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The disease caused by porcine reproductive and respiratory syndrome virus (PRRSV) emerged independently and almost
simultaneously in Europe (1990) and North America (1987). The original reservoir of the virus and the date it entered the pig
populations is not known. In this study, we demonstrate an accurate molecular clock for the European PRRSV ORF 3 gene,
place the root in the genealogy, estimate the rate of nucleotide substitution, and date the most recent common viral ancestor
of the data set to 1979; more than 10 years before the onset of the European epidemic. Based on these findings, we conclude
that PRRSV virus most likely entered the pig population some time before the epidemic emergence of the virus, and hence,
that emergence of European-type PRRSV is not the result of a recent species transmission event. Together, our results show
that ORF3 sequencing is a valuable epidemiologic tool for examining the emergence and spread of PRRSV in Europe. As
such, the panel of well-characterized and highly divergent ORF3 sequences described in this study provides a reference point

for future molecular epidemiologic studies. © 2001 Academic Press
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INTRODUCTION

Porcine reproductive and respiratory syndrome virus
(PRRSV) is the causative agent of a newly emerged
disease with still on-going epidemics in populations of
domestic pigs (1). There is no prior knowledge in veter-
inary records of this disease, which emerged almost
simultaneously in North America and Western Europe in
the late 1980s and early 1990s, respectively. Despite the
concurrence in emergence and disease symptoms, the
virus strains from the two continents have proven to be
strikingly different with only 55–70% nucleotide similarity
in the different viral genes (2–5). This has led to the
conclusion that the two lineages must have evolved
separately from a very distant common ancestor before
the emergence into the pig populations on the two con-
tinents (5, 6). The novelty of the disease, and the evolu-
tionary distance between the two virus lineages, has
prompted the working hypothesis that the emergence of
the virus was a result of two recent and independent
species transmission events on the two continents (6).
However, the original reservoir of the virus prior to the
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onset of the current epidemic, and whether this reservoir
was the same on both continents, is unknown. It is also
unknown when a potential species shift may have oc-
curred from the original reservoir to domesticated pigs.

The ORF 3 gene of European-type PRRSV encodes a
virion-associated structural glycoprotein (7). A previous
study has shown a highly accurate molecular clock for
the accumulation of base substitutions in this gene
within the Danish virus population (8). This was done by
including time information into an approach based on
linear regression on genetic distances. However, due to
phylogenetic correlation, the statistical properties of dis-
tance-based methods are not well known, and caution
must be taken when basing conclusions on these.

In the current study, we expanded the original data set
of Oleksiewicz et al. (8) to incorporate the European
PRRSV prototype, the Lelystad isolate (3), and seven
English isolates previously sequenced (9). In addition,
the complete ORF 3 from five recent Danish isolates and
five Italian isolates were sequenced as part of this study
and included in the analysis (Table 1). The two latter
countries have been shown to harbor the majority of
European-type PRRSV genetic diversity (8, 10 and T.
Storgaard, unpublished results).

Virus isolation, RNA extraction, and sequencing pro-

cedures were essentially as described in Oleksiewicz et
al. (8), differing only in a change of the reverse primer for
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the N-terminal amplification to 59ATGCGTCGAGAAA-
CAGGGCT39 to successfully amplify this more diverse
sample set of PRRSV isolates. The sequencing of the five
Italian isolates identified ORF 3 deletion mutants similar
to those previously reported among Danish PRRSV iso-
lates (8). In addition, two of the Italian isolates (2029/97
and 3943/96, Table 1) had premature stop codons in the
carboxyl-terminal part of ORF 3. This observation, to-
gether with our previous published data (8), suggest that
the carboxyl-terminal part of the European type PRRSV

T

Details of t

Isolate Country Isolation date

111/92 Denmark 09/04/92
48/92-1 Denmark 20/03/92
14474B Denmark 04/03/96
12654 Denmark 19/12/95
12985 Denmark 04/01/96
5767-6 Denmark 10/02/95
20567 A Denmark 26/03/97
21191 Denmark 09/05/97
24554/97 Denmark 19/11/97
25434/98 Denmark 15/01/98
28639/98 Denmark 16/06/98
32-10/92 Denmark 17/03/92
26666 Denmark 18/03/98
34/92 Denmark 17/03/92
38/8 Denmark 18/03/92
18009/4 Denmark 28/09/92
146/92 Denmark 24/09/92
228 A Denmark 16/11/93
5544 A Denmark 01/02/95
6501 Denmark 22/03/95
6504 Denmark 22/03/95
6617 Denmark 29/03/95
13759 B Denmark 26/01/96
26371 B Denmark 04/03/98
31540 Denmark 18/11/98
31690 A Denmark 25/11/98
32413 Denmark 08/01/99
32351 Denmark 05/01/99
32929 Denmark 01/02/99
33792 Denmark 11/03/99
34229 Denmark 26/03/99
3391/93 Italy 24/11/93
2481/97 Italy 24/04/97
2029/97 Italy 08/04/97
3943/96 Italy 21/06/96
974/98 Italy 10/02/98
BE1 United Kingdom 18/02/93
H3 United Kingdom 21/06/91
NO1 United Kingdom 25/03/92
LE1 United Kingdom 11/05/92
L2 United Kingdom 5/10/92
HA1 United Kingdom 18/06/92
NY4 United Kingdom 22/06/94
Lelystad Netherlands 1991
ORF 3 has a nonessential role in the viral life cycle.
The newly generated sequences corresponding to the
complete ORF 3 (Table 1) were aligned to the previously
published ORF 3 sequences (3, 8, 9) using Clustal X (11),
and adjusted manually around the region previously de-
scribed to hold deletions (8). All sites in the alignment
containing gaps were removed, yielding a final alignment
of 747 nucleotide sites for analysis [alignment available
via the Internet (www.bioinf.au.dk/;roald/)]. Based on
this alignment, the genealogy of the isolates was esti-
mated using the PAUP* program (12). A neighbor-joining
tree was constructed upon which maximum likelihood

ates Used

Accession number Journal reference

AF171671 Oleksiewicz et al., 2000
AF171690 Oleksiewicz et al., 2000
AF171675 Oleksiewicz et al., 2000
AF171672 Oleksiewicz et al., 2000
AF171673 Oleksiewicz et al., 2000
AF171692 Oleksiewicz et al., 2000
AF171678 Oleksiewicz et al., 2000
AF171679 Oleksiewicz et al., 2000
AF171680 Oleksiewicz et al., 2000
AF171681 Oleksiewicz et al., 2000
AF171684 Oleksiewicz et al., 2000
AF171687 Oleksiewicz et al., 2000
AF171683 Oleksiewicz et al., 2000
AF171688 Oleksiewicz et al., 2000
AF171689 Oleksiewicz et al., 2000
AF171677 Oleksiewicz et al., 2000
AF171676 Oleksiewicz et al., 2000
AF171691 Oleksiewicz et al., 2000
AF171696 Oleksiewicz et al., 2000
AF171693 Oleksiewicz et al., 2000
AF171694 Oleksiewicz et al., 2000
AF171695 Oleksiewicz et al., 2000
AF171674 Oleksiewicz et al., 2000
AF171682 Oleksiewicz et al., 2000
AF171685 Oleksiewicz et al., 2000
AF171686 Oleksiewicz et al., 2000
AF303361 This study
AF303360 This study
AF303362 This study
AF303363 This study
AF303365 This study
AF303364 This study
AF303359 This study
AF303358 This study
AF303366 This study
AF303367 This study
L77913 Drew et al., 1997
L77915 Drew et al., 1997
L77923 Drew et al., 1997
L77921 Drew et al., 1997
L77919 Drew et al., 1997
L77917 Drew et al., 1997
L77925 Drew et al., 1997
M96262 Meulenberg et al., 1993
ABLE 1

he Isol
(ML) parameters of the HKY1 G substitution model
were estimated (13, 14). This model incorporates the
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previously shown transition bias in PRRSV (15) and rate
eterogeneity among sites, which is a common feature
f protein coding regions (14). Estimated parameters
ere then used in an extensive heuristic topology search
nder the ML criterion. Ten random stepwise addition

rees were used as the starting points for the search. The
earches converged on five topologies, which only had
ery minor branching order differences of essentially
ero-length branch lengths in the Lelystad-like clade and
he very compact clades of Danish isolates (Fig. 1).

For hypothesis testing and parameter estimation, we
sed a genealogy-based likelihood approach (13), which

ncorporates the correlation of shared evolutionary his-
ory between isolates. Recent advances in the construc-
ion of models of molecular evolution have allowed for
he inclusion of time-information from noncontempora-
eous samples into a maximum likelihood framework

16). This permits the testing of hypotheses about the
elation between calendar time and the rate of evolution,
nd estimation of substitution rate parameters, all within

he statistically well-founded likelihood theory. The mod-
ls employed here (Table 2) are implemented in the
ipDate program (16) and are as follows: (i) A model of an
nconstrained tree MUNCONST (Table 2). Under this model

no assumptions are made about the amount of calendar
time occurring on each branch of the tree, or the con-
stancy of substitution rates (13). The lengths of all

ranches are therefore allowed to vary as free parame-
ers of the model. (ii) A model of a clock-constrained tree

ith time information MCLOCK (16). This model incorpo-
rates the time information of the isolates (Table 2) and
positions tips at a distance from the root, which is de-
pendent on their date of origin and the simultaneously
estimated substitution rate parameter (m). The interde-
pendency caused by these constraints means that all
branch lengths are no longer free to vary. These can now
be expressed by the height of the nodes in the tree,
which means a reduction of the parameter space. To
introduce the clock constraints into the model, a root
must be placed in the relating tree. As no close outgroup
exists, the root of the complete genealogy was estimated
by trying all possible positions. The placing of the
root that yielded the highest likelihood score was then
chosen.

A likelihood ratio test between these two models then
becomes a test of the molecular clock hypothesis. As
shown in Table 2, the clock hypothesis did not yield a
significantly worse fit to the data when compared to the
more parameter-rich hypothesis of an unconstrained
tree. This result agrees with the previous results from
Oleksiewicz et al. (8) in demonstrating an accurate mo-

FIG. 1. Genealogy of European-type PRRSV isolates. Branch lengths

is indicated: DK, Denmark; IT, Italy; NL, The Netherlands; UK, U.K. The bar sho
onset of the European PRRSV epidemic are indicated by arrows on the bar.
lecular clock for the evolution of the ORF 3 gene in
European-type PRRSV. The rate of substitution was esti-
mated as 5.8 3 1023 substitutions per site per year (95%
confidence interval 4.8–6.9 3 1023). This high rate of
substitution and the large number of sequences allowed
us to estimate with high fidelity that the most recent
common ancestor (MRCA) of these isolates existed in
1979 (95% confidence interval covers the period 1976–
1981). The presence of PRRSV in European domestic
swine has not been demonstrated prior to the onset of
the current epidemic. If the current pan-European epi-
demic was caused by only one interspecies transmis-
sion event followed by rapid intraspecies transmission,
we would expect the sequences to be related by a
star-like genealogy, with an estimated time of the MRCA
around 1990. From the dated genealogy (Fig. 1), it can be
seen that several lineages existed around the onset of
the current epidemic in 1990. This means that several
transmission chains must have persisted and connected
the pre-epidemic reservoir of the virus to the viral iso-
lates of this sample set. Two scenarios could explain this
pattern: (i) The pre-epidemic reservoir of PRRSV was
another species, e.g., mice (6) or mallard ducks (17), from

hich several interspecies transmissions to domesti-
ated pigs occurred at the time of or following the onset
f the epidemic in 1990; or (ii) PRRSV acquired pigs as
osts a long time prior to the current epidemic and
irculated and diversified in an isolated pig population;

rom this population genetically diverse viruses were
ntroduced into the larger European swine populations
y several intraspecies transmission events, hereby giv-

ng rise to the current pan-European epidemic. At the
olecular level, a strong dependency on the specific

ost-cell environment is observed in the gene products
nvolved in all viral life stages (18). This observation, and
he fact that interspecies transmission of viruses are
arely observed, would indicate that species shifts are
ery rare events in the evolutionary history of most vi-
uses and that the second of the above scenarios is the

ost likely explanation for our observations.
From the genealogy (Fig. 1) it can be seen that both

he viral isolates within the clade containing only Danish
solates and the viral isolates within the clade containing
he Lelystad-like isolates diverged around the onset of
he current epidemic. However, the Italian isolates all
iverged even earlier and harbor much of the genetic
iversity of the sample set. High genetic diversity among

talian PRRSV isolates has previously been observed in
he ORF 5 and 7 genes (10 and T. Storgaard, unpublished
esults). The high genetic diversity of Italian PRRSV iso-
ates indicates that more of the genetic diversity of the

imized under the clock model MCLOCK. Geographical location of isolates
are opt

ws time in years. The most recent common ancestor (MRCA) and the
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178 RAPID COMMUNICATION
original reservoir has been transferred to the Italian
swine population than to the remaining European swine
populations investigated here. This would suggest that
the swine population of Italy has been more exposed to
introduction of viruses from the original pig reservoir due
to, e.g., geographical proximity or trading pattern. Hence,
we find it likely based on the current study that PRRSV
circulated in an isolated pig population for some time
before the onset of the current Western European epi-
demic. In this isolated swine population the virus di-
verged and was later transferred to the large Western
European swine populations on several occasions.
These transmission events seeded the current epidemic
of the disease in Western Europe, and for unknown
reasons, transmission events seem to have been most
prevalent in the Italy.

The finding that the MRCA existed in an isolated pop-
ulation more than 10 years prior to the emergence of
PRRSV-induced disease in domestic pigs is by no means
surprising given the current understanding of emerging
viral infections such as HIV (19).

As in all studies that date evolutionary events by a
olecular clock, the estimation procedure invoked here

s based on the assumption that the constant rate of
ubstitution observed in the sampling interval (1991–
999) may be extrapolated back in time. If the rate of
ubstitution differed between the sampling interval and

he presampling interval (before 1991), this would affect
he estimate of the date of the MRCA. A higher rate of
ubstitution in this interval would bring the estimated

ime of the MRCA closer to the emergence of the epi-
emic in 1990 and potentially question our hypothesis,
nd a slower rate would bring the date of the MRCA

urther back in time and be conservative to our hypoth-
sis. The rate we have estimated and extrapolated back

n time to date the MRCA corresponds to the highest
ates previously published for glycoproteins of other RNA
iruses such as HIV and Influenza A (20, 21). Hence, a
ate much higher than this in the presampling interval

TABLE 2

Models of Evolution

Model Model parametersa d.f.b Log-likelihoodc

MCLOCK T, a, k, m, h1 . . . hn21 n 5 44 24442.43
MUNCONST T, a, k, b1 . . . b2n23 2n23 5 85 24423.94

a T, topology of the genealogy; a, rate parameter of the discrete
gamma distribution; k, kappa parameter of the HKY model describing
ransition bias; m, substitution rate parameter; h1 . . . hn21, heights of

internal nodes; b1 . . . b2n23 branch lengths.
b d.f., degrees of freedom; n, number of sequences.
c Two times the difference in the log-likelihoods was calculated and

evaluated in a x41
2 distribution ( P 5 0.65).
oes not seem plausible. Furthermore, the estimated
ate of the MRCA may be moved even further back as
ore genetic diversity of the European-type PRRSV is
iscovered. Our estimate of 1979 as the age of the MRCA

s therefore very conservative.
In summary, the current study confirmed the presence

f a highly accurate molecular clock in the ORF3 gene
reviously reported by Oleksiewicz et al. (8) and ex-

tended the findings to also include Italian, English, and
Dutch isolates. This allowed us to estimate that the most
recent common ancestor of European-type PRRSV ex-
isted before 1981. We conclude that if European-type
PRRSV is a result of an interspecies transmission to pigs
from an unknown host, it is most likely, due to the pre-
sumed rarity of such events, that this interspecies trans-
mission took place before 1981. Based on these findings,
we suggest that investigations aimed at unraveling the
origins of PRRSV should have two foci: (i) to identify
candidate species which may have harbored PRRSV
before it acquired pigs as hosts and factors which may
have facilitated a potential species shift. Such studies
should focus on the time period prior to the date (1981) of
the MRCA reported here, and (ii) to investigate potential
reservoirs where the virus may have existed in the period
between a potential species shift and the onset of the
current epidemic, and any environmental factors that
may have facilitated the transmission out of these res-
ervoirs. Such studies should focus on the time period
from the MRCA (1981) until the start of the PRRSV epi-
demic in domestic pigs (late 1980s) and factors that may
explain the geographical difference in genetic diversity
observed. To have any explanatory power for a species
shift and the transmission of PRRSV out of the putative
pre-epidemic reservoir, candidate factors should have a
global effect to explain the concurrent epidemics in
North America and Europe.
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