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Unique genes in giant viruses: Regular substitution
pattern and anomalously short size
Hiroyuki Ogata1 and Jean-Michel Claverie
Structural and Genomic Information Laboratory CNRS-UPR 2589, IBSM Parc Scientifique de Luminy, Case 934
13288 Marseille Cedex 9, France

Large DNA viruses, including giant mimivirus with a 1.2-Mb genome, exhibit numerous orphan genes possessing no
database homologs or genes with homologs solely in close members of the same viral family. Due to their solitary
nature, the functions and evolutionary origins of those genes remain obscure. We examined sequence features and
evolutionary rates of viral family-specific genes in three nucleo-cytoplasmic large DNA virus (NCLDV) lineages. First,
we showed that the proportion of family-specific genes does not correlate with sequence divergence rate. Second,
position-dependent nucleotide statistics were similar between family-specific genes and the remaining genes in the
genome. Third, we showed that the synonymous-to-nonsynonymous substitution ratios in those viruses are at levels
comparable to those estimated for vertebrate proteomes. Thus, the vast majority of family-specific genes do not
exhibit an accelerated evolutionary rate, and are thus likely to specify functional polypeptides. On the other hand,
these family-specific proteins exhibit several distinct properties: (1) they are shorter, (2) they include a larger fraction
of predicted transmembrane proteins, and (3) they are enriched in low-complexity sequences. These results suggest
that family-specific genes do not correspond to recent horizontal gene transfer. We propose that their characteristic
features are the consequences of the specific evolutionary forces shaping the viral gene repertoires in the context of
their parasitic lifestyles.

[Supplemental material is available online at www.genome.org.]

Following the historical achievement in sequencing the 230-kb
genome of human cytomegalovirus as early as 1990 (Chee et al.
1990), a number of large DNA viral genomes have been deter-
mined (see http://www.giantvirus.org/). Each of those viral ge-
nomes encodes hundreds of predicted protein-coding genes,
which approach or even exceed in number those of some uni-
cellular genomes. This undoubtedly points to the complexity of
molecular mechanisms underlying their parasitic life cycles, at
variance with those of small viruses only exhibiting a handful of
genes (e.g., RNA viruses or DNA papillomaviruses). However, the
molecular basis of the lifecycles of large DNA viruses is mostly
uncharacterized due to a large number of putative genes with no
predicted functions in their genomes. About half of the predicted
genes in the 1.2-Mb Acanthamoeba polyphaga mimivirus genome
are ORFans (coined by Fischer and Eisenberg 1999) exhibiting no
detectable homologs in the databases (Raoult et al. 2004). Some
of those ORFans might originate in over-predictions of genes.
However, a recent proteomics study identified 45 ORFan-derived
proteins in its viral particle and suggested a minor contribution
of gene prediction errors to the large number of ORFans in mi-
mivirus (Renesto et al. 2006).

The existence of numerous unique genes in large DNA vi-
ruses is puzzling, given that many of the remaining genes exhibit
readily identifiable sequence similarities spanning entire se-
quences in distantly related organisms (e.g., DNA polymerases,
ribonucleotide reductases, etc.). According to a classical view of
viral evolution, the abundance of unique genes in a virus or a
group of viruses can be seen as a consequence of fast sequence

evolution due to a high mutation rate and relaxed functional
constraints (McGeoch and Cook 1994; Sakaoka et al. 1994; Mc-
Geoch et al. 2000; Hughes 2002). However, there have been no
studies appraising this scenario for diverse large DNA viral ge-
nomes. In addition, this “fast-evolution” view somewhat con-
flicts with another classical view that sees viruses as “gene pick-
pockets” (Moreira and Lopez-Garcia 2005), frequently stealing
genes from their hosts; if their genomes are mostly made of lat-
erally transferred host genes, then homology should be detected
for most of the encoded genes (Ogata et al. 2005). An ad hoc
combination of these two factors is required to explain the prop-
erty of the current viral gene repertoires. More recent studies
(Daubin et al. 2003; Daubin and Ochman 2004; Forterre 2006)
suggested that viruses are rather sources (than recipients or ve-
hicles) of genes for cellular organisms (in contrast, see Yin and
Fischer 2006). Thus, a large viral genome may act as an invention
factory for new genes. With an increasing body of available se-
quence data of large DNA viruses, it now becomes possible to
scrutinize different aspects of the gene repertoires of large DNA
viruses to understand their functions and origins.

Large DNA viruses with a genome exceeding 100 kb have
been identified in different families of eukaryotic viruses (herpes-
viruses, baculoviruses, ascoviruses, nimaviruses, and five others
described below) as well as in tailed viruses infecting bacteria
(myoviruses and siphoviruses). Genomics has been potent in
clarifying evolution patterns within respective viral families
(Herniou et al. 2001; McLysaght et al. 2003), though establishing
the evolutionary relationships between viral families is a greater
challenge due to the scarcity of homologous sequences con-
served across viral families (Shackelton and Holmes 2004). Re-
cent structural studies begin to reveal possible common ances-
tries between several eukaryotic and prokaryotic virus lineages
(Benson et al. 2004; Baker et al. 2005; Khayat et al. 2005).
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Five eukaryotic viral families (poxviruses, phycodnaviruses,
iridoviruses, asfarviruses, and mimiviruses), however, share a
relatively large number of conserved core genes, pointing to their
ancestral relationships (Iyer et al. 2001, 2006). Furthermore, the
genomes of mimivirus and phycodnaviruses are the largest ones
among the sequenced viral genomes. Thus, these viruses are of
particular interest to study evolutionary patterns of giant DNA
viral genomes. These viruses are collectively called as nucleo-
cytoplasmic large DNA viruses (NCLDVs). NCLDVs infect a wide
range of hosts. They parasitize freshwater amoebae, diverse uni-
cellular and multi-cellular algae, insects, fishes, amphibians,
birds, and mammals. NCLDVs exhibit different morphological
features in their viral particles. Their genomes vary 10-fold in size
(100 kbp to 1.2 Mbp) and exhibit different topologies (i.e., linear
versus circular). Some NCLDVs are known to integrate their ge-
nome into the host genome but others are not. Thus one can
expect a large molecular diversity in their parasitic life cycles.
However, the nature of the diversity is largely unknown. Several
authors consider that the origin of NCLDVs is relatively recent
among other DNA viruses (Koonin 2005; Claverie 2006), though
they probably arose before the divergence of major eukaryotic
kingdoms (Villarreal and DeFilippis 2000; Raoult et al. 2004). The
genetic richness of NCLDVs is revealed by the large proportion
(50%–80%) of the predicted genes specific to respective viral
families (BLAST E-value < 10�3; Fig. 1). Those genes are either
ORFans or sequences exhibiting similarity only in the members
of the same viral family. On the other hand, most (75%–100%) of
the remaining genes exhibit recognizable similarities to genes
from cellular organisms.

In this study, we investigate sequence features and evolu-
tionary rates of viral family-specific genes using three NCLDV
lineages: Paramecium bursaria chlorella virus 1 (PBCV-1; the Phy-
codnaviridae family; database accession no. NC_000852), Myxoma
virus (MYX; the Poxviridae family; NC_001132), and variola vi-
rus (VAR; the Poxviridae family; NC_001611). For each of these
three viruses, closely related genome sequences are available:
Paramecium bursaria chlorella virus NY2A (NY2A; DQ491002),
Rabbit fibroma virus (Shope fibroma virus, SFV; NC_001266),
and Vaccinia virus (VV; NC_006998), respectively. The availabil-

ity of these close genomes allowed the estimation of evolutionary
parameters. Our study demonstrates that the family-specific
genes do not differ from other genes in terms of evolutionary
rates and nucleotide compositions. However, they exhibit
marked differences in size, the predicted capacity to encode
transmembrane proteins, and low-complexity sequences.

Results

Lack of correlation between the identification of homologs
and the rate of sequence divergence

Some protein sequences evolve faster than others. Fast-evolving
protein sequences can rapidly enter the twilight zone of similar-
ity assessment and thus contribute to the abundance of unique
genes in NCLDVs. Thus, we first investigated the dependence of
similarity detection upon the rate of protein sequence divergence.

We prepared sets of putative orthologs for three viral lin-
eages (PBCV-1/NY2A, MYX/SFV, and VAR/VV) and computed
nonsynonymous substitution rate, Ka, for each ortholog pair. Re-
liable estimation of Ka requires a moderate level of sequence dif-
ference between protein coding genes under comparison. Our
analysis on the evolutionary rates was restricted to 192 ortholog
pairs for PBCV-1/NY2A, 122 for MYX/SFV, and 76 for VAR/VV
(see Methods). The average nucleotide sequence identities of the
orthologs were 79%, 86%, and 96% for PBCV-1/NY2A, MYX/SFV,
and VAR/VV lineages, respectively. We also performed BLAST
(Altschul et al. 1997) searches for the open reading frames (ORFs)
of PBCV-1, MYX, and VAR against the UniProt protein sequence
database (Wu et al. 2006), and defined viral family-specific ORFs,
that is, those exhibiting no significant database hit (E-
value < 10�3) outside the viral family of the query virus. Other
ORFs exhibited significant database hits to proteins from cellular
organisms or distantly related viruses. We denote the former as
“NORFs” (with a prefix “N” for a Narrow taxonomic distribution)
and the latter as “WORFs” (with a prefix “W” for a Wide taxo-
nomic distribution). If sequence divergence rate is a major factor
governing the detection of sequence similarity in distant organ-
isms, we should observe fewer NORFs for the class of proteins
with lower Ka values. We acknowledge that, due to a relatively
high level of sequence divergence between PBCV-1 and NY2A,
conclusions derived from the PBCV-1/NY2A comparison should
be corroborated with the data from the MYX/SFV and VAR/VV
comparisons.

We divided each of the ortholog sets into four classes ac-
cording to the computed Ka values, so that each class contains
one-fourth of the orthologs. We also computed the proportions
of NORFs in each ortholog class. Contrary to the expectation, we
found no coherent association between the NORF proportions
and Ka values. For two viral lineages (MYX/SFV and VAR/VV), we
observed no statistically significant correlation between NORF
proportions and Ka ranges. For PBCV-1/NY2A orthologs, the
NORF proportions were statistically significantly dependent on
the Ka ranges (Fisher’s exact test, P < 0.05; Fig. 2). However, the
dependence was feeble; when we removed the first Ka category
(i.e., most slowly evolving genes), the dependence became no
more significant. It is also notable that the numbers of NORFs in
the most slowly evolving classes are not negligible (16 for PBCV-
1/NY2A, 22 for MYX/SFV, eight for VAR/VV) for all of the three
viral lineages. These results suggest that the protein sequence
divergence rate estimated by closely related species has little ex-
planatory power for the abundance of family-specific genes in
these NCLDVs.

Figure 1. BLAST similarity search results for the predicted proteomes of
NCLDVs. Species abbreviations are as follows: LDV, Lymphocystis disease
virus; ASFV, African swine fever virus; MYX, Myxoma virus; VAR, Variola
virus; IIV6, Invertebrate iridescent virus 6; MsE, Melanoplus sanguinipes
entomopoxvirus; AmE, Amsacta moorei entomopoxvirus; EsV1, Ectocarpus
siliculosus virus 1; CPV, Canarypox virus; PBCV-1, Paramecium bursaria
Chlorella virus 1; EhV-86, Emiliania huxleyi virus 86; Mimivirus, Acanth-
amoeba polyphaga mimivirus.
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Selective strength: Family-specific proteins (NORFs) versus
proteins with remote homologs (WORFs)

The heterogeneity in the sequence divergence rate within a pro-
teome is mainly due to variable mutation rates across different
genomic loci and variable strength of selection acting on pro-
teins possessing various biochemical/biophysical properties (Li
1997; Rocha 2006). The nonsynonymous-to-synonymous substi-
tution ratio (i.e., � = Ka/Ks, termed as the “acceptance rate”) is a
widely employed estimator of selective strength at the protein
level (Miyata and Yasunaga 1980; Nei and Gojobori 1986; Yang
et al. 2000), where Ks is thought to correlate with the nonsyn-
onymous “mutation” rate (but see Akashi 1995). Because amino
acid replacements in a protein can be detrimental for an organ-
ism, ORFs specifying functional polypeptides tend to exhibit �

below one as a result of counter selection against a fraction of
nonsynonymous mutations. In contrast, ORFs under a weak se-
lection or those lacking functions (e.g., pseudogenes) tend to
exhibit � values close to one, and ORFs under diversifying posi-
tive selection can occasionally exhibit � values above one.

For all the examined orthologs, the � values were below one,
with most orthologs with � statistically significantly smaller than
one (likelihood ratio test, P < 0.01; Table 1). We found no sig-
nificant differences in Ka, Ks, and � between the two ORF classes,
except that NORFs showed a larger average Ka than WORFs in the
PBCV-1/NY2A comparison (Table 2). More importantly, NORFs
exhibited Ka and Ks ranges that largely overlap with those of
WORFs, revealing numerous NORFs evolving at the rate (in both
synonymous and nonsynonymous sites) comparable to many
WORFs (Supplemental Fig. S1).

We compared G+C content between NORFs and WORFs
with the use of all the ORFs identified in the PBCV-1, MYX, and
VAR genomes. G+C content was slightly different between the
two ORF classes; NORFs were 1%∼2% less G+C rich than WORFs
(P < 0.05; Fig. 3). However, NORFs were markedly different in
G+C composition compared with intergenic sequences (9%∼16%
differences; P < 0.01). It is notable that the variation in G+C com-
position across different codon positions is very similar between
NORFs and WORFs (Fig. 3). The similar nucleotide composition
patterns and sequence divergence rates between the two classes
of ORF suggest that the vast majority of NORFs specify bona fide
functional proteins evolving under similar levels of purifying se-
lection as WORFs.

Selective strength: Viral proteomes versus vertebrate
proteomes

Do NCLDVs differ from cellular organisms in terms of the
strength of selection acting on their proteomes? To address this
issue, we gathered published genome-scale � values for several
vertebrate genome pairs (Hasegawa et al. 1998; International

Chicken Genome Sequencing Consor-
tium 2004; Jaillon et al. 2004; Rat Ge-
nome Sequencing Project Consortium
2004; The Chimpanzee Sequencing and
Analysis Consortium 2005) and com-
pared them with those estimated for the
three viral lineages. Recently, it has be-
come recognized that � values tend to be
larger for closely related genomes than
distantly related ones due to a lag in the
removal of slightly deleterious muta-
tions from the population (Ho et al.

2005; Penny 2005; Rocha et al. 2006). To take this effect into
account, we plotted medians of � against medians of Ks (Fig. 4).
As expected, � increased with decreasing Ks. After recognizing
this dependence of � on Ks, however, there was no marked dif-
ference in � between the NCLDVs and vertebrates. Thus on the
average, the viral proteomes are under comparable levels of se-
lection pressure as the vertebrate proteomes.

As selective strength varies across proteins depending on
their functions, it is of interest to compare � between viruses and
vertebrates using genes encoding similar functions. We took
genes for B-type DNA polymerases, ribonucleotide reductase
small and large subunits, TFII-like transcription factors, mRNA
capping enzymes, dUTPases from the three NCLDV lineages, and
their homologs from human, mouse, and rat (Fig. 5). There was
no recognizable systematic difference in � between the viral
genes and their cellular homologs. However, the � values vary
across proteins as well as among different organism pairs. A no-
table example is the case for the B-type DNA polymerases. The �

values of the poxvirus DNA polymerases (MYX/SFV and VAR/VV)
are three times larger than the � value of the phycodnavirus
lineage (PBCV-1/NY2A). Interestingly, eukaryotic DNA polymer-
ase � catalytic subunits (replication initiation) exhibit larger �

values than � catalytic subunits (replication elongation). Accord-
ing to a published phylogenetic tree (Villarreal and DeFilippis
2000), poxvirus DNA polymerases are more closely related to
eukaryotic � catalytic subunits than to �, while phycodnavirus
DNA polymerases are located at the root of eukaryotic � subunits.
Thus, in this case, the variation in � may mainly be due to dif-
ferent functional requirements for the subgroups of the ho-
mologs (i.e., �-like and �-like DNA polymerases).

Overall the traditional view that viral proteomes evolve un-
der more relaxed constraints than cellular organisms does not
hold for the three analyzed NCLDV lineages and is probably not
true also for other NCLDVs.

Characteristics of NORFs

We compared several sequence features between NORFs and
WORFs with the use of all the ORFs identified in the PBCV-1,
MYX, and VAR genomes. The most prominent feature that was

Figure 2. Lack of correlation between the proportions of family-specific genes and Ka.

Table 1. Number of orthologs exhibiting � not significantly
differing from one

NORFs WORFs

PBCV-1/NY2A 1 (1%) 2 (2%)
MYX/SFV 4 (5%) 0 (0%)
VAR/VV 8 (19%) 3 (9%)

Proportions to the total number of examined orthologs are indicated in
parentheses.
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different between the two ORF classes was their sizes. For all the
three NCLDV viruses, NORFs were significantly smaller than
WORFs (P < 0.01; Fig. 6). On the average, NORFs were 45%∼50%
smaller than WORFs. Over-predictions of genes may contribute
to the difference, though the above analyses on evolutionary
rates and nucleotide compositions suggested minor proportions
of over gene predictions. If we consider ORFs longer than 140
codons, over-predicted genes theoretically represent <1% (see
Methods). For those ORFs, NORFs were still significantly smaller
(28%∼35%) than WORFs (P < 0.01).

Low-complexity (i.e., repetitive) sequences were more abun-
dant in the protein sequences derived from NORFs than those
from WORFs (Supplemental Fig. S2). For PBCV-1, the average
proportion of low-complexity sequences for WORF-derived pro-
teins was 4%, while it was 10% for NORF-derived sequences. The
difference was statistically significant (P < 0.01). NORFs of MYX
and VAR exhibited the same tendency, albeit statistically non-
significant in these cases.

NORFs were more likely to encode predicted transmem-
brane proteins than WORFs (Supplemental Fig. S3). In the case of
PBCV-1, 21% of the NORFs were predicted to encode transmem-
brane proteins, while the proportion was 10% for the WORFs.
This enrichment in predicted transmembrane proteins is statis-
tically significant for PBCV-1 and MYX (Fisher’s exact test;
P < 0.05), but nonsignificant for VAR. The enrichment of pre-
dicted transmembrane proteins in the NORF-derived sequences
appears a characteristic independent of the small NORF sizes, as
the predicted transmembrane proteins do not significantly differ
in size from other predicted proteins (data not shown).

The proportions of predicted secondary structures showed
no virtual differences between the NORF- and WORF-encoded
proteins (Supplemental Fig. S4). Though not salient, however,
the helical property of the NORF-encoded proteins was slightly
larger than the WORF-derived proteins
(P < 0.05 for MYX and VAR). The com-
position of the predicted extended struc-
tures showed a reversed trend (P < 0.05
for MYX). This tendency remained even
if we removed the predicted transmem-
brane proteins and low-complexity se-
quence segments from the data set (data
not shown). Amino acid compositions
were also similar between proteins from
NORFs and WORFs (Supplemental Fig.
S5). Consistently, we could observe no

significant difference in predicted isoelec-
tric points between the proteins from
NORFs and those from WORFs (data not
shown). These results reinforce our convic-
tion that most NORFs encode real proteins.

Thus, in PBCV-1, MYX, and VAR,
NORFs are shorter and likely to encode
more predicted transmembrane proteins
and low-complexity sequences than
WORFs. We confirmed the same trend in all
the other nine NCLDV genomes listed in
Figure 1, except that no enrichment of pre-
dicted transmembrane proteins in the
NORF class was observed in two viruses
(Lymphocystis disease virus and Ectocarpus
siliculosus virus 1).

Size does not totally account for the lack of detectable
homologs for the NORFs

The NORFs that we defined by BLAST were markedly shorter than
the WORFs on the average. Thus, some of the NORFs may have
homologs in the current databases at evolutionary distances
comparable with the distances from the WORFs to their database
homologs. Such homologs might have been missed by BLAST
due to its methodological limits. BLAST E-value is related to
alignment score by an exponential function (Karlin and Altschul
1990; Altschul et al. 1997). Alignment score has a tendency to
decrease with the size of query sequence. Therefore the signifi-
cance of BLAST E-value dramatically decreases for smaller query
sequences at a given evolutionary distance (measured by a sub-
stitution matrix).

We performed a simulation to assess this size effect on our
data set, by simultaneously taking into account the abundance of
low-complexity sequences in proteins derived from the NORFs.
The simulation estimates the proportion of NORFs whose ho-
mologs are unrecognizable (due to the size effect plus the abun-
dance of low-complexity sequences) even under the assumption
that, for all of the NORFs, homologs are present in the database.
This corresponds to the maximal proportion of the NORFs pos-
sibly having “hidden” homologs in the current database. On the
other hand, the size effect and the low-complexity sequence
composition will not be able to explain the lack of detectable
homologs for the residual proportion of the NORFs.

First, we prepared a list of the sizes of PBCV-1 NORFs (<400
codons) and a list of positions of the low-complexity sequences
in the proteins derived from these NORFs. Then, we randomly
extracted parts of protein sequences derived from the PBCV-1
WORFs in a way that their size distribution and low-complexity
sequence compositions are exactly the same as those for the

Figure 3. Average G+C compositions of WORFs (filled circles), NORFs (open circles), and intergenic
sequences (crosses). For WORFs and NORFs, the G+C compositions at the first and second positions
(1,2) and the third positions (3) are separately computed. Bars correspond to a standard deviation. For
intergenic sequences, those �20 nt were analyzed.

Table 2. Ka, Ks, and � values for three NCLDV lineages

Viral lineages Parameters

WORFs NORFs

Na 25% Median 75% Na 25% Median 75%

PBCV-1/NY2A Ka
b 94 0.045 0.083 0.121 98 0.071 0.103 0.149

Ks 0.766 1.301 1.937 1.011 1.433 2.037
� 0.045 0.066 0.114 0.051 0.076 0.121

MYX/SFV Ka 38 0.034 0.054 0.099 84 0.030 0.056 0.088
Ks 0.421 0.490 0.619 0.385 0.459 0.558
� 0.062 0.109 0.200 0.071 0.121 0.175

VAR/VV Ka 33 0.008 0.012 0.027 43 0.011 0.019 0.029
Ks 0.072 0.089 0.111 0.066 0.085 0.115
� 0.089 0.125 0.304 0.112 0.210 0.351

aThe number of analyzed orthologs.
bThe distributions of Ka were significantly different between WORFs and NORFs (U-test; P < 0.01).
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NORFs (see Methods for details). These artificial amino acid se-
quences were searched against the database using BLAST. On the
average, homologs were unrecognizable by BLAST for 41% of the
artificial sequences outside Phycodnaviridae (Fig. 7). These fail-
ures of homology detection are primarily attributable to their size
and low-complexity sequence content. Thus, at the maximum,
41% of the PBCV-1 NORFs may have “hidden” homologs in the
current database. In fact, when we used a profile method for the
240 PBCV-1 NORFs, 15 (6%) exhibited significant database hits
(i.e., RPS-BLAST searches against the NCBI/CDD database
[Wheeler et al. 2006]; E-value < 10�3). The FUGUE program (Shi
et al. 2001), a method for recognizing homology between se-
quences and known protein structures, could reveal nine (4%)
additional hits (Z-score > 6) between NORFs and structural pro-
files. We obtained similar results for MYX (42% failure) and VAR
(39%) through the same kind of simulations (Fig. 7). Thus ho-
mologous sequences could be present in the current databases
but remain undetected for up to 40% of the NORFs due to the
difficulty in assessing the statistical significance of short BLAST
alignments.

On the other hand, the lack of detectable remote homologs
for the remaining NORFs (>60%) probably originates in other
factors than their sizes and low-complexity sequence contents
(see Discussion). For instance, the analyzed genomes exhibit a
considerable amount of long NORFs (Fig. 6), for which the aver-
age sequence characteristics do not appear to account for the lack
of detectable homologs. One of the PBCV-1 ORFs (A505L) corre-
sponds to a 484-aa protein sequence. This sequence exhibits no
predicted transmembrane region, only 3% of low-complexity se-
quence content, and regular evolutionary rates (� = 0.08,
Ka = 0.10 for the comparison with NY2A).

Discussion

The vast majority of the NORFs in the three NCLDV lineages
most likely specify functional polypeptides as they exhibit regu-

lar sequence divergence rates (i.e., Ka/Ks < 1). The lack of detect-
able remote homologs of the NORFs is thus attributable to poor
sampling in the current databases, to the limits in sequence simi-
larity detection methods, and to their bona fide narrow taxo-
nomic distributions.

Given the huge diversity of viral sequences revealed by
metagenomics studies (Angly et al. 2006; Yooseph et al. 2007),
inadequate sampling of viral genes in the current databases is
likely to be a significant factor leading to the high fraction of
unique genes in the NCLDV genomes. NORFs may also have
homologs in cellular host genomes that are not sequenced. How-
ever, this does not apply to poxviruses, whose multicellular eu-
karyotic hosts (or close relatives) are well represented in the cur-
rent databases. For protist-infecting NCLDVs, such a possibility
cannot be ruled out, although their proteomes do not exhibit a
noticeable enrichment in sequences similar to those of their host
(Claverie et al. 2006).

Methodological limits in sequence homology recognition
arise from different factors. These include sequence divergence
rate, gene size, sequence complexity, and the presence/absence
of evolutionary stable sequence motifs. Through computer simu-
lations, we showed that at most 40% of the absence of detectable
NORF homologs by BLAST could be due to their short sizes com-
bined with the abundance of low-complexity sequences. In con-
trast, we established that the lack of recognizable homologs for
the NCLDV NORFs are not due to especially high sequence di-
vergence rates usually attributed to viruses. In fact, those genes
were found to exhibit evolutionary rates similar to those associ-
ated with genes with remote homologs (WORFs). This is at odds
with bacterial ORFans. Daubin and Ochman found that bacterial

Figure 4. Proteome-scale Ka/Ks for the three NCLDV lineages and sev-
eral vertebrate pairs with complete genomes. For the NCLDVs, (N) and
(W) denote those for NORFs and WORFs, respectively.

Figure 5. Comparisons of Ka/Ks values between NCLDV genes and ver-
tebrate homologs.
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ORFans evolve faster and exhibit much lower G+C contents than
other genes, and suggested recent exogenous (i.e., viral) origins
for bacterial ORFans (Daubin and Ochman 2004). Such an expla-
nation does not hold for the viral NORFs as they exhibit normal
nucleotide compositions and standard sequence divergence
rates. Therefore, the NORFs might be much older than bacterial
ORFans.

Finally, given the large evolutionary distances between virus
families (for example, measured on conserved proteins such as
DNA polymerases; Villarreal and DeFilippis 2000), some of the
NORFs may be truly specific to a virus family, in a sense that their
homologs are absent or drastically different in other (cellular or
viral) organisms.

Whatever the reasons for the present uniqueness of the
NCLDV NORFs, they correspond to the most uncharacterized
parts of their genomes, likely to encode virus-specific molecular
strategies to take advantages of their hosts. The three NORF se-
quence features (smallness, repetitiveness, and predicted mem-
brane association) thus might be tied with yet uncharacterized
evolutionary forces acting on viral genomes. Repetitiveness
could endow particular functional properties to the encoded
amino acid sequences as repetitive sequences are often found in
nucleic acid-interacting proteins and cytoskeleton components
of eukaryotes. Repetitiveness may also be a consequence of the
mechanisms (e.g., DNA replication slippage) randomly generat-
ing long open reading frames from scratch (Ohno 1987). Short-
ness could be the result of gene optimization processes, such as
the minimization of existing genes. It is also possible that short-
ness helps encoded proteins to act as functionally specialized
compact modules that can be recruited in different contexts
(Lupas et al. 2001). Membrane environment may be an impor-
tant niche for viral proteins as the surface area to volume ratio is
small for virus factories compared to cells. Virus factories are
special intracellular compartments for genome replication and
assembly of viruses, and are surrounded by membranous struc-
tures such as the endoplasmic reticulum and mitochondria (No-
voa et al. 2005). Viral membrane proteins may function espe-
cially at the stages when virus factories have to promote inten-
sive exchanges of metabolites and cofactors through the
membranes. Interestingly, recent studies revealed thus far the
smallest known functional potassium ion channel encoded in
the PBCV-1 genome (Kang et al. 2004), and the smallest func-
tional mitochondrial carrier encoded in the mimivirus genome
(Monne et al. 2007).

Genomics has been focusing on cellular life forms, until we

recently realized that viruses are prob-
ably the most diverse and abundant life
form on our planet (Suttle 2005). Most
of what we know on genes has been de-
rived from thorough functional studies
using a handful of model organisms
such as Escherichia coli, yeast, and more
recently animal and plant models. Be-
cause of their lack of cellular homologs,
the functional characterization of viral
genes (i.e., NORFs) will now require the
same efforts to be specifically directed to
viral organisms. These studies may even-
tually reveal original metabolic path-
ways, unexpected regulatory mecha-
nisms, and other unanticipated proper-
ties of these “virus only” genes.

Methods

Genome data
NCLDV genome sequence data were downloaded from the viral
section of the NCBI Reference Sequence (RefSeq) database
(Wheeler et al. 2006) as of January 16, 2006, except for the
genome sequence of Paramecium bursaria chlorella virus
NY2A. NY2A infects the same host Chlorella-NC64A as PBCV-1.
Its complete genome sequence (GenBank accession no.
DQ491002; 368,683 bp) has been recently determined (Fitzgerald
et al. 2007).

Figure 6. Size distributions of NORFs (white) and WORFs (black) for PBCV-1, MYX, and VAR.

Figure 7. Homology search results for the simulated amino acid se-
quences that mimic the size distribution and low-complexity proportions
of NORFs. Bars correspond to standard deviations obtained after 10 times
simulations.
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ORF identification
We built ORF sets (�40 codons) for the NCLDV genomes using
Glimmer (Delcher et al. 1999). The standard genetic code was
used in this search. Genes containing introns, albeit being rare in
NCLDVs, were annotated as in the original annotations in RefSeq
except for NY2A. Homologous genes in PBCV-1 were used to
annotate intron-containing genes of NY2A using GeneWise
(Birney et al. 2004) available at the Wise2 server (http://
www.ebi.ac.uk/Wise2/). The analyses presented in this study
were based on these ORF sets. Total number of the ORFs identi-
fied in the genomes of PBCV-1, MYX, and VAR were 389, 170,
and 192, respectively. We also performed the same analyses on
the original RefSeq annotations, which also generated essentially
the same results (data not shown).

We used a simple model to quantify over-predictions of
genes. We generated 100 artificial genome sequences for each of
PBCV-1, MYX, and VAR, through random shuffling of genomic
sequences that keeps their nucleotide frequencies. We counted
ORFs (�40 codons) occurring in these artificial sequences by the
EMBOSS/getorf program (Rice et al. 2000). The size distributions
of ORFs for the artificial sequences were compared with those
identified by Glimmer for the real genomic sequences. This
analysis suggests that potential over-predictions of genes will be
<1% for ORFs >140 codons for all the three genomes. We con-
sider that this estimate is very conservative due to the simplicity
of the model, and that the true over-prediction rate should be
much lower even for ORFs <140 codons.

Homology search
The predicted NCLDV protein sequences were searched against
the entire UniProt sequence database (Wu et al. 2006) release 7.4
as of April 2006 to identify homologous sequences using BLAST
(Altschul et al. 1997) with an E-value threshold of 10�3 and with
the default SEG (Wootton 1994) filtering. BLAST matches against
sequences from environmental samples were excluded because of
the potential uncertainty in their taxonomic origins. Each
NCLDV proteome was divided into two classes: WORFs with de-
tectable homologs outside the viral family to which they belong,
and NORFs, which are viral family-specific ORFs, possessing no
detectable homologs outside the viral family. The proportions of
NORFs were 62% (240 ORFs) for PBCV-1, 69% (118) for MYX,
and 71% (137) for VAR.

Definition of orthology
An initial list of orthologs for each of three pairs of genomes
(PBCV-1/NY2A, MYX/SFV, and VAR/VV) was defined by recipro-
cal BLAST best hits, with at least 40% amino acid sequence iden-
tity and <50% size difference. We refined the ortholog list by
retaining only those exhibiting gene order colinearity. For pox-
viruses (MYX/SFV, VAR/VV), putative orthologs within the ter-
minal inverted repeat regions were excluded.

Estimation of evolutionary rates
The orthologous protein sequences were aligned by MUSCLE
(Edgar 2004) and then back-translated into codon alignments.
We removed ambiguously aligned regions (due to short repeats
or high divergence) by visual inspection of the pairwise sequence
alignments. The synonymous (Ks) and nonsynonymous (Ka) sub-
stitution rates and their ratio (� = Ka/Ks) were computed using
the maximum likelihood method implemented in the codeml
program in the PAML package (Yang 1997), using constant � for
all sites and the codon frequency model F3�4. For some or-
thologs, these evolutionary parameters could not be estimated
due to saturation of nucleotide substitutions or extremely low

level of sequence divergence. Those orthologs were discarded
from the analyses. Using the remaining orthologs, we prepared
three data sets (I, II, and III) based on the percent standard errors
(p-SEs) of the estimations of Ka, Ks, and �. Data set I and II were
composed of all the orthologs that exhibited p-SE(Ka), p-SE(Ks),
and p-SE(�) <100% and 50%, respectively. Data set III was de-
rived from the data set II by retaining only the orthologs, of
which the codon alignments were �150 codons. The analyses of
sequence divergence rates were performed for all the three data
sets (I, II, and III), which generated essentially the same results. In
this manuscript, we only show the results from the data set II
(i.e., p-SEs < 50%). To test if an estimated � significantly differs
from one, we employed the likelihood ratio test (using a �2-
distribution with one degree of freedom, P < 0.01) without cor-
rections for multiple tests.

Vertebrate data
The genome-scale Ks and � data for vertebrate genomes were
obtained from published literature. These correspond to the
nuclear genome-encoded 13,454 human/chimpanzee orthologs
(The Chimpanzee Sequencing and Analysis Consortium 2005),
10,066–11,503 human/mouse/rat orthologs (Rat Genome Se-
quencing Project Consortium 2004), 7529 human/chicken or-
thologs (International Chicken Genome Sequencing Consortium
2004), 5787 Tetraodon/Takifugu orthologs (Jaillon et al. 2004),
and the mitochondrial genome-encoded 12 human/
chimpanzee/gorilla orthologs (Hasegawa et al. 1998). For the
nuclear genome data, we used median values. For the mitochon-
drial data, we used the data obtained from the concatenated
alignment of 12 genes. In their original works, the data for the
nuclear genome-encoded human/mouse/rat orthologs were com-
puted by the yn00 program in PAML. The data for the Tetraodon/
Takifugu orthologs were computed by the PBL method (Li et al.
1985; Pamilo and Bianchi 1993). For other vertebrate genome
pairs, Ks and � were computed by codeml as in our study. All the
� values for individual ortholog pairs were recomputed by
codeml. Vertebrate homologs were obtained from the NCBI/
HomoloGene database (Wheeler et al. 2006): DNA polymerase �

(HomoloGene ID 2014), DNA polymerase � (6802), ribonucleo-
tide reductase M1 (806), ribonucleotide reductase M2 (20277)
and TP53 inducible M2 B (56723), TFIIS (TCEA1: 55984, TCEA2:
68304, TCEA3: 20684), mRNA capping enzyme (37851), dUTPase
(31475).

Protein sequence analysis
The SEG program was used to define low-complexity sequences.
We used the Phobius program for the prediction of transmem-
brane proteins (Kall et al. 2004). Protein secondary structures and
isoelectric points (pI) were predicted using the garnier and pep-
stats programs in EMBOSS (Rice et al. 2000). The sequence-
structure homology recognition was performed using FUGUE
(Shi et al. 2001) against HOMSTRAD (de Bakker et al. 2001) as of
July 2006.

Simulation
The following is the procedure to generate a set of partial protein
sequences derived from WORFs, that imitate the size distribution
and low-complexity sequence compositions of NORF-derived
proteins (<400 resides). We first prepared “source” sequences
from the WORF-derived protein sequences, by removing low-
complexity sequences and by splitting the sequences into pieces
(when applicable) at the locations of their low-complexity re-
gions. We also generated a list of the low-complexity regions
identified in the proteins derived from NORFs <400 codons. For
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each of the NORFs with L codons, we selected one sequence (or
occasionally two) from the source set, and randomly extracted a
partial segment of L-residues from the source sequence. The
choice of the source sequence was randomly made from those
>2L. When no such source sequence was available due to a long
size of the NORF, we concatenated two source sequences ran-
domly chosen so that the sum of their sizes became >2L. This
source sequence selection process ensures that the extracted L-
residues segment corresponds to no more than 50% of the source
sequence. Finally, the regions in the L-residues segment that
match to the low-complexity regions identified in the original
L-residues protein sequence from the NORF were masked, by
replacing amino acid letters with “X,” to imitate the low-
complexity sequence property of the NORF. This procedure gen-
erates a set of amino acid sequences exhibiting the same size
distribution and low-complexity sequence compositions as the
NORFs. For each viral species (PBCV-1, MYX, VAR), we generated
10 such sets to obtain the average of the number of BLAST hits
against the UniProt database.

Statistical tests
We used the nonparametric Mann-Whitney U statistic to test the
differences in the distributions of G+C compositions, protein se-
quence identities, evolutionary parameters (Ks, Ka, �), and the
compositions of low-complexity sequences and predicted sec-
ondary structures. Other statistics that we used in this study were
explicitly noted in the manuscript.
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