologs are linked to the

original data sources of UniProt or RefSeq. While species
are labeled by their scientific names (Homo, Mus, etc.),
users can activate a popup window giving a species
common name by placing the mouse cursor over homolog
accession numbers (for example, ‘Q5R508_Pongo’).
InterPro data in the left frame include positional
information on a human gene, and they can be utilized
to detect conserved domains in the proteins.

dn/ds view: Window analysis detecting regions
under positive or negative selection (Figure 2B)

Users can select one or more species for which to show
the plots in the graph. In the lower frame under the graph,
the pairwise nucleotide sequence alignment of CDSs is
shown. The sequence positions (a.a. or codon) appearing
in the graph and alignment are those of human genes.
The nonsynonymous to synonymous substitution rate
ratio (dy/ds) is a commonly used measure of natural
selection. In order to visualize positively and negatively
selected regions, sliding window analysis was conducted
(a 20 codon window with 1 codon stepping; result for
the first window appears as a plot at 11th codon of the
human gene). The statistical significance (P-value) of
the difference between the number of nonsynonymous
substitution (n) per synonymous substitutions (s): n/s, and
the number of nonsynonymous sites (N) per synonymous
sites (S): N/S was calculated by Fisher’s exact test.
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ds, dy, s and n values were estimated by the modified
Nei-Gojobori method (26,27). If dy/ds> 1, the score
(= 1 — P-value) was plotted above the zero line (neutral),
and if dy/ds < 1, the score [= —(1 — P-value)] was plotted
below the zero line. The regions plotted above the red
line indicate that the sites might be under positive
selection (dn/ds> 1 and P < 0.01). Conversely, the regions
plotted below the blue line indicate that the sites might
be under negative (purifying) selection (dy/ds<1 and
P <0.01).

Locus maps: Comparative maps of orthologous gene loci
(Figure 2C)

Orthologs were detected for representative transcripts
(one transcript per gene locus) in Evola. However,
there could be transcript variants in gene loci that have
different exon-intron structures leading to produce
different protein isoforms. Thus, information on other
transcripts besides the representative transcript among
orthologous gene loci are shown in Locus maps. In the
figures, exon/intron structure, coding sequence (CDS)
and untranslated regions (UTR) for each transcript are
visualized. H-Inv cluster ID (HIX, an identifier of
gene locus), Gene symbol, genomic location and a link
to ‘G-integra’, an integrated genome browser of H-InvDB,
are available. The flag icon denotes the representative
transcript. The blue diamond icon denotes the
Representative Alternative Splicing Variant (RASV) that
is another representative per transcript group consisting
of the same alternative splicing pattern (28). Repre-
sentative transcripts are also RASVs, and blue diamonds
do not appear if there is only one splicing isoform. In the
tables, the H-Inv transcript ID (HIX) and original
accession numbers (DDBJ/EMBL/GenBank, Ensembl
and RefSeq) of the representative transcript and other
transcripts are listed.

FUTURE DIRECTIONS

As our update policy, orthology information in Evola
is updated when H-InvDB annotation is updated.
One major update and three minor updates per year
are scheduled. At the next major update on December
2007, a new duplicate gene family view is planned to
be integrated within Evola. Human duplicate gene family
data was originally constructed based on both amino
acid sequence similarity (29) and orthology information.
In the current Evola (release 4.1), parts of human
duplicate gene annotation have been already implemen-
ted. The human duplicate genes are included in the
alignments and phylogenetic trees of orthologs and
homologs. Finally, we expect Evola to serve as a new
database for evolutionary annotation of human genes.
We sincerely welcome any requests and feedback
from users.
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