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Abstract

Serological variability of isolates of rice yellow mottle virus (RYMV) collected in Côte d’Ivoire was assessed by
immunological tests with polyclonal and monoclonal antibodies (MAbs). Two serotypes (named S1 and S2) were
distinguished. The S1 isolates had common epitopes which were absent in S2 isolates, whereas they lacked epitopes
shared by S2 isolates. There was no evidence of S1 and S2 mixtures, although S1 and S2 isolates were sometimes
found in nearby sites. Serotype S2 was more prevalent in Côte d’Ivoire than S1, and was in a large majority in the
centre and the south of the country. By contrast, S1 occurred more widely in the north. S1 isolates were also found in
neighbouring countries at the north of Côte d’Ivoire. In tests with monoclonal antibodies, three additional serotypes
were found, one in West-Africa and two in East-Africa. Using the primers developed against an S2 isolate from Côte
d’Ivoire, all S2 but not the S1 isolates were transcribed and amplified by RT-PCR, and another set of primers was
developed to amplify S1 isolates. S1 and S2 have different biological properties, and competition between isolates
of the two strains was apparent resulting in S2 dominance over S1. This was assessed using S1 and S2 strain specific
MAbs, and it occurred whatever the pattern of inoculation or the rice variety tested. Differences in pathogenicity
and virus titre did not account for strain competition, as there was no relation between symptom severity, virus
content and serotype of the isolates inOryza sativa indicacultivars.

Introduction

Rice (Oryza sativa) is widely grown in Africa and it
is the most important cereal in Côte d’Ivoire where
annual production exceeds 700 000 metric tonnes
(Rochebrun and Sablayrolles, 1993). Rice cultivation
throughout the African continent is severely affected
by rice yellow mottle virus (RYMV). First reported
in Kenya (Bakker, 1974), RYMV is a member of
the genusSobemovirus(John and Thottapilly, 1987;
Hull, 1988; Matthews, 1991) and the only species so
far known to infect rice plants in Africa. RYMV has not
been found outside Africa. Under natural conditions,

RYMV is transmitted by several species of beetles
(Coleoptera) mostly belonging to theChrysomelidae
(Bakker, 1971), but under artificial conditions it is also
sap transmissible. Infected plants show yellow dis-
colouration and mottling of leaves, stunting, reduced
tillering, poor panicle exertion and sterility. Early infec-
tion of susceptible varieties can cause the death of
the plant. Severe yield losses ranging from 20% to
100% after RYMV infection have been reported in
many countries (Awoderu, 1991; Awoderu et al., 1987;
Taylor et al., 1990).

Although RYMV is now known in most rice grow-
ing African countries (Awoderu, 1991; Fauquet and
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Thouvenel, 1977; John et al., 1984; Raymundo and
Buddenhagen, 1976; Raymundo and Konteh, 1980),
there is little information on the variability of the virus.
Serological differences were first reported between an
isolate from Ĉote d’Ivoire (West-Africa) and one from
Kenya (East-Africa) (Fauquet and Thouvenel, 1977).
Later, serological diversity of five isolates was studied,
three serogroups were defined, but there was no appar-
ent geographical basis to their distribution (Mansour
and Baillis, 1994). By contrast, in Burkina-Faso (West-
Africa), the three serogroups found were tentatively
linked to their ecological origin and pathogenicity
(Konat́e et al., 1997).

In this study, the serological variability of RYMV
isolates from all rice growing regions of Côte d’Ivoire
was assessed using polyclonal and monoclonal anti-
bodies. The existence of serotypes was proved and
their distribution in Ĉote d’Ivoire was assessed. The
serological patterns found in Côte d’Ivoire were com-
pared with those of isolates from other countries in
Africa. Reverse transcriptase-polymerase chain reac-
tion (RT-PCR) amplification of the coat protein (CP)
gene of isolates of the serotypes was established. Bio-
logical properties of the isolates was assessed and
interactions between isolates of different serogroups in
co-inoculated plants was investigated and tentatively
linked to pathogenicity. The epidemiological conse-
quences of these findings are discussed.

Materials and methods

Virus sources, propagation and purification

Nineteen RYMV isolates were collected in all rice
growing regions of Ĉote d’Ivoire from diseased plants
showing characteristic mottling symptoms in surveys
conducted before 1996. Biological properties of these
isolates have also been studied (N’Guessan et al.,
1995). First, the serological properties of these 19
isolates were tested with polyclonal antibodies in
double-diffusion and absorption tests, and double anti-
body sandwich enzyme linked immunosorbent assay
(DAS-ELISA). Second, their serological profiles were
assessed with monoclonal antibodies (MAbs) in triple-
antibody sandwich ELISA (TAS-ELISA), together
with those of 24 additional isolates collected since 1996
in Côte d’Ivoire. Third, the serological patterns of the
Ivorian isolates were compared to those of 23 isolates
collected in Burkina-Faso (2), Ghana (1), Kenya (1),

Madagascar (5), Mali (4), Nigeria (5), Sierra-Leone (1)
and Tanzania (4). Fourth, RT-PCR amplification of the
CP gene of the isolates was tested and appropriate
pairs of primers developed. Fifth, biological compe-
tition between isolates from different serogroups was
tested, in relation to pathogenicity.

All isolates were collected from infected field plants
on the basis of symptom expression. They were recov-
ered by mechanical inoculation, which showed that
they induced the characteristic yellow discoloration
and mottling of leaves after mechanical inoculation to
healthy plants of the susceptibleO. sativa indicacul-
tivar Bouaḱe 189. They were later determined to be
positive for RYMV in ELISA using either polyclonal
or monoclonal antibodies raised against the RYMV-
Ma isolate from Mali. For biological tests, partially
resistant (expressing less severe symptoms)O. sativa
indica cultivars ITA 212 and Moroberekan were inoc-
ulated similarly. Inoculum was prepared by grinding
infected frozen leaves in 0.1 M phosphate buffer pH
7.2 (1 g/10 ml). Extracts were mixed with 600-mesh
carborundum and rubbed on to leaves of 14-day-old
rice seedlings. Test plants were kept in a growth cham-
ber under 13 h illumination at 120µE m−2 s−1 of PAR,
at 30◦C and 90% humidity to facilitate homogenous
symptom development. Infected leaves showing char-
acteristic RYMV symptoms were harvested two weeks
after inoculation and stored at−80◦C.

Purified viral preparations were obtained following
the method of Bakker (1974) modified by Fauquet
and Thouvenel (1977). Concentrations of the puri-
fied extracts were adjusted through absorbance at
260 nm, assuming an extinction coefficient of 6.5 for
RYMV (Bakker, 1974). Infected leaves (1 g/10 ml)
were ground in phosphate buffered saline (PBS) pH
7.2 containing 0.05% Tween 20 for ELISA, and in
PBS buffer followed by a centrifugation at 7000× g for
5 min at 4◦C for double-diffusion tests. Purified virus
had an absorption spectrum typical of RYMV, with an
A260/A280 ratio of 1.4 to 1.6.

Antibody production

Three polyclonal antisera were used. Two were
previously available, one raised against an iso-
late from Ĉote d’Ivoire (RYMV-CI) (Fauquet and
Thouvenel, 1977), the other one from Mali (RYMV-
Ma) (Ngon A Yassi, 1993). An antiserum against an
isolate from Madagascar (RYMV-Mg) was also pre-
pared. All antisera were obtained after three to five
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intramuscular injections of three month old rabbits,
each with 5 mg of freshly purified virus emulsified with
Freund’s complete adjuvant for the first injection and
incomplete adjuvant for the subsequent ones. The three
antisera had titres of 1024–2048 in double-diffusion
tests.

Two panels of MAbs were prepared against isolates
RYMV-Ma and RYMV-Mg, respectively. For the first
fusion experiment, five-week-old BALB/c mice were
immunised by two intraperitoneal injections of 100µg
of purified RYMV-Ma at two week intervals. The virus
was emulsified with an equal volume of Freund’s com-
plete adjuvant for the first injection and incomplete
adjuvant for the second. Two weeks later, the mice were
given intravenous booster injections with 400µg virus
in a saline solution four days before fusion. For the sec-
ond fusion, 3 to 6-week-old BALB/c mice were immu-
nised with isolate RYMV-Mg by three intraperitoneal
injections of 100µg of virus at two week intervals.
Six weeks later, the mice were given one intravenous
and one intraperitoneal booster injection of 400µg of
virus in saline solution. Three days later, cell fusions
were performed (Al Moudallal et al., 1982) using the
P3x63AG8 myeloma cell line (Stocker et al., 1982).

Undiluted hybridoma culture supernatants were
screened for the presence of specific antibodies to
RYMV in antigen-coated plate indirect ELISA. The
microtitre plates were coated with a purified prepa-
ration of the homologous antigen in 0.05 M carbon-
ate buffer pH 9.6 at a virus concentration of 5µg/ml
using healthy sap as a control. An alkaline phosphatase-
conjugated goat anti-mouse IgG antibody (Sigma
Chemical Co, St. Louis, MO) was used as the detect-
ing antibody. Selected positive cultures were cloned by
limiting dilution, and by using macrophages as feeder
cells. Each MAb was typed in double-diffusion tests
(described below) using 10µl anti-antibody (Sigma)
of classes 1, 2a, 2b and 3 in the centre wells and
10µl of hybridoma culture supernatants ten times con-
centrated in the peripheral wells. MAbs were used in
Western blots to detect the capsid protein (Harlow and
Lane, 1988).

Agarose-gel double-diffusion tests

The 19 RYMV isolates from Ĉote d’Ivoire and the
isolate from Madagascar used to raise the RYMV-Mg
antiserum were tested. Tests were performed on micro-
slides (26× 76 mm) with 0.7% agarose Type I: Low
EEC (Sigma) in PBS buffer pH 7.2. The experimental

pattern consisted of six peripheral wells 6 mm apart and
7 mm from the central well. Antiserum and antigens
were placed in the central and outside wells, respec-
tively, which were 4 mm diameter and 3 mm deep. The
RYMV-Ma and RYMV-CI antisera were diluted 1 : 32
in PBS buffer, the RYMV-Mg antiserum was diluted
1 : 64. A volume of 10µl was put in the central well
and the same volume of crude extract or purified anti-
gen was placed in the peripheral wells. Precipitin lines
and spur formation were observed against a dark back-
ground over a box with a light source.

Correct interpretation of patterns of double-diffusion
tests is based on a balanced system of antibody and
antigen concentration which depends on experimen-
tal conditions (Ball, 1990; Van Regenmortel, 1982).
The following standardisation of the experiments was
implemented. First, the experiments were repeated sys-
tematically several times. Second, the isolates were
multiplied under similar conditions (rice variety, date
of inoculation and harvest, storage). Third, homoge-
nous concentrations of antigens were checked in TAS-
ELISA with the non-differentiating MAb M (see
below). Fourth, experiments were conducted in paral-
lel with leaf extracts and with purified viral prepara-
tions adjusted to 0.1µg/ml by spectrophotometry. As
the results were consistent, later tests were conducted
with leaf extracts only.

For absorption experiments, the three antisera were
cross-absorbed individually with infected leaf extracts.
Absorption of antisera was done by mixing 1µl of
diluted RYMV-Ma or RYMV-CI antisera with 31µl of
healthy leaf extract diluted 1 : 32, whereas RYMV-Mg
antiserum was diluted 1 : 64. The preparation was incu-
bated at room temperature for 1 h, then cooled on ice for
an additional 30 min before being tested as described
above.

ELISA tests

Tests with polyclonal antibodies were conducted in
DAS-ELISA (Clark and Adams, 1977), with an addi-
tional blocking step by adding 3% skimmed milk
in washing buffer (i.e. PBS with Tween-20) for 1 h
after the coating stage which consistently reduced the
background values. MAbs were used in TAS-ELISA
(Thomas et al., 1986). Microtitre plates were coated
with 1µg/ml γ -globulin from the rabbit polyclonal
antiserum. Leaf sap prepared as described above was
used as the antigen. MAbs in tissue supernatant were
used as the detecting antibodies, and bound MAbs were
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detected with goat anti-mouse globulin/alkaline phos-
phate conjugate (Sigma) diluted 1 : 8000. Dilutions of
antigens and MAbs depended somewhat on the batches
of hybridoma culture supernatants but were generally
1 : 1000 and 1 : 100 for MAb C, 1 : 1000 and 1 : 10 for
MAb M, 1 : 1000 and undiluted for MAb G, 1 : 100
and 1 : 100 for MAb E, 1 : 1000 and 1 : 100 for MAb
F, 1 : 1000 and undiluted for MAbs B and D, 1 : 10 000
and 1 : 50 for MAb A. Absorbances (405 nm) were read
after incubation with p-nitrophenyl phosphate for 1 and
6 h at room temperature and after overnight incuba-
tion at 4◦C. In DAS-ELISA, the same procedure was
followed, except that alkaline phosphatase-conjugated
polyclonal antibody to RYMV was used as the detect-
ing antibody. Background values were less than 0.1
in DAS-ELISA and less than 0.05 in TAS-ELISA and
were not deducted from the readings. A reading above
0.3 was considered as the positive–negative threshold.

RT-PCR tests

Genome fragments with the CP gene of the 19 isolates
were transcribed and amplified by RT-PCR after extrac-
tion of total RNA from leaves. The protocol was essen-
tially that used by Brugidou et al. (1995) and nucleotide
numbers refer to the RYMV genome reported by Ngon
A Yassi et al. (1994). Two pairs of primers were used
to amplify regions including the 720 bp CP gene which
starts with the AUG codon at position 3447 to end at
a stop codon UGA at nucleotide 4166 (Ngon A Yassi
et al., 1994). One pair (primers I and II) had been
designed by Brugidou et al. (1995) and was based on
the sequence of an isolate from Côte d’Ivoire (Ngon A
Yassi et al., 1994). Primer I was complementary to the
23 nucleotides at the end of RYMV-RNA from posi-
tion 4428 to 4450, primer II corresponded to the 16
nucleotides from position 3442 to 3457, and a 1008 bp
product was expected. The second pair (primers A and
B) was designed from conserved regions and used for
isolates not amplified by primers I and II. Primer A
was complementary to the 22 nucleotides from posi-
tion 4300 to 4321, primer B corresponded to the 18
nucleotides from position 3451 to 3468. A 870 bp prod-
uct was expected.

Biological tests

Experiments were conducted to test for biological inter-
action between isolates of the S1 and S2 serogroups.
Rice plants of the susceptible cv. Bouaké 189 were

co-inoculated simultaneously with an S1 isolate and
one of the S2 serogroups. The following pairs of iso-
lates were tested: C12 (S1) and C17 (S2), C2 (S1) and
C13 (S2), C15 (S1) and C8 (S2), C6 (S1) and C1 (S2).
Single inoculations of the S1 or the S2 isolate were
performed as controls. Each individual treatment (sin-
gle inoculation and dual inoculation) was made of five
plants pooled together and each treatment was repli-
cated six times. Virus titre of each sample (singly and
dually inoculated) was tested in TAS-ELISA two weeks
after inoculation with discriminant MAbs A, D, F, and
with the non-discriminant MAb C. A mixture of an
equal volume of sap extract from S1 and S2 singly-
inoculated plants was also tested for comparison. All
the experiments were repeated twice. In addition, the
virus titre was also assessed two and four weeks after
inoculation, and the whole experiment was performed
on the partially resistant cv. ITA 212. Different patterns
of inoculation were tested: simultaneous S1 and S2 co-
inoculation, and a one week time lag between S1 and
S2 or between S2 and S1 inoculations.

In another experiment, 5 S1 and 10 S2 isolates were
inoculated on cv. Bouaké 189 and cv. ITA 212, respec-
tively. Each individual treatment (cultivar× isolate)
was made of five plants pooled together and each treat-
ment was replicated three times. Symptoms were eval-
uated on individual plants 7, 14 and 21 days after
inoculation following the 1–3 scale adapted from John
and Thottapilly (1987). Virus titre was tested 14 days
after inoculation in TAS-ELISA using the RYMV-Mg
polyclonal antiserum as primary antibody and the non-
discriminant MAb C as secondary antibody.

Results

Polyclonal tests

The 19 isolates from Ĉote d’Ivoire fell into two dis-
tinct serogroups designated S1 (five isolates) and S2
(14 isolates). The serogrouping was not dependent on
the antiserum used. Within isolates of each group,
the precipitin lines coalesced whatever the antiserum
used. By contrast, spurs spread from the five S1 iso-
lates to the 14 S2 isolates with the RYMV-Ma anti-
serum. Conversely, spurs spread from S2 isolates to
S1 isolates with the RYMV-CI antiserum. Response
with the RYMV-Mg antiserum was similar to that
obtained with the RYMV-CI antiserum, with spur for-
mation only observed from S2 to S1 isolates. Absorp-
tion tests confirmed the separation of these isolates into
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Table 1. Reactions in diffusion tests of RYMV isolates with strain-specific polyclonal
antisera after cross-absorption with serotypes∗∗∗

Isolates tested Polyclonal antisera

Serotype Number∗ RYMV-Ma (S1)∗∗ RYMV-CI (S2)∗∗ RYMV-Mg (S4)∗∗

Serotype absorbed Serotype absorbed Serotype absorbed

S2 S1 S2 S1 S2 S1

S1 5 + − − − − −
S2 14 − − − + − +
S4 1 + − − + + +
∗Number of isolates tested.
∗∗Polyclonal RYMV-Ma was raised against an S1 isolate from Mali, RYMV-CI against
an S2 isolate from Ĉote d’Ivoire, and RMYV-Mg against an S4 isolate from Madagascar.
∗∗∗‘+’ indicates a discernible precipitate fusion line, ‘−’ no discernible precipitation.

two groups (Table 1). After absorption of RYMV-Ma
antiserum with S2 isolates C1 or C9, the five S1 iso-
lates, but none of the 14 S2 isolates, were detected
in double-diffusion tests. Such specific detection of
S1 isolates was expected assuming that antibodies
directed towards S2 epitopes in antiserum RYMV-Ma
had been precipitated, leaving only antibodies spe-
cific to S1 in the antiserum. Conversely, no reaction
occurred after absorption with an S1 isolate as RYMV
antibodies had been precipitated. After absorption of
RYMV-CI antiserum and RYMV-Mg antiserum with
S1 isolates C11 or C15, all S2 isolates, but none of
S1, were detected (Table 1). Such specific detection
of S2 isolates was also expected, assuming that anti-
bodies directed towards S1 epitopes in RYMV-Mg
and RYMV-CI antisera were precipitated during the
absorption phase, leaving only antibodies specific to S2
in the antisera. Conversely, no reaction occurred after
absorption with an S2 isolate as RYMV antibodies had
been precipitated.

Isolates C6 (S1) and C1 (S2) were multiplied
and purified under similar conditions (see Materials
and methods). After adjusting the virus concen-
tration of each isolate preparation to 0.1 mg/ml
by spectrophotometry at 260 nm, serial dilu-
tions of the purified preparations were tested in
DAS-ELISA using the RYMV-Ma antiserum. Higher
absorbances were obtained with S1 isolate C6
than with S2 isolate C1 either with purified virus
preparations (Figure 1) or with crude extracts (data
not shown). Such higher detection of the S1 isolate
was expected assuming that RYMV-Ma antiserum
contained antibodies specific to S1 epitopes.

Isolate RYMV-Mg was also tested. It did not react
like the S1 or S2 serotypes. In double-diffusion tests

Figure 1. Absorbance (405 nm) of serial dilutions of a puri-
fied virus preparation of S1 isolate C6 (triangle) and S2 isolate
C1 (square) detected in DAS-ELISA with RYMV-Ma antiserum
(plain lines) and with RYMV-Mg antiserum (dotted lines). Con-
trol was with healthy leaf extracts (diamond).

with the RYMV-Mg antiserum, there were spurs from
the RYMV-Mg isolate towards each of the isolates
of Côte d’Ivoire. Moreover, the RYMV-Mg isolate
was detected by RYMV-Mg antiserum after cross-
absorption with either an S1 or an S2 isolate (Table 1).
This indicated that the RYMV-Mg isolate contained
additional epitopes and represented another serotype.
Such serological differences between RYMV-Mg and
both S1 or S2 serotypes would explain why, despite
S2 specific antibodies in RYMV-Mg antiserum (see
above), DAS-ELISA detection of the S2 isolate C1 was
similar to that of the S1 isolate C6 (Figure 1). Only
indirect assumptions can be made on the serotypes of
the isolates used to raise the RYMV-Ma and RYMV-CI
antisera (Fauquet and Thouvenel, 1977; Ngon A Yassi,
1993) as no information on their source was available,
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other than country of origin (Mali and Ĉote d’Ivoire,
respectively). However, the presence of S1 specific
antibodies in RYMV-Ma antiserum and S2 specific
antibodies in RYMV-CI antiserum would be explained
if the isolates from Mali and from Ĉote d’Ivoire were
of the S1 and the S2 serotypes, respectively.

Monoclonal tests

The three MAbs prepared against the RYMV-Ma
isolate detected all RYMV isolates in TAS-ELISA
similarly and could not be used to discriminate
between samples. So only one of them (identi-
fied as MAb M) was kept in the tests as a non-
discriminant MAb (Table 2). Monoclonal antibodies
prepared at the International Institute of Tropical Agri-
culture (IITA) against an isolate from Nigeria recog-
nised one epitope or few linked ones in a collection
of isolates from Burkina-Faso and Mali (Konaté
et al., 1997). The same seven IITA MAbs (refer-
enced 6C71, 6C73, 6C75, 6C78, 4A95, 4A98, 4A912)
were also non-discriminant in our experiments, as
they all detected all isolates of Côte d’Ivoire and
elsewhere (data not shown). By contrast, MAbs pre-
pared against the RYMV-Mg isolate (identified as
A, B, C, D, E, F, G) recognised seven different epitopes
when tested against a range of isolates from various
origins in Africa: each of these seven MAbs had a
specific reaction pattern with the isolates (Table 2).
This higher diversity of MAbs may reflect the specific
immunological properties of the isolate from Mada-
gascar used to prepare the MAbs, distinct from both
S1 and S2 isolates in polyclonal tests (see above),
or the longer immunisation protocol adopted with the

Table 2. Serological profiles of RYMV isolates assessed with MAbs in TAS-ELISA∗ tests

Isolates Monoclonal antibodies (MAbs)

Serotypes Countries∗∗ Number∗∗∗ M C G E B F D A

S1 CI, BF, Gh, Ma, Ni 17 (7) 4 4 4 4 1 3–4 0 4
S2 CI 36 (36) 4 4 4 4 1 0 3–4 0
S3 SL, Ni 3 (0) 4 4 0–2 4 0 0 4 0
S4 Mg, Ta, Ke 8 (0) 4 4 4 4 4 4 4 4
S5 Ta 2 (0) 4 4 4 0 0 4 4 4

∗Absorbances were coded as follows: ‘0’≤ 0.30, 0.30≤ ‘1’≤ 0.60, 0.60< ‘2’ ≤ 1.20,
1.20< ‘3’ ≤ 1.80, 1.80< ‘4’.
∗∗ Abbrevations of Ĉote d’Ivoire (CI), Burkina-Faso (BF), Ghana (Gh), Kenya (Ke), Mali (Ma),
Nigeria (Ni), Sierra-Leone (SL), Tanzania (Ta).
∗∗∗Total number tested; the number in brackets indicates the number of samples from Côte d’Ivoire.

RYMV-Mg isolate (see Materials and methods). The
eight MAbs were immunoglobulins of IgG class. Only
MAb E detected the CP in Western-blot tests (data not
shown). The other MAbs failed to detect it, whatever
the hybridoma supernatant fluid or antigen concentra-
tions. MAb B belonged to the subclass 1, MAbs A, F
and E to the subclass 2a and MAbs G and D to the
subclass 2b.

These eight MAbs were used to assess the response
of isolates from Ĉote d’Ivoire. MAbs M, C, G, and
E reacted similarly with any of the 19 isolates from
serogroups S1 or S2 (Table 2). By contrast, a clear dif-
ferential reaction pattern was observed with MAbs D,
F and A. Consequently, S1 and S2 isolates were distin-
guished readily by these differentiating MAbs. MAb
D detected all S2 isolates, but none of S1. Inversely,
MAbs F and A detected all S1 isolates, but failed to
detect S2 isolates (Table 2). This differential pattern
was consistent, although the optical density (OD) for
a positive reaction with MAbs D, F and A generally
ranked 4 (OD> 1.8), but were sometimes as low as 2
(0.6<OD< 1.2), depending on the virus titre of the
isolates and on the antibody titre in the hybridoma
supernatant. Although MAb B always reacted strongly
with the reference isolate RYMV-Mg and weakly with
S1 or S2 isolates, other reactions were less consistent
between repeats and more difficult to interpret.

Twenty-four additional RYMV isolates from Ĉote
d’Ivoire were tested with the full range of MAbs.
Twenty-three had serological profiles typical of the
S2 serogroup. Only one isolate belonged to the S1
serogroup. Altogether, the S2 serogroup was numeri-
cally predominant in Ĉote d’Ivoire with 14 (vs. 6 S1) of
the 20 isolates collected in 1994/1995, and 22 (vs. 1 S1)
of 23 isolates collected in 1996. We never had a clear
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Figure 2. Map of Ĉote d’Ivoire showing the distribution of the
isolates of S1 (open circles) and S2 (dark circles) and position of
the nearest town.

evidence of S1 and S2 in mixture, as no isolate of Côte
d’Ivoire reacted simultaneously with MAbs D, F and
A. There were pronounced geographical differences in
the distribution of the 7 S1 and the 36 S2 of isolates
from Côte d’Ivoire (Figure 2). With 3 S1 and 33 S2
from the forest vs. 4 S1 and 3 S2 from the Savannah,
the geographical distribution was contrasted with a sig-
nificant relationship between serotype distribution and
spatial distribution between forest and Savannah zones
(χ2 test with Yates correction for small samples= 7.15,
p< 0.01).

Twenty-three samples from other countries in Africa
were tested. The serological pattern of S1 was found
with isolates from neighbouring countries Burkina-
Faso, Ghana, Mali and further away in Nigeria. In
Mali, the S1 pattern was found with isolates from both
O. sativaand the wild perennial species of rhizoma-
tous riceO. longistaminata. By contrast, the S2 pattern
was not found with isolates from outside Côte d’Ivoire
(Table 2). Additional serological patterns were detected
outside Ĉote d’Ivoire. Serogroup S3 includes two iso-
lates from Nigeria and one from Sierra-Leone and
shared a specific combination of reactions positive with
MAbs C, D, E and M, and negative with MAbs A, B, F
and G. The lack of reaction with MAb G distinguished
specifically this serotype from S2 or from any S1 and
S2 mixture. Serogroup S4 includes the five isolates

from Madagascar, two from Tanzania and one from
Kenya, and reacted strongly with all MAbs, including
MAb B (Table 2). This indicated that this serological
pattern was specific and did not result from an S1 and
S2 mixture, but reflected that the MAb series had been
raised against an isolate from Madagascar. Serogroup
S5 includes two other isolates from Tanzania and failed
to react with MAbs B and E whereas giving strong reac-
tions with MAbs A, D, F and G (Table 2). Its serologi-
cal pattern differed from the others and could not result
from mixtures of isolates with the other serotypes.
Altogether, Ĉote d’Ivoire was not the only country
with isolates with different serological patterns as two
serotypes were also found in Nigeria and in Tanzania.

Then, MAbs E and G – like MAbs A, B, D and F –
were discriminant for RYMV isolates, whereas MAbs
C and M which detected all RYMV isolates are likely
to be directed to conserved epitopes, possibly the same
one. A few isolates from Ĉote d’Ivoire and from other
countries reacted with polyclonal antisera, with non-
discriminant MAbs C and M, but failed to react with
any specific MAbs, even when tested with more con-
centrated hybridoma culture supernatants, and were
not classified.

RT-PCR tests

RT-PCR amplification of the genome region with CP
gene was contrasted, depending on the serotype of the
isolate tested and on the pair of primers used. With
primers I and II, amplification of the targeted region
of any S2 isolates was successful and the expected
1 kb band was obtained (Figure 3). Differences in band
intensity were observed, possibly reflecting differences
in starting RNA titre, but PCR re-amplification of
these bands was always achieved. Most isolates from
Madagascar, Kenya and Tanzania with the additional
serological patterns were also amplified successfully
(data not shown).

By contrast, amplification of S1 isolates was less
consistent. S1 isolates C2, C11 and C15 from Côte
d’Ivoire consistently failed to be amplified with primers
I and II whatever the protocol (Figure 3). With iso-
lates C6, C12 and C25 amplification was sometimes
possible, but only when MgSO4 was included in the
PCR reaction mixture. Experiments with purified viral
preparations from S2 isolate C1 (2.6 mg/ml) and S1 iso-
late C6 (3.2 mg/ml) isolates confirmed the differences



174

Figure 3. Ethidium bromide stained 1% agarose gel of RT-PCR
products amplified with primers I and II (top), and with primers
A and B (bottom) from leaf extracts of plants infected with S2
isolates (lanes 2–11: C1, C3, C4, C5, C7, C8, C9, C13, C16, C17),
S1 isolates (lanes 12–17: C2, C6, C11, C12, C15, C25). An isolate
from Mali was in lane 1 and one from Madagascar in lane 18. The
1 kb DNA ladder from Gibco are in lanes M.

of responses: i.e. amplification was always successful
with the purified preparation of the isolate C1 (S2), but
often failed with that of C6 (S1) (data not shown). A
new pair of primers (A and B), was designed on the
basis of the conserved sequences of isolates amplified
successfully and sequenced with primers I and II. With
these primers, all S1 isolates were readily amplified
to give the expected 870 bp band (Figure 3). The S2
isolates were also amplified (Figure 3), as well as the
isolates with the additional serological patterns from
Madagascar, Kenya and Tanzania (data not shown).

Biological tests

RYMV-Mg polyclonal antiserum was used as primary
antibody in indirect DAS-ELISA as it detected S1
and S2 isolates similarly in DAS-ELISA (see above).
MAbs A (and F), specific for S1, and MAb D specific
for S2 were used as secondary antibody to assess virus

titre of S1 or S2 isolates. The non-discriminant MAb C
double inoculations obtained with isolate couples C6
vs. C1, C2 vs. C13, C15 vs. C8, C12 vs. C17 were
similar. Only C12 (S1) vs. C17 (S2) details which are
quantified the overall virus titre, independently of the
serological properties of the isolates.

A similar pattern of reactions was observed among
isolates of the same serogroup. The S1-specific MAbs
A and F only detected RYMV in plants singly inocu-
lated with C2, C6, C12 or C15 of the S1 serogroup.
The S2-specific MAb D only detected RYMV in plants
singly inoculated with C1, C8, C13 or C17 of the S2
serogroup. The patterns of results of single vs. repre-
sentative and typical of all S1/S2 pairing are presented
in Table 3. A specific pattern of reaction was found
in plants co-inoculated with the S1 and S2 isolates;
reactions with MAbs A and F were consistently lower
than those of plants singly inoculated with the S1 iso-
late only, and even lower than that of the S1/S2 mix-
ture. Overall, the MAbs A and F S1-specific reactions
in doubly inoculated S1/S2 plants were significantly
lower than of S1 singly inoculated plants (p< 0.001
after one-way variance analysis). This occurred both
with the highly susceptible cultivar Bouaké 189 and
with the partially resistant ITA 212. This was appar-
ent also in tests 14 and 28 days post inoculation (dpi),
and there was a similarly lower S1 virus titre in plants
doubly inoculated at these two stages (Table 3). Even
when the S2 isolate was inoculated one week later
than S1, lower S1 content in doubly infected plants
was apparent, although only 28 dpi (Table 4). By con-
trast, S2-specific reactions with MAb D in singly and
in doubly inoculated plants (Tables 3 and 4) were sim-
ilar (non-significant difference after one-way variance
analysis).

Fifteen isolates including five S1 and 10 S2 were
inoculated. Symptom score and virus content were
assessed 14 dpi as described earlier. Differences of
symptom expression and virus content among plants
infected with different RYMV isolates were appar-
ent both in the susceptible ITA 212 cultivar and in
the resistant cultivar Moroberekan (data not shown).
Virus content and symptom expression were positively
correlated (r= 0.56,p< 0.05). By contrast, there was
no significant relationship between serotype and virus
content or symptom expression. There was no relation
either between isolate severity and dominance in co-
inoculation tests. For instance, the S2 isolate C13 which
induces mild symptoms dominates in co-inoculation
over the severe S1 isolate C15.
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Table 3. Virus titre in rice cultivars singly or doubly inoculated with S1
and/or S2 serotypes of RMYV and assessed in TAS-ELISA∗∗ tests with
S1-specific (A, F), S2-specific (D) and non-specific (C) MAbs

MAbs Cultivars dpi∗∗∗ Isolates

S1∗ S2∗ S1+S2¶ S1−S2¶

A Bouaḱe 189 14 3.83 0.20 1.89 3.90
28 3.64 0.16 1.73 3.51

ITA 212 14 3.27 0.18 1.18 2.58
28 3.87 0.26 1.04 3.89

F Bouaḱe 189 14 0.92 0.08 0.42 0.62
28 1.17 0.13 0.43 0.72

ITA 212 14 0.65 0.09 0.28 0.53
28 1.13 0.13 0.42 0.70

D Bouaḱe 189 14 0.10 0.62 0.71 0.34
28 0.13 0.80 0.81 0.36

ITA 212 14 0.13 0.46 0.59 0.29
28 0.14 1.72 2.18 0.92

C§ Bouaḱe 189 14 2.82 3.00 3.30 2.98
28 3.75 3.72 3.77 3.73

∗Results given were obtained from inoculation with isolate C12 of S1 and
C17 of S2.
∗∗Positive–negative threshold was set to 0.3.
∗∗∗Number of days post inoculation when the ELISA was done.
¶S1+ S2 indicates the ELISA responses of a co-inoculation of C12 and
C17; S1−S2 indicates the ELISA response of a mixture (v : v) of C12
and C17 sap extracts.
§Only Bouaḱe 189 was tested with MAb C.

Table 4. Virus titre in rice singly or doubly inoculated with S1 and/or S2 serotypes,
assessed in TAS-ELISA tests with S1-specific (A), S2-specific (D) and non-
specific (C) MAbs, with and without a one week time lag (l) between the two
inoculations

MAbs dpi§ Isolates∗

Single inoculation Double-inoculation

S1 S2 S1+ S2∗∗ S1+ S2 (l)∗∗∗ S2+ S1 (l)¶

A 14 2.55 0.18 0.93 2.91 1.03
28 2.44 0.28 1.71 1.51 1.33

D 14 — — — — —
28 0.91 1.33 1.39 1.62 1.61

C 14 3.88 3.69 3.63 3.87 3.86
28 3.97 3.89 3.99 3.89 3.98

∗Results given were obtained from inoculation with isolate C12 of S1 and C17 of
S2.
∗∗Plants simultaneously inoculated with S1 and S2.
∗∗∗Plants inoculated first with S1, and one week later with S2 (l).
¶Plants inoculated first with S2, and one week later with S1 (l).
§Number of days post the first inoculation when the ELISA test was done.
— not tested.
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Discussion

In Côte d’Ivoire, immunological diversity of the
RYMV isolates assessed with polyclonal and mon-
oclonal tests was apparent with consistent grouping
into serogroups designated S1 and S2. First, isolates
fell into two groups in double-diffusion tests with
each of the three polyclonal antisera used. Second,
this grouping was confirmed in double-diffusion tests
after absorption of the antiserum, where isolates of one
serogroup were recognised by the homologous anti-
serum after absorption with an isolate of the other
serogroup. Third, S1 isolates were preferentially recog-
nised in DAS-ELISA using an antiserum with anti-
bodies specific of S1 epitopes. Fourth, this S1/S2
split was confirmed in TAS-ELISA using MAbs as
secondary antibodies. The MAbs F and A readily
detected S1 isolates, but not S2 isolates, whereas the
reverse was true with MAb D which detected S2 but
not S1 isolates. Overall, these results suggested that
serogroups S1 and S2 differed by a specific com-
bination of epitopes. The S1 isolates had epitopes
specifically detected by antibodies of the RYMV-Ma
polyclonal antiserum and by MAbs F and A. Con-
versely, they lacked epitopes present in S2 isolates
detected by antibodies of RYMV-CI and RYMV-Mg
antisera and by MAb D. Although most isolates from
Côte d’Ivoire could clearly be assigned to serotypes
S1 or S2, a few samples failed to be classified because
of weak reactions with the discriminating MAbs. This
was possibly due to low virus content in the leaf
extracts or, alternatively, reflected specific serologi-
cal properties of these isolates undetected by these
MAbs.

The results of polyclonal and monoclonal tests were
consistent and complementary. The clear-cut S1/S2 dif-
ferences apparent in polyclonal tests suggested that
the RYMV serological diversity in Ĉote d’Ivoire did
not form a continuum. Conversely, tests with serotype-
specific monoclonal antibodies were more precise and
easier to implement for isolate classification, and were
the only practical approach when testing many sam-
ples or several serotypes. Non-specific MAbs were
also used successfully to quantify RYMV titre inde-
pendently of the serotype used, an important feature
for crop breeding programmes. The ability of specific
MAbs to detect different serotypes was also useful
to monitor simultaneously the replication of the two
serotypes within doubly-inoculated plants (Halk and
De Boer, 1985).

The S2 serotype predominated in Côte d’Ivoire.
The geographical pattern of the distribution of the
serogroup was not random, S2 isolates were more
prevalent in the centre and the south of Côte d’Ivoire,
and S1 in the north although the S1 serotype was a
minority overall in the country. Preferential distribu-
tion of the S1 serogroup in the north of Côte d’Ivoire
was consistent with detection of S1 isolates from Mali
and Burkina-Faso to the north. Three additional sero-
logical patterns were detected, one (S3) in Nigeria and
Sierra-Leone (West-Africa) and two (S4 and S5) in
East-Africa (Madagascar, Tanzania and Kenya) which
showed that the serological diversity of RYMV was not
limited to that found in Ĉote d’Ivoire. Furthermore, as
in Côte d’Ivoire, several serotypes can co-exist in the
same country.

There were links between the immunological
responses of the S1 and S2 isolates from Côte d’Ivoire
and some of their molecular and biological properties.
Contrasted amplifications of S1 and S2 isolates were
found in RT-PCR tests. Amplification of S1 isolates
generally failed with the first pair of primers (I and II)
developed against an S2 isolate, whereas it was success-
ful with both S1 and S2 isolates with the second pair
of primers (A and B). This indicated that the sequences
targeted by primers I/II differed between S1 and S2 iso-
lates and reflected differences in molecular properties
between isolates of the two serogroups. More generally
there was a good correspondence between the serologi-
cal typing and the molecular typing through sequencing
of the CP gene of RYMV isolates (N’Guessan, 1999)
which indicates that strain-specific MAbs are useful
tools in epidemiological studies to assess strain identity
and interaction.

Within a set of isolates of related strains, many
possibilities of interaction exist including reciprocal
cross-protection of varying degrees of completeness,
unilateral cross-protection and no cross-protection
(Matthews, 1991). S1/S2 interaction is clearly uni-
lateral as S1 virus titre decreased whereas S2
remained stable after co-inoculation. This was appar-
ent through immuno-detection of the CP, and also
through sequencing of RT-PCR products from S1/S2
co-inoculated extracts which resulted in the S2 consen-
sus sequence (A. Pinel and D. Fargette, unpublished
results). In our experiments, S1 persisted in the co-
inoculated plants albeit at a low level. Nevertheless,
successive transmission by beetles of such mixtures
with S2 prevalence may progressively lead to S1
elimination. This would explain why, although S1 and
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S2 isolates were sometimes found in nearby sites of
Côte d’Ivoire, we did not find any isolate reacting
serologically like an S1/S2 mixture with simultaneous
reactions against MAbs A, D and F. This may also
explain the present S2 prevalence in Côte d’Ivoire. It
is not known whether the higher proportion of the S2
serotype in surveys conducted after 1995 compared
to those made earlier was due to an increased inci-
dence of S2 or only reflected sampling variation. It
is not excluded however that, because of S2 domi-
nance over S1, the S2 serogroup is currently spreading
in the country at the expense of S1. As S1 decrease
occurred even when it was inoculated first, S1/S2
interaction cannot be assimilated to cross-protection
which implies that the strain inoculated first prevents
further infection from the challenging strain (Urban
et al., 1990). This did not reflect either faster virus mul-
tiplication or higher severity of S2 isolatesper sein
theO. sativa indicavarieties tested. Interactions with
other strains such as S4 found in East-Africa was also
suggested as symptoms of S1/S4 or S2/S4 doubly-
infected plants were sometimes more severe than those
induced by a single strain (D. Fargette and A. Pinel,
unpublished results). Differences in thermosensitivity
between strains is well documented (Matthews, 1991)
and experiments are currently conducted to assess
whether this contrasted south/north distribution of S1
and S2 isolates could reflect such differences, with
lower temperature of the south and centre of Côte
d’Ivoire favouring S2 and hotter temperatures in the
north favouring S1.
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