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ABSTRACT Porcine epidemic diarrhea virus (PEDV) is an enteric pathogen of impor-
tance to the swine industry, causing high mortality in neonatal piglets. Efficient
PEDV infection usually relies on the presence of trypsin, yet the mechanism of tryp-
sin dependency is ambiguous. Here, we identified two PEDV strains, the trypsin-
enhanced strain YN200 and the trypsin-independent strain DR13; the spike (S) pro-
tein of YN200 exhibits a stronger ability to induce syncytium formation and to be
cleaved by trypsin than that of DR13. Using a full-length infectious YN200 cDNA
clone, we confirmed that the S protein is a trypsin dependency determinant by com-
parison of rYN200 and rYN200-SDR13. To explore the trypsin-associated sites of the
YN200 S protein, we then constructed a series of mutations adjacent to the fusion
peptide. The results show that the putative S29 cleavage site (R892G) is not the de-
terminant for virus trypsin dependency. Hence, we generated viruses carrying chi-
meric S proteins: the S1 subunit, the S2 subunit, and the S2720;892 domain (NS29)
were individually replaced by the corresponding DR13 sequences. Intriguingly, only
the S2 substitution, not the S1 or NS29 substitution, provides trypsin-independent
growth of YN200. Additionally, the NS29 recombinant virus significantly abrogated
effective infection, indicating a vital role for NS29 in viral entry. These findings sug-
gest that the trypsin dependency of PEDV is controlled mainly by mutations in the
S2 subunit rather than directly by a trypsin cleavage site.

IMPORTANCE With the emergence of new variants, PEDV remains a major problem in
the global swine industry. Efficient PEDV infection usually requires trypsin, but the
mechanism of trypsin dependency is complex. Here, we used two PEDV strains, the
trypsin-enhanced strain YN200 and the trypsin-independent strain DR13. By using a
YN200 reverse genetic system, we showed that the S protein determined PEDV tryp-
sin dependency. The S2 subunit was verified as the main portion of PEDV trypsin de-
pendency, although the putative S29 site mutation cannot provide trypsin-independ-
ent growth of YN200. Finally, these results provide new insight into PEDV trypsin
dependency and might inspire vaccine development.

KEYWORDS porcine epidemic diarrhea virus, spike protein, trypsin dependency, S29
site, reverse genetic system

Porcine epidemic diarrhea virus (PEDV) is an enveloped, positive-sense, single-stranded
RNA virus belonging to the Alphacoronavirus genus within the Coronaviridae family.

PEDV causes acute watery diarrhea, vomiting, and dehydration in piglets. Classical PEDV
was first identified in the United Kingdom in the 1970s (1) and then spread throughout
Europe and to Asia (1–3). In the 2010s, a highly pathogenic PEDV strain suddenly
emerged in China, resulting in almost 100% mortality for suckling piglets (4–6).
Subsequently, PEDV variants caused outbreaks of swine disease in the United States,
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resulting in;$1.8 billion in economic losses from 2013 to 2014 (7, 8). On the basis of phy-
logenetic analyses of the whole genome, PEDV is divided into two subtypes, G1 and G2
(9, 10). G1 is represented by the prototype PEDV CV777, which is commonly used as a
vaccine strain. However, the currently circulating strains with high virulence (belonging to
subtype G2) are genetically different from CV777, especially with regard to the spike (S)
gene, leading to different immunogenicity (11).

The S gene encodes a highly glycosylated homotrimeric protein anchored on the vi-
rus envelope, and the S protein exerts membrane fusion activity during virus entry (12,
13). For coronaviruses, the conversion of the S protein from the prefusion to the post-
fusion conformation requires multiple host factors, such as receptor binding, protease
cleavage, or a low-pH environment (14). To establish an efficient infection in host cells,
coronaviruses have evolved the ability to utilize multiple proteases, which have differ-
ent binding motifs and cleavage efficiencies, including trypsin, chymotrypsin, trans-
membrane serine proteases (TMPRSSs), and cathepsin (15). Proteolytic cleavage usually
occurs near the viral fusion peptide (FP) of the S fusion protein, exposing the hydro-
phobic FP, which can be inserted into the host cell membrane to initiate membrane
fusion. The S proteins of betacoronaviruses, such as severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV),
and mouse hepatitis virus (MHV), require two steps of protease cleavage, at S1–S2 and
S29, to activate fusion (16–18); however, a cleavage motif is rarely reported for alpha-
coronaviruses. The latest report on the 229E-CoV S protein concluded that it is not
cleaved at S1–S2; in contrast, the cleavage of the S29 site is particularly important (19).

The PEDV S protein can also be cleaved by a variety of proteases to facilitate entry,
especially by trypsin, which plays a critical role in PEDV isolation (20–22). Previous stud-
ies have shown that trypsin cleavage of the S protein occurs only after PEDV binds to a
receptor, which can greatly promote virus entry (23), and the addition of trypsin is also
conducive to viral particle release (24). Wicht et al. suggested that the key factor deter-
mining the conversion of a PEDV strain from trypsin dependency to trypsin independ-
ence is the amino acid mutation of S29 from arginine to glycine (25). Sequence align-
ment also showed an arginine at the S29 site of clinical PEDV; as a result, trypsin is
required for virus isolation. Another group discovered that during serial passage of
PEDV, when the virus was passaged 30 to 40 generations, the S protein had only one
mutation at the S29 site (R895G), leading to trypsin-independent growth of the virus
and a different cytopathic effect (CPE) (26). These results underline the importance of
the S29 site and suggest that further validation with infectious clones is needed.

In this study, we investigated the difference in trypsin dependency between two
PEDV strains, the G2 strain YN200 and the G1 strain DR13. Then we constructed a series
of chimeric recombinant viruses with mutations of the S gene introduced via bacterial
artificial chromosomes (BACs) by a CRISPR-Cas9 system in vitro and studied their char-
acteristics. Intriguingly, mutations at the S29 site showed that the putative S29 site had
no impact on the trypsin dependency of YN200. The key regions affecting the trypsin
dependency of the virus were further explored by S protein subdomain substitution. In
addition, two basic amino acid residues, R887 and K891 of the PEDV S protein, were
identified as significant factors for virus entry.

RESULTS
YN200, but not DR13, facilitates infection by utilizing trypsin in vitro. To exam-

ine the differences in trypsin dependency between PEDVs, two strains belonging to dif-
ferent PEDV types were selected: YN200 and DR13. The former is a highly cell-adapted
strain belonging to G2 (27); the latter is a classic G1 attenuated vaccine strain (28).
Vero cells were infected with YN200 or DR13 and were subsequently cultured in the
presence or absence of trypsin. Immunofluorescence and hematoxylin-and-eosin (HE)
staining were performed, and multistep growth curves were drawn to examine the
expansion of the viral infection. Only in the presence of trypsin did YN200 establish a
highly efficient infection and form large syncytia with many more nuclei than those for
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DR13 (Fig. 1A to C). While YN200 spread was limited in the absence of trypsin, the repli-
cation of DR13 was more efficient without trypsin. At the same time, although the
growth of DR13 in Vero cells was significantly inhibited in the presence of trypsin (Fig.
1E), the growth kinetics of YN200 were highly promoted by trypsin (Fig. 1D). After 24 h
postinfection, cells infected with YN200 in the presence of trypsin were quickly
detached and died, causing a rapid drop in virus titers. These results showed that
PEDVs have different trypsin dependencies and that trypsin is able to promote virus
infection and induce cell-to-cell fusion for strains such as YN200 but not for strains
such as DR13.

The S protein determines the trypsin dependency of the virus and mediates
cell-cell fusion. According to previous reports, the S gene is considered a key trypsin-
enhanced gene (23, 25). To further validate this concept, eukaryotic expression plas-
mids carrying the S proteins of YN200 and DR13 were transfected into Vero cells. As
shown in Fig. 2A to C, only YN200-S mediated cell-to-cell fusion in the presence of tryp-
sin, indicating that the different CPEs induced by the viruses were determined by the S
protein. To confirm the trypsin cleavage of the S protein, 293T cells transiently express-
ing the YN200 or DR13 S protein were treated with trypsin. The Western blot results
show that a small cleavage product of the YN200 S protein (below 100 kDa, at S2*) is
absent for the DR13 S protein, indicating that only the YN200 S protein can be acti-
vated by trypsin (Fig. 2D).

We subsequently constructed a full-length infectious YN200 cDNA clone and replaced
the S gene with the DR13 S gene (Fig. 3A). Through virus recovery, we obtained two
recombinant PEDVs containing YN200-S or DR13-S. Immunofluorescence, HE staining,
and kinetic growth analysis showed that recombinant YN200 (rYN200) exhibited charac-
teristics similar to those of wild-type YN200, and rapid infection and syncytial formation

FIG 1 Growth characteristics of YN200 and DR13 with or without trypsin. (A) Vero cells were infected with YN200 or DR13 at an MOI
of 0.01 in the presence or absence of trypsin. Infected cells were fixed at 12 h or 24 h postinfection and were then detected by
immunofluorescence staining against the nucleocapsid protein (green). Nuclei were stained with DAPI (blue). Bars, 200mm. (B) The
numbers of nuclei per syncytium were determined and are displayed in the scatter plot. Statistical significance was assessed by an
unpaired one-tailed Student t test. (C) Cells were stained with hematoxylin and eosin at 18 h postinfection. Bars, 20mm. (D and E)
Growth kinetics of YN200 (D) and DR13 (E) in Vero cells at an MOI of 0.01. The supernatant was harvested at 6, 12, 18, 24, 36, 48, 60,
and 72 h postinfection and was titrated on Vero cells. Three replicates were performed. Error bars represent means 6 standard
deviations. Asterisks indicate significant differences (*, P, 0.05; ***, P, 0.001); ns, not significant.
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occurred only in the presence of trypsin (Fig. 3B to E). As expected, the replication of
recombinant YN200 with the DR13 S protein (rYN200-SDR13) was trypsin independent, and
higher virus titers were observed without trypsin addition. Thus, the S protein is indeed a
crucial factor affecting PEDV trypsin dependency.

R892 is not a prerequisite for trypsin dependency, and R885 is related to
YN200 cell adaptation. Comparison of the amino acids of the S proteins in the region
from S1–S2 to the FP showed that 9 amino acids (aa) differed between YN200 and
DR13, including in particular two arginines in YN200, R885 and R892 (Fig. 4A). Notably,
R892 is the putative S29 site for trypsin cleavage in PEDV (25). To investigate the effects
of R885 and R892 on the trypsin dependency of YN200, we constructed and rescued
single- and double-recombinant mutant viruses. Surprisingly, all three recombinant
viruses exhibited extensive syncytial formation in Vero cells (Fig. 4B). In the presence of
trypsin, the growth curve of rYN200-R892G was slightly greater than that of rYN200
(Fig. 4C), with comparable plaque sizes. However, the plaques formed by rYN200-
R885S,R892G were slightly smaller, and the growth titer was lower than that of rYN200
without trypsin (Fig. 4D). These results showed that R892 is not a prerequisite site for
viral trypsin dependency, but the double mutations of R885 and R892 reduced virus
infection in vitro, indicating that there might be an interaction between the two sites
to affect trypsin cleavage.

Notably, wild-type YN200 evolved two arginines during passage. To further

FIG 2 The S protein induced syncytium formation and trypsin sensitivity. (A) Vero cells were transiently transfected with PCAGGS expressing
YN200 S or DR13 S for 24 h. Cells were either left untreated or treated with trypsin for another 18 h and were subsequently monitored by
immunofluorescence staining against the S protein (green). Nuclei were stained with DAPI (blue). (B) The numbers of nuclei per syncytium
were determined and are displayed in the scatter plot. Asterisks indicate significant differences (**, P, 0.01; ***, P, 0.001); ns, not significant.
(C) 293T cells were transfected with PCAGGS encoding the S protein. After 24 h, cells were removed from the plate and collected. Then the
samples were lysed by ultrasonication before treatment for 1 h with 0, 5, 10, or 20mg/ml of trypsin at 37°C. Cleaved S proteins were
detected by Western blotting with a C-terminal His tag antibody. S0, full-length S protein; S2*, a cleavage product.
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FIG 3 The trypsin dependency of PEDV is determined by the S protein. (A) Schematic diagram depicting the construction of a full-length cDNA clone of
YN200. The YN200 genome was divided into eight contiguous cDNAs (A to H) by restriction enzymes for construction. The structures of the recombinant
virus genomes carrying the YN200 or DR13 S gene (rYN200 and rYN200-SDR13, respectively) are also shown. (B) Vero cells were infected with rYN200 or
rYN200-SDR13 with or without trypsin for 24 h. Cells were examined by immunostaining against the nucleocapsid protein (green), and nuclei were stained
with DAPI (blue). (C) Cells were stained with hematoxylin and eosin under the same conditions as those for panel B. (D and E) Vero cells were inoculated
with rYN200 or rYN200-SDR13 in the presence or absence of trypsin at an MOI of 0.01. The supernatant was harvested at 12, 24, 36, 48, 60, and 72 h
postinfection and was titrated. Asterisks indicate significant differences (*, P, 0.05).
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FIG 4 Effects of R885S and R892G substitutions in YN200 during viral infection. (A) Amino acid alignment between
YN200 S and DR13 S in the region from the S1–S2 cleavage site to the FP. There are nine amino acid differences,
including R885 and R892. (B) Comparison of rYN200 infection with infections with the recombinant viruses (rYN200-
R885S, rYN200-R892G, and rYN200-R885S,R892G) in the presence of trypsin. Vero cells were inoculated with viruses at an
MOI of 0.01 in the presence of trypsin for 24 h. HE, hematoxylin-and-eosin staining; IF, immunofluorescence;

(Continued on next page)
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evaluate the fitness of recombinant viruses in a competition assay, we mixed the
rYN200 and mutant viruses at a 50:50 ratio in Vero cells. As shown in Fig. 4E, nearly
10% of rYN200-R885S and 40% of rYN200-R892G were retained after three passages.
However, the double-mutant virus, rYN200-R885S,R892G, is almost undetectable. This
result indicates that the mutation at position 885 (S to R) of the S protein provides a fit-
ness advantage in Vero cells and a novel cell adaptation.

Mutations at two conserved sites, R887 and K891, seriously damage virus
recovery. The S protein of YN200 was analyzed structurally using a cryo-electron mi-
croscopy (cryo-EM) structure of the PEDV S as a model (29). In agreement with a previ-
ous study (30), the putative FP at aa 893 to 900 exhibited the typical alpha-helix (Fig.
5A). For most coronaviruses, the cleavage of S29 occurs at the N terminus of the FP (17,
30). However, the PEDV S protein model lacks a spatial structure at aa 882 to 891, indi-
cating that these residues may form a flexible loop. Therefore, we investigated two
additional conserved sites in this region, R887 and K891, along with R885 and R892
(Fig. 5B). As shown in Table 1, we constructed multiple mutations at those four sites
and tried to recover the recombinant viruses. While mutants with single mutations of
R887A or K891A were successfully recovered with no impact on trypsin dependency
(Fig. 5C), the rest of the recombinant viruses could not be recovered. Moreover, these
S proteins were expressed normally by transfection in 293T cells (Fig. 5E). These find-
ings indicate that the failure to rescue the viruses may be due to the inability of the
mutated S protein to utilize proteases.

The S2 subdomain is responsible for the trypsin dependency of chimeric
recombinant viruses. According to the results presented above, a single point muta-
tion may not be enough to alter the trypsin dependency of the virus; therefore, we
constructed chimeras of the S protein. The YN200 S1 domain, S2 domain, and S2 do-
main from aa 720 to aa 892 (S2720–892 domain) (NS29) were replaced with the corre-
sponding domains of DR13 (Fig. 6A), and all three viruses were successfully recovered
and characterized. In agreement with the findings presented above, both rYN200-
S1DR13 and rYN200-NS29DR13 formed typical syncytia, whereas rYN200-S2DR13 generated
trypsin-independent infection without syncytium formation (Fig. 6B). Additionally,
there was no obvious band of the trypsin cleavage product of rYN200-S2DR13 S protein,
as there was for the others (Fig. 6C). These results showed that the overall structure of
the S2 domain is more likely than the S1 domain to affect trypsin cleavage. Moreover,
the infection of rYN200-NS2’DR13 was significantly inhibited, indicating that the NS2’ do-
main has an important role during virus entry.

DISCUSSION

Coronavirus entry into host cells relies on the receptor binding and proteolytic pri-
ming of the S protein by a variety of host cell proteases, such as furin, trypsin,
TMPRSS2, and cathepsin L (31). For both the current global pandemic virus severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the newly emerging por-
cine delta coronavirus (PDCoV) in the pig industry, trypsin can promote the replication
of wild-type strains and is therefore widely used in virus isolation (32, 33). Especially for
PEDV, trypsin is indispensable in virus isolation (34). In this study, we analyzed two
PEDV strains: DR13, belonging to the G1 genotype, and YN200, belonging to the G2
genotype. YN200 is a trypsin-enhanced strain, exhibiting rapid replication and typical
syncytium formation in the presence of trypsin, while YN200 infection is limited with-
out trypsin addition. Trypsin-independent infection with YN200 is strongly inhibited by
a serine protease inhibitor (data not shown), a finding consistent with previous studies
(21, 22), indicating the evolutionary progress of PEDV from trypsin dependency to tryp-

FIG 4 Legend (Continued)
Plaque, plaque formation. (C and D) Growth kinetics of the four viruses with (C) or without (D) trypsin at an MOI of 0.01.
Asterisks indicate significant differences (*, P, 0.05). (E) Effects of the R885S and R892G mutations on viral fitness as
determined by a competition assay. Vero cells were coinfected with rYN200 and one of the mutants at a 1:1 ratio in the
presence of trypsin, and supernatants were passaged serially 3 times every 24 h. Three replicates were performed.
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FIG 5 Structure and sequence analysis of the PEDV S protein. (A) Three-dimensional structure of the PEDV S protein monomer from the Protein
Data Bank (PDB accession number 6U7K). S1, S2, and FP are color-coded cyan, green, and red, respectively. (Inset) Amino acids 882 to 891 are

(Continued on next page)
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sin independence. In contrast, the presence of trypsin reduced DR13 virus titers
according to a previous report (25), so that the growth curve of DR13 (with trypsin)
shows a lower rate in the early stage.

In this study, we constructed a novel PEDV infectious clone of YN200 in a BAC sys-
tem, which has been used for many other coronaviruses (35, 36). To quickly manipulate
the full-length PEDV genome, the CRISPR-Cas9 system was used as described previ-
ously (37). Through multiple virus recovery assays (n. 10), the recombinant viruses
were successfully obtained in a short time, indicating a highly efficient and stable
reverse genetic operating system. The trypsin dependency of the recombinant virus
carrying the DR13 S protein was successfully changed, confirming that the S protein is
the key factor.

To explore the mechanism by which trypsin activates the PEDV S protein, we
focused on the S protein cleavage site. Studies have shown that the number of argi-
nine residues contained in S1–S2 and S29 determines the enzyme cleavage efficiency
(38). Notably, the cleavage site sequence can determine the zoonotic potential of coro-
naviruses (39); for instance, a multibasic cleavage site is present in SARS-CoV-2 but not
in bat coronavirus RaTG13 (40). Here, we compared the cleavage sites of the two S pro-
teins and found that there are two extra arginines at the S29 site of YN200 (R885 and
R892). R892 is considered to be located at the N terminus of the FP, while arginine at
the same position in SARS-CoV is the main trypsin cleavage site (16). However, we
found that the in vitro infection characteristics of the R892G recombinant virus were
similar to those of the parent trypsin-enhanced strain, in which R885 may act as an
extra cleavage site. Sequence analysis of PEDV S in the GenBank database showed that
some other PEDV strains also evolved the R885 site (Fig. 6B), indicating, along with the
virus competition assay, that R885 is likely to be a cell-adaptive mutation. Notably,
double mutation only slightly affects virus infection compared with wild-type infection,
indicating that there must be another trypsin cleavage site.

To further explore the possible trypsin cleavage sites, we focused on the structures
of the S1–S2 and S29 sites. According to reports, the trypsin cleavage site of 229E
alphacoronavirus is located at the S29 arginine instead of S1–S2 (19), indicating that
the S29 site of PEDV is more likely to be the putative cleavage site. Through trypsin
cleavage of the YN200 S protein, a cleavage band was observed between 100 and 70
kDa, suggesting that the S protein is more likely cleaved at the S29 site rather than the
S1–S2 site. Since trypsin cleaves only at arginine and lysine residues, we then focused

FIG 5 Legend (Continued)
represented by a dashed green line. (B) Multisequence alignment of PEDV S sequences in the vicinity of the proposed S29 position. Arrows indicate
the amino acids of four critical sites. (C) Vero cells were infected with either rYN200-R887A, rYN200-K891A, rYN200-SDR13-R887A, or rYN200-SDR13-
K891A with or without trypsin for 18 h (MOI, 0.01). Cells were examined by immunostaining against the nucleocapsid protein (green), and nuclei
were stained with DAPI (blue). (D) rYN200-F672V was characterized by the same procedure as that used for panel C. (E) 293T cells were transfected
with PCAGGS encoding the S protein. After 24 h, the S proteins were detected by Western blotting using the anti-S1 antibody or the anti-GAPDH
antibody. CON, empty vector control.

TABLE 1Mutations of putative cleavage sites in the PEDV S protein

Virus S protein backbone Amino acids adjacent to FPa Recoveryb Trypsin dependencyc

rYN200-R887A YN200 S IGVSVYDPARGAVVQKR H 1
rYN200-K891A IGVSVYDPARGRVVQAR H 1
rYN200- R887A,R892G IGVSVYDPARGAVVQKG � ND
rYN200-R885S,R887A,R892G IGVSVYDPASGAVVQKG � ND
rYN200-R885S,K891A,R892G IGVSVYDPASGRVVQAG � ND
rYN200-R885S,R887A,K891A,R892G IGVSVYDPASGAVVQAG � ND
rYN200-SDR13-R887A DR13 S IGVSVYDPASGAVVQKG H 2
rYN200-SDR13-K891A IGVSVYDPASGRVVQAG H 2
rYN200-SDR13-R887A,K891A IGVSVYDPASGAVVQAG � ND
aUnderlined letters represent mutant amino acids.
bH, virus successfully recovered;�, virus could not be recovered.
c1, trypsin-enhanced strain;2, trypsin-independent strain; ND, not detected.
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on R887 and K891. Similarly, single mutations of R887A or K891A on rYN200 or
rYN200-SDR13 did not affect the trypsin dependency of the recombinant viruses.
However, after the R887A and K891A mutations were combined with R885S and
R892G, neither rYN200 nor rYN200-SDR13 was successfully recovered. According to
GenBank, R887 and K891 on the PEDV S protein are extremely highly conserved, indi-
cating that there may be a conservative cleavage mechanism for the PEDV S protein.
On this point, further research is needed for verification.

Based on our results, one may speculate that the substitution of multiple amino
acids in the S protein is necessary for changing the trypsin dependency of PEDV. Thus,
chimeric S proteins of recombinant viruses were generated, including S1, S2, and NS29
chimeras. The results showed that S2, not S1 or NS29, provided trypsin-independent
growth of YN200, suggesting a vital impact for the S2 subdomain. Moreover, we also
tried to mutate F672 to V in the S1 subdomain of YN200, as mentioned previously (41).
Although the cell-cell fusion of the F672V recombinant virus was reduced (Fig. 5D), it
was still a trypsin-enhanced strain, indicating that S1 is not the critical region that
affects trypsin dependency. Although the NS29 recombinant virus was still a trypsin-
enhanced strain, it exhibited a reduced infection rate and restricted syncytia. In conclu-
sion, the non-cleavage site regions of the S2 subunit are critical for PEDV trypsin

FIG 6 The critical region of the S protein subdomains for PEDV trypsin dependency. (A) Schematic
map of the chimeric S proteins of the recombinant viruses. Orange and red regions represent YN200
S and DR13 S, respectively. (B) Vero cells were infected with rYN200-S1DR13 or rYN200-S2DR13 with or
without trypsin at an MOI of 0.01 for 24 h, while rYN200-NS29DR13-infected cells were incubated for
another 48 h before monitoring. (C) Trypsin sensitivities of chimeric S proteins, determined as
described in the legend to Fig. 2C. S0, full-length S protein; S2*, a cleavage product.
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dependency. Overall, PEDV trypsin dependency involves a complex and variable mech-
anism, including the interaction between S1 and S2 as well as the possibility of multi-
ple cleavage sites.

MATERIALS ANDMETHODS
Cell lines, viruses, and plasmid construction. Vero cells (CCL-81) and HEK293T cells were obtained

from the American Type Culture Collection (ATCC) and were cultured in Dulbecco’s modified Eagle me-
dium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Natocor, Argentina), 100 U/
ml penicillin, and 100mg/ml streptomycin. PEDV strain YN200 (GenBank accession no. KT021233) was
propagated in DMEM supplemented with 5mg/ml trypsin (Gibco) in Vero cells. Another strain used was
the attenuated DR13 strain (GenBank accession no. JQ023162.1), which was propagated under the same
conditions except for trypsin addition. The recombinant viruses used in this research were also propa-
gated in Vero cells with or without 5mg/ml trypsin, as described in this article. The S genes of YN200,
DR13, and other recombinant viruses were amplified from the virus genomes and were designed to be
flanked by EcoRI and XhoI restriction sites for cloning into the pCAGGS(1) vector. Recombinant plasmids
were sequenced to authenticate the subject sequences.

Virus infection assay. Vero cell monolayers were seeded in 24-well plates and were subsequently
inoculated with YN200 and DR13 at a multiplicity of infection (MOI) of 0.01 in the presence or absence
of 5mg/ml trypsin for 1 h. After virus adsorption, cells were washed twice with DMEM and then cultured
for 24 h under the conditions described above. For recombinant viruses, the process of cell infection
was similar to that for parental viruses at an MOI of 0.01, except for rYN200-NS29DR13, which was inocu-
lated with an equivalent volume and then cultured for 72 h. Virus-infected Vero cells were visualized by
immunofluorescence microscopy.

Viral growth kinetics. Vero cells were seeded in 12-well plates and then inoculated with YN200,
DR13, or recombinant viruses at an MOI of 0.01 in the presence or absence of 5mg/ml trypsin. After 1 h
of incubation, cells were washed twice with DMEM, followed by the addition of maintenance medium
(DMEM with or without 5mg/ml trypsin), and the supernatants of cells were collected at 6, 12, 18, 24, 36,
48, 60, and 72 h postinfection. The viral titers were determined by a 50% tissue culture infective dose
(TCID50) assay. Briefly, Vero cells were prepared in 96-well plates at 100% confluence and were washed
three times with DMEM. Serial 10-fold dilutions of virus samples were inoculated in eight replicates per
dilution. Viral CPE was monitored for 3 to 5 days, and virus titers were calculated by using the Reed-
Muench method (42).

S protein-mediated cell-cell fusion. Vero cells were transfected with pCAGGS expression plasmids
encoding the S protein of YN200 or DR13 by using jetPRIME (Polyplus, France) for 24 h. Then the cells
were washed twice with DMEM and cultured in maintenance medium with or without 5mg/ml trypsin
for another 18 h. Cell-cell fusion was monitored by immunofluorescence staining using an anti-S1 mouse
monoclonal antibody. Plates were photographed to quantify syncytium formation. The nuclei in each
syncytium were counted.

S protein cleavage by trypsin. 293T cells were seeded into 6-well plates and transfected with 2mg/
well of an empty plasmid or a plasmid encoding PEDV S, including wild-type and mutant forms, by using
ExFect2000 (Vazyme, China) according to the manufacturer’s protocol. At 24 h posttransfection, cells
were scraped into the culture medium and pelleted. Cell samples were washed twice with cold phos-
phate-buffered saline (PBS) to remove FBS residue and were then lysed by ultrasonication for 1min on
ice. Cell lysates were mixed with equal volumes of trypsin at different concentrations (to final concentra-
tions of 0, 5, 10, or 20mg/ml) at 37°C for 30min before denaturation. Proteins were separated by SDS-
PAGE and were transferred to a polyvinylidene fluoride membrane (Merck Millipore, USA). The PEDV S
protein was detected by staining with a mouse monoclonal antibody specific for S1, followed by incuba-
tion with a horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody (Thermo Fisher
Scientific, USA).

Construction and recovery of recombinant viruses. The YN200 genome was divided into eight
continuous fragments (A to H), and each fragment was amplified from the total cDNA. Fragments B to G
were first cloned into the pMD18-T vector (TaKaRa, Kusatsu, Japan), while A and H were cloned into a
BAC plasmid (kindly provided by Cao Gang). Fragments A and H were cloned with the SfiI and Van91I
sites, and other fragments were cloned with the Van91I site. A natural Van91I site was constructed by
introducing the A11107C mutation, which was maintained as the rescue marker. All the fragments were
then sequenced for verification. Subsequently, all subclones were digested with Van91I or SfiI and then
ligated for 2 h at 16°C before being transformed into chemically competent DH10B cells (Biomed,
Beijing, China). After determination of all the fragments by bacterial PCR, the positive clones were fur-
ther determined by restriction fragment length polymorphism with KpnI, and the correct clone was des-
ignated pBAC-PEDV-YN200 after sequencing (GenScript, Nanjing, China).

To construct the recombinant viruses, a method reported by our laboratory previously was used
(37). The design of the relevant primers is shown in Table 2. Each corresponding mutant virus was effi-
ciently constructed by CRISPR-Cas9 technology. Briefly, two specific enzyme sites encompassing the
sequence of the S gene were selected. Two types of single-stranded DNA forward primers (sgS-F or sgS-
R) were used, and a constant reverse primer (single guide RNA [sgRNA]) corresponding to the two
enzyme cutting sites was used. After annealing PCR using the forward and reverse primers, the purified
PCR products of short DNA fragments were transcribed by T7 RNA polymerase. The transcribed products
corresponding to two sites were incubated with the nuclease Cas9 to digest the YN200 BAC in vitro, and
the digestion yielded a linearized BAC and a 4-kb DNA fragment that included the sequence of the S
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gene. Subsequently, pBAC-PEDV-YN200 was digested in a 50-ml reaction mixture consisting of 5mg of
pBAC-PEDV-YN200, 5ml of Cas9 (New England Biolabs [NEB]), 10mg of sgRNA, and 5ml of nuclease reac-
tion buffer by incubation at 37°C overnight.

For virus recovery, 293T cells seeded in 6-well plates (1� 106 cells per well) were transfected with
2mg of purified BAC DNA and 4ml of the ExFect2000 transfection reagent (Vazyme) according to the
manufacturer’s instructions. Transfected cultures were infected with Vero cells at 24 h after transfection.
Virus recovery was monitored by CPE, and the newly reconstituted viruses were then plaque-purified
and propagated in Vero cells.

Virus competition assays. Vero cells were coinfected with rYN200 and one of the three recombi-
nant viruses at an MOI of 0.01, and the initial proportion was 1:1. At 24 h postinfection, the supernatants
were collected and serially passaged three times. The relative abundances of the wild type and the
mutants at the third passage were determined by gene sequencing of the mutation at R885 or R892.

Immunofluorescence and HE staining assay. Cell samples were washed with PBS and fixed with
4% paraformaldehyde (PFA) for 20min, followed by membrane permeabilization with 0.1% Triton X-100
in PBS for 15min at room temperature. Cells were then washed, blocked with PBS containing 2% bovine
serum albumin (BSA) for 1 h at 37°C, and then incubated with a rabbit polyclonal antibody against PEDV
nucleocapsid protein (dilution, 1:300) or a mouse monoclonal antibody against PEDV S1 (dilution,
1:1,000) in 2% BSA in PBS for 1 h at 37°C. After the cells were washed three times, Alexa Fluor 488-conju-
gated goat anti-rabbit IgG (Invitrogen, USA) or Alexa Fluor 488-conjugated goat anti-mouse IgG
(Invitrogen) in PBS at a dilution of 1:1,000 was added and further incubated for 45min. 49,6-Diamidino-
2-phenylindole (DAPI) was used for nuclear staining at a dilution of 1:1,000 for 1min. Samples were
observed using a fluorescence microscope (Thermo Fisher Scientific). For HE staining, Vero cells, which
were preseeded onto the cell slide, were fixed in acetone and stained with Harris hematoxylin (Sigma-
Aldrich) and 1% eosin (Sigma-Aldrich). Images were captured with a microscope.

Statistical analysis. Statistical analysis of the data was performed with Prism software (version 6.01)
using an unpaired one-tailed Student t test. Error bars in figures indicate standard deviations. Asterisks
indicate levels of significance (*, P, 0.05; **, P, 0.01; ***, P, 0.001).
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