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Abstract

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has shown once again that coronavirus
(CoV) in animals are potential sources for epidemics in humans. Porcine deltacoronavirus (PDCoV) is an emerging
enteropathogen of swine with a worldwide distribution. Here, we implemented and described an approach to analyze the
epidemiology of PDCoV following its emergence in the pig population. We performed an integrated analysis of full
genome sequence data from 21 newly sequenced viruses, along with comprehensive epidemiological surveillance data
collected globally over the last 15 years. We found four distinct phylogenetic lineages of PDCoV, which differ in their
geographic circulation patterns. Interestingly, we identified more frequent intra- and interlineage recombination and
higher virus genetic diversity in the Chinese lineages compared with the USA lineage where pigs are raised in different
farming systems and ecological environments. Most recombination breakpoints are located in the ORF1ab gene rather
than in genes encoding structural proteins. We also identified five amino acids under positive selection in the spike
protein suggesting a role for adaptive evolution. According to structural mapping, three positively selected sites are
located in the N-terminal domain of the S1 subunit, which is the most likely involved in binding to a carbohydrate
receptor, whereas the other two are located in or near the fusion peptide of the S2 subunit and thus might affect
membrane fusion. Finally, our phylogeographic investigations highlighted notable South-North transmission as well as
frequent long-distance dispersal events in China that could implicate human-mediated transmission. Our findings
provide new insights into the evolution and dispersal of PDCoV that contribute to our understanding of the critical
factors involved in CoVs emergence.

Key words: porcine deltacoronavirus, evolution, recombination, phylogeographic, Bayesian inference, BEAST.

Introduction

Coronaviruses (CoVs) are enveloped positive-stranded RNA interspecies transmission. Betacoronaviruses can cause acute
viruses that are classified into four genera: Alphacoronavirus, respiratory syndromes, such as severe acute respiratory syn-
Betacoronavirus, Gammacoronavirus, and Deltacoronavirus drome (SARS)-CoV and Middle East respiratory syndrome
belonging to the subfamily Orthocoronavirinae within the coronavirus (MERS)-CoV (Drosten et al. 2003; Zaki et al.
family of Coronaviridae and that exhibit a propensity for 2012), which are well-known for their ability to cross-
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species barriers and cause lethal respiratory infections in
humans. In addition, HCoV-HKU1, HCoV-229E, HCoV-
NL63, and HCoV-OC43 are not only endemic in humans
but also of zoonotic origin (Corman et al. 2015, 2016; Su
et al. 2016; Tao et al. 2017). Of note, the recent outbreak of
Corona virus Disease 2019 (COVID-19), a cluster of pneumo-
nia in humans caused by SARS-CoV-2, turned into a public
health emergency of international concern (Sun et al. 2020).
As of March 25, 2020, SARS-CoV-2 has infected 81,848 people
in China and 414,179 globally (https://www.who.int/emer-
gencies/diseases/novel-coronavirus-2019/situation-reports),
causing thousands of deaths across the globe. Current re-
search suggests that SARS-CoV-2 may have originated from
bats directly or experienced adaptive evolution in an un-
known intermediate host before transfer to humans (Zhou
et al. 2020). The emergence and pandemic spread of SARS-
CoV-2 represents a huge public health challenge and causes
grave economic losses, emphasizing the importance of re-
search dedicated to coronavirus cross-species transmission
and spread in new host populations.

The high prevalence of CoV in mammals and birds may at
least partly contribute to cross-species transmission dynamics
of these viruses. The relatively high mutation and recombina-
tion rates ensure a large CoV genetic variability and can facil-
itate their adaptation to new hosts (Lau et al. 2018). A crucial
step in cross-species transmission is the ability of such a virus
to engage with new receptors in the novel host, which occurs
through the spike (S) protein in CoVs (Li, Hulswit, et al. 2018).

An emerging Porcine deltacoronavirus (PDCoV) named
HKU15 coronavirus was identified in pigs in Hong Kong in
late 2012 (Woo et al. 2012). The virus infects the intestinal
epitheliaand causes acute, watery diarrhea, and vomiting with
potentially fatal consequences (Ma et al. 2015). To date,
PDCoV has been detected in at least 20 states within the
United States (Li et al. 2014; Wang et al. 2014, Ma et al.
2015), as well as in Canada, South Korea (Lee S and Lee C
2014; Lee et al. 2016), China (Liu et al. 2017; Li, Feng, et al.
2018; Zhang, Liu, et al. 2019), Thailand (Madapong et al. 2016;
Lorsirigool et al. 2017), Lao People’s Democratic Republic
(Lorsirigool et al. 2016), Vietnam (Le et al. 2018), and Mexico
(Perez-Rivera et al. 2019), posing a significant threat to the
swine industry. So far, all other members of the
Deltacoronavirus genus have been detected in birds (Saeng-
Chuto et al. 2017), suggesting that birds are the natural host
and ancestral reservoir of Deltacoronaviruses (Jung et al. 2015;
Ma et al. 2015). Lau et al. demonstrated that the genome of
PDCoV is closely related to the genome of sparrow CoV
HKU17 and that it resulted from recombination between
HKU17 and bulbul coronavirus HKU11 (Lau et al. 2018).
Therefore, examining newly emerged CoVs causing epidemics
in mammals provides opportunities for defining in detail the
underlying events that allow viruses to cross the host range
barrier and spread efficiently within new populations. Since
swine are raised and traded for meat globally, their infection by
CoVs and the close interaction with humans poses a threat to
public health, as illustrated by the swine-origin human influ-
enza virus outbreak (Smith et al. 2009). Although the preven-
tion and control of coronavirus cross-species transmission
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and spread in the wildlife/livestock is critical, especially in
China, detailed studies on the evolution and transmission of
PDCoV are currently lacking despite the fact that recent years
have seen the extensive use of phylogeographic approaches to
unveil the dispersal history of viral epidemics.

To fill this gap, and as part of a nationwide swine virome
metagenomics research project, we collected intestinal and
fecal samples from swine farms in eastern and southern China
where PDCoV outbreaks in 2018 and 2019 caused severe
diarrhea and death in piglets. After performing virus isolation
and next-generation sequencing analysis, we used full ge-
nome, S gene sequences and data from clinical diagnostic
tests to examine the epidemiology and evolution of PDCoV
during its emergence and spread among pigs, with an em-
phasis on the spread of the virus in China, the most endemic
area of PDCoV and the country with the largest pig popula-
tion worldwide. We aimed to unravel important aspects of
PDCoV evolution and epidemiology, such as the source pop-
ulation, genetic recombination, time of origin, evolutionary
rate, and the amino acid sites that might have played an
important role in the adaptation of PDCoV to swine.
Finally, we also employed phylogeographic approaches to
examine the dispersal history and dynamics of emerging
PDCoV in China.

Results

Sequencing, Virus Isolation, and PDCoV Epidemic in
China

A total of 21 PDCoV full genomes and 29 S genes from seven
provinces in China were sequenced. Two new PDCoV strains
(named SD2018/10 and AH2019/H) were successfully isolated
(fig. 1A and B and supplementary fig. S1, Supplementary
Material online). Multistep replication curves revealed that
the two PDCoVs had similar growth kinetics in LLC-PK1 cells,
but the mean virus titer of AH2019/H was higher than the
titer of SD2018/10 at 12, 24, and 36 hpi. Infected cells exhib-
ited cytopathic effects, including shrinking, rounding, lighting,
and disruptive morphological characteristics at 24 and 36 hpi
(fig. 1A and B). Both viruses caused similar pathology in suck-
ling pigs (He et al; data not shown) .

The nucleotide similarity of the full genomes ranged from
98.9% to 99.8% among the newly sequenced samples and
from 912% to 99.0% among reference sequences from
NCBI. The nucleotide identity of the S gene of the newly
sequenced samples ranged from 96.1% to 100%. The amino
acid similarity among the newly sequenced samples ranged
from 96.7% to 100% (supplementary table S3, Supplementary
Material online). The phylogeny based on the full genomes
revealed four major lineages, which we named the Thailand,
Early China, USA, and China lineages (fig. 1C). The Thailand
lineage actually contained strains from Vietnam, Laos, and
Thailand. The Early China and China lineages contained
strains only from China including the earliest strain that
was isolated in the Anhui Province in 2004. The strains of
the USA lineage circulated in the United States and spread to
Japan, Korea, and China. Of note, two newly sequenced
strains, AH2019/H and SD2019/426, clustered with the USA
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Fic. 1. Characteristics of isolated PDCoVs and phylogenetic analysis of full genomes. (A) Cytopathic effects and multistep replication curves of
PDCoVsin LLC-PK1 cells at 6, 12, 24, and 36 hpi. Newly isolated viruses SD2018/10 and AH2019/H were used to infect LLC-PK1 cells at a MOl of 0.1.
Magnification: 200X. (B) The viral titers (TCIDso/ml) were determined at 6, 12, 24, and 36 hpi. The graph shows the mean of three different
experiments. (C) Phylogeny reconstructed using 119 PDCoV genomes using the SplitsTree5 software with the Kimura 2-parameter model. Strains
in blue regions correspond to the Thailand lineage, in red correspond to the Early China lineage, in orange to the USA lineage, and in green to

regions of the China lineage.

lineage (red dots in fig. 1C). This represents the first confirmed
USA lineage strain in China.

PDCoVs Have Undergone Extensive Intra- and
Interlineage Recombination in Their Evolutionary
History

We used all full genome and S gene coding sequences for
recombination analysis using RDP4. Half of these genome
sequences were identified to be recombinant, with frequently
shared breakpoints at nucleotide positions 4989 (fig. 2A),
13681 (fig. 2B), and 22825 (fig. 2C). We separated the genome
sequences into four segments and performed Maximum like-
lihood (ML) phylogenetic reconstruction according to the
breakpoints: 1-4989 (encoding ORF1a), 4990-13681 (encod-
ing ORF1ab), 13682-22825 (encoding ORF1b and S), and
2282625451 (encoding E + M + N) (fig. 2). Phylogenetic re-
construction and BootScan analysis indicated that the
Thailand lineage viruses evolved from a recombinant virus
that acquired the 5’ part (1-4989) of ORFia from the
China lineage (fig. 2A and D). In addition, some Chinese
strains were closely related to American strains in this area
of the genome (positions 1-4989). However, in the recon-
structed phylogeny, the clustering of these subgenomic
sequences was not supported by high bootstrap support
values, suggesting that they have a more complex and uncer-
tain history of recombination. We also found that two viruses

from Vietnam in the Thailand lineage obtained the 3’ part
containing the E, M, and N genes from the China lineage
(fig. 2C and G). Moreover, some strains, for example,
JS2019/A1414 (newly sequenced sample) and CHN-GD16-
03 (KY363867), contained an S gene more similar to the
Thailand lineage, with the other genes more closely related
to the China lineage (fig. 2F). In addition, we found higher
recombination rates in the China lineage as opposed to the
USA lineage where no recombination was detected for full
genome sequences (supplementary fig. S2, Supplementary
Material online). We performed the same recombination
analysis for the S gene. However, we only identified recombi-
nation events in 7.2% of the sequences.

Using RDP4 analysis, we identified intralineage recombina-
tion hot spots of the China and Early China lineages sequen-
ces mainly located in the ORF1ab and S genes (data not
shown). In order to further clarify the characteristics of re-
combination, we removed the interlineage recombination
sequences in the China and Early China lineages. The
GARD method was used to identify the intralineage break-
points. The first breakpoint was the nucleotide position 11570
(corrected AAIC = 1,915.49), roughly at the end of the coding
sequence of the ORF1a protein (fig. 3A). The two phylogenies
inferred from sequences before and after this breakpoint were
significantly incongruent (fig. 3B). A second analysis of the
resulting fragment 1 (positions 1-11570) and fragment 2
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Fic. 2. Recombinant features of PDCoV phylogenies. (A-C) A rescaled structure of the PDCoV genome and bootscanning recombination analysis
based on the variable genomic sites. The dashed line indicates 70% bootstrap support. The likely recombination region is shaded in a different color
and colored broken lines represent different lineages: blue indicates the Thailand lineage, red the Early China lineage, orange the USA lineage, and
green the China lineage. (A) Breakpoint at nucleotide 4989. (B) A breakpoint at nucleotide 13681. (C) A breakpoint at nucleotide 22826. (D-G) ML
phylogenetic trees inferred for the different recombinant regions: nucleotides 1-4989, 4990-13681, 13682-22825, and 22826-26451. The ML tree
was reconstructed using RAXML (v8.4.10) using a general time-reversible model accommodating among-site rate heterogeneity. In total, 1,000
bootstraps were evaluated to assess support values. The Thailand lineage is indicated in blue; the Early China lineage in red; the USA lineage in
orange; and the China lineage in green. The red dots indicate strains that were sequenced as part of this study.

(positions 11571-18788) yielded a further breakpoint in frag-
ment 1 at position 3047 (corrected AAIC = 1,201.87), located
in NSP2 and a further breakpoint in fragment 2 at position
14307 (corrected AAIC = 490.76) at the beginning of ORF1b.
We repeated this procedure until no more breakpoints were
identified (fig. 3A). There were 15 breakpoints in total in the
ORF1ab gene. In the S gene, only four breakpoints were iden-
tified at nucleotide positions 656 (corrected AAIC = 43.95),
1538  (corrected AAIC=14123), 2118 (corrected
AAIC =498.84), and 2853 (corrected AAIC =165.90). In
summary, the recombination analyses of PDCoV revealed
frequent recombination in the ORF1ab region (fig. 3A).

Evolutionary Dynamics of PDCoV

Since the number of sequences available for the S gene is
larger than for full genome sequences, with relatively few
mosaic genomes identified, we focused on these sequences
for phylodynamic reconstruction. We first assessed the
temporal signal in TempEst which revealed sufficiently
strong temporal signal (R> = 039) to estimate time-
calibrated phylogenies using molecular clock models (sup-
plementary fig. S3B, Supplementary Material online).
Similar to the full genome, four lineages were observed
according to the ML and maximum clade credibility
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(MCC) trees (supplementary figs. S3A and 4
Supplementary Material online). The MCC tree revealed
the detection of all lineages of PDCoV in China (red dots
in fig. 4B). In addition, our reconstruction confirmed that
the virus spread from the United States to Mexico, as de-
scribed in a previous study (Perez-Rivera et al. 2019), and
observed that the USA lineage further spread to other
countries, like China, Japan, and South Korea, through the
hog trade (fig. 4). We estimated the time of the most recent
common ancestor (tMRCA) of PDCoV at 1,999.5 with a
95% highest posterior density (HPD) range of (1,993.3—
2,004.4). The estimated tMRCA was 2,006.8 (2,002.4—
2,011.4) for the Thailand lineage, 2,004.4 (2,003.3-2,004.4)
for the Early China lineage, 2,013.0 (2,012.6-2,013.3) for the
USA lineage, and 2,005.4 (2,002.9-2,008.3) for the China
lineage. The mean evolutionary rate was estimated at 1.70
(1.37-2.02) x 102 substitutions/site/year. As shown in
supplementary figure S3C, Supplementary Material online,
lineage-specific evolutionary rate estimates were 2.71 (0.08—
6.92) x 1072 subst/site/year for the Thailand lineage, 2.45
(0.02-5.20) x 10> subst/site/year for the Early China lin-
eage, 121 (0.04-2.50) x 10> subst/site/year for the USA
lineage, and 1.58 (0.10-4.21) x 10> subst/site/year for the
China lineage. The estimated effective population sizes over
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and Early China lineage PDCoV ORF1ab using RAXML under the general time-reversible substitution model with gamma-distributed rates across
sites. In total, 1,000 bootstraps were evaluated to assess support values. Trees were reconstructed for both regions separated by the breakpoint at
position 11570.
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2646



Genomic Epidemiology, Evolution, and Transmission Dynamics of PDCoV - doi:10.1093/molbev/msaa117

MBE

time (fig. 4) show that PDCoV went through rapid expan-
sion from its first occurrence in 2000 to 2011 after which the
population size fluctuated at a relatively high level (fig. 4A).

Protein Structure Analysis of Adaptive Evolution Sites
We identified five codons (sites 107, 149, 183, 630, and 698)
under positive selection in the S protein (table 1). The iden-
tified sites were visualized in the Cryo-EM structure of S,
which is a trimer composed of two subunits. The N-terminal
S1 subunit (shown in blue in fig. 5A) contains the receptor
binding domain, whereas the S2 subunit (shown in green)
contains the membrane fusion activity. The S gene is the main
determinant of host tropism and induces an antibody re-
sponse. It is heavily N-glycosylated, but none of the exchanges
would delete or create a glycosylation site, although it has
been proposed that PDCoVs could evade immunity by glycan

Table 1. Selection Analysis of the PDCoV S Protein.

Site FUBAR (Post.Pro) MEME (P value) FEL (P value) SLAC (P value)

107 0.979 0.02 0.015 0.026

149 0.998 0.01 0.004 0.027

183 0.968 0.04 0.027 0.089

630 0.98 0.00 0.012 0.007

698 0.99 0.02 0.012 0.087
A His 149 Thr183

Ala 630

shielding (Xiong et al. 2018). Three amino acids under selec-
tion are located in S1and two in S2. The amino acids in the S1
subunit, sites 183, 149, and 107, are located to the N-terminal
domain (NTD). NTD adopts a fi-sandwich fold that is iden-
tical to that of human galectin, a sugar-binding protein.
Amino acid site 149, which shows the highest variability be-
tween lineages (supplementary table S4, Supplementary
Material online), is present at the top of S (supplementary
fig. S4, Supplementary Material online). Thr 183 is located in a
loop between two f -sheets. Its main chain atoms form hy-
drogen bonds with Thr 186 which might stabilize the loop
(fig. 5B).

The S2 subunit is composed of the central helix N (CH-N,
blue in fig. 5C), a fusion peptide (FP, cyan), a heptad repeat
region N (HR-N, orange), the central helix C (CH-C, magenta),
and an unstructured heptad region C. S is activated by a
trypsin-like protease at arginine 669 and 673. Acidic pH
exposes the fusion peptide and HR-N and HR-C form the
typical six helix bundle. One amino acid under selection,
Ser 698, is located in a helix within the fusion peptide and
exposed at the surface of the molecule. The other, Ala 630, is
located deeper down in the interior of the trimeric spike in
the central helix N (fig. 5C and supplementary fig. S4,
Supplementary Material online).

Leu 720

Fic. 5. Location of selected amino acids in the structure of S protein. (A) Cartoon representation of an S monomer. The S1 subunit is represented in
blue and the S2 subunit in green. Selected amino acids are shown as red spheres. Leu 107 and His 149 are located in the N-terminal domain of S1
(S1-NTD) that binds to unidentified sugars, but close to the C-terminal domain of S1 (S1-CTD) that contains the binding site for the protein
receptor. (B) Hydrogen bonds formed between Thr 183 and Thr 186 that might stabilize a loop. (C) Part of the structure of S2 with individual
elements drawn in different colors. Central helix N (CH-N) is represented in blue, the central helix C (CH-C) in magenta, the fusion peptide (FP) in
cyan, and the heptad repeat N in orange. Arg 669 and Arg 673, shown as red sticks, are presumed proteolytic cleavage sites. The selected amino
acids Ala 630 and Ser 698 are shown as red spheres. (D) Detail of 52 showing the selected amino acid Ala 630 in proximity (6.3 A) to Leu 720 in the

fusion peptide.
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Spatiotemporal Reconstruction of PDCoV Spread in
China Using Discrete and Continuous
Phylogeographic Approaches

Using a generalized linear model (GLM) parameterization of
the Bayesian discrete phylogeographic inference approach,
we tested whether geographic distance and the average num-
ber of estimated annual live hogs in infected farms were pre-
dictive of the PDCoV patterns of spatial spread between the
farms sampled in this study. This analysis did not provide any
support for these predictors (Bayes Factor (BF) support <3),
which could at least be partly explained by a lack of power
due to the limited data size used for the analysis. When
performing a regression of pairwise geographic distances
against patristic distances computed on the MCC tree of
the discrete-GLM analysis, we detected a significant but in-
deed weak correlation among the two distances (R* ~ 5%, P
value < 0.001; supplementary fig. S5, Supplementary Material
online). Different from the discrete-GLM inference, geo-
graphic distances within clusters of the same farm will con-
tribute to this support for some degree of “isolation-by-
distance.” To further uncover the PDCoV spatial diffusion
patterns, we performed three distinct continuous phylogeo-
graphic analyses: one analysis with the relaxed random walk
(RRW) and two analyses with the directional random walk
(DRW) model, that is, a DRW analysis allowing both longitu-
dinal and latitudinal drift as well as a DRW analysis only
allowing a latitudinal drift. We estimated a significant latitu-
dinal drift for both DRW analyses, that is, a mean latitudinal
drift shift value of 0.48 with a 95% HPD interval (0.02-1.00)
excluding 0 (hence rejecting a value of 0 that corresponds to
an absence of drift). We therefore focused on the DRW anal-
ysis with latitudinal drift to summarize continuous phylogeo-
graphic patterns, even if associated with a higher
phylogeographic uncertainty than the continuous phylogeo-
graphic reconstruction obtained under the RRW model (sup-
plementary fig. S6, Supplementary Material online).
Interestingly, the continuous phylogeographic reconstruction
performed under the DRW model showed a southern origin
of the lineage dispersal (fig. 6 and supplementary fig. S6,
Supplementary Material online), which is consistent with ep-
idemiological records pointing toward a China lineage of
PDCoV origin nearby or in the Guangdong province (Woo
et al. 2012). Furthermore, this continuous phylogeographic
reconstruction highlights frequent long-distance dispersal
events. For the selected DRW analysis, we estimated a notable
weighted lineage dispersal velocity equal to 185 km/year (95%
HPD [135-234]), whereas the RRW analysis estimates a con-
siderably lower dispersal velocity (134 km/year, 95% HPD
[98-179]).

Discussion

PDCoV spread constitutes a risk for both the pig industry and
public health because CoVs have repeatedly crossed the host
barrier between different animals, like swine acute diarrhea
syndrome coronavirus from bats to swine (Li, He, et al. 2018;
Zhou et al. 2018; He et al. 2019) and from an animal reservoir
to humans for the ongoing SARS-CoV-2 pandemic (Zhou
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et al. 2020). Here, we show that phylogenetically distinct
lineages cocirculated globally, and that multiple inter- and
intralineage recombination events are frequent in PDCoV,
except in the USA lineage. We also report that the USA lin-
eage virus was introduced to China around the winter of
2018. Both the USA and China lineages are the major prevail-
ing genotypes worldwide. New lineages created by recombi-
nation events circulate in Thailand, Vietnam, and China.
Recombination increases virus genetic diversity and may
contribute to adaptation to a new host (Woo et al. 2006; Lau
et al. 2011; Huang et al. 2013; Sabir et al. 2016; Su et al. 2016;
Forni et al. 2017). CoVs have a very high frequency of homol-
ogous RNA recombination as a result of random template
switching during RNA replication thought to be mediated by
a “copy choice” mechanism of the viral polymerase (Tao et al.
2017). In this study, we found high levels of recombination of
PDCoV in the China, Early China, and Thailand lineages with
multiple distinct genotypes. Moreover, in the China and
Thailand lineages, recombination occurs frequently within
ORF1ab which may therefore be a recombination hot spot
in PDCoV similar to the S gene. Furthermore, most of the
recombination events involved breakpoints in the ORFla
gene. This is specifically the case for the breakpoint at position
4989 located between nsp3 and nsp4 which encodes the
polymerase. ORF1ab encodes the nonstructural proteins, in-
cluding proteins involved in mitigating the innate immune
response, for example nsp5, a protease that cleaves not only
the viral polyproteina but also STAT 1, a signaling molecule
involved in activating the type 1 interferon pathway (Zhu
et al. 2017). Thus, one could speculate that recombination
within ORF1a may contribute to the evasion of the swine
innate immune system. In contrast, strains from the USA
lineage do not exhibit recombination within the full-length
genome and are associated with a relatively low diversity. In
the United States, a higher level of biosecurity management
reduces the risk of introducing viruses into farms or results in
shorter virus outbreaks thereby reducing the risk for recom-
bination events by reducing the probability of coinfections.
Multiple pig production systems coexist in Asia and in China
(Gilbert et al. 2015) allowing pigs to be traded through diverse
value-chains which might explain higher rates of recombina-
tion. A previous study showed that recombination within or
around the S gene is likely a common phenomenon among
Deltacoronavirus and other Coronaviruses (Forni et al. 2017;
Tao et al. 2017; Lau et al. 2018; Guo et al. 2019), which may
facilitate interspecies transmission and adaptation to new
animal hosts. Our results demonstrate that ORF1a recombi-
nation may also play an important role in the natural evolu-
tion of coronavirus among swine. In addition, the PDCoV S
gene evolved at a mean rate of 1.67 X 10> subst/site/year
over 15 years of evolution in pigs, which is significantly lower
than described for another important swine coronavirus, por-
cine epidemic diarrhea virus (Sung et al. 2015). Long-term and
widespread use of vaccines is likely to affect porcine epidemic
diarrhea virus evolution and thus offers an explanation for the
lower rate of nucleotide substitution in PDCoV because it is
subject to weaker immune selection. Of note, our results also
suggest that vaccine usage and different farming models and



Genomic Epidemiology, Evolution, and Transmission Dynamics of PDCoV - doi:10.1093/molbev/msaa117

MBE

A
Discrete phylogeographic
analysis

Tjanjin:
Hebei

Shandong

Jiangsu

Anhui

Jiang

Guangdong

Sichuan
/ ® sampling
Zhejiang locations

TRANSITION RATES
(with Bayes Factor >3)

—»— 07
—_—p— 10
— .3

Guangxi
Hong Kong

Hainan

B
Continuous phylogeographic
analysis (DRW)
ee
° I 2019
. ~ '&d
eo’ 2/8, o
2 N /g L2017
A 2
o6 O “CW °0® 2015
g /j ] oA ,
SN
O'r/i‘c‘%v / F2013
& /Cf%c.’bg 4 2011
o oo
2 ol - 2009
¢ lzom

Fic. 6. Spatiotemporal diffusion of China PDCoV lineage within China as estimated from discrete (A) and continuous (B) phylogeographic
reconstructions. (A) The discrete phylogeographic analysis was performed with the Bayesian stochastic search variable selection (BSSVS) ap-
proach, for which we displayed the intensity of the transition rates associated with a BF support higher than 3. (B) Continuous phylogeographic
analyses were performed with the DRW diffusion model (only including a latitudinal drift; see the text for further details). For the continuous
reconstruction, we mapped the MCC tree and 95% HPD regions based on trees subsampled from the post burn-in posterior distribution of trees.
Nodes of the tree are colored according to a color scale ranging from brown (tMRCA) to green (most recent sampling time). Ninety-five percent
highest posterior density (HPD) regions were computed for successive time layers, superimposed using the same color scale reflecting time
cropped using Chinese international borders (see supplementary fig. S6, Supplementary Material online, for noncropped 95% HPD polygons as
well as a comparison with the continuous phylogeographic reconstruction obtained under the relaxed random walk model). On both maps,

subnational Chinese province borders are represented by white lines.

ecologic environment might have a great impact on recom-
bination, evolution, and population diversity of emerging
CoVs.

Our study provides the first phylogeographic exploration
of PDCoV in China. Using continuous phylogeographic re-
construction, we estimated a relatively high weighted lineage
dispersal velocity ranging from ~134 km/year (RRW model)
to ~185km/year (DRW model). These values are much
higher than, for instance, estimates previously reported for
rabies virus spread (Dellicour et al. 2017, 2019; Tian et al. 2018)
but still lower than, for instance, the weighted branch dis-
persal velocity estimated for the West Nile virus spread in
North America (255 km/year, 95% HPD [231, 286]) (Pybus
et al. 2012). Although our discrete phylogeographic inference
results currently do not implicate geographic distance or hog
population sizes in farms as drivers of spatial spread, more
comprehensive sampling and incorporating additional pre-
dictors at different levels (county, prefecture, or province)
may elucidate important spatial dynamics in the future. It
is possible that pig farm workers and contaminated feed
could play a role in PDCoV dissemination, which may be
difficult to formalize as predictors. Additionally, contamina-
tion is also likely to occur within a province or between
neighboring provinces, whereas pig trade between provinces
is deemed more likely. Wild animals in the vicinity of farms
could also be implicated, but one would expect that this
would to some extent be reflected in support for geographic
distance. The continuous phylogeographic reconstruction

that incorporates a directional tendency suggests a southern
origin for PDCoV spread in China. Both discrete and contin-
uous phylogeographic investigations highlight notable South-
North transmission as well as frequent long-distance dispersal
events in China that could implicate human-mediated trans-
mission and which would be in line with the relatively high
branch dispersal velocity estimated for this PDCoV spread.

Five codons (107, 149, 183, 630, and 698) were determined
to be under positive selection. Ser 698 in S2 is located within
the fusion peptide but is replaced by amino acids with similar
properties (Ala, Thr). Ala 630 is located near the fusion pep-
tide and if replaced by larger amino acids, such as Leu in the
China lineage, might interact by hydrophobic forces with Leu
720 in the fusion peptide (fig. 5C and D). Thus, both amino
acids might be involved in membrane fusion, for example, by
affecting exposure of the fusion peptide. The other three
residues under positive selection are located in the NTD of
S1, which is a lectin (Shang et al. 2018). Interestingly, residue
149 shows the highest variability within lineages and it is
replaced by amino acids with very different properties (sup-
plementary table S4, Supplementary Material online). This
site might modulate attachment to sugars which are used
as attachment factors before S binds to aminopeptidase N via
the C-terminal domain of S1 (S1-CTD) (Li, Hulswit, et al. 2018;
Shang et al. 2018; Wang et al. 2018; Xiong et al. 2018) or be
part of an epitope positively selected by pig antibodies.

In summary, assuming that PDCoV has relatively recently
been introduced from birds into pigs, the amino acids
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identified under selection might contribute to better entry of
PDCoV into pig and human cells (Li, Hulswit, et al. 2018), both
by evolution toward more efficient receptor binding and by
enhanced membrane fusion, that is, and thus could confer a
fitness advantage to the virus. These results support the idea
that evolution and transmission of CoVs upon emergence in
new hosts involves a complex and variable series of steps.
Continued surveillance studies in swine are needed to mon-
itor the geographical spread and seasonal patterns of PDCoV
and other CoVs infections as well as the detection of recom-
binant viruses.

Materials and Methods

Sample Collection and Virus Isolation

PDCoV-positive gut and feces samples were collected from
ten intensive pig farms and one free-range household, located
in the Anhui, Jiangsu, Henan, Zhejiang, Fujian, Guangxi, and
Shandong provinces in China from 2018 to 2019. PDCoV
isolation was performed using LLC-PK1 cells (ATCC CL-101)
as reported previously (Hu et al. 2015). LLC-PK1 cells were
grown in Dulbecco’s modified eagle medium (DMEM, Gibco,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS,
Gibco), 1% (v/v) penicillin-streptomycin, and 4 mM L-gluta-
mine. PDCoV isolation was confirmed by reverse
transcription-polymerase chain reaction (supplementary ta-
ble S1, Supplementary Material online) and an indirect im-
munofluorescence assay.

Genome and Spike Gene Sequencing

Virus RNAs were extracted using the TIANGEN viral RNA kit
(TIANGEN, China). The cDNA was synthesized using random
primers and the RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific, USA). Each sample was first screened by
polymerase chain reaction followed by viral isolation or puri-
fication, sequenced by sanger or metagenomic sequencing
using Hiseq2500 lllumina (Chong et al. 2019; Zhang, Cheng,
et al. 2019).

Sequence Analysis

All available PDCoV genome sequences and S protein coding
sequences up to June 2, 2019 were retrieved from NCBI
GenBank (https://www.ncbi.nlm.nih.gov/). A total of 119 ge-
nome sequences and 220 S gene sequences were used, along
with 21 newly sequenced genomes (GenBank accession num-
bers in supplementary table S2, Supplementary Material on-
line) and 29 newly sequenced S gene (GenBank accession
numbers: MNO058045-MNO058073) sequences, respectively.
All sequences were aligned using MUSCLE and manually ad-
justed in MEGA7 (Edgar 2004; Kumar et al. 2016). Genome
sequences were aligned at the nucleotide level, whereas the S
protein coding sequences were aligned at the amino acid level
with manual adjustments.

Recombination Analysis

Full genomes and S gene sequences were analyzed separately
to detect recombination events using RDP4 (Martin et al.
2015). A total of seven methods implemented in RDP4
were applied including RDP (Martin and Rybicki 2000),

2650

GENECONV (Padidam et al. 1999), 3Seq (Boni et al. 2007),
Chimaera (Gibbs et al. 2000), SiScan (Gibbs et al. 2000),
MaxChi (Smith 1992), and LARD (Holmes et al. 1999).
Recombination detected by at least three of the seven meth-
ods with a P value cutoff of 0.05 was considered as true re-
combination (Sabir et al. 2016). The recombinant sequences
were removed and the procedure was repeated until no more
recombination events were detected. We used SimPlot to
detect interlineage recombination (Kolb et al. 2017). After
removing interlineage recombination genome sequences,
we used the GARD method implemented in the HyPhy soft-
ware to detect intralineage recombination breakpoints on
ORF1ab and the S gene (Pond et al. 2005 Dudas and
Rambaut 2016). To visualize interlineage recombination
events, alignments of the full genome were generated, and
SplitsTree 5 was used to infer split decomposition networks
(Huson and Bryant 2006).

Phylogenetic and Evolutionary Dynamic Analysis

Following recombination analysis, genomic sequences were
separated at the breakpoint nucleotide positions 4989,
13680, and 22826. ML approaches were applied to the four
segments and S gene coding region. ML trees were recon-
structed using the general time-reversible substitution model
while accounting for among-site heterogeneity through a dis-
cretized gamma distribution with four rate categories
(GTR+T), and 1,000 bootstrap replicates were estimated us-
ing RAXML (version 8.4.10) (Stamatakis 2014). We used the
same procedure to reconstruct an ML tree based on the non-
recombinant S gene sequences with three partitions for the
codon positions. The same S gene sequences were used for
phylodynamic analysis. We first assessed temporal signal in our
data sets using TempEst (Rambaut et al. 2016) and continued
to assess the best fitting model through marginal likelihood
estimation using path-sampling and stepping-stone estima-
tion approaches. This identified the relaxed molecular clock
with an underlying lognormal distribution as the best fitting
clock model (Baele et al. 2012, 2013). The tMRCA and evolu-
tionary rate were estimated using the BEAST package (version
1.10.5) (Suchard et al. 2018), with separate GTR 4 I" nucleo-
tide substitution models on the three partitions based on the
codon positions and an uncorrelated lognormal relaxed mo-
lecular clock (Drummond et al. 2006). In addition, we used a
coalescent-based nonparametric skygrid prior for the tree to-
pologies to model the effective population size over time (Gill
et al. 2013). Two independent chains with a chain length of
1 x 108 converged to indistinguishable posterior distributions.
Convergence and mixing were examined using the Tracer soft-
ware (v1.7) (Rambaut et al. 2018) with a burn-in period of 10%
of the total chain length. All parameter estimates yielded ef-
fective sampling size >>200. The final MCC tree was generated
by TreeAnnotator (version 1.10.5) and illustrated in Figtree
(version 1.4.3) (http://tree.bio.ed.acuk/software/figtree/).

Discrete and Continuous Phylogeographic Analyses of
PDCoV Spread in China

Discrete and continuous phylogeographic analyses of PDCoV
China lineages were performed using BEAST 1.10.5 (Suchard
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et al. 2018) and the BEAGLE 3 library (Ayres et al. 2019) to
improve computational performance. For both types of phy-
logeographic analyses, we specified a flexible substitution pro-
cess modeled according to a GTR+ I parametrization, a
relaxed clock model with rates drawn from an underlying
lognormal distribution (Drummond et al. 2006), and a flexible
nonparametric skygrid coalescent model as the tree topology
prior (Gill et al. 2013). The discrete phylogeographic analysis
was performed using BSSVS to identify the best-supported
among-location movement rates (Lemey et al. 2009) . In ad-
dition, the GLM extension of the discrete phylogeographic
model (Lemey et al. 2014) was used to jointly infer the dis-
persal history of lineages among locations as well as the rel-
evance and contribution of potential predictors to the
transition rates between discrete locations. In practice, this
approach allows to estimate the size of the contribution
(expressed by the GLM coefficient) and the statistical support
(expressed by a Bayes factor) for each potential predictor
included in the model. Here, three different predictors were
tested: 1) the geographic distance between sampling loca-
tions, as well as the average number of estimated annual
live hogs in infected farms 2) at the locations of origin and
3) at the locations of destination. Discrete phylogeographic
analyses (BSSVS and GLM analyses) were only based on the
new PDCoV sequences presented in this study, that is, the
sequences for which we had sampling locations allowing to
integrate location-specific predictor values in the GLM
analysis.

The continuous phylogeographic analysis was performed
using two distinct models: the RRW diffusion model (Lemey
et al. 2010) and the DRW diffusion model (Gill et al. 2017). In
the RRW model, we used a lognormal distribution to model
the among-branch heterogeneity in diffusion velocity. The
DRW model combines the branch-specific diffusion rate var-
iation with a constant directional trend (for movement along
the latitude and longitude dimension) to preserve model
identifiability (Gill et al. 2017). We use DRW to explore if
the continuous phylogeographic reconstruction could be as-
sociated with a significant latitudinal and/or longitudinal drift.
We performed two different analyses with the DRW model: a
first analysis allowing both longitudinal and latitudinal drift,
and because the resulting posterior estimates only provided
evidence for a latitudinal drift, a second analysis only allowing
a latitudinal drift. Contrary to the discrete phylogeographic
analyses, the continuous analyses were based on both the
new and the previously available PDCoV sequences from
China (see supplementary table S2, Supplementary Material
online). Because the sampling locations of several available
sequences were only known at the province level, we used a
sampling prior approach to define a potential area of origin
for these sequences (Nylinder et al. 2014; Dellicour et al. 2020).
The length of each BEAST inference procedure was adjusted
according to the type of analysis: 300 million iterations for the
discrete phylogeographic analyses and 500 million iterations
for the continuous phylogeographic analyses. Parameter esti-
mates were sampled every 100,000 generations, and the first
10% of the samples were removed as burn-in. Convergence
and mixing properties were inspected using Tracer 1.7

(Rambaut et al. 2018) to ensure that effective sampling size
values associated with relevant parameters were all >200. For
the continuous phylogeographic reconstruction, MCC trees
were obtained with TreeAnnotator 1.10.5 (Suchard et al.
2018) and based on 1,000 trees regularly sampled from
each posterior distribution. For the visualization of the phy-
logeographic reconstruction performed with the DRW
model, the MCC search was only based on posterior trees
for which the root was positioned inland (i.e, not in the sea).
We used R functions and scripts available in the package
“seraphim” (Dellicour et al. 20163, 2016b) to extract the
spatiotemporal information embedded within the same
1,000 posterior trees and visualize the continuous phylogeo-
graphic reconstructions. We further used “seraphim” to esti-
mate weighted lineage dispersal velocities from continuous
phylogeographic reconstructions.

Selection and Protein Function Analysis

To detect selection on the S gene, an ML tree based on
nonrecombinant sequences was reconstructed using
Datamonkey (http://www.datamonkey.org/). The methods
used to investigate positive amino acids sites included
Single Likelihood Ancestor Counting (SLAC), Fixed Effects
Likelihood (FEL), Mixed Effects Model of Evolution (MEME),
and Fast Unconstrained Bayesian AppRoximation (FUBAR)
for inferring selection (Kosakovsky Pond and Frost 2005;
Murrell et al. 2012, 2013; Smith et al. 2015). The branch site
REL and the GA-branch site models were chosen to detect
selection pressure on individual branches. Codons were con-
sidered to be under selection if they were highlighted by at
least three methods. Sites identified by at least two algorithms
were considered as conservative positive selection. Protein
models were created with PyMol (Molecular Graphics
System, Version 2.0 Schrédinger, LLC, https://pymol.org/2/)
using pdb file 6B7N representing the Cryo-EM structure of
the S protein of the PDCoV (Shang et al. 2018). The distance
measurement was done with the wizard tool of the program.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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