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ABSTRACT. 

 

Citrus tristeza virus

 

 (CTV) infections of 

 

Citrus

 

 spp. are mainly manifested in two
diseases: (i) Quick decline (QD) of many scions on sour orange, and (ii) Stem pitting (SP) of grape-
fruit, pummelo, and certain orange varieties. A third disease, seedling yellows of young sour
orange, lemon, and grapefruit plants, is basically a controlled disease under experimental condi-
tion. Damages cause by CTV have been costly in areas infested with severe QD or SP isolates and
sensitive citrus varieties, while in areas with mild isolates, trees on sour orange have remained
productive for long periods. Basic research on CTV started in Brazil with the association of
thread-like-particles with the tristeza disease, followed by the finding that these particles were
similar in biophysical characteristics to other known elongated viruses such as 

 

Beet yellows virus

 

.
The complete sequence of the CTV genome was published for the Florida T36 isolate in 1995,
although sequences of the viral coat protein gene and major parts from the 3’ terminus were
reported earlier. Two interesting findings followed: First, the observation that large portions from
the 5’ parts of the T36 and VT strains differ considerably, and second, the association of multiple
defective RNAs in many CTV isolates. This paper describes past and present research from our
laboratories on three main topics: 1) Development of infectious clones of dRNA and genomic RNA,
2) Subgenomic RNAs and strategies of CTV replication and encapsidation, and 3) The develop-
ment of tools for mapping pathogenicity determinants on the genomic RNA. 

 

Citrus tristeza virus

 

 (CTV) is the
causal agent of two important dis-
eases: 1) Quick decline (QD) of some

 

Citrus 

 

sp. scions on sour orange
rootstock, and 2) Stem pitting (SP)
of grapefruit, pummelo and certain
sweet orange varieties. A third dis-
ease, seedling yellows (SY) of young
sour orange, lemon and grapefruit
plants, is mainly observed under
experimental conditions. Damages
caused by CTV have been extremely
costly in places with severe QD and
SP isolates, while in locations with
mild isolates, trees remain produc-
tive for long periods.

The virus nature of diseases now
recognized to be caused by CTV was
suspected from 1925 onwards (15,
26, 34, 37), however the basic viro-
logical research on CTV commenced
only after electron microscope stud-
ies conducted in Brazil by Kitajima

et al. (20) had associated thread-
like-particles 2000 nm in length and
10-12 nm in diameter with infected
plants. The development of methods
for isolating concentrated prepara-
tions of these particles from infected
bark led to their partial biophysical
and molecular characterization,
including their encapsidation by a
coat protein with an estimated MW
of 25 kDa (8). Further studies in
California showed that plants
infected with CTV contain relatively
large amounts of different size dsR-
NAs, the larger one, was expected to
represent an RF of 13.3 

 

×

 

 10

 

6

 

 (13).
Further improvements on CTV par-
ticle purification allowed the isola-
tion of sufficient quantities of intact
viral RNA molecules with an esti-
mated molecular size of 6.5 

 

×

 

 10

 

6

 

 Da
(6), the largest RNA genome of
known plant viruses. It is interest-
ing to note that both estimates sug-
gested a genomic size of about 20 kb,
well within the range of the size
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defined later by direct sequencing.
Clones of cDNAs from the VT strain
of CTV were obtained in the early
1980’s (30) and certain cDNA frag-
ments were shown to differentiate
between CTV isolates, although no
trait specific distinction could be
established for any of these probes
(29). The complete sequence of the
T36 isolate CTV genome from Flor-
ida was published in 1995 (19),
although major parts of this isolate
including the coat protein sequence
(33) and large parts from the 3’ of
the virus had been reported earlier
(28). In a time that molecular infor-
mation was doubling every decade,
genomic characterization of CTV
reached the molecular era relatively
late, especially when compared with

 

Tobacco mosaic virus

 

 whose nucle-
otide sequence was published in
1982 (16). Two main causes were
involved in this delay, the lack of
molecular biology expertise among
the citrus virologists including our
own group, and the lack of interest
among basic molecular virologists in
a task involving the sequencing of
the immensely large CTV genome.
In retrospect, it is however worth
noting that completing such a task
at the pre-PCR-era (27), was both
difficult and costly beyond the
resources of most CTV laboratories. 

The main developments on CTV
genomic analyses had followed ear-
lier studies by Atabekov’s group in
Moscow on the molecular character-
ization of

 

 Beet yellows virus

 

 (BYV) (2,
3, 9). Thus while the isolation of CTV
paved the way for BYV purification
and characterization (7) and eventu-
ally to the Closterovirus grouping (5),
it was the information gathered from
the sequencing of the BYV genome
that demonstrated the uniqueness
and coherence of viruses included in
Closterovirus group (1, 14, 18). The
second development was the entrance
of Dawson’s group into CTV cloning,
bringing into the field for the first
time a team of able scientists that
completed sequencing the 19,296 nts
genome of the T36 isolate (19).

Two interesting findings fol-
lowed, first the finding of defective
RNAs in plants infected with the VT
and other isolates from different geo-
graphic locations (21, 22). These
molecules turned out to form a major
part of the dsRNA populations of VT
infected plants and their chimeric
nature explained many of the initial
difficulties to sequence the virus
from its 3’ end (Mawassi et al.,
unpublished data). The second find-
ing was an unusual variation in the
sequences from the 5’ halves of VT
and T36 (23). The sequence variation
over a substantial part of the two
genomes was considerably larger
than among isolates or strains from
most other RNA viruses and for a
while it was debated whether or not
to separate these isolates into two
different species. We will return to
this subject later.

Recently, Dawson et al. (11) and
Bar-Joseph et al. (4) summarized
information on the molecular biol-
ogy of CTV and the genetics of both
SY and QD, respectively. This paper
reviews developments on CTV and
dRNA genomes and points to future
possibilities for taming and control-
ling the virus. The themes are
divided into three, mostly intercon-
nected, topics including:
1. Development of infectious clones

of dRNA and genomic RNA;
2. Subgenomic RNAs and strategies

of CTV replication and encapsi-
dation;

3. The development of tools for
mapping pathogenicity determi-
nants on the genomic RNA.
Other related topics including

unusual genetic conservation and
diversity among CTV isolates,
coherence and diversity within the

 

Closteroviridae

 

 family and some
practical implications of these
results will be also dealt within
these subtitles. 

 

Development of infectious
clones of dRNA and genomic
RNA.

 

 A cDNA clone of a dRNA mol-
ecule from the VT isolate was tagged
and used to infect citrus plants.
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Only the sensitive RT-PCR allowed
the detection of low amounts of
these molecules in the inoculated
plant (35). The analysis of different
artificial dRNA of the T36 isolate,
allowed Mawassi et al. (24, 25) to
demarcate several components nec-
essary for dRNA infection.

A different type of artificial dRNA
that consists of the entire 5’ replica-
tion complex (ORFs1a+b), a trun-
cated 3’ and lacking the translation
products of all 3’ ORFs, replicates
efficiently in 

 

Nicotiana benthami-
ana

 

 protoplasts. This construct, des-
ignated as Delta Cla (31), turned
out to be a useful genetic platform
for the study transcription of CTV
RNAs (17). The main advantage of
this construct was its efficient repli-
cation in protoplasts and the short-
ened size of the replicating entity,
thus allowing the easy manipulation
and characterization of 

 

cis

 

 acting
elements involved in replication.

A further major breakthrough
was the development of a full-length
CTV clone capable of replicating in
protoplasts (31). Achieving this goal
for a 

 

c.

 

20 kb was an unusually com-
plicated task. Although the effi-
ciency of full length RNA transcripts
to replicate in protoplasts was
extremely poor compared to virions
from infected sap, a series of pas-
sages in protoplasts allowed the gen-
eration of sufficient virions to infect
citrus plants (32). The authenticity
of the cloned transcript was demon-
strated by macroscopic and cyto-
pathological observations that
showed the identity of symptoms of
plants infected with the native wild
type and with cloned RNA tran-
scripts. These results have opened
now the way to examine hybrids of
different CTV isolates.

 

Tools for evaluating genetic
diversity among CTV isolates.

 

 In
addition to T36 and VT, several other
CTV isolates including some highly
pathogenic and others extremely mild
have been completely sequenced. Fur-
thermore information to be presented
in this meeting and unpublished

information from other laboratories
will allow now the comparison of a
large number of full length sequences
from different geographic origins.
Added to this are hundreds of partial
sequences of individual genes from
different CTV genomes and many
defective RNAs. The main conclusions
from these collections of sequence
data and from a range of hybridiza-
tion studies that had started almost
two decades ago (29), are surprising.
We still do not know much about
determinants involved in viral patho-
genicity. What we know is that some
isolates are widely spread within cer-
tain geographic areas and that cer-
tain mild and also certain severe
isolates (e.g., VT and Mor-T) that
were both spatially and temporally
separated over many years are > 99%
identical. We also know that some
virus isolates consist of two or more
genetically different isolates.

Both the high level of sequence
conservation among isolates sepa-
rated for long periods and the pres-
ence of multiple forms of CTV
genomes within a single host pose
theoretical questions. The quasi spe-
cies theory and the erratic nature of
RNA transcription should have had
a considerable impact on the
genomic variation, while cross pro-
tection could had been expected to
lead a higher rate of genomic confor-
mity. Better answers to these ques-
tions are however expected when
research aimed to examine the
sequence composition of plants inoc-
ulated with chimeras of T36 and
other biologically different isolates,
will become available.

 

Strategies of CTV replication
and virion assembly.

 

 Infected
plants contain relatively large
amounts of double-stranded replica-
tive form RNA molecules corre-
sponding to the genomic (g) RNA,
and to at least nine 3’ co-terminal
sub-genomic (sg) RNAs. Unlike the
large animal viruses of the order
Nidovirales, the 3’ sgRNAs of CTV
do not share a common 5’ terminus
(19, 35). Additionally, at least three
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distinct size positive-stranded 5’
sgRNAs, two of about 0.8 kb (LMT 1
and 2) and a large 

 

c.

 

11 kb (LaMT)
were found in CTV infected tissue.
These sgRNAs differed consider-
ably in abundance in infected cells;
the LMTs were more abundant than
the gRNA, while the LaMT accumu-
lated to lower levels. The 3’ termini
of LaMT molecules, for which no
function could be assigned yet,
reside just a few nucleotides down-
stream of the ORF1b termination
codon (10). Because of the absence of
corresponding of minus strand mol-
ecules, it was suggested that the 

 

cis

 

-
acting element that were expected
to function as the ORF2 sgRNA pro-
moter might also act as the termina-
tion signal of the ORF1a+b 5’
transcripts. Using insertions, dele-
tions and inversions of 3’ sequences,
ORFs and their intergenic regions
into the self replicating Delta Cla
construct, allowed Gowda et al. (17)
to demonstrate that each of the 3’-
CTV controller elements allows the
production of three types of RNA
molecules, a 5’-terminal positive
strand RNA transcript and 3’-termi-
nal positive- and negative-stranded
sgRNAs.

Recently Che et al. (unpublished
data) characterized a novel class of
large self replicating dRNAs (La-
dRNAs) from three CTV isolates
which were infectious when trans-
mitted mechanically to citrus plants
and 

 

N. benthamiana

 

 protoplasts.
These molecules showed 5’ termini,
identical or slightly larger than the
5’ large single stranded sgRNA of
ORF1a+1b (LaMT). These, and pre-
vious results showing dRNAs with
3’ identical with the sequence of
ORF11, suggest that populations of
CTV dRNAs are shaped by recombi-
nation of 5’ terminal sgRNAs and 3’
sgRNAs and suggest on the involve-
ment of closterovirus sgRNAs modu-
lar exchange and rearrangement of
closterovirus genomes.

Closteroviruses differ from most
other elongated viruses by having
two different capsid proteins which

are located on two opposite poles of
the virions. The major coat protein of
about 25 kDa encapsidates the
major part (~95%) of the virion,
while the remaining part is encapsi-
dated by p27. Several reports sug-
gested that divergent CP is
encapsidating the 5’ termini of clos-
terovirus. Two other proteins, p61
and the HSP70-like protein, were
reported to be tightly associated
with virions of other closteroviruses.
Although this association was not
directly demonstrated for CTV, the
finding that RNA transcripts lacking
one of these genes were unable to
produce infective virions is strongly
supporting a similar dependence of
CTV particles on four different pro-
tein products. Two other 3’ proteins
for which functions had been
assigned include the p20, which was
located within inclusion bodies, and
p23, which was found to be an RNA
binding protein. Recently, Satya-
narayana et al. (unpublished data)
showed that p23 is modulating the
synthesis of plus RNAs in infected
cells and replicons with truncated
p23 genes tend to produce equal
ratios of plus and minus molecules.

 

SOME FRAGMENTED 
CONCLUSIONS

 

Pathogen Derived Resistance
(PDR). 

 

Following the finding that
many virus diseases could be readily
controlled after transforming hosts
with constructs either expressing
the viral coat protein or other viral
genomic components such as a trun-
cated viral RNA polymerase, several
groups have attempted to use simi-
lar techniques for controlling CTV.
Research on CTV mediated resis-
tance and on a possible different
source of resistance based on the
isolation of resistance gene from

 

Poncirus trifoliata

 

 is currently being
conducted (12, 36). Naturally, suc-
cessful results with transgenic cit-
rus will bring up the question of
applicability. Public acceptance is of
considerable importance, especially
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when considering fruits which are
promoted by boosting the health
consciences of consumers. Restrict-
ing the transformation to the root-
stock should however ease these
problems, although the use of resis-
tant/tolerant rootstock will not pro-
vide protection to SP problems of
the scion.

 

Is there an additional CTV-like
virus with a different 3’ and how it
will affect the future utilization of
PDR? 

 

The taxonomy of Closterovi-
ruses had facilitated CTV research
in many ways. It is interesting to
note that unless some other fruit
trees and vines which carry several
different viruses of this family, only
a single species of Closterovirus was
so far found to infect citrus. The con-
siderable variation between the 5’ of
T36 and many other strains, hints
that there might be a hidden reser-
voir for a second virus with a differ-
ent 3’ half. Will such a virus be
recognized by antibodies reacting
with CTV, or will it blocked by virus
mediating constructs based on CTV
genes? Most probably not, and it
might be worth searching for the
presence of such a virus, before it
overcomes resistance expected from
this novel technologies.

 

The biology of CTV and dRNAs.

 

The biology of the virus and its
interaction with different citrus
hosts remains mostly unknown,
both situations of high conservation
and variability in reactions to CTV
isolates were noticed. Thus while

 

P. trifoliata

 

 is resistant to almost all
CTV isolates, sour orange plants are
mostly resistant to CTV infection
but some isolates replicate to high
levels. An association of a popula-
tion of large (4.5kb) dRNA consist-
ing of >4.0kb 5’ terminus was
associated with VT and Mor-T effec-
tively replicating in sour orange, but
this correlation will have to be sup-
ported more detailed studies using
the infectious clone. It is interesting
to note that CTV isolates that were
showing a mild reaction when
infected on sweet orange/sour

orange combinations caused severe
SP reactions on sensitive Star Ruby
grapefruit. The two main categories
of CTV pathologies seem therefore
to be determined by different
genetic factors, probably residing on
different genomic regions.

 

Toward the mapping of pathoge-
nicity and vector transmission deter-
minants.

 

 Several other aspects of
CTV biology including, the modes of
vector transmission, factors affecting
transmissibility by aphids, will also
benefit from the new tools for genetic
dissection and chimerization of dif-
ferently transmitted CTV genomes.

 

The future of Tristeza?

 

 The citrus
industries in many countries have
changed considerably, in terms of the
profile of producers, of varieties and
rootstocks, and the areas of planted
groves. Naturally, the phytosanitary
conditions have also changed with
many diseases almost completely
eliminated from new groves while
others becoming of epidemic propor-
tions throughout the citrus indus-
tries of the world. CTV belongs to the
second class and the number of cit-
rus areas remaining free of CTV has
been recently reduced dramatically.
Yet during this period, and especially
during the last decade, considerable
advances have been made by several
research groups on the basic molecu-
lar aspects of this virus. Some of
these achievements have already
been utilized for practical purposes,
mainly in the field of improved
reagents for CTV detection and
improved ability to differentiate
between CTV isolates. However,
there are indications from related
fields that these are just the pre-
ludes of much more impressive pos-
sibilities to control the virus and
eventually turn it from a pathogen
into a molecular tool for citrus
improvement.

How far away are we from these
goals and when these dreams are
going to be materialized will much
depend on the continuous readiness
of the citrus industries to support
these programs.
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