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ABSTRACT

Viruses in the genus Tenuivirus (Tenuiviruses) cause a number of important dis-
eases in economically important crop plants including rice and maize. Tenui-
viruses are transmitted from plant to plant by specific planthopper vectors, and
their transmission relationship is circulative-propagative. Thus, Tenuiviruses have
host ranges including plants and animals (planthoppers). Four or five charac-
teristic, circular ribonucleoprotein particles (RNPs), each containing a single
Tenuivirus genomic RNA, can be isolated from Tenuivirus-infected plants. The
genomic RNAs range in size from ca 9.0 kb to 1.3 kb and together give a to-
tal genome size of ca 18-19 kb. The genomic RNAs are either negative-sense
or ambisense, and expression of the ambisense RNAs utilizes cap-snatching
during mRNA transcription. The combination of characteristics exhibited by
Tenuiviruses are quite different than those found for most plant viruses and
are more similar to vertebrate-infecting viruses in the genus Phlebovirus of the
Bunyaviridae.

INTRODUCTION

In 1977, Koganezawa reported that rice stripe virus (RSV)—infected rice
(Oryza sativa L.) plants contained unusual fine-stranded particles, sometimes
appearing as circular or branched filaments, distinctly different from particles
associated with other plant viruses (73). In 1981, Gingery and co-workers sug-
gested that maize stripe virus (MSpV) and the serologically related RSV were
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representative of a newly recognized group of plant viruses (45). They sug-
gested that, based on a number of physical properties including the presence
of unique, fine-stranded, filamentous particles and a number of nucleoprotein
components that could be resolved by rate-zonal sucrose centrifugation, MSpV
and the serologically related RSV were distinctly different from other plant
viruses recognized at that time (45,46). Shortly thereafter, other plant viruses
including rice grassy stunt virus (RGSV) and rice hoja blanca virus (RHBV)
were also recognized as having biological and molecular properties similar to
MSpV and RSV, and all of these viruses were placed in the rice stripe virus group
(44). Since 1995, they have been grouped together by the International Com-
mittee on Taxonomy of Viruses (ICTV) as members of the genus Tenuivirus,
and some lesser known viruses [Echinochloa hoja blanca virus (EHBV)] and
European wheat striate mosaic virus (EWSMYV, Table 1) are tentative members
of this genus (116). A few other plant viruses show similarities to those in the
genus Tenuivirus, but they are not yet as well understood as are those mentioned
here. Undoubtedly, as more viruses are discovered and characterized, more will
be placed in this genus.

Previous reviews have documented the characteristics and molecular biology
ofthe viruses in the genus Tenuivirus (29,44, 99, 117). Inthis review, we discuss
some of the original and the more recent work on these viruses. We also discuss
some of the different interpretations concerning these viruses and aspects of
Tenuivirus host interactions and vector biology. As a group, the viruses in the
genus Tenuivirus are the only viruses whose vector range is restricted to the
delphacid planthoppers. Furthermore, based on phylogenetic evidence and their
genome organization and expression strategies, it appears that viruses in the
genus Tenuivirus are more closely related to the vertebrate-infecting viruses in
the genus Phlebovirus of the family Bunyaviridae than they are to other plant
viruses.

TENUIVIRUS INCIDENCE AND ECONOMIC IMPORTANCE  Viruses in the genus
Tenuivirus (hereafter referred to as Tenuiviruses, tenui from tenuis meaning
weak or slender, 116) have plant host ranges limited to the family Poaceae.
Tenuiviruses cause serious diseases in several important food crops, including
rice (Oryza sativa L.; rice stripe, rice hoja blanca, and rice grassy stunt) and
maize [Zea mays L.; maize (corn) stripe, and see Table 1]. In the 1960s, RSV
was estimated to affect 13—19% of the total rice acreage in Japan (117). Yield
losses of 25—50% have been reported in Latin American rice due to RHBV (66),
and MSpV-induced losses in maize of 80% were reported from Mauritius (103).
In Florida, a scenario involved MSpV-infection of maize grown for hybrid seed
production. Heavy losses occurred in the fall-grown crop, resulting in severe
economic losses and the inability to economically produce winter-grown maize
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seed (121, 125, 126) (Figure 1C). Most Tenuiviruses induce similar symptoms
on their infected host plants. Typical symptom development on MSpV-infected
maize plants includes fine chlorotic stippling between the veins on leaf surfaces
that later develop into continuous stripes of varying width and intensity, often
with a “brush-out” appearance (48) toward the tip of stripes (121) (Figure 1B).
Young Tenuivirus-infected plants often exhibit complete chlorosis on the emerg-
ing whorl leaf. A syndrome so called white leaf or hoja blanca was described
for diseases induced by RHBV, EHBYV, and MSpV. The symptom severity and
subsequent yield losses vary with age of the plant at infection (103).

The Tenuiviruses are somewhat limited in their geographic incidence. RSV
and RGSV are limited to the Far East, and RHBV and EHBYV are limited to tropi-
cal and subtropical regions of the Western Hemisphere (28, 44,53, 83,113, 116).
However, MSpV has the most widespread geographic distribution and occurs
around the world but only in subtropical and tropical regions (13,45,77, 104,
116, 117).

TENUIVIRUS PLANTHOPPER VECTORS

Although experimental mechanical transmission of Tenuiviruses has been re-
ported, it has not been widely used (77,79). Tenuiviruses are transmitted from
plant to plant by planthopper vectors, and vector specificity is high (see Table 1,
and Figure 14). Taxonomically, Tenuivirus planthopper vectors are placed
within the homopteran family Delphacidae (129). Although over 130 species
of leathoppers have been reported as vectors of various plant disease agents, in-
cluding phytoplasmas, viruses, and bacteria-like organisms (49, 62, 89,90, 112,
122), only 17 species of Delphacidae are known to be the vectors of only 12
plant pathogens (16,81, 87,129, 130). Much of our knowledge of planthop-
pers comes from studies on the economically important species, but planthop-
pers have received much less attention than have such homopteran vectors as
leathoppers and aphids.

Knowledge of planthopper biology, their environmental requirements, breed-
ing and feeding host plants, and techniques for mass rearing are of fundamental
importance to understand the potential of planthoppers as Tenuivirus vectors.
Most planthopper vectors of Tenuiviruses colonize gramineous plants and are
generally well adapted to members of the Poaceae (130). However, the host
range of a given Tenuivirus does not necessarily coincide completely with the
host range of its planthopper vector; the host ranges of Tenuiviruses are gen-
erally wider as many of the reported hosts are experimental (Table 1) (33, 48).
Similarly, many rearing host plants for delphacid vectors may not be susceptible
to a respective Tenuivirus (Table 1) (123). These latter host plants then offer
the advantage of providing a means to rear nonviruliferous planthoppers.



Figure I MSpV host plants, symptoms, and planthopper vectors. A shows the short-wing and
long-wing forms of Peregrinus maidis, the MSpV planthopper vector. B shows two maize (Zea
mays L.) plants exhibiting initial and advanced symptoms of infection by MSpV. Note that in
advanced infections, the complete leaf lamina can become white. C shows a field of Z. mays plants
affected by MSpV. Affected plants are stunted and exhibit an overall white appearance.
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Most planthopper vectors feed in the phloem (36,37, 129). This has been
demonstrated by sectioning feeding tracts in plant tissue (17, 96, 124). Phloem
feeders have the unique capability to inoculate pathogens into phloem tissues
without destroying plant cells, thereby promoting successful infections. The
feeding behavior coupled with their biological habits and geographical distri-
bution make delphacid planthoppers ideal for transmitting the Tenuiviruses.

Planthopper Biology

Delphacid females are generally prolific; adult Peregrinus maidis females can
lay 300-900 eggs, with an average of 600 eggs per female per life (125). Females
oviposit on plants on which the newly hatched nymphs will feed. Eggs are
usually inserted in groups into the leaf or leaf sheath of the host plant. Maturing
eggs can be recognized by the appearance of red eye spots in the embryo and they
can easily be removed by peeling the epidermal layer of the plant leaf. Young
nymphs aggregate and feed for long periods on a single plant and often are
tended by female adults. Metamorphosis is paurometabolous, with five nymphal
stages that require 3—4 weeks to complete. Both nymphs and adults secrete
copious amount of honeydew on feeding sites, and they are often tended by a
number of ant species. Parthenogenesis has not been observed in delphacids.
Wing dimorphic species are usually found in the Delphacidae. The long-
winged forms (macropters, see Figure 14) play a major role in the long-dis-
tance dispersal and migration and are responsible for long-distance spread of
Tenuiviruses. The more common short-winged forms (brachypters) are flight-
less and are mostly involved in Tenuivirus intrafield spread. The propensity
for flight varies with age, season, crowding, habitat, and host plant physiology.
The production of macropters in Nilaparvata lugens, Laodelphax striatellus,
and Javasella pellucida has been attributed to the crowded conditions during
nymphal development and decreased nutritional level of the host plants (71, 80).
Migration of J. pellucida has been attributed more to planthopper physiology
(97); however, the specific factors that induce migration are not yet known.
Dispersal and migration are generally facilitated by wind current. Annu-
ally N. lugens migrates great distances during the monsoon season from en-
demic areas in the tropics over the ocean northward to China, Korea, and Japan
(15,53,127). Water current can also aid the spread of delphacid nymphs and
adults that drop from the plants when disturbed (28). Delphacids that have
the ability to disperse and migrate provide the opportunity for a population
to spread and colonize new sites, thereby exploiting new food sources. At the
same time, these actions permit exchange of genetic material between insect
populations. In temperate areas, planthopper vectors are assumed to overwinter
as eggs. However, species such as L. striatellus and J. pellucida overwinter in
second and fourth nymphal stages (11), and L. striatellus can overwinter as
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adults in a state of productive diapause (70). In subtropical and tropical areas,
reproduction continues as long as breeding hosts are available.

Tenuivirus-Vector Transmission Interactions

Vector transmission of Tenuiviruses can be defined in three sequential phases:
acquisition, incubation, and inoculation. Tenuiviruses can be acquired from
infected plants by their planthopper vectors in times ranging between 15 min
to 4 h (Table 1). After acquisition, the incubation period in the vector varies
from 4 days to as many as 31 days. The inoculation threshold is generally
similar to the acquisition threshold, but it can be as short as 30 sec (44).
Although transmission usually continues throughout the life of the vector, in-
oculativity often declines with vector age and is dependent on a number of
factors. Nymphs are usually more efficient Tenuivirus vectors than are adults
(85, 126), and females are more efficient than males for RSV (44). Different
populations or biotypes of the same delphacid species have shown variability
in Tenuivirus transmission efficiency (3, 4, 72), and transmission efficiency can
be increased up to 100% by continuous selective interbreeding of active vec-
tors (39,51, 131), or can be greatly reduced by selection and breeding inactive
vectors (64). With the exception of RGSV, Tenuiviruses are transmitted transo-
varially by viruliferous females to their progeny. The transovarial transmission
rate ranges from about 20% to 100% and can be for as many as 40 generations
(Table 1) (3,4, 16,28,40,44,45,53,55,78,113, 116, 126). Vertical transmis-
sion appears to be more prevalent for Tenuiviruses than for leathopper-borne
viruses and can complicate the ability to establish a virus-free planthopper
colony in the laboratory. So far RHBYV is the only known paternally transmit-
ted Tenuivirus (131).

All of the Tenuiviruses thus far studied are transmitted by their respective
vectors in a circulative-propagative manner (49, 87). Proof for Tenuivirus multi-
plication in delphacid vectors has been obtained by repeated Tenuivirus passage
through eggs for 10 generations in 7agosodes orizicola (for RHBV; 39) and 40
generations in L. striatellus for RSV (107), such that the final inoculum dilution
greatly exceeds the dilution endpoint. Additional proof of MSpV multiplication
in P. maidis has come from serological analysis of individual P. maidis over time
after MSpV acquisition. The percentage of P. maidis that were ELISA-positive
for the MSpV-N (nucleoprotein) protein increased over time, corresponding
with their ability to transmit MSpV to plants (35). The titer of MSpV-N protein
increased in specific organs, including the salivary glands (88), and some evi-
dence suggests that N protein titer in P maidis is correlated with transmission
efficiency for some MSpV isolates (5).

The effects of Tenuivirus infections on their vectors can vary from mild to
lethal. Tenuiviruses can infect various planthopper organs including the brain,



TENUIVIRUSES 145

digestive and respiratory tracts, salivary glands, Malpighian tubules, leg mus-
cles, fat bodies, and reproductive tracts of both sexes (53, 88). These infections
can impair the fecundity and longevity of viruliferous females (3, 11, 55, 67, 86,
89), and in extreme situations, RSV can be lethal to eggs and early instar nymphs
(38). Taken together, the above data show that unlike most plant viruses but
similar to plant viruses in the Rhabdoviridae, Reoviridae, and in the genera
Marafivirus and Tospovirus, Tenuiviruses have host ranges including plants
and animals, the latter being their planthopper vectors!

TENUIVIRUS CHARACTERISTICS

Tenuivirus Ribonucleoprotein Particles

After initial studies showed unusual ribonucleoprotein particles (RNPs) as-
sociated with Tenuivirus-infected plants (45, 73), several efforts were made to
characterize them. Biochemical analyses showed that the RNPs were composed
mostly of a ca 32- to 35-kd protein and contained RNA (45,73,83,112). An
additional low abundance protein of greater than 200 kd was found to be asso-
ciated with some Tenuivirus RNPs and is discussed below (7,114, 115). The
RNPs sediment in rate-zonal sucrose density gradients as several components
(Figure 24). Sedimentation coefficient analysis showed that four components
ranging from ca 50—190 S could be resolved for MSpV (34) (Figure 2), and
three to five components with similar sedimentation coefficients have been
reported for RSV, RHBYV, and RGSV (18,45, 46,54, 63). A conflicting report
suggests that the sedimentation coefficients for the RSV RNPs are much greater
(685, 805, and 985 for M, B, and nB, respectively; 117); however, simultane-
ous comparisons of the MSpV and RSV RNPs showed similar sedimentation
patterns (46), and most studies support the former estimates. Despite the fact
that multiple RNPs could be separated in sucrose gradients, studies showed that
Tenuivirus RNPs band together at a relatively low density of only ca 1.28 g/cc
when analyzed by equilibrium density gradient centrifugation in cesium sul-
fate (34, 45, 73, 83). Furthermore, the CsSO4-purified RNPs for several Tenui-
viruses have been shown to be infectious when injected into their respec-
tive planthopper vectors. Greater than 50% of L. striatellus and 80-100% of
P. maidis planthoppers were able to transmit RSV and MSpV, respectively, to
plants (34, 73).

Initial electron microscopic analyses suggested that the MSpV, RHBV, and
RSV RNPs were very thin and not well defined in their morphology. The RNPs
for the different Tenuiviruses were reported to be branched, filamentous, spiral,
or circular (44,45,73,77,82,110). However, Hibino et al (54) showed that
the RSV and RGSV RNPs were mostly circular. These circular RNPs were
difficult to discriminate by electron microscopy, and purified, carefully stained
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Figure 2 Characteristics of Tenuivirus ribonucleoprotein particles (RNPs). 4 shows a scanning
profile (A260) of sucrose-density gradient purified MSpV RNPs. The profile in 4 shows RNPs
purified by differential centrifugation followed by sucrose density gradient analysis. The profile in
B shows RNPs first purified by CsSO4 equilibrium centrifugation and then fractionation in sucrose
gradients. Numbers indicate the individual RNP components; component 1 is the slowest and 4 is
the fastest sedimenting component. 2B shows MSpV RNP RNAs fractionated by nondenaturing
agarose gel electrophoresis. Lane A shows RNAs analyzed immediately after extraction, while
lane B shows RNAs after ethanol precipitation and resuspending RNAs. Numbers show positions
of MSpV RNP ssRNAs, 1 being the largest and 5 being the smallest (see Table 2). Numbers 1’5
show positions of dSRNAs. 2C shows typical rice hoja blanca virus circular RNPs (photo courtesy
of Dr A Espinoza).

preparations were required. The circular RNPs were of different circumference,
and further work showed that size corresponded with the sedimentation in rate-
zonal gradients [i.e. those of greater circumference had greater sedimentation
coefficients (63)]. Subsequent analyses showed that for other Tenuiviruses, in-
cluding RHBV and MSpV, the RNPs also were circular (Figure 2C) (13, 25).
Taken together, these data suggest that multiple-sized virus-specific RNPs are
present in plants infected by Tenuiviruses, that they are infectious, and that the
circular morphology appears to be a consistent characteristic.

Genomic RNA Characteristics

Gel electrophoresis analysis showed that different-sized RNAs could be iso-
lated from the different RNP components of Tenuiviruses (34,63, 112). When
the MSpV RNP RNAs were analyzed by denaturing agarose gel electrophoresis,
the fastest sedimenting component (component 4, 190 S) was found to contain
a large ssRNA of ca 8.5 kb (RNA1) (34). The slower sedimenting RNPs con-
tained correspondingly smaller RNAs. For example, component 1, the slowest
sedimenting RNP, contained an RNA of ca 1.4 kb (RNASY); two RNAs of ca 2.2
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Table 2 Sizes of Tenuivirus genomic RNAs and their encoded proteins

RSV MSpV RHBV EHBV References
RNAL, 8970 >8 kb >9 kb 34,101, 119
encoded pcl 336,860 —
proteins
RNA2, 3514 3337 3620 23,27,110

encoded p2 22,762 p2 23,500 p2 23,000 —
proteins pc2 94,092 pc2 93,900  pc2 94,000

RNA3, 2504 2357 2229 2336 19, 20, 58,
encoded p3 35,134 p3 22,741 p3 23,000 p3 22,900 132
proteins pc3 23,874 pc3 34,574 pc3 35,000  pc3 34,900

RNA4, 2517 2227 1991 1874 22,57, 59,
encoded p4 20,541 p4 19,815 p4 20,076 p4 19,900 100, 133
proteins pcd 32,474 pc4 31,900  pcd 32,469  pcd 32,400

RNAS, ND 1317 ND 1334 21,60
encoded pcS 44,237 pcS 44,000

proteins

Acronyms used for the Tenuiviruses are defined in Table 1. Top number indicates the size, in
nucleotides, of the given genomic segment. The encoded proteins (p or pc) and their corresponding
sizes (M,) also are indicated. For RSV, sizes are for RSV isolate T. Known and predicted functions for
some of'the encoded proteins include the following: RNA1-encoded pcl is a putative RNA-dependent
RNA polymerase; RNA2-encoded pc2 is a putative polyprotein that exhibits significant similarity to
Phlebovirus virion membrane glycoproteins; RNA3-encoded pc3 is the N (nucleocapsid) protein;
RNA4-encoded p4 is the major noncapsid protein, NCP. ND indicates not detected, and — indicates
not characterized.

and 2.3 kb (RNAs 4 and 3, respectively) were obtained from the RNP2, and a
ca 3.5kb(RNA2) was detected from RNP3, thus suggesting five genomic RNAs
for MSpV (34; and see Figure 2B). Likewise, five RNP RNAs have been isolated
for EHBYV, and some RSV isolates have five RNAs (21, 63). Only four RNAs
have been identified so far for other Tenuiviruses (Table 2) (117, 120). Hybridi-
zation analyses have shown that for a given Tenuivirus, each of the RNP RNAs
is mostly distinct from the others, and when combined with more recent nu-
cleotide sequence analyses (see below), these data clearly demonstrate that the
genomes of Tenuiviruses are multipartite and composed of four or five segments.

A complicating characteristic exhibited by the Tenuiviruses is that when the
RNP RNAs were analyzed by nondenaturing gel electrophoresis, both single-
(ss) and double-stranded (ds) RNAs were observed (Figure 2B). This was
first seen for MSpV (34) and subsequently found to be common for other
Tenuiviruses (18, 63,101, 120). However, rapid extraction of RNAs followed
immediately by nondenaturing gel electrophoresis showed mostly ssRNAs, but
if the same RNA preparation was analyzed after repeated ethanol precipitations
or storage, dsSRNAs were apparent (Figure 2B). Thus, it appears unlikely that



148 FALK & TSAI

both ss- and dsRNAs are encapsidated within RNPs, but that dsSRNAs might
result from annealing in vitro of opposite polarity ssRNAs (34). Subsequent
analysis using strand-specific riboprobes complementary to the MSpV genomic
RNAs showed that for each of the RNP RNAs, molecules of both polarities were
encapsidated (30). However, they were not encapsidated in equimolar amounts,
and for each RNA segment, there was an excess of one polarity (30).

Because each of the RNP RNAs is not represented by molecules of only one
polarity, and because of the somewhat complicated coding arrangements on
the different RNAs (see below), common terminology such as positive-sense
or negative-sense is not easily used when referring to the Tenuivirus genomic
RNAs. Therefore, terminology that is commonly used for many negative- and
ambisense vertebrate-infecting viruses is more appropriate and is used herein
to refer to the specific RNAs. Thus, VRNA (viral RNA) refers to the polarity
of most abundance (i.e. VRNAT1 for the more abundant RNA1), and veRNA
(viral complementary RNA) refers to the less abundant complementary RNA,
respectively.

Genome Organization

In recent years, efforts have concentrated on understanding the genomic RNA
structure, organization, and expression strategies used by the Tenuiviruses.
Complementary DNA clones corresponding to several genomic RNAs have
been obtained, and nucleotide sequence data are so far available for many of the
genomic components of RSV, RHBV, RGSV, EHBV, and MSpV. So far, only for
RSV (isolate T) has the complete nucleotide sequence been determined for each
of the genomic RNAs (Table 2). Although there are some conflicting data in re-
gards to Tenuivirus genome composition (four vs five genomic RNAs), current
data definitively show that Tenuivirus genomes are complex. Genomic RNAs
encode 8 or 9 proteins, and the genomes are among the largest (ca 18—19 kb)
of those currently recognized for plant viruses.

Tenuivirus genomic RNAs are not capped at their 5’ termini, and the 3
termini are not polyadenylated (111). Initial nucleotide sequence analyses
confirmed previous hybridization analyses showing that the RNP RNAs were
distinct genome segments; however, it also showed that conserved nucleotide
sequences are present on each of the RNP RNAs. The eight nucleotides at the 5’
termini are identical for each of the Tenuivirus genomic RNA segments, as are
the eight nucleotides at the 3’ termini. Furthermore, the nucleotide sequences of
the 5" and 3’ termini of each segment are complementary (29,99, 111, 116, 117)
(Figure 3).

Only for RSV-T has RNAT1 been completely sequenced (Table 2) (119). A
single, large open reading frame (ORF) is contained within veRNA1, and thus
RNAL1 is referred to as a negative-sense RNA. The veRNA1 ORF can po-
tentially encode a protein of 336,860 M,, and amino acid sequence analysis
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Tenuivirus 5'-ACACAAAGUCC....
3'-UGUGUUUCAG. ..
A

Phlebovirus 5'-ACACAAAGACC. ..
3'-UGUGUAUCUG. . .

Figure 3 Comparison of the Tenuivirus and Phlebovirus genomic RNA 5" and 3’ termini. The
complementary 5" and 3’ terminal nucleotide sequences are shown. Complementary sequences
extend as far as 20 nucleotides, but the sequences shown above are conserved among all Tenuivirus
genomic RNAs. The U is more common at the sixth position from the 3’ terminus, but some
Tenuivirus genomic RNAs contain an A at this position (111). The 5" and 3’ termini of the geno-
mic RNAs of viruses in the genus Phlebovirus are shown for comparison (24).

suggests it is most likely an RNA-dependent RNA polymerase (119). The RSV
vcRNA1-encoded protein is significantly similar to the L proteins of several
viruses in the Phlebovirus genus of the Bunyaviridae and contains four con-
served domains found in Phleobovirus L proteins (119).

Nucleotide sequence analyses of RNAs 2, 3, and 4 showed another unusual
characteristic. Each of these genomic segments contains two ORFs. However,
one ORF is located near the 5’ terminus of the vRNA, and a second ORF is lo-
cated near the 5" terminus of the veRNA (Table 2, Figure 4). This coding arrange-
ment is referred to as ambisense and was first discovered for the S RNA segments
of viruses in the genus Phlebovirus of the Bunyaviridae (61). The sequence be-
tween the ORFs on the ambisense RNA segments is noncoding and ranges
between ca 300 and 700 nucleotides (20,27, 58, 59, 68,69, 100, 110, 132, 133).
Within the intergenic regions are sequences ranging from ca 30 to 90 nu-
cleotides that appear to be conserved among Tenuivirus ambisense RNAs (20).
Computer-assisted sequence analysis of the intergenic region has shown that
it may be highly structured and could possibly form base-paired stem-loop
structures (132, 133).

Because each of the ambisense RNAs encodes two proteins, but on different
polarity RNAs, the terminology used to refer to them includes whether or not
they are encoded by the VRNA or veRNA. For example, p2 is the protein
encoded by VRNAZ2, and pc2 is the protein encoded by veRNA2. The number
(i.e. 2) indicates which RNA segment encodes the specific protein and c is
used to refer to a protein encoded by the veRNA. Nucleotide and deduced
amino acid sequence analyses have allowed identification of specific Tenuivirus-
encoded proteins, and mapping them to specific ORFs. The nucleocapsid (N)
protein is pc3 and p4 is the major noncapsid protein (NCP) (19, 20, 22, 57,
58, 59, 68, 69, 100, 132, 133; and see below). While other proteins have
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MSpV Genome Organization

RNA1 ca.8.5kb

VRNA 1 3
o "
pc1
RNA3 23kb
3
RNA2 3.4kb WRNas B 3

p2 VcRNA 3 E 5
vRNA 2 % 3 pcS, N

VCRNA 2 % 5

pc2
RNA4 2.2kb
RNA 5 1.3 kb PiaNCP
VRNA4 e 3
VRNA 5 === 3 VeRNA4 B 5
vcRNA 5 % 5 pcd
pc5

Figure 4 MSpV genome map. The 5 MSpV genomic RNAs and their open reading frames
(ORFs, indicated as hatched boxes) are shown. Proteins (i.e. p2 or pc2) encoded by specific ORFs
are indicated. Approximate sizes (in nucleotides) of each RNA are indicated. VRNA and vcRNA
indicate the primary polarity of the given RNP RNA and the complementary polarity, respectively.
For sizes of respective proteins, see Table 2.

been mapped to specific ORFs, the functions are as yet unknown. In some
cases, potential properties can be predicted from computer analyses of amino
acid sequences. For example, p2 is predicted to be a small hydrophobic protein
that may be membrane-associated, and pc2 is likely a polyprotein that may be
proteolytically processed to yield two glycoproteins (23,27).

As suggested above, a complicating aspect for defining the genome compo-
sition of Tenuiviruses is that while four, somewhat similar genomic segments
have been identified for all 7enuiviruses, a fifth genomic RNA has been identi-
fied for MSpV, RSV, and EHBV (21, 34, 60, 63). The MSpV and EHBV RNAS5



TENUIVIRUSES 151

components have been sequenced and shown to contain a single ORF in the
vcRNAS. This ORF encodes a highly basic protein, pc5, for which no similar
proteins were identified in database searches (21, 60).

Gene Expression

Because each of the Tenuivirus genomic RNAs contains an ORF positioned
near the 5" terminus of the VRNA and/or vcRNA, it seems possible that full-
length genomic RNAs could function as mRNAs. In fact, the RNP RNAs can be
translated in vitro, but not all of the predicted proteins are detected. When MSpV
and RHBV RNP RNAs were translated in vitro, only a few proteins including
the NCP (p4) and N protein (pc3) were positively identified (35, 101). However,
in addition to the genomic RNAs, less than full-length RNAs corresponding
to RNAs 2, 3, and 4 for several of the Tenuiviruses have been identified in
virus-infected plants and/or planthoppers (27,30, 58, 59). In some cases, these
smaller RNAs have been shown to be associated with polyribosomes (27), and
northern hybridization analysis using strand-specific probes has shown that they
correspond in size and polarity to ORFs on the ambisense RNAs (27, 58, 59).
Thus, current evidence suggests that they are subgenomic or transcript mRNAs.

Characterization of the mRNAs has revealed that their 5" termini differ dis-
tinctly from the 5’ termini of the genomic RNAs (Figure 54). The uncapped
genomic RNAs can be labeled at their 5 termini in vitro using polynucleotide
kinase and y -UTP, suggesting that the 5" termini have a 5" phosphate (58, 111).
In contrast, the 5" terminus of the RHBV NCP mRNA is capped (98). Further-
more, the NCP mRNAs for MSpV, RHBYV, and RSV, and the RSV N protein
mRNA contain additional nucleotides 5" of the Tenuivirus conserved 5" termi-
nal nucleotide sequence (56,98, 107). Nucleotide sequence analyses showed
that the 5" termini of the MSpV and RSV NCP mRNAs, and the RSV N pro-
tein mRNA varied in size and nucleotide sequence (56, 107). Most contained
the 5" conserved nucleotide sequence of 5'-ACACAAA-3’, but immediately 5’
of this sequence were heterogeneous nucleotide sequences of generally 10-15
nucleotides, although as many as 23 nucleotides were found (56, 107). No
definitive, consistent characteristics of the nonviral sequences were identified
(56, 107).

The origin of these heterogeneous leader sequences is believed to be via cap-
snatching (56, 98, 107). Cap-snatching was first discovered for the Orthomyxo-
virus, influenza virus (9, 10,76,94), and subsequently was shown to be a
feature of mRNA transcription for other vertebrate-infecting viruses includ-
ing those in the Arenaviridae and Bunyaviridae (8,12). A virus-encoded cap-
specific endonuclease cleaves host mRNAs a short distance downstream from
the 5'-cap (93,95). The resulting 5’-capped short ribonucleotide leader then
serves as a primer for mRNA synthesis. The capped primer may hybridize to
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mRNA 4 I
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B
BSMV RNA o MSpV mRNA 4
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Figure 5 Characteristics of MSpV mRNAs and detection of chimeric mRNAs. 4 shows acompari-
son of the 5" terminal nucleotide sequences of the MSpV vRNA4 and the mRNA4. The mRNA4
is capped and contains a heterogeneous nucleotide sequence of 10—15 nucleotides (Nyo_5). B
shows the barley stripe hordeivirus (BSMV), o genomic RNA, and the MSpV mRNA4. Arrows
indicate approximate positions of oligonucleotide primers used in the RT-PCR assay to detect
chimeric RNAs. Arrows I and 6 indicated oligonucleotide primers used for reverse transcription
(RT) for MSpV and BSMV RNAs, respectively. Then oligonucleotides 4 + 5, or 2 + 3 were used
for PCR detection of BSMV or MSpV, respectively. RT-PCR to detect chimeric RNAs utilized
oligonucleotide 1 for the RT reaction, and oligonucleotide primers 2 + 4.
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a few nucleotides of the viral template RNA, and transcription ensues. Thus,
the capped primer is incorporated into the mRNA transcript, and by this mech-
anism viral mMRNAs gain a 5’ cap and a leader sequence donated from host cel-
lular mRNAs. The resulting capped viral mRNAs presumably serve as efficient
mRNAs, whereas the uncapped genome RNAs do not.

Factors determining selection of host mRNAs for cap-snatching are as yet
unknown. Attempts to identify common features of these Tenuivirus heteroge-
neous leader sequences by computer analyses did not reveal any clues (56, 107).
Recently, we utilized an alternative approach to assess whether specific donor
RNAs could serve as primers for cap-snatching in vivo. We created mixed in-
fections of MSpV and the Hordeivirus, barley stripe mosaic virus (BSMV),
in barley (Hordeum vulgare L.) plants, and determined whether the 5’ termini
of the BSMV genomic RNAs could serve as donors for cap-snatching. The
three BSMV genomic RNAs, «, 8, and y, differ in their nucleotide sequences
and each has a 5 cap (65). The reverse transcription-polymerase chain reac-
tion (RT-PCR) was used in attempts to detect chimeric molecules composed of
BSMV 5'-termini and 3’-terminal MSpV RNA4 sequences (see Figure 5B). By
using primers for MSpV RNA4 or the BSMV genomic RNAs, we produced
the predicted-sized DNAs when RNAs from plants singly infected by MSpV
and/or BSMV were used foranalyses. When we mixed RNAs from plants singly
infected with BSMV or MSpV for RT-PCR, we also produced only DNAs cor-
responding to BSMV or MSpV. However, when RNAs from doubly infected
plants were analyzed, we detected RT-PCR products composed of BSMV 5'-
terminal nucleotides and MSpV3’ terminal nucleotides. These were obtained
only from doubly infected plants and never when RNAs from singly infected
plants were mixed in vitro (EM Estabrook, JH Tsai, BW Falk, unpublished).

When these RT-PCR products were cloned and their nucleotide sequences
determined, the resulting data demonstrated that RNAs from doubly infected
plants contained nucleotide sequences of both co-infecting viruses. The 5’ re-
gion corresponded to BSMV «, 8, or y RNAs, and the BSMV sequence ranged
from 10 to 16 nucleotides. The downstream nucleotide sequence corresponded
to that of MSpV vRNA4, demonstrating that these represented chimeric RNAs
containing BSMV and MSpV sequences. These chimeric RNAs were detected
only from co-infection of barley plants by both BSMV and MSpV. Based on
what is known and surmised in regards to Tenuivirus mRNA transcription, the
most likely explanation is that chimeric RNAs resulted from cap-snatching, and
the BSMV «, 8, and y RNAs were able to serve as primers for MSpV vRNA4
mRNA transcription.

If cap-snatching is the mechanism leading to generation of the BSMV-MSpV
chimeric RNAs, this process appears to occur within the cytoplasm of cells in
the doubly infected barley plants because BSMYV replicates solely within the
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cytoplasm (65), and it is believed that MSpV replication also is restricted to the
cytoplasm (6, 26). In contrast, for Influenza virus cap-snatching occurs within
the nucleus of the infected host cell (76).

When barley plants were inoculated with both of these two unrelated viruses,
both MSpV and BSMV must co-infect at least some cells. Thus, as for many
other mixed virus infections in plants, cells infected by one virus do not exclude
other unrelated viruses from infecting the same cell (32, 128). Additionally,
within the doubly infected cells the RNAs of each virus are not partitioned so
as to prevent RNAs of one virus (i.e. BSMV) from encountering the replica-
tion/transcription complex of the other (i.e. MSpV).

Infections of Plant and Insect Hosts

Because the Tenuivirus-planthopper transmission relationship is circulative-
propagative, by definition the Tenuiviruses infect and replicate in their plant
hosts and in their planthopper vectors. Another interesting aspect of Tenuivirus
biology and molecular biology has been to compare Tenuivirus infections in
plants and their planthopper vectors. When one considers that the Tenuiviruses
alternate between plant and animal hosts as part of their natural life cycles,
several questions come to mind. For example, do Tenuiviruses cause pathogenic
effects within the planthoppers as they do in plants? Are the same genes and
gene products utilized in both hosts? Are the ultrastructural effects similar? A
few of these questions have been at least partly answered and are discussed here.

One of the diagnostic features of Tenuivirus infections in plants is the abun-
dant production of the major noncapsid protein (NCP) (6, 13, 18,25, 26, 31,33,
35,45, 73) (see Figure 6). Within the cells of Tenuivirus-infected plants, the
NCP is the most abundant protein, even more abundant than is rubisco (35). It
can be readily detected by light and/or electron microscopic analysis, serologi-
cal assays, and gel electrophoresis (25,26, 31, 33). Large amorphous inclusion
bodies are seen by electron microscopy and these appear to almost fill the en-
tire cell cytoplasm (Figure 6) (6,25,26). In contrast, efforts to detect the NCP
in MSpV-infected planthoppers (P. maidis) have so far proven unsuccessful
(35). Similarly, the mRNA corresponding to the NCP-coding region of vVRNA4
is highly abundant in MSpV-infected plants but was not detectable in MSpV-
infected P. maidis (59). Analyses for other MSpV-encoded proteins and mRNAs
have demonstrated that at least some of them are readily detectable in both host
types. The MSpV N protein is easily detected in MSpV-infected plants and plan-
thoppers and accumulates in both host types (5, 35, 88). Similarly, the MSpV
mRNAs for each of the RNA2 ORFs are readily detected in both MSp V-infected
plants and planthoppers (27). What leads to this differential accumulation of the
NCP and/orits mRNA is presently unknown, but the obvious question is whether
the NCP and/or its mRNA are differentially expressed in MSp V-infected plants
vs planthoppers. The function of the NCP is as yet unknown, and whether
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NCP

Figure 6 Characteristics of the MSpV major noncapsid protein (NCP). 64 shows the MSpV N
protein (N) and major noncapsid protein (NCP) separated by SDS-polyacrylamide gel electrophore-
sis. Panel at right shows a portion of a MSpV-infected Z. mays cell. C indicates a portion of a
chloroplast, NCP indicates the massive fibrillar NCP inclusion body.

it is necessary in infections of plants but not planthoppers is an intriguing ques-
tion. Interestingly, Shikata & Galvez (106) reported accumulation of RHBV-
specific structures in the intestinal cells, but not the salivary glands of T
orizicola. Immunogold labeling was not developed at that time, and the exact
composition of these structures was not determined. However, examination and
comparison with more recent electron micrographs suggest, at least to us, that
these structures may be NCP-like inclusions. If so, why are they limited to the
intestine when for other Tenuiviruses the N protein has been readily detected
in a variety of organs, including salivary glands, fat bodies, and reproductive
organs (88)?

Phylogenetic Relationships

When the Tenuivirus genome organization and gene expression strategies are
compared to those of other plant viruses, the only similar plant viruses are those
in the genus Tospovirus of the Bunyaviridae. Viruses in the genus Tospovirus
have tripartite genomes and contain one negative-sense and two ambisense
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segments (47,74). They also utilize cap-snatching during mRNA transcrip-
tion (75) and thus share two of the characteristic features also seen for the
Tenuiviruses. Furthermore, the Tospovirus RNPs are morphologically similar
to those of the Tenuiviruses; they are circular, containing a single genome, or
antigenome segment (47). However, in contrast to the Tenuiviruses, viruses
in the Tospovirus genus package their RNPs within characteristic membrane-
bound virions typical of those for viruses in the Bunyaviridae (47). In addi-
tion, when Tenuivirus and Tospovirus nucleotide sequences and amino acid
sequences of their encoded proteins are compared, they are not highly simi-
lar. Thus, Tenuiviruses share some characteristics with viruses in the genus
Tospovirus, but they do not appear to be closely related.

More striking are the features shared between Tenuiviruses and the vertebrate-
infecting viruses in the Phlebovirus of the Bunyaviridae. Like viruses in the
genus Tospovirus, those in the genus Phlebovirus have three genomic seg-
ments (two negative-sense and one ambisense) packaged within spherical,
membrane-bound virions, and they utilize cap-snatching during mRNA tran-
scription (12,24,43,105). However, Tenuiviruses and viruses in the genus
Phlebovirus share an absolute conservation of identical nucleotides at the ge-
nomic RNA termini. The sequence 5'-ACACAAAU is present at the 5’ terminus
of each Tenuivirus and Phlebovirus genomic RNA segment, and the comple-
mentary sequence AUUUGUGU-3' is found on the 3" termini (see Figure 3).
Furthermore, comparisons of the amino acid sequences of several encoded
proteins also show regions of significant similarity. The RSV RNA1-encoded
protein shows significant similarity to the L proteins of viruses in the genus
Phlebovirus (119). The Tenuivirus pc2 putative polyproteins show a high de-
gree of similarity with corresponding Phlebovirus RNA2-encoded membrane
glycoproteins, including a similar putative proteolytic processing site (23, 27),
and the Tenuivirus N proteins are significantly similar to the corresponding
Phlebovirus N proteins (19,20, 58,69, 132). Taken together, these data sug-
gest that Tenuiviruses and viruses in the genus Phlebovirus of the Bunyaviridae
have likely evolved from a common ancestor and retained a number of common
molecular characteristics. Furthermore, at the biological level, these viruses ex-
hibit similar strategies. Viruses in the genus Phlebovirus alternate between their
invertebrate hosts (vectors, Phlebotomid flies) and vertebrate hosts (including
humans), whereas Tenuiviruses alternate between invertebrate hosts (planthop-
pers) and plant hosts. Thus, viruses in both genera infect their invertebrate
vectors, but their primary hosts differ significantly.

FINAL THOUGHTS

The Tenuiviruses are successful plant viruses. They survive by infecting and
replicating within plant and animal hosts. They cause economically important
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plant diseases in some of our most important food crops including rice and
maize. Our understanding of the Tenuivirus genome, gene products, and in-
fections of their plant and planthopper hosts is incomplete. Their taxonomic
status is still under consideration, and inconsistency in specific properties raises
questions about some tentative members of the genus Tenuivirus (118).

Based on what we know now about Tenuiviruses, a persisting question in
regards to our understanding of Tenuiviruses is what exactly is the compo-
sition of Tenuivirus virions? Based on molecular and phylogenetic evidence,
Tenuiviruses appear most similar to viruses in the genus Phlebovirus. Then
because of the similarities, we might predict that spherical membrane-bound
virions typical for the Phleoviruses should also be seen for Tenuiviruses. De-
spite a number of elaborate efforts, no membrane-bound virions have been
identified in Tenuivirus-infected plants or planthoppers (6, 25,26, 106, 109).
Immunogold labeling and transmission electron microscopy have allowed lo-
calizing N protein in Tenuivirus-infected cells, but no typical virions have been
identified (25, 109). The typical Tenuivirus RNPs have been purified from in-
fected plants and are infectious. Perhaps the presence of four or five genomic
segments for Tenuiviruses as opposed to only three for typical viruses in the
Bunyaviridae suggests that the all Tenuivirus RNPs could not be packaged into
spherical membrane-bound virions of only 80—100 nm diameter, the typical size
of virions observed for viruses in the Bunyaviridae. Alternatively, Tenuiviruses
may not need such elaborate virions. The RNPs are infectious; they contain
all necessary requirements to initiate infections and even have an associated
RNA-dependent RNA polymerase (34, 73, 89b, 114, 115). Many plant viruses
have their genomes divided among distinct genomic segments, and at least 12
of the currently recognized genera of plant viruses encapsidate their individual
genome segments into separate virions. In contrast, none of the viruses affect-
ing bacteria, algae, fungi, protozoa, invertebrates, or vertebrates do (84). Thus,
for plant viruses to be successful, all genomic segments need not be packaged
together. By this reasoning, the RNPs of Tenuiviruses could then be consid-
ered to be analogous in function to virions; they do not need to be packaged
together. Somewhat in support of this idea is the finding that some tomato
spotted wilt virus (TSWV) isolates can be mechanically transmitted and cause
systemic infections in plants, but they no longer package RNPs into virions
(47). But why then do Tenuiviruses retain genome segments (i.e. RNA2) that
encode for proteins that have the characteristics of virion membrane proteins?
One could reason that these proteins may not be needed for virion assembly, but
might perform other essential functions of the Tenuivirus life cycle. Many plant
virus—encoded proteins are multifunctional, and thus they could be retained for
other essential functions.

The Tenuiviruses are complex plant viruses and offer exciting advanta-
ges as well as challenges for study. Not only do they exhibit many atypical
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properties compared with other plant viruses, but they also cause significant
plant diseases in important food crops. In some regions of the world, controlling
diseases caused by Tenuiviruses is presently of great importance (53). Geneti-
cally engineered resistance to RSV in rice plants has already been reported (50).
However, because Tenuiviruses infect their planthopper vectors, can genetic en-
gineering approaches directed at the planthopper vector offer alternative and
possibly even more effective strategies to control plant virus diseases? Geneti-
cally engineered resistance to virus transmission has already been reported for
the mosquito (Aedes aegypti)-borne Dengue-2 virus (Flaviviridae) (92), and
additional approaches are under way for other invertebrate-borne pathogens
of animals (1,2). Therefore, a greater understanding is needed of Tenuivirus
infections of their plant hosts and their planthopper vectors, and such informa-
tion could be useful not just for plant viruses, but for other invertebrate-borne
viruses that affect plant or animal hosts.
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