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Highlights
●●	 The particles of coronavirus package the negative-sense genome of coronavirus into the coronavirus-like particles.
●●	 In PEDV particles purified by sucrose density gradient centrifugation and treated with antibodies and nuclease, 

approximately 20 to 46% contain negative-sense genomes.
●●	 Coronavirus-like particles are capable of adsorption and internalization.
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Classifying viruses based on their genomic characteristics is an 
important principle for virus classification (Walker et al. 2022).  
It is known that the coronaviruses belong to single-stranded 
positive-sense RNA viruses, and which particles package the 
single-stranded positive-sense genomes (Maier and Bickerton 
2020; Woo et al. 2023).  The replication of the coronavirus 
genome begins with the synthesis of negative-strand genomic 
and subgenomic RNAs, which serve as templates for producing 
new positive-strand genomes (Sola et al. 2015; Malone et al. 
2022).  Detecting the negative-strand sequence of coronavirus 
is the starting point for determining virus RNA synthesis after 
virus adsorption and internalization.  We simultaneously 
detected the positive and negative-strand sequences of porcine 
epidemic diarrhea virus (PEDV) after the adsorption and 
internalization before the synthesis of negative sense RNA.  
The results are confusing.  To reveal the discovery, we found 
that the particles of coronavirus belonging to Alpha, Beta, 
and Deltacoronavirus package the negative-sense genome 
of coronavirus into the coronavirus-like particles.  In PEDV 
particles purified by sucrose density gradient centrifugation 
and treated with antibodies and nuclease, approximately 20% 
to 46% contained negative-sense genomes.  These particles 
were capable of adsorption and internalization.  The study 
explains why the negative-sense sequences of coronaviruses 
can be detected after virus adsorption and internalization and 
showed that coronavirus particles not only package the positive 
stranded genomes, but also package the negative-stranded 
genomes during the assembly process of coronavirus.

The synthesis of negative strands is the first step in coronavirus 

RNA synthesis.  To confirm the starting point of genome 
synthesis after the adsorption and internalization of PEDV 
belonging to Alphacoronavirus, we simultaneously detected the 
positive and negative-sense sequences of virus with the ratio 
of positive and negative chains about 23–654 using the primers 
(Appendix A) targeting nsp2, nsp15 and N (Fig. 1-A and B). 
However, we could not determine the starting point of genome 
synthesis.  We firstly speculated that the negative-sense 
sequences of PEDV originate from the free negative-sense 
viral RNA which is synthesized in the virus-infected cells.  Then, 
PEDV supernatant was treated with nuclease to remove the 
free RNA outside the viral particles (Shan et al. 2022), but the 
positive and negative-sense sequences of PEDV were also 
simultaneously detected with the ratio about 8–29 (Fig. 1-C), 
although the viral RNA of the nuclease-treated samples was 
less than that of untreated samples.  The negative-sense viral 
RNA detected in the positive-sense RNA viruses is confusing.  
To examine whether viral or host proteins protect RNA from 
nuclease degradation, virus particles were immunopurified 
using magnetic beads conjugated with monoclonal antibodies 
against M or S proteins, followed by nuclease treatment.  The 
positive and negative-sense sequences of PEDV in the purified 
and treated viral samples were also simultaneously detected 
with ratio about 12–75 (Fig. 1-D).  Similarly, viral particles were 
purified by sucrose density gradient centrifugation, followed 
by nuclease treatment to remove free RNA.  Subsequently, 
immunopurification was performed using magnetic beads 
conjugated with monoclonal antibodies against the M or S 
protein.  The positive and negative-sense genomes of PEDV in 



3509Xinyu Yang et al.  Journal of Integrative Agriculture  2026, 25(8): 3508–3510

A B

C D

E F

G H

JI

30
 m

in

45
 m

in

60
 m

in

30
 m

in

45
 m

in

60
 m

in

30
 m

in

45
 m

in

60
 m

in
0

20

40

60

80
PEDV N

Po
si

tiv
e 

se
ns

e/
N

eg
at

iv
e 

se
ns

e 
(fo

ld
)

PEDV N

Po
si

tiv
e 

se
ns

e/
N

eg
at

iv
e 

se
ns

e 
(fo

ld
)

+RNase −RNase
0

5

10

15

PEDV N

Po
si

tiv
e 

se
ns

e/
N

eg
at

iv
e 

ss
en

se
 (f

ol
d)

IP-M IP-S
0.0

0.5

1.0

1.5

2.0

2.5

MHV N

Po
si

tiv
e 

se
ns

e/
N

eg
at

iv
e 

se
ns

e 
(fo

ld
)

+RNase −RNase
0

5

10

15

20

25

PEDV N

Po
si

tiv
e 

se
ns

e/
N

eg
at

iv
e 

se
ns

e 
(fo

ld
)

+RNase −RNase
0

10

20

30

40

50

PEDV Nsp2

0

100

200

300

PEDV Nsp2

+RNase −RNase
0

20

40

60

80

PEDV Nsp2

IP-M IP-S
0

2

4

6

MHV Nsp2

+RNase −RNase
0

10

20

30

40

PEDV Nsp2

+RNase −RNase
0

100

200

300

PEDV Nsp15

+RNase −RNase
0

10

20

30

40

50

IP-M IP-S

PEDV Nsp15

0

1

2

3

Pu
rif

ie
d 

vi
rio

ns

+RNase −RNase

MHV Nsp15

0

20

40

60

Vi
ra

l s
up

er
na

ta
nt

Vi
ra

l s
up

er
na

ta
nt

PEDV Nsp15

0

200

400

600

800

At
ta

ch
m

en
t

At
ta

ch
m

en
t

PEDV Nsp15

+RNase −RNase
0

50

100

150

200

Po
si

tiv
e 

se
ns

e/
N

eg
at

iv
e 

se
ns

e 
(fo

ld
)

Po
si

tiv
e 

se
ns

e/
N

eg
at

iv
e 

se
ns

e 
(fo

ld
)

Po
si

tiv
e 

se
ns

e/
N

eg
at

iv
e 

se
ns

e 
(fo

ld
)

PEDV N

IP-M IP-S
0

5

10

15

20

Po
si

tiv
e 

se
ns

e/
N

eg
at

iv
e 

se
ns

e 
(fo

ld
) PEDV N

+RNase −RNase
0

200

400

600
Po

si
tiv

e 
se

ns
e/

N
eg

at
iv

e 
se

ns
e 

(fo
ld

) PDCoV N

+RNase −RNase
0

50

100

150

200

250

PEDV N

15
 m

in

30
 m

in

45
 m

in

60
 m

in
1.5

 h 2 h
15

 m
in

30
 m

in

45
 m

in

60
 m

in
1.5

 h 2 h
15

 m
in

30
 m

in

45
 m

in

60
 m

in
1.5

 h 2 h
0

20

40

60

80

100

PEDV N

+RNase −RNase
0

20

40

60

80

PEDV Nsp2

IP-M IP-S
0

20

40

60

80

100

PEDV Nsp2

+RNase −RNase
0

50

100

150

PDCoV Nsp2

+RNase −RNase
0

5

10

15

PEDV Nsp2

0

50

100

150

200

250

+RNase −RNase

PEDV Nsp2

0

200

400

600

Vi
ra

l s
up

er
na

ta
nt

PEDV Nsp15

IP-M IP-S
0

20

40

60

80

100

+RNase −RNase

PEDV Nsp15

0

100

200

300

400

C
lin

ic
al

 s
am

pl
es

PDCoV Nsp15

+RNase −RNase
0

5

10

15

Vi
ra

l s
up

er
na

ta
nt

PEDV Nsp15

0

200

400

600

800

In
te

rn
al

iz
at

io
n

In
te

rn
al

iz
at

io
n

+RNase

PEDV Nsp15

0

100

200

300

400

−RNase

Fig. 1  Coronavirus-like particles package the negative-sense genome of coronavirus.  A and B, the ratio of positive-sense to 
negative-sense RNA of PEDV during the PEDV attachment (A) and internalization (B).  Quantification of the positive-sense to negative-
sense RNA ratio of coronavirus by qRT-PCR targeting PEDV N, nsp2, and nsp15 during viral adsorption (A) and internalization (B) at 
the indicated times.  C, nuclease-treated PEDV contains the negative-sense of virus.  qRT-PCR detection with specific primers following 
nuclease treatment of viral supernatant.  D, PEDV particles by Co-IP contains the negative-sense of virus.  Nuclease-treated PEDV particles 
were immunoprecipitated using beads conjugated with anti-M or anti-S antibody.  RNA was analyzed by strand-specific qRT-PCR for the 
indicated genes.  E, PEDV purified by the sucrose density gradient centrifugation and Co-IP contains the negative-sense of virus.  PEDV 
particles were purified by the sucrose density gradient centrifugation and Co-IP, and which were treated with nuclease for qRT-PCR.  F, 
PEDV particles from PEDV-positive clinical sample contain the negative-sense of virus.  Clinical samples from swine infected with PEDV 
were treated with nuclease and then analyzed by strand-specific qRT-PCR to quantify the positive-sense and negative-sense RNA.  G and 
H, MHV (G) and PDCoV (H) particles contain the negative-sense of virus.  PDCoV and MHV were treated in the presence or absence of 
nuclease to digest nucleic acids for strand-specific qRT-PCR to quantify the relative levels of positive-sense and negative-sense ratio.  I and 
J, PEDV-like particles entry cells.  Ratio of positive-to-negative strand RNA by qRT-PCR in cells infected with nuclease-treated or untreated 
PEDV following adsorption (I) and internalization (J).  Results are represented to be mean±SD from three or six independent samples.  
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the purified and treated viral samples were also simultaneously 
detected with ratio about 1.2–4 (Fig. 1-E).  The results showed 
that the negative-sense viral RNA is packaged in PEDV-like 
particles (named PEDV particles packaging the negative-sense 
viral genome as PEDV-like particles).  To identify whether 
PEDV-like particles package the complete viral genomes, we 
performed RT-PCR using the primers (Appendix B) targeting 
overlap sequences as well as the 5´ and 3´ ends (poly19T 
or poly19A as the upstream and downstream primers).  The 
results showed that PEDV-like particles package the complete 
negative-sense genomes that lack poly(A) or poly(T) tails 
at either terminus.  To verify whether PEDV-like particles 
package negative-sense genomes of viruses in infecting pigs, 
clinical small intestine samples from PEDV-infected pigs were 
treated with nuclease to remove the free RNA outside the 
viral particles for detecting the positive and negative-sense 
sequences of PEDV.  The results showed that the positive and 
negative-sense sequences of PEDV were also detected with 
the ratio about 57–158 (Fig. 1-F).

To investigate whether coronavirus-like particles of other 
genera in the Coronaviridae family package the negative-
sense sequences of coronaviruses, mouse hepatit is 
coronavirus (MHV) belonging to Betacoronavirus and porcine 
deltacoronavirus (PDCoV) belonging to Deltacoronavirus were 
chosen to reveal that the negative-sense sequences of virus 
are packaged into viral particles.  The samples of MHV and 
PDCoV were also treated with nuclease to remove the free 
RNA outside the viral particles for detecting the negative-sense 
sequences of the viruses via the primers targeting N, nsp2 and 
nsp15.  Similar to PEDV, both MHV and PDCoV also package 
the negative-sense RNA, with the ratio of positive and negative 
strands about 18–36 and 8–53, respectively (Fig. 1-G and H).  
The results suggest that Alpha, Beta and Deltacoronavirus-like 
particles package the negative-sense genomes of the viruses 
into coronavirus-like particles.

To test the infectivity of PEDV-like particles, nuclease-
treated PEDV was used to infect cells.  Following adsorption 
and internalization, the ratios of positive to negative strand RNA 
were approximately 39–145 and 59–441 in two independent 
experiments (Fig. 1-I and J) in cells after the adsorption and 
internalization of PEDV treated with nuclease.  The results 
showed that PEDV-like particles could enter cells.  To investigate 
whether PEDV-like particles can replicate, we constructed 
infectious clones containing the negative-sense and positive-
sense genomes of PEDV using yeast recombination (Thi Nhu 
Thao et al. 2020).  The infectious clones of the positive-sense 
genomes of PEDV are successfully rescued, but the negative-
sense genomes are not rescued.  

In summary, the data explain why the negative-sense 
sequences of coronaviruses can be detected after virus 
adsorption and internalization before the synthesis of negative-
sense RNA, and reveal that coronavirus-like particles including 
Alpha, Beta, and Deltacoronavirus, package the negative-
sense genome of coronavirus into the viral particles in the 
assembly process of coronavirus, which are about 1.3% 
to 46% of coronaviruses, and which have the activity of 

adsorption and internalization.  The negative-sense genome of 
coronavirus might be incorrectly packaged into coronavirus-like 
particles in the assembly process of coronavirus.  Further study 
is needed to uncover the mechanisms of incorrect packaging 
and the biological functions of coronavirus-like particles for 
developing novel antiviral strategies, and to confirm whether 
this phenomenon exists in other single stranded viruses.
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