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In 1997, an epizootic in Taiwan, Province of China, was caused by a type O foot-and-mouth disease virus
which infected pigs but not cattle. The virus had an altered 3A protein, which harbored a 10-amino-acid
deletion and a series of substitutions. Here we show that this deletion is present in the earliest type O virus
examined from the region (from 1970), whereas substitutions surrounding the deletion accumulated over the
last 29 years. Analyses of the growth of these viruses in bovine cells suggest that changes in the genome in
addition to the deletion, per se, are responsible for the porcinophilic properties of current Asian viruses in this

lineage.

Foot-and-mouth disease (FMD) is a highly contagious dis-
ease of cloven-hoofed animals, notably cattle, pigs, and sheep.
Presence of FMD in a country severely limits its trade in
animals and animal products due to international regulations
designed to limit spread of the disease. FMD virus (FMDYV) is
a positive-stranded RNA virus belonging to the Aphthovirus
genus in the family Picornaviridae. The FMDV RNA genome
contains a single long open reading frame encoding a polypep-
tide that is cleaved to mature polypeptide products by virally
encoded proteinases. In addition to four capsid proteins (VP1
to -4), the RNA-dependent RNA polymerase (3D), and three
proteinases (L, 2A, and 3C), the FMDV genome encodes
multiple mature polypeptides and intermediate cleavage prod-
ucts (20). The mature polypeptides include 3A, a highly con-
served protein of 153 amino acids (aa) in most viruses exam-
ined to date. Changes in 3A have been associated with altered
host range in the hepatoviruses (10, 11, 14, 15), rhinoviruses
(12), and enteroviruses (13). Among the aphthoviruses, a de-
letion in 3A has been associated with bovine attenuation of
egg-adapted FMDVs, which were developed and used as FMD
vaccines in South America (9). In addition, we recently iden-
tified a similar deletion in the 3A coding region (3) which is
associated with the porcinophilic properties of the virus that
caused an outbreak of FMD in Taiwan in 1997 (3, 5). Inter-
estingly, these deletions are all found in a region of the FMDV
3A protein that does not have a homologue in any of the 3A
proteins of the well-characterized picornaviruses. In fact, all
picornaviruses examined to date have 3A proteins less than 100
aa in length, except for equine rhinitis B virus, which has an
extended 3A (110 aa) (25). Additionally, FMDV is unique
among the picornaviruses in that it encodes three copies of 3B
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(VPg) (20), the viral genome-bound protein, which serves as a
primer for picornavirus genome replication (17).

The source of the 3A deletions in egg-adapted FMDVs is
unclear, but the fact that a deletion arose independently during
serial passage of two different serotypes (9) suggests that mu-
tations in 3A may reflect a common method of altering the
host range of FMDV. The 3A deletion that we detected in the
Taiwan virus (3) could have arisen as a result of viral adapta-
tion to new environmental conditions and/or hosts. In partic-
ular, a virus with this deletion could have been selected from a
wild-type virus by an enhanced ability to spread among the por-
cine populations in Asia. Alternatively, a virus with this dele-
tion could have been derived from a live-attenuated vaccine
strain of FMDYV, which later became established in the field.

To investigate the source of the deleted and mutated seg-
ments of the 3A coding region of the Taiwan virus (referred to
here as O/'YUN/TAW/97), we undertook analyses of the 3A
coding regions of 28 type O isolates from Southeast Asia (Ta-
ble 1). For these studies, we selected viruses from several Asian
countries based on analyses of VP1 nucleic acid sequences
(N. J. Knowles and A. R. Samuel, unpublished data) which
demonstrated that the virus causing the 1997 outbreak in Tai-
wan was related to a number of viruses obtained from Hong
Kong and the Philippines. Interestingly, these viruses were also
related to an FMDYV strain that caused an outbreak in Moscow
in 1995, which had been traced to a Chinese pork shipment
(V. V. Drygin, personal communication, 1995). In addition,
our analyses included isolates which had been obtained from
pigs and cattle and deposited with the OIE/FAO World Ref-
erence Laboratory for FMD (WRLFMD) at the same time.
These analyses revealed that the first half of the 3A coding
region, which encodes an N-terminal hydrophilic domain and a
hydrophobic domain capable of binding to membranes, was
highly conserved among all viruses examined (results not
shown). However, there were substantial alterations identified
in the latter half of the 153-codon 3A coding region (Table 1;
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TABLE 1. Designation, origin, and 3A phenotype of FMD viruses examined in this study
Virus designation Geographic origin® Date of collection Ho?t Deletion”  Sequence accession no.© Reference
(day/mo/yr) species or source

0O,/FRG/66 Kaufbeuren, Germany 1966 Bovine  None X00871 8

A, /ARG/61 Argentina 1961 Bovine  None X00429 4

A,,/UK/119/32 Brasted, Kent, United Kingdom 29/12/1932 Bovine  None M10975 19

A,,/USSR/65 Azerbaijan 1965 Bovine  None X74812 —

C,/SPA/70 Santa Pau, Spain 02/1970 Porcine  None AJ133357 24

C3/ARG/85 Marcos Juarez, Cérdoba, 12/1984 Bovine  None AJ007347 6

Argentina

SAT2/KEN/3/57 Kenya 1957 Bovine  None AJ251473 —

Asial/LEB/83 Kfar Kela, Lebanon 1983 Bovine None AJ294931, AJ295004  This work

O/HKN/21/70 Hang Tau, Sheung Shiu, N. T., 13/03/1970 Porcine  93-102 AJ294911, AJ294984  This work
Kowloon, Hongkong

O/HKN/1/73 Lantau Island, N. T., Kowloon, 01/1973 Porcine  93-102 AJ294912, AJ294985 This work
Hong Kong

O/HKN/19/73 Ha Cheung Sha, Lantau Island, 19/06/1973 Bovine 93-102 AJ294913, AJ294986  This work
N.T., Kowloon, Hong Kong

O/HKN/1/75 Shiu Hum Tsuen, Sun Tin, Yuen 9/12/1974 Bovine None AJ294914, AJ294987  This work
Long, N.T., Kowloon, Hong
Kong

O/HKN/3/75 Ping Shan, Yuen Long, N.T., 23/12/1974 Porcine  93-102 AJ294915, AJ294988  This work
Kowloon, Hong Kong

O/HKN/33/77 Tin Ping Shan, Sheung Shui, 1977 Porcine  93-102 AJ294916, AJ294989  This work
N.T., Kowloon, Hong Kong

O/HKN/14/82 Hei Ling Chau Island, N.T., 25/02/1982 Porcine  93-102 AJ294917, AJ294990  This work
Kowloon, Hong Kong

O/HKN/17/82 Pok Wai, San Tin, N.T., 19/03/1982 Bovine  None AJ294918, AJ294991  This work

Hong

O/HKN/6/83 Pokfulam, Hong Kong Island 18/12/1982 Bovine  93-102 AJ294919, AJ294992  This work

O/HKN/7/85 Ma On Kong, Pat Heung, N.T., 25/01/1985 Porcine  93-102 AJ294920, AJ294993  This work
Kowloon, Hong Kong

O/BUR/2/89 Hlegu, Burma 10/06/1989 Bovine  None AJ294904, AJ29477 This work

O/BUR/6/89 Tharyawaddy, Burma 02/07/1989 Porcine  None AJ294905, AJ294978  This work

O/HKN/12/91 Sek Kwu Chau, N.T., Kowloon, 26/11/1991 Porcine  93-102 AJ294921, AJ294994  This work
Hong Kong

O/CAM/11/94 Mong Russey District, 09/1994 Bovine  133-143  AJ294906, AJ294979  This work
Battambang Province, Cambodia

O/CAM/12/94 Mong Russey District, 09/1994 Porcine  133-143  AJ294907, AJ294980  This work
Battambang Province, Cambodia

O/HKN/7/96 Government abattoir, Hong Kong 06/02/1996 Bovine®  93-102 AJ294922, AJ294995  This work

O/HKN/16/96 Takwuling, N.T., Kowloon, 29/03/1996 Porcine  93-102 AJ294923,AJ294996 This work

Hong Kong

O/HKN/20/96 Hong Kong 17/04/1996 Bovine®  93-102  AJ294924, AJ294997  This work

O/PHI/7/96 Mahabang Parang, Angono, 1996 Porcine  93-102 AJ294926, AJ294999  This work
Philippines

O/VIT/2/97 Vietnam 1997 Bovine  133-143  AJ294929, AJ295002  This work

O/VIT/3/97 Vietnam 1997 Porcine  93-102 AJ294930, AJ295003  This work

O/YUN/TAW/97  Yunlin Prefecture, Taiwan, POC 04/1997 Porcine  93-102 AF308157 3

O/CAM/1/98 Borset, Kg. Speu, Cambodia 05/01/1998 Porcine  133-143  AJ294908, AJ294981 This work

O/CAM/2/98 Kg. Speu, Cambodia 05/01/1998 Bovine  133-143  AJ294909, AJ294982  This work

O/CAM/3/98 Kg. Speu, Cambodia 05/01/1998 Bovine  133-143  AJ294910, AJ294983  This work

O/HKN/1/99 Mong Tseng Tsuen, Yuen Long, 05/01/1999 Porcine  93-102 AJ294925, AJ294998  This work
N.T., Kowloon Hong Kong

O/PEN/TAW/99  Penghu Island, Taiwan, POC 02/1999 Porcine  93-102 AJ294928, AJ295001  This work

O/TAW/2/99 Kinmen Island, Taiwan, POC 06/1999 Bovine None AJ294927, AJ295000  This work

“ Most were obtained from the WRLFMD as low-passage-number stocks isolated in primary bovine thyroid cell cultures or in cultures of the swine kidney cell line
IB-RS-2. Other isolates studied included a virus obtained from Yunlin Prefecture, Taiwan, in April 1997 (O/YUN/TAW/97; referred to as OTai in reference 3) and
an isolate obtained from Penghu Island Prefecture, Taiwan, in February 1999 (O/PEN/TAW/99). N.T., New Territories; POC, Province of China; Kg., Kampong.

> Codons deleted from the 153-codon 3A coding region.

¢ For sequences determined in this work, RNA extracted from virus stocks (in some cases following amplification in BHK cells) using standard techniques was used
to prepare cDNA using mouse mammary tumor virus reverse transcriptase (Promega or Life Technologies) and random hexamers. Virus-specific cDNA fragments were
amplified with Tag polymerase (Promega or Sigma) and pairs of oligonucleotide primers using PCR and standard techniques (22). Primer pairs were located in the
2C, 3A, 3B, and 3C regions or in the VP3/2B region of the genome. PCR products were sequenced using asymmetric amplification with Cy5-labeled oligonucleotide
primers and resolved on a ALFexpress II system (Amersham Pharmacia Biotech), or by using asymmetric amplification with Big-dye terminators (ABI), and resolved
on an ABI 373 sequencer.

4 __ no literature citation available.

¢ Animal imported from mainland China.
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FIG. 1. Alignment of predicted amino acid sequences corresponding to codons 77 to 153 of the 3A coding region of selected viruses. Sources
of the sequence data are listed in Table 1. (A) Comparison of the sequences of selected deleted genomes to those of prototype strains of FMDV.
(B) Comparison of sequences of O/HKN/21/70 genotype viruses, which display the deletion of codons 93 to 102. (C) Comparison of sequences of
O/CAM/11/94 genotype viruses, which display the deletion of codons 133 to 143. In each panel, viruses are shown in chronological order with the
predicted amino acids shown in one-letter code. Dashes indicate identity with oldest virus in the group; spaces represent deleted codons.

Fig. 1). These data show that the deletion previously found in
the 3A coding region of O/YUN/TAW/97 (codons 93 to 102;
hereafter referred to as the 93-102 deletion) is also present in
O/HKN/21/70, the oldest virus in the WRLFMD collection
from this region of the world. Other viruses examined from this
region had full-length 3A coding regions, and a third group
contained a different deletion, spanning codons 133 through
143 of 3A (133-143 deletion) (Table 1; Fig. 1).

Among the viruses in the O/HKN/21/70 lineage, most were
isolated from pigs (Table 1), consistent with our previous stud-
ies showing that the 3A coding region of O/YUN/TAW/97
could confer bovine growth restriction on genetically engi-
neered viruses (3). In our survey, we studies 6 of 27 type O
bovine isolates obtained from bovine samples submitted to the
WRLFMD by Hong Kong between 1970 and 1999 (461 type O
viruses were isolated from porcine samples submitted from
Hong Kong during this period). Of these six isolates, four were
of the O/HKN/21/70 genotype, somewhat surprising in light of
the above-mentioned studies (3). The bovine isolates from this

lineage were obtained only from Hong Kong; none of the
viruses obtained from cattle from Cambodia or Vietnam dur-
ing this time period contained the 93-102 deletion.

A detailed examination of the alterations in the coding ca-
pacity of the 3A coding region of the O/HKN/21/70 lineage
between 1970 and 1999 revealed that the region encoding aa 77
to 143 accumulated a large number of substitutions (Fig. 1B).
These substitutions fell into two regions, one surrounding the
site of the 93-102 deletion and the other in the region of the
deletion observed in O/CAM/11/94 and related viruses (Fig. 1).
Dendrograms prepared from either the VP1 (Fig. 2A) or 3A
(Fig. 2B) coding region showed similar (although not identical
[see below]) clusterings of viruses with the 93-102-deleted 3A
genotype, suggesting that these two regions coevolved over the
time period rather than being exchanged by recombination.

Four of the five Asian viruses that had a full-length 3A
coding region were obtained from cattle (Table 1). These in-
cluded the recently identified bovine-virulent virus isolated
from a sub clinically infected animal on the Taiwanese island of
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FIG. 2. Dendrograms showing relationships among Asian serotype O viruses and prototype strains of FMDV. Relationships were determined
based on nucleotide differences of the sequences encoding the capsid protein VP1 (A) or nonstructural protein 3A (B). The bars represent the
distances as percentage differences (7). For VP1, 633 to 648 nucleotides were used for the analyses; in the case of 3A, 426 to 459 nucleotides were
used. Sources of the sequence data are listed in Table 1. Distance matrices were calculated using a program written by N. J. Knowles; all pairwise
comparisons were performed giving each base substitution equal statistical weight (ambiguities were ignored). Phylogenetic trees were constructed
using the neighbor-joining algorithm of Saitou and Nei (23) as implemented in the program NEIGHBOR, part of the PHYLIP package (7). Trees

were drawn using the program TreeView 1.6 (16).

Kinmen (O/TAW/2/99). The dendrogram generated from VP1
sequence data (Fig. 2A) shows that these full-length 3A viruses
cluster with the viruses containing the 133-143 deletion (from
Vietnam and Cambodia). Based on these data, it appears the
133-143 deletion must have arisen more recently than the
93-102 deletion found in the O/HKN/21/70 group of viruses.
Specifically, the dendrograms based on VPI1 nucleotide se-
quence data show that the viruses with this deletion, O/CAM/
11/94, O/CAM/12/94, O/CAM/1/98, O/CAM/2/98, O/CAM/3/
98, and O/VIT/2/97, are closely related to the BUR/89 viruses,
which contain full-length 3A coding regions (Fig. 1C and 2A).
Unlike the O/HKN/21/70 lineage viruses, the O/CAM/11/94
virus group did not undergo significant mutation in the last half
of the 3A coding region between 1994 and 1998 (Fig. 1C).
Rather, there were essentially no changes in 3A surrounding
the deletion over this time frame. Furthermore, unlike the
O/HKN/21/70 viruses, there did not appear to be an associa-
tion of this deletion with a particular host species, although the
number of viruses identified in this group was quite low.
Analysis of the dendrogram generated from the 3A se-
quence data shows that these viruses can be subdivided into
four groups. One group contains viruses with a full-length 3A
coding region, another consists of viruses with the 133-143

deletion, and the last two groups contain viruses with the
93-102 deletion, one with the viruses from the 1970 to 1982
and a second including viruses obtained in the 1990s (Fig. 2B).

Determination of serotype O virus host-range in primary
lingual keratinocyte cultures. To obtain a relevant in vitro
model to study FMD, we developed a system based on the
known predilection of the virus for the epidermis of the
tongues of livestock animals. To this end, we adapted a method
of producing human dermal keratinocytes to isolate keratino-
cytes from the tongues of slaughtered cattle and pigs (based on
the method of Barlow and Pye [2] and data not shown) and
used these cells to evaluate the ability of selected viruses to
replicate in swine and bovine cells. Using these cells, we were
able to demonstrate that genetically engineered viruses ex-
pressing the 3A coding region of O/YUN/TAW/97 replicated
10- to 100-fold more in keratinocytes of swine origin than those
of bovine origin (results not shown), consistent with our earlier
studies (3).

Viruses containing full-length 3A coding region or the cod-
ing region with the 133-143 deletion (Table 1; Fig. 1) repli-
cated well in keratinocytes obtained from both pigs and cattle
(Fig. 3). However, the Taiwan virus isolate obtained from pigs
in 1997 and the closely related viruses obtained from pigs in
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FIG. 3. Growth of selected viruses in bovine (%) and swine (m) keratinocytes. Representative data show replication of the indicated viruses in
keratinocytes of the species indicated, expressed relative to side-by-side replication of vCRMS8 (a genetically engineered virus which is highly
virulent in bovine and swine [1, 21]). The bar and extended bar represent the results of two independent values obtained in the same experiment.
Nomenclature and host of origin for viruses are given in Table 1; underlined viruses were isolated from bovine samples, and all other isolates were
from swine (Table 1). For the replication assays, monolayer cultures of bovine or swine keratinocytes derived from lingual epithelial tissue
(prepared using a modification of a method for developed for cultivating keratinocytes from human skin biopsies [2]) were incubated with virus
for 1 h at 37°C with a multiplicity of infection of 10 (based on plaque assay in BHK cells). At the end of the adsorption period, the inoculum was
removed and the cell layers were rinsed twice with ice-cold 145 mM NaCl, 25 mM morpholineethanesulfonic acid (pH 5.5) to remove residual virus
particles; the cells were then rinsed with BME containing 1% fetal calf serum and 25 mM HEPES (pH 7.4) and incubated in 1 ml of this medium
for 6 h at 37°C. The cultures were frozen at —70°C, and the titer (PFU per milliliter) was determined on BHK cells (18).

Vietnam and Hong Kong (Fig.1 and 2; Table 1) grew approx-
imately 10- to 100-fold better in the swine-derived keratinocyte
cultures than in cultures prepared from bovine tissue (Fig. 3).
Somewhat surprisingly, the viruses from the 93-102-deleted 3A
lineage isolated before O/HKN/6/83 grew very well in the bo-
vine cells, with the first virus in this lineage, O/HKN/21/70,
growing equally well in bovine and swine cells (Fig. 3). These
results indicate that the 93-102 deletion in this region of 3A
cannot, alone, account for the inability of O/YUN/TAW/97 to
replicate in bovine cells. In addition, these results suggest that
other mutations in the genome of this virus lineage, possibly
generated in response to the deletion of aa 93 to 102, may be
responsible for the species specificity of O/YUN/TAW/97.

The two bovine viruses with the 93-102 deletion genotype
that were isolated in the late 1990s (O/HKN/7/96 and O/HKN/
20/96) displayed an intermediate growth phenotype in bovine
keratinocytes, suggesting that a porcine-derived virus may have
readapted to a bovine host. Although we have no direct evi-
dence for this phenomenon, it is clear that most of the type O
viruses deposited at the WRLFMD from Hong Kong during
this time period were from pigs (see above). Thus, if passage
through cattle could select altered sequences permitting repli-
cation in this host, it is also possible that propagation in bovine
cells in vitro could result in acquisition of new sequences not
present in the field. From this standpoint, it is worth noting
that many of the early samples used in this study were propa-
gated initially in bovine thyroid cell cultures (results not
shown). However, our initial attempts to adapt porcinophilic
viruses to grow in bovine keratinocytes were not successful
(results not shown), indicating that the observed ability of the
early O/HKN/21/70 genotype porcine-derived viruses to grow
in bovine keratinocytes was not a result of their in vitro ma-
nipulations prior to our analyses.

Although we analyzed only a few of the Asian serotype O
viruses present in the WRLFMD collection, most type O vi-
ruses with full-length 3A coding regions were obtained from
cattle (these include the virus causing an outbreak in Taiwan in
1999, which is related to the viruses responsible for the out-
breaks in the Republic of Korea and Japan in March of 2000
and in eastern Russia and Mongolia in April of 2000). On the
other hand, viruses with the 3A 133-143 deletion, which were
all obtained from Vietnam and Cambodia, were isolated from
both cattle and pigs.

Current studies are aimed at attempting to utilize reverse
genetics to study which regions of the genome interact with 3A
and determine the biochemical basis by which these genetic
alterations produce the altered host range in vivo and in cell
culture. These studies may help to elucidate how new viruses
with altered pathogenesis and host range emerge and are likely
to yield important information concerning the replicative cycle
of FMDYV in infected cells and animals.
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