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By using porcine immune sera to select a library of phage-displayed random peptides, we identified an antigenic sequence
(RKASLSTS) in the C-terminus of the ORF 3 structural glycoprotein of European-type porcine reproductive and respiratory
syndrome virus (PRRSV). Through the use of overlapping reading frames, the same PRRSV genetic locus codes for the ORF
3 “RKASLSTS” sequence, and a previously described ORF 4 epitope (Meulenberg, J. J. M., Van Nieuwstadt, A. P., Van
Essen-Zandbergen, A., and Langeveld, J. P. M., 1997, J. Virol. 71, 6061–6067). Sequence analysis identified naturally occurring
deletion mutants at this ORF 3

4 site. Phylogenetic analysis showed the presence of a highly accurate ORF 3 molecular clock,
according to which deletion mutants and nondeleted viruses evolved at differing speeds. Furthermore, deletion mutants and
nondeleted viruses evolved as separate lineages. These distinctions suggested that deletion mutants were a hitherto
unrecognized subtype of European-type PRRSV. Currently, deletion mutants appear to be outcompeting nondeleted viruses
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in the field, highlighting the importance of the porcine antibody response against the minor structural glycoproteins of
European-type PRRSV for viral evolution. © 2000 Academic Press
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Since its emergence in the late eighties, porcine re-
productive and respiratory syndrome virus (PRRSV) has
become a wide-spread pathogen, causing significant
economical impact. Monitoring the evolution of recently
emerged viruses is of basic interest, as such agents may
still be adapting to their new host, and thus may be
genetically unstable. Evolution of antigenic areas is of
particular interest, due to the practical relevance for
immune diagnostics and prophylaxis. To examine the
specificity of porcine antibodies following PRRSV infec-
tion, we used a phage-display library of random 7-mer
peptides (Ph.D-7 library, New England Biolabs, Hitchin,
Hertfordshire, UK). Sera from pigs 40–60 days post-ex-
perimental infection with 111/92, a European-type PRRSV
(1), were preadsorbed with UV-inactivated wild-type M13
phage, and used to select the Ph.D-7 library, essentially
according to the manufacturer’s instructions. After five
cycles of selection and amplification, peptide sequences
from 32 plaque-purified phages were matched to 111/
92’s structural genes (EMBL Accession No. AJ223078). A
better than 4 out of 7 (4/7) residue match between se-
lected peptide and cognate antigen may not appear even
when using a monoclonal antibody for library selection
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(2–5). This posed a problem, because with a target se-
quence as long as the structural genes of PRRSV (1200
amino acids), any single heptamer peptide has an unac-
ceptably large chance of exhibiting a nonsignificant 4/7
match. To overcome this, we required a 4/7 match to the
heptamer peptide of two different phage clones to define
a putative antigenic site in PRRSV. With this strategy, we
identified a putative antigenic site (RKASLSTS) in the
C-terminus of the ORF 3 protein; the phage-identified site
exactly coincided with a predicted major antigenic peak
(Fig. 1). As a negative control, the same 32 phage clones
were matched to the structural genes of VR2332 (Gen-
Bank Accession No. U87392), an American-type PRRSV
antigenically very distinct from European-type PRRSV (6);

o putative antigenic sites were found. The phage-dis-
lay data were further corroborated by sequence analy-
is and Western blotting, as described below.

For sequence analysis, we RT-PCR amplified two
verlapping fragments, covering the complete ORF 3
equence (C-terminus, PCR primers 59GTGTC-

GCGCGTCTTCGTGGA39 and 59GCACGCAGAAAGCAT-
AGCA39, N-terminus, PCR primers 59ACCGCGTT-
AGCTCATCTTC39 and 59CCATTCCAAATGGAACCAI-
TG39), from 26 Danish, European-type PRRSV

solates covering the period 1992–1998. Sequencing of

oth strands was done on uncloned, gel-purified PCR
roduct, using the BigDye cycle sequencing kit (Per-
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kin–Elmer, Allerød, Denmark). The sequences, with
isolate dates, have been submitted to GenBank (Ac-
cession No. AF171671-96). Alignment of the 26 se-
quences showed that the phage-identified RKASLSTS
sequence localized to the most variable segment of
the ORF 3 protein, as expected for a site targeted by
the immune response (7, 8) (Fig. 2). Intriguingly, many
isolates exhibited frank deletions in the RKASLSTS
sequence. The deletions were 3–24 nt large, localized
to the RKASLSTS site, and, with a single exception
(see below), did not disturb the ORF 3 and 4 reading
frames, which overlap at this location (Figs. 1 and 2).
This is the first report of PRRSV deletion mutants;
remarkably, the deletions affected antigenic areas in
two overlapping ORFs (Fig. 1). Interestingly, deletions
have as yet not been described in American-type ORF
3 sequences, possibly reflecting differences in the
degree of virion association between EU-type (virion
associated (9)) and U.S.-type (not virion associated
(10)) ORF 3 proteins.

Next, to confirm the phage-display data by Western
blotting, we RT-PCR amplified a fragment corresponding
to the C-terminal 199 aa of the 265-aa-large ORF 3
protein (PCR primers 59GCTCGAGCCCGGTCGTAAC39

nd 59GTTATCGTGARTACTGGG39, ORF 3 stop codon

FIG. 1. Identification of an antigenic site in the C-terminus of the O
phage-display library (each random peptide sequence present at ,10
enrichment of two phage clones (post-enrichment frequencies of 5/32 a
of the ORF 3 protein. The amino acid sequences of the two phage-dis
sequence. Residues matching PRRSV ORF 3 appear bold in the phage–
identified by polyclonal porcine sera in this study also codes for an O
mAb mapping by Meulenberg et al. (14). Also shown is information

ntigenicity profile of the ORF 3 protein (17).
underlined). This fragment contained the predicted major
antigenic sites of the protein, while avoiding the hydro- w
phobic N-terminus (Figs. 1 and 2), and has previously
been shown to be antigenic in vivo (7). Cloned RT-PCR
products (pT7Blue-2 vector, Novagen, Madison, WI) were
confirmed by sequencing and in vitro transcribed/trans-
lated in the presence of biotinylated lysine (TNT rabbit
reticulocyte lysates, Promega, Madison, WI). The ORF 3
proteins were N-terminally fused to a vector-derived S-
peptide, allowing precise quantitation with the S-tag as-
say (Novagen). Equalized amounts of in vitro translated
ORF3 antigen were electrophoresed on precast 15%
SDS–PAGE gels (BioRad, Copenhagen, Denmark), and
electrotransferred to PVDF membranes (Amersham, Hør-
sholm, Denmark) for Western blot analysis. Serum from a
111/92-infected pig reacted with the ORF 3 protein of
111/92, but had significantly reduced reactivity toward
the ORF 3 protein of 21191, a naturally occurring deletion
mutant (Fig. 3). The 21191 isolate exhibited a near-total

eletion of the RKASLSTS phage-identified sequence, as
ell as several other amino acid changes (Fig. 2). To
etermine the effect of the deletion of the RKASLSTS
equence alone, targeted deletions were made in the
11/92 protein using mutagenic reverse PCR primers
9TTATCGTGATGTACTGGGGAATGCCGACGGCTTC-

ACGACATTGAGATGACTCTTCTGATG39 and 59TTA-
TCGTGATGTACTGGGGAATGCCGACGGCTTCACGACAT-

rotein by phage display. Selecting a naive random heptamer–peptide
uency) with immune sera from PRRSV 111/92-infected pigs led to the
), whose peptide insert partially matched a sequence at the C-terminus
peptides are shown aligned to the PRRSV 111/92 ORF 3 amino acid
sequences. The PRRSV genetic locus which codes for the ORF 3 site

itope (marked in the ORF 4 amino acid sequence) identified through
the PRRSV genomic organization (16) and predicted Hopp–Woods
RF 3 p
27 freq

nd 6/32
played
peptide
RF 4 ep
TGAGGCCGGGCACAGGTG39 in conjunction with the for-
ard PCR primer described above (deletion of the
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RKASLSTS sequence and the 16-aa-large hypervariable

FIG. 2. Sequence variability in the ORF 3 protein of Danish, Euro-
pean-type PRRSV isolates. Of the 26 complete ORF 3 sequences
generated in this study (GenBank Accession No. AF171671-96), 5 were
selected as representative: 111/92 (GenBank Accession No. AF171671)
is the nondeleted isolate used for experimental infections to generate
porcine immune sera for phage-display screening (see Fig. 1) and
Western blot analysis (see Fig. 3). Isolates 12654 (GenBank Accession
No. AF171672) and 54-228 (GenBank Accession No. AF171691) are
nondeleted isolates exhibiting low and high variability at the phage-
identified RKASLSTS site. Isolates 38/8 (GenBank Accession No.
AF171689) and 21191 (GenBank Accession No. AF171679) are deletion-
mutant isolates exhibiting small and large deletions at the phage-
identified RKASLSTS site. In the shown alignment, sequence identity to
111/92 is indicated by dots. Deletions are indicated by dashes. The
leader peptide was predicted using the Signal IP software (18). Pre-
dicted N-linked glycosylation sites are shown underlined. Glycosylation
sites and cysteines were generally well conserved in all ORF 3 se-
quences. The most variable ORF 3 segment (boxed residues) was
identified from an alignment of the 26 full-length ORF 3 sequences
generated in this study using the “mutational hotspot” function of the
Omiga software (Oxford Molecular Ltd., Oxford, UK), and agreed with
the findings of Drew et al. (8). The part of the ORF 3 protein expressed
by in vitro translation is indicated. The amino- and carboxy-terminal
parts of the ORF 3 protein are encoded by genome areas containing
overlapping ORFs, as shown.
segment boxed in Fig. 2, respectively). Deletion of the
RKASLSTS phage-identified sequence by PCR reduced
the reactivity of the 111/92 ORF3 protein (Fig. 3), with a
somewhat larger reduction in reactivity evident if the
16-aa-large hypervariable site containing the RKASLSTS
sequence (Fig. 2, boxed residues) was deleted (Fig. 3).
Thus, the Western blot results confirmed that the phage-
identified RKASLSTS sequence (Fig. 1) was a naturally
antigenic site. Further, natural evolution of this and pre-
sumably other antigenic sites, exemplified by the 21191
isolate, had significantly changed the antigenicity of the
ORF3 protein.

Finally, to examine the phylogenetic relationship be-
tween deletion mutants and “nondeleted” viruses, we
removed the genome segment subject to deletions
(ORF 3 nucleotides 695–742), as current phylogenetic
models deal poorly with insertion/deletion information,
and constructed a maximum-likelihood phylogenetic
tree (Fig. 4A). PRRSV was first isolated in Denmark in
March 1992 (1). The tree showed that the PRRSV
type(s) introduced into Denmark were generally dis-
tinct from the first European PRRSV isolate, the Lelys-
tad virus from the Netherlands (11) (Fig. 4A). Deletion
mutants mostly occupied branches which were free of
nondeleted viruses, and vice versa (Fig. 4A). This in-
dicated that generation of deletion mutants from non-

FIG. 3. Examination of the phage-identified RKASLSTS sequence by
Western blot. In vitro translated, lysine-biotinylated ORF 3 protein was
made from the PRRSV field isolates 111/92 and 21191 (see Fig. 2).
Deletions of the phage-identified RKASLSTS site and the 16-aa-large
hypervariable area (boxed in Fig. 2) containing the RKASLSTS site were
made in the 111/92 protein by PCR; these constructs are indicated as
“del-8 of 111/92” and “del-16 of 111/92,” respectively. Specific bands are
indicated by arrowheads, the deletions present in the 21191, del-8 of
111/92, and del-16 of 111/92 ORF3 proteins being reflected in increased
mobility. Numbers above lanes indicate the number of ORF3 molecules
loaded, as determined by the S-tag assay (relative units). The “negative”
lane was loaded with unprogrammed reticulocyte lysate. (A) The West-
ern blot was probed with 1:300 diluted serum from a 111/92-infected pig
at 42 days postinfection, HRP-conjugated secondary antibody, and
developed with ECLPlus (Amersham). (B) To confirm the presence of
equal amounts of protein of the expected size in all lanes, the duplicate
blot was probed with streptavidine-conjugated alkaline phosphatase
and developed with CDPStar (Tropix, Bedford, MA). The total lysine
content (potential biotinylation sites) of the in vitro translated proteins

w
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as, from left to right as they appear on the Western blot, 10, 7, 9,
nd 8.
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FIG. 4. del1 and del2 viruses evolve as separate lineages, at differing speeds, and with differing success. The ORF 3 sequences generated in this
tudy of Danish, European-type PRRSV isolates are presented as a phylogenetic tree (A), a plot of genetic distance versus time (B), and a frequency
nd size distribution of deletions over time (C). (A) The nucleotide segment affected by deletions (ORF 3 nucleotides 695–742), and ORF 3 start and
top codons were removed from sequences prior to phylogenetic modeling. The tree was constructed using the HKY851G substitution model (19),

and all parameters were estimated by maximum likelihood (20). The isolate date is given for each point in the tree. Deletion mutants are boxed, “del-3”
meaning deletion of 3 nt, etc. 111/92 (April 92) and 21191(Del-24, May 97), the isolates used for the in vitro translation studies (see Fig. 3), are indicated

y *. A branch containing most nondeleted viruses, but largely devoid of deletion mutants, is indicated by a dashed oval. (B) Genetic distances from

he main node of the phylogenetic tree were plotted against isolate time. Lelystad virus and the two Danish Lelystad-like isolates were excluded from
he analysis. Sequences with and without deletions are shown by “1” and “2,” respectively. Covariance analysis revealed that the slope of 1 and 2
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deleted viruses was rare and that present-day deletion
mutants likely had evolved from deletion mutant par-
ents existing at the start of the Danish epidemic. As
an exception to this, a single deletion mutant was
situated in the branch occupied by most nondeleted
viruses (Fig. 4A, nondeleted virus branch indicated
by stipled oval, deletion mutant boxed). However,
other highly unusual characteristics of this deletion
mutant (a 26-nt frame-shifting deletion, which was
predicted to cause the formation of an ORF 3 1 4
usion protein, GenBank Accession No. AF171696)
uggested that it might represent a minor pathway in
RRSV evolution.
When the genetic distances to the main node (main

ode marked in Fig. 4A) were plotted against isolate
ime, we found an excellent linear correlation, which
orroborated the phylogenetic tree, and showed a
ighly accurate ORF 3 molecular clock (Fig. 4B). In-

riguingly, the molecular clock indicated that deletion
utants evolved significantly quicker than did

ondeleted viruses (Fig. 4B). The tree shown in Fig. 4A
as then used as input in the codon-based model
f Yang and Nielsen (12) to estimate underlying

atios of nonsynonymous to synonymous nucleotide
ubstitutions (dN/dS ratios). The dN/dS ratios were

0.29 and 0.46 for deleted and nondeleted viruses,
respectively (0.025 , P , 0.05 (12)). Thus, the faster
evolution of the deletion mutant ORF 3 appeared not
to be due to increased selective pressure for change
at the protein level. Hypothetically, a faster evolution
rate despite a lower dN/dS ratio, as observed for the

eletion mutants, could for example be due to pecu-
iarities in RNA replication, which could perhaps also
xplain the generation of deletions per se. Importantly,
sing a codon-based model avoided confounding of

he dN/dS ratios by the pronounced transition bias
hich is observed during PRRSV evolution (the rate

atio (12) of transitions/transversions was 10 for the
equences reported in this study). Also, the dN/dS

analysis yielded same results regardless of whether
the parts of ORF 3 that overlap with ORFs 2 and 4 were
excluded or not.

The ORF 3 protein of European-type PRRSV has
been reported to be capable of inducing protective
immunity in vivo (13), and monoclonal antibodies to
he “overlapping” ORF 4 site (Fig. 1) are neutralizing in
itro (14). That, together with our data above, sug-

gested that deletion mutants might have emerged due
to immunological pressure, the nature (humoral or

lines was significantly different (P , 0.05). (C) Three partial C-terminal
ringing the total sequence number to 29. The frequency of deletion mu
, 0.05). The apparent increase in the size of deletions over time wa

rom the analysis (Spearman correlation coefficient 0.71, P , 0.05). Th

hought to represent an evolutionary pathway distinct from that followed by the

as performed in the SAS system, using PROC REG, PROC CORR, and PROC
cellular) and target (ORF 3 or 4 proteins) of which
cannot presently be decided. In any case, such adap-
tive PRRSV evolution would be expected to produce
viral fitness gain. Our data in fact provided evi-
dence for this: Since 1992, the proportion of deletion
mutants has significantly increased among field iso-
lates, with a (nonsignificant) tendency toward larger
deletions as well (Fig. 4C). Importantly, this immune
response-driven (adaptive) evolution affected the
short, hypervariable and deletion-prone ORF3 seg-
ment (Fig. 2), whereas the rest of the ORF 3 protein
appeared to evolve according to neutral principles, as
evidenced by the presence of a highly accurate mo-
lecular clock (see above, note that the deletion-prone
ORF3 segment was removed from all sequences prior
to the phylogenetic modeling, which revealed the mo-
lecular clock and on which dN/dS calculations were
based).

Finally, it should be mentioned that deletion mu-
tants from 1997 and 1998 were isolated from cases
of recent PRRSV introduction into previously PRRSV-
free farms; that is, deletion mutants were capable of
interfarm spread, as opposed to, for example, being
evolutionary dead ends of long-term, intrafarm
persistence. Deletion mutants exhibited no unusual
geographical clustering. Also, based on the type of
clinical material from which deletion mutants were
isolated, and clinical information from affected
herds, we have currently no indication of deletion
mutants being associated with apparent changes in
PRRSV disease pattern. In summary, this study pro-
vided evidence for neutral (molecular clock, Fig. 4B)
as well as adaptive (deletions/mutations at an anti-
genic site) changes in a PRRSV minor structural gly-
coprotein of unknown but likely essential (15) function.
It remains to be determined whether genetic changes
will exacerbate at the deletion-prone ORF 3/4 site as
the virus continues adaptation to its new porcine host,
and what effects this might have on PRRSV-induced
disease.
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