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The nucleic acid of a serologically distinct potyvirus,
originally isolated out of sugar cane from Pakistan,
was reverse transcribed and the 38 terminal 2000 bp
was PCR amplified, cloned, and sequenced. Phylogenetic comparisons of viruses representing each genus
of the Potyviridae show that the Pakistani isolate is
most closely related to the rymoviruses wheat streak
mosaic virus (WSMV) and brome streak mosaic virus.
We therefore propose that this new virus species be
named sugar cane streak mosaic virus to reflect its
similarity to WSMV. The phylogenetic data also show
that the genus Rymovirus contains at least two unique
evolutionary lineages. Thus the current taxonomy,
based on transmission vector, is paraphyletic. We present an analysis of the taxonomic relationships among
members of the family and propose a classification
that both resolves the paraphyly and more accurately
represents the evolutionary history of the Potyviridae.
r 1998 Academic Press

INTRODUCTION
The Potyviridae is the largest and most economically
important family of plant viruses. With over 200 species described, this family accounts for nearly 25% of
the known plant viruses and causes diseases in almost
all commercial crops. The virions are flexuous rods,
roughly 750 nm in length and have a genome of
positive-sense RNA, approximately 10 kb long with a
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published as Paper No. 11966, Journal Series, Nebraska Agricultural
Experiment Station.
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viral encoded protein (VPg) covalently attached to the
58 terminus. There is a single long open reading frame
(ORF) encoding a polyprotein that is posttranslationally processed into the individual gene products by viral
proteases. These viruses also characteristically induce the
formation of nuclear and cytoplasmic inclusion bodies
in the host’s cells (reviewed by Shukla et al., 1994).
Because of the importance of this family, potyviruses
have been studied extensively. Classification historically has been based on the type of vector, host range,
symptom expression, capsid protein serology, and protease digestion patterns, and also the morphology and
serology of the inclusion bodies (Shukla et al., 1994).
With advances in technology, the amino acid and nucleic
acid sequences, particularly of the coat protein, have
become standards for comparing these viruses (Ward et
al., 1992). Nevertheless, the phylogenetic relationships
and classification of the Potyviridae continue to generate much discussion and debate.
Current classification places the Potyviridae in the
picornavirus-like supergroup of plus-stranded, RNA
viruses, with the families Picornaviridae, Nepoviridae,
and Comoviridae. The family is composed of four genera Potyvirus, Rymovirus, Bymovirus, and Ipomovirus
(Shukla et al., 1994; Colinet et al., 1996) that are
defined by the type of vectors that transmit the viruses,
namely aphids, eriophyid mites, fungi, and whiteflies,
respectively.
Recent evidence suggests that the aphid-transmitted
macluraviruses comprise another genus (Badge et al.,
1997) and that the genus Rymovirus is actually two
distinct groups of viruses (Salm et al., 1996b). The
increasing availability of potyvirus sequence data
presents new opportunities for comparisons that may
reveal insights about the phylogeny and evolution of
this important family of viruses. An accurate phylogenetic framework is an essential component of accurate
nomenclature and the comparative understanding of
the etiology, epidemiology, and evolution and speciation
of these viruses.
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An apparent potyvirus isolated from quarantined
sugar cane imported from Pakistan was tentatively
identified by Gillaspie et al. (1978, 1984) as sugar cane
mosaic virus-strain F (SCMV-F) based on symptom
expression in indicator hosts. However, the host range
of the Pakistani virus was unlike that of other known
potyviruses and the purified capsid protein gave a
unique tryptic digest profile (Jensen and Hall, 1993a,
b). Analysis by ELISA and Western blotting revealed no
serological relationships between this virus and sugar
cane mosaic virus-strain A (SCMV-A), maize dwarf
mosaic virus-strain A (MDMV-A), johnsongrass mosaic
virus (JgMV), and sorghum mosaic virus (SrMV), all
viruses that infect monocotyledonous plants. There
was also no serological cross reaction with two rymoviruses, Hordeum mosaic virus (HoMV) or Agropyron
mosaic virus (AgMV) (Jensen and Hall, 1993a). These
preliminary data suggested that the Pakistani virus
was actually a novel virus of sugar cane.
The objectives of this study were to characterize the
Pakistani virus and analyze its phylogenetic relationships within the family Potyviridae. In doing so, we
have inferred relationships among the taxa that more
accurately represent the evolutionary history of this
important virus family.
MATERIALS AND METHODS
Virus Preparation
The virus was propagated and maintained in sorghum (Sorghum bicolor var. QL-3) by mechanical inoculation and purified by the procedure developed by Lane
(1986) with the modification that the virus was isolated
and purified with 0.1 M Tris (pH 9.0) buffer.

Western Blotting
Polyacrylamide gel electrophoresis, protein transfer,
and membrane staining were performed using the
published methods of Brakke et al. (1990).
RNA Extraction and cDNA Synthesis
RNA was isolated from the intact virus by digestion
with Proteinase K (100 µg/ml) and 1% SDS in 50 mM
glycine buffer (pH 9.5) containing 50 mM NaCl and 5
mM EDTA and followed by phenol/chloroform extraction and subsequent ethanol precipitation. The purified
viral RNA was used as a template for cDNA synthesis
using 10 µM of primer RCF1 (58-AGCTGGATCC(T14)-38
[HinDIII sticky end 1 BamHI site 1 oligo d(T)]) and
0.5 units/µl of AMV reverse transcriptase (Boehringer
Mannheim) in 50 mM Tris–HCl (pH 8.0), 5 mM 2-mercaptoethanol, 10 mM MgCl2, 70 mM KCl, and 0.4 mM
each dNTP.
Polymerase Chain Reaction and Cloning
The cDNA was amplified by polymerase chain reaction (PCR) in 50-µl reactions using 50 pM each of
primers RCF1 and Poty4 (58-GCGGGATCCGTNTGYGTNGAYGAYTTYAAYAA-38) (Zerbini et al., 1995;
Salm et al., 1996a), 2.5 units of Taq DNA polymerase
(Cetus) in 13 reaction buffer (supplied with the enzyme), and 0.2 mM each dNTP and 2 µl of cDNA. Poty 4
is a degenerate primer that corresponds to a conserved
sequence in the potyvirus NIb gene and has been used
to amplify several potyvirus sequences. A PCR program
of 94°C (45 s), 43°C (45 s), 72°C (1 min) for 35 cycles
with a final 72°C extension for 5 min was performed in
a Perkin–Elmer 9600 Thermal Cycler.
The 2-kb PCR product was cleaved into $300-bp

TABLE 1
The Current Classification of the Family Potyviridae with Associated Vectors and Virus Species
Used for the Phylogenetic Analysis
Genus

Vector

Bymovirus

Fungi

Macluravirusa

Aphids

Ipomovirusa
Rymovirus

Whiteflies
Eriophyid mites

Potyvirus

Aphids

Virus

GenBank Accession No.

Barley yellow mosaic virus (BYMV)
Wheat spindle streak mosaic virus (WSSMV)
Maclura mosaic virus (MacMV)
Narcissus latent virus (NLV)
Sweet potato mild mottle virus (SPMMV)
Ryegrass mosaic virus (RgMV)
Hordeum mosaic virus (HoMV)
Agropyron mosaic virus (AgMV)
Brome streak mosaic virus (BrSMV)
Wheat streak mosaic virus (WSMV)
Potato virus-strain Y (PVY)
Plum pox virus (PPV)
Maize dwarf mosaic virus-strain A (MDMV-A)
Sorghum mosaic virus-strain H (SrMV-H)

X69757
X73883
U58771
U58770
Z48058
U27383
U30615
U30616
Z48506
Niblet et al., 1991; R. French-unpublished data
D00441
M21847
U07216
U07219

a The genera Macluravirus and Ipomovirus are proposed members of the family along with the three established genera, Potyvirus,
Rymovirus, and Bymovirus.
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FIG. 1. The 38 terminal, 1958 nucleotide sequence of the Pakistani virus cDNA with the derived amino acid sequence. The GDD motif in
the replicase and the putative protease cleavage site VGEQ/G are underlined.

fragments using a Tekmar TM50 sonicator with 43
20-s pulses at 50% power. The ends of these fragments
were repaired using T4 DNA polymerase and ligated
into SmaI endonuclease digested, dephosphorylated
pBluescript SK1 vector (Stratagene). The ligation products were transformed into Escherichia coli XL1-Blue
cells (Stratagene).

Nucleotide Sequencing
Clones were sequenced by the dideoxynucleotide
chain termination method (Sanger et al., 1977) using
the Sequenase v. 2.0 sequencing kit (United States
Biochemical). The sequence was compiled using
DNASIS (Hitachi, 1991, 1992).
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FIG. 2. The alignment of the derived peptide sequences of viruses representing the different genera of the family Potyviridae. The
different data subsets, NIb (positions 1–216) and coat protein (positions 357–579), are underlined. Viruses used in this analysis are barley
yellow mosaic virus (BYMV), wheat spindle streak mosaic virus (WSSMV), Maclura mosaic virus (MacMV), narcissus latent virus (NLV),
maize dwarf mosaic virus strain-A (MDMV-A), sorghum mosaic virus strain-H (SrMV-H), plum pox virus (PPV), potato virus-Y (PVY),
Agropyron mosaic virus (AgMV), Hordeum mosaic virus (HoMV), ryegrass mosaic virus (RgMV), wheat streak mosaic virus (WSMV), brome
streak mosaic virus (BrSMV), sweet potato mild mottle virus (SPMMV), and sugar cane streak mosaic virus (SCSMV).

Multiple Sequence Alignments
GenBank accession numbers and sources of the virus
sequences used in the alignments are shown in Table 1.
The sequence of SCSMV has been submitted to GenBank and has been assigned Accession No. U75456.
Historically, comparative sequence analysis of these
viruses has focused on the coat protein gene or portions
thereof. This has proven especially useful for differenti-

ating viruses at the species and strain levels (Shukla et
al., 1994). To make the best use of the available data
and to determine if the different genes suggest alternative phylogenetic topologies, we divided the individual
sequences into subsets of (a) the entire derived peptide
sequence from a highly conserved SGQP motif in the
replicase (NIb) to the C-terminus of the coat protein
(amino acids 109 to 588 of SCSMV peptide); (b) the coat
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Phylogenetic Analysis
Each partitioned dataset, as well as the full-length
sequence alignments, were analyzed by parsimony
(PAUP v. 3.1.1; Swofford, 1993) and maximum likelihood (PUZZLE v. 2.5.1; Strimmer and von Haeseler,
1996) The PUZZLE program utilized quartet puzzling
of 1000 steps, with BYMV and NLV selected as the
outgroup taxa for rooting purposes. Two models of
sequence evolution (Jones et al., 1992; Dayhoff et al.,
1978) were used for the protein data sets. Models of
evolution applied to the nucleotide data sets were those
of Hasegawa et al. (1985), Tamura and Nei (1993), and
Schöniger and von Haeseler (1994).
Evaluation of Tree Topology
Bootstrapping (100 replicates) was performed using
PAUP (input sequences randomized each replication).
Bremer support or decay indices (Bremer, 1988, 1994;
Källersjö et al., 1992) for the parsimony trees were
calculated using AutoDecay v. 3.03 (Eriksson, 1996).
Overall strength of phylogenetic signal was estimated
by Relative Apparent Synapomorphy Analysis (RASA v.
2.0.0 d16; Lyons-Weiler et al., 1996) and PTP tests
(Archie, 1989; Faith and Cranston, 1991) of 100 replicates. A PTP estimate is included for comparative
purposes, even though it is likely an inappropriate
estimate of phylogenetic signal (Carpenter et al., 1998).
To check for possible outgroup convergence and sources
of phylogenetic signal/noise, the datasets were manipulated as to outgroup and ingroup taxa.
RESULTS AND DISCUSSION
Sequence Analysis

FIG. 2—Continued

protein without the highly variable N-terminal region
(amino acids 370 to 588); (c) the conserved core of the
NIb gene (amino acids 109 to 309); and (d–f) the
corresponding nucleic acid sequences of each subset.
Multiple sequence alignments of each dataset were
generated using the PILEUP program of GCG (Program manual for the Wisconsin Package, Version 8,
1994). To test the effects of different gap penalty
weights on tree topologies and to optimize the alignments, eight gap initiation and extension penalties that
varied from strict to lenient by a factor of 0.9 (PILEUP,
GCG) were tested.

The 38 terminal 1958 nucleotide sequence and the
derived amino acid sequence of the Pakistani virus are
shown in Fig. 1. The nucleotide sequence has a single
open reading frame which begins at the 58 end and
continues for 1765 bases. The ORF is followed by a 38
nontranslated region (NTR) of 192 bases and a polyadenylated terminus. The proteins encoded in this portion
of the potyviral polypeptide correspond to the C-terminal
portion of the nuclear inclusion protein (NIb), which is
the putative viral replicase, and the capsid protein
(CP).
Analysis of the derived amino acid sequence reveals
the presence of the motif, S-3X-T-3X-NT-(18-37)XGDD. This is the highly conserved, putative active site
of the RNA-dependant RNA polymerase of positivestrand RNA viruses (Kamer and Argos, 1994). The
virus lacks the motif, MVWCIENG, that is conserved in
the core region of the capsid proteins of many potyviruses. This motif is also absent in WSMV and BrSMV,
but is present in RgMV and SrMV-H and partially
conserved in AgMV and HoMV (Salm et al., 1996a). The
new isolate also lacks the DAG motif in the coat protein
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which is reported to be necessary for aphid transmission of potyviruses (Atreya et al., 1990).
Efforts to sequence the N-terminus of the purified
capsid protein were unsuccessful, suggesting that the
terminus may be blocked. The N-terminus of the capsid
protein of WSMV is also reported to be blocked (Niblett
et al., 1991). However, a potential proteolytic cleavage
site between the NIb and the capsid protein VGEQ/G
(Dougherty et al., 1989; Gotz et al., 1995) occurs at
amino acid 307. This indicates a putative capsid protein of 281 amino acids (35.9 kDa), consistent with
SDS–PAGE analysis (data not shown).
These results suggest that the Pakistani virus is
related to the rymovirus WSMV. A Western blot revealed that antiserum raised to this sugar cane virus
weakly crossreacts with WSMV capsid protein but not
with AgMV capsid protein (data not shown). The sequence analysis, the lack of serological relationships
between this new virus and other sugar cane- and
cereal-infecting potyviruses, and the Western blot results suggest that the new virus is indeed a rymovirus
related to WSMV. We have not been able to demonstrate transmission of this virus by the eriophyid mite
Aceria tosichella vs. Keifer that transmits WSMV. It is
possible that a different species of mite transmits this
virus (Sithanantham et al., 1972); however, we are
unable to test this. To show the relationship with the
rymovirus WSMV and to avoid potential confusion with
the sugar cane mosaic group of potyviruses, we propose
naming this virus sugar cane streak mosaic virus
(SCSMV).
Multiple Sequence Alignments
Figure 2 is the alignment of the derived peptide
sequences with the internal subsets (NIb and CP)
underscored. Gap initiation and extension penalties
used with PILEUP (Program manual for the Wisconsin
Package, Version 8, 1994) were 2.95 and 0.177, respectively. The alignment is likely excessively stringent but
tree topologies of alignments with substantially more
gaps are still congruent. For space considerations, the
DNA alignments are not shown but are available upon
request.
Phylogenetic Analysis
The current taxonomy of the family Potyviridae is
shown in Table 1, with the vectors associated with each
genus. The bymoviruses have generally been used as
the outgroup in previous phylogenetic studies and are
placed ‘‘alone on the basal branch’’ (Ward et al., 1995).
Historically the overwhelming majority of available
sequence data and subsequent phylogenetic analyses
have been within the Potyvirus genus. Recent additions
to the databases have enabled us to analyze the phylogeny of SCSMV and the entire potyvirus family more
critically. In this analysis, the Bymovirus genus is
represented by BYMV and WSSMV. MacMV and NLV

are members in a probable new genus Macluravirus
(Badge et al., 1997). The Rymovirus representatives are
WSMV, BrSMV, AgMV, HoMV, and RgMV and the
Ipomovirus is SPMMV. Representatives of the genus
Potyvirus are PPV, PVY, SrMV-H, and MDMV-A.
SrMV-H and MDMV-A are potyviruses that infect corn
and sorghum, as does SCSMV, and PVY is the ‘‘type’’
species of the potyvirus family.
Figure 3 depicts the phenogram derived by maximum likelihood analysis of the full-length peptide
sequence alignment. The bootstrap, PUZZLE support,
and decay indices are shown for each node. The parsimony analysis yielded a single tree with similar topology to the ML analysis. All of the different datasets (full
length, NIb and coat protein, each as DNA and amino
acid sequences) from each algorithm (parsimony and
ML) produced trees that were congruent (data not
shown). The only topological variation was that the
node of PPV and PVY formed an unresolved trichotomy
with MDMV-A and SrMV-H by parsimony analysis in
the NIb peptide dataset. The branch support indices,
together with the congruent analyses of the different
datasets, indicate relatively strong support for the
overall tree topology.
PTP analysis and RASA both revealed significant
hierarchic signal in all manipulated data sets tested
(inclusion/exclusion of various ingroup/outgroup taxa
and rooted vs unrooted constraint trees). These analyses suggested that the NIb portion of the sequence was
the most signal rich of the three regions tested (full 2
kb, NIb, coat protein). Differences in signal content
between rooted and unrooted RASA also suggested
possible outgroup convergence. To ensure that this was
not problematic, alignments were constructed that
excluded the bymoviruses and rooted instead with the
macluraviruses. These alignments required fewer gaps
but still resulted in identical topological arrangements
to those produced by alignments that included the
bymoviruses (data not shown).
These data confirm the relationships of the macluraviruses and the ipomovirus within the family Potyviridae (Badge et al., 1997; Colinet et al., 1996). In this
analysis the ipomovirus SPMMV is shown to be a sister
taxon to SCSMV, WSMV, and BrSMV. The macluraviruses are sister taxa to the bymoviruses. Therefore
both of these virus groups clearly should be included
within the family Potyviridae.
The phylogenetic analysis also confirms that SCSMV
is indeed related to the rymoviruses WSMV and BrSMV.
Each dataset produced a topology promoting SCSMV
as the sister taxon to these two viruses. It is also
evident that the current rymovirus genus, defined by
mite transmission, is actually comprised of two independant lineages. RgMV, HoMV, and AgMV are sister taxa
to the aphid-transmitted potyviruses while the other
rymoviruses WSMV, BrSMV, and now SCSMV are
members of a clade that also includes the ipomovirus
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FIG. 3. Maximum likelihood phenogram of the full-length derived amino acid sequences representative of each genus in the family
Potyviridae. Bootstrap, PUZZLE support values, and decay indices are shown at each node. Each dataset, analyzed by maximum likelihood
and maximum parsimony methods, produced topologies congruent with this phenogram except the PVY-PPV node, which could not be
unambiguously resolved in the NIb dataset by parsimony analysis.

SPMMV. Clearly AgMV is more closely related to the
aphid-transmitted PVY than it is to WSMV, another
mite-transmitted virus, and WSMV shares a more
recent common ancester with the whitefly-transmitted
SPMMV than with AgMV. These data confirm the
previous results of Salm et al. (1996b) and show that
the current taxonomic arrangement of the mitevectored Rymovirus genus is paraphyletic.
Salm et al. (1996b) proposed that this group of
mite-transmitted viruses (WSMV and BrSMV) should
comprise a new genus Whestrevirus, and the addition of
a third species (SCSMV) in this taxon would add
support to their proposal. We agree, but feel that the
name Whesmovirus is more appropriate for this genus
given that these viruses historically were within the
genus Rymovirus and to maintain the convention of
using the mosaic symptom characteristic in the nomenclature (i.e., Bymovirus, Ipomovirus, Rymovirus). Therefore, SCSMV should be classified with WSMV and
BrSMV in the genus Whesmovirus on the basis of its
molecular and serological properties as well as the
recovered phylogenetic relationships.

The evolution of specific vector relationships, i.e.,
mite transmission, has apparently occurred multiple
times among these viruses. This has important biological implications. If two groups of viruses have the same
vector yet are genetically distant from each other, there
may be fundamental differences in their virus/vector/
host relationships. They may be transmitted by different mechanisms and interact with different host factors
during infection and replication. Plant cultivars resistant to one group of viruses may not be resistant to a
different group vectored by the same agent. These are
important and interesting matters for plant breeders
and control strategies and warrant further study.
In the past, the vector-based taxonomy of the Potyviridae was thought to correlate well with sequence
data and phylogenetic analyses (Ward et al., 1995).
However, questions have previously been raised concerning how these viruses are distinguished at the
genus level (Zettler, 1992). In the Sixth Report of the
International Committee of Taxonomy of Viruses the
editors state ‘‘in the future genera will not stand where
evidence is obtained of distinct phylogenies among
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FIG. 4. An unrooted tree showing the three subfamily lineages
within the family Potyviridae. Subfamily Potyvirinae contains the
genera Potyvirus (MDMV-A, SrMV-H, PPV, PVY) and Rymovirus
(RgMV, HoMV, AgMV). Subfamily Bymovirinae consists of the genera
Bymovirus (BYMV, WSSMV) and Macluravirus (MacMV, NLV). The
Whesmovirinae is the Whesmovirus genus which includes WSMV,
BrSMV, SCSMV, and the ipomovirus SPMMV.

member species’’ (Murphy et al., 1995). Using the new
sequence data available, our analysis indicates that the
use of vector species as a primary taxonomic character
is misleading and obscures rather than represents the
evolutionary history of the Potyviridae. Therefore, we
propose restructuring the taxonomy of the Potyviridae
family to more accurately represent evolutionary history.
It is clear from the phylogenetic reconstruction that
members of the Potyviridae can be placed into three
distinct lineages (bymoviruses and macluraviruses,
impomovirus and whesmoviruses, potyviruses and rymoviruses). Therefore, we propose dividing the Potyviridae into subfamilies that correspond to these lineages
(Fig. 4). Subfamily level of classification is used in the
families Poxviridae, Herpesviridae, Parvoviridae, and
Paramyxoviridae, and we feel this is also appropriate
for a family as large and diverse as the Potyviridae. The
subfamily Potyvirinae would be comprised of the genera Potyvirus (MDMV-A, SrMV-H, PVY, PPV) and
Rymovirus (RgMV, HoMV, AgMV). Subfamily Bymovirinae would contain the genera Bymovirus and Macluravirus. Subfamily Whesmovirinae would consist of the
new genus Whesmovirus (WSMV, BrSMV, SCSMV, and
the current Ipomovirus SPMMV). By creating a subfamily level of taxonomic hierarchy and separating the
paraphyletic groupings into different genera, i.e., Whesmovirus and Rymovirus, the taxa are grouped monophy-

letically according to their inferred histories. It must be
noted that in this classification, vector type remains
consistent with phylogeny at the genus level, except in
the case of the ipomovirus SPMMV, which we have
included in the Whesmovirus genus.
It has been reported that several virus families
apparently have evolved congruently with their hosts
and vectors. Codivergent evolution has been proposed
for bunyaviruses, poxviruses, tymoviruses, and tobamoviruses (Eldridge, 1990; Ward et al., 1995; Lartey et al.,
1996). There also has been speculation that the potyviruses coevolved with both their hosts and vectors (Ward
et al., 1995). This scenario is not supported by the
phylogeny as inferred in this study. Instead, the data
show no clear relationships of potyviral lineages with
either host or vector type. All of the proposed subfamilies contain viruses that infect monocotyledonous and
dicotyledonous hosts and have more than one type of
vector. If fungal transmission is assumed to be ancestral then there have been at least four abrupt changes
of vector type during the evolution of this family. Aphid,
whitefly, and in two independent lineages, mite transmissability have been acquired. Similar scenarios can
be derived by assuming that the ancestral virus was
transmitted by one of the other vector types, thus
supporting the contention that these viruses have
switched vectors several times during their evolution.
It is important to keep in mind that viruses, particularly RNA viruses, have the capacity to evolve rapidly.
The quasispecies population structure (Domingo et al.,
1996), gene reassortment and duplication, modular
evolution and recombination, and insertion of host or
vector sequences into the genome are all potential
factors in the evolution of the potyviruses that could
complicate phylogenetic interpretation. Thus it seems
possible that recombination events may have occurred,
perhaps with other virus families, providing a mechanism for such drastic changes in vector transmission.
For instance, it appears that the bymoviruses may have
gained fungal transmission by recruitment of an entire
set of genes encoded as a separate genomic RNA
(Dessens and Meyer, 1996). As new DNA sequence data
become available, it may be possible to determine
exactly where the changes relating to vector switching
have occurred and the mechanisms involved in the
evolution of these viruses. In any event, it is evident
that the phylogenetic relationships and the evolutionary history of this important virus family are more
complex than have been previously recognized.
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