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ABSTRACT. The utilization of nucleic acid extraction and polyacrylamide gel electrophoresis as 
an alternative to the Parson's Special bioassay for routine indexing of cachexia was evaluated. Three 
field sources of citrus viroids and three greenhouse controls were graft inoculated on Arizona Etrog 
citron. Inoculated citrons were periodically analyzed by nucleic acid extraction and sequential gel 
electrophoresis. The citrus cachexia viroid (CCaV) was detected after 3 months in all the plants tested 
regardless of the source. Three electrophoresis systems were also compared. The proposed method 
combines the desirable characteristics of citron as an excellent host for viroid replication and the 
sensitivity of electrophoresis and silver staining for viroid detection. The method is now routinely used 
in the Citrus Sanitation Program in Spain. 
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Biological indexing for citrus 
cachexia is done by graft inoculation 
on Parson's Special mandarin on rough 
lemon rootstock. Inoculated indicators 
have to be incubated at warm temper- 
atures (28-32 C) for 12-18 months for 
symptom expression (11). This has 
been shown to be the most sensitive 
bioassay for cachexia, and it is being 
used worldwide. However, this assay 
has several limitations: a) the long time 
required for symptom expression; b) 
high fuel expenses in some temperate 
zones to heat the greenhouses; c) erra- 
tic results even when several indi- 
cators and controls are included in each 
test (10); and d) possible interference 
with other citrus viroids (8). 

A series of tests were conducted to 
evaluate the usefulness of the nucleic 
acid extraction and polyacrylamide gel 
electrophoresis (PAGE) systems de- 
veloped for viroid studies as an alterna- 
tive to the Parson's bioassay. 

MATERIALS AND METHODS 

Viroid sources and inoculation. 
Six lots of Arizona Etrog citron 861-S1 
on Rough lemon rootstock were graft 
inoculated with three field sources and 
three single viroid controls. The field 
sources were Canoneta sweet orange, 
Mineola tangelo and Marisol clemen- 
tine. All had been biologically indexed 
for triesteza, psorosis A, concave gum, 
vein enation and exocortis. Canoneta 
sweet orange was found free of 
tristeza, psororis A and concave gum 

and positive for exocortis and vein ena- 
tion; Mineola tangelo as free oftristeza, 
psorosis A and vein enation and posi- 
tive for exocortis and concave gum; and 
Marisol clementine was free of tristeza 
and vein enation and positive for 
psorosis A, concave gum and exocortis. 
The single viroids used as positive con- 
trols were CV-IIb or citrus cachexia 
viroid (CCaV), CV-IIc which has been 
shown recently to be also a cachexia 
disease agent (18) and the related vir- 
oid CV-IIa. A set of uninoculated con- 
trols were also included. The assay was 
repeated twice. In one assay, the 
plants were inoculated in October and 
incubated under natural (short day) 
light conditions, and in the other assay 
the plants were inoculated in June and 
incubated under natural (long day) 
light conditions. In both cases the in- 
oculated citrons were incubated in a 
warm greenhouse (28-32 C). 

In both assays, tissue samples from 
separate sets of plants were collected 
1, 2, and 3 months after inoculation, 
for nucleic acid extraction and PAGE. 
In all instances the tissue was collected 
from two plants and processed sepa- 
rately. 

In some instances, nucleic acid 
preparations of tomatoes inoculated 
with PSTV and CSV (kindly provided 
by T. Candresse from IRNA, Bor- 
deaux and J. Romero from INIA, Mad- 
rid) were used. Nucleic acid prepara- 
tions of mixtures of CV-IIaICV-IIc 
were obtained from double inoculated 
cucumbers. 
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Nucleic acid extraction. New 
flush tissue consisting of young leaves 
and stems (5 g) from inoculated citrons 
was homogenized in 5 ml of extraction 
medium (0.4 M Tris.HC1 pH 8.9, 1% 
SDS, 5 mM EDTA pH 7.0,4% 2-mer- 
captoethanol) containing 15 ml ofwater 
saturated phenol (14). Total nucleic 
acids were partitioned in 2 M LiC1, and 
the soluble fraction was concentrated 
by ethanol precipitation. The final 
preparation was resuspended in 300 p1 
of TKM (10 mM Tris, 10 mM KC1,O.l 
mM MgCl,, pH 7.4). 

Polyacrylamide gel electrophore- 
sis (PAGE). In all instances viroid de- 
tection was accomplished by subject- 
ing 20 ~1 aliquots of the nucleic acid 
preparations (equivalent to 300 mg 
fresh weight of tissue) to 5% PAGE. 

Unless otherwise stated the se- 
quential-PAGE (s-PAGE) system de- 
scribed by Semancik and Harper (15) 
was used. This electrophoresis proce- 
dure has proved invaluable for the 
characterization of CCaV (16, 17) and 
citrus viroids (3, 4). The first gel was 
polymerized in TAE electrophoresis 
buffer (40 mM Tris, 20 mM sodium 
acetate. 3H207 1 mM sodium EDTA, 
pH 7.2), and subjected to a constant 
current of 60 mA, at  4 C for 2.5 hr. A 
segment of the gel defined by the 
xylene cyanol dye was excised and 
placed on the top of the second gel 
containing 8 M urea and polymerized 
with a pH 6.5 TAE buffer (9). I t  was 
subjected to a constant current of 16 
mA, at  room temperature until the 
tracking dye reached the bottom of the 
gel. After completion of the second 
electrophoresis, the circular forms of 
the viroids were viewed by silver stain- 
ing (6). 

The two-dimensional-PAGE tech- 
nique described by Schumaker et al. 
(12) was also evaluated. The first gel 
was prepared and performed as above. 
The segment of the gel was placed ac- 
ross the bottom of gel chamber and the 
second gel containing 8 M urea 
polymerized above (also with a pH 6.5 
TAE buffer). The second PAGE was 
performed from bottom to top at con- 
stant current of 16 mA, at  room tem- 

perature until the trackingdyereached 
the top of the gel. 

The return-PAGE system described 
to detect viroids of other crops (13, 19) 
was also evaluated. The first gel was 
polymerized in high salt TBE elec- 
trophoresis buffer (90 mM Tris, 90 mM 
boric acid, 2 mM sodium EDTA, pH 
8.3), and subjected to a constant cur- 
rent of 46 mA, at  room temperature 
until the xylene cyanol tracking dye 
reached to bottom of the gel. The sec- 
ond electrophoresis was performed 
from bottom to top under high temper- 
ature conditions (in a incubator at  60 
C), by changing the high salt TBE elec- 
trophoresis buffer for a low salt TBE 
buffer (1 1.25 mM Tris, 11.25 mM boric 
acid, 0.25 sodium EDTA, pH 8.3), pre- 
viously heated to 80 C. 

Biological indexing. Field isolates 
and single viroid controls were biolog- 
ically indexed for cachexia and citrus 
viroids. The Parson's Special mandarin 
propagated on rough lemon was used 
as cachexia indicator (11). Four indi- 
cator plants were used in each test and 
the results were collected 18 months 
after inoculation. The Arizona Etrog 
citron 861-S1 was used as indicator of 
exocortis and citrus viroids. Two citron 
indicators were used in each test and 
the results were collected 6 months 
after inoculation. 

RESULTS 

Incubation of inoculated citrons 
for detection of CCaV. 

Analysis of nucleic acid extracts 
from tissue collected one month after 
inoculation gave poor and variable re- 
sults, in both assays (October and June 
inoculations). No viroids were de- 
tected from the controls inoculated 
with single CV-I1 viroids. 

When the tissue was collected two 
months after inoculation, several vir- 
oids were detected from plants inocu- 
lated with field sources (Fig. 1A). How- 
ever, only CV-IIa and CV-IIc were 
detected in the controls inoculated in 
October, whereas only CV-IIb was de- 
tected in the controlsinoculated in June 
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Fig. 2. Sequential-PAGE of nucleic acid 
preparations from citrons inoculated with 
positive controls: a )  CV-IIa, b) CV-IIb 
(CCaV), c) CV-IIc. Plants were inoculated in 
October (A) or in June (B). Plants were ex- 
tracted 2 months after inoculation (above) and 
3 months after inoculation (below). 

Fig. 1. Sequential-PAGE of nucleic acid 
preparations from citrons inoculated with 
field sources and controls, 2 months after in- 
oculation (A), and 3 months after inoculation 
(B). Positive single viroid controls: 1) CV-IIa, 
2) CV-IIb (CCaV), 3) CV-IIc. Field sources: 
4) Canoneta sweet orange, 5) Mineola tangelo, 
6) Marisol clementine; and 7) uninoculated 
control. 

Comparison of various elec- 
trophoresis systems. As shown above, 
s-PAGE analysis of nucleic acid prepa- 
rations extracted from inoculated cit- 
rons allowed the detection of CCaV 
and other citrus viroids 3 months after 
inoculation (Fig. 3A). The sensitivity 
for viroid detection was similar when 
the two-dimensional-PAGE technique 
described by Schumaker et al. (12) was 
used (Fig. 3B). However, poor results 
were obtained using the return-PAGE 
system based on the denaturing prop- 
erties of heat and low salt conditions 
(12, 19) (Fig. 3C). As originally de- 
scribed, the technique has been proved 
adequate to detect potato spindle tuber 
(PSTV) and crysanthemum stunt vir- 
oid (CSV) (Fig. 3C, lanes 8 and 9). I t  
also allows detection of CEV from cit- 

(Fig. 2). The two plants tested in each 
assay gave identical results. 

Three months after inoculation the 
level of detection improved considera- 
bly (Fig. 1B). The single viroid controls 
were always detected in the two sets 
of plants inoculated either in October 
or June (Fig. 2). The four sets of plants 
(two sets inoculated in October and two 
sets inoculated in June) presented 
identical viroid profiles. The level of 
detection did not improve when plants 
were tested later than 3 months after 
inoculation, or when a second flush of 
tissue of the same plants was tested 
again. 
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Fig. 3. Nucleic acid preparations from cit- 
rons inoculated with field sources and con- 
trols, 3 months after inoculation were 
analyzed using: (A) sequential-PAGE, (B) two 
dimensional-PAGE, and (C) return-PAGE. 
Positive single viroid controls: 1) CV-IIa, 2) 
CV-IIb (CCaV), 3) CV-IIc. Field sources: 4) 
Canoneta sweet orange, 5) Mineola tangelo, 
6)Marisol clementine. Othercontrols: 7)unin- 
oculated control; and nucleic acid prepara- 
tions from tomatoes inoculated with 8) PSTV, 
9) c s v .  

rons infected with field sources con- 
taining CEV, provided high titers of 
the viroid were present in the samples 
(Fig. 3C, lanes 4 and 6). However the 
other viroids present in these field iso- 
lates were not detected, nor were the 
single viroids present in the positive 
controls detected. 

Identification of CCaV. As dem- 
onstrated above, nucleic acid extrac- 
tion and s-PAGE allows the detection 
of citrus viroids from citrons inoculated 
with field isolates. It was also possible 

to do a preliminary identification of the 
viroids into the corresponding citrus 
viroid groups. Identification of CEV, 
and CV-I components could be easily 
done. Note that CEV was detected on 
Canoneta sweet orange and Marisol 
clementine (Fig. 1, lanes 4 and 6) and 
CV-I was detected only on Marisol 
clementine (Fig. 1, lane 6). Since a con- 
tinuum of citrus viroids with very close 
electrophoretic mobilities have been 
described in the region of migration of 
CV-11, CV-I11 and CV-IV viroids (4), 
the characterization of the viroids into 
these groups, usually needs further 
processing. As reported in these pro- 
ceedings (18), the three viroids of the 
CV-I1 group, are associated with two 
different citrus diseases, exocortis 
(CV-IIa) and cachexia-xyloporosis 
(CV-IIb and CV-IIc). Therefore in 
some instances distinction among the 
three CV-I1 components may be desir- 
able. As shown in Fig. 1, the three field 
isolates tested contained several vir- 
oids in the CV-IIICV-I11 region. As 
illustrated in Fig. 4, co-electrophoresis 
of a nucleic acid preparation of Marisol 
clementine with appropriate markers 
(a mixture of CV-IIa and CV-IIc), 
whereas the other three viroid bands 

Fig. 4. Sequential-PAGE of nucleic acid 
preparations of: 1) CV-IIdCV-IIc, 2) artificial 
mixture of CV-IIaICV-IIc and Marisol clemen- 
tine, 3) Marisol clementine. 
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had electrophoretic mobilities higher 
than CV-IIc (note arrow pointing a 
band with electrophoretic movility 
only slightly higher than CV-IIc in Fig. 
4). Therefore on the basis of this 
analysis the Marisol sweet orange 
source was characterized as cachexia- 
free. The characterization of the three 
field isolates and the results of biolog- 
ical indexing are summarized in Table 
1. 

DISCUSSION 

Graft inoculation of Arizona Etrog 
citron 961-S1 followed by nucleic acid 
extraction and s-PAGE, provides a 
sensitive and reliable method for detec- 
tion of CCaV and other citrus viroids. 
Increasing the sensitivity by running 
samples equivalent to larger amounts 
of fresh tissue would require further 
processing of the nucleic acid prepara- 
tions. Under our conditions a minimum 
incubation period of 3 months was re- 
quired to detect all the viroids present. 
CCaV and CC-I1 viroids are usually 
present in lower titers and seem to 
need longer incubation periods before 
they can be detected. Therefore 
adequate positive controls are recom- 
mended in order to perform reliable 
tests. The differences observed in the 
assays performed in October and June 
illustrate possible variations among as- 

says and reinforce the convenience of 
using more a single positive control. 

Under our conditions, two of the 
three PAGE systems assayed were 
suitable for detection of citrus viroids. 
Both systems are equally complex and 
require the preparation of two sepa- 
rate gels. However, the sharper bands 
obtained using the s-PAGE system 
(Fig. 3) are crucial when distinction 
between CV-I1 and CV-I11 viroids is 
necessary (Fig. 4). The return-PAGE 
system requires only the preparation 
of a single gel but it is not usually 
adequate for detection ofcitrus viroids. 

The detection of CEV by nucleic 
acid extraction and PAGE has also 
been shown directly from citrus hosts 
other than citron (1, 2). Other citrus 
viroids have also been detected from 
other hosts (5,7) but in some instances 
large amounts of tissue (up to 100 g) 
were used as starting material. The 
utilization of citron as an intermediate 
host in biochemical indexing provides 
several advantages: a) a natural 
amplification system for citrus viroids; 
b) auniform source of tissue regardless 
ofthe host to be indexed; and c) uniform 
incubation conditions. With the inocu- 
lation on citron as an intermediate host 
followed by nucleic acid extraction and 
s-PAGE three months later, indexing 
of cachexia and exocortis can be corn- 

TABLE 1 
BIOLOGICAL AND BIOCHEMICAL INDEXING OF FIELD ISOLATES AND 

SINGLE VIROTD CONTROLS 

Indexing 

Biological" Biochemicaly 

Field source Citron Parson's CCaV Otherviroids 

Canonetasweet orange + + + + + + + +  + CEV,III 
Mineola tangelo + + +I+ + + + I11 
Marisolclementine + + + +  - - CEV, I, IIa, 111 

CV-IIa + - - IIa 
CV-IIb - + + + + + - 
cv-IIc  - + + + +  + - 
Uninoculated - - - - 

"Results of biological indexing were collected 6 months post-inoculation on citron and 18 months 
post-inoculation on Parson's Special mandarin. The symptom intensity was rated as: severe (+ + + + ); 
moderate ( + + + ); mild ( + + ); very mild ( + ); and no symptoms( - ). 
YBiochemical indexing was run 3 months after inoculation on citron. Detection of CCaV was rated as: 
positive (+ ) or negative ( - ) for the presence of the CCaV. 
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bined in a single assay for detection of detection. Presently this indexing pro- 
citrus viroids. The method combines cedure is routinely used for the Citrus 
the properties of citron as an excellent Variety Improvement Program and 
host for viroids and the sensitivity of the Citrus Quarantine Stationin Spain. 
s-PAGE and silver staining for their 
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