artifactual aggregation involving CLV1.)
Their intriguing hypothesis is that the
CLV3 protein may in fact be the activat-
ing ligand of the CLV1 receptor kinase.
This possibility is attractive in that in-
termolecular associations of protein
kinases are known to be instigated in
animal systems by the binding of ligands
to cell receptors. As the authors point
out, the cloning of CLV3 will help to elu-
cidate the signal transduction pathway
that is promoted by CLV1 to regulate
meristematic function.

Harry B. Smith

REFERENCES

Clark, S.E. (1997). Organ formation at the
vegetative shoot meristem. Plant Cell 9,
1067-1076.

Clark, S.E., Williams, R.W., and Meyerowitz,
E.M. (1997). The CLAVATA1l gene en-

codes a putative receptor kinase that con-
trols shoot and floral meristem size in
Arabidopsis. Cell 89, 575-585.

Hua, J., Sakai, H., Nourizadeh, S., Chen,
Q.G., Bleecker, A.B., Ecker, J.R., and
Meyerowitz, E.M. (1998). EIN4 and ERS2
are members of the putative ethylene
receptor gene family in Arabidopsis. Plant
Cell 10, 1321-1332.

Lease, K., Ingham, E., and Walker, J.C.
(1998). Challenges in understanding RLK
function. Curr. Op. Plant Biol. 1, 388-392.

Ridley, A.J., and Hall, A. (1992). The small
GTP-binding protein Rho regulates the
assembly of focal adhesions and actin
stress fibers in response to growth fac-
tors. Cell 70, 389-399.

Solano, R., and Ecker, J.R. (1998). Ethylene
gas: Perception, signaling and response.
Curr. Op. Plant Biol. 1, 393-398.

Stone, J.M., Collinge, M.A., Smith, R.D.,
Horn, M.A., and Walker, J.C. (1994).
Interaction of a protein phosphatase with
an Arabidopsis serine-threonine receptor
kinase. Science 266, 793-795.

March 1999 301

MEETING REPORT

Stone, J.M., Trotochaud, A.E., Walker,
J.C., and Clark, S.E. (1998). Control of
meristem development by CLAVATA1l
receptor kinase and kinase-associated
protein phosphatase interactions. Plant
Physiol. 117, 1217-1225.

Tari, A.M., Hung, M.C., Li, K., and Lopez-
Berestein, G. (1999). Growth inhibition of
breast cancer cells by Grb2 downregulation
is correlated with inactivation of mitogen-
activated protein kinase in EGFR, but not
in ErbB2, cells. Oncogene 18, 1325-1332.

Trotochaud, A.E., Hao, T., Wu, G., Yang,
Z., and Clark, S.E. (1999). The CLAVATA1
receptor-like kinase requires CLAVATA3
for its assembly into a signaling complex
that includes KAPP and a Rho-related
protein. Plant Cell 11, 393-405.

Williams, R.W., Wilson, JM., and
Meyerowitz, E.M. (1997). A possible role
for kinase-associated protein phospha-
tase in the Arabidopsis CLAVATAL1 signal-
ing pathway. Proc. Natl. Acad. Sci. USA
94, 10467-10472.

Tobacco Mosaic Virus: Pioneering Research for a Century

One century ago, M.W. Beijerinck con-
tended that the filterable agent of to-
bacco mosaic disease was neither a
bacterium nor any corpuscular body, but
rather that it was a contagium vivum
fluidum (Beijerinck, 1898). Beijerinck’s
contribution followed A. Mayer’s path-
breaking work on tobacco mosaic dis-
ease and D. Ivanowski’s demonstration
in 1892 that the agent of tobacco mo-
saic disease could pass through a filter
capable of retaining bacteria (Mayer,
1886; Ivanowski, 1892; Zaitlin, 1998). The
claim that viruses, lacking cells, were
nonetheless living, set off a scientific
debate about the nature of life that ani-
mated biology for decades.

Tobacco mosaic virus (TMV), as we
now know the agent that Beijerinck and
others were studying, was the first virus

to be identified. Perhaps because of
this, research on TMV and other plant
viruses has continued to be of profound
significance in addressing fundamental
questions about the nature of viruses in
general. Indeed, TMV as a model sys-
tem has been at the forefront of virol-
ogy research to the present time. For
example, TMV was the first virus to
be chemically purified (Stanley, 1935;
Bawden et al., 1936), to be detected in
an analytical ultracentrifuge and in an
electrophoresis apparatus (Eriksson-
Quensel and Svedberg, 1936), and to
be visualized in an electron microscope
(Kausche et al., 1939). TMV RNA was
used in the first decisive experiments
showing that nucleic acids carry her-
editary information and that nucleic
acid alone is sufficient for viral infectiv-

ity (Fraenkel-Conrat, 1956; Gierer and
Schramm, 1956). The TMV coat protein
(CP) was the first virus protein to be se-
quenced (Anderer et al., 1960; Tsugita
et al., 1960), and TMV’s particle struc-
ture was among the first to be eluci-
dated in atomic detail (Bloomer et al.,
1978; Namba et al., 1989).

TMV’s preeminence has extended
into the recombinant era, when the first
transgenic plants were constructed us-
ing TMV to demonstrate the concept of
CP-mediated cross-protection (Abel et
al., 1986). TMV was also the first virus
shown to encode a cell-to-cell movement
protein (MP; Deom et al., 1987). MP
binds to RNA (Citovsky et al., 1990), as-
sociates with cytoskeletal elements
(Heinlein et al., 1995; McLean et al.,
1995), and increases the permeability
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of plasmodesmata to mediate cell-to-
cell movement of the virus (Wolf et al.,
1989; Waigmann et al., 1994).

Several properties of TMV have
made it particularly amenable to labo-
ratory investigation. For example, in-
fected tobacco plants produce TMV so
abundantly that inclusion bodies of crys-
tallized virions in the infected leaves are
visible under the light microscope.
Moreover, TMV is not transmitted by in-
sects, nematodes, or other vectors; it
infects cells via direct contact with
wounded areas on plant surfaces. Virus
infection causes disease by preventing
chloroplast development, resulting in
stunted plants with leaves showing a
characteristic mosaic pattern of light
and dark green. Furthermore, TMV is
remarkably stable: its in vitro longevity
in infected sap is 3000 days, and puri-
fied virions kept at 5°C remain viable for
at least 50 years. Virus stability derives
directly from the densely packed struc-
ture of the viral particles, which consist
of a single genomic RNA molecule en-
closed in a cylindrical protein coat.
TMV virions have a regular length of
300 nm and a width of 18 nm; these
rods comprise a tight array of 2130
identical CP subunits, each containing
158 amino acids.

The TMV RNA genome is single
stranded and linear, with a length of
~6400 bases. The complete TMV nucleo-
tide sequence was first determined for
the U1 strain (Goelet et al., 1982), and
comparisons between this sequence
and the RNA sequences of other TMV
strains have revealed a tightly organized
genome that encodes at least three
nonstructural proteins (P126, P183, and
the 30-kD MP), a putative 54-kD protein
of unknown function, and the CP (Fig-
ure 1). Both P126 and P183 function
as components of the TMV replicase
(Palukaitis and Zaitlin, 1986) and are
translated directly from the genomic
TMV RNA; P183 is produced by read
through of the amber termination
codon of P126 (Pelham, 1978). In addi-
tion, there is a start codon within this

read-through region and an open read-
ing frame that could potentially encode
the putative 54-kD protein. Translation
of MP and CP occurs from the I, RNA
and CP subgenomic (sg) RNAs, re-
spectively (Figure 1). Whereas P126,
P183, and CP are continuously ex-
pressed (Watanabe et al., 1984), trans-
lation of MP is transient, occurring early
in the infection process (Joshi et al.,
1983; Watanabe et al., 1984).

To celebrate the first century of TMV
research, scientists from around the
world gathered at the Royal College of
Physicians of Edinburgh, Scotland on
August 7 and 8, 1998, for a symposium
sponsored by the Royal Society of Ed-
inburgh in association with The Royal
Society, London, UK. The meeting
was organized by Professors Bryan D.
Harrison and T. Michael A. Wilson (both
of the Scottish Crop Research Institute,
Dundee, UK) to consider how studies
on TMV have contributed to the funda-
mental knowledge base of biology. A
wide diversity of research fields—crys-
tallography, plant pathology, immu-
nology, biochemistry, genetics, and
evolutionary biology—was represented
at the meeting, with distinguished sym-
posium speakers describing the con-
tributions made by their respective

disciplines to our current understanding
of TMV biology. The overview they pro-
vided made clear that the special status
of TMV as a research object has de-
pended on its biological characteristics
as well as upon its historical status as a
virus of many “firsts.”

In the remainder of this report, we
describe symposium presentations fo-
cused on four central approaches to
TMV research—structural biology, ge-
netics and evolution, cell and molecular
biology, and biotechnology—and we
emphasize the impact that research on
TMV has had among the life sciences
over the course of the twentieth
century.

Structural Biology

The nature of the three-dimensional ar-
chitecture of viruses and the assembly
of viral subunits and nucleic acids have
been among the central issues in virol-
ogy over the past fifty years. Sir Aaron
Klug (Medical Research Council Labo-
ratory, Cambridge, UK), President of
the Royal Society of London, offered
his own historical perspective on the
resolution of TMV architecture and its
implications for virus self-assembly. Klug

Replication Movement  Capsid
5cap 126kD  * 183kD H 30kD _|17.6 kD |- tRNANIS

l4 sgRNA

—D cp sgRNA

Figure 1. Current Molecular Biological Conception of TMV, as Represented by a Schematic

Diagram of its Genome Organization.

The genomic RNA is shown on top and the 3’ coterminal subgenomic (sg) RNAs are shown un-
derneath. The predicted molecular weights of proteins encoded by the open reading frames
(boxes) are given in kilodaltons, and the functions of individual genes are indicated (the func-
tion of the putative 54-kD protein is unknown). The asterisk denotes the amber read-through

codon.



began working with R. Franklin in 1954,
just two years before the first big
picture of TMV quaternary structure
emerged (Franklin et al., 1956). This
picture was based largely on the high-
quality x-ray photographs Franklin ob-
tained from her samples of repoly-
merized, nucleic acid-free TMV particles
(Franklin, 1955). Franklin thus confirmed
J.D. Watson’s deduction that the rod-
shaped virus was helical (Watson,
1954), but she also provided evidence
that the helix was hollow rather than
solid and that TMV RNA was embedded
in the protein helix (Caspar, 1956;
Franklin, 1956). Experimental evidence
from these studies on TMV provided
the basis for F.C. Crick and Watson’s
contention that all viruses must be built
up symmetrically from identical protein
subunits that surround the nucleic acid
(Crick and Watson, 1956). The elegant
simplicity of this observation prompted
the witticism, attributed to Crick, that
“Any child could make a virus.” In lis-
tening to the participants at the Edin-
burgh symposium, one could not help
but note that TMV research has been a
serious playground (pace Max Delbriick)
for some of the most formidable struc-
tural biologists of the twentieth century.

The intensive study of the structure
of TMV has established it as one of
the best-investigated models of macro-
molecular organization in biology. The
classic reconstitution experiments, in
which complete TMV was produced in
vitro by mixing purified virus RNA and
protein subunits (Fraenkel-Conrat and
Williams, 1955), demonstrated that the
information required for assembly is
present in the structural components of
the virus. Subsequent studies of the
self-assembly of the virus have drawn
from the wealth of biophysical and bio-
chemical data on the various stable ag-
gregates of TMV CP, as Donald L.D.
Caspar (Florida State University, Talla-
hassee) noted in his contribution to the
symposium. By the late 1950s, M.
Lauffer’'s physicochemical studies of
the TMV CP along with Caspar’s own

titration studies had provided evidence
that disks comprising two cylindrical
layers of 17 subunits each might serve
as important intermediates for the as-
sembly of virus helices (Lauffer et al.,
1958; Caspar, 1960).

During the ensuing four decades, a
great deal of progress has been made
in resolving the structure and function
of these 34-subunit disks, although the
degree to which disks are involved in
virus assembly remains controversial.
P.J.G. (Jo) Butler (MRC Laboratory of
Molecular Biology, Cambridge, UK) re-
counted the evidence amassed by him,
Klug, and their coworkers showing that
virus disks are essential for self-assem-
bly. According to their model, nucle-
ation is initiated by the binding of an
internal sequence of TMV RNA to a
disk, which then dislocates into a heli-
cal structure. Other dislocated disks
associate with the initiation complex to
form nicked helices. Over time, the pro-
tein subunits realign and anneal into an
uninterrupted helical rod (Butler, 1984).
Butler presented kinetic evidence impli-
cating the disks in rod elongation as
well as nucleation.

Butler and Klug’s assertions did not
go unchallenged, however. Marc H.V.
Van Regenmortel (Institut de Biologie
Moléculaire et Cellulaire, Strasbourg,
France) pointed out that only polar
disks can form helices. The stacked
disks produced by most in vitro experi-
ments are bipolar, and thus cannot, in
his view, represent intermediates in the
assembly process. Recognizing that the
problem of TMV self-assembly has not
been entirely settled, Klug reminded the
audience of A.N. Whitehead’s famous
dictum, “It is more important that an
idea be fruitful than correct.”

The desire to ascertain the structure
of complete TMV, rather than only of
smaller oligomeric subunits, has re-
quired the development of innovative
crystallographic methods. Gerald Stubbs
(Vanderbilt University, Nashville, TN) re-
called a 1971 talk on TMV structure by
K.C. Holmes that inspired his efforts to
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push the resolution of TMV structure
below 10 A. The conventional reliance
on cylindrical averaging of the fiber dif-
fraction data, although yielding the
overall architecture of the virus, had ef-
fectively obscured more detailed struc-
tural information.

Stubbs and his coworkers developed
new isomorphous replacement and com-
putational techniques to achieve atomic
resolution of intact TMV, providing new
structural details of both the RNA and
the capsid subunits, and by 1989, they
had obtained a 2.9-A map of TMV (Namba
et al.,, 1989). Stubbs pointed out that
the techniques developed to extend the
resolution of TMV have been useful
for investigating other complex biolog-
ical structures, including filamentous
bacteriophages.

Virus Genetics and Evolution

As Yoshimi Okada (Teikyo University,
Utsunomiya, Japan) reminded those at-
tending the symposium, it was not until
the 1950s that most biologists ac-
cepted that genes are constructed from
nucleic acids. Experiments with TMV
played an important role in this devel-
opment by providing the first unequivo-
cal demonstration that a viral RNA
molecule—specifically the TMV RNA—
was sufficient for infectivity and carried
all of the information necessary for syn-
thesis of the CP (Fraenkel-Conrat, 1956;
Gierer and Schramm, 1956).

Bea Singer (University of California,
Berkeley) recounted how she and H.
Fraenkel-Conrat (University of Califor-
nia, Berkeley) extended biochemical re-
search of TMV genetics. They began
with naturally occurring TMV strains to
demonstrate that the progeny of mixed
viruses (i.e., protein from one strain and
RNA from another) were true-to-type
for the TMV nucleic acid (Fraenkel-
Conrat and Singer, 1957). Fraenkel-
Conrat and Singer subsequently em-
ployed the mutagen nitrous acid (Gierer
and Mundry, 1958) to generate novel
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variants of TMV that were then com-
pared in terms of their nucleic acid
content, CP composition, and disease
symptoms. Due to the labile nature of
the TMV RNA, these were difficult ex-
periments. As Singer recalled, she and
Fraenkel-Conrat protected the RNA
from cellular RNases by adding the clay
bentonite, leading their colleague C.A.
Knight to remark that he “wouldn’t put
that mud in his stuff.”

Singer asserted that her work with
Fraenkel-Conrat represented the true
beginning of chemistry applied to virol-
ogy. However, one might well point out
that this work drew on concurrent de-
velopments in bacteriology and bacte-
rial genetics, beginning with research
performed a decade earlier at the
Rockefeller Institute, where Avery and
his coworkers biochemically demon-
strated the “transforming principle” of
Streptococcus to be DNA.

With the elucidation of the complete
CP sequence in 1960 (Anderer et al.,
1960; Tsugita et al., 1960) the collection
of TMV mutants provided clues used to
crack the genetic code. Only the star-
tling development of cell-free transla-
tion systems the following year by H.
Matthei and M. Nirenberg provided a
less laborious means to decipher this
code (reviewed in Kay, 1998), and even
then TMV mutants were used to con-
firm the emerging codon dictionary.

The TMV mutants shed light on other
biological questions as well. As Singer
also noted, almost all the mutants at-
tributed to the nitrous acid treatment
were less “fit” than was wild-type TMV,
an observation suggestive of later de-
velopments in the arenas of virus diver-
sity and evolution.

Milton Zaitlin (Cornell University, Ithaca,
NY) recalled how advances in molecular
genetic techniques enabled research-
ers in the 1970s and 1980s to construct
a detailed map of the TMV genome. In-
deed, a significant clue to the genetic
composition of TMV RNA came from
studies in Zaitlin’s laboratory showing
that a low molecular-weight compo-

nent termed sgRNA accumulated dur-
ing viral infection (Jackson et al., 1972).
This sgRNA was soon implicated as
the mRNA that directs CP production
(Hunter et al., 1976). By the mid-1970s,
Zaitlin’s group had correctly, albeit ten-
tatively, placed the replicase-encoding
gene at the 5’ end, the CP-encoding
gene at the 3’ end, and a gene neces-
sary for viral movement in the central
portion of the genome (Beachy et al.,
1976; see Figure 1). Nishiguchi, Okada,
and coworkers (Nishiguchi et al., 1978;
Ohno et al., 1983) then confirmed that
the 30-kD MP was encoded by TMV
using TMV strain L and a temperature
sensitive variant, Ls-1. Several reverse
genetics studies using infectious clones,
first assembled in 1986 (Dawson et al.,
1986; Meshi et al., 1986), have con-
firmed the gene functions assigned
during these earlier studies.

The initiation of TMV infection and
disassembly of the TMV virion was re-
viewed by John G. Shaw (University of
Kentucky, Lexington). Having entered
its host cell, the TMV virion must re-
move its CP to enable viral replication.
Shaw presented one model describing
how this uncoating might take place bi-
directionally, proceeding both from the
5’ and the 3’ ends of the TMV genomic
RNA molecule. The 5’-to-3’ uncoating
reaction may be cotranslational (Wilson,
1984), which would result in disassem-
bly by a ribosome-mediated mecha-
nism and concomitant protection of the
uncoated viral RNA from cellular nu-
cleases. Shaw suggested that the 3'-
to-5’ uncoating reaction might occur in
a coreplicational manner, because viral
replicase mutants that are defective in
3’-to-5' disassembly can be uncoated
in plant protoplasts by adding free viral
RNA with an intact replicase gene (Wu
and Shaw, 1996, 1997). These studies
of TMV infection at the molecular level
exemplify the highly efficient coordina-
tion of seemingly disparate events as-
sociated with virus replication.

Ken Buck (Imperial College of Sci-
ence, Technology, and Medicine, Lon-

don, UK) dissected the process of TMV
replication, and he noted that although
the viral proteins involved in TMV repli-
cation are well characterized, the in-
volvement of host factors is poorly
understood. On the basis of their physi-
cal association with the viral replicase
proteins, Buck proposed two candidate
host proteins that might be involved in
TMV RNA synthesis: EF-1a, which
colocalizes with the replicase complex,
and a subunit of elF-3, which copurifies
with the replicase. In addition, Buck
mentioned genetic approaches to dis-
sect virus-host interactions that have
led to the identification of the tom-1
and tom-2 mutants of Arabidopsis and
the Tm-1 mutant of tomato, in which
TMV replication is restricted.

Population genetic studies with toba-
moviruses have also yielded surprising
results. Although RNA viruses have the
potential to vary more widely than DNA
viruses (Domingo and Holland, 1994),
TMV provides a case of high genetic
stability. Adrian J. Gibbs (Australian Na-
tional University, Canberra) compared
cDNA sequences of recent isolates of
tobacco mild green mottle tobamovirus
(TMGMV) and TMV with those derived
from infected Nicotiana glauca speci-
mens deposited in Australian herbaria
since 1899. Gibbs reported that these
analyses demonstrate that there has
been no increase in the genetic diver-
sity of TMGMV in Australia over the
past 100 years. Moreover, the muta-
tions observed in TMV seem to be dele-
terious because TMGMV has become
the more dominant tobacco virus in N.
glauca in that country (Fraile et al.,
1997).

More generally, tobamoviruses from
places as far removed as California and
Crete appear to be part of one large
world population with very limited vari-
ation. This remarkably constrained vari-
ation suggests that, despite varying
selective pressures, the viral genome
remains generally immutable as a result
of long-term host-virus interactions. In
other words, there appears to be a re-



stricted window of TMV sequence vari-
ability, outside of which the host plant’s
ability to recognize and repulse this
pathogen is greatly enhanced. In this
respect, TMV appears to be very differ-
ent from other viruses, such as influ-
enza and HIV, which characteristically
exhibit high rates of nucleotide change.
The restricted variation characterizing
TMV worldwide likely aided early virol-
ogists, who were able to duplicate
results from distant laboratories with
relative ease.

Cell and Molecular Biology

Invading pathogens have generally
evolved to insinuate themselves into
the metabolic pathways of their hosts
and adapt these pathways for their own
use. Thus, studies of virus—plant inter-
actions are not only valuable for fur-
thering understanding of the viral life
cycle and the mechanisms of viral dis-
eases, but they also shed light on such
general cellular processes as the regu-
lation of gene expression, hormonal re-
sponses, intercellular communication,
and molecular transport. Historically,
TMV has often served as the experi-
mental system of choice for these lines
of research. Indeed, as Harrison noted,
F.C. Bawden and N.W. Pirie first sug-
gested in 1936 that virus replication
might be analogous to the synthesis of
cellular components.

Several speakers at the symposium
demonstrated that this analogy has
continued to inform research on plant
cell biology. Joseph Atabekov (Moscow
State University, Russia) discussed viral
functions involved in intercellular move-
ment. Specifically, TMV spreads from
cell to cell through plasmodesmata un-
til it reaches the vascular system, which
mediates long-distance transport. The
spread of TMV through the vasculature
may be a primarily passive process, oc-
curring with the flow of photoassimi-
lates. In contrast, cell-to-cell movement
requires specific interactions between

virus components and plasmodesmata.
Such interactions are mediated in the
case of TMV by the MP (Figure 1),
which acts to increase plasmodesmal
permeability and to facilitate transport
of viral genomic RNA through these en-
larged channels. Surprisingly, TMV can
also mediate the movement of unre-
lated viruses, such as potato leaf roll lu-
teovirus (PLRV), which are normally
limited to the host phloem (Atabekov
and Taliansky, 1990).

Research into the ability of TMV to
promote virus nonspecific cell-to-cell
movement has focused on the TMV
MP, and this research has contributed
broadly to our understanding of plant in-
tercellular communication. Vitaly Citov-
sky (State University of New York,
Stony Brook) described his initial dis-
covery that the TMV MP specifically
binds to single-stranded nucleic acids,
and he surmised that the MP directly
attaches to viral RNA in a sequence-
nonspecific manner to facilitate plas-
modesmal transport. Citovsky went on
to report the recent identification of a
38-kD tobacco cell wall protein (p38)
which specifically binds to TMV MP. Two
MP domains are involved in p38 recog-
nition, and these regions were previ-
ously shown to be required for viral
movement and gating of plasmodes-
mata (Gafny et al., 1992; Waigmann et
al., 1994). He also reported that the
effect of MP on plasmodesmal per-
meability is negatively regulated by
phosphorylation of serine and threonine
residues near its C terminus (Citovsky
et al.,, 1993). Citovsky’'s presentation
closed with the description of a reces-
sive single gene mutation in Arabidop-
sis, termed vsml, which blocks the
systemic spread of TMV (Lartey et al.,
1998), and he suggested that this mu-
tant might be useful in efforts to
elucidate the general mechanisms of
intercellular molecular movement in
plants.

Bill Dawson (University of Florida,
Lake Alfred) offered an overview of at-
tempts by researchers during the past
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century to identify the causes of symp-
toms associated with TMV infection.
Dawson recalled that Beijerinck first
observed that TMV produces a disease
of chloroplasts, a finding that was pur-
sued by F.C. Bawden in the 1930s when
he linked chlorosis to specific stages of
TMV infection and disease (Bawden,
1939). Dawson intrigued symposium
participants with his ability to predict the
onset of systemic vein clearing with an
accuracy of about 20 min. Dawson’s
‘magic box’ showed that, counter to vi-
rologists’ intuition, vein clearing may
not be a direct consequence of virus in-
fection, but rather can result from the
rapid physiological signaling that pre-
cedes viral invasion of the upper
leaves. These results may relate to mo-
lecular genetic studies showing that
the mosaic phenotype (Atkinson and
Matthews, 1970) is dependent on the
amino acid composition of the TMV
replicase proteins (Lewandowski and
Dawson, 1993). Dawson’s presentation
illustrated the perspective gained by
combining the traditional physiological
and pathological concepts in TMV biol-
ogy with the insights realized from mod-
ern cellular and molecular approaches.

Beijerinck’s Legacy: Biotechnology

Speaking of more modern approaches,
Roger Beachy (The Donald Danforth
Plant Science Center, St. Louis, MO)
discussed the recent contributions that
TMV research has made toward elu-
cidating the mechanism of pathogen-
derived host protection, a topic that il-
lustrates the reciprocating interests of
basic science on the one hand and
commercial incentives on the other.
Beachy reminded the audience that
resistance against TMV in CP-expres-
sing transgenic plants seems to be
a protein-mediated process in which
the cytoplasmic accumulation of CP
subunits somehow affects the disas-
sembly of incoming TMV particles
(Bendahmane et al., 1997). Through a
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sophisticated combination of reverse
genetics and powerful computing pro-
cedures, experiments in Beachy’s labo-
ratory are beginning to shed light on
the intricate structural interactions in-
volved in CP-mediated protection. More
generally, the achievements of his la-
boratory since the 1980s have paved the
way for numerous other strategies for
engineering  pathogen-derived  resis-
tance. These biotechnological innovations
have in turn advanced our understand-
ing of cosuppression and transgene si-
lencing, events that have provided
headaches (and opportunities) for many
researchers working with transgenic
plants.

Barbara Baker (United States Depart-
ment of Agriculture-Plant Gene Ex-
pression Center, Albany, CA) offered
an update on studies of the N gene,
which provides gene-for-gene resistance
against TMV. The significance of this
discovery became apparent upon the
demonstration that the transgenic intro-
duction of the N gene into tomato
plants confers the ability to activate a
TMV-specific hypersensitive response
(Whitham et al., 1996). Although N is a
single gene in tobacco, Baker reported
recent results suggesting that alterna-
tive splicing of the N transcript plays a
role in mediating resistance, and she
outlined the ongoing evaluations of
postulated molecular interactions be-
tween the product of the N gene and
the viral replicase protein.

The ascendance of biotechnology in
the 1980s and 1990s has reoriented
TMV research toward commercial ap-
plication, as Wilson pointed out. For ex-
ample, the TMV ()-leader sequence has
been utilized to substantially enhance
the translation of certain transgenes
(Gallie et al., 1987). From Wilson’s sub-
sequent summary of recent progress in
the development of virus vectors, it be-
came apparent that TMV is playing a
leading role in the exploration of vari-
ous strategies to use viruses as vectors
for expressing foreign genes in plants.
Tom Turpen (Biosource Technologies,

Vacaville, CA) echoed the current inter-
est in TMV not only as a model system,
but also as a commercial vector. The
high titer of TMV in infected plants and
the renowned stability of the virus con-
tribute to its attractiveness for use in
large-scale production of highly valued
compounds. Turpen reported that Bio-
source has used TMV to produce thera-
peutic human enzymes of high purity
and specific activity, and that pilot tests
are underway in new biomass process-
ing facilities in Kentucky for the harvest-
ing of commercially valuable proteins
from field-grown tobacco plants. One
could not fail to reflect upon the socio-
economic and political implications of
“milking tobacco leaves for human en-
zymes,” especially when it is happening
in “tobacco country”.

These recent biotechnological ad-
vances encompass the entire history of
research on TMV, from its discovery in
an agricultural context to its most mod-
ern practical applications. Lute Bos (Wag-
eningen Agricultural University, The
Netherlands) argued that one century
ago the convergence of agricultural
concerns over “mosaic infected” to-
bacco and the emerging germ theory of
disease gave Beijerinck’s discovery of
TMV its resounding scientific impact
(Bos, 1995). At the beginnings of virol-
ogy as a discipline, TMV helped re-
searchers define what a virus was, and
throughout the twentieth century, ex-
perimentation on this model virus has
led scientists to a greater understand-
ing of both life and disease.

Current developments in TMV re-
search are equally auspicious. The ex-
ploitation of the TMV genome, the
molecular mining of natural reservoirs
of genetic resistance, and the use of vi-
ruses as molecular tools, represent
promising and potentially very powerful
avenues of investigation. Even in this
modern era of accelerating apprecia-
tion for molecular mechanisms, TMV
research maintains its status as a pio-
neering endeavor to advance our un-
derstanding of biology.
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