
Abstract
Background: Viral infections are dependent on the delivery of the viral genome to the proper cellular compartment for transcription and replication. However, in situ methods for ana-
lyzing the localization of RNA viral genomes and differentiating genomes with high identity are lacking, which makes it difficult to investigate processes related to entry and cell co-infec-
tions.

Methods: Recently, we developed a RNA labeling approach for single-cell analysis of RNA viral replication and co-infection dynamics in situ, that utilizes the versatility of padlock 
probes. 

Results: The labeling approach was able to identify influenza A virus (IAV) infections in cells and lung tissue with single-nucleotide specificity and was used to classify viral entry and 
replication into different stages based on the gene segment localization. By extending the classification strategy to cells co-infected by IAVs with single nucleotide variations, we found 
that the dependence on intracellular trafficking places a time-restriction on secondary co-infections. 

Conclusions: Our results demonstrate that this RNA viral genome labeling approach can help dissect the process of viral entry in a more defined manner and can distinguish between 
cell infections by viruses with high sequence precision. They also show that two IAVs must satisfy time as well as a spatial parameter to establish productive cell co-infections neces-
sary for the process of reassortment. 
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Method: In Situ Padlock Approach for IAV Gene Segment vRNA Labeling and Single-Cell Analysis

Infect 4

Image acquisition and analysisPadlock probes designed
for all eight IAV vRNAs

Representative imageInfected cells are fixed at
indicated time points

In situ labeling of vRNAs
RCPs + Hoechst

50 µm

Data analysis

1 2 3 4 5 6 7 8
0

20

40

60

80

100

C
el

l p
op

ul
at

io
n 

(%
)

Distinct IAV gene segments detected

PB2
PB1 PA HA NP NA M NS

0

50

100

150

R
C

P
 n

um
be

r

IAV gene segment

RCPs per infected cell

4 5 6 7 8

Isolate RNA and qPCRPadlock labeling

hpi

IAV

PB2
PB1

NS

PA
HA
NP
NA
M

Gene
segment
(vRNAs) Cycles of RCP labeling

and imaging

Compile images, quantify 
and assign RCP labels 

to single cells

Segmentation using 
autofluorescence

and DAPI staining 

Gene segment barcode
Strain barcode

Padlock probe (PLP) design

5’3’
X 8

Gene segment hybridizing arms

PB2
PB1

NS

PA
HA
NP
NA
M

nucleus

ER

vRNA cRNA vRNA

5’3’ 3’5’ 5’3’
vRdRP vRdRP

LMB

BFLA1

endosome

PB2 PB1 NSPA HA NP NA M

50 µm

Gene segment barcodes 

8 hpi
IAV entry IAV entry

Padlock labeling

0

5

10

15

0 5 10 15

R
el

at
iv

e 
N

P
 R

C
P

s/
in

fe
ct

ed
 c

el
l

Relative NP vRNA levels

Correlation of NP vRNA and RCPs

4 h

R2=0.94

5 h 

6 h 

7 h 

8 h 

Identify Productive Cell infections

R
C

P
 (%

)

Nucleus localization 

+ BFLA1

20 µm

- BFLA1

Infect
2 h

-/+ BFLA1
1 h In situ IAV gene 

segment labeling

BFLA1 - +

Image occupancy

N
uc

le
us

 %
 a

re
a

0
25
50
75

100

S
tra

in
 b

ar
co

de
 

0
25
50
75

100

-/+ LMB

+ LMB- LMB

 

20 µm

- +LMB - + - + - + - + - + - +
- +

- +

5 80

IAV entry

PB
2 

N
P 

N
A 

P
B1

 

M
 

PA
 N
S 

H
A 

Barcodes

Nucleus localizationh p.i.

In situ IAV gene 
segment labeling

0
25
50
75

100

W
S

N

R
C

P
 (%

)

   

WSN

WSNIso

AAA(UUU) AAG(CUU)

AAA(UUU) AAG(CUU)

AGA(UCU) AGG(CCU)

UUG(CAA) UUA(UAA)

GCA(UGC) GCG(CGC)

AUA(UAU) AUU(AAU)

UUG(CAA) UUA(UAA)

CUG(CAG) CUA(UAG)

  WSN WSNIso
mRNA (vRNA)

PB2574
PB1635

PA508

HA451

NP234

NA254

M(M250)

NS(NS169) Gene segment barcode:

Strain barcodes:

PLP design to distinguish 
isogenic IAVs

Hybridizing arms:

Strain-specific nucleotides:

WSN x 8

5’3’

WSNIso x 8

5’3’

0 3Ti
te

r (
Lo

g 1
0 

TC
ID

50
/m

l)

Days post-transfection

WSN 
WSNIso 

21
0

2

4

6

8

W
SN

W
SN

Iso
0

50
100
150
200

0
100
200
300
400

W
SN

W
SN

Iso

x8 x8

W
SN

 in
fe

ct
ed

W
S

N
Is

o  in
fe

ct
ed

WSN WSNIso

R
C

P
s 

pe
r c

el
l

PLP set

PLP set

R
C

P
s 

pe
r c

el
l25 µm

25 µm

x8

x8

WSN

WSNIso

WSN
2 h

trypsinize
& 

combine
4 h

Fix cells
&

process
WSNIso

0 2 4 6 8 10

C
el

l P
op

ul
ai

to
n 

(%
)

Primary IAV infection time (h)

Cell entry

Nuclear import

Replication

Nuclear export

Exported

Productive
co-infection

Restricted
replication

Secondary IAV infection

Primary infection stage

or 

A. Padlock probes efficiently track IAV 
genome segment vRNA localization in situ

I. vRNA replication initiates at ~3 hpi 
and virion release at 7 hpi II. Padlocks can identify vRNA during entry

III. Padlock labeling reflects IAV vRNA localization

H
ig

h 
IA

V
 M

O
I (

~3
)

WSN

4oC 37oC

Entry
30 min

unbound

WSNIso

Time (min) after primary infection

In situ
IAV gene
segment
labeling

 

II. Secondary IAV infectionI. Primary IAV infection

240

480

420
360
300

24
0

0 60 12
0

18
0

435
450
465
475

W
S

N
W

S
N

Is
o

x8
x8

M
er

ge

Duration (min) of WSNIso infection

48
0 

(8
h)

C
el

lp
op

ul
at

io
n

(%
)

0

20

40

60

80

100

48
0

Duration (min) of WSNIso infection 

Population distribution of WSNIso control infections

Stage 1 (cell entry)

W
S

N
Is

o x8

20
 µ

m

47
5

46
5

45
0

43
5

42
0

36
0

30
0

24
0

W
S

N
Is

o x8

20
 µ

m

300360420435450465475480 240
Duration (min) of WSNIso infection

300360420435450465475480 240
Duration (min) of WSNIso infection

1801206045301550 240
Time (min) of WSNIso addition after WSN binding

W
S

N
 a

nd
 W

S
N

Is
o  c

o-
in

fe
ct

io
ns

W
S

N
Is

o

co
nt

ro
l i

nf
ec

tio
ns

Population distribution of WSNIso infections 
with WSN primary infection 

8 h
0

20
40
60
80

100

C
el

lp
op

ul
at

io
n

(%
)

0

20

40

60

80

100 WSN
infections

C
el

lp
op

ul
at

io
n

(%
)

Time in min of WSNIso addition after WSN
(Duration (min) of WSNIso infection)

0 
(4

80
)

5 
(4

75
)

15
 (4

65
)

30
 (4

50
)

45
 (4

35
)

60
 (4

20
)

12
0 

(3
60

)
18

0 
(3

00
)

24
0 

(2
40

)

Stage 2 (nuclear import)
Stage 3 (replication)
Stage 4 (nuclear export)
Stage 5 (exported)

37oC

EntryWSNIso

In situ
IAV gene
segment
labeling

240

480

420
360
300

435
450
465
475

Duration (min) of WSNIso infection

F. Co-labeling of IAV Genomes Reveals the Time Window for Productive Cell Co-infections

D. Analysis of IAV Entry Kinetics by Gene Segment Labeling

RCP positive cells

C
el

l p
op

ul
at

io
n 

(%
)

Low IAV MOI
High IAV MOI

Time post-binding (min)
120 180

0

20

40

60

80

100

30 600

Stage 1 Stage 2 Stage 3

Population analysis of IAV entry stages

C
el

l p
op

ul
at

io
n 

(%
)

High IAV MOILow IAV MOI

Stage 4 Stage 5

0

20

40

60

80

100

30 60 120 1805
Time post-binding (min)

30 60 1200
Time post-binding (min)

0

20

40

60

80

100

180

Stage 1
Cell entry

RCP = 2-19 &
Nucleus <40%

Stage 2
Nuclear import

Stage 3
Replication

Stage 4
Nuclear export

Stage 5
Exported

RCP = 2-19 &
Nucleus = 40-79%

RCP >2 &
Nucleus >79%

RCP >19 &
Nucleus = 40-79%

RCP > 19 &
Nucleus <40%

RCP=1

or 

Expect infectious rate

E. Classification of IAV Infection Stages by Gene Segment Labeling
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