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Despite a rapid expansion of Porcine reproductive and respiratory syndrome
virus (PRRSV) sublineage 8.7 over recent years, very little is known about the
patterns of virus evolution, dispersal, and the factors influencing this dispersal.
Relying on a national PRRSV surveillance project established over 20 years ago,
we expand the available genomic data of sublineage 8.7 from China. We per-
form independent interlineage and intralineage recombination analyses for
the entire study period, which showed a heterogeneous recombination pat-
tern. A series of Bayesian phylogeographic analyses uncover the role of
Guangdong as an important infection hub within Asia. The spatial spread of
PRRSV is highly linked with a composite of human activities and the hetero-
geneous provincial distribution of the swine industry, largely propelled by the
smaller-scale Chinese rural farming systems in the past years. We sequence all
four available modified live vaccines (MLVs) and perform genomic analyses
with publicly available data, of which our results suggest a key “leaky” period
spanning 2011-2017 with two concurrent amino acid mutations in ORFla 957
and ORF2 250. Overall, our study provides an in-depth overview of the evo-
lution, transmission dynamics, and potential leaky status of HP-PRRS MLVs,
providing critical insights into new MLV development.

Porcine reproductive and respiratory syndrome (PRRS) is one of the reproductive and respiratory syndrome virus (PRRSV), is a single
most devastating diseases currently affecting the global pork industry,  positive-strand enveloped RNA virus, with a genome size of 15kbs,
especially in China and the United States. PRRS has caused significant  containing at least ten open reading frames (ORFs): ORFla, ORFlb,
economic loss over the last decades'. The etiologic agent, porcine ORF2a, ORF2b, ORF3, ORF4, ORF5, ORF6, and ORF7. PRRSV belongs to
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the order Nidovirales and the family Arteriviridae, emerging almost
simultaneously as two species (Betaarterivirus suid 1 and Betaarter-
ivirus suid 2), and with almost 50%-70% nucleotide homogeneity®.
Betaarterivirus suid 2 can be further divided into 9 separate lineages
based on the ORF5 gene’. To date, lineage 1, lineage 3, lineage 5, and
sublineage 8.7 have circulated in the mainland of China*’.

PRRSV lineage 8 strains have a long evolutionary history on a
global scale. In 1995, lowa saw a large number of spontaneous abor-
tions and deaths in pregnant sows, characterized as an “abortion
storm”, which spilled over to the entire United States. Lineage 8
PRRSVs constituted a large proportion of the emerging strains during
this event®. Subsequently, sublineage 8.7, specifically the CH-1a cluster,
was detected in China and later lead to the widespread viral dis-
semination on farms which lacked strict biosafety measures. Since
then, sublineage 8.7 has been frequently detected and has established
itself as endemic in China. In 2006, the outbreak of a highly pathogenic
PRRSV (HP-PRRSV) strain with much higher virulence was reported,
and resulted in more economic losses’. Evolutionary analyses sug-
gested that these highly pathogenic HP-PRRSV isolates belonged to
sublineage 8.7’. In following years, recombination events and the
adaptive evolution of HP-PRRSV further added to the complexity of
the genetic diversity of this sublineage®®. Given the increased harm
from HP-PRRSV, three modified live vaccines (MLV) with the atte-
nuated strains JXA1-R, HuN4-F112 and TJM-F92 were rapidly licensed
for emergency use. These vaccines have been widely used in China
until recently’™, when another HP-PRRSV vaccine, GDr180, was
licensed in 2015. Due to the lack of 3'-5" exonuclease proofreading
during replication, this MLV is characterized by low replication
fidelity and high mutability, which raises the risk of reversion to
virulence. In the last 25 years since the first PRRSV MLV was licensed,
many clinical investigations have shown the potential of virulence
revision of HP-PRRS MLVs>™, For example, Jiang et al. isolated three
field strains and found that these had the highest nucleotide simi-
larity to the HP-PRRSV-derived vaccine strain JXAl-R. These strains
were able to cause high fever and mortality in the inoculated pigs,
indicating the reversion to fatal virulence®. Another study proved the
ability to regain virulence through an in vivo reverse passage test'™. A
final example deployed an intranasal inoculation experiment where
the vaccine JXwn06-P80 regains its fatal virulence at the 9th in vivo
passage. JXwn06-P80 also regains fatal virulence through the reverse
passage in porcine alveolar macrophages (PAMs)”. However,
although several in vivo and in vitro experiments have confirmed the
potential that HP-PRRSV-derived MLV vaccines can regain their
virulence, a study to comprehensively assess the “leaky” status of HP-
PRRS MLVs - i.e., the history of reversion to virulence of each HP-
PRRSV MLVs-was still lacking'**>".

When confronted with low diversity and potential issues related
to sampling bias, evolutionary reconstructions that shed light on the
spatiotemporal evolution of viruses may greatly benefit from inte-
grating additional sources of information. Bayesian phylodynamic
approaches are particularly adept for this purpose. Furthermore,
phylogeographic methods have been extended to take advantage of
human transportation data as proxies of population-level con-
nectivity between locations. This approach has been utilized in a
wide range of applications, including the identification of the key
drivers of Ebola virus spread in West Africa and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron BA.l in
the United Kingdom'", Additionally, recent studies that employ
Bayesian phylogeographic inference with a GLM extension effec-
tively demonstrated the role of anthropogenic activities (i.e., swine
trade) in the transmission of porcine epidemic diarrhea virus (PEDV)
and PRRSV?*%, As a result of our national epidemiological surveil-
lance project of PRRSV, we have observed that China is experiencing
a key genotypic shift from lineage 8 to lineage 1**2. However, we still
failed to investigate how sublineage 8.7 spread globally and locally.

Here we assembled an extended genomic dataset regarding
PRRSV-2 sublineage 8.7, including 242 novel sublineage 8.7
ORF5 sequences and 42 new complete genomes collected in China
between 2005 and 2022. Importantly, we also sequenced all available
MLV vaccines derived from sublineage 8.7 HP-PRRSV. With this geno-
mic dataset, we performed a series of genomic analyses to answer
important questions on the emergence and spread of sublineage 8.7,
including: (1) How did sublineage 8.7 emerge and spread in China? (2)
Which factors affect the spread of the virus in China? (3) What are the
recombination dynamics (if any)? (4) Did the vaccine strains con-
tribute to the persistence of sublineage 8.7 in China? Answering these
questions allows us to fill key knowledge gaps concerning the evolu-
tion and spread of PRRSV.

Results

Generation of large-scale dataset

Here we quantified the distribution according to genotypic and spa-
tiotemporal information in our genomic database (Fig. 1). From the
timeline, we observed that from 1994 to 1999, only a very few
sequences from the the lineage 8 paraphyletic cluster were obtained,
whereas an extremely pronounced surge of infections was observed
from 2000 to 2005. Subsequently, lineage 8 strains have undergone
rapid population expansion from 2006 to 2016, most of which were
clustered into sublineage 8.7 and located in China, with most
sequences in the paraphyletic cluster detected in USA (90.1%). We have
also illustrated the distribution of samples at the provincial level in
China, since there is an unprecedented proportion of sublineage 8.7 in
China, to better characterize the geographic distribution of lineage 8
isolates (Fig. 1). Our dataset included sequences from all provinces in
China, and southern China (Guangdong) played a key role in terms of
overall contribution.

Sublineage 8.7 underwent a geographically centralized spread
in Asia

The phylogenetic estimation of sublineage 8.7 indicated that after a
short period in which classical CH-1a-like cluster were mostly present,
the HP-PRRSV cluster gained prominence, with major genetic distance.
In the classical CH-1a-like cluster, we were able to identify that sub-
lineage 8.7 cluster has spread substantially in eastern China (i.e., Zhe-
jiang, Fujian, Shandong, and Jiangsu), Southern China (i.e., Hubei),
Central China (i.e., Henan), and Northern China (i.e., Beijing) in the
early stage (Fig. 2). Also note that, with the transition to the HP-PRRSV
cluster as the dominant cluster, South China harbored more trans-
mission, typically in Guangdong. Afterwards, HP-PRRSV developed
into an endemic cluster and was found in over 30 provinces and
autonomous regions of China and several other Asian countries.
Dominating phylogenetic branches seem to be related to the Guang-
dong backbone, indicative of a potential origin of these epizootics
(Fig. 2). Although Chinese strains have yet to develop into geo-
graphically specific clades, isolates located in Guangdong were dis-
tributed in all the main branches, indicating that Guangdong played a
crucial role in the dispersal of the virus to other locations.

Bayesian phylogeographic reconstruction and drivers of sub-
lineage 8.7 spread within China

From our time-resolved maximum clade credibility (MCC) tree, we
estimate the emergence and origin of PRRSV sublineage 8.7 HP-PRRSV
in China to be around 1987 [95% HPD interval =1976-1996] in Guang-
dong province (Fig. 3A). The dispersal pattern obtained from our
analysis suggests that the spread of this sublineage is broadly char-
acterized by a source-sink dynamic, with Guangdong province acting
as the major source of viral lineages to the remaining provinces, and
Henan, Shandong, and Jiangsu acting as minor amplifying hubs
(Fig. 3B, C). Coupled with a strong support (BF >100) for distance as
driver of spread (Fig. 4), which indicates that transmissions occurred
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Fig. 1| Global spatiotemporal distribution of lineage 8 sequences. Global spatiotemporal proportion and lineage distribution of 3708 lineage 8 sequences.

more frequently between nearby provinces, we observe that the
spread follows a gravity-like pattern, with the number of introduction
events from Guangdong decreasing as the distance between the
locations becomes larger (Fig. 3B). Any measure of the scale of swine
farming will be negatively correlated, which we term as an ‘anti-gravity’
effect. This suggests that regions with larger industrial swine farming
operations may have better biosecurity measures in place, reducing
the likelihood of viral introductions despite their larger popula-
tion sizes.

Another key goal of this study was to assess and quantify the
contribution of various factors that influenced the geographical dis-
semination of sublineage 8.7 in China. We considered and incorpo-
rated ecological, anthropocentric, economic, and geographical
variables at the provincial level, which may impact the process of viral
spread using a discrete phylogeographic generalized linear model
(GLM) approach. Figure 4 shows the posterior estimates of the inclu-
sion probabilities and conditional effect sizes of the log-transformed
covariates to quantify the contribution of predictor variables to the
among-province lineage transition rates. Only predictors with a Bayes
Factor above 3 are displayed (for posterior estimates for all predictors,
see Supplementary Fig. 3). Besides geographical distance, we see that
five other covariates are strongly supported (BF >100) in the model:
per capita pork sold by rural residents (destination), gross population
(origin and destination), breeding stock (destination) and “from
Guangdong”. The high support and large effect size of this “from
Guangdong” predictor further support the source-sink gravity pattern
previously described.

The overall significant correlated covariates seem to indicate that
human-related activities might be influencing the spread of PRRSV
(Fig. 4). Specifically, this is corroborated by the support for the dis-
tance predictor as closer proximity facilitates interprovincial activities.

Additionally, in recent years, rural-scale pig farms have generally
operated on a smaller scale, and their biosecurity measures for PRRSV
prevention and control have been less emphasized. Consequently,
rural swine farming becomes a more probable factor for the dispersion
of the pathogen to other proximate regions through activities such as
the transport and sale of pork (Fig. 4). Moreover, our analysis shows
strong support for “breeding stock” at the destination as a predictor of
PRRSV spread with a negative effect size. We note that to properly
interpret this predictor, we must consider the methodology behind
selecting the covariates considered in our model. Our covariate cor-
relation analysis revealed that this predictor is part of a highly corre-
lated (r>0.97) cluster of covariates that includes “breeding stock”,
“pork pigs slaughtered”, and “pork production” (Supplementary
Fig. S7). Although these covariates measure distinct quantities, the
choice of which covariate to include as a potential predictor in the
model has no effect in our interpretation. However, the high cross-
correlation between them steers us to broaden our interpretation
beyond the narrow scope measured by each variable. Instead, we
consider them collectively as proxies for a latent variable that captures
the overall scale of industrial swine production within a given province.
As a result, the negative effect size of “breeding stock” should be
interpreted as a protective effect of industrial pork production on the
spread of PRRSV.

Furthermore, the inverse relationship between rural production
and breeding stock can be intuitively explained once we consider them
as components of an unobserved covariate measuring the ratio of rural
to industrial pork production in a province. This inverse relationship
further suggests that dispersal of HP-PRRSV occurs more frequently
into provinces where the ratio of rural-to-industrial swine farming is
higher. As for population size, an increase in population size inherently
promotes pork consumption, which may lead to a higher intensity of
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pig trade between provinces. This relationship was also corroborated
in a PEDV phylogeographic study?.

Taking these aspects into consideration, we hypothesize that the
spatial spread of PRRSV is highly correlated with integrated human
activities and the provincially heterogeneous distribution of the swine
industry. Our results suggest that interprovincial spread is primarily
sourced from Guangdong province and is driven by overloaded rural
small-scale farming and commerce in China in the past several years.

Intralineage and interlineage recombination investigation pre-
sent divergent landscape of recombinant preference

We employed two different approaches to identify potential recom-
bination events. First, we constructed a phylogenetic network to
detect the distribution of inter- and intra-lineage recombination
(Fig. 5A). Using the pairwise homology index of the neighbor-net
method, we identified an significant recombination signal (p < 0.001).
Secondly, a more detailed investigation of inter- and intra-lineage
recombination revealed a divergent recombination pattern.

We tracked the recombinant history of lineage 8, taking into
account recombination with other lineages as well as intralineage
recombination and the temporal distribution of recombination events.
Regarding interlineage recombination, the first recombinant event can
be traced back to 2007, with fewer recombination events detected
between 2007 and 2013. However, since 2014, the number of inter-
lineage recombinant events increases exponentially, with lineage 1 and

lineage 3 contributing frequently as minor parents, particularly during
2014-2018 (Fig. 5B, D and E). Since 2010, ORFlab and ORF3-ORF5 were
the regions that code for the structural protein which saw the most
recombination. These regions encode GP3, GP4, GP5, as well as a series
of non-structural proteins (nsp) (Fig. S5E). Specific to ORFla is that
frequent recombination events were detected in the nsp2 region
(40.0%), with most of these events associated with lineage 1 (91.7%) in
2014-2016. In ORF1b, most events were found on the nspl2 region
(38.5%), contributed by lineage 1, 3, and 5. The number of recombi-
nation events in structural regions was about 55% higher than in non-
structural regions, although the genomic length of non-structural
regions was relatively longer than that of structural regions.
Intralineage recombination events were detected more frequently
compared with interlineage recombination. As for interlineage
recombination, the first event of intralineage recombination dates
back to 2007, with fewer events between 2008 and 2009. However, we
observed a surge in recombination events between 2010 and 2015,
followed by significant fluctuations in the frequency of these events.
Unlike interlineage recombination, the genomic region with the most
intralineage recombination was found in the nsp region, i.e., ORFlab.
Events in ORFla showed a relatively uniform distribution regardless of
the genomic length of a specific region. Comparatively, nsp9 was
detected with higher frequency in ORF1b. Besides ORFlab, ORF4 also
exhibited a relatively high frequency among structural protein regions.
Overall, both the interlineage recombination likelihood and the
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genomic hotspot region differed with the region in intralineage 8.
Specifically, intralineage recombination occurred earlier and more
frequently compared to interlineage recombination (interlineage:
2014-2016 and intralineage: 2010-2015). Considering there are five
approved lineage 8 MLVs to market in China until now and they share a
higher administration rate compared with MLVs of other lineages, we
speculate that the heterogeneous frequency between interlineage and
intralineage recombination may be related to the lineage 8 MLV
administration in China®.

Genomic insights of HP-PRRSV Modified Live Vaccines reversion
Although several in vivo and in vitro experiments have confirmed the
potential for HP-PRRSV-derived MLV vaccines to regain their virulence,
we still lacked evidence to assess the “leaky” status of HP-PRRSV MLVs.
Note that genomic evidence of the MLV vaccine-derived clinical
sequences suggests it has been widely used in China in past decades®.
Therefore, we sequenced all HP-PRRSV-related vaccines approved for
clinical use in China to obtain complete genomes for the four

approved HP-PRRS MLVs (i.e., JXAI-R, HuN4-F112, GDr180, and TJM-
F92). Then, using several phylogenetic approaches as well as a tem-
poral analysis, we characterize the specific molecular marker for clin-
ical vaccine-homogeneous strains.

We first estimated an ML phylogeny using our complete genome
dataset as well as the vaccine strains to identify monophyletic clusters
corresponding to each vaccine strain, i.e., vaccine clusters (Supple-
mentary Fig. S11). Using ClusterPicker, a total of 41 clinical strains
associated with vaccines were selected with a fairly robust threshold of
homogeneity (bootstrap value: 85, genetic distance: 97%). Specifically,
we constructed a haplotype using the nsp9 gene (encoding RdRp) to
identify the homogeneous relationship between field isolates and
vaccine strains. Except for the GDr180 cluster, all clinical strains fell
into the ancestral node of homogenous vaccine strains, suggesting
that these field strains were likely to be homogeneous with corre-
sponding MLV vaccines (Fig. 6). To elucidate further, within the JXAI-R
haplotype relationship, a consecutive series of passage viruses, spe-
cifically from JXA1/P10 to JXA1/P70, were observed progressively
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converging towards a progeny node, denoted as JXAI-R. Several field
variants were subsequently noted to diverge from the aforementioned
JXAI1-R node, signifying a plausible homogeneous lineage relationship
between the ancestral sequences and their progeny (Fig. 6A). Of par-
ticular interest is the NT2/2015 node, a reported reversion case from
JXAIL-R, which speciated at the terminal branch of the haplotype®.
Furthermore, MLV vaccines TJM-F92 and HuN4-F112 were also
embedded in a key position, which indicates a key hub of viral dis-
semination among TJM F92 and HuN4-F112 related field strains. As a
counterexample, GDr180 - the latest approved vaccine in 2015 - with a
smaller market share, had a less homogeneous relationship with field
strains. All strains in this cluster were embedded at the terminal of the
haplotype, which suggested a less likely homogeneous relationship
(Fig. 6A). We further analyzed the cumulative time series cases of the
homogenous strains (Fig. 6B). In the JXA1, TJM and HuN4 clusters,
yearly reported cases of field strains remained zero until the corre-
sponding vaccines were approved for clinical use in 2011. Specifically,
since the MLVs (including JXAI-R, TIM-F92, and HuN4-F112) were
widely used, each vaccine cluster has increased remarkably for a per-
iod of 6years (from 2011 to 2017), during which the new lineage
(lineage 1) was introduced into Asia. The sharp rise of the number of
clinical strain cases during six continuous years reflects the clinical
impact of MLV vaccination. Cases declined since 2017, as the dominant
lineage changed from lineage 8 to lineage 1 in China. In the GDr180
cluster however, we observed an abnormal surge spanning 2006 -
2009, during which GDr180 was not yet developed. In fact, GDr180 was
not in use until 2015. This, combined with its low market coverage
further corroborates that GDr180 is less likely to reverse (within our
current surveillance dataset).

Furthermore, we identified the potential amino acid markers
associated with MLV reversion. We applied the following criteria to
identify sites of interest: (i) the amino acid site was substituted
between the parental strain and the corresponding MLV strain (for

example, JXAl and JXAI-R); (ii) the amino acid site was consistently
mutated in the field strains (at least 50% of cases); (iii) the amino acid
mutation site in the field strains is consistent with the one in the MLV
strains. In light of our previous analysis, the GDr180 cluster was
excluded entirely. Using these criteria, we identified 35 concurrent
amino acid mutations for the TJM-F92 cluster isolates, specifically in
ORFlab, ORF3, and ORF5 (Supplementary Fig. S12); for JXAI-R we
found 32 concurrent amino acid mutations distributed among ORFlab,
ORF2, ORF3, ORF4, and ORF5 (Supplementary Fig. S13); for HuN4-F112
cluster isolates we found 13 concurrent amino acid mutations dis-
tributed among ORF1lab, ORF2, and ORF5 (Supplementary Fig. S14). We
identified that the JXAI-R and HuN4-F112 clusters shared an identical
amino acid substitution (JXA1:F250S. HuN4: T250I) in ORF2. Similarly,
both the JXA1-R and TJM-F92 clusters shared the T225A mutation in
ORF3 and an identical amino acid substitution in ORFla (JXAl-R: E957G
TJM-F92:T957S).

Discussion
Despite a rapid increase in the number of sublineage 8.7 infections in
Asian countries over recent years, very little was known about the
dynamics of PRRSV emergence and spread. Relying on a national long-
term PRRSV surveillance project, we collected over 6000 suspected
positive samples to sequence and obtained 242 new ORF5 sequences
and 42 complete genome sequences belonging to sublineage 8.7;
these data spanned approximately two decades. We integrated these
novel sequences with publicly available genomic data in order to form
a large collection of available PRRSV sublineage 8.7 sequences. Our
goal was to explore how sublineage 8.7 emerged, evolved, was trans-
mitted, and recombined (intra- and interlineage) in the nearly two
decades since its emergence in 2006*>>%,

Since several HP-PRRS MLVs were hastily approved for use on an
emergency basis in China, and given that few studies focused on the
potential impact of these vaccinations, we sequenced all HP-PRRS
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Fig. 5 | Recombination landscape. A Phylogenetic network of full-length genomes
of lineage 8, using the SplitsTree5 software with the Kimura 2-parameter model.
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bination with lineage8, with a statistically significant difference using Phi Test
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MLVs to analyze their clinical impact. We found strong evidence that
HP-PRRS MLVs were “leaky”, which may have restored the virulence of
PRRSV, based on our multivariate analysis.

In this study, we investigated the spatiotemporal dispersal pat-
terns of sublineage 8.7 using a CTMC-based discrete phylogeographic
analysis with covariates. We identified the importance of rural swine
activities and provincial distance as contributing factors to the spatial
spread of sublineage 8.7. The CTMC model has previously been shown
to be sensitive to sampling bias, which is a common concern in phy-
logeographic analyses. Besides CTMC, two approximations of the

structured coalescent model are also widely used for this purpose, as
they are theoretically better at handling sampling bias: the Bayesian
structured coalescent approximation (BASTA)” and the marginal
approximation of the structured coalescent (MASCOT)®. All three
inference methods are potentially affected by geographic sampling
bias, but their performance varies depending on the degree of sam-
pling bias in the data® Specifically, while the reconstructed spatio-
temporal histories were impacted by sampling bias for the three
approaches, BASTA and MASCOT reconstructions were shown to also
be biased when employing unbiased samples. In contrast, increasing
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the number of analyzed genomes led to more robust estimates at low
sampling bias for the CTMC model. Alternative sampling strategies
that maximize the spatiotemporal coverage greatly improved the
inference at intermediate sampling bias for the CTMC model, and to a
lesser extent for BASTA and MASCOT. Further, despite the theoretical
advantages of these structured coalescent models, their current
implementations are unable to scale to datasets as large as the one in
our study (1371 sequences and 30 locations). These are strong argu-
ments in favor of our CTMC approach as the most suitable for the
spatiotemporal diffusion analysis of sublineage 8.7 in China.

To correctly accommodate for computational demands while
accounting for sampling bias, we implemented a subsampling strategy
meant to downsize our dataset to computationally manageable num-
bers and assessed the degree of bias by comparing our sample sizes
with PRRSV incidence data (for details of the surveillance work see
Supplementary Information). The results showed that our sampling
was in fact representative of the distribution of PRRSV in China,
however the high correlation between some of our predictors pre-
sented further challenges. Although the spike-and-slab prior we use
promotes sparsity in the included predictors and partially accounts for
multicollinearity in the covariates, our sensitivity analysis showed that
pairwise correlations of up to 0.80 resulted in convergence issues (see
Supplementary information for more detail). Thus, the application of
shrinkage priors in phylogeography may provide a better approach for
GLM analyses. Taking all of this into consideration, we believe that the
spatial reconstruction and drivers of spread we identified are robust to
sampling bias and representative of the true spatial spread history of
the pathogen.

We performed a Nextstrain analysis of the sublineage 8.7 clusters.
Although several branches were detected in the USA and Russia, nearly
the whole phylogenetic trunk was located within Asia, suggesting
sporadic transmission events from China to other countries and
without any outbreak events identified in other regions. In addition,
both the classical sublineage 8.7 cluster and the transition cluster —
containing sequences that exhibit many mutations prior to the emer-
gence of sublineage 8.7 - exhibited longer branch lengths, indicative of
genetic divergence from the more recent HP-PRRSV cluster (Fig. 2).

This finding suggests that the virus was under greater host innate
immune pressure and underwent adaptative evolution during the early
invasion period. This observation is reminiscent of a study suggesting
that the ongoing convergence of SARS-CoV-2 lineages includes mul-
tiple mutations that encourage the existence of diverse virus lineages
during host immune recognition®®. Regarding the dispersal history, the
results of the Nextstrain analysis allowed us to hypothesize on how
PRRSV sublineage 8.7 may be maintained in strict transmission foci.
The dissemination pattern of sublineage 8.7 points to an inter-
connected network of Asian regions. South China serves as an
important reservoir of PRRSV, from which the virus spreads not only to
the rest of China but also to other neighboring Asian countries such as
Vietnam and Thailand. Thailand and Vietnam possibly act as secondary
infection hubs to neighboring countries (Laos and Cambodia).

The role of Guangdong as the epicenter of the infection was fur-
ther corroborated by our GLM analyses and by Chinese surveillance
data (Figs. 3, 4 and Supplementary Fig. S8). In our Bayesian discrete
phylogeographic analysis, we accurately estimated the early trans-
mission from Guangdong to nearby provinces (e.g., Guangxi) and to
provinces in central China, such as Henan and Hubei, with strong
Markov jump support. Similarly, He et al. also identified Guangdong as
the epicenter of another important porcine virus (PEDV) using Baye-
sian discrete phylogeographic analysis®. This study also successfully
linked the trade and consumption of pork with the spread of PEDV in
China using a GLM extension. In our GLM model, we found strong
support for provincial distance as well as demographic factors such as
human population size at origin and pork sale in rural areas. We esti-
mated this difference may be attributable to the host infectivity het-
erogeneity (PEDV: piglets; PRRSV: boar and pregnant sow) and
different transmission capabilities between PRRSV and PEDV. Makau
et al. similarly implemented a discrete-space phylogeographic GLM
study to explore factors associated with variability in between-sector
diffusion rates of PRRSV lineage 1 in the United States*’. ovement of
growing pigs (as opposed to movement of weaned pigs coming
straight from breeding farms) was found to be more associated with
PRRSV dispersal. In our study, our phylogeographic GLM suggested
that spread of HP-PRRSV is more associated with rural farming activity
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and that an increasing amount of breeding stock serves as a deterring
effect to the dispersal of PRRSV. We speculate that more stringent
biosafety practices in breeding farms (compared to growing farms) are
likely prohibitive to the circulation of PRRSV in China. We assume this
difference is attributable to differences in pig breeding systems
between China and the United States, which deserves further analysis
to explore how to better prevent and control PRRSV introductions and
dispersal in different countries with heterogeneous farming systems.

Recombination occurs as a result of virulence enhancement, host
shifting, and adaptability strengthening. PRRSV recombination is sig-
nificant and pervasive in that it largely enhances genetic diversities and
reduces the cross-protection of vaccines. In this study, we analyzed the
intra- and interlineage recombination of PRRSV lineage 8, taking into
account its temporal dynamics, and found a principal recombination
wave spanning from 2014 to 2016. It is commonly accepted that fre-
quent homogeneous RNA viral recombination is the result of random
template conversion during replication and is thought to be deployed
by the “copy-choice” mechanism of RdRp. Although a high level of
both intra- and interlineage events were found, interlineage recombi-
nation was more targeted to the structural protein regions (GP3-GPS5),
whereas intralineage recombination was more concentrated on non-
structural protein regions (ORFla), with a breakpoint at nsp2-nsp5.
This mainly involved antagonizing host innate immune systems such
as deubiquitin, IFN antagonist and membrane modification'. The sig-
nificant differences among the number of inter- and intralineage
recombinations may be due to the flush vaccination of lineage 8 MLVs.
Until now, lineage 8 possessed the largest amounts of approved MLV
vaccines of PRRSV in China. Since all PRRS MLV were able to continue
to replicate after administration, the “copy-choice” characteristic of
RNA polymerase offered the possibility to recombine with field strains
within the host. Currently, China possesses only L5 lineage vaccines,
derived from the VR2332 lineage, as well as L8 lineage vaccine strains.
The use of L8 lineage vaccines significantly outweighs that of L5 line-
age vaccines, thereby elevating the probability of genetic recombina-
tion occurring. We note that understanding the intricate interplay of
vaccines and field strains is a delicate undertaking, and we should be
conservative in our conclusions.

Our study is the first to explore how the HP-PRRSV MLVs are likely
to affect immunized herds in the field in China. Using multiple phy-
logenetic reconstructions and recombination elimination, we have
identified four MLV groups. We inspected the temporal signal of
potential descendants within each group. The JXAI-R, TJIM-F92, and
HuN4-F112 groups supported our hypothesis, which relied on the
premise that the time at which vaccines were approved predates the
prevalence of the vaccine-associated field isolates. However, in the
case of the GDr180 cluster, we did not find this pattern and found no
temporal link between GDr180 and the field isolates. We hypothesized
that it is partly due to GDr180 being the latest MLV vaccine to be
approved (2015), and as such, it has been used with relatively low
frequency. Among the other three HP-PRRS MLV vaccines, JXAI-R is the
most frequently administered and the one which was mandatory
before 2017 in China. JXA1-R was also the vaccine that was associated
with the most field strains. Note that the JXAl-R-homogeneity strain,
KU842720/Hanvetl/Vietnam, was detected before the approval of the
JXAI-R vaccine in Vietnam and was thus likely imported from abroad.
This illustrates the importance of continuous monitoring and of
quarantine procedures in the context of cross-regional livestock
trading. Although multiple approaches such as infectious clones and
challenge experiments have been attempted previously, the com-
monality of these results allows us to draw conclusions only for spe-
cific cases related to reversion sites. There is little knowledge
surrounding amino acid markers from MLV supported by compre-
hensive clinical whole genome data. Our results showed several com-
mon amino acid substitution positions on a whole-genome scale,
which may be associated with HP-PRRS MLV reversion markers,

although specific molecular markers varied with different vaccine
clusters. These results should prove helpful when it comes to studying
potential vaccine reversion cases, potential vaccine escape cases and
other potentially problematic variants.

Our study also has certain limitations. Although we conducted a
comprehensive investigation into potential cases/sequences of HP-
PRRSV MLV reversion, supported by detailed epidemiological and
pathogenetic data, as well as time-dependent phylogenetic evidence
linking MLV reversion to field strains associated with MLVs, experi-
mental evidence regarding which non-synonymous mutations sig-
nificantly affect the pathogenic phenotype of MLVs remains elusive.
Nonetheless, our study has produced a comprehensive atlas of non-
synonymous mutations across the full genome involved in MLV
reversion. In the future, leveraging reverse genetic systems and animal-
challenging assays will allow us to screen this atlas and identify specific
mutations that alter the pathogenicity of MLVs, thus facilitating the
design of next-generation vaccines.

In summary, we constructed the largest possible dataset to
reconstruct sublineage 8.7 spatial dynamics, assessed the implication
of its associated ecological, demographic and geographic variables as
well as swine-farming practices. We also provided evidence regarding
the potential leaky status of HP-PRRS MLVs. As the NADC30-like and
NADC34-like lineages within PPRSV-2 propagate and evolve into pre-
dominant strains within the global epidemic, there is a crucial need to
extend research to these novel lineages to prevent pandemic like HP-
PRRSV. Our study potentially provides crucial insights and reference
for future research in these novel lineages.

Methods
Dataset generation
Our national surveillance project on PRRSV focused on suspected
PRRSV-positive farms in China and included nearly all provinces with
pig-production activities. Over 6000 clinical specimens (i.e., whole
blood, spleens, and lungs) were collected from 2005 to 2022 to
sequence the ORF5 of PRRSV. Specimens were ground by a freezing
grinder JXFSTPRP-CLN-48, Shanghai Jingxin Industrial Development
Co., Ltd., China) and the viral genomes were extracted by RNA fast200
kit (Fastagen, Shanghai, China) following the instructions of the man-
ufacturer. Collectively, 242 ORF5 sequences and 42 complete genomes
belonging to sublineage 8.7 were obtained from mainland China.
Furthermore, we downloaded all Betaarterivirus suid 2 ORF5 and
complete genome sequences until 2022 (specifically up to March
2022) from the GenBank database. The ORF5 dataset was filtered to
exclude sequences that: (1) didn’t include a collection date or location
data (location data were included when available at the provincial level
for Chinese isolates), (2) vaccine strains, (3) unverified sequences, (4)
the virus was serially passaged in cells, (5) ambiguous and deleted
residues. The resulting database of ORF5 sequences was aligned using
the MAFFTV7 algorithm, manually truncating all the nucleotide sites
except those in ORF5 in MEGA7 software®*’. For the complete-
genomes database, we used MAFFT to align the sequences and then
removed ambiguous regions using the TrimAL 1.4 algorithm™®,
Subsequently, multiple rounds of maximum-likelihood analyses
were run in order to screen the final lineage 8 database using 1Q-TREE
2%, Briefly, contextual reference sequence of each lineages were
combined with our global ORF5 datasets to reconstruct the ML phy-
logeny (L1: NADC30, L2: XWO008, L3: GM2, L4: EDRD-1, L5: VR-2332, L6:
P129, L7: SP, L8: CH-1a, HP-PRRSV: JXAl, L9: MN30100). Then the
lineage 8 cluster was selected from this tree. In total, 3708
ORFS5 sequences belonging to lineage 8 were selected. Furthermore,
2340 ORFS5 sequences (including 242 sequences from our lab) were
identified as sublineage 8.7 and extracted from the global lineage 8
phylogeny to generate the final sublineage 8.7 ORF5 database. Of note,
as the phylogeographic analysis of sublineage 8.7 is our main interest,
we included the geographical information of viruses in China at the
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provincial level. Using this approach, 341 complete-genome sequences
were identified as sublineage 8.7 and extracted from the global lineage
8 phylogeny to generate the final sublineage 8.7 complete-genome
database.

Phylogenetic, phylogeographic, and phylodynamic analysis
Nextstrain workflow. To reconstruct the evolutionary relationship of
all the sequences in our dataset, we first utilized RDP4 to detect
recombination events in our dataset. Multiple detection methods were
tested including RDP*, Chimaera®®, 3SEQ*, GENECONV?*®, and MaxChi*’.
Furthermore, BootScan*® and SiScan* were employed as secondary
detection with a highest acceptable p-value threshold of 0.05. Other
parameters were left at their default setting. A sequence was excluded
when three or more methods identified it as recombinant®.

Following the Nextstrain pipeline, we performed a maximum
likelihood analyses to infer the ancestral nodes, the phylogeny and the
dispersal history of sublineage 8.7, using the built-in python frame-
work TreeTime®. The goal is to estimate the time and involved loca-
tions whenever a transmission event took place. To be more specific,
sample node colors indicate the ancestral state (in this case, the
location) and shifts are drawn as links between demes on the map**.
We first employed the align augur command® to match sequences into
a qualified layout. Next, we employed the tree building augur com-
mand with built-in algorithm IQ-TREE 2* with a general time-reversible
(GTR) model to build the preliminary maximum-likelihood tree with-
out any time and ancestral node annotation, which was determined
through the automated model selection procedure (i.e., ModelFinder)
in IQ-TREE 2. This “raw” tree was then used as input for TreeTime via
augur to infer a time-resolved phylogenetic tree*’. Then, we matched
all the location-data to the raw tree via a call to augur. Finally, we
employed TreeTime again to jointly estimate the phylogeny and the
ancestral locations at all of its internal nodes.

Subsampling strategy. The magnitude of the sublineage 8.7 dataset
computationally prohibits performing a fully Bayesian phylodynamic
analysis. Hence, we deployed a subsampling strategy that was pre-
viously used in an HIV study to enable robust phylogeographic
analyses*®. The subsampling consisted of removing sequences such
that monophyletic clusters that entirely consist of samples from the
same geographical units are represented by a single sample. This is
justified by the province-level geographic resolution of our data.
Monophyletic clusters consisting solely of sequences from the same
province do not bring any additional information on the between-
province diffusion process we aim to infer. We discarded all but at least
one randomly selected sequence per monophyletic cluster to provide
a systematic way to reduce the initial dataset. In practice, this was done
by first estimating a maximum-likelihood tree using FastTree 2.1*” and
removing outlier sequences by performing a root-to-tip regression
using TempEst*%. We then constructed a new tree without the outliers
by parsing the tree using the ‘ape’ R package to identify the state-
specific clusters and removing the redundant sequences from their
corresponding clades*®. Since the main objective of this step was to
reduce the number of sequences, we did not take into account branch
support values when selecting the clusters from which we subsampled.
This also allowed us to avoid setting arbitrary threshold values in the
clustering step. The resulting dataset consists of 1371 sequences from
the original database of sublineage 8.7 (1782 sequences), which made a
fully Bayesian phylodynamic inference approach possible (Supple-
mentary Data 1-2).

Bayesian discrete trait phylogeographic GLM analysis. Our next
goal was to run a generalized linear model (GLM) extension of the
discrete phylogeographic model to determine which factors were
associated with viral spread between locations®. For this, we con-
sidered all possible explanatory predictors that were collected by the

Chinese Bureau of Statistics and the Chinese Center for Animal Disease
Control and Prevention. Predictors included climatological, ecological,
physical (e.g., altitude), and anthropogenic factors (e.g., gross popu-
lation). For non-pairwise predictor, we collected a total of 17 province-
specific potential covariates for the spatial diffusion process of PRRSV
(Supplementary Data 3). In addition to non-pairwise predictors, we
accounted for the distance between pairs of provincial centroids as a
predictor of geographic distance as a pairwise predictor (Supple-
mentary Data 4)*°. For all non-pairwise predictors, a separate origin
and destination predictor was included. This brought the initial total
number of predictors to 35. For a detailed description of each of these
predictors we refer to the Supplementary information. Often, these
types of analyses include a sample size predictor as a sanity check
against sampling bias. We avoided the inclusion of this sample size
predictor given that the number of samples present for each province
is highly correlated to the incidence of lineage 8 in each location
(r=0.95). As such, we considered the sampling to be representative of
the underlying HP-PRRSV circulating in the country. In addition, we
performed a linear regression between the number of cases and the
sequences included and performed a Spearman cross-correlation
check between each predictor and the residuals (Supplementary
Figs. S8-S9) and included the residuals of this linear regression as a
predictor in our GLM (Supplementary Fig. S10). Analysis showed that
no predictor was significantly correlated with the regression residuals
and as such assured that sampling bias would not be a concern in our
phylogeographic reconstruction (Supplementary Fig. S9). Further, this
analysis revealed the presence of highly correlated covariates (Sup-
plementary Fig. S2-S3). As a next step, we systematically removed
covariates so that the pairwise Pearson correlation coefficients
between all predictors were <0.80. This brought the final number of
covariates considered in our model to 24. For a detailed explanation of
this step, we refer to the “Correlation analysis of GLM covariates”
section of the Supplementary information. A preliminary analysis
using this GLM setup showed an overwhelming “out of Guangdong”
source-sink dynamic which, coupled with the fact that many of the
extreme values in the covariates come from Guangdong province, led
us to include a binary “from Guangdong” predictor to more reliably
ascertain the independent contribution of the remaining predictors in
our analysis. Such an inference has been deployed in a previous ana-
lysis to assess the effect of London as a transmission hub in the spread
of SARS-CoV-2 in the United Kingdom',

In order to decrease computation time and to deal with the large
number of locations in our dataset, we split the estimation of the
phylogeny and the dispersal history into two separate analyses. First,
we performed a purely phylogenetic analysis without geographical
information to obtain an empirical distribution of 1000 time-
calibrated phylogenies. We subsequently conditioned on this dis-
tribution and performed a discrete trait phylogeographical recon-
struction under the GLM formulation to reconstruct the geographic
spread of the virus and identify drivers of spread. We performed both
analyses using BEAST v1.10 using the BEAGLE library v4 to improve
computational performance®®”,

We generated the empirical tree distribution using the following
model specifications: a HKY +T, substitution model’>”, a skygrid
coalescent prior**, and an uncorrelated relaxed clock with an under-
lying lognormal distribution for rate heterogeneity>. Furthermore, we
made use of a Hamiltonian Monte Carlo transition kernel to achieve
efficient sampling of the skygrid model parameters*®, and inferred a
preliminary time-calibrated phylogeny using IQ-TREE 2* + TreeTime*
as a starting tree to minimize burn-in. The Markov chain Monte Carlo
analysis was run for 10 " 9 iterations and convergence and mixing of all
parameters were assessed using Tracer v1.7%.

To reconstruct the process of spatial dispersal, we modeled the
transition rates between (discrete) locations through a continuous-
time Markov chain (CTMC) approach*’. The GLM parameterization we
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used models the log-transformed transition rates as a log-linear func-
tion of the previously mentioned predictors and is able to estimate the
effect sizes of each covariate along with their inclusion probability
through the use of a spike-and-slab prior*’. We further generate reali-
zations of this CTMC to estimate the number of Markov jumps
between locations®®. We ran this conditioned phylogeographical ana-
lysis for 10”7 iterations and assessed convergence and mixing as pre-
viously described. Posterior summarization of the trees was done
using TreeAnnotator™.

Recombination analysis

By merging the complete-genome dataset of sublineage 8.7 and the
reference sequences of each lineage (Supplementary Data 5), we
constructed a complete-genome dataset that allows us to evaluate the
recombination history of lineage 8 (including inter- and intra- recom-
bination). We characterized the recombination history of interlineage
and intralineage 8 PRRSV following two independent approaches.
Firstly, we assessed the overview of interlineage and intralineage
recombination events of total lineage in SplitsTree5. We visualized the
splits with the EqualAngle method using 1000 bootstrap replicates.
The remaining parameters were kept at default®’. Secondly, we calcu-
lated the frequency of recombination regions to understand the
recombination heterogeneity through time. For interlineage recom-
bination characterization, we used RDP4 to detect the recombination
events in our dataset with the different lineage reference strains
respectively using the methods described before. As for intralineage
recombination, we incorporated all the sublineage 8.7 strains to do a
full exploratory recombination scan using the same methods. Each
event was further examined using Simplot v3.5.1 as a robustness check.
To diminish the off-spring spread of a single recombination event, we
perform a deduplication of each recombination event by selecting a
unique breakpoint. The events with repeated breakpoints were
excluded for reducing repetition. Detailed information of inter- and
intra-recombination events was curated in Supplementary Data 6-7.

Analysis of the relationship of vaccine strains and field isolates
Regarding the HP-PRRSV vaccines used in China, there have been four
legally approved vaccines, including JXAI-R, TJM-F92, HuN4-F112, and
GDr180 since the emergence of HP-PRRSV in 2006. We have procured
a copy of each vaccine and obtained the full genomes using meta-
transcriptome as in a previous project”. We constructed four libraries
of vaccine sequences then sequenced on the MGISEQ-200 RS
sequencer platform with a pair-end length of 150 bp. Then we trimmed
the adapter of short reads by Trimmomatic®® and removed all low-
quality reads (QC<20). The refined reads were then assembled by
MEGAHIT®. The assembled contigs were mapped with their database
number using DIAMOND. Samtools®? and iVar®® were finally run to
obtain consensus sequences with a criteria of sequencing depth >100
and a minimum threshold 10 times, or to be written with N.
Together with the lineage 8 complete genome database, we have
aligned the sequences using MAFFT7, then constructed the maximum
likelihood tree using 1Q-TREE 2 based on the best-fit nucleotide sub-
stitution model GTR +F + 1+, (according to the Bayesian Information
Criterion and 1000 bootstrap replicates). We subsequently used
ClusterPicker®* (bootstrap threshold: 85%, genetic similarity threshold:
97%) to select four clusters related to each MLV vaccine (Supplemen-
tary Data 8-10). For each selected cluster, we further estimated hap-
lotype using RNA-dependent RNA polymerase (RdRp) to reflect its
homogeneous relationship. After our homogeneous estimation, we
further questioned if these clinical sequences show clinical patho-
genicity. To prove its clinical impact, we accordingly curated a new
table (i.e., Supplementary Data 11) to present the detailed clinical
pathogenicity data of each sequence (case), which suggests that most
of the clinical cases were proven to be highly pathogenic in the clinic
by publication retrieval. We analyzed the concurrent amino acid

mutation motifs existing in each clinical sequence of a single cluster,
however distinct from parental strains, aiming to characterize the
specific molecular marker for clinical vaccine-homogeneous strains
using R v4.1.3 (ggtree and ggmsa packages)®. Specifically, concurrent
amino acid mutation sites were defined following the criteria: over half
of the clinical sequences showed identical mutation with vaccine strain
but distinct from vaccine-derived parental strain. For example: in TJM-
92 cluster, the clinical strains and vaccine strain (TJM-92) shared
identical mutation of H257Y in ORFla against TJM strain.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The ORF5 sequences, complete genomes, and four vaccine sequences
generated in this study have been deposited in the GenBank with the
accession number of PQ271638-PQ271879 (ORF5 sequences),
PQ325306-PQ325309 (vaccine sequences), and PQ325310-PQ325355
(whole genome sequences). Source Data for ecological covariates,
recombination breakpoints, and subsampling have been provided in
Supplementary Data. Source data are provided with this paper.

Code availability
BEAST XML files and log files used for this work are publicly available
on GitHub: https://github.com/jobsxing1228/lineage8.
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