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ABSTRACT

Deom, C. M., Naidu, R. A., Chiyembekeza, A. J., Ntare, B. R., and
Subrahmanyam, P. 2000. Sequence diversity within the three agents of
groundnut rosette disease. Phytopathology 90:214-219.

Sequence diversity was examined in the coat protein (CP) gene of
Groundnut rosette assistor virus (GRAV), the overlapping open reading
frames (ORFs) 3 and 4 of Groundnut rosette virus (GRV), and the satel-
lite RNA (sat-RNA) of GRV obtained from field isolates from Malawi
and Nigeria. These three agents cause groundnut rosette disease, a major
disease of groundnut in sub-Saharan Africa (SSA). Sequence analysis
showed that the GRAV CP gene was highly conserved (97 to 99%) inde-
pendent of its geographic source. The nucleotide sequence of the over-
lapping ORFs 3 and 4 of GRV was highly conserved (98 to 100%) from

isolates within a geographic region but less conserved (88 to 89%) be-
tween isolates from the two distinct geographic regions. Phylogenetic
analysis of the overlapping ORFs 3 and 4 show that the GRV isolates
cluster according to the geographic region from which they were iso-
lated, indicating that Malawian GRV isolates are distinct from Nigerian
GRV isolates. Similarity within the sat-RNA sequences analyzed ranged
from 88 to 99%. Phylogenetic analysis also showed clustering within the
sat-RNA isolates according to country of origin, as well as within isolates
from two distinct regions of Malawi. Because the GRAV CP sequence is
highly conserved, independent of the geographic source of the GRAV
isolates, the GRAV CP sequence represents the most likely candidate to
use for pathogen-derived resistance in groundnut and may provide effec-
tive protection against groundnut rosette disease throughout SSA.

Groundnut rosette disease (GRD) is the most destructive virus
disease of groundnut (peanut, Arachis hypogaea L.) in sub-Sa
haran Africa (SSA) (22). It is caused by a complex of three agents:
Groundnut rosette assistor virus (GRAV) (9,17,31), Groundnut
rosette virus (GRV) (18,28,35), and the satellite RNA (sat-RNA)
(18,19) of GRV. An aphid, Aphis craccivora Koch., transmits the
disease in a persistent and circulative manner (8,32). Disease
symptoms occur in two predominant forms, chlorotic and green
rosette, although other symptomatic forms have been reported
(21,25,33).

The intimate interaction between GRAV, GRV, and sat-RNA is
crucial to the development of the disease. GRV, a member of the
genus Umbravirus, has a single-stranded, positive-sense RNA
genome of 4,019 nt (35) that contains four large open reading
frames (ORFs). ORF 2 is a putative RNA-dependent RNA poly-
merase and is likely expressed as a fusion protein with the product
of ORF1 by a—1 frameshift mechanism. Thé @RFs (3 and 4)

not encode a coat protein (CP), and sat-RNA are packaged, pre-
sumably together, in the CP of GRAV to form particles that are
aphid transmissible (18,29). A single aphid vector acquires GRAYV,
GRYV, and sat-RNA; however, it does not always transmit the three
disease agents together to a host plant (23): GRAV or GRV plus
sat-RNA can be transmitted separately. However, for the disease
to perpetuate in nature, all three agents must be transmitted by the
aphid vector to a plant.

In recent years, efforts to control GRD have focused on im-
proving cropping practices to delay the onset and spread of both
the vector and the disease and on breeding for host-plant resis-
tance. Cropping practices have led to effective management prac-
tices for controlling GRD (20); however, the approach is seldom
feasible for the subsistence farming systems of SSA. In the case
of host-plant resistance, the resistance that is available is against
GRV and can be overcome under high inoculum pressure (3,24,
26). Resistance is not yet available in different genetic back-

are almost completely overlapping. The protein encoded by ORFd@ounds of groundnut suitable for the diverse seasons and farming
was shown to be frans-acting long-distance movement protein systems of SSA. No resistance has yet been reported against GRAV.
that can traffic nonrelated viral RNA systemically (30), while Pathogen-derived resistance (PDR) (1,4) represents an alternate
analysis of the ORF 4 putative amino acid sequence suggests tktategy for controlling GRD through the generation of transgenic

it may be involved in cell-to-cell movement (35). GRV acts as agroundnut. PDR could potentially be obtained by introducing GRAV
helper virus for replication of sat-RNA. Sat-RNA (895 to 903 nt)or GRV genomic sequences or genes, or sat-RNA—derived sequences
is not required for GRV replication or infection but is required forthat down regulate GRV replication, into suitable groundnut culti-
aphid transmission of GRV (18). The sat-RNA is primarily re-vars. The success of PDR-, RNA- or protein-mediated (1,4) resis-
sponsible for inducing the different symptoms of GRD, while GRAVtance, is highly influenced by the degree of sequence homology
and GRV appear to contribute very little to disease symptoms (1¥etween the sequence of the transgene and the challenging virus
GRAV, a member of the genlsiteovirus, acts as a helper virus (4,14).

for aphid transmission of GRV and sat-RNA. GRV, which does As a first step toward developing PDR, the degree of variability
within the three disease agents of GRD from two diverse ground-
nut-growing regions of SSA was examined to identify a sequence
or sequences from the disease agents that is highly conserved and
therefore a good candidate to confer PDR to GRD throughout SSA.
Variability was examined within the CP gene of GRAV, the over-

Corresponding author: C. M. Deom; E-mail address. deom@arches.uga.edu.

Publication no. P-2000-0121-01R
© 2000 The American Phytopathological Society

214 PHYTOPATHOLOGY


https://core.ac.uk/display/211010205?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

lapping ORFs 3 and 4 of GRV, and the sat-RNA from field isolates
obtained from Malawi (southern Africa) and Nigeria (West Africa).

MATERIALS AND METHODS

Virus and sat-RNA isolates, reverse transcriptase polymer-
ase chain reaction, and cloning. GRD-infected groundnut plants
were collected from fields near Lilongwe and Karonga, Malawi,
and from fields near Bagouda and Kofa, Nigeria (Table 1). Total
RNA was extracted from leaf tissue using a RNeasy Plant Mini
Kit (Qiagen, Chatsworth, CA). First-strand cDNAs of GRAV CP
genes, GRV ORFs 3 and 4, or sat-RNAs were synthesized from

compared using DNASIS (Hitachi, San Bruno, CA). Phylogenetic
trees were generated by the neighbor-joining method using PAUP
(Sinauer Associates, Inc., Sunderland, MA). Bootstrap values were
determined from 1,000 replicates.

RESULTS

Sequence of the GRAV-CP gene. The nucleotide and amino acid
sequences of cloned CP genes from eight field isolates of GRAV
obtained from Malawi (M8BGCP, M11GCP, M12GCP, and M16GCP)
and Nigeria (N15GCP, N17GCP, N19GCP, and N29GCP), as well
as a previously published GRAV-CP sequence (designated GCPP

2.5 to 5.0 pug of RNA using the Superscript Preamplification Sysin this report) (31) were compared. The published GRAV CP se-
tem (Gibco BRL, Gaithersburg, MD). Primers used for first-strandjuence was obtained from a GRAV isolate maintained in ground-
cDNA synthesis of GRAV CP genes, GRV ORFs 3 and 4, and satut by aphid or graft inoculation (31). The GRAV CP clones are
RNAs were GRAV3, C3, and Sat31 (Table 2), respectively. Firstdesignated by the name of the infected plants the isolates were
strand cDNA was amplified by polymerase chain reaction (PCR)

with the following primers. The CP gene of GRAV was amplified

with the primers GRAV5 and GRAV3 (Table 2). GRV ORFs 3 and 4TABLE 2. Oligonucleotide primers used for reverse transcriptase polymerase
(96% of ORF 4 from the'&erminus overlaps with ORF 3 in the chainreaction (RT-PCR)

PCR product obtained) were amplified with primers S3 and C&r.pcr

(Table 2) (35). Sat-RNAs were amplified with primers SAT51 ancprimer pairs
SAT31 (Table 2) (2). One of two procedures was used to obtaj
PCR products. Procedure 1: PCR reactions (100 pl) contained 3.0 ta\/30

of first-strand cDNA, X Pfu Turbo DNA polymerase buffer, 0.2 mM
dNTPs, 0.4 uM 5primer, 0.4 pM 3primer, and 2.5 U oPfu

Turbo DNA polymerase (Stratagene, La Jolla, CA). PCR was proSAT5l‘;
grammed for 30 cycles of 30 s at 94°C, 60 s at 55°C, and 5 min 2£73T

RT-PCR product
Sequence size (nt)
V52 5-ATGAATACGGTCGTGGTTAGG-3 597
5-TTTGGGGTTTTGGACTTGGC-3
S3ac 5'-GGAAGCCGGCGAAAGCTACC-3 864
C3be 5'-GGCACCCAGTGAGGCTCGCC-3
5'-GGGTTTCAATAGGAGAGTTGC-3 893-901

5-AAATGCCTAGTTTGGGCGTG-3

72°C, preceded by an initial denaturation for 1 min at 94°C anélSense-strand primer. '
followed by a 10 min extension at 72°C. Procedure 2: PCR rea&Complementary-strand primer.

tions (100 pl) contained 3.0 pl of first-strand cDNA, AmpliTag

¢S3 and C3, used to obta@roundnut rosette virus open reading frames 3

DNA polymerase buffer 11, 1.5 mM MgCl,, 0.2 mM dNTPs, 0.4 uM
5 primer, 0.4 pM 3primer, and 2.5 U of Amplag DNA poly-
merase (Perkin Elmer, Norwalk, CT). PCR was programmed for

and 4, have been described previously (35).

30 cycles of 30 s at 94°C, 60 s at 55°C, and 3 min at 72°C, pre- M8GCP
ceded by an initial denaturation for 1 min at 94°C and followed by
a 10-min extension at 72°C. Amplified products were purified from —— M16GCP
0.8% agarose gels using a QIAEX Il Gel Extraction Kit (Qiagen)
and cloned into pPCR-Script AMP SK(+) (Stratagene) if the PCR
product was obtained witRfu Turbo DNA polymerase or into GCPP
pGEM-T (Promega Corp., Madison, WI) if the PCR product was
obtained with AmpiTaq DNA polymerase. 81

Nucleotide sequencing and sequence analysis. At least two N19GCP
independent clones from each PCR reaction were sequenced in
both directions (Molecular Genetics Instrumentation Facility, Uni- &7 M11GCP
versity of Georgia, Athens). If differences were detected, a third
PCR product was sequenced, and a consensus sequence was ob-
tained. In cases where three PCR products were sequenced, no more — N17GCP
than one nucleotide difference was detected at a position. Nu-
cleotide and predicated amino acid sequences were aligned and

M12GCP

TABLE 1. Sources of groundnut rosette disease (GRD) infectious agents N15GCP
Infected Groundnut GRD symptom 66
plant Qrigin cultivard phenotype
M8 Karonga, Malawi Malimba Green N29GCP
M11 Karonga, Malawi Malimba Green
M12 Karonga, Malawi Malimba Chlorotic 0.005 changes
m%g Eggzgg m:m: mg:ﬁgg g:g Fig. 1. Phyl ogenetic analysi_s of_the nucleotide sequence of the coat pro_tein
M17 Karonga, Malawi Malimba Chlorotic (CP) genes obtained from_ nine isolates of Groundnut rosette assistor virus
M24 Lilongwe, Malawi 24 Chlorotic (GRAV). GenBank accession numbers for the GRAV CP genes are in paren-
N15 Bagouda, Nigeria ND Chlorotic thessfollow[ng isolate designations. Clones of CP genes from field isolates
N17 Kofa, Nigeria ND Green from Malawi are M8GCP (AF195502), M11GCP (AF195503), M12GCP
N19 Kofa, Nigeria ND Chlorotic (AF195823), and M16GCP (AF195824). Clones of CP genes from field iso-
N27 Bagouda, Nigeria ND Green lates from Nigeria are N15GCP (AF195825), N17GCP (AF195826), N19GCP
N29 Bagouda, Nigeria ND Green (AF195827), and N29GCP (AF195828). The sequence of the GCPP isolate
N310 Bagouda, Nigeria ND Chlorotic was described previoudy (31). Phylogenetic trees were generated by the Neigh-

2 ND = not determined.

bor-Joining Method of PAUP. Numbers represent bootstrap values determined
from 1,000 replicates. Nodes with bootstrap values <60% were collapsed.
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derived from (Table 1) followed by GCP (e.g.,, M8GCP). The nu-
cleotide sequence of the CP genes was highly similar, 97 to 99%
identical. Similarly, the amino acid sequence of the GRAV CPs was
97 to 100% identical. A phylogenetic anaysis of the GRAV CP
nuclectide sequences showed that the isolates did not strictly
group according to their provenance (Fig. 1). Two of the Maa
wian isolates, M11GCP and M12GCP, grouped with the four Ni-
gerian isolates, as did GCPP. Malawian isolates M8GCP and
M16GCP grouped separately.

Sequence of GRV ORFs 3 and 4. Reverse-transcriptase (RT)-
PCR products encompassing al of GRV ORF 3 and most of the
overlapping ORF 4 (96%) were cloned from eight field isolates of
GRV from Madawi (M12GRV, M14GRV, M16GRV, and M17GRV)
and Nigeria (N15GRV, N17GRV, N19GRV, and N27GRV). The
GRV clones are designated by the name of the infected plants
(Table 1) the isolates were obtained from followed by GRV (e.g.,
M12GRV). Comparisons were made between the nucleotide and
predicted amino acid sequences of ORF 3 and 4 from the Mala
wian and Nigerian isolates, as well as from a previously published
Maawian GRV isolate (designated ORF3P and ORF4P) (35). The
percentage of nucleotide identity within the Malawian field
isolates or within the Nigerian isolates was 98 to 100% for both
ORFs 3 and 4, while the nucleotide identities between the
Malawian and Nigerian isolates were more variable (88 to 89%
for both ORFs). The observation that the nuclectide sequence
similarities were more conserved from field isolates obtained from
within a distinct geographic region was confirmed by phyloge-
netic analysis (Fig. 2). Curiously, GRV ORF3P and ORF4P were
more similar to the Nigerian isolates (Fig. 2). The nucleotide

~M12GRV
—M16GRV
/98
M14GRV
LM17GRV
GRVP
100
—N19GRV
100
"N15GRV
-N27GRV
N17GRV

— 0.01 changes

Fig. 2. Phylogenetic analysis of the nuclectide sequence of overlapping open
reading frames (ORFs) 3 and 4 obtained from nine isolates of Groundnut
rosette virus (GRV). GenBank accession numbers for ORFs 3 and 4 are in
parenthesis, respectively, following isolate designations. Clones of field iso-
lates from Maawi are M12GRV (AF202858, AF202871), M14GRV (AF202859,
AF202872), M16GRV (AF202860, AF202873), and M17GRV (AF202861,
AF202874). Clones of field isolates from Nigeria are N15GRV (AF202862,
AF202875), N17GRV (AF202863, AF202876), N19GRV (AF202864,
AF202877), and N27GRV (AF202865, AF202878). The nucleotide se-
quence of the overlapping GRV ORF3P and ORF4P (35) (GenBank Ac-
cession no. Z69910) is given as GRVP. The phylogenetic tree of the over-
lapping ORFs 3 and 4 sequences is shown because individual trees for ORFs
3 and 4 were essentialy identical. Phylogenetic trees were generated by the
Neighbor-Joining Method of PAUP. Numbers represent bootstrap values
determined from 1,000 replicates. Nodes with bootstrap values <60% were col-
lapsed. Arrow indicates the branch has a bootstrap value of 98.
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sequence of the overlapping ORF3P and ORF4P (35) showed 93
and 92% identity, respectively, with the four Nigerian isolates and
87 to 88% identity with the Malawian isolates. GRV ORF 3 se-
quences from the Malawian and Nigerian field isolates were 33 nt
longer at the 5' terminus than the nucleotide sequence of the pub-
lished isolate, ORF3P (35). The putative amino acid sequences of
the extensions at the N termini of the Malawian and Nigerian iso-
lates were MDMVEHLSPER(R) and MDMAQHPPQQR(I), re-
spectively (the amino acids in parenthesis represent the position of
the first amino acid, an M, in ORF3P).

ORFs 3 and 4 shared 96 to 100% and 98 to 100% amino acid
identity, respectively, between the Malawian isolates and 95 to
100% and 99 to 100% identity, respectively, between the Nigerian
isolates. In contrast, ORF 3 amino acid identity between the Ma
lawian and Nigerian field isolates was 73 to 79%. Similarly, ORF3P
was less conserved, showing 66 to 71% amino acid identity with
the Malawian field isolates and 80 to 81% with the Nigerian field
isolates. When the amino acid sequences of the ORF 3 proteins
were aligned, variability between the Malawian and Nigerian iso-
|ates was distributed throughout the ORF 3-encoded proteins (Fig.
3), although three regions were highly conserved (amino acids 17
through 39, 168 through 192, and 227 through 262). In contrast,
the amino acid identity of ORF 4 between the Malawian and Ni-
gerian field isolates was more conserved, sharing 92 to 93% iden-
tity. The sequence of ORFA4P shared 93 to 96% identity with the
Malawian and Nigerian field isolates. The most variable region of

10 20 30 40 50 €0
M12GRV MDMVEELSPERRDSTTASRGQWPVGIMSSIINVFASGKSRDTRGTPRSSVWRGHRTGAPR
M14GRV
M16GRV
M17GRV
N15GRV AQ PPQQ I T P v cs a RG
N17GRY AQ PPQQ I T P v cs a RG
N19GRV AQ PPQQ I T P v cCs a RG
N27GRV AQ PPQQ I T P v cs a RG
GRVP =-wme—————- M TP v CNSG A R A A
61 120
M12GRV  DKPWGAYTPSRRPKGGVHEPATASKDPNENIRGPSASTTHOEHWGSVVPGKSCGGVHTPRT
M14GRV XK R
M16GRV K Q
M17GRV X R
N15GRV N G THA T K PPPK R AI ENRS T A
N17GRV N G THA T K PPPK R AI ENRS T A
N19GRV N G TH T K SPPPK P NR T A
N27GRV N G THA T X PPPK R AI ENRS T A
GRVP SR FDA P T KD P P P KKYR PAI EGRS T P
i21 180
M12GRV  GRRTRRSGSMDTRQSTAQPKQRGATAAIPPERRAKIDGLLPPLLDTFDGQIQGDAALLRY
M14GRV A X L
M16GRV G Q PA
M17GRV N A K L
N15GRV R A G P ¥ Q WETK T A L
N17GRV R A G P Fa Q WETK T A L
N19GRV R A G P L Q WETK T A NL N
N27GRV R A G P FA Q WETK T A L
GRVP R AG G P LV Q WKTE T E S NL
181 240
M12GRV CVGALKRELRRRRKPVQLAHNVAASGGEPSSQLPDEAAKDAENLPGDGEGRAGKSVQQEV
M14GRV L P
M16GRV L
M17GRV L
N15GRV v w P Y K P S8 RN D SR
N17GRV v w P H K P 8 RN D SR
N19GRV v w P H SK P 8§ RN D SR
N27GRV v W P H X P S RN D SR
GRVP I WES P H S K P FN QN D S KC ¢
241 262
M12GRV LHSGGSVPAVCADCGKPAANKW
M14GRV T
M16GRV
M17GRV T

N15GRV
N17GRV
N1SGRV
N27GRV
GRVP

nununnn
WEE R
[}

G

Fig. 3. Alignment of putative amino acid sequences deduced from Ground-
nut rosette virus open reading frame (ORF) 3 cDNA clones. The complete
sequence of clone M12GRYV is shown. Sequences of the other ORF 3 cDNA
clones are shown only where they differ from the sequence of M12GRV.
Dashes represent spaces inserted for alignment.



the proteins encoded by ORF 4 between the Malawian and Ni-
gerian isolates was at the C terminus of the proteins (Fig. 4).

Seguence of GRV sat-RNA. The nucleotide sequence of cloned
sat-RNAs obtained from five infected groundnut plants from
Malawi (M11S, M12S, M16S, and M24S) and Nigeria (N310S),
as well as two previously published sat-RNA sequences, were
compared. The sat-RNA clones are designated by the name of the
infected plants from which the isolates were obtained (Table 1)
followed by S (e.g., M11S). The previously published sat-RNA
sequences used for comparison are from clones derived from
populations associated with greenhouse-maintained GRV isolates
originally obtained from a plant showing symptoms of chlorotic
rosette from Maawi (MC3a) or from a plant showing symptoms
of green rosette from Nigeria (NG3a) (2). The Malawian sat-
RNAs share 88 to 99% nucleotide identity, while the two Nigerian
isolates were 92% identical. Phytogenetic analysis showed that
the two Nigerian isolates (N310S and NG3a) clustered together,
while the Malawian isolates clustered into two groups. One of the
Malawian groups (composed of M11S, M12S, and M16S) was
more closdly related to the Nigerian isolates than the second Mala
wian group (composed of M24S and MC34) (Fig. 5).

Interestingly, a 7-nt deletion (nucleotides 37 to 43) was ob-
served in two isolates, M11S and N310S. The deletion appears to
have no effect on symptom type, nor was the deletion unique to a
particular geographic region, because M11S was isolated from a
plant in Malawi that showed green rosette symptoms and N310S
was isolated from a plant in Nigeria that showed chlorotic rosette
symptoms.

DISCUSSION

Variability within the causal agents of GRD (GRAV, GRV, and
sat-RNA) was examined to identify sequences that are highly con-
served to use in generating PDR to the disease in transgenic ground-

10 20 30 40 50 60
M12GRV ~MSSLVAKAATQGELLEALYGEVTIVQELQETNLGVLTPHRGDORVVFTPLPPKTQTRISG
M14GRV
M16GRV
M17GRV

N15GRV Q R E
N17GRV Q R E
N19GRV Q R E
N27GRV Q R E
GRVE Q R

61 120
M12GRV VLRRLRPTRNTGGLLYLEKVVVVFTPHVPDDAPGEVEVWIEDSLLPNLNSVGPRLRFPLN
M14GRV
M16GRV N N
M17GRV 4
N15GRV X I K
Ni7GRV K I K
N19GRV K I X
N27GRV 3 I 3
GRVP

121 120

M12GRV GGPRLMAFYPPYSIPLMDKSKEMPRCFAIVSELLSASYVGGGSPFSLLIMWQPQVESLAH
M14GRV R
M16GRV

M17GRV R
N15GRV G -
N17GRV G B
N1SGRV [} H
N27GRV G H
GRVP H

121 178
M12GRV NYLMRPPKMQLGNLSSRKSYIAGAVSQRFAQTAASPLPINGDTAVDTDETSSGEPHWV
M14GRV T
M16GRV
M17GRV T
N15GRV A S L NP A KE G N
N17GRV A s L NP A KE G N
N19GRV A s L NSP A K AG N
N27GRV A s L NP A KE G N
GRVP R ] H L N 8 EEAG A

Fig. 4. Alignment of putative amino acid sequences deduced from Ground-
nut rosette virus open reading frame (ORF) 4 cDNA clones. The sequence of
the N-terminal 178 amino acids of M12GRV is shown. Seguences of the other
ORF 4 cDNA clones are shown only where they differ from the sequence of
M12GRV.

nut plants. The disease agents were obtained from Malawi and
Nigeria, two geographicaly distinct regions of SSA. In most cases,
the degree of PDR shows a positive correlation with the level of
sequence homology between the transgene and challenge virus
(4,14). From the variability studies conducted, the GRAV CP gene
isthelogical candidate to use for generating transgenic groundnut
plants for PDR. The high level of sequence homology within the
GRAV-CP genes (97 to 99%) from isolates from both Maawi and
Nigeriaindicates that PDR derived from the GRAV CP gene would
likely be functional throughout SSA.

The utility of PDR with luteovirus CP segquences has been de-
scribed (11,12). Transgenic potato plants expressing the CP gene
of Potato leafroll virus (PLRV) of the genus Luteovirus showed
resistance to PLRV in both greenhouse and field trials (11,12). A
number of low-probability potential risks that could be associated
with transgenic resistance to luteoviruses have been proposed (16).
Presently, the mechanism (RNA-mediated or protein-mediated)
(1,4) by which the luteovirus CP gene induces PDR in transgenic
plants is unknown. However, an RNA-mediated resistance mech-
anism would alleviate concerns for many of the potential risks,
which are protein mediated (e.g., transcapsidation that might confer
new vector specificity and synergigtic interactions between the trans-
gene product and an unrelated challenging virus).

Expression of the GRAV CP gene could induce PDR by two
approaches. First, expression of GRAV CP in transgenic plants could
result in less GRAV available for transmission. This would occur
through either gene silencing (RNA-mediated) or CP-mediated
resistance (1,4). Second, since the CP of GRAV is required for the
encapsidation of the GRV genome and sat-RNA (18,29), the ab-
sence of or reduction in GRAV CP would presumably result in
diminished packaging of GRV and sat-RNA and, subsequently,
reduced aphid transmission.

The nucleotide sequence of GRV ORFs 3 and 4 from isolates
from the same geographic region were 98 to 100% identical, but

MC3a
— M24S
NG3a
97
N310S
100

—— M11S

100
M12S
91
M16S

0.01 changes

Fig. 5. Phylogenetic analysis of the nucleotide sequence of seven satellite RNA
(sat-RNA) isolates. GenBank accession numbers for the sat-RNA sequences
are in parenthesis following isolate designations. Clones of field isolates
from Malawi are M11S (AF202866), M 12S (AF202867), M16S (AF202868),
and M24S (AF202869). N310S (AF202870) is a clone of afield isolate from
Nigeria. Clones of two previously published isolates from Malawi, MC3a
(Z229702), an isolate that induces chlorotic rosette disease symptoms, and Ni-
geria, NG3a (Z29704), an isolate that induces green rosette disease symp-
toms, were described previoudly (2). Phylogenetic trees were generated by
the Neighbor-Joining Method of PAUP. Numbers represent bootstrap values
determined from 1,000 replicates.
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more variability (88 to 89% identity) was observed between iso-
lates from distinct geographic regions. Phylogenetic analysis indi-
cates that the Malawian and Nigerian isolates form distinct groups
(Fig. 2). The clustering of isolates from within geographic regions
indicates that isolates within each group are distinct and are
evolving aong discrete lineages.

A high degree of identity (91 to 93%) was observed within the
putative amino acid sequences encoded by ORF 4 of the Ma
lawian and Nigerian isolates. In contrast, a lower degree of iden-
tity (73 to 79%) was observed between the putative amino acid
sequences encoded by ORF 3 of the Malawian and Nigerian iso-
lates, even though ORFs 3 and 4 overlap extensively. This finding
suggests that the protein encoded by ORF 4, the putative cell-to-
cell movement protein (35), tolerates less variability than the pro-
tein encoded for by ORF 3. It is tempting to assume that variabil-
ity within the ORF 3 nucleotide sequence would be higher if not
for the extensive overlap of ORF 3 and 4 and the higher level of
consarvation, presumably required, in the protein encoded by ORF 4.
This finding suggests that overlapping genes can represent an evo-
lutionary control mechanism, which can be a major factor in de-
termining the level of divergence within the genes (13). This type
of control is significant in virus evolution, because overlapping
genes are used extensively by viruses as a genome-expression
strategy (5,15).

The predicted amino acid sequences of the proteins encoded by
ORF 3 from the Malawian and Nigerian isolates were 11 amino
acids longer at the N terminus than the protein encoded by ORF3P
(35). The initiation codon for the protein encoded by ORF3P (nu-
cleotides 2,641 to 2,643) was selected based on protein alignment
comparisons with proteins encoded by corresponding ORFs in the
Carrot mottle virus genome (a member of the genus Umbravirus)
and RNA 2 of Pea enation mosaic virus (RNA 2 has strong
similarities to members of the genus Umbravirus) (35). In the case
of the Malawian and Nigerian isolates, the corresponding nucleo-
tides (2,641 to 2,643) encode for an R in the Maawian isolates
and an | in the Nigerian isolates. The N terminus of the protein
encoded by ORF 3 of GRV is unknown; therefore, we chose the
most 5'-end initiation codon for protein analysis in this manu-
script. Although we do not know the reason for this difference, it
is possible that mechanical passage of GRV in N. benthamiana
(35) resulted in the selection of a variant that no longer requires
the N-terminal 11 amino acids for mechanical transmission. There-
fore, we cannot exclude the possibility that the N terminus of the
ORF 3 protein may have a function that is required for GRV in-
fection or vector transmission in groundnut.

Sequence variability was compared in five sat-RNA field iso-
lates and two published sat-RNA sequences. Nucleotide sequences
within the sat-RNAs sequenced showed 88 to 99% identity. Two
elements in the sat-RNA (element A, nucleotides 280 to 470 and
element B, nuclectides 629 to 849) involved in symptom pro-
duction in N. benthamiana have been described (34). However, a
comparison of these elements in the sat-RNAs sequences exam-
ined here failed to indicate obvious nucleotide differences that might
account for the different symptom types. Phylogenetic analysis
indicates that the Nigerian sat-RNA isolates clustered together,
while the Malawian isolates clustered into two groups. One Mal-
awian group was composed of sat-RNAs obtained from northern
Malawi (Karonga area: M11S, M12S, and M16S). Isolates from
this group were more closely related to the Nigerian isolates than
isolates from central Malawi (Lilongwe areac M24S and MC3a).
This finding suggests that sat-RNAs from northern and central
Malawi are diverging. The Mzuzu Plateau, which separates the
Karonga area from the Lilongwe area, may act as a barrier to the
free flow of GRD agents between the two regions. Indeed, while
chlorotic rosette is found in both northern and central Malawi,
green rosette is found only in northern Malawi.

Studies that use sat-RNASs to generate PDR appear promising
(6,7,10,36), athough the utility of using this strategy is in ques-
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tion because only a few nucleotide changes can modify a satellite
from a form that suppresses symptoms to one that enhances dis-
ease symptoms (27). We do not anticipate using the satellite se-
quences for PDR studies, but the degree of variability in sat-RNA
sequences might be useful in the future in determining which
nucleotide differences are involved in determining the different
symptom types, as well as pathogenicity.

In al GRD resistant cultivars and germ lines that have been
analyzed, resistance is to GRV (3,26) not sat-RNA or GRAV. As
mentioned earlier, resistance to GRV can be overcome under field
conditions (3,24,26), necessitating the need for additional resis-
tance strategies. To this end, experiments to generate PDR in trans-
genic groundnut plants expressing a GRAV CP gene are underway.
In the future, it would be advantageous to exploit a combination of
virus-resistance genes and viral sequences that induce PDR to
broaden the genetic base of resistance to GRD and enhance its
durability.
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