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The mechanisms of viral RNA genome segmentation are unknown.
On extensive passage of foot-and-mouth disease virus in baby
hamster kidney-21 cells, the virus accumulated multiple point
mutations and underwent a transition akin to genome segmenta-
tion. The standard single RNA genome molecule was replaced by
genomes harboring internal in-frame deletions affecting the L- or
capsid-coding region. These genomes were infectious and killed
cells by complementation. Here we show that the point muta-
tions in the nonstructural protein-coding region (P2, P3) that ac-
cumulated in the standard genome before segmentation increased
the relative fitness of the segmented version relative to the stan-
dard genome. Fitness increase was documented by intracellular
expression of virus-coded proteins and infectious progeny produc-
tion by RNAs with the internal deletions placed in the sequence
context of the parental and evolved genome. The complementa-
tion activity involved several viral proteins, one of them being the
leader proteinase L. Thus, a history of genetic drift with accumu-
lation of point mutations was needed to allow a major variation in
the structure of a viral genome. Thus, exploration of sequence
space by a viral genome (in this case an unsegmented RNA) can
reach a point of the space in which a totally different genome
structure (in this case, a segmented RNA) is favored over the form
that performed the exploration.

RNA virus evolution | evolutionary transition | quasi-species |
mutant spectrum | viral emergence

NA viruses replicate as complex distributions of closely re-

lated genomes termed viral quasi-species (1). Quasi-species
dynamics is a consequence of high mutation rates and of the
intrapopulation interactions that are established among com-
ponents of a mutant spectrum that can either enhance or quench
the replication of the ensemble (1-7).

One extreme and unusual case of intrapopulation evolution
was described with the picornavirus foot-and-mouth-disease vi-
rus (FMDV). When the biological clone FMDV C-S8c1 (8) was
subjected to serial cytolytic passages in baby hamster kidney-21
(BHK-21) cells at high multiplicity of infection (MOI), the virus
underwent a transition consisting in the generation of multiple
genome types, each with an internal in-frame deletion (9-11)
(Fig. 1 A and B). The standard genomes were at least 10*-fold
less frequent than the segmented version, termed C-S8p260. Low
MOI passage of C-S8p260 rescued the standard genome (termed
C-S8p260p3d), suggesting that the latter is either continuously
present at very low frequency or occasionally generated. Two
genomes with internal deletions dominated at passage 260: (i)
A417 with a deletion that comprises part of proteinase L [ge-
nomic nucleotides 1,154-1,570 (numbering according to ref.
12)], which spans the residues encoding the catalytic amino acids
(13) (Fig. 1C); proteinases L and 3C are involved in shut-off of
host cell protein synthesis (14-16); and (i) A999, which lacks
part of VP3 and VP1 (genomic nucleotides 2,794-3,792). A417
and A999 RNAs were infectious by complementation in the
absence of the standard FMDV RNA (9-11, 17). Therefore,
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repeated high MOI passages of a cloned FMDV resulted in
a striking evolutionary transition akin to what is expected of
a first step in a process of genome segmentation.

Here we address the critical question of what was the initial
trigger of the transition toward segmentation. Our previous
studies with the segmented FMDYV version included the follow-
ing: (i) a description of the transition toward segmentation and
the complementation between the two RNA segments (10); (i)
measurement of fitness gain and capacity of the segmented form
to interfere with replication of standard FMDV (9); (iii) docu-
mentation of a continuous dynamics of mutation and re-
combination in the course of the viral passages. Intermediate
populations included multiple minority genomes with internal
deletions, until A417 and A999 became dominant in C-S8p260
(11). (iv) A comparison of C-S8p260 and its unsegmented de-
rivative C-S8p260p3d, which showed a 1.7-fold higher fitness for
the segmented form that coincided with a 2-fold increase in
specific infectivity (the ratio between the amount of infectivity
and viral RNA) (17). No significant differences were found in
the exponential increase of viral RNA or viral protein synthe-
sis at early times after infection. The only significant differ-
ence detected was a higher particle stability of the segmented
virus than its unsegmented counterpart (a 1.2-fold difference in
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Fig. 1. Accumulation of mutations on passage of FMDV C-S8c1 in BHK-21 cells, and the transition toward genome segmentation. (A) Biological clone C-S8c1
(8) with the standard genome (line on filled square) was passaged in BHK-21 cells at an MOI of 2-4 PFU per cell (empty circles and thick arrows). At passage
260, the genome consisted mainly of two RNAs with internal deletions: A417+A999 (two lines on circle). Three low MOI passages of C-58p260 (thin arrows)
produced population C-S8p260p3d with the standard length genome. (B) Accumulation of mutations on passage of C-S8c1 (the biological clone from which
pPMT28 was constructed) (11). The C-S8c1 (pMT28) genome is depicted at the top, with encoded proteins represented as boxes and noncoding regions as thick
lines; the P1, P2, and P3 genomic regions are denoted with lines above the genome. VPg is the 3B-coded protein, covalently linked to the 5’ end of the RNA,
and (A)n is the 3’-terminal polyadenylate (27-29). Successive populations (from top to bottom) are identified on the right of each genome, with the number
following p denoting the passage number. The position of each mutation is indicated by a vertical line outstanding below the corresponding genome; red
lines denote mutations that appear for the first time in the lineage, and black lines are mutations that are maintained in successive passages; reversion to the
residue of C-S8c1 is indicated by an asterisk. A few positions included mixed nucleotides according to the sequencing peak; a residue had to amount to more
than 50% in the peak to be considered a mutation. The full list of mutations is given in Table S1. A417 and A999 are the RNAs with internal in-frame deletions
within the L- and VP3, VP1-coding regions, respectively (white boxes with discontinuous lines). Procedures for infections, identification of internal deletions,
and nucleotide sequencing are described in Materials and Methods. (C) Amino acid sequence of L protein in A417ev and of VP3-VP1 in A999. The breakpoint
at the 5’ side of deletion A417 interrupts the amino acid sequence G36-E37-K38, whereas at the 3’ side, the breakpoint interrupts the sequence V179-F180-
V181. The amino acid sequence that results from deletion A999 in the polyprotein part of the truncated capsid is SLA and RHK at the 5’ and 3’ side of the
deletion, respectively, which represents elimination of amino acids 82-219 in VP3 and 1-195 in VP1. For A417ev, the two M residues at the N terminus of Lab
and Lb are indicated. The deletion resulted in the generation of a new AUG codon, with the A originating from codon AAG at the 5’ side of the deletion and
UG from codon CUG at the 3’ side of the deletion. The resulting nucleotide and amino acid sequences at the breakpoint site are depicted below the complete
sequence. The A999 deletion did not generate any additional amino acid. The truncation sites are indicated with gray boxes. The resulting nucleotide and
amino acid sequences are depicted below the complete sequence. The numbers below the sequences indicate the amino acid number of the full-length Lab
and VP3-VP1 proteins of C-S8c1 (12).

inactivation rate constant) (17). This difference does not explain
the initial trigger of genome segmentation, because genome
segmentation and the ensuing encapsidation of two types of
RNAs with deletions had to precede the selective testing of
particle stability.

Moreno et al.

The initial event that led to genome segmentation is the
question addressed here. We considered two possibilities: (i)
that the location of the deletions, irrespective of the nucleotide
sequence context, conferred the selective advantage to the seg-
mented form, or (i) that the transition toward segmentation and
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efficient complementation required accompanying mutations in
the evolving quasi-species and that only when such mutations
were present did the genomes with deletions acquire a selective
replicative advantage over the standard genome.

FMDYV mRNA is translated into a polyprotein that is cleaved
to produce a number of functional processing intermediates and
mature proteins (18). We compared protein expression, progeny
production, and complementation activity of the two genomes
with internal deletions in the sequence context of P2, P3 (non-
structural protein-coding region) of the evolved C-S8p260
genomes and in the sequence context of pMT28 [a molecular
clone derived from C-S8cl (10) used for the constructions de-
scribed in the present study]. The results indicate a key contri-
bution of point mutations generated in the course of FMDV
replication in allowing the segmented genome to acquire a se-
lective advantage over its matching standard genome. Comple-
mentation between the two ARNAs is multifactorial, and the
leader proteinase L plays a pivotal role in the complementation
activity. It is known that explorations in sequence space promote
virus adaptability. In the case of FMDYV, the results show that
exploration of sequenced space by the standard FMDYV through
point mutations led the virus to a point in which the highest
positive impact for fitness was not for the genome that per-
formed the exploration but for a totally different segmented
form. We discuss the importance of movements in sequence
space through mutation to promote genome segmentation in
an RNA virus and generally for large evolutionary transition
in viruses.

Results

Dependence of the Selective Advantage of Genomes with Internal
Deletions on the Sequence Context. The segmented FMDV ge-
nome at passage 260 (C-S8p260) differed from the parental virus
C-S8cl (pMT28) in 30 mutations (Fig. 1 and Table S1). To in-
vestigate a possible influence of acquired mutations in the fitness
of the segmented genome version, the deletions were introduced
in the FMDV genome in the context of the nonstructural protein-
coding region (P2, P3; residues 4,201-7,427) of either the parental
(pa) virus C-S8cl (pMT28), or the evolved (ev) C-S8p260p3d
genome; this genome is derived from C-S8p260 by three low MOI
passages, and its P2, P3 region includes the same nonsynonymous
mutations that were dominant in C-S8p260 (Fig. 1 and Tables S1
and S2). The two forms are termed A417pa or A999pa when the
sequence context of the nonstructural protein-coding region is
that of pMT?28 and A417ev or A999ev when the context is that of
C-S8p260p3d (Fig. 24). To compare viral and host protein ex-
pression, the engineered and control RNAs were electroporated
individually into BHK-21 cells, and proteins were pulse-labeled
at different hours after electroporation (HPE) and analyzed
electrophoretically and by Western blot (Fig. 2 B and C). Shutoff
of host protein synthesis that accompanies aphthovirus infec-
tions is reflected in the cellular protein patterns (Fig. 2B). The
increase in viral protein expression level mediated by the point
mutations was 165-fold for the ARNAs and only 3.3-fold for the
standard unsegmented RNA (P < 0.001; ANOVA test; average
values for each expressed viral protein according to the Western
blots shown in Fig. 2C, with normalization to the amount of actin).
Thus, the accumulation of point mutations had a 50-fold higher
positive effect in protein expression from the segmented FMDV
genome than from the corresponding unsegmented counterpart.
Active protein expression from the RNAs harboring internal
deletions occurred when the latter was located within the P2, P3
context of the evolved FMDV genome but not of the parental
genome.

Effect of Point Mutations on Gene Expression and Infectious Progeny

Production of Segmented FMDV. To investigate whether a specific
amino acid substitution was responsible for the enhanced
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replicative capacity of A417ev and A999ev RNAs, the five non-
synonymous mutations present in the 2C- and 3A-coding region
of A417ev and A999ev (Table S2) were introduced individually
in the sequence context of A417pa and A999pa and protein ex-
pression analyzed. Infectious progeny was produced following
coelectroporation with A417ev + A999ev RNAs (with the entire
constellation of mutations in P2, P3 present), but not with
A417pa + A999pa RNAs (that is, devoid of mutations) (P = 0.01;
ANOVA test). Infectivity was rescued when the parental RNAs
expressed 2C with either T256A or Q263H, or 3A with D103G
(Fig. S1). Thus, no single amino acid substitution within 2C or
3A accounted for the fitness increase of the evolved version of
the segmented genome. Substitutions T256A and Q263H in 2C
that were dominant in passage 200, before the segmented form
became dominant, had a minor but positive effect on A417pa +
A999pa protein expression and progeny production, suggesting
a gradual exploration of sequence space that approximated the
system toward segmentation. The extent of shutoff of host cell
protein synthesis was commensurate with the level of viral pro-
tein expression (Fig. S2). ARNAs, with no standard FMDV
RNA, were detected in the cell culture supernatants using spe-
cific RT-PCR amplifications (Fig. S3). Therefore, the constel-
lation of point mutations in the P2, P3 region permitted the
segmented FMDYV version to produce infectious progeny.

Molecular Basis of Complementation Between ARNAs. Because the
only region lacking in A417ev RNA is that encoding the leader
proteinase L, we hypothesized that supply of L in frans might
compensate for the absence of A999ev RNA. To test this pos-
sibility, FMDV L and poliovirus (PV) protein 2A (a viral pro-
tease as negative control for FMDV processing events) were
expressed in trans. L and 2A were functional because they
cleaved translation factor eIF4GI (Fig. S4). Although PV 2A did
not alter the proteins expressed from A417ev RNA (including
the predicted chimeric precursors A417-VP0), FMDV L cleaved
such precursors yielding VPO (Fig. 3 and Fig. S4). A trans-
expression of L resulted in a 14-fold increase of infectious
A417ev RNA (P < 0.01; ANOVA test), indicating a key role of
this protein in the complementation between ARNAs (Fig. 3) (L
affected the pattern of protein processing from A417ev RNA,
and these results will be described elsewhere).

In conclusion, a major evolutionary transition toward seg-
mentation of a picornaviral genome necessitated extensive ex-
ploration of sequence space during extended replication to attain
a constellation of point mutations that conferred a selective
advantage to the bipartite FMDV genome. Despite the actor of
the exploration being the standard unsegmented genome, the
product of exploration was a point of sequence space at which
a drastically different, segmented genomic form was favored over
the unsegmented form that performed the exploration.

Discussion

We documented that an unusual evolutionary transition that
converted the unsegmented positive strand FMDV RNA into
complementing genomes harboring internal deletions was
made possible by point mutations that accumulated in the viral
genome (Figs. 1 and 2, Fig. S1, and Tables S1 and S2). Active
viral polyprotein expression and processing, as well as in-
fectious progeny production, were observed when the internal
deletions were placed under the sequence context of the non-
structural protein-coding region (P2, P3) of the evolved FMDV
C-S8p260p3d but not of the parental FMDV pMT28. These
results imply that if the same deletions had occurred at the
early evolutionary phases of C-S8cl, the segmented version
would have been outcompeted by the standard genome. In fact,
such a major transition has never been observed in other pas-
sage experiments of persistent or cytopathic FMDV in cell
culture (19). The required context of point mutations was

Moreno et al.
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Fig. 2. Scheme of parental and chimeric FMDV genomes and patterns of protein expression. (A) Genomes are represented with coding and noncoding regions with
symbols and nomenclature as in Fig. 1. A417pa and A999pa depict the constructs in which the in-frame deletions in the L- and VP3, VP1-coding regions (white boxes
with discontinuous lines) were placed under the sequence context of the nonstructural protein region of the parental C-S8c1 (in gray). A417ev and A999ev describe
the constructs in which the same deletions were placed under the sequence context of the nonstructural protein region of the evolved C-S8p260 (in color). Vertical
lines outstanding below the corresponding genome indicate the mutations that distinguish A417ev and A999ev from A417pa and A999pa (Tables S1 and S2). The
sequences of the nonstructural protein-coding region are those of two molecular clones isolated from population C-S8p260p3d. (B) The indicated FMDV RNAs (25 pg)
transcribed from the DNAs depicted in A and identified above the corresponding lanes were electroporated into BHK-21 cells. No RNA lanes mean mock-electro-
porated cells. Then the electroporated cells were labeled with [3*S] Met-Cys for 1 h (2-3, 3-4, and 4-5 h after electroporation, abbreviated as 3, 4, and 5 HPE, re-
spectively, in the different lanes), and the cell extracts were analyzed by SDS/PAGE, followed by fluorography and autoradiography. The pattern of viral proteins as
a function of time PE is expected from genomes with deletions in the L-coding region (A417) and in the capsid-coding region (A999). The position of 3CD, 3D, VP3,
and VP1 is indicated. The amount of extract analyzed was normalized using actin (bottom bands). (C) Western blot analysis of FMDV proteins from the lanes at 4 HPE
from B. Proteins were identified by their reactivity with monoclonal antibodies specific for VP3 and 2C, and a polyclonal antibody against 3D, that have been
previously described (30, 31). Note that VP3 is absent among the expression products of A999ev because the RNA lacks most of the VP3- and VP1-coding regions
(compare with A). In B and C, the numbers on the left indicate molecular mass markers (M,, kDa) for proteins. Procedures are detailed in Materials and Methods.

attained as a result of a prolonged exploration of sequence ensemble of accumulated mutations may contribute to the ad-
space provided by infections carried out at high MOI with equate phenotype at the RNA or protein level or both. The
sustained infecting FMDV populations above 107 PFU. The  results suggest that RNA genomes harbor potential for drastic
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Fig. 3. Role of proteinase L in the complementation between ARNAs. (A)
Electropherogram of proteins expressed on electroporation of BHK-21 cells
with 25 pg of A417ev RNA, in the absence or presence of L expressed from
plasmid pTM1-L (30 ug) at 4 HPE. No RNA means mock-electroporated cells,
and pMT28 means expression from pMT28 RNA used as control. The posi-
tions of some viral proteins and protein precursors are indicated on the
right. The predicted proteolytic cleavages of proteins on coelectroporation
of L protein in trans are indicated in the top right box. The asterisk next to
A417-Lb-VPO indicates that this product could originate at any of the two
methionines (M29 or M39) encoded by A417ev. As controls, A417Lab-VPO
and A417Lb-VPO were not processed by poliovirus protein 2A, whereas both
FMDV L and poliovirus 2A cleaved elF4G-I (Fig. S4). The supernatant ob-
tained from the electroporated cells was used to infect a new cell BHK-21
monolayer. After 1 h of adsorption, cells were washed, and intracelullar RNA
was measured by quantitative RT-PCR with specific primers (Table S3). The
fold increase due to L expression is displayed at the bottom right box.

evolutionary transitions conditional on reaching combinations
of point mutations.

The proteins encoded by the P2- and P3-coding regions were
not expected to differ when they were expressed either from
A417ev RNA or A999ev RNA because the deletions in the
ARNAs affect only the Pl-coding region. This prediction was
largely confirmed by the analyses of protein expression with the
unexpected observation that L also had some effect in the ex-
pression of P2, P3. The supply of L in trans by A999ev is a key
determinant of the complementation activity between the
ARNA:s.

Interestingly, alternation of long quasi-stationary epochs
characterized by movements in the neutral sequence space and
short adaptive phases have been observed in theoretical models
of evolutionary optimization (20-22). In these models, molecules
evolve through mutation to attain a secondary structure that
defines the target phenotype, and mutations create the adequate
sequence to initiate an adaptive phase. The movement in se-
quence space of FMDYV in our experimental system results in
fitness gain, as expected from continuous replication and viral
quasi-species optimization. This movement did not alter the
genome organization that remained unsegmented for an ex-
tended period of replication. Interestingly, in such movement,
a point was reached at which the accumulated mutations ren-
dered the virus more fit to be segmented than unsegmented, thus
interrupting a long phase of structural invariance. Regarding
virus evolution and the origin of new viral pathogens, our results
document the importance of exploration of sequence space by
viral quasi-species, not only to gain an adaptive advantage in
front of environmental demands, but, most importantly, to reach
points at which a drastically different genome organization can
be not only tolerated but favored. The results bring about the
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interesting possibility for virus evolution that mutational changes
and drastic genomic alterations might be linked processes.

Materials and Methods

Cells and Virus. The origin of FMDV pMT28 and procedures for infection of
BHK-21 cells have been described (8, 23, 24). FMDV C-S8p260 is a viral
population obtained after 260 serial cytolytic passages of C-S8c1 [the bi-
ological clone from which molecular clone pMT28 was derived (10)] at high
MOI in BHK-21 cells (2-4 PFU per cell; for each passage, 2 x 10% BHK-21 cells
were infected with the virus contained in 200 pL of the supernatant from the
previous infection, that included 2 x 107 — 4 x 107 PFU) (9-11, 17). FMDV
C-S8p260p3d is a viral population obtained after three serial cytolytic passages
of C-58p260 at a MOI of 1073 PFU per cell (2 x 10° BHK-21 cells infected with
200 pL of a 1072 dilution of the supernatant from the previous infection), as
previously described (9-11, 17). The P2, P3-coding region of C-S8p260p3d
includes the same nonsynonymous substitutions that were dominant in
C-S8p260, in addition to transition A5713G (amino acid substitution N139D),
which was present at a frequency of 50% in both A417ev and A999ev pop-
ulations. The GenBank accession numbers for the viral genomes used in
the present study are as follows: AJ133357 (C-S8c1); DQ409183 (A417ev);
DQ409184 (A999ev), and DQ409185 (C-S8p260p3d).

Construction of Molecular Clones Encoding FMDV-Defective Genomes. The
segmented virus version with the nonstructural protein coding region (P2, P3)
of C-S8c1 was constructed using pMT28 to yield the virus made of two
segments, as previously described (10). The plasmids that yield this seg-
mented virus are termed A417pa and A999pa, and the transcribed RNAs are
termed A417pa RNA and A999pa RNA. To obtain the segmented virus with
the deletions in the context of the nonstructural protein-coding region (P2,
P3) of the evolved C-S8p260, the nonstructural protein-coding region of
C-S8p260p3d was amplified by RT-PCR with the primer pairs 2BR1-3CD1 and
3AR3-AV2new (Table S3), and AMV-RT (Promega) and Pfu polymerase
(Stratagene). The two amplicons were shuffled using 2BR1 and AV2new as
external primers. The DNA products were purified by low melting agarose
(Cambrex) gel electrophoresis, and the DNA was purified using the Wizard
PCR Preps DNA Purification System (Promega) and quantified by Sybr Safe
staining in analytical gel electrophoresis with known amounts of DNA
markers. The DNA was digested with Bglll (genomic position 4,201) and
BamHI (position 7,427). The DNA fragments were purified and ligated to
plasmids A417pa and A999pa, previously digested with the same enzymes,
using T4 DNA ligase (Roche). The resulting plasmids are termed A417ev and
A999%ev and give rise to transcripts A417ev RNA and A999ev RNA. A plasmid
encoding the full-length RNA of C-S8p260p3d was constructed by in-
troducing the L-coding region of A999ev [excised with a restriction fragment
from position 638 (Xbal) to position 2,046 (Xbal)] into A417ev (treated with
the same enzymes), using T4 DNA ligase. The procedures for DNA charac-
terization and purification were as described for the construction of A417ev
and A999ev. Therefore, the segmented FMDV version encoding A417pa,
A999pa and the one encoding A417ev, A999ev differ only in the sequence
context of the P2, P3-coding region; the sequence of P1 is identical in the
two viruses.

A417pa and A999pa were used as the genomic backbone for the con-
struction of the five mutant infectious clones: S80N, T256A, Q263H, and
M283V in 2C and D103G in 3A. An RT-PCR product from C-S8c1 RNA, using
2BR3 and 3CD1 primers, was cloned into pGEM-T (Promega). Site-directed
mutagenesis was performed using the corresponding primers (Table S2), and
the correct clones for the five mutants were sequenced to confirm that no
unwanted mutations had been introduced. The DNA was digested with Bglll
and Rsrll, and mutant genome fragments were subsequently ligated with
the similarly digested A417pa and A999pa to construct DNA clones of
each mutant.

Expression of FMDV L. Plasmid pTM1-L was obtained with primers 5'Ncol-L
and 3'BamHlI-L, which were designed for PCR amplification of the Lab-
coding region from pMT28. The resulting DNA fragment was digested
with Ncol and BamHI and ligated to plasmid pTM1 containing the 5" UTR
of the encephalomyocarditis virus (kindly provided by L. Carrasco, Centro
de Biologia Molecular “Severo Ochoa,” Universidad Auténoma de Madrid,
Cantoblanco, Madrid). Plasmid pTM1-2A containing the poliovirus 2A se-
quence was obtained as previously described (25). The in vitro transcription
and polyadenylation were performed with T7 polymerase (Promega) and poly
(A) polymerase (Gibco), respectively, as specified by the manufacturers.
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RNA Quantification, RT-PCR Amplification, Transcription, and Electroporation of
BHK-21 Cells. Viral RNA quantification with the Light Cycler instrument
(Roche), RT-PCR amplification using AMV reverse transcriptase (Promega) and
Expand High Fidelity (Roche), in vitro transcription, and electroporation of
BHK-21 cells have been previously described (10, 26).

Protein Analysis, Fluorography, and Western Blot Analysis. Proteins were la-
beled by the addition of 60 uCi of [>*S] Met-Cys (Amersham) per milliliter
contained in Met-free DMEM, at the time postelectroporation indicated for
each assay. After 1 h of incubation of the cell monolayers with the radio-
active medium, the medium was removed, and the cells were harvested in
0.1 mL of sample buffer (160 mM Tris-HCl, pH 6.8, 2% (wt/vol) SDS, 11% (wt/vol)
glycerol, 0.1 M DTT, and 0.033% bromophenol blue). The samples were
boiled for 5 min, and aliquots were analyzed by SDS/PAGE at 200 V and
subjected to fluorography and autoradiography (Table S4). The amount of
extract analyzed was normalized using actin, identified with a specific mAb
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