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Plant virus proteins involved in

natural vector transmission
Stewart M. Gray

ost plant viruses de-

pend on one of a

variety of organisms
acting as ve-tors for trans-
mission between plant hosts,
but most plant virases do not
replicate in their vectors. Insects,
particularly homopterans with
piercing-sucking mouthparts,
are by far the most n.-merous

Plant viruses transmitted by invertebrate
vectors either reversibly bind to vecior
mouthparts or are internalized by the
vector and later secreted. Viral proteins
mediate the binding of plant viruses
to vector mouthparts and the transport
of virus acros, vector-ccll membranes.
Both mechanisms probably involve
conformart - mal changes of virus proteins
during thcir associanon with the vector.

plant hosts, and include the
tospoviruses, Phytoreoviridea,
plant Rhabdoviridea, tenui-
virusc. and marativiruses. These
viruses cncode genes that are
Jifferentially expressed i insect
and plant hosts'*"*. Although
their transmission mechanisms
are currently being studied!*-'",
t-ere is little new information

and important vectors, although
other arthropods, nemarodes
and fungi are also important
vectors of plant viruses'. The
biological relationships between
viruses and their speafic vectors
are known for most economically important viruses, and
the invilvement of virus-encoded proteins in trans-
miss’ ., nas been demonstrared’-'*. Although the precise
interactions between - irus and vector 1. main elusive,
data on transmission-associated ‘-iral proteins have re-
vealed common features among divere virus- vector
combinations. This review considers the requirement
for virus-encoded proteins in transmission and the
mechanisms by which these proteins might mediate
virus—vector intcractioils.

The terminology used to describe plant virus trans-
mission is biased towards aphid vecrors, and does not
accurately reflect the transmission processes of other
vector taxa'?. In this review, I divide nlant viruses into
two broad caiegories with different transmission pro-
cesses: circulative and noncicculative, Circulative viruses
are usually defined as moving from the alimentary canal
of an insect vector into its hemocoel (its open circu-
latory system) and back out rhrough the salivary se-
cretory system. Howevcr, in this review, I expand the
definition of circularive transmission to include any
plant virus that must be actively transported across vec-
tor membranes and survive inside the vector to be
transmitted. Noncirculative viruses associate with the
cuticular lining of the insect mouthparts or foregut and
are released as the insect expels digestive secretions into
the plant when it begins to feed. These viruses are not
actively transported across vector-cell membranes, nor
are they carried internally. The external cuticular lining
of insects (and nematodes) exterds well into the mouth-
parts and foregur, but is shed when the animal molrs.

Circulative transmission

The circulative viruses are divided into two groups:
propagative and nonpropagaiive. Circulative propagat-
ive viruses replicate both in their vectors and in their

S.M. Gray s m the TISDA, ARS and in the Dept of
Plant Pathology. Coruell University, Tthaca.
NY 14853, USA. tel: +1 607 255 7843,
fax: +1 607 255 2459,
e-mail: smg3@cornell.edu

on this group not covered in
previous reviews® .

The circulative nonpropagat-
ive viruses do nor replicate in
their vector. The vector pri-
marily facilitates virus move-
ment hetween piant hosts; however, these viruses have
evolved very specific mechanisms that allow them to
exploit the physiologicz! svstems of the <ector. These
viruses include the luteoviruses, geminiviruses and pea
enation mcsaic virus (PEMV). The fungally transmitted
furoviruses and bymoviruses are also included, as these
are internalized by the fungi''*. The beetle- Tansmitted
tymoviruses, comoviruses, bromoviruses and sobemo-
viruses could also be included. as these viruses are trans-
ported across gut membranes into the hemolymph of
the insect'”; however, this might not be an e-sential
requirement for transmiss on™.

Circulative transrmussion in insect vectors
Luteoviruses and PEMYV are the best studied of the cir-
culative nonpropagative viruses, ard thev share many
fundamental teatures and mechanisms telared to their
transmission by aphids™!. After uptake into the alimen-
tary canal, virus particles attach to and are rransported
across the hindgut, and occasionally the midgut, epi-
thelium into the hemoc c 2f via a receptor-mediated endo-
cyrotic pathway™2-2}, The hindgut can act as a barrier
to firteovirus movement into the hemocoel, but it does
not appear to inhibit the uptake of most luteovirus
isolates?>**. Virus particles are carried by the hemo-
lymph from the abdomen to the head, where they can
associate with the accessory salivary glan.d (ASG). Here,
virus is acuvely transported across two distinct barriers
to transmission, the ASG basal lamina and the ASG
plasmalemma, and then released into the salivary cznal.
Virus is then injected into a plant as the aphid feeds*
(Figs 1-3).

The ASG basal lamina is a fibrous network con-
sisting primarily of collagen, which provides support
and may also act as a filter?®. Lutcovirus isolates dif-
ferentially bind the ASG basal lamina and selectively
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simia-. but not iden*ce!.

move across the basal lamina matrix. Luteoviruses do
not interact with the basal lamina of other tissues, in-
cluding the principal salivary gland**2*2". The trans-
port of luteoviruses across the ASG plasmalemma,

which is also selective for specific isolates, appears to

Hindgut lumen
Cell-surface receptors

o

Hindgut epithelial cell

Fig. 2. Mechanism of the propased receptcr-mediated endocytotic trans-
port of circulative nonpropagative viruses across the hindgut epithelial cells.
Accessible or protruding capsid-protein domains bind to receptors on the
apical plasmalemma of the hindgut epithelial celis. The process of vifus
uptake or the environmernt within the cytoplasmic transport vesicles might
strip off the receptor-binding domain. The vesicle membrane fuses with
the epithetial cell basai plasmalemma, and virus is refeased into the hemo-
coel. The environment of the hemocoe! possibly alters the conformation of
the capsid proteins and exposas domains required for interactions at the
accessory salivary glands (see Fig. 3).

Fig. 1. Intemal structures of an aphid involved in the transmission of circulative (route de-
picted by arrows) and noncirculative viruses. Ingested virus moves through the alimen ary
canat and is actively trans;. uric. into the hemocoel across the hindgut epithelial cells (see
Fig. 2 for details). Vir ses mus( associate with the accessory salivary gland (ASG). be ac-
tively transported acr ss ‘wo cellular barriers (see Fig. 3 for deta:'s) and be released into
the salivary canal. There is no eviz2nce that the pnncipal salivary gland (PSG) 1s involved.
Noncirculative viruses would be retained in the food canal and * e foregut (s2e Fig. 4 for de-
tails). The intem i organization ~i other insect vectors with piercing—sucking mouthpans is

occur by receptor-mediated endocytosis®'.
The hindgut, ASG basal lamina and ASG
plasmalemma have various effects on the
transmission efficiency of different com-
binations of aphid species and virus iso-
late*-3+7, suggesting that the molecular
mechanisms involved in virus movement
across these three barriers are likely to
involve different viral proteins or protein
domains.

The capsid of lutecoviruses and PEMV
contains two proteins, a predominant coat
prute.n and a secondary protein that is
present in small amounts and is translated
via .cadthrough of the coat protein stop
codon™***-*" Heterologous encapsidation
is common between barley yellow dwarf
luteoviruses when multiple isolates infect
the same plant*'-**_ if complete or partial
exchange of capsid proteins occurs, the
vector-specific transmission phenotype
of one or both isolates is altered*>**. The
readthrough protein, although not re-
i quired for particle assembly or plant in-

fection® “ 4, is required for aphid trans-
mission™*-**. Although luteovirus particles
lacking the readthrough protein are acquired by aphids
and can cross the hindgut barrier to accumulate in _he
hemocoel, no transmission to plants occurs***, These
observations suggest that the readthrough protein is
required for viruses to move across transmis<ion barriers
in the ASG. and that the coat protein is probably there-
fore responsible for virus movement across the hindgut.

The circulative transmussion of geminiviruses through
their whitefly or leafthopper vectors has not been stud-
ied in detail, but is thought to be similar to that of luteo-
viruses in aphids. Unlike the luteoviruses, only the coat
protein is required for transmission, and the coat pro-
tein appears to regulate the specificity of transmission
by both whitefiies and leathoppers'™i". The whitefly-
transmitted gemianiviruses have a highly conserved
amino acid sequence in their coar proteins, and are all
transmitted efficiently by one whitefly species, Bemisia
tabaci. Conversely, the leafthopper-transmitted gemini-
viruses each have distinct coat proteins, and are trans-
mitted by different principal vector species®.

Circulative transmission in fungal vectors

Furoviruses and bymoviruses are carried internally by
their fungal vectors; the mechanisms involved arc not
well understood, but there are some similarities with
insect-transmitted, circulative nonpropagative viruses.
One of the furovirus coat proteins is translated by
readtnrough#°; this protein is required for efficient
transmission’. Bymoviruses express a nonstructural pro-
tein (P2), which has sequence similarities with the furo-
virus readthrough protein®'. Repeated passage of virus
through host plants by mechanicai rather than fungal
inoculation often generates transmission-defictent mu-
tants’*'*2, The loss of fungal transmission is always
correlated with deletions in the genes encoding the furo-
virus readthrough protein and bymovirus P2 protein.
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Interestingly, within the mechanically
inocutlated plants, the nontransmissible
isolates predominate, but vector-trans-
missible isolares can be recovered ™ +%,
These observations could suggest that
viruses can jetrison unnecessary postions
of their genome when they are no: re-
quired. For example, the root-infecting
fungal vectors are nat found in aerial por-
tions uf the plant, yet virus is translocated
throughout the plant. Transmission-
assodiated proteins would only be required
in plant tissues where the tuagi and virus
can associare. In this context ir is inter-
esting that viruses with mammalian and
insect hosts often cause a persistent in-
fection in only une type of host. In several
cases, the viral RNAs isolated from the
persistent infections have undergone
substantial deletion - or rearrangements.
Could infection of the aerial port’ n of
a plant be analogous :0 a persistent or
latent infection. while that of the root
tissue represents an acutc infection? The
differer.tial expression of gones berween
hosts is common in viruses that infect
different types of host, and may also occur

®
Salivary
duct
Virus
salrsary ) ;
gland
Invaginated
plasmalemma

Hemocoe!

Basal L

Fig. 3. The aphid accesscry salivary gland 1s compos+d Gf four cells joned Dy 3 common Sah-
vary 0 -t that empbes into the salivary canai.  he cells are surrounded by a basal lamina
and the basal plasmalemma s hghly invaginated. Electron-mscroscopsc tvestig tions of
luteovirus —aphid imeractions ind«cate that virus transport from the hemocoel mto the salivary
duct can be biocked by at teast three mechanismis: (1) failure of wiruses 1w attach to the
basai 'amina. (W) failure of viruses 10 mowve INto or across the basal lamna. and (M) fadure
of viruses to intiate endocytos:s by the basal plasmalemma. If 3 virus particie 15 taken up
by the plasmalemma and ontained within Cy*aplasmic vesicles (V). it appears to be re

withi~ different tissues of a single host,

leased into the salivary duct.

Noucirculative viruses

The majority of plant viruses are 10t internalized by
their vectors. Successful transmissicon depends on the
ability of the virus to associate with cuticular linings
of the mouthparts or foregut of the vector and subse-
quen:ly te be released. Current models of nonpersistent
transmission result primarily from work on the aphid-
borne potyvituses, caulimoviruses and cucumoviruses,
but the nematode-transmitted nepoviruses and tobra-
viruses have many common features with the aphid-
borne viruses.

Noncirculative virus transmission by aphids

Two viral proteins, the coat protein and the nonstruc-
teral helper component (HC), are required for aphid
transmission of potyviruses. Taeir molecular charac-
teristics are reviewed in Ket. 3 (see also Refs 9,10,44).
A conserved amino acid sequence (Asp-Ala-Gly) in the
amino terminus uf the coat protein is essential for aphid
transmission. Proteolytic trearment of virions, which
removes the amino terminus of the coat-protein sub-
units, prevents the particles from being transmicted
by aphids, although they remain infectious when me-
chanically inoculated into plants*.

The HC is presumably acquired along with virus par-
ticles as the aphid feeds on plant sap, but the role of this
protein in transmission is unknown. One hypothesis
is that it mediates the binding of virus to sites within
the aphid food canal, either directly, by linking the virus
to the aphid (Fig. 4A), or indirectly, by modifying viral
attachment compounds in the aphid to allow virus
binding (Fig. 4B). Virus-l:ke particles have been ob-
served embedded in a matrix material associated with

the stylets and foregnt of aphids fed on a mixture of
virus and HC. No bound particles were observed when
aphids were fed on virus alone*. ln virus mutants con-
taining deletions or substitutions making cither the
coat protein or the HC incompetent for aphid trans-
mission, the association of virus-like particles with the
cuticle did not occur (T.P. Pironc, pers. commun.).
Transmission _ompete; =~ HC is required for virus as-
sociation and retention in the aphid mouthparts and
must be present before the virus or simultaneously with
it’; this suggests that HC is involved in mediating bind-
ing berween the aphid cuticle and the virus.

An alternative hypothesis is that HC acrs indirectly
to modify the coat protein and allows a direct inter-
action between the virus particle and the aphid tFig. 4C).
When a recombinant protein containing the amino-
terminal regior: of : ;rotyvirus coat protein was fed to
aphids before feeding them virus and HC, transmission
was abolished*”. Salomon and Bernardi interpret these
data to suggest that the recombinant protein saturated
virus-binding sites in the aphid and prevented subse-
quenr virus binding. They hypothesize that the amino-
terminal region of the coat protein, rather than the HC,
attaches to sites on the aphid. They further suggest that
the amiro-terminal region of the coat-protein mono-
mers assembled into virus particles is not normally
available for interaction with the aphids, but that HC
mediates a conformational change in the amino termi-
. of the coat protein that allows binding of the virus
to the aphid (Fig. 4C).

The transmission of ihe caulimoviruses also requires
a nonstructural HC (Ref. 48), and recent studies support
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Food canal

Egestion

|ngestion Food canal

RE. 4. Three modets of the interaction betwee. a noncirculative virus, the virally encoded helper
component and the vector matenal lining the cuticle in the food canal. Most experimentat
evidence supports either modei A or mode! B. In modet A, the helper component directly
facilitates vinss binding by first attaching to sites in the food canal; virus then binds to the
helper component. in modet B, the helper component indirectly facititates the binding of virus
directly to the agticle. Helper component first binds to a specific site causing a conformational
change that allows virus to bind. in model €, helper component interacts directly with the
ViTus causing a conformational change in the virus. This exposes sites on the virus that can
then interact directly with binding factors on the cuticular lining of the food canal. The release
of the virus, regardiess of the binding process, occurs duning the intermittent phases of
feading when the vector expels digestive secretions into the plant. The model proposes that
proteases in the digestive secretions cleave exposed sites on the virus capsid proteins that
are involved in binding the virus to the helper component or to the vector.

in vitro, but cannot mediate transmission.
If supplied along with functional HC and
virus, the GST-HC fusion protein inhibits
transmission*”. Schmidt et al. suggest that
the GST-HC protein outcompetes the
native HC and saturates virus-binding
sites. As the amino-terminal portion of
the HC in the fusion is attached 0 GST, it
cannot interact with binding sites in the
aphid, and so transmission is prevented.

In contrast to the potyviruses and cau-
limoviruses, nonstructural helper com-
poue.is are not reauired for the aphid
transmission of cucumoviruses; their
tra: smission is regulated mainly by the
coat protein®™. Site-specific mutagenesis
of cucumber mosaic virus (CuMV) has
identified rwo regions of the coat pro-
tein thart are involved in efficient trans-
mission, and has pinpointed the amino
acids needed®!. The same regions of the
coat protein, but not the same amino
acids, have been implicated in a second
poorly transmissible CuMYV strain. The
reaesinission efficiency of CuMV has been
artributed to properties of the coat pro-
tein, but not to identifiable linear amino
acid sequences. These observations »1g-
gest that one or a few amino acid changes
in the coat protein could alter the vector-
transmission phenotype by preventing
direct interaction bcrween the virus
and the vector. Ahernatively, the amino
acid changes could influence the three-
dimensional structure of the coat protein
or capsid, and indirectly affect the abil-
ity of the virus to interact with its vector.

Noncirculative virus transmission by
nematodes

The noncirculative nematode-transmirted
nepoviruses and tobraviruses also asso-
ciate with the cuticular lining of the vec-
tor food canal. Acquired virus particles
bind to specific regions of the stylet sheath,
pharynx or esophagus, and a carbo-
hydrate-containing material of unknown
origin is associated with bound virus
particles. The involvement of nonstruc-
tural virus proteins has not been estab-
lished for the nepoviruses, but recent
evidence suggests that a nonstructural
protein might be required for transmission

the role of HC in mediating binding between the
aphid cuticle and the virus. Biologically active HC, iso-
lated from infected plants or a baculovirus expression
system, binds coat protein in vitro***°, Two of the car-
boxy-terminal 31 amino acids of the HC are required
for HC to bind coat protein, and loss of binding abol-
ishes aphid transmission. HC expressed in Escherichia
ccli as an amino-terminal glutathione-S-transferase—
HC (GST-HC) fusion protein can bind coat protein

of tovraviruses in addition to the coat protein’2. Virus
release is thought to be mediated by a pH change re-
sulting from salivary secretions flowing through the
food canal when the nematode begins to feed on a
plant>*3, Like the amino-terminal Jomain of the poty-
virus capsid protein, the carboxy-terminal domain of
the tobravirus coat protein can be cleaved from the
virus particle by some proteases withourt adversely af-
fecting the virus®. It is not known whether or not the
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modified particles can be transmitted by nematodes.
Interestirgly, the aggregation state of coat-protein
monomers does respond to changes in pH, and the
carboxyl terminus of the tobacco rattle tobravirus
coat protein contains a segment that docs not appear
to be part of the structural framework of the virus
narticle®®. Could this be a conformationally active re-
gon of the coar protein that is exposed only in the
nematode foregur and that acts as a cleavage site for
virus release?

In noncirculative transmission, the virus must as-
sociate with the curticular lining of the food canal of the
vector. Binding requircs viral protein sequences and
perhaps specific vector substances. The binding must
be reversible, and release can involve specific proico-
lytic cleavagc events or can be passive. The ends «f the
coat-protein subunirs of the virion are likely peints of
interaction with sites in the vector or with the viral
helper component. Although there is no defi: itive proof,
many of these observations suggest that corformational
changes in the capsid-protein sub wits facilitate trans-
mission. The conformational change might b~ medi-
ated by a helper component, the environment within
the food canal or binding of the virus to the vector, all
resulting in the exposure Hf cleavage sites on the coat
proteins. Exposure of these sites to digestive secretinns
during feeding would createc 2 mechanism by which
bou~d virts could be released from rthe vecior and in-
je .u into a plant host (Fig. 4).

Future directions

Recently, rapid progress has been m: de in dissecting the
relatively simple genomes of plant virnses and identity -
ing the proteins that are involved in their transmission
by vectors. Changes in the linear sequence of trans-
mission-associated proteins can alter the transmission
phenotype of a virus. but the three-dimensional struc-
ture of protein subunits or virus capsid is also likely to be
involved in virus—vector interactions. Conformational
changes in a virus protein could alter in response to
environmental changes, and this could prevent virus
transmission. However, most plant-infecting viruses
do not replicate in their vectors and do not appear io
undergo major morphological changes within the vc-
tor. The environment within thie unmentary system or
hemolymph of a vector s probably significantly differ-
ent from that within a plant cell or in vitro. Possibly,
viruses undergo more-subtle conformational changes
within the vector thar are not readily detectable. It is
well known that changes in pH or ionic strength can
alter the conformation of plant viruses****. Hence, the
biochemical environment within a vector might alter
the virion structure such that different protein domains
are accessible for interaction with a vector. 1 discuss
this hypothesis for noncirculative viruses, bur it is also
likely to apply to circulative viruses.

The readthrough protein of luteoviruses is required
for efficient transmission of virus through the aphid
ASG. The readthrough protein is thought to protrude
from the particle surface, or at least to be part of the
surface topography?#2**. However, antibodies that
specifically label the proteins in vitro do not abel whole

Questions for future research

*What are the components of the vectors that interact with viruses?

* How do viruses avoid detection and destruction by insect immune
systems?

® Are viruses modified within the vector?

* How have viruses evolved to take “dvantage of new vectors or to
become transmitted more efficiently by current vectors?

virns™ ™', suggesting that the protein is not accessible.
Perhaps conditions wirhin the aphid hemocoel alter
the conformation ot the lutcovirus partcle to expose
different regions of the readthrough protein on the sur-
face of the virion and to allow interacnons with the
aphid ASG.

Such speculation has vet to be verified experimen-
tallv urder conditions that mimic the environment
within the vector. Piant viruses have probably cvolved
o use existing <rructures and pathwasys within vecrors.
It is unlikely that st ~h viruses alter normal processes
in the vectors because there appears to be nether ben-
efit nor harm derived from iransporting viruses be-
tween plants. Although great strides have been made
in understanding the virus components of transimission,
the mechanisms by which a plant virus recognizes or
is recognized by its vector fargely remain a mastery.
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The murine coronavirus as a model
of trafficking and assembly of viral

proteins in neural tissue
Kishna Kalicharran and Samuel Dales

nfections of the central
nervous system (CNS) by
neurotropic viruses result
in highly variable diseases and
pathologies, depending on the
agent involved. The outcome

The replication of JHM, a murine
coronavirus, provides a useful model of
the assembly and dissemination of viral

components in neuronal cells. Involvement
of microtubules in virus wrafficking is an
important feature which may explain

virus (JHM), which is capable
of inducing CNS disease in
susceptible rodents and mon-
keys', This virus—host model
has been the focus of our at-
tention. A spectrum of patho-

of the infectiovus process may dissemination of the infection from logical processes is observed
be the consequence of both the primary cell targets at olfactory, after intracranial inoculation
replication strategy of the virus hippocampal and cerebellar sites within of JHM virus (JHMV) into

and the host’s ability to control
the infectrion and the neural cells

the central nervous system, resulting in
severe neuropathies,

preweanling rats, ranging from
acute, fulminant encephalitis to

that are targeted. Information
about the dissemination or traf-
ficking of virions and virus com-
ponents within the neuronal,
glial and other cells of the CNS
is, therefore, essentia! for un-
derstanding the disease process.

Coronavirus diseases of the Central Nervous System
Much attention has recently been focused on the patho-
genesis of virus-induced neurological diseases in rodent
and primate model systems. Among the agents studied
is the neurotropic murine J. Howard Mueller corona-
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delayed onset and chronic de-
myelination?', Previous studies
have shown the nature of the
disease process that predomi-
nates in rat pups inoculated
intracranially to be a function
of several host and viral deter-
minants including the strain of the animal used, post-
natal age at the time of inoculatiun, length of time
elapsing berween inoculation and development of
clinical signs, immunologic status of the host** and
variance in the molecular phenotype of the virion’s
major spike glycoprotein®-5.
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