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Summary. The relationships of  genome organi- 
zation among elongated (rod-shaped and filamen- 
tous) plant viruses have been analyzed. Sequences 
in coding and noncoding regions of barley stripe 
mosaic virus (BSMV) RNAs 1, 2, and 3 were com- 
pared with those of the monopartite RNA genomes 
of potato virus X (PVX), white clover mosaic virus 
(WCIMV), and tobacco mosaic virus, the bipartite 
genome of  tobacco rattle virus (TRV), the quadri- 
partite genome of beet necrotic yellow vein virus 
(BNYVV), and icosahedral tricornaviruses. These 
plant viruses belong to a supergroup having 5'- 
capped genomic RNAs. The results suggest that the 
genomic elements in each BSMV RNA are phylo- 
genetically related to those of different plant RNA 
viruses. RNA 1 resembles the corresponding RNA 
1 of tricornaviruses. The putative proteins encoded 
in BSMV RNA 2 are related to the products of 
BNYVV RNA 2, PVX RNA, and WC1MV RNA. 
Amino acid sequence comparisons suggest that 
BSMV RNA 3 resembles TRV RNA 1. Also, it can 
be proposed that in the case of monopartite ge- 
nomes, as a rule, every gene or block of  genes retains 
phylogenetic relationships that are independent of 
adjacent genomic elements of the same RNA. Such 
differential evolution of individual elements of one 
and the same viral genome implies a prominent role 
for gene reassortment in the formation of viral ge- 
netic systems. 
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Introduction 

Sequencing of the genomes of  RNA-containing vi- 
ruses has offered a wealth of data for comparing 
amino acid sequences of  the proteins they encode. 
Regions of similarity have been found among virus- 
specific proteins of viruses heretofore held to be 
quite remote, such as tobacco mosaic virus (TMV, 
a tobamovirus), brome mosaic virus (BMV, a bro- 
movirus), alfalfa mosaic virus (A1MV, an ilarvirus), 
and Sindbis virus (an alphavirus) (Cornelissen and 
Bol 1984; Haseloff et al. 1984; Kamer and Argos 
1984). It has been proposed that these and related 
viruses be classified in one supergroup (Goldbach 
1986). The second supergroup comprises plant 
como-, poty-, and nepoviruses and animal picor- 
naviruses that also show extensive similarity in the 
amino acid sequences of a number of proteins and 
similar gene arrangements (Argos et al. 1984; Frans- 
sen et al. 1984; Allison et al. 1986; Goldbach 1986; 
Meyer et al. 1986; Domier et al. 1987). The most 
distinguishing structural feature of the genomic RNA 
supergroups is that the 5' end carries a cap in the 
first supergroup but a covalently linked protein in 
the second one. 

The genome of any virus is a combination of 
coding sequences (genes) and noncoding regulatory 
sequences. The data available allow us to estimate 
the minimal number of functions (genes) essential 
for replication of (+)RNA plant viruses (in different 
viruses they can occur in different combinations): 
(1) a block of  genes (usually not less than two) en- 
suring synthesis of virus-specific RNAs; (2) gene(s) 
responsible for the cell-to-cell transport of viral ge- 
netic material over the infected plant; and (3) one 
or more genes coding for the virus coat. Viruses 
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whose R N A  is translated into a polyprotein mus t  
also have gene(s) for processing protease(s). 

It is just  this minimal  set that  is present in the 
TMV genome: genes for the 126-kd and 183-kd 
proteins involved in R N A  replication, for the 30- 
kd " t ranspor t"  protein, and for the coat protein (for 
review see Palukaitis and Zaitlin 1986). Funct ion-  
ally analogous genes are distributed among  the three 
genomic components  o f  bromo- ,  cucumo-,  and il- 
arviruses (Symons 1985). The bipartite tobacco rat- 
tle virus (TRV, a tobravirus) possesses an addit ional 
gene coding for a cysteine-rich 16-kd protein o f  un- 
known function (Cornelissen et al. 1986). The quad- 
ripartite beet necrotic yellow vein virus (BNYVV, 
a furovirus) encodes no protein similar to the trans- 
port proteins o f  the above-ment ioned  viruses, but 
BNYVV R N A  2 contains addit ional open reading 
frames (ORFs) discussed below (Bouzoubaa et al. 
1987; Lemaire et al. 1988). 

The main  objects o f  our  analysis are two viruses 
whose genome structure has been studied for quite 
a few years by our group in cooperat ion with the 
groups of  K.G. Skryabin and Y.V. Kozlov.  These 
are barley stripe mosaic virus (BSMV), a type m e m -  
ber of  the hordeivirus group, and potato virus X 
(PVX), a type member  o f  the potexvirus group. Our  
aim was to compare  the genome organization o f  
hordei- and potexviruses with that o f  some other 
plant R N A  viruses. 

Methods 

Amino Acid Sequence Data. Amino acid sequence data were taken 
from the following papers: BSMV RNA 1 (Rupasov et al. 1986); 
BSMV RNA 2 (Gustafson and Armour 1986); BSMV RNA 3 
(Rupasov et al. 1986; Gustafson et al. 1987); BNYVV RNA 1 
(Bouzoubaa et al. 1987); BNYVV RNA 2 (Bouzoubaa et al. 1986); 
TMV (Goelet et al. 1982); TRV (Cornelissen et al. 1986; Ham- 
ilton et al. 1987); tobamoviral coat proteins (Altschuh et al. 1987); 
PVX (Morozov et al. t 987; Krayev et al. 1988); WCtMV (Forster 
et al. 1988); TYMV (Morch et al. 1988). 

Sequence Alignments. Initial similarity searches of the viral 
noncoat proteins were made with the matrix comparison program 
DIAGON (Staden 1982) run on a Wicat-S computer. The scoring 
system for this comparison was based on the observed frequency 
of substitution of one amino acid for another in a number of 
protein families (Schwartz and Dayhoff 1978). Groups of amino 
acids were: A, S, T, P, and G; N, D, E, and Q; H, R, and K; M, 
L, I, and V; F, Y, and W. Detailed alignments were made by 
visual inspection. 

Hydrophilicity Prediction. The sequences of the small noncoat 
proteins were analyzed for hydrophilicity using the method de- 
scribed by Hopp and Woods (1981). The averaged hydrophilicity 
values for heptapeptides from n - 3 to n + 3 (n > 4) were plotted 
against n. The prediction of membrane-bound properties of pro- 
reins was made by the methods of Eisenberg et al. (1984) and 
Mohana Rao and Argos (1986). 

Construction of Phylogenetic Trees. Conserved sequences of 
putative RNA polymerases shown in Fig. 6A were aligned with 

those of other (+)RNA-containing viruses according to Koonin 
et al. (1988). A similarity matrix depending on the pairwise align- 
ment of sequences was calculated using the Dayhoff exchange 
weights (Schwartz and Dayhoff 1978; Koonin et al. 1988). All 
possible subtrees for four-point conditions were constructed by 
using the similarity matrix. The final rootless phylogenetic tree 
consists of the subtrees combined optimally according to the 
maximum topological similarity principle (Chumakov and Yush- 
manov 1988; Yushmanov and Chumakov 1988). 

Results 

Simi lar i ty  between Tricornavirus R N A  1 and  
the Genomes  o f  B S M V  and  P V X  

Filamentous potexviruses have a monopar t i t e  5'- 
capped (Sonenberg et al. 1978) and 3 ' -polyadenyl-  
ated (Morozov et al. 1981) genome whose internal 
genes are expressed through format ion of  subgeno- 
mic RNAs  (Guilford and Forster 1986; Dolja et al. 
1987). By now the PVX and WC1MV genomes have 
been completely sequenced (Morozov et al. 1987; 
Forster et al. 1988; Krayev et al. 1988). 

Hordeiviruses are the only group of  rod-shaped 
viruses with tripartite genome (for review see Ata- 
bekov and Dolja 1986). BSMV R N A s  2 and 3 and 
a part o f  R N A  1 have already been sequenced (Afa- 
nasiev et al. 1986; Gustafson and A r m o u r  1986; 
Rupasov  et al. 1986; Gustafson et al. 1987). To-  
gether with bromo-,  cucumo-,  and ilarviruses, BSMV 
may  be considered formally a tricornavirus.  There 
are indeed certain similarities among  the four groups. 
BSMV R N A s  are capped and, like those o f b r o m o -  
and cucumoviruses  (but unlike those o f  ilarviruses, 
for review see Haenni  et al. 1982), carry a 3'-ter- 
m ina l  t y r o s i n e - a c c e p t i n g  t R N A - l i k e  s t ruc tu re  
(Agranovsky et al. 1981; Kozlov  et al. 1984). BSMV 
R N A  1, like R N A  1 o f  tricornaviruses, codes for 
one large protein (Dolja et al. 1983b; Rupasov  et 
al. 1986). This 120-kd protein o f  BSMV exhibits 
similarity (at least in the C-terminal  region) with 
domain  1C of  the RNA-repl icat ing 109-kd protein 
o f  BMV (Quadt et al. 1988), with related proteins 
o f  other tricornaviruses, tobamoviruses ,  tobravi-  
ruses, and, to a lesser extent, potexviruses and fu- 
roviruses (Cornelissen and Bol 1984; Rupasov  et al. 
1986; Hami l ton  et al. 1987; Forster et al. 1988; 
Krayev et al. 1988) (Fig. 1 ). All these proteins belong 
to the first family o f  the viral NTP-mot i f -conta in ing  
proteins related to the bacterial DNA-helicases 
(Gorbalenya et al. 1988a,b; Hodgman  1988). 

However,  BSMV differs markedly from tricor- 
naviruses in the number  and arrangement  o f  other 
genomic elements. All BSMV R N A s  contain an in- 
ternal poly(A) tract (Agranovsky et al. 1982) directly 
following the U A A  terminator  codon of  3 ' - terminal  
genes (Gustafson and A r m o u r  1986; Rupasov  et al. 
1986). BMV has such a tract only in R N A  3, and 
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BNYVV RNA2 42K 
PVX RNA 25K 
WCIMV RNA 26K 
BSMV RNA2 5BK 
BNYVV RNAI 2~7K 
PVX RNA 165K 
WCIMV RNA 147K 
BSMV RNAI 12DK 
BMV RNAI I09K 
TMV RNA 126K 
TRV RNA1 134K 
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Fig. 1. Alignment of amino acid sequences of  the 42-kd protein of BNYVV (Bouzoubaa et al. 1986), the 25-kd protein of PVX 
(Krayev et al. 1988), the 26-kd protein of WCIMV (Forster et al. 1988), and the 58-kd protein of BSMV (Gustafson and Armour 
1986) with the putative proteins involved in replication of BNYVV (Bouzoubaa et al. 1987), PVX (Krayev et al. 1988), WC1MV 
(Forster et al. 1988), BSMV (Rupasov et al. 1986), BMV (Symons 1985), TMV (Palukaitis and Zaitlin 1986), and TRV (Hamilton 
et al. 1987). Positions where putative replicases have conserved similarities (Schwartz and Dayhoff 1978) with two or more sequences 
from the four top lines (including 42-kd BNYVV, 25-kd PVX, 26-kd WC1MV, 58-kd BSMV) are boxed. The amino acid sequence 
pattern similar to purine nucleotide-binding protein consensus is marked by a dashed overline. Numerals show the numbers of amino 
acid residues that could not be aligned. Gaps (-) have been introduced in the sequences for maximum alignment. The number in 
front of the sequences gives the position of its first amino acid in the protein. 

there it is localized in the intercistronic region (Ahl- 
quist et al. 1981). 

B S M V  RNA 2: Triple Gene Block 

On the other hand, in the array of genes, BSMV 
RNA 2 resembles RNA 2 of  BNYVV. As can be 
seen in Fig. 2, both RNAs have the coat protein 
genes at the 5' termini--a situation rare enough 
among plant viruses. In BNYVV this is followed by 

five other ORFs (Bouzoubaa et al. 1986, 1987) and 
in BSMV by three (Gustafson and Armour 1986)�9 
Comparison of  amino acid sequences of the hypo- 
thetical proteins encoded therein shows that the pos- 
sible products of  BSMV RNA 2 have obvious, al- 
beit variable, similarity with those of BNYVV RNA 
2. Thus, the 14-kd and 17-kd proteins encoded in 
overlapping ORFs in the 3'-terminal region of 
BSMV RNA 2 have some properties of membrane- 
bound proteins as do also the 13-kd and 15-kd pro- 
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RNA helicases. Consequently, two NTP-binding 
proteins are encoded in the genomes of  BSMV, 
BNYVV, PVX, and WC1MV. Thus, the genomes of  
three elongated plant viruses belonging to different 
groups (hordei-, furo-, and potexviruses) turn out to 
contain a similar block of three genes (Fig. 2), two 
of which probably code for membrane-bound pro- 
teins and the third for a predicted NTP-binding pro- 
tein. 

165K 26K(co) 
pvx ~NA -t ~ ('A)n 
(66oon0 

Fig. 2. Organization of BNYVV RNA 2 (adapted from Bou- 
zoubaa et al. 1986), BSMV RNA 2 (from Gustafson and Armour 
1986), and PVX RNA (Krayev et al. 1988). Counterparts are 
marked by identical shading. 

teins of BNYVV (Morozov et al. 1987). These two 
pairs are similar in the relative location of  hydro- 
phobic and hydrophilic amino acid blocks (see Fig. 
3). An analogous pair of proteins containing mem- 
brane-bound segments is encoded in overlapping 
ORFs (13 kd and 8 kd) of  PVX. Moreover, BSMV 
14-kd, BNYVV 13-kd, and PVX 13-kd proteins all 
carry a conserved amino acid block. This hydro- 
philic block separates two hydrophobic domains (Fig. 
3). 

The pairs of genes described are preceded by se- 
quences coding for a 58-kd protein in BSMV RNA 
2 (Gustafson and Armour 1986), a 42-kd protein in 
BNYVV RNA 2 (Bouzoubaa et al. 1986, 1987), and 
a 25-kd protein in PVX RNA (Fig. 2). As is evident 
from Fig. 1, these three proteins contain similar 
amino acid sequences. These sequences also display 
relation with the conserved domains of a family of 
predicted NTP-binding proteins of  (+)RNA-con- 
taining plant viruses (Gorbalenya et al. 1985, 1988a; 
Dever et al. 1987). As suggested by Gorbalenya et 
al. (1988a), the above-mentioned proteins are the 
diverged relatives of  the polypeptide domains en- 
coded in the same genomic RNA of potexviruses 
(165-kd PVX and 147-kd WCIMV proteins), RNA 
1 of BSMV (120-kd protein), and BNYVV (237-kd 
protein) (Figs. 1 and 2). Recently, Gorbalenya et al. 
(1988c) and Hodgman (1988) have shown that these 
viral proteins (belonging to the first family of  NTP- 
motif-containing proteins) display a pronounced se- 
quence similarity with the bacterial DNA helicases. 
It was speculated that these viral proteins may be 
involved in unwinding of  double-stranded replica- 
live forms during genomic RNA replication. In this 
case, predicted NTP-binding proteins encoded by 
the triple gene block could represent the subunits of  

Comparison o f  the CapsM Proteins o f  B S M V  
and P V X  with Other Viral Coat Proteins 

Analysis of  the amino acid sequences coded for by 
the 5'-terminal coat protein genes of  BSMV and 
BNYVV reveals common motifs (Fig. 4). Similar 
motifs are found in the coat proteins of  three other 
rod-shaped viruses: TMV, sunhemp mosaic virus 
(SHMV, a tobamovirus), and TRV. Interestingly, 
the corresponding genes in these latter viruses are 
located at the 3' end of  TMV RNA (Fig. 5) and 
SHMV RNA (Meshi et al. 1981; Palukaitis and Zait- 
lin 1986) and on a separate nucleic acid, RNA 2, of  
TRV (Harrison and Robinson 1986). 

The amino acid sequence of the PVX coat protein 
bears no appreciable similarity with those of BSMV, 
BNYVV, TMV, or TRV; it shows, however, ob- 
vious similarity with the coat protein sequences of 
a number of filamentous potyviruses (Morozov et 
al. 1987). It should be emphasized that despite sim- 
ilar particle morphology, potyviruses and potexvi- 
ruses belong to different supergroups of  RNA-con- 
raining viruses (see Introduction). In potyviruses the 
genome structure and mode of its expression are 
quite distinct from those of PVX, BSMV, or 
BNYVV (Allison et al. 1986; Domier et al. 1987). 

B S M V  RNA 3: Putative RNA-Polymerase Gene 

The dicistronic RNA 3 of  BSMV has yet no direct 
analogy among plant viruses in the number and ar- 
rangement of genes. Nevertheless, the proteins it 
codes for exhibit significant similarity with two out 
of four proteins encoded in RNA 1 of  the bipartite 
TRV. Among putative polymerases of  the plant 
Sindbis-like viruses (Goldbach 1986; Koonin et al. 
1988), BSMV RNA polymerase, whose gene is lo- 
cated in the 5'-proximal part of RNA 3 (Rupasov 
et al. 1986; Gustafson et al. 1987), shows the greatest 
similarity with the putative TRV polymerase (the 
C-terminal region of the 194-kd protein encoded in 
RNA 1) (see Figs. 5 and 6A). This conclusion is 
confirmed illustratively by a phylogenetic rootless 
tree constructed using the aligned amino acid se- 
quences shown in Fig. 6A and the sequences of  other 
putative viral RNA polymerases (Fig. 6B). This den- 
drogram representing phylogenetic relationships 
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Fig. 3. Comparison of the hydrophilicity profiles of the putative membrane-bound proteins ofBNYVV, BSMV, and PVX according 
to the method of Hopp and Woods (1981). Regions with a net hydrophobicity appear below the horizontal center line, and regions 
with a net hydrophilicity appear above the center line. Filled circles indicate positions for conserved hydrophilic amino acid blocks. 
Filled boxes are below positions for conserved hydrophobic segments (Morozov et al. 1987). 
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Fig. 4. Comparison of the best-con- 
served amino acid sequences within the 
coat proteins of tobamoviruses (TMV, 
SHMV), TRV, BSMV, and BNYVV 
(Bouzoubaa et al. 1986; Cornelissen et 
al. 1986; Gustafson and Armour 1986; 
Altschuh et al. 1987). The number  in 
front of a sequence block gives the po- 
sition within the protein of the first 
amino acid of this block. Residues pre- 
dicted to be involved in the intrasub- 
unit salt bridge (see Altschuh et al. 
1987) are indicated by asterisks. Posi- 
tions where two or more sequences 
have conserved similarities as given by 
Schwartz and Dayhoff ( 1978) are indi- 
cated by boxes. 
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Fig. 5. Organization of TMV RNA (adapted from Palukaitis 
and Zaitlin 1986), TRV RNA 1 (from Cornelissen et al, 1986; 
Hamilton et al. 1987), and BSMV RNA 3 (Rupasov et al. 1986; 
Gustafson et al. 1987). Proteins containing similarities are marked 
by identical shading. 

among the proteins of the capped supergroup RNA 
plant viruses was created in accordance with the 
maximum topological similarity principle of  Yush- 
manov and Chumakov (1988). It is important to 
note that similarity between polymerase proteins 
encoded in BSMV RNA 3 and BNYVV RNA 1 is 
much less pronounced (Fig. 6) in spite of  the clear 
relations in gene organization and the sequences of 
a number of  other proteins between these viruses 
(see above). 

The deduced phylogenetic tree revealed a signif- 
icant divergence of the potexviruses from the other 
capped plant RNA viruses (Fig. 6B). Surprisingly, 
comparison of the PVX putative polymerase do- 
main and the corresponding region of the 206-kd 
protein of turnip yellow mosaic virus (TYMV--a 
type member of spherical tymoviruses) whose RNA 
sequence was recently determined (Morch et al. 
1988) leads to the conclusion that these viral poly- 
merase proteins are quite closely related (Fig. 6). 
Thus, the gene coding for the putative RNA poly- 
merase in the potexvirus and the tymovirus mono- 
partite genomes retains phylogenetic relationships 
that are independent of adjacent genomic elements 
of  the same RNA because PVX and TYMV capsid 
proteins are unrelated and the above-mentioned 
conserved triple block of genes is not found in the 
TYMV genome. 

B S M V  RNA 3: Cysteine-Rich Protein Gene 

The 17-kd protein encoded in the 3'-terminal region 
of BSMV RNA 3 (Dolja et al. 1983a; Rupasov et 
al. 1986; Gustafson et al. 1987) resembles the 16- 
kd protein o fTRV (Cornelissen et al. 1986) as well 
as the 14-kd protein of BNYVV (Bouzoubaa et al. 
1986): all these proteins contain 6-8% cysteine res- 
idues dispersed along the polypeptide chain. The 

hypothetical cysteine-rich proteins of the three vi- 
ruses are encoded in the 3'-terminal regions of dif- 
ferent genomic RNAs: TRY RNA 1, BNYVV RNA 
2, and BSMV RNA 3. Comparative analyses of  the 
cysteine-rich protein sequences reveal obvious re- 
lationships between these proteins and the proteins 
having metal-binding nucleic acid-binding domains 
(Fig. 7). The metal-binding "fingers" involve two 
cysteines separated by 5-25 residues from a brace 
of  closely spaced histidines and/or cysteines (K_lug 
and Rhodes 1987) (Fig. 7). However, the identifi- 
cation of  the above-mentioned proteins as metal- 
binding proteins is rather questionable with respect 
to the recent experimentally based conclusion of  
Freedman et al. (1988): "Certainly the mere pres- 
ence of  appropriately placed cysteins or histidines 
should not suffice to identify zinc finger proteins." 

Between the 194-kd and 16-kd protein genes of 
TRV there is a gene for a 29-kd protein similar to 
the 30-kd transport protein o f T M V  (Boccara et al. 
1986) (see Fig. 5). Such entities are lacking in the 
BNYVV, WC1MV, PVX, and, possibly, BSMV ge- 
nomes. In these cases the transport function can 
supposedly be performed by one or more of  the 
above-mentioned triple block of proteins that are 
in the three viruses (see Fig. 2). 

D i s c u s s i o n  

To sum up, kindred genomic elements can be found 
in diverse and quite remote groups of  plant viruses. 
Taking BSMV as a reference, for its tyrosine-ac- 
cepting tRNA-like structure the related genomic ele- 
ments are bromo- and cucumoviruses; for the con- 
served domains 1C and 2 of the putative RNA 
polymerases they are tobra- and tobamoviruses; for 
the triple gene block in RNA 2 they are furo- and 
potexviruses; for the coat-protein gene they are 
furo-, tobamo-, and tobraviruses. On the other hand, 
the PVX coat protein is akin to the potyvirus coat 
proteins. The last observation suggests that the dif- 
ferent genes of the monopartite PVX genome are 
related to the genomic elements of  dissimilar plant 
viruses, as is the case for the multipartite BSMV 
genome. 

Recently, Mitler et al. (1988) have sequenced the 
monopartite RNA genome of barley yellow dwarf 
virus (BYDV--a type member of the spherical lu- 
teoviruses). The BYDV genome unexpectedly was 
found to code for the 50-kd protein similar to the 
BNYVV 54-kd protein-- the read-through product 
of the coat protein gene (see Fig. 2). The other pro- 
tein of BYDV (60kd) displays considerable similar- 
ity with the putative RNA polymerase of carnation 
mottle virus (CarMV) (Miller et al. 1988). However, 
the genome strategy of BYDV and the sequences of 
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Fig. 6. A Comparison of the conserved regions of the putative RNA-dependent RNA polymerases ofBSMV (Rupasov et ah 1986), 
TRV (Cornelissen et al. 1986), TMV (Goelet et al. 1982), BNYVV (Bouzoubaa et al. 1987), WCIMV (Forster et al. 1988), TYMV 
(Morch et al. 1988), and PVX. Identities in two or more sequences are indicated with capital letters. Asterisks denote identity between 
BSMV and TRV. Gaps (-) were inserted to facilitate comparison. Numerals show the numbers of  amino acid residues that could not 
be aligned. The numbers in front of the sequences give the positions within the proteins of the first amino acid. The numbers of 
identical positions in the pairwise alignments are PVX vs WCIMV, 91; BSMV vs TRV, 76; TMV vs TRV, 64; BSMV vs TMV, 51; 
PVX vs TYMV, 51; BSMV vs BNYVV, 32; BSMV vs PVX, 26; TMV vs BNYVV, 33; TMV vs TYMV, 33; TMV vs PVX, 29; 
BNYVV vs TYMV, 30; BNYVV vs PVX, 25. B Maximum topological similarity rootless tree representing phylogenetic relationships 
among conserved domains of RNA polymerase-related sequences of capped plant (+)RNA-containing viruses (Chumakov and 
Yushmanov 1988). The sequences from TMV, BSMV, TRV, BNYVV, PVX, cucumber mosaic virus (CMV), BMV, AIMV, WCIMV, 
TYMV, and carnation mottle virus (CarMV) were aligned according to Koonin et al. (1987). Parameters of  tree and matrices: mean 
square of relative distance deviation is 0.00200789; sum of distance deviation modes is 2.052; sum of differential neighbor matrix 
elements is 70; topologic mismatch is 5.45455%. Position of BNYVV in the tree fluctuates somewhat (local topological deviation is 
16 for BNYVV and for other viruses it is 3-9). 

other  putat ive  prote ins  differ s ignif icant ly  f r o m  those  
of  the rodl ike  m u l t i p a r t i t e  B N Y V V  and  the  spher-  

ical  m o n o p a r t i t e  Ca rMV.  Thus ,  B Y D V  represents  
o n e  m o r e  v irus  w h o s e  m o n o p a r t i t e  g e n o m e  cons i s t s  

o f  a m o s a i c  o f  genet i c  e l e m e n t s  h a v i n g  i n d e p e n d e n t  
phylogene t i c  re la t ionsh ips .  

M u c h  the s a m e  s i tua t ion  has  b e e n  reported  for 
a n i m a l  v iruses .  S i m i l a r i t y  has  b e e n  f o u n d  in  the  
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Fig. 7. A m i n o  acid sequence similarity 
within the cysteine-rich 16-kd protein o f  
TRV (Cornelissen et al. 1986), the 17-kd 
protein o f  BSMV (Rupasov et al. 1986; 
Gustafson et al. 1987) and the 14-kd 
protein o f  BNYVV (Bouzoubaa et al. 
1986). The conservat ive cysteine and his- 
t idine residues are boxed. Gaps  (-) indi- 
cate nonconserved  spacing between con- 
served positions.  The numbers  within 
and in front o f  the sequence blocks are 
defined in Fig. 1. 

three-dimensional structure and in the amino acid 
sequences of  the coat proteins of  the members of  
picorna- and alphaviruses (Fuller and Argos 1987)-- 
groups markedly differing in genome structure and 
mode of  expression and belonging to different su- 
pergroups of RNA-containing viruses. Similar re- 
suits were obtained upon comparison of  the coat 
proteins of picornaviruses and small spherical 
(+)RNA-containing plant viruses (Rossmann 1987). 
Thus, every gene (or sometimes a block of  genes) or 
noncoding regulatory genomic element (e.g., the 
tRNA-like structure) connotes its own scheme of  
evolutionary relations. This complicates elabora- 
tion of a universal system of (+)RNA-containing 
viruses reflecting their actual evolutionary links. Such 
a system can be envisaged no longer as a tree but 
rather as a more intricate structure, a kind of  three- 
dimensional network. 

It is only natural to suggest that such involved 
patterns may result from real processes of  exchange 
and reassortment of genetic information among vi- 
ruses. Recent studies also facilitate perception of  the 
mechanism of this reassortment: it is recombination 
at the RNA level, most likely through copy-choice 
during replication. Such recombination has been de- 
termined for at least three groups of  (+)RNA-con- 
taining viruses: picorna- (Kirkegaard and Baltimore 
1986; Romanova et al. 1986), corona- (Makino et 
al. 1986), and bromoviruses (Bujarsky and Kaesberg 
1986). Especially demonstrative is the last example, 
describing an exchange of tRNA-like structures be- 
tween different genomic RNAs or BMV. It is tempt- 
ing to think that recombination under natural con- 
ditions also gave rise to the RNA of SHMV whose 
coding body carries the same genes as in other to- 
bamoviruses, whereas the tRNA-like structure is 
similar to that of tymoviruses (Meshi et al. 1981). 

Findings of duplications and a deletion in the 
putative BSMV R N A  polymerase gene (Dolja et al. 
1983b; Afanasiev et al. 1986; Gustafson et al. 1987) 
indirectly point to the existence of a process in- 
volving copy-choice in this virus as well. Such events 
may produce new BSMV strains both in nature and 
under experimental conditions (Atabekov and Dol- 
ja 1986). The peculiar 3'-terminal tandem in BSMV 

RNAs 1-3 could itself have arisen from recombi- 
nation between an RNA carrying a 3'-terminal 
tRNA-like structure (as in bromoviruses) and an 
RNA carrying a 3'-terminal poly(A) tail (as in PVX 
or BNYVV). 

It can be supposed that the genome of  RNA- 
containing viruses is composed of  discrete units that 
may differ in size from several dozen (noncoding 
regulatory sequences) to several thousand nucleo- 
tides (blocks of genes). The unit size may itself be 
determined by its function. At the same time, the 
location and environment of  each unit may vary 
greatly. 

Assuming that formation of viral RNA genomes 
involved reassortment of  their elements, we come 
to the next question of  what host cells exist wherein 
these genomes could meet. At present the answer 
can be speculative only. The two versions that seem 
the most plausible are: (1) viruses and host diverged 
concurrently, i.e., the common ancestors of  their 
contemporary viruses infected the common ances- 
tors of  their contemporary hosts; (2) the host spec- 
ificity of viruses and/or the specific susceptibility of  
their hosts is a later development than was the for- 
mation (establishment) of the viral RNA genome. 

There appear to be some uncertainties in the in- 
terpretation of  these phenomena. As suggested by 
Matthews (1985): (1) " . . .  the genomes of viruses 
with RNA involved in part or all of the genomic 
life cycle may consist of a mixture of highly con- 
served genes and genes with no base sequence ho- 
mology due to the rapid rate of  mutation in RNA. 
� 9  (2) "Quite unrelated viruses that evolved in- 
dependently might have developed amino acid ho- 
mologies in those parts of the protein constrained 
to interact with some highly conserved host mac- 
romolecule or viral process for which there is only 
one structural solution." 

There is another plausible cause of  similarity 
among genomic elements of  distantly related virus- 
es, which is capture of similar sequences from the 
host cell. Although for coding viral sequences the 
examples are still scarce (except for retroviruses) and 
not  always convincing, alleged acquisition of  a 
poly(A) tail or a tRNA-like structure in just this 



60 

m a n n e r  cou ld  ha rd ly  be d i spu ted .  E n t r a p m e n t  a n d  
c o v a l e n t  a t t a c h m e n t  o f  cell t R N A  has been  de-  

scr ibed  for S indb i s  v i rus  DI  R N A  ( M o n r o e  a n d  
Schles inger  1983). It is n o t e w o r t h y  tha t  b o t h  a n i m a l  
a n d  p l an t  cell g e n o m e s  ( S a k a m o t o  a n d  O k a d a  1985; 
B e n s l i m a n e  et al. 1986) c o n t a i n  n u m e r o u s  t r an -  
scr ibed sequences  e n c o d i n g  n o t  on ly  t R N A s  b u t  also 
t R N A - l i k e  s t ruc tures .  T h e  exchange  o f  i n f o r m a t i o n  
be tween  cell a n d  vira l  R N A s  th rough  a copy-cho ice  

m e c h a n i s m  m a y  be faci l i ta ted  by  the p resence  o f  
e n d o g e n o u s  R N A - d e p e n d e n t  R N A  po lymera se s  in  
a n i m a l  (Vol loch 1986) a n d  p l an t  cells (F raenke l -  
C o n r a t  1983). 

By a n d  large, ana lys is  o f  g e n o m e  s t ruc ture  o f  a 
n u m b e r  of  e longa ted  ( + ) R N A - c o n t a i n i n g  p l an t  v i -  
ruses s t rongly suppor t s  the sugges t ion  tha t  shuffl ing 
o f  g e n o m i c  e l e m e n t s  a m o n g  different  v i ruses  has 

occurred.  As far as we know,  such an  idea was first 
m e n t i o n e d  by Hase lof f  et al. (1984). 

There  are a n u m b e r  o f  c o n v i n c i n g  example s  in  
favor  o f r e a s s o r t m e n t  be tween  the genomes  o f  R N A -  
c o n t a i n i n g  v i ruses  differing in  par t ic le  s t ruc ture  a n d  
m o d e  o f g e n o m e  rep l i ca t ion  a n d  express ion .  R e c e n t  
f indings  tha t  the p roduc t s  o f  caul i f lower  mosa i c  v i -  
rus  genes I a n d  II are  s o m e w h a t  re la ted  to the pro-  
te ins  of  several  R N A - c o n t a i n i n g  p l an t  v i ruses  (Hul l  
et al. 1986; D o m i e r  et al. 1987) b r ing  the  D N A -  
c o n t a i n i n g  re t ro id  v i ruses  in to  the field o f  play as 
well. A t  least  one  example  o f  a m i n o  acid  sequence  
s imi la r i ty  exists  be tween  the  coat  p ro t e ins  o f  single-  
s t r a n d e d  D N A - c o n t a i n i n g  a n d  R N A - c o n t a i n i n g  vi-  

ruses ( M o h a n a  R a o  1986). Thus ,  the  overa l l  impre s -  
s ion  is tha t  a m o n g  v i ruses  the  shuffl ing o f  genet ic  
e l e m e n t s  is ra ther  a un ive r sa l  p h e n o m e n o n .  
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Note added in proof  The demonstrat ion of nonstringent spec- 
ificity of  interaction between tobamovirus replicase compo- 
nent(s) and the 3' noncoding region of viral RNA [Ishikawa M, 
MeshiT,  WatanabeY,  OkadaY (1988) Replicat ionofchimeric 
tobacco mosaic viruses which carry heterologous combinations 
of replicase genes and 3' noncoding regions. Virology 164:290- 
293] allows us to suggest that the process of  genome recombi- 
nation between riboviruses may not be so uncommon.  Recently, 
the strong indications on the recombination between distantly 
related or unrelated viral RNA genomes have been revealed un- 
der natural conditions for animal coronaviruses and orthomyxo- 
virus [Luytjes W, Bredenbeek PJ, Noten AFH, Horzinek MC, 
Spaan WJM (1988) Sequence of mouse hepatitis virus A59 
mRNA2: indications for RNA recombination between corona- 
viruses and influenza C virus. Virology 166:415-422] and for 
plant luteovirus and sobemovirus [Veldt, I, Lot H, Leiser M, 
Scheidecker D, Guilley H, Richards K, Jonard G (1988) Nu- 
cleotide sequence of beet western yellows virus RNA. Nucleic 
Acids Res 16:9917-9932]. Possible evolutionary mechanisms 
involving gene reassortment between viral RNAs have also been 
discussed in the recent reviews [Gibbs A (1987) Molecular evo- 
lution of viruses: "trees," "clocks" and "modules."  J Cell Sci 
Suppl 7:319-337]; Zimmern D (1988) Evolution of  RNA vi- 
ruses. In: Holland J, Domingo E, Ahlquist P (eds) RNA genetics. 
CRC Press, Boca Raton, FL; and Goldenbach R, Wellink J 
(1988) Evolution of plus-strand RNA viruses. Intervirology 29: 
260-267]. 


