Citrus Exocortis Disease—1976 to 1986

J. S. Semancik

About 10 years ago, it was my ple-
asure to review for this organization
our understanding of the citrus
exocortis disease from data developed
during the period 1965-75 (25). The
assignment for that 10-yr period was
less imposing than the task presented
by the developments from 1976-86,
simply because of the formative state
of our knowledge of small pathogenic
RNAs, or viroids. The most signifi-
cant data presented was the discov-
ery of herbaceous hosts which facili-
tated the purification and bioassay of
the exocortis agent and ultimately
contributed to the detection of the in-
fectious RNA species (33) which be-
came known as the citrus exocortis
viroid (CEV).

With the revelation of this new
molecular species, the succeeding 10
years has brought a surge of data de-
fining the biophysical structure and
conformation of CEV as one of the
more studied examples of what has
become an ever growing group of
plant pathogens. In addition, from
these fundamental studies of the vir-
oid molecule, a new model for a novel
RNA structure has been developed.

In reference to the biological in-
teractions of CEV, it is interesting to
recall the perspectives advanced in
that earlier review stating that “. . .
a unique form of pathogenic molecule
may suggest a unique form of replica-
tion and pathogenesis.” and, more
specifically, that “. . . definition of a
minimal infectious molecule as a free-
RNA by physical studies should not
be extrapolated to the in vivo associa-
tion of the viroid with the host cell . .
. In spite of the dramatic accomplish-
ments in the definition of the molecu-
lar properties of CEV during the past
10 years, our understanding of the
biological activity and interactions
with the host cell is markedly lacking
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and still subject to the above admoni-
tions.

With an admittedly biased per-
spective, it is the design of this re-
view to not only provide a summary
of the advances in our understanding
of the exocortis disease, with a par-
ticular focus on the agent, but also to
lobby for the positions: 1) that viroids
are not simply a form of “diminutive”
virus; 2) that the citron bioassay reac-
tion constitutes an index for many vir-
oids, some of which may not be as-
sociated with classical exocortis dis-
ease expression; and 3) that if we can
accept a viroid as a “small, transmissi-
ble, nuclear RNA which acts to con-
trol plant development,” perhaps, it
need not be so feared as a consum-
mate plant pathogen.

TOPICS OF DISCUSSION

As a prelude to cataloguing recent
advances in the definition of the
exocortis disease, it must be recog-
nized that improved procedures for
detection and purification of viroids
have particularly focused our atten-
tion on the physical properties of the
causal agent. These studies have been
well served by the significant im-
provements made in:

1) Polyacrylamide gel elec-
trophoresis (PAGE) under denatur-
ing conditions, dPAGE, which has
permitted the resolution of infectious
linear and circular molecular forms of
viroids;

2) Ethidium bromide and silver
staining which have greatly enhanced
the resolution of low concentrations of
viroid molecules;

3) Molecular hybridization utiliz-
ing radioactive probes which has per-
mitted sereening and detection of
homology relationships among vir-
oids; and
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4) Selective host systems which
have allowed biological differentiation
of different viroids as well as prepara-
tion of homogeneous highly-purified
viroid preparations.

With the application of these pro-
cedures, highly significant contribu-
tions have been made in what seems
almost an ordered series of ac-
complishments with, A) an impres-
sive characterization of viroid struc-
ture and nucleotide sequencing, B) a
partial definition of replication compo-
nents, and C) elucidation of some
clues as to the process of viroid
pathogenesis and viroid-host cell in-
teractions. These topics will provide
the central theme for this review.

In compensation for having this
synthesis provided, the reader will be
subjected to a final section on “per-
spectives and speculations.” These
thoughts will be directed to some
more specific and hopefully construc-
tive questions including:

1) What is the citrus exocortis vir-
oid?

2) Can some useful “working clas-
sification” of viroids affecting citrus
be proposed at this time?

3) Are viroids agents of disease
and/or host genome expression?

This discussion will focus on the
integration of recently developed data
which indicates the presence of a com-
plex of viroids, evidenced not only in
molecular terms, but also by observa-
tions of host reactions.

STRUCTURE AND
NUCLEOTIDE SEQUENCING

Many advances in the description
of the unique molecular structure and
in nucleotide sequencing of viroids
have been made by R. H. Symons and
colleagues. Definition of the unique
structural features of the viroid
molecule has provided direction for
the development of detection proce-
dures and definition of the essential
properties required of putative vir-
oids.

Circular and linear infectious
molecular forms. Most notable in

this definition is the confirmation of
the presence of two infectious molecu-
lar forms, the covalently-closed,
single-stranded circular and the cor-
responding linear structures. Both of
these molecules migrate as a single
RNA species when analyzed by
standard conditions of PAGE. How-
ever, by employing denaturing condi-
tions (APAGE), usually involving the
incorporation of 8 M urea in the gels,
two distinet populations can be de-
tected which migrate as discrete
bands.

Enhanced resolution of these
PAGE bands at concentrations as low
as 100 pg has been obtained with
silver staining. This entire process is
demonstrated in figure 1. Of funda-
mental importance to the detection of
viroids is the characteristically slow
migration of the circular viroid form
with respect to other small RNA
molecules. These can be resolved
from the background of host RNA
which does not typically contain simi-
lar molecules at high concentration.
The differential migration rates of the
circular and linear forms can be en-
hanced in low pH gels (23).

Characteristic symptoms of the
severe exocortis disease agent were
observed when either the circular or
linear forms of CEV were recovered
and inoculated into Gynura awran-
tiaca (20). Furthermore, both forms
of CEV could be detected in extracts
of tissues inoculated with either
molecular species, suggesting that
the two forms are biologically equiva-
lent.

Nucleotide sequencing of CEV.
Direct RNA sequencing as well as
sequencing of recombinant DNA
clones has permitted reconstruction
of the complete viroid “genome” of
different strains of CEV (17, 36). All
strains contained 371 nucleotides, the
largest sequence reported thus far for
viroids. Up to 27 nucleotide differ-
ences involving exchanges, inser-
tions, and deletions were detected
(fig. 2). The CEV strains with large
nucleotide differences were derived
from field sources which caused
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Fig. 1. Polyacrylamide gel electrophoresis under standard (PAGE) and denaturing conditions
(dPAGE) in the presence of 8M urea. Gels containing nucleic acid preparations (2M LiCl soluble)
from healthy (H) and CEV infected (Inf) tissues (left) or a standard concentration series of
purified CEV (middle) were stained with ethidium bromide after electrophoresis to determine
position of CEV. For analysis by sequential electrophoresis on dPAGE, gel segment containing
CEV band was excised as indicated (z = = =) and applied to the top of a second gel for dPAGE.
Resolution of the circular and linear forms of CEV as well as the increased sensitivity of silver

staining is presented in the gel at the right.

dwarfing of orange trees on trifoliate
orange rootstocks without scaling the
rootstock (37). Since the strains were
purified from chrysanthemum, a po-
tential screening host for viroids, the
pathogenic effect noted in citrus may
have resulted from a complex of vir-
oids and not a single viroid as sequ-
enced here. The mixture of viroids in
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field sources now appears to be a com-
mon occurrence in the exocortis dis-
ease (10).

Field Variants of CEV. More re-
cently, Visvader and Symons (38)
while sequencing ¢cDNA clones of iso-
late CEV-J reported 11 new variants,
suggesting the isolate was comprised
of a mixture of viroid RNA species.
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Fig. 2. Primary and proposed secondary structures of citrus exocortis viroid, Australian
isolate (CEV-A) and a variant with 27 nucleotide changes (CEV-DE26). Class A sequences are
found in severe isolates when tested on tomato while Class B are found in mild isolates. Repro-
duced from Visvader and Symons (38).
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The variants were grouped into two
classes (fig. 2) on the basis of
pathogenicity on tomato. These CEV
variants were within a range of 5 nu-
cleotides (370-375) and should not be
equated with the distinet viroids re-
ported by Duran-Vila et al. (9, 10)
which are smaller than CEV by 30-
100 nucleotides and, in general, lack
homology with CEV. With the long
field life of citrus trees, it seems feas-
ible that these variants may originate
during the process of viroid replica-
tion, whereas multiple infections with
distinet viroids result from mechani-
cal inoculation during cultural prac-
tices.

Inspection of the nucleotide se-
quence of the infectious CEV
molecule does not indicate an ability
to support in vive translation of pro-
teins (36). This is corroborated by
protein analyses of viroid-infected
plant materials which indicated the
absence of any viroid specified protein
products in diseased tissues (8). In ad-
dition, this structural information
suggested that viroid replication was
probably a highly host-dependent
process.

With the recent advances made in
the custom synthesis of specific
oligonucleotides (1), fabrication of
specific probes complementary to the
established viroid sequences is an in-
teresting possibility which in turn
could be applied to the survey for vir-
oids by molecular hybridization. In
this way, the exchange of infectious
agents would not be necessary be-
tween locations where either the dis-
ease itself, or certain virulent isolates
were hitherto unknown. And yet,
positive identification could still be
made, provided the fidelity of the
probe had been determined. This
prospect presents a striking example
of the potential application of funda-
mental experimental data to practical
purposes when the lines of communi-
cation among researchers of dissimi-
lar persuasions are maintained.

“Domains” in viroid structure. A
striking feature of viroids in general
is the consistency among the confor-

mational models which can be con-
structed from sequence analyses.
From the smallest reported viroids of
about 247 nucleotides for avocado
sunblotch and coconut cadang-
cadang, to the largest of 371 nuc-
leotides for citrus exocortis, all can be
depicted with a common, highly self-
complementary rigid rod construction
containing single-stranded regions.
How this model, derived from in vitro
biophysical studies, is related to the
in vivo nature of the viroid may hold
the key to the understanding of in-
teractions with host components re-
sulting in the pathogenicity.

A recently proposed model by
Keese and Symons (19) assigns five
specific struetural and functional “do-
mains” to general regions in the viroid
nucleotide sequence (fig. 3). The “con-
served central core,” which is re-
tained in all viroids, is believed criti-
cal to the viroid replication process.
The two “terminal domains” appear to
be exchanged among viroids and this,
therefore, suggests their possible role
in the origin and evolution of viroids.
Positioned between these domains is
a “pathogenic region” and a “variable
region.” It has been suggested that
both of these regions contain se-
quences which function in viroid
pathogenicity by affecting either the
intensity of symptom expression or
the efficiency of viroid replication.

Construction of infectious ¢cDNA
clones of CEV (35) has provided a
vehicle for the in witro synthesis of
viroid mutants. Chimaeric c¢DNA
clones derived from variants of CEV
that produce either mild or severe
symptoms on tomato (39) de-
monstrated the primary control of
symptom severity by the “pathogenic
domain” even though the “variable
domain” also may influence viroid
concentration. Despite the theoretical
significance of these observations, ex-
trapolations from the tomato reaction
cannot as yet be made to the expres-
sion of the exocortis scaling and
dwarfing symptoms in the field.

Nevertheless, a fundamental con-
clusion of these studies, which con-
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Fig. 3. Proposed model for five domains (T1, P, C, V, and T2) in a generalized viroid molecule
as determined from a comparison of sequence homologies among viroids. Reproduced from

Keese and Symons (19).

trasts markedly with the action of vir-
uses, is that the nucleotide sequence
and structure alone govern the biolog-
ical activity of the viroid molecule.

COMPONENTS FOR
CEV REPLICATION

Viroid complementary RNA tem-
plate. In the previous review of the
exocortis disease for the IOCV (25),
data was presented which indicated
that viroid complementary sequences
were contained in DNA-rich prepara-
tions, suggesting therefore that vir-
oid sequences may be contained in the
host genome. This error has now been
corrected with the description of
CEV complementary RN A sequences
(15, 16). It can now be concluded that
the plant genome does not contain vir-
oid complementary sequences equiva-
lent to a single complete viroid
molecule (3, 41).

Nuclear locus of accumulation
and CEV synthesis by a DNA-depen-
dent RNA polymerase Il-like en-
zyme. As a prelude to the characteri-
zation of a “viroid replicating com-
plex”, it was essential to determine
the subcellular distribution of CEV.
Although it is difficult to construct an
accurate pattern of viroid accumula-
tion by analysis of subcellular frac-
tions from tissue homogenates, nu-
clear-rich preparations were shown to

consistently contain the highest con-
centration of CEV (31).

Cell-free, nuclear-rich prepara-
tions were then utilized to demon-
strate CEV synthesis in vitro (14). By
evaluating the optimum conditions for
viroid synthesis plus the effect of spe-
cific polymerase inhibitors such as
alpha-amanitin, it was possible to as-
cribe  DNA-dependant RNA poly-
merase II-like properties to the CEV
synthesizing enzyme (28).

These data suggest thav because
of the unusual structure and confor-
mation of the viroid molecule, a host
enzyme which normally transcribes
DNA is also able to synthesize the
viroid RNA. This indicates an un-
usual degree of host dependency as
well as implicates a subtle mechanism
for host interaction which results in
the altered plant development we
view as symptomatic of disease.

The viroid as a small nuclear
RNA. Monitoring the synthesis of
CEV under the controlled conditions
provided by tomato cell suspension
cultures demonstrated that the viroid
could become a persistent component
of the cell nucleie acid profile (20). The
viroid RNA appeared to be regulated
much as the host 7S RNA and dis-
played a pronounced survival advan-
tage over host RNA species, even in
senescing cells. This stability might
be attributed to the inherent struc-
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Fig. 4. “Rolling circle” model for the replication of viroids. Reproduced from Hutchins ef

al., (18).

tural integrity of the basically ds-
RNA viroid framework.

Studies with the citrus exocortis
viroid have been instrumental in the
formulation of our current under-
standing of the factors required for
viroid replication. Detection and
characterization of viroid complemen-
tary RNA and multimeric viroid
forms have resulted in the general ac-
ceptance of a “rolling circle” model
(fig. 4) defining intermediary molecu-
lar forms involved in viroid replica-
tion. With the development of cell-
free viroid synthesizing systems and
the culture of viroid-infected cells, a
view has emerged of the dependency
of viroid replication on a host plant
enzyme and the intimate association
of CEV with the host nucleus as a
persistent small nuclear RNA.

Since symptomless carriers of
CEV are common, it follows that
viroid  replication and  viroid
pathogenesis are not inexorably con-
nected. Nevertheless, the nuclear site
of viroid accumulation does provide
direction to the search for the locus of
viroid synthesis and pathogenesis.
We might also question the term
“symptomless” carrier, except as a
purely operational definition, since
pathogenic responses become per-

ceived only when a visible host reac-
tion is stimulated. A myriad of subtle
biochemical and developmental ef-
fects may exist but remain masked
below the level of our current detec-
tion, just as the viroids themselves
were for many years.

MOLECULAR PATHOGENESIS
AND CELL INTERACTIONS

The expressions of the exocortis
disease in the field and in indicator
plants utilized in bioassay procedures
are well known. Therefore, this sec-
tion will attempt to integrate informa-
tion on viroid-host cell interactions to
expose possible events involved in
viroid pathogenesis. Figure 5, taken
from a recent, more detailed discus-
sion of viroid pathogenesis (27), de-
picts key features characterizing the
invasion of cells by viroids, and more
specifically, CEV. As a consequence
of the replication and accumulation of
viroid progeny, specific structural
and metabolic distinctions between
healthy and CEV-infected cells be-
come apparent. At present, it is still
difficult to discern what level of inter-
dependency or interrelation exists
among these various observations, or
to specify the primary event(s) which
may trigger the process of viroid
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Fig. 5. Representation of possible interactions and responses in viroid infected cells. Repro-
duced from Semancik and Conejero (27).

pathogenesis. However, since no vir-
oid-related products have been iden-
tified thus far, the viroid molecule, in
the role of a specific small nuclear
RNA, must be considered as the
prime candidate to act as the “signal”
which reacts with host “factors” to set
this process in progress.

Alteration in cell wall structure.
The diverse observations which have
been made in early cytological studies
suggesting cell wall aberrations (22)
and membrane perturbations (32) can
now be related to the case presented
for reduced expansive cell growth and
cell wall composition alterations (40)
in CEV-infected cells. The substantial
increase in the hydroxyproline-rich
glycoproteins and arabinogalactan re-
sidues in CEV-infected cell walls may
be related to such effects as, 1) the
increased thickening of cell walls and
2) the reduction in expansive cell
growth. The change in the relative
proportion of B-1,3-glucans and their
uneven deposition (40) on the cell wall
surface may account for the marked
reduction in protoplast release from

CEV-infected tissues and cells (21).
This implies the possible alteration in
cell-cell adhesion and the resultant re-
duction of intercellular spaces in CEV
tissues. It is, therefore, reasonable to
conclude that these alterations may
constitute significant factors in the
gross developmental symptoms in-
duced by CEV in host plants.

Metabolic distinctions with CEV
infection. From the above, it seems
likely that some major changes have
been effected in the carbohydrate me-
tabolism of CEV-infected cells. It is
at the same time surprising that no
dramatic alterations have been de-
tected in nucleic acid processes in the
same plant materials (20). The viroid
does not appear to induce any qualita-
tive or quantitative differences in the
host nucleic acid composition. In fact,
we may find that the viroid molecules
sustained in “symptomless carrier”
host plants may assume the character
of a normal constituent of the host
nucleic acid profile.

Protein profiles and CEV infec-
tion. Although no evidence has
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emerged for the existence of a viroid-
specified protein product, a signifi-
cant body of data has been accumu-
lated from the laboratory of Professor
V. Conejero to indicate the enhance-
ment of host-specified proteins with
CEV infection (6, 7, 8). Two low
molecular weight proteins amplified
in CEV-infected tissues, CEV-P; and
CEV-P,, have been related in size to
similar protein products accumulating
in senescing tissues (fig. 6).

These and similar proteins in-
duced in response to a broad range of
pathogens as well as Ag~ ions () are
probably related to the general class
of “pathogenesis-related” or “PR”
proteins (34) stimulated as a result of
pathologically altered metabolism.
The identity and function of these
cytoplasmic proteins is unclear at
present. However, interference in the
regulation of some nuclear coded
genes, such as that for the small sub-
unit of ribulose diphosphate car-
boxylase, may be involved.

Phytohormone imbalance. Be-
cause of the association of viroids with
apex tissues and the eventual produc-

Fig. 6. Protein patterns on SDS-polya-
erylamide slab gel (14%) of extracts from
Gynura aurantiaca from a) 4-yr-old healthy
plants, b) uninoculated controls, and c¢)
CEV-infected plants 1.5 months after inocu-
lation. Positions of CEV-P1 and -P2 and
“senescence” proteins SEN-P1 and -P2 are
indicated. Reproduced from Conejero ef al.,
(6).

tion of a dwarfing reaction, experi-
mental attention has been directed to
the possible intermediary role of
phytohormones in viroid pathogene-
sis. Direct analysis of phytohormones
from field and greenhouse grown vir-
oid infected plants is intrinsically dif-
ficult and, therefore, has produced
contradictory results (37).

Reduced root initiation in CEV-in-
fected Gynura aurantiaca has been
related to a reduction in an auxin-like
substance (13). However, when to-
mato tissues infected with CEV were
exposed to a wide range of indoleace-
tic acid concentrations (fig. 7), no in-
duction of root initiation was ob-
served (11). These observations
suggest a possible aberration in auxin
utilization by viroid affected tissues
and/or a morphological impairment of
these tissues, perhaps related to the
cell wall changes noted above, which
obviates the expected response to au-
Xins.

Enhanced production of ethylene
has been correlated with the induc-
tion of symptoms such as severe
stunting, epinasty, chlorosis, prema-
ture senescence and inhibition of root-
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Fig. 7. Response of healthy (H) and citrus
exacortis viroid-infected (CEV) tomato leaf
disk (A) and stem segment (B) tissues after
2 weeks in standard culture medium with
added indoleacetic acid (IAA). Reproduced
from Duran-Vila and Semancik (11).
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ing. Since these host responses can be
observed with viroid infection, it is
not surprising that an increase in
ethylene evolution has been detected
in CEV-infected tissues and cells in
culture (Conejero et al., unpub-
lished). To complete the linkage, ad-
ministration of the ethylene precur-
sor, ethephon, to healthy tomato
plants produces a syndrome analog-
ous to that found with viroid infection
and the induction of proteins identical
to those which are enhanced in CEV-
infected tomato.

This listing of interrelating factors
presents a most suggestive collection
from which to construct any number
of variations to explain the affect of
viroid infection on host metabolism.
Nevertheless, assignment of a pri-
mary role at this time to any of the
components discussed appears pre-
mature and, in fact, the entire ensem-
ble may reflect a cascade of secondary
metabolic responses triggered in tis-
sues confronted by any external
stimulus such as the viroid.

VIROID “CONTAINING”
CELL CULTURES—A SYSTEM
WITH A FUTURE?

An approach for the elucidation of
the component events controlling vir-
oid pathogenesis will focus on de-
velopment of more highly controlled
systems. The callus culture (fig. 8)
and cell suspension (fig. 9) systems
for continuous growth of cells derived
from healthy and CEV-infected tissue
(21) have already demonstrated relia-
bility and interesting potentials. Al-
though not necessarily derived from
a single cell, selection of small col-
onies of cells produced cultures which
have retained consistent growth
properties over a period of several
years. Equally important, the high
viroid titer (20) and the CEV-induced
cell wall structure changes (40) have
been maintained in these cultures.
This demonstrates that viroid-in-
duced lesions observed with intact tis-
sues can persist in disorganized cell
cultures, thus adding validity to the
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Fig. 8. Callus cells derived from healthy
or CEV-infected tomato plants grown for 6-8
weeks as pure cultures (top and bottom) or
as an equal mix (center) of cells on standard
medium supplemented with arabinose at the
indicated concentrations (Duran-Vila, un-
published).

system as a tool to expose primary
events in viroid pathogenesis.

What, then, are some properties
of these cells derived from CEV-in-
fected tomato plants? First, I would
like to advance the proposition that
disease in a general sense is but the
recognition of some “difference”. But,
then, is merely to be different neces-
sarily a disease? Cells derived from
CEV-infected tissues do display dis-
tinet properties from healthy cells.
However, in some aspects they per-
form better than their healthy coun-
terparts. Therefore, perhaps they
should more accurately be referred to
as CEV “containing” cells as opposed
to CEV “infected” cells.

This point of view has been born
from data which documents the virtu-
ally identical growth curves of heal-
thy and CEV cells (fig. 9). When
these cells were subjected to a range
of temperature conditions, the CEV
containing cells, in fact, outperformed
the healthy cells. CEV cells in general
displayed an enhanced longevity in
culture as well as resistance to ele-
vated levels of phytohormones and to
additives to the culture medium such
as the pentose, arabinose, as pre-
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Fig. 9. Growth rate of tomato suspension cells derived from healthy and CEV-infected tissues
(left panel) with cells initiated from log phase (solid symbels) or stationary phase (open symbols)
cells. Fresh weight of calli derived from healthy and CEV-infected tissues (right panel) after
cultures were held at the indicated temperatures for 3 weeks. Reproduced from Marton et al.,

(21).

sented in figure 8. Can these observa-
tions be extrapolated to suggest that
viroid containing cells may possess
persistent altered properties induced
by the presence of the viroid which
may reflect one or more agriculturally
desirable traits? This proposition will
reappear in the concluding section of
this review. For now, we are left with
but the intuitive confidence that this
system may be exploited to provide
clues as to 1) the primary events of
viroid pathogenesis, and, 2) the per-
sistent lesions introduced by expo-
sure to the viroids.

WHAT IS THE CITRUS
EXOCORTIS VIROID?

With the considerable collection of
data that has been summarized in this
review under the title, “The Citrus
Exocortis Disease”, it seems almost
quizzical to introduce this section as a
question. However, recent investiga-
tion (9, 10, 24) of “mild” and “moder-
ate” isolates of CEV has necessitated
a reconsideration of the detection and
classification of these forms of the
exocortis disease.

Once Etrog citron became ac-
cepted as the standard bioassay host
for the exocortis disease, verification
of the production of the classical bark
scaling reaction on trifoliate orange
was in most cases discontinued. This
practice, accepted for reasons of time
and cost economy, assumed a common
identity for all disease sources pro-
ducing a reaction on citron. Further-
more, any moderation of the severe
stunting, leaf epinasty and rugosity,
petiole wrinkle and browning reac-
tions was considered the consequence
of a less virulent form of the same
pathogen.

With the published results as sum-
marized in table 1, as well as the re-
cent extension of this information
with the detection of new citrus vir-
oids from California and Spain (10), it
has become evident that a number of
distinet viroids, as first judged by
molecular size, have been detected in
“exocortis” sources. Therefore, the
citron reaction can no longer be consi-
dered as a specific assay for the classi-
cal exocortis syndrome until the
source is also tested on trifoliate
orange.
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TABLE 1
CITRUS VIROIDS (CV) AS RELATED TO PREVIOUS REPORTS
Phytopathology Virology Viroid isolates Consensus
75:946-949 150:75-84 catalogue
(1985) (1986) California Spain (1986)
CEV CEV CEV CEV
RNA-I Ia Ia CV-Ia
“CVaV™ Ib — CV-Ib
(RNA-IIa) RNA-II IIa IlIa CV-1la
(RNA-IIb) IIb IIb CV-I1Ib (CCaVy
I1la — CV-I1Ia
(RNA-IIIb) IITb ITTh CV-IIIb
- Ille CV-IIle
RNA-III —_ I11d CV-IIId
1w — CV-IV

“CVaV” indicates the main viroid component in the “Citron Variable Viroid” as reported in reference
no. 24 and now known to be comprised of a mixture of CV-Ib, CV-IIa, CV-IIb, and CV-IIIb.
¥(CCaV) indicates “Citrus Cachexia Viroid” the causal viroid of the citrus cachexia disease (30).

Although this view suggests a re-
duced confidence in the diserimination
of a widely accepted bioassay host, in
pragmatic terms, the citron reaction
becomes even more valuable as a
broad indexing host for citrus viroids
in general. It is only essential that the
researchers involved in viroid index-
ing do not aseribe all reactions ob-
served in citron to CEV and, further,
not even to the several agent(s) that
may produce symptoms of the exocor-
tis disease. F'rom this perspective it
may be found that the different
synonyms accepted for the exocortis
disease, such as, “scaly butt” and
“Rangpur lime disease” may actually
describe a related family of distinet
diseases induced by a quite different
complement of viroids.

A “CATALOGUE” OF
CITRUS VIROIDS (CV)

Physical and biological data from
which a catalogue of the “citrus vir-
oids” (CV) can be proposed is pre-
sented in table 2. It should be em-
phasized that the motivation for this
proposal resides in the desire to for-
mulate valid comparisons of viroids
important in different citrus growing
areas of the world. The division of
CVs into five groups results from the
different parameters considered in

table 5 and not the endorsement of
any particular classification system.

The broad range of molecular size
(275-371 nucleotides) of the citrus vir-
oids is well beyond what would be ex-
pected for strains of the same patho-
gen. Molecular hybridization homol-
ogy tests using DNA probes com-
plementary to the major reported cit-
rus viroids, CEV, the CV-Ib compo-
nent of the “CVaV” source, and
CCaV, support this position. A dis-
tinction of type CEV, the CV-I group
and the CV-II group is clearly im-
plied. The lack of broad homologies
relating the recently detected CVs to
the three best deseribed citrus viroids
is, indeed, surprising.

With the recent advances in the
characterization of the citrus viroids
by physical and biological parame-
ters, it becomes essential that a cor-
rection be made in the terminology
made by Schlemmer et al. (24) for the
citron variable viroid (CVaV). The
recognition of the increased numbers
of citrus viroids has been brought
about largely by improved detection
procedures  involving  sequential
PAGE and dPAGE coupled with
silver staining. The initial report of
CVaV (24) as a distinet viroid as-
sociated with a moderate exocortis-
like reaction on citron, was based
upon the detection of a new viroid of



TABLE 2

PHYSIOLOGICAL AND BIOLOGICAL RELATIONSHIPS AMONG “CITRUS VIROIDS” (CV)

cDNA CF-11 Cellulose

Consensus hybridization Infectivity™
catalogue Ethanol Elution

(1986) Bases® CEV CV-Ib CCaV 25% 20% Citron Cucumber Gynura
CEV 37 ++++ + - - ++++ + 4+ + + - + 4+ +
CV-Ia 340 - ++++ - =~ ++++ ++ — -
CV-Ib 330 - + 4+ ++ - -~ + o+t ++ - -
CV-IIa = - - ++ ++++ + - + 4+ -
CV-IIb

(CCaV) 300 = - + i+ ++++ + + + + ~
CV-IIla - ~ - - +++ + + + + - -
CV-IlIb 290 - - - = ++++ ++ = 2
CV-IlIe - - — NT NT + + - .
CV-111d = - = NT NT + + — =
CV-IV 275 + - - + 4+ + + + + -

“By comparison with Citrus Exocortis Viroid (CEV) and Avocado Sunblotch Viroid (ASV) in denaturing PAGE.
YCF-11 cellulose elution indicates ethanol percentage to begin specific viroid elution.
*Infectivity: (+ + + +) = symptomatic, severe;
(+ + +) = symptomatic, moderate;
(+ +) = symptomatic, mild;

“NT = not tested.

(+) = symptomless, infected;
(—) = symptomless, not infected.
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about 330 nucleotides while employ-
ing the less sensitive ethidium
bromide staining procedure. The
name “citron variable viroid” was
coined to describe the variable nature
of the symptom expression that re-
sulted in plants grown under different
environmental conditions.

In the reanalysis of the CVaV iso-
late by Duran-Vila et al., (9), it was
demonstrated that in addition to the
prominent  330-nucleotide  viroid,
three other viroids could also be de-
tected after silver staining. There-
fore, since the given name “citron
variable viroid” was based upon the
biological expression of an isolate
which contained a composite of four
distinet viroids, it seems inapprop-
riate to single out even the most pro-
minant one of the four viroids as the
causal agent of the symptom expres-
sion on citron. Furthermore, we are
now aware that a synergistic effect
can be produced when two viroids are
inoculated to citron. It also seems
reasonable to assume that once the
four viroid components of the CVaV
isolate have been tested individually
on citron, the “variable” nature of the
symptom expression may not persist.

With this information, it can be re-
commended that the term “citron
variable viroid” be abandoned in favor
of the more general designation CV-
Ib, in keeping with the proposed
scheme for the organization of citrus
viroids. Thus, following this group-
ing, the four viroids which are con-
tained in the original “CVaV” isolate
represent CV-Ib, CV-Ila, CV-IIb
and CV-IIIb. It is further suggested
that until a specific disease or distinet
symptom characteristic ean be attri-
buted to these viroids, the above ter-
minology be retained.

Therefore, the only specific names
for members of the citrus viroid fam-
ily (table 1, 2) that seem appropriate
at this time are the citrus exocortis
viroid, (CEV) and the citrus cachexia
viroid, (CCaV).

Specifiec elution from CF-11 cel-
lulose has been introduced as a simple
practical approach to discriminate
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subtle differences in the conformation
of closely related viroids (26). An al-
most preparative separation of CEV
and CV-1 group viroids from most
members of the CV-II, -III, and -1V
groups can be accomplished using this
technique (table 2).

Biological segregation with screen-
ing hosts presents an additional
parameter from which to construct
specific CV groupings. The compari-
son of reactions on citron, cucumber,
and Gynura emphasize the impor-
tance of citron as the “universal” CV
host as well as the practical impor-
tance of cucumber and Gynura as
selective hosts (table 2). More specifi-
cally, cucumber has recently become
invaluable in the identification of
CCaV (30). It is also truly fortuitous
that the body of the physical studies
on CEV was performed on viroid
purified from Gynura, the highly
selective host for CEV, thus obviat-
ing the possible confusion introduced
by a mixed viroid population.

VIROIDS—AGENTS OF
DISEASE AND/OR HOST
GENOME EXPRESSION

At the outset of this presentation,
the audience was forewarned that the
position would be advocated that vir-
oids should not be considered simply
as a grouping of diminutive plant vir-
uses. Hopefully, this prejudice has
been successfully advanced by the
data discussed. With this concluding
section, a more speculative and some-
what controversial perspective for
the possible positive applications of
viroids for the benefit of agriculture
will be advanced. This position is not
totally new nor highly innovative but,
perhaps, can be best characterized as
a proposition whose time has come,
at least for a discussion. In the ab-
sence of thoughtful consideration by
such bodies as the IOCV, the risk
emerges that such efforts will be at-
tempted, but without guidance or di-
rection in experimental protocol.

One of the basic tenants of plant
pathology is the propagation of the
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cleanest possible plant materials for
dissemination to producers. Even
though this guide must still be advo-
cated in principle, the significant new
findings in the area of viroid detection
and characterization indicate perhaps,
a less rigid and yet compatible pos-
ture can be assumed for viroids. The
level of our knowledge of viroids has
recently increased very dramatically,
instilling us with a new confidence in
our ability to control the conse-
quences of viroid biological activity.
Therefore, why not at least explore
the possibility that plant growth and
development might be customized by
the selective introduction of control-
ling RNA elements, i.e. VIROIDS?
From a historical perspective, dis-
ease-causing agents have been em-
ployed for the control of animal dis-
eases as in the case of vaccination
with attenuated viruses. Certainly,
the “cross-protection phenomenon”
for plant viruses has seen selective
application and remains a subject of
considerable interest and investiga-
tion. For those who would dismiss
any discussion of the purposeful dis-
semination of viroids as irresponsible
or even unethical, I would suggest
that the alternate expression, “cross-
inoculation”, might represent a more
accurate expression for what has be-
come known as “cross-protection.”
We are witnessing modern, even
revolutionary approaches to the alter-
ation of plant properties by recombin-
ant DNA technology and the integra-
tion of “foreign genetic information”
into plant species. Although this field
is fraught with significant inherent
difficulties before the ultimate de-
sired expression is attained, it re-
mains an approach which offers con-
siderable exciting promise and a simi-
lar desire to exploit a “pathogen”
genome for beneficial purposes.
While not questioning the gigantic
investment already made to this
genome-sized endeavor, it would not
seem inappropriate to propose a pro-
portionate note for the potential of the
smallest of all replicating “genetic”
elements involved in plant develop-

ment. Perhaps, the viroids need not
be stigmatized with the mantle of con-
summate plant pathogens. As agents
which can markedly influence the ex-
pression of the host genome, the vir-
oids are natural vehicles for host
“EXPRESSION ENGINEERING.”

Much of what we have presented
earlier in this review can be used to
support this perspective. Viroids, in
general, are nuclear, persistent, and
biologically-active molecules. Another
view of what we might define as the
initiation of “pathogenesis” could
focus on the viroid molecule interact-
ing with a low copy number mes-
senger RNA active only during a
highly temporally limited period dur-
ing the early stages of plant develop-
ment. As a consequence, a completely
different developmental sequence of
events from normal is triggered
which results in a dramatically differ-
ent plant form.

An example of the specific plant
characters which might be altered
due to viroid action is tree size which
has already been well advanced in
successful attempts at dwarfing (4).
The potential for an influence on seed-
iness (2) plus the more speculative
leads observed with cell culture sys-
tems such as hormone (herbicide) re-
sistance, thermal tolerance, and fruit
quality (ethylene) remain to be
explored.

As a final theme, I would like to
offer a word of encouragement from
the realm of the world of “empirical
or intuitive science.” Perhaps, some
of what has been proposed here has
already been accomplished and there-
fore, the concept need not be quite so
heretical in appearance. In the vari-
ous schemes that have been employed
to develop agriculturally desirable
and, particularly, vegetatively propa-
gated plant varieties, perhaps selec-
tion has already been made for a plant
whose form or productivity is influ-
enced by the presence of viroids. It
has come as some considerable sur-
prise to us that viroids can be de-
tected in every commercial grapevine
variety source which we have tested
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in California and Spain to date (12, lated with some desirable attribute of
29, Duran-Vila, unpublished) and it the plant culture or the derived plant
may be that viroid infection is corre- product.
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