Identification of Strains of Citrus tristeza virus by Subtraction Hybridization

K. S. Derrick, M. J. Beretta, G. A. Barthe, and M. Kayim, Department of Plant Pathology, Citrus Research and
Education Center, IFAS, University of Florida, Lake Alfred 33850; and R. Harakava, Instituto Bioldgico, Sao

Paulo, SP, Brazil

ABSTRACT
Derrick, K. S., Beretta, M. J., Barthe, G. A., Kayim, M., and Harakava, R. 2003. Identification
of strains of Citrus tristeza virus by subtraction hybridization. Plant Dis. 87:1355-1359.

Citrus sudden death (CSD) appears to be a new disease that is a serious problem in Brazil.
Symptoms of CSD include yellow stain in the phloem of the rootstock. The cause is not known,
but it appears to be infectious and may only affect trees budded on Rangpur lime. In a survey in
Brazil, in addition to CSD, we observed numerous trees on Rangpur lime that were obviously
declining but had remained in production for several years. Trees with this disease, referred to
as Rangpur lime decline (RLD) were different from those with citrus blight (CB). They had
near-normal size fruit compared with the small fruit associated with CB and were negative in
the serological test for the CB-associated protein (p12). Moreover, they did not have the yellow
stain symptom and obviously were declining much more slowly than was reported for CSD. To
determine what viruses or virus strains might be associated with CSD, double-stranded
(ds)RNAs from fibrous roots of a tree with CSD and stem bark from greenhouse trees infected
with Citrus tristeza virus (CTV) isolates T30 and T36 were used to make random primed
cDNAs. A Clontech PCR-Select cDNA Subtraction Kit was used to subtract the CSD cDNA
with ¢cDNA from an equal mixture of dsRNA from T30 and T36. Of 28 clones that were se-
quenced, five were found to be significantly different from published CTV sequences. One
clone (SDA-1) was found to be only 48% similar to CTV T30 based on amino acid sequence.
Using samples collected in October 2001, hybridization assays with a DIG probe of SDA-1
were positive for RNA from roots of declining trees from an area where CSD is reported to
occur and from a second area where trees were declining with what had been thought to be CB
and are now considered to be RLD. The SDA-1 probe reacted weakly or not at all with RNA
from stem bark of trees with CSD, collected in October 2001, or RNA from roots of trees that
were declining with CB. Using samples collected in March 2003 from trees with severe decline
(nearly dead), the SDA-1 probe reacted with all preparations from both stems and roots. Reac-
tions to the SDA-1 probe also were observed in many stem or root samples from trees with
RLD, with early symptoms of CSD, and nonsymptomatic trees. The SDA-1 probe did not react
with samples from roots or stems of healthy or CB trees from Florida.
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A new disease that causes a rapid de-
cline of citrus was first observed in 1999 in

Comendador Gomes County, Minas Gerais
State, Brazil (8). The decline appears to be
spreading (1), and trees with similar symp-
toms are now seen in northern Sdo Paulo
State. Some affected trees decline rapidly
within weeks of initial symptoms; thus, the
disease is called citrus sudden death (CSD)
or “morte subita dos citros” (13). To date,
approximately 3 million trees have been
reported lost to CSD. A joint research ef-
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supported by the Science and Technology
Secretary of Research is addressing the
CSD problem in Brazil.

CSD appears to affect only trees on
Rangpur lime (Citrus limonia) (1,8). About
85% of the trees in Brazil are on Rangpur
lime; therefore, the threat of CSD is analo-
gous to the decline of trees on sour orange
(C. aurantium) that decimated the citrus
industry in Brazil in the 1940s (3). Trees
with CSD appear similar in some ways to
those with citrus blight (CB), a disease of
unknown cause that is responsible for the
loss of approximately 10 million trees a
year in Brazil (6). Both diseases cause a
general decline with a significant reduction
in fibrous roots. To determine if CSD is a
variant of CB, we made serological assays
for the CB-associated protein (p12), a pro-
tein of unknown function (2) recently clas-
sified as a y expansin (12). The protein is
present in high concentrations in leaves of
trees with CB, and serological assays for
the protein are used to distinguish CB from

other declines of citrus (5). The majority of
the declining trees assayed in the CSD area
were pl2 negative.

For the past several years, the p12 assay
has been used extensively to identify trees
with CB. In Florida, trees suspected to
have CB invariably contain p12. In Brazil,
it is not uncommon for declining trees on
Rangpur lime, which is very susceptible to
CB, to be pl12 negative (M. J. Beretta and
C. B. Jesus, unpublished observations).
During visits to Brazil, in addition to CSD,
we observed numerous trees on Rangpur
lime that were obviously declining, but had
remained in production for several years.
Trees with this disease, referred to as
Rangpur lime decline (RLD), were differ-
ent from those with CB and were in more
temperate areas, in contrast to the hot cli-
mate where CSD has been reported. Trees
with RLD had near-normal size fruit com-
pared with the small fruit associated with
CB and were negative in assays for p12.
Moreover, they did not have the yellow
stain symptom associated with CSD and
were obviously declining much more
slowly than was reported for CSD.

Based on symptoms and spread patterns,
Bassanezi et al. (1) suggested that CSD
may be caused by an insect-vectored
pathogen, such as a new strain of Citrus
tristeza virus (CTV), but acknowledged the
difficulty of detecting a new strain of CTV
with current serological and molecular
probes. We report here an approach for
detecting strains of known or unknown
viruses in mixed infections and application
of the method to the study of CSD.

MATERIALS AND METHODS

Sample collection sites. Comendador
Gomes County, October 2001. Root, stem,
and leaf samples were collected from trees
with CSD in an advanced stage of decline.

Coloémbia County, March 2003. Root,
stem, and leaf samples were taken from
3.5-year-old trees that appeared healthy but
had yellow bark symptoms and 2.5-year-
old trees in an advanced stage of decline
(nearly dead) with yellow bark symptoms.
There were no healthy trees in the groves
that were declining; therefore, samples of
apparently healthy trees were taken from a
grove of 1.5-year-old trees at a different
location on the farm. All the trees were on
Rangpur lime.

First location in Bebedouro County, Oc-
tober 2001. Root, stem, and leaf samples
were taken from declining trees on Rang-
pur lime. This farm has a few trees on
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Rangpur lime randomly distributed in
groves that are predominately on Cleopatra
mandarin (C. reshni). Observations had
been made for several years that the trees
on Rangpur lime were declining, and it
was assumed that this was due to CB.
Trees on Rangpur lime are much more
susceptible to CB than those on Cleopatra
mandarin.

March 2003. Root, stem, and leaf sam-
ples were taken from declining trees on
Rangpur lime and two apparently healthy
trees on Cleopatra mandarin adjacent to a
declining tree. The trees on Rangpur lime
had been declining for several years, did
not have yellow stain symptom, and were
producing near-normal size fruit.

Second location in Bebedouro County,
April 2002. Root, stem, and leaf samples
were taken from a grove of 35-year-old
trees on trifoliate orange (Poncirus trifo-
liata), which is very susceptible to CB and
is reported to be resistant to CTV. The 10
declining trees assayed were pl2 positive
and had CTV in both stems and roots as
determined by enzyme-linked immunosor-
bent assay (ELISA). The trees did not have
yellow stain symptoms.

Third location in Bebedouro County,
March 2003. Root, stem, and leaf samples
were taken from a grove of 20-year-old
trees on Rangpur lime with many trees
declining with CB. The trees did not have
yellow stain symptoms.

Conchal County, March 2003. Root,
stem, and leaf samples were taken from a
grove primarily on sweet orange (C. sinen-
sis) with some interplanting of trees on
Rangpur lime. Most of the older trees on
Rangpur lime were in a decline considered
to be CB, but declining trees on this farm
had been checked previously for p12 and
found to be negative. No yellow stain
symptoms were observed, and the declin-
ing trees had near-normal size fruit. Sam-
ples from healthy-appearing trees were
collected in a separate grove of 10-year-old
trees on Rangpur lime.

Preparation of RNA. Total nucleic acid
preparations from stem bark or fibrous
roots were prepared by grinding with 2x
STE (20 mM Tris-Cl, 0.2 M NaCl, 2 mM
EDTA [ph 8.0]), sodium dodecyl sulfate to

2%, and one-half volume of phenol was
added. After shaking for 30 min at room
temperature, the mixture was centrifuged,
and the water phase was collected and kept
at 4°C or frozen at —20°C for further use.
Double-stranded (ds)RNA was prepared as
described by Dodds et. al. (7). Total RNA
was prepared using an RNeasy Plant Mini
Kit (Qiagen, Valencia, CA) starting with
tissue or ethanol-precipitated total nucleic
acid preparations.

Polymerase chain reaction-select
cDNA subtraction. dsRNAs from 1 g of
fibrous roots taken from a tree in Comen-
dador Gomes County with CSD, and from
1 g of an equal mixture of stem bark from
trees infected with CTV isolates T30 and
T36, maintained in a greenhouse in Flor-
ida, were suspended in 5 ul of water and
used to make cDNAs. Subtraction hybridi-
zation and polymerase chain reaction
(PCR) were done using a Clontech PCR-
Select cDNA Subtraction Kit (Clontech,
Palo Alto, CA) as described, with the ex-
ception that the dsRNA was heated at 99°C
for 3 min before first-strand synthesis us-
ing random primers. The subtracted cDNA
was cloned using a T/A pGEM Teasy Vec-
tor System II Kit (Promega Corp., Madi-
son, WI). Plasmids were prepared from
cultures of selected colonies using a
QIAprep Spin Miniprep Kit (Qiagen).
DNA sequencing was done by the Univer-
sity of Florida Sequencing Core Facility,
Gainesville. Sequences were compared
using the NCBI database with BLAST.
Alignments and analyses were performed
using Clustal X (ver. 1.81) and Genedoc
(ver. 2.6.002).

Hybridization assays. Digoxigenin
(DIG)-labeled probes were prepared using
a PCR DIG Probe Synthesis Kit (Roche,
Mannheim, Germany) using nested primers
I and 2R from the Clontech PCR-Select
cDNA Subtraction Kit and clones SDA-1
through 5 (Table 1). A DIG probe to detect
all strains of CTV was prepared using PCR
with forward and reverse CP36 primers
(10) and a cDNA clone of the coat protein
gene of CTV T30. Total RNA preparations
were applied to charged nylon using a dot
blotter as described by Sambrook and Rus-
sell (15). Each spot of RNA was from ap-

Table 1. Characteristics of Citrus tristeza virus (CTV) clones from roots of a tree with citrus sudden

death

Clone Accession no.? Comparisons to known sequences® Genomic region®
SDA-1 AY242069 58/120 AA 48% T30¢ 2080-2439
SDA-2 AY242072 272/355 N 76% T385¢ 5506-5860
SDA-3 AY242070 192/234 N 82% T30 2681-2914
SDA-4 AY242071 387/520 N 74% T30 7357-7876
SDA-5* AY242073 305/350 N 87% T385 9176-9525

4 GenBank accession numbers of DNA sequences.

b Number of matches/total; AA = amino acid and N = nucleotide; percent similarity to nearest strain.

¢ Based on nucleotide sequence of nearest strain.
d Accession number: AF260651.
¢ Accession number Y 18420.

f The first 179 nucleotides of SDA-5 are 99% similar to a partial CTV sequence: GenBank

AJ399531.
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proximately 40 mg of fresh weight tissue.
DIG Easy Hyb solution (Roche) was used
for hybridizations with a 50°C hybridiza-
tion and a 68°C high-stringency wash.
Chemiluminescent detection of the DIG
probe was done using antidigoxigenin-AP
Fab fragments and CSP-Star obtained from
Roche.

Serological assays. Assays for the CB-
associated protein (pl2) using a mono-
clonal antibody were as previously de-
scribed (5).

RESULTS

To determine if CSD is related to CB,
leaf samples from trees with CSD were
collected for serological assays for p12. Of
76 leaf samples collected from trees with
CSD from groves in Comendador Gomes
and Colombia Counties, only 7 were posi-
tive for p12, indicating no consistent asso-
ciation of CSD with CB, but that some
trees appeared to have both CSD and CB.

Of 28 clones from the subtraction ex-
periment that were sequenced, 5 were
found to be significantly different from
published CTV sequences (Table 1). Clone
SDA-1 had a 48% similarity to strain T30
based on the amino acid sequence pre-
dicted by nucleotides 2,088 to 2,442. The
nucleotide sequence of SDA-2 was 76%
identical to cDNA of CTV strain T385.
Clones SDA-3 and -4 were 83 and 74%
identical, respectively, to cDNA of CTV
strain T30. Clone SDA-5 was 87% identi-
cal to T385, but the first 179 nucleotides of
the clone were 99% identical to a partial
sequence of a strain of CTV from Australia
(GenBank no. AJ399531). An additional 21
clones were 93 to 99% similar to published
CTYV nucleotide sequences; one clone had
no insert and one clone appeared to be
unknown (a DIG probe from this clone did
not hybridize with any of the samples).
There were no duplicate clones.

Using samples collected in October
2001, the DIG probe prepared using clone
SDA-1, hybridized with RNA from roots
of trees with CSD in severe decline from a
grove in Comendador Gomes County and
declining trees from the first location in
Bebedouro County (Fig. 1A). Of the 10
root samples from trees on Rangpur lime, 7
gave strong reactions and 3 gave weak
ones. The trees from the first location in
Bebedouro County had been assumed to be
declining to CB, but only two of five trees
assayed were pl2 positive. Leaves from
four additional declining trees on Rangpur
lime in this grove were also p12 negative.
RNA from roots of two trees with CB (p12
positive) on trifoliate orange, collected at a
second location in Bebedouro County in
April 2002, and RNA from stems of three
trees with CSD, hybridized very weakly or
not at all with the SDA-I probe. There was
no reaction to RNA samples from roots or
stems of trees from Florida (Fig. 1A and
2). Eight additional samples, four from
roots and four from stems of two trees with



CB and two that appeared healthy, also
were negative (results not shown).

Results similar to those from using the
SDA-1 probe were observed with some
samples using a DIG probe from SDA-3,
except that the weak reactions were a little
stronger (Fig. 1B and not shown). This
possibly was due to cross reactions to other
strains of CTV, because SDA-3 has con-
siderable homology to published CTV
sequences. DIG probes made to SDA-2, -4,
and -5 gave results similar to those with
the SDA-3 probe (not shown). Using sam-
ples collected in March 2003, the SDA-1
probe reacted with all stem and root sam-
ples from trees with severe decline (nearly
dead) due to CSD (Fig. 2). In addition,
there were reactions with many samples
from stems or roots from healthy-appear-
ing trees, trees with early symptoms of
CSD, and trees with RLD. Some samples
from healthy-appearing trees on sweet
orange and Cleopatra mandarin adjacent to
declining trees on Rangpur lime also hy-
bridized with the SDA-1 probe. RNA from

SDA-1 CP-T30

1 9 19

Fig. 1. Duplicate membranes from samples
collected October 2001 and April 2002 probed
with A, SDA-1 and CP-T30 and B, SDA-1 and
SDA-3. A, Samples were spotted in columns of
eight with the number of the first sample in
each column shown at the top; 1-10 on Rang-
pur lime, 11-12 on trifoliate orange, and 13-16
on rough lemon; 1-7, 11-13, and 15-16 from
roots; 8—10 and 13 from stems; 1-4, trees with
Rangpur lime decline (RLD) from first location
in Bebedouro County; 5-10, trees with citrus
sudden death (CSD) from Comendador Gomes
County; 11-12, trees with citrus blight (CB)
from second location in Bebedouro County;
13-16, trees from Florida 13, 15-16 with CB,
14 apparently healthy. B, Samples 1-4 on
Rangpur lime; 1 from stems, 2—4 from roots; 1
and 3-4, trees with CSD from Comendador
Gomes County; 2, tree from first location in
Bebedouro County with RLD.

roots of a small tree on Rangpur lime that
had been inoculated by root grafting with
roots from a tree with CSD hybridized
strongly with both the SDA-1 and CP-T30
probes.

Using duplicate membranes with a DIG
probe made to the coat protein gene of
CTV-T30 (CP-T30), which should hybrid-
ize with all strains of CTV, all the samples
from grove trees were positive, including
samples from roots of trees on trifoliate
orange and one from Carrizo citrange (P,
trifoliate x C. sinensis) roots (Figs. 1A and

2). Samples from greenhouse-grown seed-
lings, which should be free of CTV, did not
hybridize with the SDA-1 or CP-T30
probes. (Fig. 2).

DISCUSSION

The declining trees observed in Comen-
dador Gomes and Coldmbia Counties had
symptoms described for CSD, including a
yellow stain in the phloem of the rootstock
and production of near-normal size fruit.
Trees with CSD have been reported pri-
marily in Minas Gerais State and the most

SDA-1

CP-T30
17 25 33 41 49 57 65 73 81 89 97
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Fig. 2. Duplicate membranes from samples collected in March 2003 probed with SDA-1 and CP-
T30. Samples were spotted in columns of eight with the number of the first sample in each column
shown at the top. Except where noted, the samples were from trees on Rangpur lime from Brazil.
Samples 1-48 (except 8 and 16) were from Colombia County; 1-7 from stems and 9-15 from roots
of trees with severe citrus sudden death (CSD) and 8 and 16 from roots of healthy trees on Carrizo
citrange from Florida. Samples 17-94 were from stems (odd numbers) followed by roots (even num-
bers) from the same tree; 17-32, healthy-appearing trees with no yellow bark symptoms; 3348,
trees in early decline with yellow bark symptoms. Samples 49-64 were from a location in Conchal
County; 49-54, trees with Rangpur lime decline (RLD); 55-58, healthy-appearing trees on sweet
orange; 59-64, healthy-appearing trees. Samples 65—78 were from the third location in Bebedouro
County; 65-74, declining trees and 75-78, healthy-appearing trees. Samples 79-92 were from the
first location in Bebedouro County; 79-84 and 89-90, trees with RLD; 85-88 and 91-92, healthy-
appearing trees on Cleopatra mandarin; 93-94, 1-year-old tree root grafted with roots from a tree
with CSD; 95-100, from stems of 1-year-old seedlings from a greenhouse in Florida; 101-102, from
stems from trees on rough lemon from Florida; 103 from stems and 104 from roots from a tree with
citrus blight on Carrizo citrange from Florida.
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northern parts of Sao Paulo State, where
year-round temperatures are hot, a climate
not recognized as optimal for citrus pro-
duction. The trees with RLD observed in
Bebedouro and Conchal Counties are in
more temperate regions of Sao Paulo State.
Trees with RLD had near-normal size fruit,
in contrast with the small fruit associated
with CB, and were kept in production even
though they had thin canopies. On the farm
in Conchal County, essentially all of the
20-year-old or older trees on Rangpur lime
were in some stage of decline. Declining
trees were reportedly only removed when
they produced less than about 140 kg of
fruit. The declining trees that we examined
on this farm did not have yellow stain
symptoms and were pl2 negative. The
farm manager stated he had also failed to
observe yellow stain symptoms in declin-
ing trees.

The causes of CSD and RLD are not
known, but they are in some ways similar.
Both diseases appear to specifically cause
a general decline of trees on Rangpur lime.
We observed many healthy-appearing trees
on sweet orange and Cleopatra mandarin
next to trees on Rangpur lime that were
declining with RLD, and there have been
no reports of CSD on rootstocks other than
Rangpur lime (1,8). The causes of RLD
and CSD could be entirely different, or
possibly caused by the same or related
infectious agents, with RLD being a milder
form of CSD. CSD may not be a new dis-
ease, but only the expression of symptoms
associated with RLD when trees on Rang-
pur lime are grown in a hot climate. The
citrus industry in Brazil has only recently
moved north into Minas Gerais State with
large plantings on Rangpur lime. Based on
fruit size and pl2 assays, RLD and CB
appear to be different diseases, although
they both cause a similar general decline of
affected trees. Trees on all rootstocks can
be affected by CB, but some rootstocks
appear to have “field resistance” to CB.
Losses to CB of trees on sweet orange are
much less than on more CB-susceptible
rootstocks such as Rangpur lime. It is not
known how many of the estimated 10 mil-
lion trees (most of which are on Rangpur
lime) reported to be lost per year to CB (6)
are actually declining due to RLD. Because
the causes of CB and RLD are not known,
they can be differentiated only by pl2
assays and, possibly, by fruit size. There
are very few trees on Rangpur lime in Flor-
ida, but CB is a serious problem in the
state on trees grown on CB-susceptible
rootstocks. In Florida, there is a good cor-
relation between trees declining on CB-
susceptible rootstocks and the presence of
pl2.

The SDA-1 strain was found in all trees
in an advanced stage of CSD. The SDA-1
strain also was found in many stem or root
samples trees in an early stage of decline
with CSD, in trees with RLD, and in
healthy-appearing trees, including some on

1358 Plant Disease /Vol. 87 No. 11

CSD-tolerant rootstocks. Trees on root-
stocks tolerant to CSD, whether it is
caused by a strain of CTV or some other
infectious agent, may serve as sources of
inoculum when they are grown near trees
on Rangpur lime. The demise of sour or-
ange as a rootstock in Florida was acceler-
ated by planting trees on tolerant root-
stocks next to blocks of trees on sour
orange. In some cases, the tolerant root-
stocks even were used as replants in groves
on sour orange, and most of the budwood
used on sour orange was propagated on
tolerant rootstocks.

Using a non-strain-specific probe, CP-
T30, most of the trees from Brazil that
were assayed appeared to be uniformly
infected with CTV, with time of year and
locations within a tree having little effect
on the virus titer. In contrast, there was a
wide variation in the titer of the SDA-1
strain at different times of the year and the
strain frequently was distributed unevenly
in a tree.

Finding the SDA-1 strain in all trees in
an advanced stage of decline is suggestive,
but certainly does not prove the strain
causes CSD. Rather than establishing a
strain of CTV as the cause of CSD, per-
haps we have only highlighted a difficulty
in associating a strain of CTV with a dis-
ease. Citrus trees commonly are infected
with a mixture of strains of CTV (9,11),
but assays with non-strain-specific probes,
such as DIG probe CP T30, fail to detect
the effects that time of year and degree of
disease development may have on the titer
and distribution of a specific strain within
a tree. Variations in virus titer such as we
observed with the SDA-1 strain probably
occur with other strains. This might be
expected when a number of mild strains,
which may have some capacity for cross
protection, and disease-causing strains are
competing for infection sites in the same
tree. The titer of strains that cause decline
of trees on sour orange in Florida were
shown to be suppressed by mild strains of
CTV by serology (14).

It is difficult to obtain biologically pure
strains of CTV and to establish which
strain is responsible for a given disease.
Probably the only way to confidently fulfill
Koch’s postulates with a strain of CTV is
with an infectious clone. This has been
done only with the Florida sour orange
decline isolate T36 (16). Inoculations with
an infectious clone probably will be neces-
sary to prove that a strain of CTV causes
CSD.

Detection of CTV in trifoliate orange
roots and Carrizo citrange may appear
unexpected, because they are reported to
be resistant to CTV (4). In our studies on
the cause of CB, strains of CTV similar to
T-30, T-36, and VT were detected consis-
tently in roots of Carrizo citrange and trifo-
liate orange by reverse transcriptase (RT)-
PCR, by cloning and sequencing clones
from dsRNA preparations, ELISA, and

hybridization. It is not known if CTV is
replicating in the resistant roots or merely
moving down from the infected scion.
Perhaps replication is indicated by obser-
vations that the CTV titer in some root
samples approaches that found in the
scion.

The Clontech PCR-Select cDNA Sub-
traction Kit with modifications for use with
dsRNA should have application in obtain-
ing virus sequences from other plants sus-
pected to be infected with a mixture of
viruses and in further studies on strains of
CTV. The method has the advantage of
looking for viruses and virus strains with-
out the bias associated with serology or
RT-PCR. The five clones reported in this
study were from the more variable 5’ end
of the viral genome, suggesting that the
method works well for strains with consid-
erable variation in that region, but may not
differentiate sequences on the more con-
served 3’ region. There were no duplicates
in the 28 clones that were sequenced in this
study, indicating considerable depth to the
library; therefore, additional strains of
CTV and possibly other RNA viruses may
be detected by sequencing additional
clones.
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