
Epidemiol. Infect. (1994), 112, 201-211 201
Copyright © 1994 Cambridge University Press

Analysis of mixed foot-and-mouth disease virus infections in
Saudi Arabia: prolonged circulation of an exotic serotype

E. L. WOODBURY1, A. R. SAMUEL2*, N. J. KNOWLES2, S. M. HAFEZ3
AND R. P. KITCHING3

'Kings College, University of London, Campden Hill Road, Kensington,
London W8, UK

2AFRC Institute for Animal Health, Pirbright Laboratory, Ash Road,
Pirbright, Surrey GU24 ONF, UK

3C/O National Agriculture and Water Research Centre, PO Box 17285,
Riyadh 11484, Saudi Arabia

(Accepted 5 August 1993)

SUMMARY

Plaque purification of foot-and-mouth disease (FMD) type 0 viruses isolated
from cattle in Saudi Arabia showed the presence of mixed serotype infections.
Sixteen out of 31 samples collected between 1985 and 1991 also contained Asia 1
virus, a serotype which had previously only been isolated from a single outbreak
in that country in 1980. Nucleotide sequences of the Asia 1 component of all these
samples revealed little variation and showed that they were closely related to both
a Russian lapinized vaccine virus strain (Asia 1/Tadzhikistan/64), and to a field
isolate from Turkey (Asia 1/TUR/15/73). Although mixed FMD infections have
been observed previously this is a first report of a serotype, considered to be exotic
to a country, co-existing undetected for an extended period of time.

INTRODUCTION

Foot-and-mouth disease (FMD) is endemic in most Middle Eastern countries
with serotype 0 being the most prevalent. Outbreaks due to serotypes A and Asia
1 occur sporadically whereas those due to serotypes C, SAT 1 and SAT 2 are rare.
Some epizootics have swept through the Middle East to threaten parts of Europe,
notably SAT 1 in 1962-5, A22 in 1964-5 [1, 2] and Asia 1 in 1973 [3] and 1983-4
[4]. Recent studies have shown that the Middle East strains of FMDV serotype 0
are serologically distinct from those in Europe and South America. During the
period 1987-8 an antigenic shift appears to have occurred [5].

In Saudi Arabia outbreaks of FMD attributable to types 0, A, C, Asia 1 and
SAT 1 have occurred. Recent control campaigns have utilized vaccines incorpor-
ating serotypes 0, A, C and Asia 1. Since 1971, when samples were first submitted
to the OIE/FAO World Reference Laboratory (WRL) for FMD from Saudi
Arabia, serotype 0 has been recorded in 1971-3, 1978, 1980-93; serotype A in
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1973, 1976, 1984, 1986-7 and 1991-3; serotype Asia 1 in 1980 and 1992; serotype
C in 1984; and serotype SAT 1 in 1962 and 1970. During 1988 the number of
reported outbreaks increased significantly particularly in the large dairy farms
around Riyadh.

Antigenic analysis of serotype 0 viruses isolated from Saudi Arabia showed that
while some isolates reacted strongly with a monoclonal antibody (MAb) to
O1/Lausanne/Switzerland/65 others exhibited little or no reactivity [6]. The
reactivity of this MAb has been mapped to the G-H loop on ID"'P (VPI) which
lies between amino acid residues 129 and 165 [7]. It was considered that plaque
purification and sequencing of these phenotypically different strains might help to
identify the cause of this phenomenon. This paper reports results obtained during
such a study.

MATERIALS AND METHODS

Cell cultures
Monolayers of primary bovine thyroid (BTy), secondary calf kidney (CK) or

continuous pig kidney (IB-RS-2) cells were used in the original isolation
procedures. Subsequently baby hamster kidney (BHK-21) cells were also used. All
the cells were grown in Eagle's MEM containing 5% normal bovine serum and
antibiotics. Serum-free medium was used during virus growth.

Viruses
The origin of the virus isolates used in this study are shown in Table 1. Stock

viruses were passaged on 175 cm2 flasks of IB-RS-2 monolayers. When CPE was
complete the supernatant was clarified at 2000 g for 5 min, an equal volume of
sterile glycerol added and the virus stored at -20 °C.

Plaque purification
Six-well tissue culture plates confluent with IB-RS-2 cells were washed twice

with calcium and magnesium-free PBS. Virus dilutions were made in the range
10-l-10-6 in Eagle's MEM. Aliquots of the virus dilution (200Qul) were added and
left to adsorb for 30 min at 37 °C. The inoculum was removed and the cell sheet
washed twice with PBS and overlayed with 3 ml of Eagle's MEM containing 1 6%
agar and 1 % normal bovine serum at 43 'C. When the agar had set the plates were
covered in 'cling film', inverted and incubated for 18 h at 37 'C. Plaques were

picked using a pasteur pipette and resuspended in 1 ml of Eagle's MEM. Aliquots
(200 ul) were inoculated onto flasks containing confluent monolayers of IB-RS-2
cells. When CPE was complete the supernatant was treated as described above.
These viruses were subjected to a further two plaque purification procedures. In
some of the later procedures a 1/50 dilution of either anti-Ol/BFS 1860/UK/67
or anti-Asia 1/PAK/1/54 guinea-pig serum was added to the overlay medium to
suppress the growth of the homologous serotype.

Monoclonal antibody analysis
A panel of MAbs raised against the reference strain 0,/Lausanne/Switzerland/

65 [8, 9] and characterized by sequencing neutralization escape mutant viruses [7,
10], was used in a trapping (capture) ELISA [11] to obtain antigenic profiles.
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Table 1. Foot-and-mouth disease virus isolates analysed in this study

WRL
ref. no.

SAU/2/83
SAU/4/83
SAU/11/85
SAU/ 17/86
SAU/ 1/87
SAU/34/87
SAU/1/88
SAU/8/88
SAU/24/88
SAU/28/88
SAU/30/88t
SAU/33/88
SAU/34/89
SAU/35/89
SAU/36/89
SAU/40/89
SAU/56/89
,SAU/17/90
SAU/18/90
SAU/ 19/90
SAU/25/90
SAU/26/90
SAU/30/90t
SAU/35/90
SAU/36/90
SAU/3/91
SAU/7/91 t
SAU/15/91
SAU/16/91
SAU/40/91
SAU/42/91
LIB/6/88
TUR/8/88
EGY/2/89
TUN/3/89
ALG/3/90
MOR/ 1/91

Geographical location
Al Kharj, Saudi Arabia
Riyadh, Saudi Arabia
Al Kharj, Saudi Arabia
Al Kharj, Saudi Arabia
Al Jouf, Saudi Arabia
Haradh, Saudi Arabia
Al Quatif, Saudi Arabia
Al Kharj, Saudi Arabia
Al Kharj, Saudi Arabia
Al Kharj, Saudi Arabia
Riyadh, Saudi Arabia
Riyadh, Saudi Arabia
Al Kharj, Saudi Arabia
Al Kharj, Saudi Arabia
Al Kharj, Saudi Arabia
Al Kharj, Saudi Arabia
Todhia. Saudi Arabia
Al Jouf, Saudi Arabia
Afif, Saudi Arabia
Quatif, Saudi Arabia
Thadiq, Saudi Arabia
Al Hair, Saudi Arabia
Al Kharj, Saudi Arabia
Al-Majmaa, Saudi Arabia
Rivadh, Saudi Arabia
Al Medyan, Saudi Arabia
Al Kharj, Saudi Arabia
Al Kharj, Saudi Arabia
Al Kharj, Saudi Arabia
Quasim, Saudi Arabia
Gizan. Saudi Arabia
Bin Walid, Libya
Oguzeli, Gaziantep, Turkey
Ismailia, Egypt
Tunisia
Algeria
Morocco

Date
collected§
00/00/83
00/00/83
26/11/85
07/09/86
00/00/87
00/00/87
19/01/88
28/09/88
29/10/88
01/01/88
100/10/88
15/12/88
00/00/89
00/00/89
00/00/89
00/00/89
25/08/89
00/00/90
00/00/90
00/00/90
29/07/90
26/11/90
11/09/90
05/12/90
10/12/90
19/02/91
05/01/90
29/06/91
30/06/91
10/08/91
27/08/91
23/08/88
11/05/88
00/00/88
00/00/89
15/05/90
00/00/90

Animal
Cattle
Cattle
Cattle
Cattle
Sheep
Cattle
Cattle
Cattle
Cattle
Cattle
Cattle
Cattle
Not known
Not known
Not known
Not known
Cattle
Sheep
Sheep
Cattle
Cattle
C(attle
Cattle
Sheep
Cattle
Cattle
Cattle
Cattle
Cattle
Cattle
Cattle
Not known
Cattle
Buffalo
Cattle
Cattle
Sheep

Serotypes
isolated

0
0
0. Asia 1
0, Asia 1
0, Asia 1
0
0, Asia 1
0, Asia 1
0, Asia 1
0, Asia 1
0
0
0, Asia 1
0, Asia 1
0, Asia 1
0
0, Asia 1
0
0
0
0
0
0
0
0, Asia 1
0
0, Asia 1
0, Asia 1
0, Asia 1
0
0, A, Asia1
0
0
0
0
0
0

* OIE/FAO World Reference Laboratorv for Foot-and-Mouth Disease reference number.
t nomadic animals.
I carrier animals.
§ 00, date not known.

Briefly, viruses to be tested were reacted with a panel of MAbs and the reactivity
compared to that of the homologous virus. Results were expressed as a percentage
of the homologous reaction.

Enzyme-linked immunosorbent assay
Typing assays were performed using antisera prepared against all seven

serotypes of FMDV as previously described [12].
The viruses were compared by one-way liquid phase blocking sandwich ELISA
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using sera from vaccinated cattle according to the method of Kitching and
colleagues [13]. The assay measures the residual antigen remaining after overnight
reaction between dilutions of a reference antiserum and pre-titrated antigen
prepared from the field isolate or the homologous reference strain. The serum titre
obtained at 50% of the maximum optical density is used to calculate the
relationship (r) value and interpreted according to the criteria described by
Samuel and colleagues [5].

Nucleotide sequence analysis
Two oligonucleotide primers designated pNK1O (5'-GAAGGGCCCAGGGT-

TGGACTC) complementary to the last 15 nucleotides of the 2A gene and the first
six nucleotides of the 2B gene and pCP14 (5'-CCTTCACAAATCTGTCC)
complementary to nucleotides 108-124 in the lDcap gene were used.
The sequence of approximately 170 nucleotides at the 3' end of the IDC,P gene

was determined for all the plaque isolates by direct RNA sequencing using the
dideoxy chain-termination method [14-16]. Additionally the sequence of the
region spanning the IC/ID junction was determined for one of the isolates.

Sequences were analysed using computer programs written by one of the
authors (NJK) and from the PHYLIP phylogeny package [17].

RESULTS

Plaque morphology
Virus isolated on BTy cells from the original epithelium of the sample

designated O/SAU/8/88 was subjected to plaque purification and 10 plaques were
picked. Five had a large plaque phenotype (4 mm diameter) and were designated
P1-P5 and five had a small plaque phenotype (1 mm diameter) and designated
P6-PlO.

Monoclonal antibody analysis (antigenic profiling)
Plaque isolate SAU/8/88 (P1) exhibited reduced binding to all MAbs and

approximately one third of the expected binding to the polyclonal positive
control. Plaque isolate SAU/8/88 (P7) showed expected binding levels on the
antigen controls (approx. 12 o.d.) and to the MAbs.

Enzyme-linked immunosorbent assay
SAU/8/88 (P1) and SAU/8/88 (P7) were chosen as representative plaque

isolates for examination by ELISA. They were compared with the O1/Manisa/
Turkey/69 and O1/BFS 1860/UK/67 reference strains. Sucrose density gradient
purified material that had been quantified spectrophotometrically was used in the
ELISA so that a known amount of each virus was reacted in the assay. Isolate P7
was found to be most closely related to the Ol/Manisa/Turkey/69 reference strain
(r > 10). The reactivity of SAU/8/88 (P1) in the assay was too low for useful
comparisons to be made. It was concluded that this isolate was so different
antigenically that the polyclonal trapping antibody failed to bind the virus at
sufficient levels.
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157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 160 181 182 183 184 185 186
Tadhilk. /64 TTA CCC ACC TCC TTC AAC TAC 000 OCT OTC AO OCT GAC ACC ATC ACT 00 CTO TTO ATC COC ATO ARA COC Oca GA ACT TAC TOC CCT
TUR/ 15/73 ---__ _ _ _ _____
06U/11/85 C-- --- --- --- --- --- --*C-- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --*
AkU/17/S6 C-- --- --- --- -- C-- --- --C --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --* --- --- --- *--
SAV/1/87 --- - -- - -- - -- --- - -- - -- --- --- - -- - -- --- --- --- --- - -- - -- --- -- -

8AV/1/88 - --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --T --- --- --- --- --- ---

8AV/8/88A C-- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --T --- --- --- --- --- --- --- --- --- --- ---

SAVX/88Be --- --- --- --- --- --- --- __* __ ___ **- *- -- ---__
8A1J/8/88C C-C --- --- --- --- --- --- C-- --- --- --- --- --- --- --- --- --*- --- --* --- --- --- --- --* --- --- *-- --- --- ---

BAU/24/88 c-a -- --T --- --T --- --- *-- --- *-- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- *--
BAV/28/86 - --- --- --- - -- -- - -- - --- -- - - -- - -- --- -- - -- - --- - -- --- --- --T --- - -- --- -- -

BAU/34/89 C-- -*- --- --- --- --- --- *-- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- ---* **- --- *-- --- --- ---

8AU/35/89 C-- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- *-- --- *-- --- --- ---

8AU/56/89 C-- --- --- --- --- --- --- C-- --- --- --- --- --- --- --- --- --- --- --A --- --- --- --- --- ---- *-- --- --- ---

8AU/36/90 C-- --- *-- --- --- --- --- C-- --- --- -X- --- -*- ------- --- --- --- --- --- --- --- --- ----- --C --- --- ---

SkU/7/91 C-* --- --- --- --- --- -- *-- --- --- --- --- -- -- --- --- --- --- -- --- --- -C --- -- -- --- --- --- --- ---

BAU/15/91 ---C --- --- ---

SAU/l6/91 C-- --- --- --- --- --- --* C-- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- *-- --- --- ---

8AU/42/91 --- *-- --- --- --- --- *** --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- *-* --- --- --- --:- ---

BAU/ 9/92 C-G --- - -- --- --- --- - -- --C--C --A --- --- --A --- - -- - -- - -- - --T --- - -- - -- - -- - -- - -- - -- - -- ---A --- - -- ---C
8AU/10/92 c-a --- --- --- --- --- --- --cC- --A --- --- --A --- --- --- --- --T --- --- --- --- --- --- --- --- --A --- --- --C
8AU/2/80 C-T --- --- --- --- --- --- --T ----* *-- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --C

187 188 199 190 191 192 193 194 195 196 197 198 199 200 .201 202 203 204 205 206 207 208 209 210 211
Tadzhik./64 AGA CCT TTO TTG acc cTa aAc ACC ACC CAaG AC COC COC AkA CAa Gas ATC ATT OCA CCT aaa sAA Cza GCT CTG
TR/ 15/73 --- --- --A --A --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- -- -

BAU/11/65 --- --- --- --- --- --- ---_ -__*-
LakU/17/86 --- --- --- --- --- --- --- --- --- --- *-- --__ -__*-
SkU/1/67 --- --- --- --- --- --- ---

SAXJ/1/88 --- --- --- --- --- --- --- ------ -__*_ ___ _*_-_ __
SAU/9/88A *-- --- --- --- --- --* --- --- --- --- *-- --- --- --- --- --- --- --- -*- --- ---*---**--
SAu/sS/8 --- --- --A --- --- --- --- --* --- --- *-- --- --- --- --- ---

sAu8/88sC --- --- --- --- --- --- --- --- --- --- *-- --- --- --*--- --- --- --- - - -
SAU/24/88 --- --- --- --- --- --* -

BAU/28/88 --- --- --- --- --- --- --- --- --- --- *-- --- -* * _
BAU/34/89 --- --- --* --- --- --- --- --A --- --- *- - - -- --- --- ---*--
SAU/35/89 --- --- --___
SkU/36/89 --- --- --- --- --- --- --- --- --- --- *-- --- --- --- --- --- --- --- -* --- ---

SkU/56/89 --- -
AU/36/90 --- --- --- -*A- --- --- --- --- --- --- *__ --- ---

SkU27/91 --- --- -** --* *-- *-- --- ---

BAU/15/91 --- --- --- --- --- --- --- --- ---- -T ----__
SA16/9 --91--
SkU/42/91 --- --- --- --*--- --- --- --- --- --- *-- --- --- *-- --- --- --- --- --* a -
SkU/ 9/92 --G --- --- C-A --T --T -- - -- - --T --- --- -- - -- - - -- --- --- -- - --- --- --- --- --A ----A ---

SkU/10/92 --Q --- --- C-A --T --T --- --- --T --- --- --- --- --- --- --- --- --- --- --- --- *-A------
SAU/2/60 --- C'--- --A -- C--T --- --- --- --- --- --- --- ----C ---- --- --- --- --- --- --A

(b)
IC
186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210

T-dxhikieta/64 ATC TAC CAG ATC ACA C&C GOC AAA GMTGAJ GA C OCA CTG OTC OTT TCC OTC SGC GCC GGC OAG CTTGA
SAU/8/88 --- - -- - -- - -- - -- - -- - -- - -- - -- - -- - -- - -- - -- - -- - -- - -- - -- - --T - -- - -- - -- - -- - -- - -- -- -

1C/ 1D
211 212 213 214 215 216 217 218 219 220/001 002 003 004 005 006 007 008 009 010 Oil 012 013 014 015

Tafthikista/64 TTT CGC TTG CCA GTG T GCG CGC CG CAG/ACT ACT ACC GCT G A TCT GC& T CCJAM ACA ACC ACG T
SAU/8/88 - -- - -- - -- - -- - -- - -- --- --- -- --- / -- - - --- -- ------------------

016 017 01/ 019 020 021 022 023
Tafthikista/64 GGAAT TAC GA GM " ACT CAG
BAU/8/88 --- --- * --- ** - --- --- ---

Fig. 1. (a) Nucleotide sequences of the 3' end of theAD gene of the FMDV AsiaT
isolates from Saudi Arabia. (b) Nucleotide sequences of the 3' end of the 1C gene of
the FMDV Asia 1 isolate SAU/8/88 compared to that of Asia 1/Tadzhikistan/64.
* Sequence ambiguity (identity of nucleotide could not be determined).

Nucleotide sequence analysis
The nucleotide sequence of the 3' end of the IDoap coding region of the virion

genome was determined and the sequences obtained for SAU/8/88 (PI) and
SAU/8/88 (P7) were compared. The nucleotide sequence analysis revealed that
whilst the SAU/8/88 (P7) sequence was the same as that previously determined
for the original unplaqued O/SAU/8/88 isolate [6], the SAU/8/88 (PI) sequence
showed that this isolate belonged to the Asia 1 serotype (Fig. 1).
The nucleotide sequence obtained for SAU/8/88 (PI) was compared to other

available Asia I sequences and was shown to be most closely related to the
sequence of a virus isolated from Tadzhikistan SSR in 1964 [18] and to
TUR/15/73 [19]. These viruses were not closely related to either SAU/2/80, the
first occurrence of Asia I in Saudi Arabia, or to SAU/9/92 and SAU/10/92 which
were isolated from samples received during the progress of this investigation
(Fig. 2).
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I SAU/10/92I SAU/9/92
SAU/8/88 (20)
TUR/15/73
SAU/34/89 (68)
SAU/8/88 (11)
SAU/1/88 (55)
SAU/17/86 (45)
Tadzhikistan/USSR/64
SAU/1/87 (50)
SAU/1 1/85 (40)
SAU/36/89 (76)
SAU/42/91 (106)
SAU/28/88 (64)
SAU/16/91 (100)
SAU/36/90 (85)
SAU/8/88
SAU/56/89 (80)
SAU/2/80

9 8 7 6 5 4 3 2 1 0
Percentage nucleotide difference (nt 469-633 of ID)

Fig. 2. Dendrogram showing the relationships between the Saudi Arabian FMD
Asia 1 viruses, Asia 1/Tadzhikistan/64 and Asia 1/Turkey/15/73.

Serotyping by ELISA
Virus typing was performed on the 10 plaque isolates of SAU/8/88 (P1-PlO).

Results showed that plaques P1-P5 (the large plaque phenotype) were of serotype
Asia 1 and plaques P6-P10 were serotype 0.

Passage on different cell cultures
The isolate SAU/8/88 was serially passaged five times on either BTy, CK, IB-

RS-2 or BHK-21 cells and the supernatant fluids were then serotyped by ELISA
as described by Roeder and Le Blanc Smith [12]. All samples typed as serotype 0.
The Asia 1 component had not been amplified to an extent where it was detectable
by ELISA.

Examination of additional FMDV type 0 isolates
The study was expanded to include virus isolates from different regions within

Saudi Arabia and during 1983-91 (Table 1; Fig. 3). Because serotype 0 strains
circulating in North Africa are related to the Saudi Arabian group of isolates (A.
R. Samuel and N. J. Knowles, unpublished data), viruses from Algeria (O/ALG/
3/90), Tunisia (O/TUN/3/89), Morocco (O/MOR/1/91), Libya (O/LIB/6/88),
Turkey (O/TUR/8/88) and Egypt (O/EGY/2/89) were subjected to the plaque
isolation procedure described using type 0 antiserum. In no case was Asia 1 virus
isolated.
Many of the samples from Saudi Arabian farms were negative for dual infection

(Table 1). However, one sample (SAU/42/91) from Gizan in the south-west of the
country contained three different serotypes - 0, A and Asia 1. FMDV type Asia 1
was isolated from samples that had originally been typed as 0 during successive
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Fig. 3. Map showing the origin of the samples from Saudi Arabia which were tested for
mixtures ofFMDV serotypes. Type 0 viruses were isolated from all the samples, types
0 and Asia 1 from those contained in a single box and types 0, A and Asia 1 from the
isolate in a double box.

years from 1985 until 1991. Most of these samples were from farms around the
Riyadh and Al Kharj areas, although SAU/1/87 was from Al Jouf in the north,
SAU/1/88 from Quatif in the east and SAU/42/91 in the south west (Fig. 3).

DISCUSSION

The phenomenon of mixed serotype FMDV infections is not new. Hedger [20]
showed that it was possible to isolate viruses of serotypes SAT 1, SAT 2 and SAT
3 from oesophageal/pharyngeal fluid collected from African buffalo (Syncerus
caffer) in Botswana. Here, however, we show for the first time that a serotype
thought not to be present in a region has persisted undetected in cattle alongside
another endemic serotype. It has been reported that during the course of an

epizootic of FMD the serotype of the virus changed. It had been postulated that
high mutation rates could be responsible or that latent infections had been
triggered when a secondary infection ofFMDV had occurred [see refs in 21]. Also,
serological tests which gave reactivities with two or more serotypes were

sometimes explained as being due to non-specific cross-reactions. It has been usual
to passage a virus isolate showing minor cross-reactions in serological assays

(complement fixation or ELISA) until a clear typing was obtained.
The possibility of laboratory contamination was discounted by repeating the

plaque isolation from the SAU/8/88 sample after re-isolation from the original
epithelial material received by the WRL. Isolation and plaquing from the

8 HYG 112

SAU/18/90 - - - - - - - - - - - - _ - - - - - -

SAU/15/91 - - - - - - - - - -

SAU/16/91|---

SAU/34/8 -----

SAU/35189 -G- iSAU/36/89 Gizan

SAU/30/90 - \
- - -- -- -- - - -SAU/2/83

- SAU/4/83
|SAU/1/85
SAU/17/86
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epithelial material was also carried out independently. In all cases, the viruses were
initially identified as serotype 0, yet Asia 1 virus was recovered from the samples.

All the plaque isolates examined were closely related to each other and to a
rabbit attenuated Russian vaccine virus strain [18] which originated in
Tadzhikistan in 1964 and to an isolate from an outbreak in Turkey in 1973
(TUR/15/73) [19] (Fig. 2). They were not closely related to isolates of Asia 1
received from FMD outbreaks in Saudi Arabia in 1992 (> 9% nucleotide
difference). These 1992 isolates are most closely related to another vaccine strain
Asia 1/IND/8/79 [19]. Interestingly, some of these samples were typed by ELISA
as mixtures of type 0 and Asia 1. The plaque isolates were not related to the
isolate Asia 1/SAU/2/80 which was isolated from the first outbreak of Asia 1 in
Saudi Arabia in 1980 [22].

Finding type A in one of the isolates was less surprising since outbreaks due to
this serotype have occurred in Saudi Arabia since 1991. Sequence analysis showed
that the type A component of the SAU/42/91 isolate was most closely related to
a group of viruses which caused outbreaks in Turkey during 1991-2 [23] and Saudi
Arabia in 1991 (A. R. Samuel, unpublished data). The Saudi Arabian viruses were
not closely related to the previous type A outbreak strains from 1986-7 [24] which
were more closely related to viruses from the Indian sub-continent [25]. Recent
samples received from Saudi Arabia in 1993 have been typed as mixtures of type
O and A and similarly samples from two outbreaks in Turkey in 1991 have also
been found to be mixtures of serotypes 0 and A. During the 1984 outbreak of
FMD type C in Saudi Arabia, one isolate, SAU/1/84, was found to be a mixture
of types C and 0 (WRL records). Table 2 lists samples from cattle which have been
received by the WRL since 1967 and which were identified as mixtures of two or
more serotypes; however, the possibility that some were laboratory contaminants
cannot be discounted.

Preliminary animal experiments at this institute using SAU/8/88 have shown
that both the 0 and Asia 1 components of the sample can transmit together (F.
Davidson, J. Salt, unpublished data).

Possible origins of the Saudi Arabian Asia 1 virus include: (i) the virus has
persisted in a sub-clinical form since its initial introduction into Saudi Arabia in
1980; (ii) the virus has been introduced on one or a number of occasions from an

area which has been using the Asia 1/Tadzhikistan/64 strain (or a closely related
virus), either as a live attenuated vaccine or as an improperly inactivated vaccine;
(iii) the virus has been circulating as a sub-population of the type 0 virus for some
years; (iv) parts or all of the capsid-coding region of an inactivated Asia 1 vaccine
strain have been rescued by recombination with a type 0 field virus.

It is improbable that the Asia 1 virus has persisted in Saudi Arabia since 1980
because the genetic difference between the viruses isolated between 1985 and 1991
and the field virus from 1980 (SAU/2/80) is so large (c. 5.5% nucleotide difference)
and because of the close relationship between the 1985-91 isolates and
Tadzhikistan/64 (< 2% nucleotide difference). Asia 1 viruses similar to Tadzhiki-
stan/64 have, so far, not been recovered from type 0 infections occurring in
countries other than Saudi Arabia, even from very closely related type 0 viruses.
Although evidence of experimental and natural heterotypic recombination has
been documented [26, 27] and genome fragments may be recovered from
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Table 2. Previously identified mixed serotype infections of
foot-and-mouth disease virus*

WRL Serotypes
Year Country ref. no. isolated
1971 India IND/7/71 A+O
1972 Afghanistan AFG/1/72 O+Asia 1
1972 Uganda UGA/81/72 O + SAT 1
1973 Malawi MAL/43/73 SAT 2+A
1984 Saudi Arabia SAU/1/84 C+O
1990 Nepal NEP/115/90 O+C
1991 Kenya KEN/22/91 O+A+SAT 2
1991 Kenya KEN/26/91 A+SAT 2
1991 Kenya KEN/31/91 O+SAT 2
1991 Saudi Arabia SAU/46/91 O+Asia 1

SAU/50/91
1991 Saudi Arabia SAU/32/91 O+A
1991 Turkey TUR/9/91 O+A

TUR/12/91
1992 Saudi Arabia SAU/7/92 O+Asia 1

SAU/8/92
SAU/1 1/92

1992 Saudi Arabia SAU/34/92 O+A
SAU/35/92
SAU/36/92
SAU/42/92

1993 Saudi Arabia SAU/6/93 O+A
SAU/7/93
SAU/9/93

* Compiled from the records of the OIE/FAO World Reference Laboratory for Foot-and-
Mouth Disease.

inactivated vaccines by polymerase chain reaction amplification [28] the viruses
recovered show no relationship to Asia 1 vaccine strains known to have been used
in Saudi Arabia between 1985 and 1991. We therefore feel that the second
possibility is the most likely explanation.

Because the Asia 1 serotype is co-infecting and is able to survive within these
populations of animals in the farms around Riyadh, the potential exists for the
Asia 1 to cause disease when the opportunity presents itself. At the moment there
is no evidence that any outbreaks of FMD have been caused by this virus even
though Asia 1 has been isolated from samples from as early as 1985. However, it
could be possible that the clinical signs of this particular strain are so mild that
infection occurs but remains undiagnosed or are not reported to the authorities.
We plan to experimentally infect animals at Pirbright with one of the Asia 1
plaque isolates to ascertain its pathogenicity.
Animals in Saudi Arabia are immunized with vaccines containing an Asia 1

component and this may have suppressed outbreaks of this serotype. However,
the danger of outbreaks due to this Asia 1 strain could increase if it were to spread
to areas where an Asia 1 strain is not included in the vaccine used to control
disease, as is the case in North Africa where outbreaks of type 0 have recently
been extensive.
Demonstration of the phenomenon of dual infections in FMD samples from
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cattle in endemic areas shows the need for further virological investigation when
diagnostic laboratories find cross-reactivity in serotyping tests such as the ELISA.
This policy has now been adopted by the WRL.

ACKNOWLEDGEMENTS

This work was supported by funding from the Ministry of Agriculture, Fisheries
and Food, UK. We would like to thank N. Ferris for performing the typing assays
and M. Goodlet and R. Osland for the Saudi Arabian field samples.

REFERENCES

1. Arrowsmith AEM. Variation among strains of type A foot-and-mouth disease virus in the
Eastern Mediterranean region 1964-1972. J Hyg 1975; 75: 387-97.

2. Hedger RS, Herniman KA. The Middle East foot-and-mouth disease type A epizootic
1964-65. I. Epizootiology and antigenic studies. Bull Off Int Epiz 1966; 65: 303-12.

3. Brooksby JB. Exotic strain of FMD in Turkey. Vet Rec 1973; 93: 320-1.
4. Anonymous. Greek outbreak in Thrace buffer zone. Bull Off Int Epiz 1984; 96: 20-3.
5. Samuel AR, Ouldridge EJ, Arrowsmith AEM, Kitching RP, Knowles NJ. Antigenic

analysis of serotype 0 foot-and-mouth virus isolates from the Middle East, 1981 to 1988.
Vaccine 1990; 8: 390-6.

6. Samuel AR, Knowles NJ, Kitching RP. Preliminary antigenic and molecular analysis of
strains of foot-and-mouth disease virus serotype 0 isolated from Saudi Arabia in 1988 and
1989. Report of the Session of the Research Group of the Standing Technical Committee of
the European Commission for the Control of Foot-and-Mouth Disease. Lindholm, Denmark.
Rome: FAO, 1990: 139-45.

7. Kitson JDA, McCahon D, Belsham GJ. Sequence analysis of monoclonal antibody resistant
mutants of type 0 foot-and-mouth disease virus: evidence for the involvement of the three
surface exposed capsid proteins in four antigenic sites. Virology 1990; 179: 26-34.

8. Brocchi E, Civardi A, De Simone F, Panina GF. Characterisation of foot-and-mouth disease
virus antibodies. 20th Congress of the Italian Society of Microbiology, Gardone, Italy. Atti
delle Societa Italiana delle scienze veterinarie, 1983; 36: 576-8.

9. Cappuchi L, Brocchi E, De Simone F, Panina GF. Characterisation of monoclonal
antibodies produced against foot-and-mouth disease viruses. Report of the Session of the
Research Group of the Standing Technical Committee of the European Commission for the
Control of Foot-and-Mouth Disease, Brescia, Italy. Rome: FAO, 1984: 17-19.

10. Xie QC, McCahon D, Crowther JR, Belsham GJ, AMeCullough KC. Neutralisation of foot-
and-mouth disease virus can be mediated through any of at least three separate antigenic
sites. J Gen Virol 1987; 68: 1637-47.

11. Samuel AR, Knowles NJ, Samuel GD, Crowther JR. The evaluation of a trapping ELISA
for the differentiation of foot-and-mouth disease virus strains using monoclonal antibodies.
Biologicals 1991; 19: 299-310.

12. Roeder PL, Le Blanc Smith PM. Detection and typing of foot-and-mouth disease virus by
enzyme-linked immunosorbent assay: a sensitive, rapid and reliable technique for primary
diagnosis. Res Vet Sci 1987; 43: 225-32.

13. Kitching RP, Rendle R, Ferris NP. Rapid correlation between field isolates and vaccine
strains of foot-and-mouth disease virus. Vaccine 1988; 6: 403-8.

14. Sanger F, Nicklen S, Coulson AR. DNA sequencing with chain-terminating inhibitors. Proe
Natl Acad Sci USA 1977; 74: 5463-7.

15. Zimmern D, Kaesberg P. 3'-Terminal nucleotide sequence of encephalomyocarditis virus
RNA determined by reverse transcriptase and chain-terminating inhibitors. Proc Natl
Acad Sci USA 1978; 75: 4257-61.

16. Knowles NJ. A method for direct nucleotide sequencing of foot-and-mouth disease virus
RNA for epidemiological studies. Report of the Session of the Research Group of the
Standing Technical Committee of the European Commission for the Control of Foot-and-
Mouth Disease, Lindholm, Denmark. Rome: FAO, 1990: 106-12.



Multiple serotype infections of FMDV 211
17. Felsenstein J. PHYLIP - Phylogeny inference package (version 3.2). Cladistics 1989; 5:

164-6.
18. Sosnovtsev SV, Onischenko AM, Petrov NA, et al. Primary structure of the gene of the VP1

protein of epidemic stomatitis virus of Asia 1 serotype. Molekulyarnaya Genetika.,
Microbiologiya i Virusologiya 1989; 12: 44-6.

19. Ansell DM, Samuel AR, Carpenter WC, Knowles NJ. Genetic relationships between foot-
and-mouth disease type Asia 1 viruses. Epidemiol Infect 1994; 112: 213-24.

20. Hedger RS. Foot-and-mouth disease and the African buffalo (Syncerus caffer). J Comp Path
1972; 82: 19-28.

21. Moosbrugger GA. 1966. Changes in type of foot-and-mouth disease virus during an
outbreak. Bull Off Int Epiz 1966; 65: 2023-34.

22. Overby E. An outbreak of FMD of serotype Asian 1 in vaccinated (against virus types 0,
A and C) cattle in Saudi Arabia (case report). Vet Med Rev 1984; 1: 23-8.

23. Armstrong RM, Samuel AR, Knowles NJ, Uluturk S. Genetic studies on foot-and-mouth
disease viruses isolated from samples collected in Turkey. Report of the Session of the
Research Group of the Standing Technical Committee of the European Commission for the
Control of Foot-and-Mouth Disease, Berne, Switzerland. Rome: FAO, 1992.

24. Samuel AR, Knowles NJ, Kitching RP. Serological and biochemical analysis of some recent
type A foot-and-mouth disease virus isolates from the Middle East. Epidemiol Infect 1988;
101: 577-90.

25. Armstrong RM, Samuel AR, Carpenter WC, Rama Kant, Knowles NJ. A comparative
study of serological and biochemical methods for strain differentiation of foot-and-mouth
disease type A viruses. Vet Microbiol 1993; in press.

26. Krebs 0, Marquardt 0. Identification and characterisation of foot-and-mouth disease
virus 0 Burgwedel/1987 as an intertypic recombinant. J Gen Virol 1992; 73: 613-19.

27. Marquardt 0. Methods that identify recombinant FMDV strains. Report of the Session of
the Research Group of the Standing Committee of the European Commission for the
Control of Foot-and-Mouth Disease, Berne, Switzerland. Rome: FAO, 1992.

28. Amaral-Doel CMF, Owen NE, Ferris NP, Kitching RP, Doel TR. Detection of foot-and-
mouth disease viral sequences in clinical specimens and ethyleneimine-inactivated
preparations by the polymerase chain reaction. Vaccine 1993; 11: 415-21.

9 HYG 112


