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Summary. Most current classifications of viruses are based on single gene anal-
ysis of capsid protein or polymerase. The comparison of entire genomes is a more
balanced approach that should provide a more complete picture of relatedness.
We have used a singular value decomposition (SVD)-based analysis to gener-
ate phylogenetic trees using whole genome protein sequences from a family of
single-stranded RNA plant viruses. Our dataset includes the 26 species of the
family Tombusviridae, 25 of which have complete genome sequences cataloged
in GenBank. The resulting phylogenetic tree agrees well with current taxonomic
classifications, but with significant exceptions. One previously unassigned virus
within this family, Maize necrotic streak virus, is definitively placed within the
genus Tombusvirus by this analysis. In addition, the analysis defines two distinct
subsets within the genus Necrovirus. Future datasets will be expanded to include
other icosahedral positive strand RNA plant viruses, and then perhaps all positive
strand RNA plant viruses.

Introduction

The classification of plant viruses has evolved over the years and will continue
to do so. Early attempts to organize a classification of plant viruses were based
largely on host range, symptom expression and the ability of related viruses to
interfere with each other in the production of symptoms [2]. Purdy [18] proved
that plant viruses contained specific antigens that stimulate antibody production
in rabbits, and the serological method gradually became a primary consideration
in the identification of related viruses as exemplified by the studies of Babos and
Kassanis [1].

With the advent of easier purification techniques, electron microscopy, gel
electrophoresis of RNA and proteins, and DNA sequence analysis, a taxonomy
based on genome similarities emerged. During the past two decades, many viral
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genomes have been sequenced. Computer analysis has subsequently allowed the
production of phylogenetic trees based on single genes which, together with
other considerations such as serological and vector similarities, has facilitated
the classification of the plant viruses into families and genera by the Plant Virus
Subcommittee of the International Committee on Taxonomy of Virus (ICTV).
Lommel et al. [11] provided a summary dealing with the Tombusviridae.

Single gene phylogenies were used because of incomplete genome sequence
information and the inherent limitations of available computer programs.Although
members of the family Tombusviridae typically possess genes for polymerase,
capsid, and movement proteins, most proposed phylogenies have been based on
either polymerase genes or capsid protein genes. However, by 1997 it had become

Table 1. Viruses of the family Tombusviridae for which complete genomes were available in GenBank
as of March 2003

Genus Virus Abbreviation NC Number

Aureusvirus Pothos latent virus PoLV 000939

Avenavirus Oat chlorotic stunt virus OCSV 003633

Carmovirus Cardamine chlorotic fleck virus CCFV 001600
Carnation mottle virus CarMV 001265
Cowpea mottle virus CPMoV 003535
Galinsoga mosaic virus GaMV 001818
Hibiscus chlorotic ringspot virus HCRSV 003608
Japanese iris necrotic ring virus JINRV 002187
Melon necrotic spot virus MNSV 001504
Saguaro cactus virus SCV 001780
Turnip crinkle virus TCV 003821

Dianthovirus Carnation ringspot virus CRSV 003530, −31
Red clover necrotic mosaic virus RCNMV 003756, 003775
Sweet clover necrotic mosaic virus SCNMV 03806, −07

Machlomovirus Maize chlorotic mottle virus MCMV 003627

Necrovirus Leek white stripe virus LWSV 001822
Olive latent virus 1 OLV-1 001721
Tobacco necrosis virus Type A TNV-A 001777
Tobacco necrosis virus Type D TNV-D 003487

Panicovirus Panicum mosaic virus PMV 002598

Tombusvirus Artichoke mottled crinkle virus AMCV 001339
Carnation Italian ringspot virus CIRV 003500
Cucumber necrosis virus CNV 001469
Cymbidium ringspot virus CymRSV 003532
Tomato bushy stunt virus TBSV 001554

Unclassified Maize necrotic streak virus MNSeV gi10644291, −93, −95

Sobemovirus Southern cowpea mosaic virus SCPMV 001625
(The outgroup)
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clear that recombination among RNA viruses is a common occurrence and should
be expected in all situations where there is RNA polymerase activity [17]. Hence,
gene sharing by recombination might frequently confuse phylogenetic hypotheses
originating from comparisons of single genes. For example, a recent analysis [4]
of the RNA polymerase sequences from the family Tombusviridae grouped only
four of five tombusviruses on the same branch and seven of eight carmoviruses
on the same branch. CLSV (see key to virus abbreviations in Table 1) grouped
more closely with the lone aureusvirus (PoLV) in the dataset, while another
carmovirus (GaMV) grouped more closely with the necroviruses, TNV-A and
OLV 1. In addition, the necroviruses, TNV-D and LWSV failed to cluster with the
aforementioned pair of necroviruses. A corresponding analysis of capsid proteins
also differed with the ICTV assignments. The aureusvirus, PoLV, was most closely
related to CymRSV, a tombusvirus, and only seven of ten carmoviruses occupied
the same branch. In contrast, all four necroviruses clustered within a branch that
also contained MCMV, the sole member of the genus Machlomovirus.

Using a recently developed method for whole genome comparisons [22],
we have produced a comprehensive phylogeny of the family Tombusviridae that
simultaneously considers all or nearly all the documented “core protein” (poly-
merase, capsid, and movement protein) sequences. The results presented here
confirm the classifications of genera Tombusvirus and Dianthovirus recognized
by the ICTV, provide positive evidence for the assignment of MNSeV to the genus
Tombusvirus, and support the existence of two distinct groups of necroviruses. In
addition, this method, like all other methods, fails to place all carmoviruses into a
single well supported group.We consider it likely that frequent gene sharing within
the Tombusviridae has partially obscured their reconstructed phylogeny, and that
even full genome evidence cannot unambiguously establish a single common
ancestor for the genus Carmovirus of the Tombusviridae.

Materials and methods

Complete genome protein sequences were downloaded from the National Center for Biotech-
nology Information (NCBI, http://www.ncbi.nlm.nih.gov/). Table 1 contains a list of the
viruses used, their abbreviations, and the NCBI reference number for each genome. SCPMV
was used as an “outgroup”. Corrected and updated protein sequences were obtained indepen-
dently for MNSeV from P. Redinbaugh (personal communication).

Conventional gene trees for identified polymerases, capsid proteins, and movement pro-
teins were separately generated using the CLUSTAL X program [24]. Sequences were aligned
using the default alignment settings (gap penalty = 10; gap extension = 0.2). The bootstrapped
neighbor joining option of CLUSTAL X was used subsequently to cluster the taxa and provide
bootstrap support for branches. Seven gene families consisting of a polymerase protein family,
a capsid protein family, and five distinct movement protein families were identifiable within
these trees and assigned unique gene family numbers (arbitrarily numbered families 1 to 7,
respectively).

To initiate the production of gene and species trees, individual protein sequences from
the corresponding whole genomes were represented in a high dimensional space as vectors
consisting of all possible (8,000 = 203) tripeptide frequency elements, using all possible
three-letter combinations of the 20 individual amino acids. This “recording” of the data
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generally provides precise and unique definitions for each protein [22]. All protein vectors
for all species are then organized into a sparse input matrix (A) where the columns represent
proteins and the rows represent peptides. The resulting matrix is then decomposed using the
Singular Value Decomposition (SVD) to produce three matrices (U, �, V). Following this,
a measure of relatedness between protein pairs is obtained from the angle between pairs of
protein vectors defined within the matrix (V). Interpreting these angles and expressing them as
evolutionary distance measures allows the straightforward construction of phylogenetic gene
trees. Species trees are generated by summing all protein vectors for each species and then
determining distances using the angles between the resulting species vectors [22]. Gene trees
and species trees are then computed from pairwise distances using the NEIGHBOR-PHYLIP
program.

Pseudo-statistics generated using bootstrap or jackknife procedures [7, 9] are generally
useful for evaluating the stability of individual branches within phylogenetic trees. These
methods provide estimates of branch statistics by randomly resampling the original dataset
to produce multiple pseudo-sampled datasets for tree construction, and then determining
what percentage of the resulting trees contain a given branch. We produced pseudo-sampled
datasets using a novel jackknife procedure that takes advantage of the fact that singular vectors
representing individual protein motifs are provided by the SVD in order of their relative
importance for summarizing the data [3]. Pseudo-samples for tree construction were generated
by successively removing one singular triplet in order from smallest to largest and, after each
removal, repeating the calculation of pair-wise distances for tree construction [22]. Eventually,
an ordered series of gene trees representing successive numbers of included dimensions was
obtained. The multiple gene trees resulting from this process were then evaluated based on how
well members of the seven gene families of Tombusviridae were grouped in any particular
gene tree. It was determined that including dimension between approximately 10 and 30
resulted in more effective clustering of related sequences in the gene tree (see Fig. 2). This
range of dimension settings was then used to produce a corresponding series of species trees
by vector addition, which was subsequently used to produce a consensus species tree using
the CONSENSE-PHYLIP program.

Results

This analysis focused on the 25 members of the family Tombusviridae listed in
Table 1 for which complete genome sequences were obtained from GenBank
(NCBI). Also included was MNSeV, a previously unclassified virus for which
we received the corrected p19 and p21 sequences from P. Redinbaugh, and the
remaining sequences (capsid and polymerase) from GenBank. All contained a
polymerase and a capsid protein, and all except the avenavirus, OCSV, contained
sequences identified or putatively identified as movement protein.

The genome structure of these viruses generally follows 4 distinct patterns,
three of which correlate well with the 4 major genera. (GenBank references cited in
Table 1). (1) In the genera, Carmovirus, Necrovirus, and Machlomovirus the gene
order is: Polymerase-Movement-Capsid (P-M-C). In all of these viruses except
MCMV (genus Machlomovirus), two movement proteins of about 7–9 K each
occur in two separate reading frames. In MCMV, only one movement protein
could be identified. (2) In the genera Tombusvirus and Aureusvirus, the capsid
proteins follow the polymerase and a 20 K movement protein is located near the
3′ end of the genome in the order P-C-M. (3) The genus Dianthovirus has a split
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genome with the gene order P-C in RNA-1 and -M- only in RNA-2. (4) The
avenavirus, OCSV, exhibits the gene order P-C due to the absence of movement
protein. (5) The movement proteins of the members of the genus Tombusvirus
include two movement proteins, one of which is fully nested within the other (in
a different reading frame).

For comparison, we first present a series of phylogenies that separately com-
pare the three gene types found in the family Tombusviridae. Alignment-based
species phylogenies generally require the prior assignment of sequences to ortho-
logous gene families. The individual polymerases and capsids were easily assigned
to their gene families (indexed as 1 & 2 respectively in Fig. 1a and b) based on the
available genome annotations. Assignment of movement proteins to gene families
was somewhat more difficult. However, simple visual inspection of sequence
allowed the prior assignment of most identified movement proteins to one of at
least five distinct families (indexed as 3 to 7 in Fig. 1c). BLAST comparisons were
helpful in making these assignments. The CLUSTAL X program [24] was then
used to construct separate neighbor-joining trees for polymerases, capsids, and
movement proteins (Fig. 1a, b and c, respectively). Since the five families of move-
ment proteins appear to be largely unrelated, the inclusion of all movement proteins
within a single tree is perhaps unconventional. However, the resulting tree is useful
for supporting the assignment of all identified movement proteins to one of five
families, and provides some overall insight into viral relationships (see below).

Inspection of the polymerase tree (Fig. 1a) reveals that polymerases from the
tombusviruses and dianthoviruses cluster exclusively by genus, providing support
for the current classification of these viruses from the perspective of a single gene-
family [6]. In contrast, the four necrovirus polymerases are split pairwise into
two well-supported clusters, and the GaMV polymerase is associated with the
OLV-1/TNV-A pair, rather than with the other carmovirus polymerases. Hence,
despite the fact that the polymerases are the most conserved family of genes within
these viruses, the polymerase tree fails to fully support the currently accepted
classification of the family Tombusviridae.

The capsid tree however, groups the viruses differently (Fig. 1b). Although the
dianthovirus capsids remain exclusively clustered, the capsids of the aureusvirus,
PoLV, and the carmovirus, GaMV, are included within the tombusvirus cluster.
Also, the capsid of MNSV, a carmovirus, clusters with the dianthovirus capsids.
The necrovirus capsids, which split into two pairs in the polymerase tree, clus-
ter with the capsid from MNSeV, a likely tombusvirus (see discussion below).
Although six of the seven remaining carmovirus capsids occupy a single branch,
it is clear that the capsid proteins, like the polymerases, fail to fully support the
currently accepted classification of the family Tombusviridae.

Since any given virus within the family Tombusviridae might possess at most
one or two movement proteins from at least five different gene families (types),
it is difficult to build movement protein phylogenies that provide comprehen-
sive hypotheses of viral relationships. Nevertheless, when analyzed within a
single tree, the five movement protein families proved to be largely segregated by
genus (Fig. 1c). Type 7 movement proteins are 35 kd proteins found only in the
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Fig. 1a–c (continued)
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Fig. 1a–c. Bootstrap Neighbor-Joining gene trees for a polymerase, b capsid, and c
identified movement proteins of the Tombusviridae. Gene family identifiers (polymerases = 1;
capsids = 2; and movement proteins = 3–7) appear before the GenBank gi-numbers listed
for each virus protein. Virus groupings supporting the current taxonomy are listed to the
right; single species genera are identified using smaller type. These trees tend to support
the traditional virus family relationships (see Table 1), with the exception that genes from
necroviruses and carmoviruses fail to form monophyletic clusters in many cases. Bootstrap
values that support clusters are indicated below the branch leading to that cluster. SCPMV
protein sequences serve as the outgroup sequences for the polymerase (1a) and capsid trees
(1b). Since the SCPMV virus used to root the above trees lacks an identified movement
protein, the movement protein tree (1c) is not rooted. Movement proteins appear to group
roughly into 5 protein families, labeled as types 3 to 7 in the tree. Type 3 corresponds to
the soluble systemic movement protein, type 4 and type 7 correspond to distinct subsets of
the diverse “30 kd” movement protein family, type 5 corresponds to soluble RNA-binding

movement protein, and type 6 corresponds to membrane associated movement protein

dianthoviruses. These proteins correspond to a subset of the previously described
“30 K” movement proteins [15]. Movement protein types 3 and 4 were found only
in tombusviruses. Type 3 proteins are 19 kd proteins that correspond to a proposed
group of soluble proteins involved in systemic movement [20]. Type 4 proteins
are 22 kd proteins that correspond to another subset of the “30 K” movement
proteins [15].
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Unlike the type 7, type 3 and type 4 movement proteins, the type 5 and
6 movement proteins are not exclusively clustered by genus (Fig. 1C). While
these 7–9 kd proteins are found predominantly in the carmoviruses, both type
5 and type 6 proteins were also found in necroviruses, and a putative type 5-
movement protein was found in MCMV (Machlomovirus). Type 5 movement
proteins correspond to the soluble RNA-binding proteins required for cell-to-cell
movement, while type 6 movement proteins correspond to a proposed membrane
associated component required for movement [26]. The movement proteins of the
aureusvirus, PoLV, and the panicovirus, PMV, were only weakly associated with
other type 5 proteins (28% of trees), hence our assignment of these proteins to type
5 may be an oversimplification; otherwise, they appear largely unrelated to any
other type of movement protein present in the dataset (Fig. 1C). We note that the
PoLV sequence has previously been observed to share some similarity with type
4 movement proteins [23], and a simple inspection of the PMV sequence reveals
that it contains peptide motifs similar to both type 5 and type 6 proteins [25]. Thus,
overall it would appear that movement protein similarities also fail to provide a
definitive, unambiguous classification of the family Tombusviridae.

Given that single gene phylogenies fail to present a consistent phylogeny of
the Tombusviridae, and that none of these single gene phylogenies considered in-
dividually agrees fully with the current classification of the family Tombusviridae,
an alternative method for deriving phylogenies from whole genome sequence was
employed. In this method, each protein is first represented as a high dimensional
vector with elements that denote the frequency of all possible tri- or tetrapeptides
found within its sequence. A set of these vectors representing multiple whole
genomes forms a matrix, which is then subjected to Singular Value Decom-
position (SVD). This produces an ordered set of paired basis vectors, each of
which defines a conserved motif (“left” singular vector) and corresponding protein
family (“right” singular vector). Protein definition vectors are also obtained as
linear combinations of the “right” singular vectors. These can be compared either
individually to produce gene trees, or in combination to produce species trees.
The cosine of the angle between each pair of gene or species definition vectors
provides the basic measure of similarity [22]. A distinct advantage of this method
is that a large number of protein sequences from multiple whole genomes can be
compared simultaneously in a single process without the use of alignments, and
without the need for all genomes to possess equivalent sets of homologous genes.

Previous work suggests that the proper choice of peptide size (i.e. tripeptide
vs. tetrapeptide) might depend upon the degree of relatedness of the sequences
in question. Tetrapeptides have been shown to work better for well-conserved
mitochondrial proteins [22], but the poorly conserved nature of the viral proteins
considered here would likely make tripeptides more effective. This prediction is
based on the idea that meaningful tripeptide matches suggestive of homology
would be found more readily in sequences that have diverged to the point where
conserved tetrapeptide strings would be less likely to appear. Figure 2 compares
the ability of this method to correctly cluster the seven identified gene fami-
lies in gene trees constructed at a variety of included dimensions using either
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Fig. 2. Effect of peptide size on the relationship between clustering effectiveness and included
dimensions. Trees were constructed using the UPGMA option of the NEIGHBOR PHYLIP
program with pairwise distance values derived via SVD at the specified dimension setting.
Tripeptides were seen to be more effective than tetrapeptides at clustering the seven recognized
sequence subtypes (polymerase, capsid, and five types of movement protein). Trees using more

than about 30 dimensions were poorly clustered regardless of peptide size

tripeptides or tetrapeptides in the input data matrix. Tripeptides are observed to be
more effective at recognizing these sequences and placing them into the correct
families, particularly at lower dimensions. In either case, dimensions settings
higher than about 30 appeared to be less effective for correctly grouping sequence
subtypes.

Figure 3 provides a visual summary of two of the “left” singular vectors
obtained via Singular Value Decomposition. Singular vectors were obtained us-
ing tripeptide frequency vectors representing only the capsid, polymerase, and
movement proteins identified in Fig. 1 as input. Tripeptides within the example
proteins that exactly match the most dominant tripeptides within the identified
singular vectors are indicated in bold. Singular vector “0” represents the most
dominant dimension in the definition space for proteins and describes in detail the
most dominant (i.e. well conserved and prevalent) motif present within the dataset,
a polymerase motif. When superimposed upon the sequence of the MNSV poly-
merase provided as an example, the dominant tripeptides of vector “0” form both
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Fig. 3. Examples of conserved motifs identified by singular vectors. Peptides associated with
the most dominant elements (exceeding 0.025) of left singular vector “0” and left singular
vector “17” were separately extracted and aligned to build strings of overlapping peptides for
BLAST analysis. Using this method, vector “0” was shown to describe polymerase protein
while vector “17” describes a type of movement protein (gene family 7). Dominant peptides
(black) are superimposed over the matching example protein (gray) identified via BLAST.
In each case, the longest contiguous string of overlapping peptides (underlined) recognized
the example protein via BLAST with expectation values of 10−15 (polymerase) and 10−43

(movement protein)

longer and shorter strings of overlapping peptides, as well as isolated tripeptides.
In the case of singular vector “17”, which describes a movement protein motif, a
high fraction of the example protein is described as a nearly continuous chain of
conserved overlapping tripeptides. A BLAST search using the longest contiguous
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string of overlapping peptides identified by both vectors (shown as underlined)
identified the corresponding example protein as well as additional members of
their corresponding gene families shown in Fig. 1 via BLAST (not shown).

It was determined from the data in Fig. 2 that dimensions between 10 and 29
were reasonably effective at correctly recognizing and categorizing the seven
sequence subtypes (polymerase, capsid, and five types of movement protein)
present in the first (restricted) dataset, whereas including higher dimensions in the
analysis tended to be less effective. This conclusion is based on the fact that when
genes from the same family are clustered together more consistently into exclusive
groups, then fewer such groups are formed overall (indicated on the vertical axis
of Fig. 2). Theoretically, assuming all genes could be correctly clustered, the
minimum number of observed groups would be 7, which is equal to the number
of identified gene families in the data set. Hence, following the generation of
species definition vectors by protein vector addition (see methods), 20 distinct
species trees were generated for each dimension setting ranging from 10 to 29.
These trees were subsequently combined into a single consensus tree in which
branch support is indicated as the number of trees (out of 20) that agree with the
consensus (Fig. 4a).

A similar analysis resulted in a consensus tree for an expanded dataset with
included dimensions ranging from 10 to 30 (Fig. 4b). This expanded dataset
included the original dataset plus 15 additional ORFs documented within the
NCBI-GenBank records of the viral genomes analyzed, but not unambiguously
assignable to one of the seven families defined in Fig. 1a, b, c. Only a few of these
additional ORFs have been found to have a biological function and none have
significant sequence similarity with other ORFs within the family Tombusviridae.
Nevertheless, we considered it important to compare the results obtained with this
expanded dataset with those obtained from the restricted dataset containing only
proteins of known function. Only one major difference involving the placement
of HCRSV was observed when comparing trees produced using either dataset
(see below). This suggests that these ORFs, while possibly important for deter-
mining a specific host-virus relationship, might generally be less influential when
determining an over-all phylogeny.

The clustering patterns observed within both consensus trees of Fig. 4 for the 25
viruses previously assigned to genera (excluding MNSeV) provide good support
for the ICTV classification [11] in which there were eight recognized genera in the
family Tombusviridae (Table 1). Strong support for two clusters in particular was
observed. These clusters included the four members of the genus Dianthovirus and
the five members of the genus Tombusvirus (Fig. 3). The previously unclassified
virus, MNSeV, was grouped exclusively with the members of genus Tombusvirus.
We therefore suggest that this previously unclassified virus should be added to the
genus Tombusvirus based on this analysis.

The analysis also supports the status of the four single species genera
(Avenavirus, Panicovirus, Aureusvirus, and Machlomovirus). In Fig. 4a, b, associ-
ations in which there is less than 40% consensus among all of the trees are shown as
polytomies. Thus, none of these single species genera are closely associated with
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any other member of the family Tombusviridae, but they are also distinct from the
virus chosen as the outgroup SCPMV.

Unlike the viruses of the genera Dianthovirus and Tombusvirus, those of the
genus Carmovirus did not form a single tight cluster. However, in the tree generated
from the restricted dataset (containing only polymerase, capsid, and movement
proteins), CCFV, TCV and HCRSV formed a strongly supported cluster to which
CPMoV was only weakly associated (only 4 of 20 trees). In addition, CarMV
and SCV formed another cluster to which JINRV was only weakly associated
(only 4 of 20 trees). GaMV and MNSV showed little affinity for either of these
two clusters of carmoviruses, but they also failed to cluster strongly with any of
the other tombusviruses. This tendency for uniqueness was also reflected in the
neighbor joining trees of Fig. 1 in which the capsids, polymerases, and movement
proteins of these three viruses were either weakly associated with those of the
other carmoviruses or placed in a different cluster.

Discussion

The whole genome analysis presented here was primarily motivated by the obser-
vation that the single gene phylogenies for polymerase, capsid, or movement
protein not only fail to fully reflect the current taxonomical classification of
these viruses, they also fail to supply a single phylogenetic hypothesis for their
relationships. While the results of our analysis continue to provide strong support
for the traditional Tombusvirus and Dianthovirus genera as exclusive and coherent
groups, members of both the Necrovirus and Carmovirus genera failed to cluster
exclusively.

A consistent division of the genus Necrovirus was observed in both trees
of Fig. 4. These viruses fell into two separate groups consisting of TNV-A and
OLV-1 on the one hand, and TNV-D and LWSV on the other. These viruses have
historically been categorized as TNV simply on the basis of their ability to cause
local lesions in tobacco without systemic infection. With the advent of serology,
it became clear that all viruses that produce symptoms of necrosis were not
necessarily related to the “original” TNV. For instance, the “Canadian” CNV [14]
was found to be unrelated to TNV whereas an isolate from The Netherlands
was closely related to TNV-A [1]. Furthermore, it was established that TNV-A
supported the multiplication of TNV satellite viruses whereas TNV-D did not.
Consequently, they recommended that only those isolates serologically related to
TNV-A be recognized as strains of TNV.

Morris and Carrington [13] noted the similarity of the necroviruses to the
carmoviruses, but in later studies of TNV primary structure, the capsids of TNV
strains were found to be more closely related to sobemoviruses than to members of
the Tombusviridae [5, 16]. The data presented here also indicates that the TNV-D
group does not cluster with the TNV-A group (Fig. 4), but might instead be more
closely related to SCPMV (as in Fig. 4a). Canizares et al. [4] constructed trees of
available amino acid sequences of proteins by PHYLIP-3 and reported that the
groups that we recognize as TNV-A and TNV-D occurred on the same branch when
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the capsid protein genes were compared but on different branches when the puta-
tive movement proteins (p7 and p9) or polymerases (p86) were compared. These
observations are in agreement with our findings. Therefore we recommend that
the ICTV consider recognizing the distinction between the TNV-A and TNV-D,
perhaps by labeling them as different genera, or minimally, different subspecies.

As indicated earlier, the consensus tree constructed using the expanded dataset
containing all putative genes listed in GenBank (Fig. 4b) exhibited one notable
change relative to that constructed from the restricted dataset (Fig. 4a). In this
tree, HCRSV was removed from a relatively strong association with a cluster
of carmoviruses and placed in relative isolation near the root of the tree. This
virus contains two additional ORF’s, one of which (p23) is embedded within the
pre-readthrough portion of the polymerase gene. It was recently shown by Liang
et al. [10] that the p23 ORF of HCRSV confers the ability to infect kenaf (Hibiscus
cannabinus L.) but is not required to infect Chenopodium quinoa. The authors
reviewed five other cases of virus proteins that affect host/virus relations between
a specific host and the virus. This result indicates that the taxonomic position of
HCRSV may be a matter of debate, depending upon whether one considers the con-
tribution of additional ORF’s that may have a host specific function to be important.

The results of this whole genome analysis, together with the single gene phylo-
genies, generally support the concept of modular genomes, originally introduced
by Gibbs [8], Zimmerman [27], and Morozov and Dolja [12]. Modular genomes
presumably result from a high frequency of lateral gene transfer via recombination.
Lateral gene transfers tend to thwart the efforts of molecular systematists because
different genes would be expected to provide significantly different conclusions
about the evolutionary relationships of taxa. In addition, phylogenetic hypotheses
presented as simple bifurcating trees frequently fail to summarize the complex
multi-dimensional relationships that arise as a result of frequent lateral gene
transfers. Nevertheless, in this paper, we have attempted to objectively construct
a defensible summary of all the information in a 10–30 dimensional problem
spanning approximately 7 protein families, and have presented this summary as
a simple bifurcating tree.

While it is our opinion that simple trees will continue to provide the most
useful summaries of the relationships of biological entities for the foreseeable
future, this does not mean that other kinds of trees and visualization are not also
important. Others have attempted to summarize multi-dimensional relationships as
network phylogenies using, for instance, a coded 2D visualization (e.g. [19]).Well-
constructed and creatively visualized network relationships may, for instance, aid
our understanding of the complexity of carmovirus relations presumably resulting
from lateral gene transfer within the Tombusviridae. Simple bifurcating trees, such
as those presented in Fig. 4, do not summarize this complexity well, since the
conflicts that arise from lateral gene transfer result in weak relationships that are
frequently presented as unresolved polytomies.

Given that some of the genes within the Tombusviridae could be shared with
viruses outside the genus, it will be interesting to compare whole genomes within
a much larger set of viruses. The SVD-based method used here is applicable
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to extremely large whole genome datasets [21]. We are currently extending our
dataset in preparation for the analysis of all ssRNA isometric viruses. This work
should more accurately suggest the proper placement of TNV and perhaps other
plant viruses within an expanded phylogeny.
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