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ABSTRACT The presence of sequence divergence through adaptive mutations in
the major capsid protein VP1, and also in VP0 (VP4 and VP2) and VP3, of foot-and-
mouth disease virus (FMDV) is relevant to a broad range of viral characteristics. To
explore the potential role of isolate-specific residues in the VP0 and VP3 coding re-
gions of PanAsia-1 strains in genetic and phenotypic properties of FMDV, a series of
recombinant full-length genomic clones were constructed using Cathay topotype in-
fectious cDNA as the original backbone. The deleterious and compensatory effects
of individual amino acid substitutions at positions 4008 and 3060 and in several dif-
ferent domains of VP2 illustrated that the chain-based spatial interaction patterns of
VP1, VP2, and VP3 (VP1-3), as well as between the internal VP4 and the three exter-
nal capsid proteins of FMDV, might contribute to the assembly of eventually viable
viruses. The Y2079H site-directed mutants dramatically induced a decrease in plaque
size on BHK-21 cells and viral pathogenicity in suckling mice. Remarkably, the
2079H-encoding viruses displayed a moderate increase in acid sensitivity correlated
with NH4Cl resistance compared to the Y2079-encoding viruses. Interestingly, none
of all the 16 rescued viruses were able to infect heparan sulfate-expressing CHO-K1
cells. However, viral infection in BHK-21 cells was facilitated by utilizing non-integrin-
dependent, heparin-sensitive receptor(s) and replacements of four uncharged amino
acids at position 3174 in VP3 of FMDV had no apparent influence on heparin affin-
ity. These results provide particular insights into the correlation of evolutionary bio-
logy with genetic diversity in adapting populations of FMDV.

IMPORTANCE The sequence variation within the capsid proteins occurs frequently
in the infection of susceptible tissue cultures, reflecting the high levels of genetic di-
versity of FMDV. A systematic study for the functional significance of isolate-specific
residues in VP0 and VP3 of FMDV PanAsia-1 strains suggested that the interaction of
amino acid side chains between the N terminus of VP4 and several potential do-
mains of VP1-3 had cascading effects on the viability and developmental characteris-
tics of progeny viruses. Y2079H in VP0 of the indicated FMDVs could affect plaque
size and pathogenicity, as well as acid sensitivity correlated with NH4Cl resistance,
whereas there was no inevitable correlation in viral plaque and acid-sensitive pheno-
types. The high affinity of non-integrin-dependent FMDVs for heparin might be ex-
plained by the differences in structures of heparan sulfate proteoglycans on the sur-
faces of different cell lines. These results may contribute to our understanding of the
distinct phenotypic properties of FMDV in vitro and in vivo.
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Foot-and-mouth disease virus (FMDV) is the etiological agent of an acute, highly
contagious, and economically devastating vesicular disease that affects domestic

and wild cloven-hoofed animals (1–3). The virus belongs to the Aphthovirus genus of
the Picornaviridae family (4). Seven immunologically distinct serotypes of FMDV (O, A,
C, Asia1, and SAT1 to SAT3) have been recorded (5), and multiple subtypes have
continuously evolved within each serotype, reflecting significant genetic variability
(6–8). The mature FMDV virion is nonenveloped, round with icosahedral symmetry, and
composed of 60 copies each of four structural proteins VP1, VP2, VP3, and VP4 (VP1-4),
plus a single-stranded, positive-sense RNA of approximately 8,500 nucleotides in length
(9–11). The interaction of the newly transcribed genomic RNA with the myristylated
capsid precursor is likely to facilitate the initiation of FMDV encapsidation for the
ultimate viability of intracellular infectious viral particles (12–14). The disassembly of the
FMDV capsid into pentameric subunits for viral RNA release is dependent on endo-
somal acidification during virus internalization (15).

As the most variable region of the FMDV genome, nucleotide sequences of the VP1
gene have been used to define genetically and geographically distinct evolutionary
lineages (�92.5%) and topotypes (�85%), owing to its dominant role in antigenic
determination (7, 16). In particular, the VP1 G–H loop of FMDV is one of the major
neutralizing epitopes and an RGD (arginine-glycine-aspartic acid) motif in this domain
plays a key role in integrin (�v�1, �v�3, �v�6, and �v�8)-dependent infection (17–23).
The entry of field isolates into susceptible tissue cultures for efficient infection is
initiated by the RGD-binding integrin activity of FMDV via clathrin-mediated endocy-
tosis (24). However, some cell-adapted FMDVs gain the ability to utilize heparan sulfate
(HS) as a receptor to facilitate viral infection (25), following the caveola-mediated
endocytic pathway (26). The acquisition of the HS-binding ability was accompanied by
amino acid substitutions at widely spaced locations on the outer surface of the FMDV
capsid (27–35), whereas certain specific amino acid residues at these HS-related sites
might lead to the formation of small plaques on cultured cells (31, 35, 36) and might
be attenuated in animals (27, 33, 36–38). Previous studies have shown that acid-
resistant mutants could display a reduction in plaque size (39, 40), and resistance to an
acidic pH was correlated with the increased sensitivity of FMDV to the inhibition of
endosomal acidification by NH4Cl (41–44). Therefore, it could be considered that
NH4Cl-resistant FMDVs use integrins as their cellular receptors (41).

Numerous experiments have demonstrated that a number of individual amino acid
replacements in the major capsid protein VP1 of FMDV, especially in close proximity to
the RGD motif and surrounding the 5-fold symmetry axis of the icosahedral virion,
could affect receptor recognition (28, 31, 32, 34, 35, 37, 45–48), acid-induced disassem-
bly (40, 42–44, 49), and viral replication and pathogenicity (37, 45, 50–52). Furthermore,
in some cases, the cell-adapted phenotypes of FMDV resulted from genetic changes at
or near the protomeric and pentameric interfaces and the 3-fold axis of symmetry of
VP2 and VP3 (12, 27, 29, 30, 33–36, 38–41, 53–58). The conserved amino acid residues
at the C terminus of the internal VP4 were also essential for maintaining viral infectivity
that might be attributable to VP0 (VP4 and VP2) cleavage and RNA packaging in the
stability of the synthetic FMDV provirions (13, 42, 43, 59). We have already speculated
that certain specific amino acids in VP0, adjacent to or far apart from the primary
substitution (L2080Q), might be responsible for the infectivity of an intergenotypic
chimeric virus (rHN/TAR6-VP0) that encodes the introduced VP0 of one of the cell-
adapted PanAsia-1 strains of FMDV serotype O (O/Tibet/CHA/6/99 tc [35]; see more
details in Results). In this study, the compensatory effect of these unverified second-site
residues in VP0 for the generation of this rescued virus was identified using site-
directed mutagenesis. The functional significance in genetic and phenotypic properties
of several isolate-specific residues in VP0 and VP3 of the selected PanAsia-1 viruses was
then determined by plaque assays and comparison of suckling mice virulence and was
examined using structural modeling. Our results help to further understand the bio-
logical implications in response to the underlying genetic diversity of viral populations
during FMDV evolution in vitro and in vivo.
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RESULTS
Deleterious and compensatory effects of amino acid mutations in VP0 and VP3

of PanAsia-1 strains for the viability of the intergenotypic chimeric FMDV deriv-
atives. (i) A4008S in VP4 and several specific amino acid residues in VP2 contrib-
ute to the infectivity of an intergenotypic chimeric virus. In our previous study, we
determined that L2080Q in VP0 is crucial for HS utilization of rHN/TAR6-VP0 (an
intergenotypic chimeric virus encoding the VP0 coding region of O/Tibet/CHA/6/99 tc),
while the introduction of L2080Q in the VP0 coding region of rHN/FJ9-VP0 (an inter-
genotypic chimeric virus encoding the VP0 coding region of O/Fujian/CHA/9/99 tc) was
detrimental for engineering an infectious site-directed mutant using reverse genetics
techniques (35). There were three deduced amino acid differences at positions 4008,
2079, and 2136 in the VP0 coding region of the corresponding intergenotypic chimeric
and site-directed mutated full-length genomic cDNA clones pOFS/TAR6-VP0 and pOFS/
FJ9-VP0L2080Q, as well as pOFS/FJ9-VP0 and pOFS/TAR6-VP0Q2080L (35).

To clarify the compensatory effect of the distinct amino acid residues in VP0 of
O/Tibet/CHA/6/99 tc (comparable to that of O/Fujian/CHA/9/99 tc, see Table S1), site-
directed mutations were introduced into the VP0 coding region of pOFS/TAR6-VP0
(S4008A, Y2079H, or G2136E) and pOFS/FJ9-VP0L2080Q (A4008S, H2079Y, E2136G,
A4008S/H2079Y, A4008S/E2136G, or H2079Y/E2136G) for the recovery of the corre-
sponding site-directed mutants. However, none of infectious progeny viruses were
rescued successfully from the transfected supernatants of nine genome-modified
constructs (Table 1). These results suggested that Y2079 and two amino acid substitu-
tions A4008S and E2136G (comparable to that of O/Tibet/CHA/6/99 wt [35]; wt, wild-
type [see Table S1]) are all necessary, in the VP0 coding region of O/Tibet/CHA/6/99 tc,
for maintaining the infectivity of rHN/TAR6-VP0.

To further investigate the VP0 amino acid sequences of O/Tibet/CHA/6/99 tc, the
other isolate-specific residues of five PanAsia-1 viruses (see Table S1)—H2065R (O/
Fujian/CHA/9/99 wt, [35]), S2072G (O/Tibet/CHA/1/99 [60]), C2078Y (O/TAW/2/99 tc
[61]), D2133N (small plaque-cloned virus [SPV] of O/JPN/2000 [36]), and K2175R (O/
Fujian/CHA/5/99 tc [62])—were introduced independently into the VP0 coding region
of pOFS/TAR6-VP0 for the contruction of expectant recombinant plasmids. Unfortu-
nately, it was not possible to generate infectious site-directed mutants following
transfection of BSR-T7/5 cells with these linearized plasmid cDNAs and successive blind
passages of the corresponding transfected supernatants in BHK-21 cells (Table 1). These
results illustrated that certain conserved amino acid residues in VP0 of rHN/TAR6-VP0
are also essential for maintaining viral infectivity.

To this end, it is likely that there was a coevolution of L2080Q with A4008S and
E2136G, in the fixation of some specific amino acid residues in VP0, during the
adaptation of O/Tibet/CHA/6/99 tc to BHK-21 cells. Surprisingly, though, replacement of
the VP0 coding region of pOFS with O/Fujian/CHA/5/99 tc (pOFS/FJ5-VP0m�pOFS/FJ5-
VP0L2214F [see Materials and Methods]) led to undetectable progeny virus, and this
deleterious effect could be compensated for by a second-site mutation A4008S of
VP4 (Table 1). There were only two deduced amino acid differences in the VP0
coding region of pOFS/FJ5-VP0m (noninfectious, A4008 and 2175R) and pOFS/TAR6-
VP0Q2080L (infectious, 4008S and K2175). By this token, we assumed that certain specific
amino acid residues of VP2 (B–C loop, E–F loop, G–H loop, or C terminus) are very
closely intercconnected with the N terminus of VP4, in the inner surface of the FMDV
capsid, for the propagation of infectious progeny viruses (see Discussion).

(ii) D3060G in VP3 is detrimental for the generation of infectious site-directed
mutants. Although the introduction of D2133N in the VP0 coding region of pOFS/
TAR6-VP0 was detrimental for the recovery of the corresponding site-directed mutant
(Table 1), there were only D2133N and H3056R in VP1-4 of the SPV of the O/JPN/2000
strain on primary bovine kidney cells that led to lower virulence in suckling mice
(comparable to that of the LPV [large plaque-cloned virus] [36]). In this case, we
generated another intergenotypic chimeric virus, rHN/FJ9-VP3, that encodes the VP3
coding region of O/Fujian/CHA/9/99 tc (Table 1). Then, D3060G and A3174T were
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TABLE 1 Consequences of site-directed mutations in the VP0 or VP3 coding regions of three cell-adapted PanAsia-1 strains of FMDV
serotype Oa

Original plasmidb

Amino acid mutation(s)c Plaque phenotype

No.f

VP0

VP3
Plaque sized

(BHK-21)

Virus titer (PFU/ml)e

VP4 VP2 BHK-21 CHO-K1

pOFS – – – Large (7.0 � 2.5) � 107 �5 [84, 96]
– – V3174A Large (5.0 � 0.5) � 107 �5 31
– – V3174S Large (5.8 � 1.3) � 107 �5 32
– – V3174T Large (5.5 � 0.5) � 107 �5 33

pOFS/FJ5-VP0m – L2214F – / Lethal / 15
A4008S – – Large (2.1 � 0.6) � 107 �5 16

pOFS/TAR6-VP0 – – – Large (7.5 � 2.5) � 107 (1.5 � 0.5) � 103 [35]
S4008A – – / Lethal / 1*
– H2065R – / Lethal / 10
– S2072G – / Lethal / 11
– C2078Y – / Lethal / 12
– Y2079H – / Lethal / 2*
– D2133N – / Lethal / 13
– G2136E – / Lethal / 3*
– K2175R – / Lethal / 14

pOFS/TAR6-VP0Q2080L – – – Large (3.6 � 1.5) � 107 �5 [35]
– Y2079H – Small (3.3 � 2.5) � 107 �5 25
– G2136E – Large (2.6 � 0.2) � 107 �5 26
– Y2079H, G2136E – Middle (8.0 � 2.5) � 106 �5 27

pOFS/FJ9-VP0 – – – Small (2.0 � 0.8) � 107 �5 [35]
– H2079Y – Large (9.0 � 1.0) � 106 �5 28
– E2136G – Small (1.1 � 0.6) � 108 �5 29
– H2079Y, E2136G – Large (2.0 � 0.1) � 107 �5 30

pOFS/FJ9-VP0L2080Q – – – / Lethal / [35]
A4008S – – / Lethal / 4
– H2079Y – / Lethal / 5
– E2136G – / Lethal / 6
A4008S H2079Y – / Lethal / 7*
A4008S E2136G – / Lethal / 8*
– H2079Y, E2136G – / Lethal / 9*

pOFS/FJ9-VP3 – – – Large (4.7 � 0.2) � 107 �5 17
– – D3060G, A3174T / Lethal / 18
– – D3060G / Lethal / 19
– – A3174T Large (5.0 � 2.5) � 107 �5 20
– – A3174S Large (5.5 � 2.0) � 107 �5 34
– – A3174V Large (5.5 � 3.0) � 107 �5 35

pOFS/FJ9-VP423 – – – Middle (4.5 � 1.0) � 107 �5 21
– – D3060G / Lethal / 22
– – A3174T Middle (5.3 � 1.8) � 107 �5 23
– – D3060G, A3174T / Lethal / 24

aThree Chinese cell-adapted PanAsia-1 viruses—O/Fujian/CHA/5/99 tc, O/Tibet/CHA/6/99 tc, and O/Fujian/CHA/9/99 tc—were derived from swine or bovine clinical
samples after serial passages in BHK-21 cells (35, 62). rHN was rescued from BSR-T7/5 cells by the transfection of a Cathay topotype infectious cDNA (pOFS) that
contains the full-length genome of O/HN/CHA/93 (84, 96, 97). –, No mutation.

bpOFS was used as the original backbone for the generation of the expectant recombinant plasmids. The construction of five intergenotypic chimeric cDNA clones—
pOFS/FJ5-VP0m (�pOFS/FJ5-VP0L2214F), pOFS/TAR6-VP0 and pOFS/FJ9-VP0 (35), and pOFS/FJ9-VP3 and pOFS/FJ9-VP423—was performed by the exchange-cassette
strategy to replace the VP0 and/or VP3 coding regions of pOFS with O/Fujian/CHA/5/99 tc (FJ5), O/Tibet/CHA/6/99 tc (TAR6), and O/Fujian/CHA/9/99 tc (FJ9),
respectively (see Materials and Methods). The introduction of amino acid mutation(s) in the corresponding VP0 or VP3 coding regions was carried out to produce
pOFS/TAR6-VP0Q2080L and pOFS/FJ9-VP0L2080Q (35), and the other 32 site-directed mutated plasmid derivatives (see Materials and Methods). All the rescued viruses
should be designated by replacing the “pOFS” characters of the corresponding plasmid constructions with “rHN” in this study.

cStandard one-letter amino acid codes are used. Amino acid residues are denoted by a four-digit numbering system. The first digit represents the protein (2, VP2; 3,
VP3; and 4, VP4), and the last three digits represent the amino acid position numbered independently for each protein from the N terminus to the C terminus.

dThe mean plaque sizes formed on BHK-21 cells (in diameter) were scored as follows: large, �4.0 � 0.4 mm; small, �2.0 � 0.2; 2.0 � 0.2 � middle �4.0 � 0.4 mm.
eThe titer of each virus was determined by plaque-forming assays at least in duplicate or more. “Lethal” and “�5” mean no plaques produced on BHK-21 and CHO-K1
cells, respectively. /, not done.
fNumbers of plasmids constructed in this study. The plasmid numbers are arranged in the order in which they appear in Results. *, The deduced amino acid
sequences in the capsid protein-coding regions of no. 1 and no. 9, no. 2 and no. 8, and no. 3 and no. 7 are 100% identical to each other. The numbers in brackets are
references.
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introduced into the VP3 coding region (100% identical to LPV of O/JPN/2000; see Table
S1) of the corresponding infectious cDNA pOFS/FJ9-VP3. If the expectant site-directed
mutant containing the VP3 coding region of LPV of O/JPN/2000 could be rescued
successfully, then the desired site-directed mutant encoding the VP3 coding region of
the SPV of O/JPN/2000 strain would be constructed by introducing H3056R into this
plasmid-derived region for comparative analysis of viral plaques on cultured cells and
viral pathogenicity in suckling mice. Nonetheless, the transfection outcome deviated
from our initial expectation (Table 1).

To determine whether one or both of D3060 and A3174 might be required for the
infectivity of rHN/FJ9-VP3, single amino acid mutations (D3060G or A3174T) were
introduced into the VP3 coding region of pOFS/FJ9-VP3. Meanwhile, the other inter-
genotypic chimeric virus, rHN/FJ9-VP423, was generated by the exchange-cassette
strategy to replace both the VP0 and VP3 coding regions of pOFS with O/Fujian/CHA/
9/99 tc, following transfection into BSR-T7/5 cells (Table 1). D3060G, A3174T, or
D3060G/A3174T were subsequently introduced into the VP3 coding region of this
infectious cDNA pOFS/FJ9-VP423. The results of transfection showed that D3060G
could exert a deleterious effect for retaining the postinfectious phenotype of the
respective progeny viruses and the substituted coding region of the VP0 gene of
O/Fujian/CHA/9/99 tc was unable to compensate for this lethal mutaion (Table 1).

Alignment of the capsid coding sequences of the selected PanAsia-1 viruses (see
Table S1), a few isolate-specific residues were fixed in VP1 to VP4 of O/JPN/2000 (LPV:
2039V, 2079H, 3060G, and 3174T [63]). 3060G was located in VP3 of O/UKG/34/2001
(PanAsia-1 [64]) and 2079H was detected in VP2 of O/UKG/34/2001 from persistently
infected cattle (including rHN and O/Fujian/CHA/9/99 tc) (38). Thus, our data implied
that some specific amino acid residues in VP1 of FMDV PanAsia-1 strains (see Table S1)
might be responsible for the fitness of gene matching to restore the infectivity lost by
the introduction of D3060G in the VP3 coding region of the indicated intergenotypic
chimeric viruses.

Biological implications of amino acid difference at position 2079 in VP0 of two
intergenotypic chimeric viruses and their site-directed mutants. (i) An amino acid
difference at position 2079 causes the change in plaque size of FMDV on BHK-21
cells. As already previously mentioned, comparison of the size of plaques formed by
rHN/FJ9-VP0, rHN/TAR6-VP0, and rHN/TAR6-VP0Q2080L on BHK-21 cells has shown that
the individual amino acid residues at positions 4008, 2079, and 2136, rather than 2080
in VP0, might have a potential role in the distinct plaque phenotypes of O/Tibet/CHA/
6/99 tc and O/Fujian/CHA/9/99 tc (35).

To identify the functional amino acid residues in VP0 critical for the formation of
different plaque morphology of the indicated FMDVs, six site-directed mutants were
further rescued from BSR-T7/5 cells by tranfection of the expectant NotI-linearized
plasmid cDNAs that contain amino acid mutations (2079, 2136, or 2079/2136) in the
VP0 coding region of pOFS/TAR6-VP0Q2080L and pOFS/FJ9-VP0 (Table 1). A plaque-
forming assay was performed to measure the mean plaque sizes of rHN/TAR6-VP0,
rHN/FJ9-VP0, and seven site-directed mutants (including rHN/TAR6-VP0Q2080L) on
BHK-21 cells. The results of statistical comparison showed that amino acid replacements
at position 2079 (histidine or tyrosine) could dramatically change the plaque size of
these rescued viruses on BHK-21 cells (Fig. 1A). Amino acid substitutions at positions
4008 (alanine or serine) and 2136 (glutamic acid or glycine) in VP0 had some influence
on the smaller size of plaques formed by the 2079H-encoding viruses (partially) but not
on the Y2079-encoding viruses with large plaque morphology (Fig. 1A). Therefore,
these results revealed that the individual amino acid residues at position 2079 of VP0
ought to be one of the molecular determinants for the distinct plaque phenotypes of
FMDV PanAsia-1 strains in vitro.

(ii) An amino acid difference at position 2079 affects the virulence of FMDV in
suckling mice. Horsington and Zhang reported that Y2079H or L2080Q might be
associated with persistent infection of O/UKG/34/2001 in cattle (38). Coincidentally,
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amino acid differences at positions 2079 and 2080 were also found in VP2 between
O/Fujian/CHA/9/99 tc and O/Tibet/CHA/6/99 tc (35; see also Table S1).

To evaluate amino acid mutations at positions 2079 and 2080 in VP0 of the indicated
FMDVs in response to viral pathogenicity, two intergenotypic chimeric viruses and their
seven site-directed mutants were injected into suckling mice. No major difference in
virulence was observed between rHN/TAR6-VP0 and rHN/TAR6-VP0Q2080L; however,
estimation of the survival percentages of virus-infected suckling mice showed that the
Y2079-encoding viruses displayed a higher level of the virulent phenotype than the
2079H-encoding viruses (Fig. 1B). It thus appeared that the distinct amino acid residues
at position 2079 in VP0 might be capable of inducing the particular capability in the
infection of FMDV PanAsia-1 strains in vivo.

(iii) An amino acid difference at position 2079 confers the alteration in acid-
induced inactivation correlated with NH4Cl resistance of FMDV in BHK-21 cells. It
has been documented that (i) a tyrosine replacement of the VP2 histidine (H2145Y)
could induce a decrease in acid sensitivity of C-S8c1 and Asia1/YS/CHA/2005, (ii) the
acid-resistant mutants of A12 and C-S8c1 clones formed slightly smaller plaques on
BHK-21 cells, and (iii) resistance to acid-induced inactivation of O/YS/CHA/2005, C-S8c1,
and Asia1/YS/CHA/2005 was correlated to the increased inhibitory effect of NH4Cl
(39–44).

To explore the effect of a histindine or tyrosine at position 2079 in VP0 on the acid
sensitivity of the indicated FMDVs, nine rescued viruses were subjected to an acid-
induced inactivation assay in BHK-21 cells. As a result, the Y2079-encoding viruses
showed a moderate acid resistance at pH 6.9 compared to the 2079H-encoding viruses
(Fig. 1C). Subsequently, the resistance of these selected FMDVs to NH4Cl treatment was

FIG 1 Effects of amino acid difference at position 2079 in the VP0 coding region of PanAsia-1 strains on phenotypic properties of the indicated FMDVs.
rHN/TAR6-VP0, rHN/FJ9-VP0, and their seven site-directed mutants were selected to be tested by three different plaque assays on BHK-21 cells and virulence
comparison in suckling mice (means � the SD are indicated; ANOVA results are indicated [*, P � 0.05; **, P � 0.01; ***, P � 0.001, if necessary]). (A) The plaques
formed by the Y2079-encoding viruses (�) were distinctly larger than those formed by the 2079H-encoding viruses (e) on BHK-21 cells. At least 50 plaques
were analyzed for each virus. (B) The Y2079-eoncoding viruses (�, Œ, �, }, and �) showed higher virulence in suckling mice than the 2079H-encoding viruses
(e, {, Œ, and o). A total of 20 animals were injected with each virus supernatant (about 100 PFU/200 �l per mouse). (C) The Y2079-encoding viruses (�)
displayed a moderate decrease in acid-induced inactivation at acidic pH 6.9 compared to that of the 2079H-encoding viruses (e). The infectivity (%) of each
diluted virus (0.5 MOI) at different pH values was calculated as the percentage of PFU by comparison with that obtained at neutral pH 7.4. (D) The infection
efficiency of the Y2079-encoding viruses (�, Œ, �, }, and �) was more sensitive to NH4Cl treatment than that of the 2079H-encoding viruses (e, {, Œ, and
o). The total yield per virus collections in 25 mM NH4Cl (experimental group)- or DMSO (control group)-treated BHK-21 cells was determined by plaque-forming
assay at 5 h postinfection.
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evaluated in BHK-21 cells. As expected, infection with the Y2079-encoding viruses was
more effectively inhibited by the drug (25 mM) than infection with the 2079H-encoding
viruses (Fig. 1D), which further verified a correlation in acid-sensitive and NH4Cl-
resistant phenotypes of FMDV.

Taken together, our experimental data confirmed that an amino acid difference at
position 2079 in VP0 of PanAsia-1 strains might be involved in the distinct phenotypic
properties of the specific FMDV variants.

Analysis of the impact of amino acid replacements at position 3174 in VP3 of
FMDV on heparin affinity. As shown by a previous study, the occurrence of E3173K in
VP3 of C-S8c1p100c10 and MARLS variant derivatives (C-S8c1, equivalent to 3174 in VP3
of FMDV serotype O) might play a role in heparin binding for FMDV infection in CHO
cells (53). Here, four different uncharged amino acids (valine, alanine, serine, or
threonine) were presented at residue 3174 in VP3 of the selected PanAsia-1 viruses
(see Table S1).

To assess the influence of these specific amino acid residues at position 3174 in VP3
of FMDV serotype O on heparin binding and the infection of cells in culture, site-
directed mutations were introduced into the VP3 coding region of pOFS (V3174A,
V3174S, or V3174T) and pOFS/FJ9-VP3 (A3174S or A3174V) for the generation of the
other five site-directed mutants (Table 1). A plaque-forming assay on CHO-K1 cells and
RGD-containing peptide inhibition and heparin binding assays on BHK-21 cells were
performed to determine the usage of cellular receptors and heparin affinity of rHN,
rHN/FJ9-VP3, rHN/FJ9-VP423, and their seven site-directed mutants. The results from
three different assays demonstrated that all of these ten rescued viruses were unable
to utilize HS as a receptor for efficient infection of CHO-K1 cells (Table 1) but could
almost completely dispense with their RGD integrin-binding motif and facilitate viral
infection in the expression of heparin-sensitive receptor(s) on the surfaces of BHK-21
cells (Fig. 2).

According to the results presented above, it seems that the presence of these four
uncharged amino acid residues at position 3174 in VP3 might have no impact on the
affinity of Cathay topotype and PanAsia-1 lineage of FMDV serotype O for heparin.

DISCUSSION

The adaptation of FMDV in susceptible host cells by sequence divergence is a
continuous and dynamic process of positive selection, accompanying conservative and
compensatory evolution in the progeny of viral RNA molecules (1, 6, 65–70). Reverse
genetics is an extremely powerful approach for elucidating the genetic response of the

FIG 2 Effect of amino acid replacements at position 3174 in the VP3 coding region of the specific FMDVs for
heparin affinity in BHK-21 cells. The infection of BHK-21 cells with rHN, rHN/FJ9-VP0, rHN/FJ9-VP423, and their
seven site-directed mutants was examined by the RGD-containing peptide VR-17 inhibition and heparin binding
assays (see Materials and Methods). O/Fujian/CHA/5/99 tc and rHN/TAR6-VP0 were used as negative and positive
controls separately. The results from these two plaque assays demonstrated that the remaining plaques of each
virus on BHK-21 cells seemed to have been reduced by the addition of heparin (1 mg/ml, right) rather than the
preincubation of the RGD-containing peptide VR-17 (1 mM, left). The high affinity of these ten rescued viruses for
heparin was not affected by four uncharged amino acid replacements at position 3174 in VP3.
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adaptive mutations to biological implications of the FMDV populations (56, 57, 71). As
one of the most pandemic lineages of FMDV serotype O that caused widespread
outbreaks in Asia, Europe and Africa (72), it was unfortunate that no other infectious
full-length cDNAs of PanAsia-1 strains have been published, except for O/YS/CHA/05
(43, 73). This may be due to the population bottlenecks of viral quasispecies (74–77).

To date, an intergenotypic chimeric FMDV (O1K/O-UKG [50]) encoding the entire
capsid proteins of O/UKG/34/2001 has been carried out for the characterization of viral
pathogenicity. In our previous and present studies, four infectious intergenotypic
chimeric cDNA clones (pOFS/TAR6-VP0, pOFS/FJ9-VP0, pOFS/FJ9-VP3, and pOFS/FJ9-
VP423) were constructed that contain the VP0 and/or VP3 coding regions of O/Tibet/
CHA/6/99 tc and O/Fujian/CHA/9/99 tc (35) (Table 1). However, site-directed mutations
into the VP0 coding region of pOFS/TAR6-VP0 (H2065R, S2072G, C2078Y, Y2079H,
D2133N, G2136E, or K2175R) and pOFS/FJ9-VP0 (L2080Q [35]), as well as the VP3 coding
regions (D3060G) of pOFS/FJ9-VP3 and pOFS/FJ9-VP423, were detrimental for the
generation of infectious progeny viruses (Table 1). Synonymous codon usage in the VP0
coding region did not give rise to any strikingly varied outcome (Table 1, partial data
not shown). These individual amino acid residues were mapped in the B–C loop, the
E–F loop, and the G–H loop of VP2 and in the B–B knob of VP3 of the selected PanAsia-1
viruses (see Table S1). The three-dimensional conformation of the FMDV capsid showed
that (i) the VP2 B–C loop lies in the vicinity of the 3-fold symmetry axis or somewhere
nearby the interpentamer interfaces, (ii) the VP2 E–F loop and the VP3 B–B knob
surround a central channel of the trapezoidal structures of VP1-3 in each protomer, and
(iii) the VP2 G–H loop is placed on a large Y-shaped intersection of two protomeric
subunits (10, 21, 58, 78, 79). The molecular dynamic stimulations revealed that seven of
the eight isolate-specific residues in VP2 (excluding G2072) of the respective PanAsia-1
viruses were clustered around the positions occupied by the G–H loop or C terminus of
VP1 (Fig. 3, partial data not shown). The VP1 G–H loop protrudes from the capsid outer
surface, with very different stereochemical orientations depending on the specific
FMDV variants (80). The VP1 C terminus of FMDV forms a long arm structure, spanning
over the VP3 E–F loop of the same protomer to the VP1 G–H loop from a 5-fold related
protomer (10). These two highly variable regions of VP1 strongly affect antigenic and
receptor-binding properties of FMDV (30, 81). This prompted that the lethal mutations
in VP2 might perturb the flexibility of the G–H loop and C terminus of VP1 for the capsid
structural stability of FMDV. The measurement of minimal side chain-side chain dis-
tances reflected that G2072 (N) and D3060G (C�) were closest to L2187 (C�) in the G–H
loop and K2134 (C�) in the E–F loop, of VP2 of O/Tibet/CHA/1/99 and the SPV of
O/JPN/2000 strain, respectively (Fig. 3, partial data not shown). It follows that the
distant location of very limited sequence variations on the FMDV capsid may cause a
cascading interaction by hydrogen bonding and Van der Waals forces for modulating
virus genetic adaptability (27, 79). In addition, A4008S at the N terminus of VP4 was
responsible for restoring the infectivity of pOFS/FJ5-VP0m and maintaining an infec-
tious viral phenotype of pOFS/TAR6-VP0 (Table 1). The sequence comparision showed
that several individual amino acid residues existed in the VP0 coding region of
O/Fujian/CHA/5/99 tc (2136G, 2175R, and 2214L) and O/Tibet/CHA/6/99 tc (A4008S,
L2080Q, and E2136G), respectively (35, 60; see also Table S1). It was inferred that the
interaction of amino acid side chains between VP4 and VP1-3 in a functional capsid
region might be involved in the conformation of flexible scaffolding in the inner capsid
surface of FMDV, despite of little regular secondary structure of the highly conserved
VP4 (29, 78, 82, 83).

Anyhow, we have succeeded in producing several infectious site-directed mutants
for the investigation of the possible adaptive responses to amino acid differences in the
VP0 coding region of O/Tibet/CHA/6/99 tc and O/Fujian/CHA/9/99 tc (35) (Table 1). In
the present study, the results of plaque-forming assay and virulence determination
further demonstrated that a single amino acid change at position 2079 (tyrosine or
histidine) in VP0 of O/Tibet/CHA/6/99 tc and O/Fujian/CHA/9/99 tc was statistically
sufficient to alter the plaque size on BHK-21 cells (Fig. 1A) and the pathogenicity in
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suckling mice (Fig. 1B) of the corresponding intergenotypic chimeric viruses and
site-directed mutants. In addition, the 2079H-encoding viruses were more sensitive to
acid-induced inactivation (Fig. 1C) correlated with NH4Cl resistance (Fig. 1D) than that
of the Y2079-encoding viruses in BHK-21 cells, which were not exactly consistent with
results from previous studies (39, 40, 44). In fact, (i) O/Tibet/CHA/6/99 tc (Y2079)
displayed extreme acid sensitivity (comparable to that of the Y2079-encoding viruses),
and (ii) the backbone virus (rHN, H2079) formed obviously larger plaques and induced
an increase in resistance to acid-induced inactivation (comparable to that of the
2079H-encoding viruses) in the infection of BHK-21 cells (35) (Table 1, partial data not
shown). In view of these data, there might be no inevitable correlation between the
phenotypes of plaque morphology and acid sensitivity of FMDV and some of the
individual amino acid residues in VP1-4 could definitely have cooperative effects on
the distinct phenotypic properties of Cathay and PanAsia-1 viruses.

To our knowledge, the frequent capsid alterations accumulated around the G–H
loop of VP1 might lead to amino acid substitutions occurring around the pore at the
5-fold axis of the icosahedrally symmetric capsid, which play an important role in the
acquisition of heparin affinity of FMDV for efficient infection of CHO cells (28, 31, 32, 34,
35, 37, 45, 47, 53). Sequencing of the complete capsid coding region showed that no
compenstory mutational events were noted in any of the present transfection and
continuous passage experiments that yielded viable viruses. All of the 16 rescued
viruses were unable to produce plaques on CHO-K1 cells (Table 1). However, infection

FIG 3 Location of isolate-specific amino acid residues in VP0 and VP3 of the icosahedral capsid of the selected PanAsia-1 strains of FMDV serotype O. The ribbon
protein diagram represents 1 of the 60 protomeric subunits, plus one additional VP3 from a neighboring protomer. The structural proteins VP1 (missing 211
to 213 residues), VP2 (missing 1 to 4 residues), VP3, and VP4 (missing 1 to 14 and 41 to 64 residues) are highlighted as red, blue, green, and yellow (internal),
respectively. The individual amino acid residues of VP1 to VP3 (listed in Table S1) are labeled as the space-filling atomic models. The target residues (left) of
enlarged areas (right) are marked in pink font. The atomic-level interaction of isolate-specific amino acid residues was visualized, and the minimal side chain-side
chain distances measured of critical amino acid residues were 4.71 Å between 2079H (N�) and R1145 (N	) of O/Fujian/CHA/9/99 tc, 4.68 Å between L2080Q (C
)
and S1144A (C�), 5.20 Å between E2136G (N) and L1192 (C�) of O/Tibet/CHA/6/99 tc, 5.63 Å between D2133N (C�) and L1192 (C
), 5.78 Å between 3060G (C�)
and K2134 (C�) of the SPV [small plaque-cloned virus] of O/JPN/2000 strain, 4.42 Å between 2175R (C�) and 1142A (C�), and 3.25 Å between 2214L (C
) and
M3130 (C�) of O/Fujian/CHA/5/99 tc. The corresponding C�-C� distances were 7.07, 7.49, 7.33, 10.05, 9.90, 9.14, and 7.29 Å, respectively.
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of BHK-21 cells with these rescued viruses was inhibited efficiently by heparin rather
than RGD-containing peptide, and replacements of four uncharged amino acid residues
at position 3174 in VP3 had no apparent influence on high affinity for heparin (Fig. 2,
partial data not shown). The fixation of specific amino acid residues (L2080M, E1083K,
and D1138G of rHN [84]; see Table S1) and the minimal side chain-side chain distances
between critical amino acid residues 3174 and 1135/1202 (lysine) on the FMDV capsid
may be helpful for explaining some of the experimental results (35, 53) (Fig. 3). There
is still one issue: what is the non-integrin-dependent, heparin-sensitive receptor(s) on
the surface of BHK-21 cells? In this respect, heparin is chemically similar to HS, except
for higher level of sulfation and higher content of iduronic acid (85–88). Many impro-
tant viral entry genes are present in the genome but not expressed in the transcriptome
of CHO-K1 cells, such as �4 GlcNAc (N-acetylglucosamine), ST6Gal (�-galactoside �2,6-
sialyltransferses), and HS3ST (HS glucosamine 3-O-sulfotransferases), etc. (89). 3-O-
sulfated HS serves as an entry receptor for HSV-1 (herpes simplex virus 1), and the
expression of HS3ST rendered CHO-K1 cells susceptible to HSV-1 infection (90–95). This
allows us to predict the difference in structure of HS proteoglycans on the surface of
BHK-21 and CHO cell lines. Moreover, these valuable references would be intended to
interpret the distinct phenotypic properties of the HS-binding FMDVs in different host
cells (35, 37, 53). Overall, our findings may have profound implications for genetic
capsid modifications of FMDV in the infection of tissue and cell cultures.

MATERIALS AND METHODS
Cell lines, viruses, and plasmids. BHK-21 cells (integrins�, HS�; GDC010) were obtained from

China Center for Type Culture Collection (CCTCC; Wuhan, China) and were maintained in Dulbecco
modified Eagle medium (DMEM; Gibco) containing 10% fetal bovine serum (FBS; HyClone) and 2 mM
L-glutamine (Gibco). CHO-K1 (integrins–, HS�; CCL-61) cells were purchased from the American Type
Culture Collection (ATCC; Manassas, VA) and were grown in F-12K nutrient mixture (Gibco) supplemented
with 10% FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin (Sigma). BSR-T7/5 cells, a BHK-derived cell
line stably expressing T7 RNA polymerase (RNAP), were kindly provided by Karl-Klaus Conzelmann (Max
von Pettenkofer Institute of Virology, Munich, Germany) and were cultivated in Glasgow minimal
essential medium (Gibco) added with 10% FBS, 4% tryptose phosphate broth (BD-Bacto), and 1 mg/ml
G418 (Sigma). All cells in culture were incubated at 37°C in a humidified chamber with 5% CO2.

O/Fujian/CHA/5/99 tc, O/Tibet/CHA/6/99 tc, and O/Fujian/CHA/9/99 tc are three cell-adapted
PanAsia-1 strains of FMDV serotype O (35, 62). rHN is a genetically engineered FMDV rescued from an
infectious cDNA pOFS (96). rHN/TAR6-VP0, rHN/FJ9-VP0, and rHN/TAR6-VP0Q2080L were generated from
three infectious full-length genome-modified cDNA clones of FMDV, pOFS/TAR6-VP0, pOFS/FJ9-VP0, and
pOFS/TAR6-VP0Q2080L, respectively (35).

pOFS containing the full-length genome of O/HN/CHA/93 (Cathay topotype [97]) was constructed by
Cao et al. (84). The construction of pOFS/TAR6-VP0 and pOFS/FJ9-VP0 was performed by the exchange-
cassette strategy to replace the VP0 coding region of pOFS with O/Tibet/CHA/6/99 tc (TAR6) and
O/Fujian/CHA/9/99 tc (FJ9), respectively (35). Single amino acid replacements at position 2080 were then
introduced into the VP0 coding region of pOFS/TAR6-VP0 and pOFS/FJ9-VP0 to produce the correspond-
ing site-directed mutated full-length genomic cDNA clones, pOFS/TAR6-VP0Q2080L and pOFS/FJ9-
VP0L2080Q (noninfectious [35]).

Exchange-cassette strategy and site-directed mutagenesis. An exchange-cassette strategy was
used to produce two intergenotypic cDNA clones, pOFS/FJ9-VP3 and pOFS/FJ5-VP0m (�pOFS/FJ5-
VP0L2214F, L2214F was introduced by the designed primers with two nucleotide mutations [gagctc¡
gaattc, EcoRI]), by replacing the independent VP3 and VP0 coding regions of pOFS with O/Fujian/CHA/
9/99 tc and O/Fujian/CHA/5/99 tc (FJ5). Replacement of both the VP0 and VP3 coding regions of pOFS
with O/Fujian/CHA/9/99 tc was carried out to produce pOFS/FJ9-VP423.

The introduction of amino acid mutations in the VP0 or VP3 coding regions of pOFS, pOFS/FJ5-VP0m,
pOFS/TAR6-VP0, pOFS/TAR6-VP0Q2080L, pOFS/FJ9-VP0, pOFS/FJ9-VP0L2080Q, pOFS/FJ9-VP3, and pOFS/FJ9-
VP423 was performed by one-step overlap extension PCR using a QuikChange multisite-directed
mutagenesis kit (Stratagene) to construct the other 32 site-directed mutated plasmids (Table 1).

A total of 35 newly constructed plasmid derivatives containing full-length genome-modified cDNAs
of FMDV under the control of the bacteriophage T7 promoter were confirmed by automated sequencing
(Sunnybio, Shanghai, China).

Transfection and propagation of progeny viruses. All of these T7 RNAP-dependent plasmid
constructions were linearized by digestion with NotI (New England Biolabs) and purified using the
JetQuick PCR product purification spin kit (Genomed). Subsequently, the linearized cDNAs were trans-
fected into confluent monolayers of BSR-T7/5 cells (G418 free) in 6-well plates (Nunc) by using Lipo-
fectamine 2000 transfection reagent (Invitrogen) according to the manufacturer’s protocol. The super-
natants of transfected cells were collected once a typical cytopathic effect (CPE; �90%) appeared or in
the absence of a visible CPE at 72 h posttransfection and then serially passaged in BHK-21 cells at least
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six times, each time following three freeze-thaw cycles. Finally, the genetic and phenotypic properties of
the resulting virus stocks were further characterized in duplicate or more with the following experiments.

Plaque assays. (i) Plaque-forming assays on BHK-21 and CHO-K1 cells. BHK-21 and CHO-K1 cells
were seeded in 6-well plates. Serial 10-fold dilutions of the progeny viruses from the supernatants of
infected cell cultures were prepared in DMEM. Portions (200 �l) of the sample preparations of each virus
suspension were inoculated onto confluent cell monolayers. After 1 h of incubation at 37°C in 5% CO2,
the virus inoculum was removed, a 2-ml overlay medium containing 0.6% gum tragacanth (MP Biomedi-
cals) and 1% FBS was added, and the cells were cultured for up to 48 h (BHK-21 [62]) or 72 h (CHO-K1
[34]) under the same conditions. Subsequently, cultured cells were washed three times with PBS
(pH � 7.4) and fixed with 1:1 cold acetone-methanol (V/V) for 20 min at –20°C. The formation of viral
plaques was viewed by staining with 0.2% crystal violet (Sigma) for 30 min at room temperature. The titer
and plaque morphology of each virus were estimated by counting the plaque numbers and were
analyzed by measuring the mean sizes of the plaques (large, �4.0 � 0.4 mm; small, �2.0 � 0.2; 2.0 �
0.2 � middle �4.0 � 0.4 mm [in diameter]), respectively.

(ii) RGD-containing peptide inhibition assay on BHK-21 cells. Cell monolayers were incubated in
the presence of 10x (x � – 4 	 0) mM of the RGD-containing peptide (VR-17, 141-VPNLRGDLQVLAQKV
AR-157 [46]; Invitrogen) dissolved in phosphate-buffered saline (PBS) containing 1 mM CaCl2 and 0.5 mM
MgCl2 for 45 min at 37°C. The appropriate virus concentrations (10 to 50 PFU/well [35]) were then added
to BHK-21 cells. The inhibition of FMDV infection by VR-17 was calculated compared to the numbers of
plaques formed by each virus on the infected cells in the absence of RGD-containing peptide compe-
tition.

(iii) Heparin binding assay on BHK-21 cells. Each of the diluted viruses (10 to 50 PFU/100 �l [35])
was premixed with soluble heparin sodium (2x mg/100 �l, x � – 4 	 0; Sigma). After 10 min of
neutralization at room temperature, the percent plaque reduction of the mixtures was determined by a
plaque-forming assay on BHK-21 cell monolayers (35, 62).

(iv) Acid-induced inactivation assay in BHK-21 cells. Portions (10 �l) of the indicated virus stocks
(0.5 multiplicity of infection [MOI]) were mixed with 300 �l of PBS solutions (50 mM NaH2PO4 and
140 mM NaCl) of different pH values (5.9, 6.4, 6.9, or 7.4) and then incubated for 30 min at room
temperature. The mixtures were neutralized by the addition of 100 �l of a 1 M Tris solution (pH 7.6;
Sigma), and the remaining viral particles were determined by a standard plaque assay on BHK-21 cells
(41, 42, 59).

(v) Endosomal-acidification blockage assay in BHK-21 cells. A previously described procedure
was performed, with the following minor modification (98, 99). Monolayers of BHK-21 cells in 6-well
plates were pretreated for 1 h with 25 or 50 mM NH4Cl (Merck) in culture medium supplemented with
25 mM HEPES (pH 7.4; Gibco), and the drug was maintained throughout the rest of the assay to avoid
cellular recovery. The titers of the harvested viruses at 5 h postinfection (adsorption for 1 h at 4°C and
penetration for 4 h at 37°C) were developed as PFU/ml, and the decreased infectivity was calculated by
comparison to that obtained from control cells treated with the same amount of dimethyl sulfoxide
(DMSO; Sigma).

Virulence analysis in suckling mice. The concentrations of the specific viruses (100 PFU, a
modification of a dosage previously described [36, 43]) were suspended in 200 �l of PBS added with
100 U/ml penicillin and 100 �g/ml streptomycin and then injected subcutaneously into 3-day-old
suckling mice (Lanzhou Bio-Pharmaceutical Factory, China Animal Husbandry Industry Co., Ltd.). The
general conditions of the mice were carefully monitored daily, and observations were recorded for
mortality over 7 days. All experiments were conducted in compliance with the guidelines of Gansu
Ethical Review Committee (license SYXK-GAN-2014-003) for the care and use of laboratory animals.

Statistical analysis. Analysis of variance (ANOVA) was performed using GraphPad Prism 5 (Graph-
Pad, San Diego, CA). The data are presented as means � the standard deviations (SD). Statistically
significant differences are denoted by asterisks (*, P � 0.05; **, P � 0.01; ***, P � 0.001).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JVI

.02278-18.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.

ACKNOWLEDGMENTS
We are especially indebted to Kristin Kreuzer (University of East Anglia, United

Kingdom) and Feng-Liang Liu (University of Texas Medical Branch) for their careful
readings of the manuscript.

This study was supported by the National Natural Science Foundation of
China (31772763 and 21605066), the Natural Science Foundation of Gansu Province
(1606RJYA256 and 18JR3RA400), the Central Public-interest Scientific Institution Basal
Research Fund (1610312016018), and BBSRC China Partnering Awards (BB/N022505/1).

X.-W.B. participated in the overall planning of the study and drafted the manuscript.
P.-H.L. and M.Z. generated the intergenotypic chimeric viruses and site-directed mu-
tants. H.-F.B., X.-Q.M., and H.Y. performed the plaque assays. P.S. contributed to

Site-Directed Mutations in VP0 and VP3 of FMDV Journal of Virology

April 2019 Volume 93 Issue 7 e02278-18 jvi.asm.org 11

https://doi.org/10.1128/JVI.02278-18
https://doi.org/10.1128/JVI.02278-18
https://jvi.asm.org


preparing the reagents. Q.-F.B. carried out the modeling efforts. Y.-L.C. helped in the
suckling mice experiments. D.-D.C., K.L., Y.-M.C., and J.Z. were involved in analysis of the
data. Y.-F.F. and D.L. delivered background information. Z.-J.L. revised the manuscript
for important intellectual content. Z.-X.L. conceived the study concept and design.
J.-X.L. supervised the induction and management of ethic and biosafety standards. All
authors read and approved the final manuscript.

The authors declare that they have no conflict of interests for this article

REFERENCES
1. Domingo E, Baranowski E, Escarmı́s C, Sobrino F. 2002. Foot-and-mouth

disease virus. Comp Immunol Microbiol Infect Dis 25:297–308. https://
doi.org/10.1016/S0147-9571(02)00027-9.

2. Grubman MJ, Baxt B. 2004. Foot-and-mouth disease. Clin Microbiol Rev
17:465– 493. https://doi.org/10.1128/CMR.17.2.465-493.2004.

3. Alexandersen S, Mowat N. 2005. Foot-and-mouth disease: host range
and pathogenesis. Curr Top Microbiol Immunol 288:9�42. https://doi
.org/10.1007/3-540-27109-0_2.

4. Knowles NJ, Hovi T, Hyypiä T, King AMQ, Lindberg AM, Pallansch MA,
Palmenberg AC, Simmonds P, Skern T, Stanway G, Yamashita T, Zell R. 2012.
Picornaviridae, p 855–880. In King AMQ, Adams MJ, Carstens EB, Lefkowitz
EJ (ed), Virus taxonomy: classification and nomenclature of viruses: ninth
report of the international committee on taxonomy of viruses. Elsevier, San
Diego, CA. https://doi.org/10.1016/B978-0-12-384684-6.00074-4.

5. Brown F. 2003. The history of research in foot-and-mouth disease. Virus
Res 91:3–7. https://doi.org/10.1016/S0168-1702(02)00268-X.

6. Domingo E, Escarmı́s C, Baranowski E, Ruiz-Jarabo CM, Carrillo E, Núñez
JI, Sobrino F. 2003. Evolution of foot-and-mouth disease virus. Virus Res
91:47– 63. https://doi.org/10.1016/S0168-1702(02)00259-9.

7. Knowles NJ, Samuel AR. 2003. Molecular epidemiology of foot-and-
mouth disease virus. Virus Res 91:65– 80. https://doi.org/10.1016/S0168
-1702(02)00260-5.

8. Kitching RP. 2005. Global epidemiology and prospects for control of
foot-and-mouth disease. Curr Top Microbiol Immunol 288:133�148.
https://doi.org/10.1007/3-540-27109-0_6.

9. Vasquez C, Denoya CD, La Torre JL, Palma EL. 1979. Structure of foot-
and-mouth disease virus capsid. Virology 97:195–200. https://doi.org/10
.1016/0042-6822(79)90387-8.

10. Acharya R, Fry E, Stuart D, Fox G, Rowlands D, Brown F. 1989. The
three-dimensional structure of foot-and-mouth disease virus at 2.9 Å
resolution. Nature 337:709 –716. https://doi.org/10.1038/337709a0.

11. Fry EE, Stuart DI, Rowlands DJ. 2005. The structure of foot-and-mouth
disease virus. Curr Top Microbiol Immunol 288:71–101. https://doi.org/
10.1007/3-540-27109-0_4.

12. Curry S, Abrams CC, Fry E, Crowther JC, Belsham GJ, Stuart DI, King AM.
1995. Viral RNA modulates the acid sensitivity of foot-and-mouth disease
virus capsids. J Virol 69:430 – 438.

13. Curry S, Fry E, Blakemore W, Abu-Ghazaleh R, Jackson T, King A, Lea S,
Newman J, Stuart D. 1997. Dissecting the roles of VP0 cleavage and RNA
packaging in picornavirus capsid stabilization: the structure of empty
capsids of foot-and-mouth disease virus. J Virol 71:9743–9752.

14. Mason PW, Grubman MJ, Baxt B. 2003. Molecular basis of pathogenesis
of FMDV. Virus Res 91:9 –32. https://doi.org/10.1016/S0168-1702(02)
00257-5.

15. Johns HL, Berryman S, Monaghan P, Belsham GJ, Jackson T. 2009. A
dominant-negative mutant of rab5 inhibits infection of cells by foot-
and-mouth disease virus: implications for virus entry. J Virol 83:
6247– 6256. https://doi.org/10.1128/JVI.02460-08.

16. Samuel AR, Knowles NJ. 2001. Foot-and-mouth disease type O viruses
exhibit genetically and geographically distinct evolutionary lineages
(topotypes). J Gen Virol 82:609 – 621. https://doi.org/10.1099/0022-1317
-82-3-609.

17. Fox G, Parry NR, Barnett PV, McGinn B, Rowlands DJ, Brown F. 1989. The
cell attachment site on foot-and-mouth disease virus includes the amino
acid sequence RGD (arginine-glycine-aspartic acid). J Gen Virol 70:
625– 637. https://doi.org/10.1099/0022-1317-70-3-625.

18. Baxt B, Becker Y. 1990. The effect of peptides containing the arginine-
glycine-aspartic acid sequence on the adsorption of foot-and-mouth
disease virus to tissue culture cells. Virus Genes 4:73– 83. https://doi.org/
10.1007/BF00308567.

19. Mason PW, Rieder E, Baxt B. 1994. RGD sequence of foot-and-mouth

disease virus is essential for infecting cells via the natural receptor but
can be bypassed by an antibody-dependent enhancement pathway.
Proc Natl Acad Sci U S A 91:1932–1936. https://doi.org/10.1073/pnas.91
.5.1932.

20. Mateu MG, Hernández J, Martínez MA, Feigelstock D, Lea S, Pérez JJ,
Giralt E, Stuart D, Palma EL, Domingo E. 1994. Antigenic heterogeneity of
a foot-and-mouth disease virus serotype in the field is mediated by
very limited sequence variation at several antigenic sites. J Virol
68:1407–1417.

21. Mateu MG. 1995. Antibody recognition of picornaviruses and escape
from neutralization: a structure view. Virus Res 38:1–24. https://doi.org/
10.1016/0168-1702(95)00048-U.

22. Baranowski E, Ruiz JCM, Domingo E. 2001. Evolution of cell recogni-
tion by viruses. Science 292:1102–1105. https://doi.org/10.1126/science
.1058613.

23. Jackson T, King AM, Stuart DI, Fry E. 2003. Structure and receptor
binding. Virus Res 91:33– 46. https://doi.org/10.1016/S0168-1702(02)
00258-7.

24. O’Donnell V, LaRocco M, Duque H, Baxt B. 2005. Analysis of foot-and-
mouth disease virus internalization events in cultured cells. J Virol
79:8506 – 8518. https://doi.org/10.1128/JVI.79.13.8506-8518.2005.

25. Jackson T, Ellard FM, Ghazaleh RA, Brookes SM, Blakemore WE, Corteyn
AH, Stuart DI, Newman JW, King AM. 1996. Efficient infection of cells in
culture by type O foot-and-mouth disease virus requires binding to cell
surface heparan sulfate. J Virol 70:5282–5287.

26. O’Donnell V, Larocco M, Baxt B. 2008. Heparan sulfate-binding foot-and-
mouth disease virus enters cells via caveola-mediated endocytosis. J
Virol 82:9075–9085. https://doi.org/10.1128/JVI.00732-08.

27. Sa-Carvalho D, Rieder E, Baxt B, Rodarte R, Tanuri A, Mason PW. 1997.
Tissue culture adaptation of foot-and-mouth disease virus selects viruses
that bind to heparin and are attenuated in cattle. J Virol 71:5115–5123.

28. Escarmís C, Carrillo EC, Ferrer M, Arriaza JF, Lopez N, Tami C, Verdaguer
N, Domingo E, Franze-Fernández MT. 1998. Rapid selection in modified
BHK-21 cells of a foot-and-mouth disease virus variant showing altera-
tions in cell tropism. J Virol 72:10171–10179.

29. Fry EE, Lea SM, Jackson T, Newman JW, Ellard FM, Blakemore WE, Abu
GR, Samuel A, King AM, Stuart DI. 1999. The structure and function of a
foot-and-mouth disease virus-oligosaccharide receptor complex. EMBO J
18:543–554. https://doi.org/10.1093/emboj/18.3.543.

30. Fry EE, Newman JW, Curry S, Najjam S, Jackson T, Blakemore W, Lea SM,
Miller L, Burman A, King AM, Stuart DI. 2005. Structure of Foot-and-mouth
disease virus serotype A1061 alone and complexed with oligosaccharide
receptor: receptor conservation in the face of antigenic variation. J Gen Virol
86:1909–1920. https://doi.org/10.1099/vir.0.80730-0.

31. Maree FF, Blignaut B, De Beer TA, Visser N, Rieder EA. 2010. Mapping of
amino acid residues responsible for adhesion of cell culture-adapted
foot-and-mouth disease SAT type viruses. Virus Res 153:82–91. https://
doi.org/10.1016/j.virusres.2010.07.010.

32. Maree FF, Blignaut B, Aschenbrenner L, Burrage T, Rieder E. 2011. Analysis
of SAT1 type foot-and-mouth disease virus capsid proteins: influence of
receptor usage on the properties of virus particles. Virus Res 155:462–472.
https://doi.org/10.1016/j.virusres.2010.12.002.

33. Borca MV, Pacheco JM, Holinka LG, Carrillo C, Hartwig E, Garriga D,
Kramer E, Rodriguez L, Piccone ME. 2012. Role of arginine-56 within the
structural protein VP3 of foot-and-mouth disease virus (FMDV) O1 Cam-
pos in virus virulence. Virology 422:37– 45. https://doi.org/10.1016/j.virol
.2011.09.031.

34. Lawrence P, LaRocco M, Baxt B, Rieder E. 2013. Examination of soluble
integrin resistant mutants of foot-and-mouth disease virus. Virol J 10:2.
https://doi.org/10.1186/1743-422X-10-2.

35. Bai X, Bao H, Li P, Wei W, Zhang M, Sun P, Cao Y, Lu Z, Fu Y, Xie B, Chen

Bai et al. Journal of Virology

April 2019 Volume 93 Issue 7 e02278-18 jvi.asm.org 12

https://doi.org/10.1016/S0147-9571(02)00027-9
https://doi.org/10.1016/S0147-9571(02)00027-9
https://doi.org/10.1128/CMR.17.2.465-493.2004
https://doi.org/10.1007/3-540-27109-0_2
https://doi.org/10.1007/3-540-27109-0_2
https://doi.org/10.1016/B978-0-12-384684-6.00074-4
https://doi.org/10.1016/S0168-1702(02)00268-X
https://doi.org/10.1016/S0168-1702(02)00259-9
https://doi.org/10.1016/S0168-1702(02)00260-5
https://doi.org/10.1016/S0168-1702(02)00260-5
https://doi.org/10.1007/3-540-27109-0_6
https://doi.org/10.1016/0042-6822(79)90387-8
https://doi.org/10.1016/0042-6822(79)90387-8
https://doi.org/10.1038/337709a0
https://doi.org/10.1007/3-540-27109-0_4
https://doi.org/10.1007/3-540-27109-0_4
https://doi.org/10.1016/S0168-1702(02)00257-5
https://doi.org/10.1016/S0168-1702(02)00257-5
https://doi.org/10.1128/JVI.02460-08
https://doi.org/10.1099/0022-1317-82-3-609
https://doi.org/10.1099/0022-1317-82-3-609
https://doi.org/10.1099/0022-1317-70-3-625
https://doi.org/10.1007/BF00308567
https://doi.org/10.1007/BF00308567
https://doi.org/10.1073/pnas.91.5.1932
https://doi.org/10.1073/pnas.91.5.1932
https://doi.org/10.1016/0168-1702(95)00048-U
https://doi.org/10.1016/0168-1702(95)00048-U
https://doi.org/10.1126/science.1058613
https://doi.org/10.1126/science.1058613
https://doi.org/10.1016/S0168-1702(02)00258-7
https://doi.org/10.1016/S0168-1702(02)00258-7
https://doi.org/10.1128/JVI.79.13.8506-8518.2005
https://doi.org/10.1128/JVI.00732-08
https://doi.org/10.1093/emboj/18.3.543
https://doi.org/10.1099/vir.0.80730-0
https://doi.org/10.1016/j.virusres.2010.07.010
https://doi.org/10.1016/j.virusres.2010.07.010
https://doi.org/10.1016/j.virusres.2010.12.002
https://doi.org/10.1016/j.virol.2011.09.031
https://doi.org/10.1016/j.virol.2011.09.031
https://doi.org/10.1186/1743-422X-10-2
https://jvi.asm.org


Y, Li D, Luo J, Liu Z. 2014. Effects of two amino acid substitutions in the
capsid proteins on the interaction of two cell-adapted PanAsia-1 strains
of foot-and-mouth disease virus serotype O with heparin sulfate recep-
tor. Virol J 11:132. https://doi.org/10.1186/1743-422X-11-132.

36. Morioka K, Fukai K, Ohashi S, Sakamoto K, Tsuda T, Yoshida K. 2008.
Comparison of the characters of the plaque-purified viruses from foot-
and-mouth disease virus O/JPN/2000. J Vet Med Sci 70:653– 658. https://
doi.org/10.1292/jvms.70.653.

37. Zhao Q, Pacheco JM, Mason PW. 2003. Evaluation of genetically engi-
neered derivatives of a Chinese strain of foot-and-mouth disease virus
reveals a novel cell-binding site which functions in cell culture and in
animals. J Virol 77:3269 –3280. https://doi.org/10.1128/JVI.77.5.3269
-3280.2003.

38. Horsington J, Zhang Z. 2007. Consistent change in the B—C loop of VP2
observed in foot-and-mouth disease virus from persistently infected
cattle: implications for association with persistence. Virus Res 125:
114 –118. https://doi.org/10.1016/j.virusres.2006.12.008.

39. Twomey T, France LL, Hassard S, Burrage TG, Newman JF, Brown F. 1995.
Characterization of an acid-resistant mutant of foot-and-mouth disease
virus. Virology 206:69–75. https://doi.org/10.1016/S0042-6822(95)80020-4.

40. Vázquez-Calvo A, Caridi F, Sobrino F, Martín-Acebes MA. 2014. An in-
crease in acid resistance of foot-and-mouth disease virus capsid is
mediated by a tyrosine replacement of the VP2 histidine previously
associated with VP0 cleavage. J Virol 88:3039 –3042. https://doi.org/10
.1128/JVI.03222-13.

41. Martín-Acebes MA, Rincón V, Armas-Portela R, Mateu MG, Sobrino F.
2010. A single amino acid substitution in the capsid of foot-and-mouth
disease virus can increase acid lability and confer resistance to acid-
dependent uncoating inhibition. J Virol 84:2902–2912. https://doi.org/
10.1128/JVI.02311-09.

42. Martín-Acebes MA, Vázquez-Calvo A, Rincón V, Mateu MG, Sobrino F.
2011. A single amino acid substitution in the capsid of foot-and-mouth
disease virus can increase acid resistance. J Virol 85:2733–2740. https://
doi.org/10.1128/JVI.02245-10.

43. Liang T, Yang D, Liu M, Sun C, Wang F, Wang J, Wang H, Song S, Zhou
G, Yu L. 2014. Selection and characterization of an acid-resistant mutant
of serotype O foot-and-mouth disease virus. Arch Virol 159:657– 667.
https://doi.org/10.1007/s00705-013-1872-7.

44. Wang H, Song S, Zeng J, Zhou G, Yang D, Liang T, Yu L. 2014. Single
amino acid substitution of VP1 N17D or VP2 H145Y confers acid-resistant
phenotype of type Asia1 foot-and-mouth disease virus. Virol Sin 29:
103–111. https://doi.org/10.1007/s12250-014-3426-x.

45. Baranowski E, Ruiz-Jarabo CM, Sevilla N, Andreu D, Beck E, Domingo E.
2000. Cell recognition by foot-and-mouth disease virus that lacks the
RGD integrin-binding motif: flexibility in aphthovirus receptor usage. J
Virol 74:1641–1647. https://doi.org/10.1128/JVI.74.4.1641-1647.2000.

46. Núñez JI, Molina N, Baranowski E, Domingo E, Clark S, Burman A, Berryman
S, Jackson T, Sobrino F. 2007. Guinea pig-adapted foot-and-mouth
disease virus with altered receptor recognition can productively infect a
natural host. J Virol 81:8497– 8506. https://doi.org/10.1128/JVI.00340-07.

47. Berryman S, Clark S, Kakker NK, Silk R, Seago J, Wadsworth J, Chamber-
lain K, Knowles NJ, Jackson T. 2013. Positively charged residues at the
five-fold symmetry axis of cell-culture adapted foot-and-mouth disease
virus permit novel receptor interactions. J Virol 87:8735– 8744. https://
doi.org/10.1128/JVI.01138-13.

48. Lawrence P, Rai D, Conderino JS, Uddowla S, Rieder E. 2016. Role of
Jumonji C-domain containing protein 6 (JMJD6) in infectivity of foot-
and-mouth disease virus. Virology 492:38 –52. https://doi.org/10.1016/j
.virol.2016.02.005.

49. Caridi F, Vázquez-Calvo A, Sobrino F, Martín-Acebes MA. 2015. The pH
stability of foot-and-mouth disease virus particles is modulated by res-
idues located at the pentameric interface and in the N terminus of VP1.
J Virol 89:5633–5642. https://doi.org/10.1128/JVI.03358-14.

50. Bøtner A, Kakker NK, Barbezange C, Berryman S, Jackson T, Belsham GJ.
2011. Capsid proteins from field strains of foot-and-mouth disease virus
confer a pathogenic phenotype in cattle on an attenuated, cell-culture-
adapted virus. J Gen Virol 92:1141–1151. https://doi.org/10.1099/vir.0
.029710-0.

51. Lawrence P, Pacheco J, Stenfeldt C, Arzt J, Rai DK, Rieder E. 2016. Patho-
genesis and micro-anatomic characterization of a cell-adapted mutant foot-
and-mouth disease virus in cattle: Impact of the Jumonji C-domain con-
taining protein 6 (JMJD6) and route of inoculation. Virology 492:108–117.
https://doi.org/10.1016/j.virol.2016.02.004.

52. Lian K, Yang F, Zhu Z, Cao W, Jin Y, Liu H, Li D, Zhang K, Guo J, Liu X,

Zheng H. 2016. The VP1 S154D mutation of type Asia1 foot-and-mouth
disease virus enhances viral replication and pathogenicity. Infect Genet
Evol 39:113–119. https://doi.org/10.1016/j.meegid.2016.01.009.

53. Baranowski E, Sevilla N, Verdaguer N, Ruiz-Jarabo CM, Beck E, Domingo
E. 1998. Multiple virulence determinants of foot-and-mouth disease
virus in cell culture. J Virol 72:6362– 6372.

54. van Vlijmen HW, Curry S, Schaefer M, Karplus M. 1998. Titration calcu-
lations of foot-and-mouth disease virus capsids and their stabilities as a
function of pH. J Mol Biol 275:295–308. https://doi.org/10.1006/jmbi
.1997.1418.

55. Ellard FM, Drew J, Blakemore WE, Stuart DI, King AM. 1999. Evidence for
the role of His-142 of protein 1C in the acid-induced disassembly of
foot-and-mouth disease virus capsids. J Gen Virol 80:1911–1918. https://
doi.org/10.1099/0022-1317-80-8-1911.

56. Mateo R, Díaz A, Baranowski E, Mateu MG. 2003. Complete alanine
scanning of intersubunit interfaces in a foot-and-mouth disease virus
capsid reveals critical contributions of many side chains to particle
stability and viral function. J Biol Chem 278:41019 – 41027. https://doi
.org/10.1074/jbc.M304990200.

57. Luna E, Rodríguez-Huete A, Rincón V, Mateo R, Mateu MG. 2009. Sys-
tematic study of the genetic response of a variable virus to the intro-
duction of deleterious mutations in a functional capsid region. J Virol
83:10140 –10151. https://doi.org/10.1128/JVI.00903-09.

58. Xue M, Wang H, Li W, Zhou G, Tu Y, Yu L. 2012. Effects of amino acid
substitutions in the VP2 B-C loop on antigenicity and pathogenicity of
serotype Asia1 foot-and-mouth disease virus. Virol J 9:191. https://doi
.org/10.1186/1743-422X-9-191.

59. Knipe T, Rieder E, Baxt B, Ward G, Mason PW. 1997. Characterization of
synthetic foot-and-mouth disease virus provirions separates acid-
mediated disassembly from infectivity. J Virol 71:2851–2856.

60. Zhang X, Liu Z, Zhao Q, Chang H, Xie Q. 2004. Sequencing and analysis
for the full-length genome RNA of foot-and-mouth disease virus China/
99. Sci China Ser C 47:74 – 81. https://doi.org/10.1360/02yc0169.

61. Mason PW, Pacheco JM, Zhao QZ, Knowles NJ. 2003. Comparisons of the
complete genomes of Asian, African and European isolates of a recent
foot-and-mouth disease virus type O pandemic strain (PanAsia). J Gen
Virol 84:1583–1593. https://doi.org/10.1099/vir.0.18669-0.

62. Bai X, Bao H, Li P, Sun P, Kuang W, Cao Y, Lu Z, Liu Z, Liu X. 2010. Genetic
characterization of the cell-adapted PanAsia strain of foot-and-mouth
disease virus O/Fujian/CHA/5/99 isolated from swine. Virol J 7:208.
https://doi.org/10.1186/1743-422X-7-208.

63. Kanno T, Yamakawa M, Yoshida K, Sakamoto K. 2002. The complete
nucleotide sequence of the PanAsia strain of foot-and-mouth disease
virus isolated in Japan. Virus Genes 25:119 –125. https://doi.org/10.1023/
A:1020103700108.

64. Reeve R, Borley DW, Maree FF, Upadhyaya S, Lukhwareni A, Esterhuysen
JJ, Harvey WT, Blignaut B, Fry EE, Parida S, Paton DJ, Mahapatra M. 2016.
Tracking the antigenic evolution of foot-and-mouth disease virus. PLoS
One 11:e0159360. https://doi.org/10.1371/journal.pone.0159360.

65. Ruiz-Jarabo CM, Arias A, Baranowski E, Escarmis C, Domingo E. 2000.
Memory in viral quasispecies. J Virol 74:3543–3547. https://doi.org/10
.1128/JVI.74.8.3543-3547.2000.

66. Domingo E, Ruiz-Jarabo CM, Sierra S, Arias A, Pariente N, Baranowski E,
Escarmı́s C. 2001. Emergence and selection of RNA virus variants: mem-
ory and extinction. Virus Res 82:39 – 44. https://doi.org/10.1016/S0168
-1702(01)00385-9.

67. Ruiz-Jarabo C, Domingo E, Garcia-Arriaza J, Arias A, Escarmis C. 2004.
Quasispecies dynamics and evolution of foot-and-mouth disease virus, p
262–304. In Sobrino F, Domingo E (ed), Foot and mouth disease: current
perspectives. Horizon Bioscience, Norfolk, UK. https://doi.org/10.1201/
9781420037968.ch10.

68. Domingo E, Escarmís C, Lázaro E, Manrubia SC. 2005. Quasispecies
dynamics and RNA virus extinction. Virus Res 107:129 –139. https://doi
.org/10.1016/j.virusres.2004.11.003.

69. Domingo E, Gonzalez-Lopez C, Pariente N, Airaksinen A, Escarmís C. 2005.
Population dynamics of RNA viruses: the essential contribution of mutant
spectra, p 59–71. In Peters CJ, Calisher CH (ed), Infectious diseases from
nature: mechanisms of viral emergence and persistence. Springer, Vienna,
Austria. https://doi.org/10.1007/3-211-29981-5_6.

70. Domingo E, Pariente N, Airaksinen A, Gonzaĺez-Lopez C, Sierra S, Herrera
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