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Abstract

We report that the anti-retroviral and anti-hepadnavirus molecules, adefovir, tenofovir and 9-(2-phosphonomethoxyethyl)-2,6-diamino-
purine (PMEDAP), efficiently eradicate the episomal formBznana streak viru¢BSV) from banana plants. Up to 90% of plants
regenerated from BSV-infected highly proliferating meristems were virus free following a 6-month treatment period pgtimi Ga
non-phytotoxic concentration) of either compounds.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction circular dsDNA genome of 7.4 kiHarper and Hull, 1998
Badnaviruses belong together with the caulimoviruses to the
Bananas, belonging to tHdusagenus, are cultivated in  Pararetroviridael(ockhart and Jones, 2000rhe economic
about 120 tropical and subtropical countries. They provide importance of this virus, transmitted by mealybugs, is ex-
staple food for millions of peopleFfison and Sharrock, plained not only by the direct effect of the disease on crop
1999. Bananas are threatened by different pathogensyield, but also by restrictions imposed on the deployment of
among which are viruses, such as tBanana streak  improved hybrids because of the occurrence of the causal
virus (BSV). Banana streak was described for the first agent in many genotypekaFleur et al. (1996 etected by
time as “la Mosiue a Tirets” on the cultivar “Poyo” PCR that BSV genomic sequences can be integrated into
(AAA, Cavendish subgroup) by.assoudiére (1974and genomic DNA of Musa Meanwhile Harper et al. (1999)
similar disease symptoms were observed in Morocco on andNdowora et al. (19993uggested that this integrated se-
“Dwarf-Cavendish” (AAA, Cavendish subgroup) plants. quence can lead to episomal forms. Strong evidence exists
The causal agent was then identified lbyckhart (1986) that integrated sequences that can be activated are associ-
BSV presents a high degree of heterogeneity among iso-ated with the B-genome of cultivatddusa whereadMusa
lates (ockhart and Olszewski, 1993t is a member of the  AAA group (cv. Williams) contains a dead (not activable)
badnavirus grouplLockhart, 1990 together withRice tun- virus integrant Geering et al., 2001 So far, reports on BSV
gro bacilliform virus(Hay et al., 199}, Commelina yellow  elimination from infected banana plants are very scarce.
mottle virus(Medberry et al., 1990 Sugarcane bacilliform  We reported recently on the successful eradication of BSV
virus (Bouhida et al., 199B8andCacao swollen shoot virus  from banana (cv. Williams BSJ, ITC.0579, AAA, Cavendish
(Hagen et al., 1993 This non-enveloped virus contains a subgroup) through cryopreservatioHg(liot et al., 2002,
2003. Because of the similarity in replication cycle between
badnaviruses and hepadnaviruses, we wanted to determine
* Corresponding author. whether selective inhibitors of HBV replication would be
E-mail addressjohan.neyts@kuleuven.ac.be (J. Neyts). able to arrest the replication of badnaviruses and/or to
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eradicate the virus from banana plants. We therefore studiedto the cultivar Williams BSJ (ITC.0579, AAA, Cavendish
the effect of two well-known inhibitors of HBV replication,  subgroup,Daniells et al., 2001 Compounds were kindly
i.e. 9-(2-phosphonylmethoxyethyl)adenine (PMEA, ade- provided by Dr. N. Bischofberger (Gilead, Foster City,
fovir) and 9-(2-phosphonylmethoxypropyl)adenine (PMPA, CA). Cultures were performed on semi-solid MS medium
tenofovir) Heijtink et al., 1993 Ying et al., 2000a,pon (Murashige and Skoog, 19pXupplemented with &M
BSV replication. Adefovir dipivoxil (Hepsefd'), the oral N6-benzyladenine (BA), 1M indole-3-acetic acid (IAA)
prodrug of adefovir, has recently been approved in the USA and with either 0, 10, 25, 50, 100 or 20@/ml of the
and Europe for the treatment of chronic infections with HBV. respective antiviral agents and monthly refreshed. Follow-
Besides being active against hepadnaviruses, adefovir is alsdng treatment for three consecutive months, plantlets were
endowed with activity against retroviruses and herpesvirusestransferred to regular MS medium for regeneration. Plants
(Naesens et al., 199 PMEDAP, the 2,6-diaminopurine ana- grown on regular MS medium were used as control. The
logue of adefovir, has an activity spectrum similar to that of phytotoxic effect was evaluated based on the plant size
adefovir, but has not been developed for clinical use. Teno- and the percent survival. At a concentration ofplml
fovir is a potent inhibitor of the replication of hepadnaviruses adefovir or PMEDAP, plantlet survival was respectively
and retroviruses, but has, unlike adefovir and PMEDAP, 92 and 100% and plant size unaffectédg( 2). Tenofovir
no activity against DNA viruses other than hepadnaviruses at 10pg/ml had a more pronounced inhibitory effect on
(Balzarini et al., 1998 The oral prodrug of PMPA (tenofovir ~ the growth of plantlets than adefovir or PMEDAP, but did
disoproxil fumarate, Viread") has been approved both in  not reduce survival. At 5@g/ml, tenofovir proved lethal
the US and Europe for the treatment of HIV infections. to banana meristem development, whereas adefovir and
Phytotoxic effects of tenofovir (PMPA), adefovir (PMEA) PMEDAP exhibited a reduced regeneration (58 and 40%
and PMEDAP (for structural formulae sd€g. 1) were of the untreated plants, respectivelyid. 2). At 100 and
monitored in two independent experiments on meristems 200u.g/ml, all three compounds displayed significant toxic
excised from BSV-infected dessert banana plants belongingeffects (data not shown).
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Fig. 1. Structural formulae of PMPA (tenofovir), PMEA (adefovir) and PMEDAP.
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Size (cm)

100

0 mg/L 10 mg/L 25 mg/L 50 mg/L . .
(11112) (11/12) (3/12) (0/11) The percentage of in vivo regenerated plants from clumps

treated with tenofovir that proved to be virus free was the
100 B PMVED. 0 highest (90%) following a 6-month incubation period with
80 8 the drug and decreased somewhat with shorter incubation
60 6 periods Fig. 3A). Adefovir proved about as efficient as teno-
40 4 fovir in eradicating the virus and resulted in 88% of healthy
2 3 plants following a 6-month treatment perioéFig. 3B).
P _— P — k PMEDAP proved.somewhat less efficient in eradicating the
(11/12) 112 112 (112) virus than adefovir; 69% of the regenerated plants were BSV
free following a 4- or 6-month-treatment perioéig. 30).
C: PMEDAP In comparison, only 15% of control plants were virus free
(Fig. 3A—0O. Such “spontaneous” virus eradication, after
an in vitro culture phase, is a widespread phenomenon, and
can be attributed to the uneven distribution of viral particles
in the meristems (our unpublished data).
‘ ‘ A concern may be that the antibody use@eéring
0 mg/LL 10 mg/L. 25 me/l. 50 mg/L. et al.,, 200} would not recognise all viral variants. We
(iz) a2z G110y @) therefore employed an ImmunoCapture—Polymerase Chain
Fig. 2. Phytotoxicity assay performed on meristems excised from in Reaction-Enzyme Linked OligonucleotideSorbent Assay
vitro banana plants (cv. Williams BSJ, ITC.0579, AAA) and treated (IC-PCR-ELOSA) protocolelanoy et al., 2001(amplify-
for 3 months with (A) tenofovir (PMPA), (B) adefovir (PMEA) or (C)  ing a fragment in the aspartic protease/reverse transcriptase
PMEDAE. Bars indicate the percentage su_rvival and the line the effect of gene junction) to further confirm the data collected by the
the antiviral c_ompounds on the plantlet size at_the end of the 3-r_nonth ELISA method. Twentyat random selected drug-treated
treatment period. Data are mean values for two independent experiments. L
plants that proved negative in the ELISA also proved neg-
Highly proliferating meristemsRanis et al., 1996were ative in the PCR assay at the end of the experiment (data
chopped, mixed and transferred for either 2, 4 or 6 months Not shown). This thus corroborates the observed antiviral
on MS medium supplemented withuM BA, 1M effect as detected by means of the ELISA method and also
IAA and with 10png/ml of either tenofovir, adefovir or  €xcludes the possibility that the ELISA would have missed
PMEDAP. The plantlets were subcultured every month in Some variants of the virus. It is in international practice gen-
fresh medium. Following this treatment period, material was €rally accepted that virus-indexing results remain constant
transferred to fresh regeneration MS medium supplementedafterwards Diekmann and Putter, 1996
with 1uM BA and 1uM IAA. The health status of the Badnaviruses are believed to have a replication cycle
regenerated material was initially checked on in vitro plants that closely resembles that of hepadnaviruses. Adefovir and
by TAS-ELISA (Ndowora and Lockhart, 2000 Tissue PMEDAP have the ability to inhibit, as theif-Biphosphory-
samples were extracted and diluted in phosphate-bufferedlated metabolites (i.e. PMEApp and PMEDAPpp), both vi-
saline, pH 7.4, containing 0.05% (v/v) Tween 20 and 2% ral DNA polymerases and reverse transcriptaséseens
PVP. A rabbit polyclonal antiserum was used as primary €t al., 199J. Hence, these compounds are selective in-
antibody, a chicken antiserum as second antibody and anhibitors of the replication of DNA viruses such as her-
anti-chicken conjugate (Rabbit anti-chicken; Sigma) as the pesviruses, hepadnaviruses such as HBV and retroviruses
third antibody. The cut-off value for the threshold was 0.2 such as HIV Naesens et al., 1997However, tenofovir,
absorbance units. The putative virus-free material was tested®s its 3-diphosphorylated metabolite (PMPApp), solely
a second time as part of an internationa”y accepted practiceinhibits the repIication of viruses where a reverse transcrip-
(Diekmann and Putter, 1996fter a greenhouse acclimatisa- tase is involved in the replication cycle (hepadnaviruses
tion phase of 6 months. The eradication rate (ER) observedand retroviruses). Accordingly, PMPApp is a potent in-
in fine for each treatment was calculated as follows: hibitor of the reverse transcriptase activity but not of DNA
First ELISA test performed on in vitro plants: polymerases Naesens et al., 1997The mechanism of
the selective antiviral activity of tenofovir, adefovir and
negative in vitro plant PMEDAP on badnavirus replication can thus most likely be
- < tested in vitro plantsj ascribed to an inhibition of the reverse transcriptase activity
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Fig. 3. Eradication rates obtained for plants regenerated from BSV-infected banana meristem clumps (cv. Wiliams BSJ, ITC.0579, AAA), chopped,
mixed and treated for either 2, 4 or 6 months with 10 mg/l of (A) tenofovir (PMPA), (B) adefovir (PMEA) or (C) PMEDAP. Viral status of plants was
assessed by ELISA on in vitro plants (first test) and on in vivo plants (second test) after a 6-months acclimation in the greenhouse. The number in

brackets indicate the number of BSV-free plantlets per total number of plantlets after the first test.
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although formal proof is still needed to demonstrate an
inhibitory effect of the 5-diphosphorylated metabolites of
PMPA, PMEA and PMEDAP on the (recombinant) enzyme.
An interesting question to address would also be the char-
acteristics of intracellular phosphorylation of the acyclic nu-
cleoside phosphonates in plant cells. Biosynthetic pathways
of nucleosides/nucleotides in plant and animal cells are

roughly the same. Several enzymes have been reported to be

involved in the phosphorylation of adefovir and tenofovir.
These include 5-phosphoribosyl-1-pyrophosphate (PRPP)
synthetase, AMP(dAMP) kinase and nucleoside diphos-
phate kinaseRalzarini et al., 1991; Merta et al., 1992
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tivities of (R)-9-(2-phosphonomethoxypropyl)-2,6-diamino-purine. An-
timicrob. Agents Chemother. 37, 332—-338.

Bouhida, M., Lockhart, B.E.L., Olszewski, N.E., 1993. An analysis of the
complete sequence of a sugarcane bacilliform virus genome infectious
to banana and rice. J. Gen. Virol. 74, 15-22.

Daniells, J., Jenny, C., Karamura, D., Tomekpe, K., 2001. Williams, cul-

tivated varieties AAA. In: Arnaud, E., Sharrock, S. (Ed#fysdogue:

A Catalogue ofMusa Germplasm—Diversity in the Genudusa IN-

IBAP, Montpellier, France, p. 67.

Delanoy, M., Jijakli, M.H., Lepoivre, P., 2001. Detection 8anana
streak virus(BSV) by IC-PCR-ELOSA. In: Abstracts of Joint Meet-
ing of APS, MSA and SON, Salt Lake City, USA, August 25-29.
Phytopathology 91-6 (Suppl.), S22.

Diekmann, M., Putter, C.A.J., 1996. FAO/IPGRI Technical Guidelines for

Plants encode enzymes that are homologues to these latter the Safe Movement of Germplasm. No. Musg 2nd ed. Food and

enzymes\yww.mips.biochem.mpg.de/projects/plants

This is to the best of our knowledge the first report of the
selective inhibition of the replication of a plant virus by a
compound that specifically targets the reverse transcriptase
Tenofovir, adefovir or PMEDAP may prove powerful tools
for the eradication of the episomal form of BSV from ba-
nana. The distribution of banana plants is greatly hampered
by viruses, such as BSV. The production of virus-free plant-

Agricultural Organization of the United Nations, Rome/International
Plant Genetic Resources Institute, Rome, 26 pp.

Frison, E.A., Sharrock, S., 1999. The economic, social and nutritional
importance of banana in the world, In: Picqg, C., Fouré, E., Frison,

. E.A. (Eds.), Banana and Food Security. INIBAP, Montpellier, France,
pp. 21-35.

Geering, A.D.W., Olszwski, N.E., Dahal, G., Thomas, J.E., Lockhart,
B.E.L., 2001. Analysis of the distribution and structure of integrated
Banana streak viruDNA in a range ofMusa cultivars. Mol. Plant
Pathol. 2—4, 207-213.

ing stocks of these vegetatively propagated plants has beemagen, L.S., Jacquemond, M., Lepingle, A., Lot, H., Tepfler, M., 1993.
recognised as one of the most important control measures Nucleic acid sequence and genomic organizatiorCatao swollen

and facilitates the international diffusion of high yielding and
newly bred varieties as well as the preservation of banana
germplasm. The method reported here may provide a con-
venient approach towards the production of such virus-free
planting stocks. The availability of these compounds may
also facilitate the study of the activation of the integrated
sequence into the banana genome. Moreover, the results o
this report might lead to wider application for the eradica-
tion of badnaviruses from other plant species.
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