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The translation of viral mRNAs by host ribosomes is essential for infection. Hence, codon
usage of virus genes may influence efficiency of infection. In addition, composition of
nucleotides in the third position within codons of genes can reflect evolutionary relationships.
In this study, third position codon composition was examined for the seven genes of eight
Cauliflower mosaic virus isolates. Genes IV–VII had similar codon composition values and
were termed Class 1 genes. Genes I–III possessed corresponding codon composition values
and were termed Class 2 genes. The codon composition values of Class 1 and genes differed
significantly. Neither Class 1 nor Class 2 genes had codon composition values identical
to that of the host plant, Arabidopsis thaliana. However, Class 1 genes possessed codon
composition values closer to those of the host than Class 2 genes. Examination of the
genomes of three Rous sarcoma virus isolates indicated that codon composition values were
similar for the gag, pol, and env genes but these genes differed significantly from the src genes.
Since codon composition values for Rous sarcoma virus distinguished a ‘‘foreign’’ gene from
the rest of the viral genome, it is possible that the Cauliflower mosaic virus genome is
composed of genes from two different sources. Others have suggested that Cauliflower mosaic
virus evolved in this manner and our data provide support for this hypothesis.
r 2002 Elsevier Science Ltd. All rights reserved.
1. Introduction

Viruses are efficient pathogens of most cellular
organisms because of their tight integration with
host physiology (Knipe, 1990; Matthews, 1991).
For viral gene expression to occur, translation
of virus mRNAs by host ribosomes is essential.
Some viruses encode their own tRNAs to
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facilitate viral protein synthesis (Strauss et al.,
1990). Other viruses, such as Cauliflower mosaic

virus (CaMV), depend entirely on the translation
machinery of the host, suggesting that the codon
usage of their genes correlates with their
translation (Strauss et al., 1990).
CaMV particles harbor an 8 kbp double-

stranded circular DNA genome, shown in
Fig. 1(A) (Hull & Covey, 1985; Mason et al.,
1987; Matthews, 1991; Rothnie et al., 1994).
Following invasion of a host cell, viral DNA is
targeted to the nucleus where it serves as a
r 2002 Elsevier Science Ltd. All rights reserved.



Fig. 1. The average third position codon composition
values of Cauliflower mosaic virus genes. (A) The
organization and structure of the CaMV genome is shown.
The heavy arrows indicate the seven CaMV genes (labeled
with roman numerals) in the 8 kb pair genome, while the
thin arrows show the two viral transcripts, and the shaded
portions indicate the intergenic regions. Genes VII, I, and
VI are in a different reading frame from II and IV, which
differs, from that for III and V. It is important to note that
genes III–V overlap slightly. Gene names located within the
inner circle are Class 1 genes while the others are Class 2
genes. (B) The average CC values for CaMV genes VII–VI
are indicated. Also shown are the standard deviations. The
dashed line indicates the average A. thaliana CC value.
Below the graph is a drawing of the CaMV 35S RNA [in a
linearized form from (A)] showing the approximate
positions of the seven genes. Note that genes are not drawn
to scale.
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template for plant RNA polymerase II. Unlike
retroviruses, the integration of the pararetroviral
DNA into a host genome is not required for viral
replication. As a member of the pararetrovirus
family, a CaMV DNA genome replicates via an
RNA intermediate, the 35S RNA. In addition to
its role as a template for reverse transcription,
CaMV 35S RNA serves as a polycistronic
mRNA for viral protein synthesis. Reverse
transcription of CaMV 35S RNA is believed to
occur in cytoplasmic inclusion bodies and viral
DNA generated is packaged concomitantly into
viral particles.
The CaMV genome encodes seven proteins

(Hull & Covey, 1985; Matthews, 1991; Rothnie
et al., 1994). The arrangement of the genes on
the 35S RNA is shown in Fig. 1(B) and the
functions of their gene products are indicated in
Table 1. Genes I–III encode proteins involved
mainly in plant-related functions (Bonneville &
Hohn, 1993; Bonneville et al., 1987; Mason et al.,
1987). Genes IV–VI products primarily effect the
processes of replication and virion assembly
(Bonneville & Hohn, 1993; Chenault & Melcher,
1994a, b; Hull & Covey, 1985; Mason et al.,
1987; Matthews, 1991; Rothnie et al., 1994). In
many respects, genes IV, V and VI of CaMV
resemble the gag, pol and env genes of retro-
elements, respectively.
Synthesis of CaMV proteins requires that the

virus exploit the translation machinery of the
host. Therefore, we expect CaMV codon usage
to resemble that of the host. To test this
hypothesis, we examined the composition of
the nucleotide in the third position of all codons
for each viral gene. Third position codon
composition (CC) has been used to examine
codon preference of genes within an organism,
and indicate evolutionary relationships among
species (Campbell & Gowri, 1990; Lawrence &
Roth, 1996). This study was undertaken to
answer two basic questions. First, how do the
CC values for CaMV genes compare with that
of a plant host? Second, how similar are the
CC values of the various CaMV genes when
compared with one another? Based on CC
values, we report that CaMV genes fall into
two classes. Neither of these classes had CC
values equivalent to that of the host plant
Arabidopsis thaliana.



Table 1
Functions of the CaMV genes examined in this study

CaMV
gene

Function of gene product Reference

VII Protein unstable in plants, function unknown Wurch et al. (1990)
I Facilitates transport of viral nucleic acid from one

plant cell to another
Thomas & Maule (1995)

II Involved in transmission of the virus by plant-feeding
insects (aphids)

Blanc et al. (1993)

III Acts as a linker connecting the gene II product to the
viral capsid, non-specific double-stranded DNA-bind-
ing protein

Leh et al. (2001), Mesnard et al. (1990)

IV Viral capsid protein; analogous to retroviral gag
protein

Bonneville & Hohn (1993), Gardner et al. (1981),
Hull & Shepherd (1976)

V Reverse transcriptase replication enzyme, containing
proteinase and RNase H domains; analogous to
retroviral pol protein

Bonneville & Hohn (1993)

VI Major inclusion body protein, binds to capsid protein
and thought to be involved in the virion assembly
process, determines host range and symptom severity,
translational transactivator; somewhat analogous to
retroviral env protein

Bonneville et al. (1989), Chenault & Melcher (1994a),
Covey & Hull (1981), Himmelbach et al. (1996),
Schoelz et al. (1986), Stratford & Covey (1989)

Table 2
Codon composition values for the eight CaMV isolates used in this study

CaMV isolate Third position codon composition values Accession number References

VII I II III IV V VI

B29 0.98 2.19 2.19 2.25 1.17 1.19 1.25 X79465 Pique et al. (1995)
BBC 1.06 2.28 2.56 2.61 1.18 1.27 1.19 M90542 Chenault & Melcher (1993b)
Cabb S 1.02 2.28 2.27 2.25 1.28 1.29 1.21 J02048 Franck et al. (1980)
CM1841 1.06 2.11 2.33 2.51 1.16 1.31 1.12 V00140 Gardner et al. (1981)
CMV-1 0.94 2.34 2.27 2.33 1.16 1.27 1.16 M90543 Chenault & Melcher (993a)
D/H 1.16 2.31 2.33 2.17 1.21 1.31 1.14 J02047 Balazs et al. (1982)
NY8153 1.06 2.45 2.27 2.25 1.21 1.27 1.17 M90541 Chenault et al. (1992)
Xinjiang 0.94 2.28 2.33 2.33 1.28 1.27 1.24 AF140604 Fang et al. (1985)

Note: The third position codon composition value is based on the last nucleotide in the codon being either an A/T or a G/C (XXA/T or

XXG/C) and dividing the XXA/T value by the XXG/C value.
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Materials and Methods

THIRD POSITION CODON COMPOSITION

ANALYSIS OF SEQUENCES

Codon usage for each of the seven genes of
eight CaMV isolates (Table 2) was determined
with Macintosh DNA Strider 1.2 software. The
third position of each codon for every CaMV
gene was ranked as an A/T or a G/C nucleotide,
and termination codons were included in this
total. Numbers of codons ending in A or T were
summed separately from those ending in G or C.
For each gene, the total number of codons
ending in A or T was then divided by those with
G or C in the third position to generate a value
representing the third position codon composi-
tion (CC) of the gene. For comparison, three
Rous sarcoma virus (RSV) isolates were also
examined in this study (Table 3). The CC values
of the RSV gag, pol, env, and src genes for each
isolate were determined as described above for
CaMV. The CC value for the bulk genome of
the plant host, A. thaliana, was determined in
the same manner from the data obtained from
the Kazusa website (http://www.kazusa.or.jp/
codon/).



Table 3
Codon composition values for the three RSV isolates used in this study

RSV isolate Third position codon composition values Accession
number

References

gag pol env src

Schmidt–Ruppin B 0.776 0.912 0.992 0.235 AF052428 J. Bouck et al., unpublished
Schmidt–Ruppin D 0.767 0.896 1.00 0.242 D10652 Kihara, unpublished
Prague 0.786 0.862 1.07 0.242 J02342 Katz et al. (1982), Schwartz et al. (1983)

Note: the third position codon composition value is based on the last nucleotide in the codon being either an A/T or a G/C (XXA/T or

XXG/C) and dividing the XXA/T value by the XXG/C value.
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STATISTICAL ANALYSIS

Two-way analysis of variance was performed
with CC values as a dependent variable and gene
and isolate as independent variables, using SAS
software (SAS/STAT Users Guide, 1989). A
single-degree-of-freedom contrast comparing
CC values among genes was also performed.

Results

When the CC of the seven genes from eight
different CaMV isolates was determined, genes
IV–VII (which we termed Class 1 genes) were
found to have values near 1.2–1.3 (Table 2).
Interestingly, CC values of these genes were
consistent among virus isolates ( p=0.2961). The
CC values of genes I–III (Class 2 genes) were
similar with values about 2.3–2.4 for all CaMV
isolates (p ¼ 0:2961).
The viral CC values were compared with those

of a host plant with large amounts of available
codon data, A. thaliana. The CC value for the
total A. thaliana genome in the Kazusa website
database was 1.38. Neither Class 1 nor Class 2
genes had CC values that exactly matched that
of the CaMV host plant. However, CC values of
Class 1 genes were more similar to A. thaliana
than Class 2 genes (Fig. 1(B)).
The CC values for Class 1 genes differed

significantly from those of the Class 2 genes (p o
0.0001). Hence, the CaMV genome contains two
classes of genes each with a different codon
composition. Interestingly, Class 2 genes are
contiguous within the genome and are located
between Class 1 genes VII and IV (Fig. 1(B)).
Perhaps the two classes of CaMV genes origi-
nated from different sources. Other virus gen-
omes have obtained genes in this way. For
example, the src gene of RSV (Coffin, 1990) was
likely obtained from a vertebrate host (Rohrsch-
neider et al., 1979; Takeya & Hanafusa, 1982).
Analysis of three RSV isolates showed that the
CC values for the gag, pol and env genes
were similar, about 0.9 (Table 3). However,
CC values for the src genes (close to 0.24),
differed significantly from gag/pol/env genes
(po0:0001) which was consistent among isolates
(p ¼ 0:7723).

Discussion

We determined the third position codon
composition (CC) values of the seven genes
among eight CaMV isolates and compared those
values to that of a common host plant,
A. thaliana. We examined, CC rather than codon
usage because it permitted each codon for every
gene to be quantified. In addition, the identity of
the nucleotide in the third position (XXG/C vs.
XXA/T) has been used to examine codon
preferences for higher plants, green algae,
cyanobacteria and certain bacterial operons
(reviewed in Campbell & Gowri, 1990; Lawrence
& Roth, 1996). These studies recommended CC
as a tool to examine evolutionary relationships.
Our results suggest that CaMV genes fall into
two classes: Class 1 (genes IV–VII) and Class 2
(genes I–III).
The dramatic difference in codon composition

may have at least six explanations. First, it is
possible that the different CC values reflect the
amount of protein required by the virus. We
believe this to be unlikely because the viral coat
protein (gene IV product) is more abundant than
reverse transcriptase (gene V product) (Kobaya-
shi et al., 1998) but both genes possess similar
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CC values (see Table 2). Secondly, the amino
acid composition of gene products may bias CC
values for the different classes of CaMV genes.
For example, some of the viral proteins may
contain many charged, hydrophobic or hydro-
philic amino acids. If so, all four Class 1 genes
would show a similar amino acid composition,
and one that differed from all three Class 2
genes. None of the CaMV genes appear to
encode proteins particularly rich in specific
amino acids, making this explanation improb-
able. Interestingly, Class 1 genes IV–VI all
encode RNA-binding proteins (Bonneville &
Hohn, 1993; De Tapia et al., 1993). Therefore,
a third possible explanation is that CC values
reflect the ability of a gene product to associate
with ribonucleic acid. This is unlikely because
Class 2 genes I and III encode RNA-binding
proteins (Jacquot et al., 1998; Thomas & Maule,
1995). Fourth, CC differences may be essential
for folding or packaging the viral DNA into
virions. This is improbable because gene II can
be replaced with genes having contrasting CC
values, yet the virus is still viable (Brisson et al.,
1984; Lefebvre et al., 1987). Fifth, the two classes
of genes may be under different selection
pressures that maintain divergent CC values.
Patterns of nucleotide sequence change for Class
1 genes IV–VI appear different from those for
Class 2 genes I–III (Chenault & Melcher, 1994a).
Hence, the patterns of nucleotide sequence
change correlate, to a large extent, with CC
values. Interestingly, 69–79% of the mutations
in genes I–IV appear to be silent mutations,
compared to 90% for gene V and 54% for gene
VI. However, gene IV contains more insertion/
deletion mutations and variability than genes
I–III; and gene V has the lowest density of
coding changes, both suggesting that Class 1 and
2 genes are under different selection pressures.
Perhaps, this difference in selection pressure is
manifested as contrasting CC values for these
genes. It is intriguing that the CC value for gene
IV differs from genes I–III even though all four
genes possess similar silent mutation percen-
tages. Remarkably, genes V and VI have
dissimilar silent mutation percentages and, yet,
possess similar CC values. Taken together, these
data suggest that mutation selection does not
completely explain the two CC classes.
A final explanation for the two classes of genes
is that they represent the evolutionary history of
CaMV. Evidence is two-fold. First, Class 1 genes
IV–VI, respectively, resemble the gag, pol and
env, genes found in a retroelement (Bonneville &
Hohn, 1993; Chenault & Melcher, 1994a,b; Hull
& Covey, 1985; Mason et al., 1987, Matthews,
1991; Rothnie et al., 1994). Second, Class 2 genes
form a single continuous block that is located
between Class 1 genes VII and IV (see Fig. 1(B)).
Together, these suggest a possible scenario for
the origin of CaMV. The proto-CaMV may have
been a retroelement to which the Class 2 genes
were added, possibly via a recombination event.
The addition of Class 2 genes may have
permitted the new retroelement to adapt effi-
ciently to its hosts by allowing it to spread from
cell to cell and plant to plant (Bonneville et al.,
1987; Mason et al., 1987; Rothnie et al., 1994).
Other workers suggest such an origin for CaMV
and that our Class 2 genes may have been
obtained from an RNA virus (Bonneville &
Hohn, 1993; Bonneville et al., 1987; Mason et al.,
1987; Rothnie et al., 1994). We term this the
‘‘Dual Origin Hypothesis of CaMV Evolution.’’
Phylogenetic analysis of retroelements based on
the sequences of their reverse transcriptases
indicates that CaMV is most closely related to
members of the Spumavirus genus of the retro-
virus family (Li et al., 1995). Perhaps proto-
CaMV was related closely to Spumaviruses.
In support of the dual origin hypothesis, some

CaMV isolates have been generated via recom-
bination (Chenault & Melcher, 1994b). In
addition, the region between CaMV genes III
and IV, which is a boundary between Class 1 and
2 genes, contains a recombination hotspot
(Vaden & Melcher, 1990). Finally, genes with
similar CC values appear to have related
functions. Class 2 genes appear to be involved
primarily in plant-associated functions (Bonne-
ville et al., 1987; Hull & Covey, 1985; Mason
et al., 1987; Matthews, 1991; Rothnie et al.,
1994), while Class 1 genes play a role in virus
genome replication and virion assembly (Bonne-
ville & Hohn, 1993; Chenault & Melcher, 1994a;
Hull & Covey, 1985; Mason et al., 1987;
Matthews, 1991; Rothnie et al., 1994). Since
Class 2 genes appear to be plant-specific, this
suggests that they were added later in the
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evolution of CaMV than Class 1 genes. This may
also explain why Class 1 genes have CC values
that more closely resemble that of the A. thaliana
host plant than Class 2 genes.
To provide further support the hypothesis that

the two classes of CaMV genes are from
different origins, a viral genome, RSV, known
to have obtained a gene via such a mechanism
was examined (Coffin, 1990). In addition to the
standard retroviral genes, the oncoretrovirus
RSV has also obtained the src gene, presumably
from a host cell (Rohrschneider et al., 1979;
Takeya & Hanafusa, 1982). The RSV CC values
are quite different from those of CaMV,
probably reflecting selection pressure imposed
by a different host. However, the CC values of
the RSV genes show an obvious pattern. The CC
values of the three different RSVs for the gag,
pol, and env genes are similar, whereas that of
the src gene is dissimilar. These data suggest that
large differences in CC can reflect different
sources for viral genes.
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