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Abstract 

Swine pathogens have a long history of zoonotic transmission to humans, occasionally leading to sustained outbreaks or pandemics. 
Through a retrospective epidemiological study of swine populations in China, we describe novel lineages of porcine hemagglutinat-
ing encephalomyelitis virus (PHEV) complex coronaviruses (CoVs) that cause exclusively respiratory symptoms with no signs of the 
neurological symptoms typically associated with classical PHEV infection. Through large-scale epidemiological surveillance, we show 
that these novel lineages have circulated in at least eight provinces in southeastern China. Phylogenetic and recombination analyses 
of twenty-four genomes identified two major viral lineages causing respiratory symptoms with extensive recombination within them, 
between them, and between classical PHEV and the novel respiratory variant PHEV (rvPHEV) lineages. Divergence times among the sam-
pled lineages in the PHEV virus complex date back to 1886–1958 (mean estimate 1928), with the two major rvPHEV lineages separating 
approximately 20 years later. Many rvPHEV viruses show amino acid substitutions at the carbohydrate-binding site of hemagglutinin 
esterase (HE) and/or have lost the cysteine required for HE dimerization. This resembles the early adaptation of human CoVs, where 
HE lost its hemagglutination ability to adapt to growth in the human respiratory tract. Our study represents the first report of the evo-
lutionary history of rvPHEV circulating in swine and highlights the importance of characterizing CoV diversity and recombination in 
swine to identify pathogens with outbreak potential that could threaten swine farming.
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1. Introduction
Coronaviruses (CoVs) belong to the subfamily Orthocoronavirinae
(family Coronaviridae) and can infect a wide range of hosts—
including humans, wild mammals, domestic mammals, and 
birds—resulting in diverse sets of symptoms including respira-
tory disease, intestinal to nervous system disorders, and hep-
atitis. Clinical outcomes following infection range from asymp-
tomatic or mild to severe and lethal (Weiss and Navas-Martin 
2005; Su et al. 2016; Cui, Li, and Shi 2019; Lu et al. 2023). 
Orthocoronavirinae are phylogenetically classified into four genera: 
Alpha-, Beta-, Gamma-, and Deltacoronavirus (https://talk.ictvonline.

org/taxonomy/). CoVs exhibit rich genetic diversity and complex 
evolutionary histories due to relatively high rates of nucleotide 

substitution and recombination, as well as frequent cross-species 

transmission (Woo et al. 2009; Graham and Baric 2010). Host 

jumps of CoVs from animals to humans have resulted in sev-

eral novel pathogen emergence events with high fatality rates, 

including severe acute respiratory syndrome (SARS), Middle East 

respiratory syndrome, and the recent pandemic of SARS-CoV-2 

(Guan et al. 2003; Vijgen et al. 2005; Zhou et al. 2020), the largest 

singular infectious disease mortality event in more than 100 years. 

One important vehicle for the movement of viruses from wildlife 
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to humans is via swine populations that are in relatively fre-
quent contact with humans and other livestock. For example, pigs 
have been known to transmit influenza virus, pseudorabies virus, 
and Nipah virus to humans causing severe clinical outcomes
(Goh et al. 2000; Sun et al. 2020; Liu et al. 2021).

Six CoVs are currently known to infect pigs. Of these, four 
belong to the genus Alphacoronavirus: transmissible gastroenteri-
tis CoV, porcine respiratory CoV (PRCV), porcine epidemic diarrhea 
virus (PEDV), and swine acute diarrhea syndrome CoV. In contrast, 
porcine hemagglutinating encephalomyelitis virus (PHEV) belongs 
to the genus Betacoronavirus, while porcine delta CoV (PDCoV) is 
a member of the genus Deltacoronavirus. PHEV is the only known 
neurotropic CoV of pigs, with clinical manifestations that include 
vomiting and wasting disease, as well as encephalomyelitis 
(Mora-Diaz et al. 2019). Although it was one of the first porcine 
CoVs to be identified and isolated, only a limited number of PHEV 
studies have been performed and only about a dozen genome 
sequences are available to date. PHEV is classified as a member 
of the subgenus Embecovirus, which also contains human, bovine, 
and equine CoVs associated with intestinal or respiratory disease 
(Vijgen et al. 2006).

Embecovirus genomes encode sixteen nonstructural proteins 
(nsp1–16) and the structural proteins hemagglutinin esterase (HE), 
spike (S), envelope (E), membrane (M), and nucleocapsid (N). The 
S protein is central for viral entry and hence the key determi-
nant of host and tissue tropism (Hulswit, de Haan, and Bosch 
2016). Like S from other members of the Embecoviruses, the PHEV 
S protein binds to acetylated sialic acids on surface glycopro-
teins, apparently its only cellular receptors (Huang et al. 2015; 
Matrosovich, Herrler, and Klenk 2015; Hulswit, de Haan, and Bosch 
2016). The HE protein is also involved in attachment to these 
receptors and has acetylesterase and hence receptor-destroying 
activity (Klausegger et al. 1999). Another protein unique for the 
Embeco- and Merbecoviruses is NS2 (ORF2)—a phosphodiesterase 
that antagonizes activation of RNase L and hence degradation of 
the viral genome (Goldstein et al. 2017).

PHEV was first identified in Canada in 1957 and subsequently 
in Europe, the Americas, and Asia between the 1970s and the 
2010s (Roe and Alexander 1958; Cartwright et al. 1969; Pen-
saert and Callebaut 1974; Hirano and Ono 1998; Quiroga et al. 
2008; Rho et al. 2011; Mora-Diaz et al. 2020). The virus has been 
reported in Jilin province China, where it caused encephalitis in 
piglets (Gao et al. 2011; Dong et al. 2014). However, PHEV variants 
recently found in the USA (GenBank accessions from KY419103 
to KY419112) seem to cause only respiratory disease, and hence, 
their clinical manifestations are different from earlier reports 
(Lorbach et al. 2017).

Here, we describe the identification—through metagenomic 
sequencing—of a novel respiratory variant PHEV (rvPHEV) in pigs 
with influenza-like symptoms in the absence of neurological signs 
or encephalomyelitis. Further monitoring of the prevalence and 
evolution of these emerging Betacoronaviruses is needed to pre-
vent future outbreaks in swine and to monitor potential public 
health risk posed by virus recombination. Our study also suggests 
that the genetic variation of animal CoVs may have an impor-
tant impact on clinical symptoms and tissue tropism, posing a 
challenge to clinical diagnosis.

2. Methods
2.1 Collection and processing of clinical samples
In April 2021, an outbreak of influenza-like illness in piglets was 
reported on a farm in Fujian province, Southeast China. To inves-
tigate the cause of this disease, we collected nasal swab samples 

from ten piglets with respiratory symptoms. Samples were kept 
cold and transported to the laboratory, where they were stored at 
−80

∘
C before use. Sample collection from all animals was approved 

by the Institutional Animal Care and Use Committee of Nanjing 
Agricultural University, Nanjing, China (number SYXK2017-0007).

2.2 Pathogen detection and retrospective 
epidemiological survey
2.2.1 Etiological investigation and metagenomic sequencing 
on samples from Fujian
Based on the respiratory symptoms of piglets, polymerase chain 
reaction (PCR) diagnostics were performed for the following com-
mon clinical pathogens that may cause respiratory symptoms: 
swine influenza A virus, porcine respiratory reproductive syn-
drome virus, porcine circovirus 2, and PRCV. As routine virus 
testing failed to determine the etiological agent, we performed 
total RNA library sequencing using transcriptome technology to 
detect potential pathogens according to our previous method (He 
et al. 2022a).

2.2.2 Retrospective epidemiological survey of rvPHEV in 
China
After identifying the pathogen, a retrospective investigation of 
rvPHEV in China was conducted on samples collected between 
2016 and 2021, including 771 samples from 2021, as well as 
other samples from the Chinese Piglet Metagenomic Project. All 
clinical samples were screened using primers of PHEV/rvPHEV, 
designed according to the available PHEV sequences in GenBank 
(www.ncbi.nlm.nih.gov), and contigs were annotated as rvPHEV. 
To obtain rvPHEV genomes and HE and Spike gene sequences, the 
sample RNA was extracted using the Trizol kit (Vazyme, China). 
The HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, China) 
was used for cDNA synthesis. Subsequently, PCR was performed 
with the rvPHEV detection primers. Samples identified as posi-
tive were selected and further subjected to amplification reac-
tions with Phanta® Max Super-Fidelity DNA Polymerase (Vazyme, 
China) using a set of primers for rvPHEV genome amplification 
designed based on reference genomes. Finally, purified PCR ampli-
fication products were sequenced by the Sanger dideoxy chain 
termination method, or a next-generation sequencing method 
was applied as described earlier. A total of twenty-four rvPHEV 
genomes and two additional variants with complete HE and spike 
genes were sequenced. Genbank accession numbers for these 
twenty-six samples are OQ798806–OQ798833.

2.3 Bioinformatic analysis
2.3.1 Assembly, annotation, and abundance estimates
For each library, trimmomatic was used with default parameters 
to remove adapters and quality trim the sequence reads (Bolger, 
Lohse, and Usadel 2014). The remaining reads were assembled de 
novo into contigs using Megahit and those less than 500 nt were 
filtered out (Li et al. 2015). All the assembled contigs were aligned 
to the National Center for Biotechnology Information (NCBI) non-
redundant protein database (nr) using Diamond blastx (Buchfink, 
Reuter, and Drost 2021) with the E-value cut-off set to 1E-5. To 
estimate the relative abundance of each virus species in each 
library, quality-trimmed reads were first mapped to the swine and 
human genome sequences and then mapped to the SILVA riboso-
mal RNA database (www.arb-silva.de, version 132.1) using Bowtie2 
(Langmead and Salzberg 2012; Quast et al. 2013) Unmapped reads 
were subsequently mapped to confirmed viral scaffolds using the 
‘end-to-end’ setting, and the abundance of each virus species was 
estimated as the number of mapped reads in each library (He et 
al. 2022a).

https://www.ncbi.nlm.nih.gov
https://www.arb-silva.de
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2.3.2 Sequence collection and alignment
To describe the (potentially recombinant) origins and evolution of 
PHEV and rvPHEV, other viral reference genome sequences (from 
species Betacoronavirus 1) that are closely related to the PHEV com-
plex were included in the analysis. Specifically, human CoV OC43 
(NC_006213, AY903459), bovine CoV (NC_003045, DQ811784), and 
equine CoV (EF446615) were downloaded from the NCBI GenBank 
(https://www.ncbi.nlm.nih.gov/) (So et al. 2019). All available PHEV 
complete genomes, as well as HE and S gene sequences available 
before 24 September 2022, were similarly downloaded from Gen-
Bank. A total of fifteen reference PHEV whole-genome sequences 
were used in the analyses: one from Belgium, two from China, one 
from South Korea, and eleven from the USA, covering a time period 
from the 1970s to January 2021 (Table S1). There are three addi-
tional variants with two complete HE and two spike sequences 
that were used in subsequent analyses. Sequences were aligned 
using MAFFT v7.475 and inspected manually (Katoh and Standley 
2013).

2.3.3 Recombination analysis
Recombination analysis was performed according to the proce-
dures described in the study by Boni et al (2020). Briefly, the 
nonparametric mosaic detection program 3SEQ v1.8 (Lam, Rat-
mann, and Boni 2018) was run on the full alignment of forty-three 
Embecoviruses sequences. 3SEQ reports breakpoints as ranges, 
and all breakpoint ranges were combined into a single list of all 
possible breakpoints. This list was complemented to generate a 
list of non-breakpoints, which were then assembled into contigu-
ous regions called breakpoint-free regions (BFRs). The BFRs were 
named A through G, sorted by length for BFRs longer than 1000 nt 
(Table S1).

To ensure that mosaic recombination signals were supported 
by phylogenetic evidence (Boni et al. 2010), we looked for evi-
dence of additional recombination within and between the BFRs. 
BFRs A and B were further split into sub-segments due to phy-
logenetic recombination signals within these BFRs. Neighboring 
BFRs were combined when no phylogenetic incongruence signal 
could be detected between them (Table S1), and we refer to these 
concatenated BFRs as non-recombining regions (NRRs). Phyloge-
netic incongruence signals were assessed by building maximum 
likelihood (ML) trees using RAxML v8.2.8 (Stamatakis 2014) (100 
bootstrap replicates) on neighboring segments and determining if 
there were sequences that jumped between sequence clades with 
bootstrap (BS) support ≥80 for membership in both clades.

To assess robustness of mosaic recombination signals, the 
full alignment of forty-three sequences was run through addi-
tional tests in RDP4 (Martin et al. 2015) (all with default settings) 
with Recombination Detection Program (RDP) (Martin and Rybicki 
2000), GENECONV (Padidam, Sawyer, and Fauquet 1999), Bootscan 
(Martin et al. 2005), MaxChi (Maynard Smith 1992), Chimaera 
(Posada and Crandall 2001), and SisScan (Gibbs, Armstrong, and 
Gibbs 2000) all showing evidence of recombination in the align-
ment (P < 0.001). The mosaic signals tested by these methods 
(including 3SEQ) are in some cases very similar, and statistical 
agreement is expected; in other words, these are not tests of inde-
pendent signals. PhylPro (Weiller 1998), a phylogenetic correlation 
approach, did not detect signs of recombination at the P = 0.01 
level.

2.3.4 Phylogenetic analysis
ML phylogenetic trees were estimated for NRR5 (the longest NRR) 
and the S and HE genes using IQ-TREE v2.0.3 under the gen-
eral time-reversible (GTR) substitution model with a discretized 

gamma distribution (Minh et al. 2020). The ML trees were used 
as input for the analysis of temporal signal (i.e. molecular clock 
structure) in TempEst (Rambaut et al. 2016). To estimate the 
divergence time of rvPHEV from traditional PHEV, BEAST v1.10.5 
with BEAGLE v3 was used to perform time-measured phylogenetic 
reconstructions (Suchard et al. 2018; Ayres et al. 2019). To accom-
modate potentially different rates of evolution for specific lineages 
as well as random branch-specific rate variation, we employ a 
mixed effect molecular clock model in our Bayesian phylogenetic 
inference (Vrancken et al. 2014; Bletsa et al. 2019) in order to 
accommodate two outlier lineages that were likely evolving at 
independent rates (see Section 3). We further specified a GTR sub-
stitution model with a discretized gamma distribution to model 
among-site rate heterogeneity and a nonparametric coalescent 
skygrid model (Gill et al. 2013). A Markov chain Monte Carlo chain 
analysis was run for a total of 100 million iterations and sampled 
every 50,000th iteration. Convergence and proper statistical mix-
ing were assessed using Tracer v1 7 (Rambaut et al. 2018). Upon 
removing burn-in, maximum clade credibility (MCC) trees were 
summarized using TreeAnnotator as part of the BEAST v1.10.5 
package (Suchard et al. 2018).

3. Results
3.1 Epidemiological and clinical characterization 
of a novel swine respiratory Betacoronavirus in 
China
In April 2021, an outbreak of influenza-like illness was observed 
among piglets on a pig breeding farm in Fujian province in south-
eastern China (Fig. 1A). In addition to respiratory symptoms, some 
pigs also exhibited gastrointestinal symptoms. We collected nasal 
swabs from tens piglets, tested them for known viruses, and 
excluded any common respiratory pathogens. Through metatran-
scriptomic and Sanger sequencing, we identified a novel PHEV 
variant that encodes a phosphorylated structural protein charac-
teristic for Embecovirus (Cox, Parker, and Babiuk 1991) (Fig. S1), 
but with a complete deletion of the NS2 gene (shown in Figs. 1B 
and 3B). This novel variant also differs clinically from classical 
PHEV, since it causes only respiratory symptoms, but no vomiting, 
wasting disease, encephalomyelitis, or other neurological symp-
toms. PHEV variants with a similar genome structure, which are 
also only associated with respiratory symptoms, have been pre-
viously detected in older pigs in the USA (Lorbach et al. 2017). 
Considering their atypical clinical symptoms and genome struc-
ture, we propose that these viruses are termed ‘respiratory variant 
PHEV’ or rvPHEV.

Using a retrospective epidemiological analysis from 2016 to 
2021, we subsequently detected a total of ninety-two positive 
rvPHEV samples. When multiple positives were present in the 
same farm at the same time, genome sequences were identi-
cal for these samples (data not shown), and only one sequenced 
genome per farm was included in our study, resulting in a total 
of twenty-four novel whole-genome sequences. HE and S gene 
sequences were obtained from two additional samples, and these 
viruses were named rvPHEV1 through rvPHEV26. These rvPHEV 
were detected in several provinces in China, including Guangdong, 
Guangxi, Guizhou, Yunnan, Fujian, Zhejiang, Jiangxi, and Anhui. 
Of note, in rvPHEV 1, 2, 3, 5, 10, 13, and 23 the entire NS2 gene was 
deleted, and all the remaining rvPHEV showed premature termi-
nation codon ranging from nucleotides 27 to 111 (Figs. 1B and 3B). 
In all cases, the NS2 gene does not encode for a functional protein.

We chose rvPHEV13 (an NS2-deleted strain) to intranasally 
inoculate 15-day-old piglets for a preliminary evaluation of 
pathogenicity and clinical symptoms, as we identified no other 

https://www.ncbi.nlm.nih.gov/
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Figure 1. Signs and symptoms and genome characteristic of rvPHEV. (A) The clinical symptoms of rvPHEV-positive piglets are runny nose and lethargy. 
(B) Genome structure of Embecovirus, PHEV, rvPHEV, human CoV OC43, equine CoV, and bovine CoV. (C) ML phylogenetic tree of the S1 gene and rooted 
at classical PHEV Lineage.
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Figure 2. Recombination breakpoints and phylogenetic incongruence among NRRs. The top panel shows the level of breakpoint support at all possible 
31,101 positions in the alignment of PHEVs and rvPHEVs used in this analysis. The y-axis shows the number of sequences (of forty-three) that support 
a breakpoint at a particular position when those sequences are evaluated as potential recombinants. The light gray boxes at the top of the plot outline 
the open reading frames in the virus genome, and the pink and green boxes show the positions of the six NRRs inferred for this analysis. Note that 
NRRs do not have to be contiguous. Phylogenetic trees for the six NRRs are shown below the plot. rvPHEV L-I sequences are shown in orange, red, and 
violet (rvPHEV1–10, 13, 22, and 23), rvPHEV L-II sequences are shown in light green and dark green, and their sibling clades of American PHEV 
sequences are shown in turquoise (KY419103), dark blue, and light blue, with two clades collapsed as triangles to reduce the size of the tree. Relevant 
bootstrap values ≥70 per cent are enlarged on all trees. The gray-shaded areas connecting the different trees show the phylogenetically incongruent 
positions of several example sequences and clades: rvPHEV1-3, rvPHEV17, rvPHEV22, and a L-II subclade sampled in Guangdong province in 2021.

suspected pathogenic viruses in this sample (cycle threshold of 
21). After 24 h, the piglets exhibited rhinitis, but no neurological 
symptoms were found during the 5-day period post-inoculation. 
Clinical symptoms were mild, and the virus could only be detected 
in respiratory organs. There were no neurological symptoms or 
infection of the nerve tissue (Li et al., unpublished data).

3.2 Recombination and evolutionary history of 
PHEV and rvPHEV
The history of PHEV and novel rvPHEV lineage is highly recom-
binant with mosaic recombination signals abundant and eas-
ily detectable (P < 10−160, 3SEQ Lam, Ratmann, and Boni 2018). 
Figure 2A shows the number of sequences (out of the complete 
alignment of forty-three) supporting inferred breakpoint positions 
throughout the genome. A substantial portion of the recombina-
tion events involved one of the outgroup sequences, equine CoV 
NC99 (EF446615.1), and further recombination events involving 
this sequence were ignored as these would only show evidence for 
deep ancestral recombination. Extracting all contiguous regions 
longer than 1000 nt where no breakpoints were inferred gives 
seven BFRs labeled A to G (Table S1) that can be further broken 
down or combined depending on the mosaic and phylogenetic sig-
nals present within and between these BFRs. Mosaic signals were 
detected within BFR A (P < 4 × 10–6) and BFR B (P < 3 × 10–5). Based 
on additional phylogenetic incongruence detected within these 

segments, both were split into two sub-segments each. Based 

on the presence/absence of phylogenetic incongruence signals 
between neighboring BFRs, some of these regions were combined 
(concatenated) into the six NRRs shown in Table S1. The longest 

of these, NRR5, is a concatenated region of 5349 nt in length.
Based on these six NRRs, rvPHEV lineages I and II can be 

defined for the Embecovirus subclade that contains both PHEV 
and rvPHEV sequences. Using NRR5, we define Lineage I (L-I) as 
the clade consisting of rvPHEV sequences 1 through 10, 13, 22, 
and 23 (orange, plum, pink, and red sequences in Fig. 2B). Sim-
ilarly, Lineage II (L-II) is the clade defined by rvPHEV sequences 
14–21 and 24–26 (light and dark green). The within-lineage pair-
wise nucleotide diversity is 0.017 for L-I and 0.017 for L-II. The 
between-lineage nucleotide pairwise distance is 0.031.

Phylogenetic relationships among individual sequences and 
between L-I and L-II show substantial phylogenetic incongruence 
among the NRRs, supporting both recent and ancestral recombi-
nation events (Fig. 2). Four individual sequences—rvPHEV 17, 19, 
22, and 23—show clear recombinant histories, some with multiple 
breakpoints and potentially multiple past recombination events. 
rvPHEV 17 appears to be L-II in the majority of its genome (all 
bootstrap values ≥80 for NRR3–6) but has clear ancestry in differ-
ent subclades of L-I in the 3- to 6-kb region that includes NRR1 
and NRR2 (bootstrap values ≥80). rvPHEV 22, sampled in Zhe-
jiang province in 2021, is a likely recombinant of the rvPHEV4–9 
clade (several provinces, 2019–20) and rvPHEV 23 (also sampled in 
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Figure 3. The time-calibrated MCC tree inferred for NRR5. (A) The MCC tree was constructed using Bayesian divergence time estimation in BEAST 
v1.10.5 using a mixed effects molecular clock model. The numbers on each branch indicate the posterior support value, and the blue bars show the 
95 per cent HPD interval of the height of each node. Strains with red dots are those newly sequenced in this study. (B) The length of the NS2 gene of 
each strain is shown next to each tree tip label.

Zhejiang in 2021), with bootstrap values ≥80 supporting a complex 
multi-breakpoint recombinant history in NRR1 through NRR5.

Interestingly, respiratory variants 19 and 23 show evidence of 
past recombination with unsampled parental sequences. rvPHEV 
23 appears as a distant outgroup to the entire PHEV com-
plex in NRR4, and rvPHEV 19 is the result of a likely inter-
species recombination event with the NRR2 genomic region 
(nucleotides 4723–5828 in ORF1A) having ancestry in the Embe-
covirus lineage containing human CoV OC43 and bovine CoV 
(100 percent bootstrap value). At least one recombination event 
between L-I and L-II can be readily seen in the NRR phylo-
genies, with a breakpoint after the end of the spike reading 
frame. A subclade of rvPHEV sampled in Guangdong province 
during April–November 2021 is a recombinant of older L-II 
viruses (rvPHEV14-16, 21; BS = 75) and L-I viruses closely related 
to rvPHEV4–9 (BS = 83). Probable inter-Lineage recombination is 
also seen in the American PHEV strains (see NRRs 3 and 6
in Fig. 2).

3.3 Time-scaled evolutionary history of rvPHEV
We focused on the longest NRR5 to infer a time-calibrated evo-
lutionary history using Bayesian phylogenetic inference. NRR5 
encompasses part of the ORF1b gene, the whole N-terminal 
domain, almost the entire receptor-binding domain of the S1 sub-
unit, and a part of S2 subunit of the spike protein. We first assessed 
the temporal signal of NRR5 using TempEst, which yielded a 
coefficient of determination (R2) of 0.36, indicating some corre-
lation between the dates of the tips and the divergence from 

the root (Fig. S2). However, two lineages stood out in showing 
either lower or higher divergence than expected based on the 
root-to-tip regression. The lineage potentially evolving at a lower 
evolutionary rate consisted of two Chinese classical PHEV strains 
(JL/2008 [KY994645] and CC14 [MF083115]). The lineage potentially 
evolving at a higher rate consisted of three Chinese rvPHEV strains 
from Fujian (rvPHEV1-3). In both cases, the monophyletic cluster-
ing of the genomes involved suggests that standard explanations 
for outlier behavior such as errors in the sampling date of spe-
cific sequences are unlikely. To accommodate their potentially 
different evolutionary rates, as well as other sources of branch-
specific rate variation, we employed a mixed effects molecular 
clock model for Bayesian divergence time estimation (Bletsa et al. 
2019). This model identified a considerably lower rate for the 
PHEV lineage but not a considerably higher rate for the rvPHEV 
lineage, so we eventually only included a fixed effect for the 
former in the mixed effects clock. The result of this Bayesian 
reconstruction is represented as a MCC tree in Fig. 3A, indicat-
ing that the time to the most recent common ancestor (tMRCA) 
of PHEV and rvPHEV was estimated to be between 1886 and 1958 
(95 percent highest posterior density (HPD) interval), with a mean 
date of 1928 (Fig. 3A). rvPHEV was estimated to have diverged 
from PHEV between 1926 and 1970 (mean of 1950). We can con-
clude that rvPHEV has diverged into two independent lineages, 
rvPHEV L-I (1916–85, mean of 1956) and rvPHEV L-II (1918–80, 
mean of 1951); both have a very high posterior support close to 
1. The mean evolutionary rate of PHEV and rvPHEV excluding the 
two outlier sequences was estimated to be 2.70 × 10–4 nucleotide 
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Table 1. Prediction of proprotein convertase cleavage sites.

Virus Sequence Furin cleavage score

PHEV TALRSRR/SFTT 0.688
rvPHEV-L-II TALRSRR/SFTT 0.688
rvPHEV-L-IIa TSLRSRR/SLTT 0.742
rvPHEV1-3 TARRSRR/SFTT 0.786
Other rvPHEV-L-I TALRSRR/SVTT 0.798

aStrains: KY419106, KY419107, KY419109, KY419111, and KY419113. Amino 
acid mutations are indicated in bold.

substitutions per site per year (with 95 per cent HPD interval being 
1.48–4.04 × 10–4 subs/site/year).

The variants of the L-I lineage have only been identified in 
some provinces of China Fujian (n = 4), Guangdong (n = 1), Zhe-
jiang (n = 3), Anhui (n = 2), Guangxi (n = 1), Guangdong (n = 1), and 
Guizhou (n = 1). Based on the available data, the L-II samples 
found that Guangdong (n = 8), Yunan (n = 1), Guangxi (n = 1), and 
Anhui (n = 1) share a common ancestor with those viruses found 
in the USA. Since the emergence of rvPHEV, its effective population 
size has increased, reaching a peak around 2007 and then declin-
ing sharply from 2007 to 2015. We also inferred time-measured 
evolutionary histories based on the HE and S genes. Both the struc-
ture of the phylogenetic tree and the estimated tMRCA are similar 
to the results obtained for NRR5 (Fig. S3).

3.4 Amino acid substitutions in the HE gene of 
swine respiratory Betacoronaviruses likely affect 
its receptor-binding activity
The alignment of classic PHEV and rvPHEV S gene sequences 
revealed few unique changes and only one of potential func-
tional relevance. It involves changes at the cleavage site between 
S1 and S2, some of which are predicted to lead to a moderate 
increase in the furin cleavage score compared with classic PHEV 
stains (Table 1). In contrast, the HE gene of rvPHEV strains con-
tains several unique amino acid changes not present in classical 
PHEV strains (Fig. 4A). Those that likely affect the hemagglutinat-
ing activity are highlighted in the 3D structure of closely related 
bovine HE (Zeng et al. 2008) (Fig. 4A and B). The carbohydrate-
binding site (CBS) of HE is composed of two hydrophobic pock-
ets (Fig. 4C, cyan sticks) and hydrophilic amino acids that 
form hydrogen bonds with various atoms of sialic acid, either 
directly (Fig. 4C, green sticks) or via a water molecule (Fig. 4C, 
blue sticks). The latter residues are substituted not only in all vari-
ants of the rvPHEV-L-I lineage, in rvPHEV 26, but also in several 
PHEV strains by amino acids, which are not able to form hydrogen 
bonds (Fig. 4D–G, red sticks). Many rvPHEV strains contain addi-
tional changes either in the hydrophobic pockets, which restrict 
access to the binding site, or in the amino acids forming hydro-
gen bonds that likely have important functional effects. rvPHEV 
strains 1–3 contain two other unique changes in the C-terminal 
part of HE, located a few amino acids upstream of the trans-
membrane region. The highly conserved Pro 383 is replaced by a 
Ser, and Cys385 by a Phe. Cys385 forms the single disulfide bond 
between two monomers, and hence, this change likely affects 
the formation of the HE dimer and its functionality (Phillips, 
Gomez-Navarro, and Miller 2020).

4. Discussion
Due to the coronavirus disease (COVID)-19 pandemic, there has 
been increased research effort directed toward CoV diversity 
and evolution. Despite this, the swine betacoronavirus PHEV 

remains poorly studied. Infection with classical PHEV variants 
often results in encephalomyelitis, leading to vomiting, inability 
to eat, and neurological symptoms such as abnormal gait and 
tremors (Cartwright et al. 1969; Quiroga et al. 2008; Li et al. 2016; 
Shi et al. 2018). Our data provide an enhanced understanding of 
the diversity and circulation of an endemic novel PHEV-like res-

piratory variant (rvPHEV) and of the evolutionary relationships 
between classic PHEV and rvPHEV. A PHEV variant in the USA 
that caused influenza-like illness in older pigs has been previ-

ously described (Lorbach et al. 2017), and another PHEV variant 
was recently identified in South Korea by sequencing samples 

from pigs with diarrheal symptoms (Kim et al. 2022). Our study 
shows, for the first time, that there is substantial diversity in 

PHEV-like variants in China, with some clades clearly distant from 
classical PHEV (Vijgen et al. 2006; Lorbach et al. 2017). Based 
on the differences in the genome structure—especially in the 
NS2 gene (Figs. 1B and 3B)—and clinical symptoms (Fig. 1A), we 
propose that this expanded group of PHEV variants is termed 

rvPHEV. In addition, we provide evidence that rvPHEV is a respira-
tory pathogen and characterize the genomes of clinically relevant 
strains circulating in swine herds in the south of China. Both nat-
ural and laboratory-infected pigs (unpublished data) show similar 
clinical symptoms and relatively high virus titers. Considering 
that the virus has not been isolated, and few fecal samples from 
diarrheal pigs were positive for rvPHEV, detailed animal experi-
ments with virus isolates are urgently needed to further evaluate 
the tissue tropism, pathogenicity, and clinical symptoms in swine.

Retrospective epidemiology suggests that rvPHEV has been cir-
culating in at least eight provinces in China. Phylogenetic analysis 
shows that rvPHEVs can be divided into two lineages, rvPHEV-L-I 
and rvPHEV-L-II. Of note, there is a possible interspecies recom-
bination event detected for rvPHEV19, on NRR2 (located in the 
ORF1a protein, 4734–5828nt), with this region being closer to BCoV 
and HCoV OC43 than to classical PHEV or rvPHEV. Genomic simi-
larity patterns across rvPHEV23 are also consistent with recom-
bination involving unsampled parental viruses, suggesting that 
the diversity of unsampled Embecoviruses (potentially outside 
swine populations) may be relatively large. Interspecies recom-
bination among Betacoronaviruses has been previously detected 
among camel, rabbit, and rodent CoVs (So et al. 2019). There are 
several recombination breakpoints at the start and end of the 
HE gene (Fig. 2), although our phylogenetic evidence does not 
directly implicate HE as a focal point of past recombination as 
HE appears to reside in the middle of NRR5. The BFR overlapping 
the HE gene was not analyzed in this study as its length (932nt) 
fell below the 1000-nt threshold set for evaluating BFRs. It has 
been suggested that the HE gene, as a unique structural protein 
that is expressed only in the subgenus Embecovirus, is believed 
to have been acquired from influenza C virus through heterolo-
gous recombination (Luytjes et al. 1988). We also detected inter- 
and intra-lineage recombination among classical PHEV, rvPHEV-
L-I, and rvPHEV-L-II. This is consistent with frequent coinfections 
that can only occur in high-prevalence settings, indicating that 
a lack of surveillance for CoVs in pigs may be the reason that 
the full diversity of swine Embecoviruses has not been described. 
Since swines are raised and traded for meat globally, they deserves 
attention and continuous monitoring. This is illustrated by the 
swine-origin human influenza virus pandemic of 2009 (Newman 
et al. 2008; Shinde et al. 2009; Smith et al. 2009) and swine-origin 
PDCoV that independently infected Haitian children several times 
in 2014–15 (Lednicky et al. 2021).

Our phylogenetic analyses demonstrated that the two lineages 
of rvPHEV have a common ancestor that dates back to 1950 



8 Virus Evolution

Figure 4. The structure of bovine HE (PDB: 3CLA) showing the amino acid substitutions in rvPHEV strains. (A) Unique amino acid substitutions in the 
HE protein of rvPHEV-L-I and rvPHEV-L-II, aligned with other Embecoviruses, similar canine CoVs, bovine CoVs, human CoV OC43, camel CoV, and 
classical PHEV. (B) The structure of an HE monomer from bovine CoV with bound 9–0 acetyl sialic acid analog (red stick). The amino acids constituting 
the sialic acid binding site are shown as blue sticks and the catalytic triad of the esterase domain as magenta sticks. The black sphere is a potassium 
ion. (C) Magnification of the 9–0 acetyl sialic acid binding site. The site is composed of two hydrophobic pockets, one formed by Tyr 184, Leu 266, Leu 
267, and Phe 211, which accommodates the 9-O-acetyl group and the second by Phe 211, which binds the 5N-acetyl group of the receptor (cyan sticks). 
In addition, residues Ser 213, Asn 214, and Thr 215 form hydrogen bonds (dotted lines) with various atoms of sialic acid (green sticks). Furthermore, the 
hydroxy-amino acids Thr 114 and Ser 116 are connected via a water molecule (not depicted) to 0–7 of the 9-O-acetylated sialic acid analog (blue 
sticks). (D–G) Amino acid changes present in rvPHEV strains, but not in any PHEV strain are shown as red sticks. (D) The change Leu267Phe in 
rvPHEV13 narrows the hydrophobic pocket for the 9-O-acetyl group of the ligand. (E) The Leu212Phe substitution in rvPHEV 23 + 26 narrows the space 
for the C1 group of the ligand. (F) The change Phe211Val in rvPHEV 18, 19, 20, and 25 affects the hydrophobic pocket for the 5N-acetyl group of the 
receptor. The very similar change Phe211Ala in HE of rvPHEV abrogates receptor binding. (G) The change Ser213Ala in in rvPHEV 1–3 destroys the 
hydrogen bond with 0-8 of 9–0 acetyl sialic acid. Figures were created using PyMol 2.1.1 from pdb-file 3CLA using the mutagenesis wizard.
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(posterior mean estimate) and had formed two independently 
circulating lineages in piglets by the early to mid-1950s. The 
mean evolutionary rate of PHEV and rvPHEV (2.70 × 10−4 expected 
substitutions per site per year) was lower than that reported pre-
viously for other porcine CoVs such as PEDV (1.93 × 10−3 expected 
substitutions per site per year) and PDCoV (1.67 × 10−3 expected 
substitutions per site per year) (He et al. 2020, 2022b), across 
60 years of evolution in pigs. One striking feature of all rvPHEV 
viruses is the deletion of the NS2 gene, which exhibits >50 per cent 
amino acid identity to NS2 of murine hepatitis virus (MHV). NS2 of 
MHV antagonizes the Type I interferon antiviral response by cleav-
ing 2’,5’-oligoadenylate, the product of the interferon inducible 
2’,5’-oligoadenylate synthetase (Cervantes-Barragan et al. 2007). 
This prevents activation of the cellular RNase L and hence degra-
dation of viral RNA. Although NS2 is non-essential for CoV replica-
tion in cell culture, a role for NS2 in viral pathogenicity is plausible, 
since the deletion of MHV NS2 significantly attenuates the virus 
when it is inoculated into mice. Although the function of NS2 
of MHV is cell type specific (Roth-Cross, Bender, and Weiss 2008; 
Roth-Cross et al. 2009), it can be assumed that the deletion of the 
NS2 gene in rvPHEV strains contributes to the observed attenua-
tion of these viruses. Many rvPHEVs have unique substitutions at 
the CBS of HE that are likely to diminish its function (Fig. 4). One 
of the substitutions (Phe211Val) has been experimentally shown 
to abolish the receptor-binding activity of bovine HE (Lang et al. 
2020). Furthermore, rvPHEVs 1–3 exhibit a substitution of cysteine 
385 that forms the only intermolecular disulfide bond between 
HE monomers. This exchange likely destabilizes the HE dimer and 
might even compromise its incorporation into virus particles since 
oligomerization and folding of glycoproteins are intimately linked 
and misfolded proteins are degraded by the quality control system 
of the endoplasmic reticulum (Ellgaard and Helenius 2003).

These changes in HE of rvPHEV resemble substitutions 
described in HCoVs OC43 and coronavirus HKU-1 after their cross-
species transfer from cattle to humans. HE gradually lost its lectin 
function as a consequence of adaptation for growth in the human 
respiratory tract (Bakkers et al. 2017; Hurdiss et al. 2020; Lang et al. 
2020). Although the cross-species transmission of CoVs from cat-
tle to humans and the change in tissue tropism described here for 
rvPHEV are very different events, in both cases, viruses encoun-
tered a new glycan environment (Bosch et al. 2013). Since the 
receptor-binding and receptor-destroying activities of a virus are 
usually highly adapted to a particular tissue of a particular host 
(Wasik, Barnard, and Parrish 2016), they are temporarily unbal-
anced when a virus encounters a new glycan environment. We 
propose that the various mutations near the sialic acid binding site 
in HE of rvPHEV may be indicative of a viral population attempt-
ing to restore the functional balance between receptor binding and 
receptor elution.

In sum, we report here the emergence of new variants (named 
rvPHEV) of a porcine CoV. While these viruses currently constitute 
only a mild respiratory pathogen in pigs, the future impact of these 
novel swine viral variants, on livestock farming and human society 
in general, deserves further study. Additional regional surveillance 
studies should be conducted to monitor emerging genetic vari-
ants of rvPHEV, such that prevention and control measures can 
be implemented to detect range expansion.

Supplementary data
Supplementary data are available at Virus Evolution online.
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Significance
Cross-species transmission and genetic recombination have fre-
quently been observed in CoVs among animals. Here, we report 
for the first time two new lineages of a respiratory variant of 
PHEV (rvPHEV) circulating in China. This recently discovered clin-
ical phenotype shows exclusively respiratory symptoms in swine 
and none of the neurological symptoms associated with classical 
PHEV. These rvPHEVs show extensive recombination within the 
rvPHEV/PHEV complex of viruses. In addition, in both lineages, 
potentially adaptive mutations appear in the HE protein that may 
be associated with changes in tissue tropism. Further studies of 
these and other CoVs in swine will be critical for determining if 
these viruses pose a risk to animal farming.
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