
oPEN A AccEss Freely available online '.@ Pt os lea*ocexs

Influenza A Virus Assembly lntermediates
Cytoplasm

Fuse in th^
EXH|B|T 1076

2-f-25

J. BEIIIIIGER

RPR. CRR
Seema S. Lakdawatar*, Yicong Wu2, Peter Wawrzusin2, Juraj Kabat3, Andrew J. Broadbentl,
Elaine W. Lamirandel, Ervin Fodora, Nihat Altan-Bonnets, Hari Shroff2*, Kanta Subbaraol
I Laboratory of lnfectious Dirases, National lnstitute of Allergy and lnftrtious Diseases, National lnstitutes of Health, Bethesda, Maryland, United States of America,

2S{tion on High Resolution Optical lmaging, National lnstitute of Biomedical lmaging and Bioengineering, National lnstitutes of Health, Bethesda, Maryland, United

America,4Sir William Dunn School of Patholog, University of Oxford, Oxford, United Kingdom, 5Laboratory of Host-Pathogen Dynamics, Cell Biology and Physiology

Center, National Heart Lung and Blood lnstitute, National lnstitutes of Health, Bethesda, Maryland, United States of America

Abstract
Reassortment of influenza viral RNA (vRNA) segments in co-infected cells can lead to the emergence of viruses with
pandemic potential. Replication of influenza vRNA occurs in the nucleus of infected cells, while progeny virions bud from
the plasma membrane. However, the intracellular mechanics of vRNA assembly into progeny virions is not well understood.
Here we used recent advances in microscopy to explore vRNA assembly and transport during a productive infection. We
visualized four distinct vRNA segments within a single cell using fluorescent in situ hybridization (FISH) and observed that
foci containing more than one vRNA segment were found at the external nuclear periphery, suggesting that vRNA
segments are not exported to the cytoplasm individually. Although many cytoplasmic foci contain multiple vRNA segments,
not all vRNA species are present in every focus, indicating that assembly of all eight vRNA segments does not occur prior to
export from the nucleus. To extend the observations made in fixed cells, we used a virus that encodes GFP fused to the viral
polymerase acidic (PA) protein (WSN PA-GFP) to explore the dynamics of vRNA assembly in live cells during a productive
infection. Since WSN PA-GFP colocalizes with viral nucleoprotein and influenza vRNA segments, we used it as a surrogate for
visualizing vRNA transport in 3D and at high speed by inverted selective-plane illumination microscopy. We observed
cytoplasmic PA<FP foci colocalizing and traveling together en route to the plasma membrane. Our data strongly support a
model in which vRNA segments are exported from the nucleus as complexes that assemble en route to the plasma
membrane through dynamic colocalization events in the cytoplasm.
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lntroduction

Influcnza viruses cause scvcrc annual morbidity and mortality [.].
l'he genome of influcnza A viruses is composcd of B ncgativc-scnsc
single stranded RNA gcnc scgrnents (PB2, PBl, PA, HA, l,lP, NA, M
and NS) that cncodc l0 major proteins and sevcral auxiliary
pcptides. Production of infcctious progeny virions rcquircs incorpo-
ration of all B vR-\A segmcnts and occun at the apica.l mcmbranc of
inlcctcd cells [2]. fhc scgmcntcd nature of t]re viral gcnomc allows
lor the gcncration ofnovcl rcassortant viruses containing gcncs lrom
distinct parental virtrscs in co-inlccted cells. Thc 2009 pandcmic
HlNl virus arosc from a rcassortmcnt event between two swinc
origin viruses [3]. Additionally, thc 2013 H7N9 virus rcsponsiblc lor
thc outbreak in Mainland China and Taiwan is a rcassorant virus

dcriving gene scemcnts lrom avian H9N2 and H7N9 viruses [4].
Rcassonment providcs an cvolutionary advantagc for influcnza
viruses and thus reassortant viruscs pose a major public hcalth risk.

Understanding how vR\A scqrncnts are asscmblcd and packagcd
into progeny vtions is kcy for unJocking how rcassortant viruscs arc
gencrated, yet littlc is known about this process.

Replication olthc influcnza virus genome occurs in Gc nucleus
by a virally cncodcd hctcrotrimcric RNA-depcndcnt RNA
polyrnerasc composcd of PBl, PB2, and PA protcins [2]. Each
newly synthesizcd vRNA segment is coatcd with thc viral
nucleoprotein (NP) and thc hctcrotrimeric polymcrasc complex
associates with cach vR-\A scgment via thc 5' and 3' ends. This
resultant vRNP complcx is exported from thc nuclcus and travels
to the plasma mcmbrane for packaging into a budding virion

[2,5]. Rcccnt studics havc suggested a role for Rab I I a-containing
recycling cndosomcs in the transport ol vRNA scgmcnts to the
plasma mcmbranc lor packaging [6-9-]. Howcvcr, thc dynamics ol
vRNA transport, including whether vRNA scgmcnLs are trans-
ported individually or as a complcx, rcmain largcly unclcar.

Studies using clcctron tomography or fluorcsccnt iz srla

hybridization (}-ISH) on purified influenza viral particlcs suggest

that the majority olprogcny virions incorporatc a singlc copy olall
B vRNA scsmcnts [0-13]. Selective packaging olall B scgments
into progcny virions is thought to occur via RNA-RNA
interactions betwecn thc vRNA segments idcntificd through iz
zzTzo studics, which suggcsts the formation ol an intcraction
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Author Summary

lnfluenza A viruses, containing eight single stranded RNA
segments, cause seasonal epidemics and occasional
pandemics. Reassortment of the influenza viral genome
in co-infected cells confers an evolutionary advantage for
the virus, and can result in viruses with pandemic potential
like the 2009 pandemic HlNl and 2013 H7N9 virus.
Replication of the viral genome occurs in the nucleus of
the host cell and the progeny viral RNA (vRNA) segments
must be transported to the plasma membrane for
budding. The dynamics of vRNA assembly into progeny
virions remains unknown. We used novel techniques to
visualize the 3D-localization of four distinct vRNA seg-
ments in an infected cell and a fluorescent virus to
visualize vRNA transport during a productive infection to
determine where, when and how assembly occurs. Our
data suggest that VRNA segments are exported from the
nucleus as subcomplexes that undergo additional assem-
bly en route to the plasma membrane through dynamic
fusion events of vRNA-containing cytoplasmic foci. These
observations have broad implications for understanding
the intracellular requirements behind reassortment of
influenza viruses and may lead to the development of
new antiviral targets.

nclwork between vRNA scgments [5,] l,13-16]. Howcvcr, the
organization and mcchanics of vR\A assembly arc poorly
understood, due mostly to thc lack oladequate tools lor obscrving
thc transport and spatial arrangement ol vR-\A segmcnts ,z .rr7u.

Visualization of intracellular vRNA segmcnts has becn limited
to two-color FISH [2,17], hindering assessment ol thc localiza-
tion and interactions bctwccn more than two vRNA scqmcnts
within a single cell. Additionally, tracking vRNA movcmcnt
during a productive inlcction rcquires a virus that exprcsses a
fluorescent tag luscd to a viral protein involvcd in vRNA
tra{ficking, which is packaged into progeny virions and is

maintained in subsequcnt gcncrations. Altl-rough somc fluoresccnt
influenza viruses havc becn generatcd, they either contain GFP
luscd with a viral protcin not involved in vRf,lA transport or as a
separatc pollpeptide uscd as a marker for inlection that fails to
highlight any specific proccss of the viral lifecyclc [B-20]. An
influenza virus with PB2 taggcd with split-GFP was rcccntly used

to assess the movcmcnt olvRNA [21]. Howevcr, whilc split-G]-P
is uselul in studying protcin-protcin inreractions, it is a poor choicc
lor visualizing protein dynamics because l)visualization is limitcd
to cclls expressing thc rcmainder ol the Gl'P molcculc; 2)

visualization is not possible prior to lormation of thc completc
Gl'P; 3) split-Gl-P lragmcnts are unstable comparcd to intact GFP;
and 4) split-GFP is prone to aggregation L22 24).

To explore the mcchanics of vR\A assembly wc dcvcloped two
novel imaeing tools: a system to visualize four dificrent vR-\A
segments within an inlcctcd cell and a {luorescent influcnza virus
to track vR*\A movcment in livc cells during a productive
infcction. Using thc four-color FISH assay we wcrc ablc to
visualize all B vRNA scgmcnts and quantily thc numbcr of
cytoplasmic loci and lound that the majority of thc loci at thc
cxternal nuclear periphcry contain morc than one vRNA scsment.
'l'o assess thc dynamics of vRNA assembly in thc cytoplasm we
generatcd an influcnza virus, A/WSN/1933 (IIlNl) flA/SN)
cxpressing fullJength Gl? lused to the vira] polyrncrasc PA
protein (1VSN PA-GFP) and obscrvcd that PA-GFP foci colocalize
and travel togethcr in thc cytoplasm by an invertcd selcctive-plane
illumination microscope. Our data provide evidcnce that vRNA
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segments form subcomplexes throughout thc cytoplasm during
infection, that thcsc subcomplexes contain multiplc distinct vRNA
segments, and that vRNA-containine cytoplasmic loci can luse
togcther during transport.

Results

Visualization of multiple VRNA segments within a single
infected cell

In order to explore whcrc vR\A assembly occurs during a viral
inlection wc cstablishcd a system to simultancously visualize four
dillerent vRNA scgmcns within an infected ccll (Figure l). We
visualized lour distinct fluorophores conjugatcd to vRNA probes
with a tunablc whitc light laser conlocal microscopc, using a

scquential scanning program to ensure minimal cross talk between
channels (l-igurc Sl). Wc designed probes against all B vRNA
segments of A/WSN/1933 (HlNl) virus to enablc visua.lization of
all B segments in rclation to cach other in multiple four-color I-ISH
experimcnts. Figurc I dcpics two represcntative cells displaying all
B vRNA scgmcnts; one ccll probed for vRNA segmcns PB2, PB l,
PA, and NP and the other probed fior HA, NA, M and NS vRNA
segments. We confirmcd the specificity of cach I'ISH probe set by
testing each o[ thc probes on cel]s exprcssing a single vRNA
transcript lrom a PolI cxpression plasmid (l'igure S2). To our
knowledge, our study is thc first to visualize lour distinct vRNA
specics within a singlc ccll.

Staining of vRNA in WT WSN infected Madin-Darby canine
kidney (MDCK) cells using four-color FISH displayed difluse
nuclcar staining and distinct cytoplasmic foci. Closcr inspcction of
the cytoplasmic loci in thc enlargcd arcas ofl'igure I revealed loci
containing combinations ol 4, 3, 2, or a singlc vR\A segment
(various arrowhcads). Staining of vR\A segmcnts in thc nucleus
indicated a high dcgree ol colocalization betwccn the vRNA foci
(white pixcls in thc mcreed nucleus image); howcvcr, the high
density of the vRNA scsments and their diffusc appcarance
preventcd accuratc asscssment of potential colocalization between
vRNA segmcnts in thc nucleus. Thercforc, we locused on the fate
o[ vRNA segmcnts alter nuclear export. 'l-o explore the
composition ol cach cytoplasmic focus wc uscd the imaging
soltware Imaris to mask the nucleus, thus cxcluding the vR*\A
nuclear stainins lrom our analysis. Figurc 2A shows a 3D
rendering ol all thc cytoplasmic foci in a MDCK ccll inlccted
with WI' WSN and probcd for PB2 (rcd), PBI (green), PA
(orangc), and NP (ycllow), which encode protcins that lorm the
viral RNP complcx. 'l'his image was rotatcd to provide an axial
view olthc ccll and to highlight the cytoplasmic loci in relationship
with thc nuclcus.'l'o quantily the total numbcr olfoci containing a

single labelcd vRNA segment, 2 distinct vR*\A segments, 3

dillerent segmcnts, or all 4 vRNA segments, wc dctcrmincd the
signal intcnsity lor cach {luorophore in each cytoplasmic locus
from thrce indcpcndcnt cells. We found that a significantJy largcr
number of cytoplasmic loci contained all 4 labeled vRNA
segments (Figurc 2B). 'l-his observation was consistcnt for each
set of lour vR)rlA scgments that we tested (l'igurc S3).

To determinc whether the proportion of cytoplasmic loci
containing +, 3, 2, or I vRNA segments changcd spatially in
rclationship to thc nuclcus, wc determined thc 3D distance lrom
the nucleus for cach locus using the DAPI signal to definc thc
nuclear boundary. We lound that the majority olthc foci near or
at the nuclcus (within 0.1 pm) contained morc than one vRNA
segment (Figurc 2C), suggesting that vR\A scgmcnts are not
exported from thc nucleus as individua.l sesmcnts. In eeneral,
independcnt of distance lrom the nucleus the proportion o[ foci
containing 3 or 4 vRNA segments was much highcr than those
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containing I or 2 vRNA segmcnts (Figure 2C). Intcrcstingly, we

observed an increase in the proportion of loci containing lour
vRNA as thc distance from the nucleus increased to 0.5 pm
(L'igure 2C). Based on t-he axial view of the cell in l'igure 2A, the
top of nuclcus is very close to the apical cellular mcmbrane, as

dehned by I'ISH staining. There may be a bias at 0.5 pm lrom the
nucleus lor loci that are at the plasma membrane bcing
incorporated into progeny virions preparing to bud. 'fhe
predominance ol foci containing all lour labelcd vRNA segments
close to the apica.l surlacc ol thc cell is consistcnt with the notion
that vRNA asscmbly is selcctive and that there is a mcchanism to
ensure packaging of all B vRNA scgments. However, since thc
distance from the nucleus to thc cellular membrane is not uniform
in all dircctions, we observed many loci locatcd at distances
greater than 0.5 pm from thc nucleus that did not contain all 4 of
the labclcd vRNA scgments (Figure 2C).

Colocalization of vRNA segments
In vitro studies have shown that vRNA segments associate with

each othcr [3,15,16], suggcsting t]rat selective packaging o[
vR-\A segments is mediated via vRNA-vRNA intcractions. A
proposed mechanism for assembly includes the lormation of a

single linear interaction network bctween vRNA scgrncnts lor
packaging [5]. We multiplexed FISH probes (l'able Sl) to

Dynamics of lnfluenza A Virus Assembly

Merge

compare each vRNA scgment to each other in an attempt to
identily a linear interaction network between vRNA segments, and
calculatcd the Pearson corrclation coe{ficient bctwcen each vRNA
scsrnent in the cytoplasm (Figure 3). Thc Pcarson correlation
coefficient has been used cxtensively lor cstimating the colocaliza-
tion bctwcen two channcls [25] as it suggcsts the degree ol
colocalization: values of 0.5-l are considcrcd high, 0.3-{.5
modcrate, and 0-0.3 low. As a positive control, we probcd the
sarne segment with two I-ISH probes conjugated to di{Icrcnt.
fluorophores. The Pcarson coe(ficient for the positive controls was

in thc high range, with the exception of the NS gcne segmcnt
(l'igure 3). In general wc obscrved colocalization cocflicient valucs
bctwcen vR\A scemcnts in the high to modcrate range, making it
di{ficult to ascribe a lincar order of asscmbly betwecn vRNA
scgmcnts. Interestingly, wc observed a low correlation ol -0.2
bctwecn PB2 and flA vRNA scgments (Figurc 3). This observation
is of particular intercst sincc these two genc sepFncnts encode thc
most wcll characterized virulcnce motils o[ influcnza viruses [26-
2sl.

Generation of WSN PA-GFP virus
'l'he four-color FISH studies suggest that vRNA segments arc

exported from the nucle us as subcomplexes that assemble cn routc
to thc plasma mcmbrane. In order to investigate this furlher, wc

NP vRNA

Quasar 570

NS vRNA

Quasar 670

PA vRNA

Quasar 570

0.

HA vRNA
Merge

Quasar 570

Figure 1. Visualization of four dlstinct influenza vlral gene segments within a single cell. MDCK cells were infected with wild type (WT)

WSN at a muhiplicity of infection (MOl) of 3 for 8 hours post infection (hpi) and then imaged with Fl5H probes directed against four distinct vRNA
species. The first row displays a cell probed for influenza vRNA segments PB2, PB1, PA, and NP. Row 3 contains images of a cell probed for the other 4
influenza VRNA segments: HA, NA, M and NS. The second and fourth row of images show an enlargement of the area defined by the dashed boxes in
the first and third rows. Solid white anowheads identify a cytoplasmic focus with all four distinct vRNA segments, turquoise arrowheads indicate a

focus with only three vRNA species, and open arrowheads show a focus with only two VRNA species. All scale bars are 10 pm. DAPI marks the cellular
nucleus.
doi:1 0.1 371ljournal.ppat.l 003971.9001

3

a

.71..
ta
Dr,.

lt

'..!>->:'-
a

L, .:r.
>..,-Jr

t-
t

PLOS Pathogens I www.plospathogens.org March 2014 | Volume 10 | lssue 3 | e1003971

IPR2024-00526 
EX 1076



A

Dynamics of lnfluenza A Virus Assembly

!rvnrun !zvnrul AgrnNe !+vnrue

Number of distinct vRNA
segments per foci

Distance from the nucleus (prm)

Figure 2. Vlral RNA composltlon and spatial locatlon of <ytoplasmic foci. 3D rendering of an MDCK cell infected with WT WSN (MOl = 3) for
8 hpi were stained with probe I from Table S1: WSN PB2 Quasar 570 (red spots), PBI Alexa-Fluor 488 (green spots), PA Cal Fluor Red 590 (orange
spots), and NP Quasar 670 (yellow spots) (A). The DAP|-stained nucleus is labeled in blue. An enlarged region of the 3D image was tilted 90' in the z-
direction to provide an axial-view of the cytoplasmic foci and nucleus. Scale bars are 4 ;rm in the whole cell image and 2 pm in the rotated images.
The total number of foci containing 1, 2, 3, or 4 vRNA segments was quantified within a given cell (B). Each bar represents the average from 3
independently analyzed cells with standard error indicated. The distance from the nucleus for each focus from four independent cells was calculated
(C). The proportion of foci containing 4,3,2,ot 1 distinct vRNA segment with a given range from the nucleus is represented graphically as a scatter
plot. Each spot is an average from 4 independent cells and the standard error is indicated.
doi:1 0.1 371ljournal.ppat.l 003971.9002
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sought to observe cytoplasmic vRNA trafficking in livc cclls. Since
it is technically challenging to label vRNA segments lor live cell
imaging, wc developed a fluorcscent virus that could bc used to
study viral rcplication during a productive infection. Wc generated
a WSN virus encoding a full lcngth GF? lused to thc viral PA
protein, a component of thc hetcrotrimeric vtal polymerase
complex with cndonuclease activity that is associatcd with the 3'
and 5'ends of vRNA segments [2,30-32]. Crcation olthe WSN
PA-GFP virus built upon two previously publishcd observations.
First, the WSN PA protein, lused to GF? at its C-tcrminus,
lunctions like wild-type 04ru) PA protein in in uitro replication
expcriments [33]. Second, rescuc of viruses with a vRNA segment
containing a large fragment of loreign RNA requircs duplication
ofapproximately 150 base pairs (bp) ofthe codine region prior to
the 3' non-coding region [34]. l'hus, we sencratcd a WSN PA-
GF? virus with a portion ol thc C-terminal coding region
duplicatcd alter the GFP stop codon and prior to thc non-coding
region of thc PA gene segment (l'igure 4A).

Wcstern blot analysis ofpurficd WT WSN and WSN PA-GI'P
virions dcmonstrate that GFP is present in mature virions and runs
slightJy abovc the 100 kDa marker, which is appropriate for a PA-
GfP lusion since PA is 82 kDa and GFP is about 35 kDa

(ligure 4B). Presence ol the vira.l NP protcin was used to cnsure
equal loading of both viruscs. The localization pattern ol WSN
PA-G!'P in MDCK cells 16 hours post-infcction was diffuscly
nuclcar with discrctc cytoplasmic loci that coloca.lizcd with thc
viral NP protein (['igure 4C). We confirmcd that PA-GI-P
colocalized with vRNA sesmcnts by using I-ISH against vRNA
segments PB2 and FIA in both MDCK (l)gure 5A.) and human
lung adenocarcinoma cpithelial (A549) cclls (Figurc 58) 16 hours
post-infection. Additionally, treatment o[ infected cells with
leptomycin B (LMB) 4 hours post-infection rcstricted the locali-
zation of PA-GFP, NP, and vR-\A scgmcnts to the nucleus
24 hours post-infection (l'igure S4). Nuclear rctention of thesc
vR-\P components in thc presence ol LMB demonstratcs that
nuclear export depcnds upon exportin I (Crml), as previously
suggestcd 135-37].'I'akcn together, our data dcmonstrate that PA-
Gl'P can serve as a surrogatc lor vRNA gene segmcnts in cells
infectcd with the WSN PA-GFP virus.

Characterization of PA-GFP movements during
productive viral infection

Prcvious studies cxploring the dynamics of vRNA transport
using transient translcction systems or thc PB2 split-G]'P virus
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Figure 3. Colocalization coefficients between influenza VRNA segments. Graphical representation of the Pearson correlation coefficient
values between each VRNA segment and all other vRNA segments from exclusively cytoplasmic staining. Dual staining of infected cells with FISH

probes against the same target served as a positive control and is indicated in red. Each spot represents a single analyzed infected cell. Gray shading
highlights the region of low colocalization based on the Pearson correlation coefficient.
doi:'10.1 3 71ljournal.ppat.l 003971 .9003

havc dcscribcd both last (-l pml$ and slow (-0. 12 pm/$
movcmcnts [7,21]. In ordcr to capturc thc 3D dynamics spanning
a largc tcmporal rangc, whilc minimizing photoblcachins and
photodamagc, u'c uscd thc rcccntlv dcvcloped invcrtcd sclcctivc-
plane illumination microscopy (iSPIM) [38] to imagc the

+
I

a

movcmcnt ol PA-GF-P loci cvcry 2 seconds lor 30 minutcs in
MDCK and 4549 cclls starting [6 hours post-infcclion (Movies S I

and S2). Multiple WSN PA-GI'P trajcctorics wcrc analyzed lrom
cach ccll. In ordcr to dcfinc thc movcmcnt ol thc foci rvc

dctcrmincd the mean squarcd displacement (lt{SD) of cach PA-
Gl'P locus during a trajcctory'[39]. \\'e lound that man1,foci
displal,cd diffusivc movcmcnt, bascd on thc charactcristic lincar
dcpcndcncc ol their I\{SDs on timc, rvhilc a quartcr of thc foci
appcarcd to undergo activc transport, as thcir MSDs displayed
nonlincar timc dependcncc (l'igurc S5). PA-GI'P trajcctories u,ith
activc transport had avcragc spccds ol 0.23+/-0.06 pmls and
0.27+/ -O.l I pmls in N{D(IK and A549 cclls rcspcctivcly. -l'hcsc

spccds arc similar to tht' maximum spccds of microtubulc-
mcdiatcd cndosomal transport in a Hela-dcrivcd ccll line (0.25-
l.s pm/$ [a0].

Closcr inspection o[ PA-G]'P tracks rcvt:alcd that many loci
colocalizcd during thcir trajcctorics. Strikinely, wc r:bscrved that
ficci displaycd distinct latcs altcr colocalization. Some loci
appt'arcd to comc togcthcr and pcrsist as a singlc dillraction-
limitcd spot lor thc rcmaindcr of thc trajcctory (hcrcin rclcrrcd to
as 'fusion') u'hilc othcr loci transicntll'colocalizcd, thcn scparatcd
and continucd on as distinct loci. We quantificd thc numbcr ol
lusion and transient cr localization evcnts in WSN PA-GI'P
inlcctcd MDCK and A549 cclls ('I-ablcs 52 and S3). Most
trajcckrrics displayed transicnt colocalization cvcnts (69% and
BB% in MDCK and A549 cclls, rcspcctivcly), whcrcas lusion
cvcnts u'crc rclatir.el) rarc (90/o and l6olo lor N'IDCK and A5,t9
cclls, rcspcctivcly).

l-igurc 6 dcpicts an cxamplc of a fusion cvcnt involvins nto
cytoplasmic PA-G}? foci u'ithin an infcctt'd MDCK ccll
(I'igurc 6A). A singlc focus is trackcd lrom ncar thc nuclcar cdsc
ir.rto thc cytoplasm and towards thc ccll pcriphcry (l'igurc 68).
Altcr 36 s, thc PA-GI'P ftrus (Figurc 6C, rcd arrow) colocalizcd
and luscd rvith anothcr loi:us (bluc arrou,). \\'c confirmed that
thcsc t$'o loci pcrsisted as a singlc locus altcr colocalization b1.

obscrvir.rs l) a singlc pcak in a fluorcscencc intcnsitl'r,s. depth plot
at thc sitc of lusion and 2) an incrcase in flu<.rrcsccncc intcnsity of
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Figure 4, Generation of WSN PA-GFP influenza vi;us. Schematic
of the reverse genetics pHW2000 plasmid created by inserting the
coding region of full length GFP into the C-terminal domain of the WSN
PA open reading frame (A). This insertion included a duplication of 162
nucleotides of WSN PA prior to the 5' non-coding region (NCR)

depicted in the black rectangle. Western blot of purified recombinant
WT WSN or WSN PA-GFP virus grown in embryonated eggs (B). The GFP
signal corresponds to the appropriate size of a PA-GFP fusion protein.
Viral NP protein was used as a control to ensure loading ofequivalent
amounts of virus. lmmunofluorescence of MDCK cells infected with
WSN PA-GFP (MOl=3) for 16 hpi with anti-influenza NP antibody (C).

lmages to the right are enlarged regions identified by the dashed
square. White arrows show areas of co-localization. All scale bars are
5 pm.
doi:1 0.1 371ljournal.ppat.l 003971.9004
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A. MDCK cells +WSN PA-GFP (16hpi) As49 +WSN PA-CFP (16hpi)

PB2 vRNA probePB2 vRNA probe HA vRNA probe

Figure 5. Colocalization of WSN PA-GFP and influcnza VRNA segment3. Fluorescent rn situ hybridization (FISH) for viral RNA segments 1

(PB2) and 4 (HA) on MDCK (A) or A549 cells (8) cells 16 hpi with WSN PA-GFP (MOl=0.5). lmages to the right are enlarged regions identified by the
dashed box. White arrowheads show colocalization of PA-GFP and VRNA, and open arrowheads indicate GFP foci not colocalized with viral RNA
signal. DAPI marks the cellular nucleus. Scale bars are 5 pm in all panels of part A. ln part B scale bars are 1O pm in the whole cell images and 2 pm in
length in the enlarged region.
doi:I 0.1 371ljournal.ppat.l 003971.9005
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the fused focus at the time ol lusion compared to a srarionary,
unfused adjacent focus (Figure 6D and E). While previous studies
reported similar average speeds of vR-\A tralficking 12ll thcy did
not observc dynamic lusion and colocalization cvcnts in the
cyoplasm. Ihc WSN PA-GFP virus enabled us ro extcnd these
previous studies and describc a novcl aspect o[ vRNA transport.
The lusion of multiple PA-GI? foci in the cytoplasm may rellect
the coalesccnce o[ polymerase complexes attached to different
vRNA scgments, suggesting that the subcomplexes we identified
using lour-color FISH dpramically associate with each other in the
cytoplasm en route to the plasma membrane.

Discussion

Reassortment of influenza virus gene segments can lcad to the
emergence o[ novel influenza viruses with pandcmic potential.
The data from this study provide insight into vRNA assembly,
which is important for understanding the intracellular mechanism
of vRNA reassortment. l'irst, our data suggest that vRNA
segments are not exported as individua.l segments since the
majoriry ol foci at the external nuclear periphery contain more
than one vRNA segment figurc 2C). Second, we observed many
cytoplasmic foci with lewer than 4 vRNA segments (t'igure l,
2A, 2C and !'igure S3), implying that all B vRNA segmcnts are not
exported from the nucleus togcthcr. Third, individual vRNA
segments do not reach the plasma membrane separately since
many loci contain more than a single vRNA segment and ficci can
luse together in the cytoplasm (Figure l, 28, and 6C).'fhcrefore,
we believe that vRNA assembly is an active process that includes
the lormation of 0exible subcomplexes that cxport lrom the
nucleus and thcn undergo lurthcr assembly en route to the plasma
membrane via dl.namic colocalizatjon events (l'igure 7).

Elcctron tomography has shown that vRNA segmcnts within
progeny virions have a conserved'7+l'structure, where 7

segments surrounding a center segment U l,l3]. Selective assem-

bly olvRNA segments into this tlpe of conformation would seem
to require either a linear ordering of vRNA-vRNA associations or
a t}te existence of a master segment in the center that can interact
with all other segments f5). In uitro studies exploring thc RNA-

RNA interactions between all B segments havc suggested that
indecd a linear interaction network beNveen vRNA segments is

used lor vRNA assembly [3,16], but these interactjon networks
are not conserved betwecn dillcrent subtypes olinfluenza A viruses

[5]. In this study, we attemptcd to identily prclercnces between
vRNA segments using the four-color FISH assay and lound that
most vRNA segments coloca.lize with each other with a high
confidence value; we did not observe a distinct lincar prelerence
betwccn vRNA segments (l'igure 3). We bclieve that the high
specficity oleach FISH probc sct (Figure 52) limia the likelihood
ol lalse positive results in our colocalization studies. In addition,
our data are based on the colocalization profiles of vRNA
scgments throughout thc cntire c)'toplasm, including the plasma
membrane where vRNA segmcnts are localized in high concen-
tration prior to budding.'I'hcreforc, our data neither support nor
relute the hypothesis that vRNA segments associatc in an ordered
fashion. Further analysis that carefully examines the colocalization
profrles of vRNA segments and the vRNA composition of the
cytoplasmic loci at diffcrent dislances lrom the nucleus would
provide spatially defined colocalization coellicicnts and interaction
networls, which may help to clarify the naturc of the selectivc
arrangemcnt between vRNA segments.

Interestingly, we obscrved a low correlation coe{ficient between
the HA and PB2 vRNA segmcnts, which encode known viral host
range determinants [29]. HA mediates attachment and enrry inro
host cclls by binding to tcrminally attached sialic acid moieties on
cell-surface glycoprotcins; avian influenza viruses predominantly
associate with o2,3Jinked sialic acids while human viruses bind
o2,6Jinkcd sialic acids L+1,42). Multiple residucs of the PB2
protein, a component of the viral heterotrimeric polymerase
complcx, rcstrict replication ol thc virus in mammalian cells; for
example the residue at position 627 typically encodes glutamic
acid in avian influcnza viruses and lysine in most human influenza
viruscs [26,43,44]. Intercstingly, *re recent studies generating
airbome transmissible avian H5Nl viruses describcd viruses where
the HA protein was modified to associate with o2,6 sialic acid
moieties and either contained a human PB2 vRNA scgment or the
PB2 627K residue [45-47], demonstrating the imponance of these

two genc segments in cmcrging avian influenza pandemic viruses.
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c.

Based on our data, a low correlation coellicicnt bctwcen the HA
and PB2 vRNA segmcnts may indicate that these segments are less

likely to reassort togcther t}ran two sesments with a high
correlation cocilicicnt like PBI and HA vRNA, which reassorted
togcthcr in thc 1957 H2N2 pandemic virus [48].

The observations wc present here extend and rcfinc previous
assumptions regarding vRNA assembly. A rcccnt study [2]
proposed a schcmc for vRNA assembly bascd on visualization of
only 2 vRNA se[fnenLs (PB2 and NA), in which thcy suggest that
vRNA segments arc cxported lrom the nuclcus individually. By
visualizing lour vRNA segments simultancously we dcmonstrate
that most cytoplasmic foci contain more than onc vRNA scgrnent.
Whilc our data support thc ovcrall conclusion proposcd by Chou
et al that vRl{A asscmbly occurs en route to thc PM, we not on.ly

provide much strongcr support for this modcl but we also extend
thc observations madc in fixcd cells by visualizing vRNA transport
in live cells during a productive infection. Wc dcmonstrate that
cytoplasmic foci dynamically colocalizc with cach other, poten-
tially mediating lurthcr assembly of vRNA subcomplexes. In
addition, previous studics have shown that influenza vRNA
segments colocalize with recycling cndosomcs containing the
small GTPase Rabl la, and that these endosomcs lacilitate vRNA
trafiicking in the cytoplasm [7,9,36]. We confirmcd colocalization
ol Rablla and influcnza PB2 vRNA sesment in A549 cells

transfected with Rablla-GFP (Figure 56). Since WSN PA-GFP

loci colocalize with PB2 vRNA scgmcnt (F'igure 5) it is likely that
WSN PA-GI'P and Rablla also associatc, suggesting that thc
dynamic colocalization evcnts obscrved during viral infcction
might also involve Rabl la-containing recycling endosomcs.
F-urthcr studies characterizing thc importance of the transicnt or
sustaincd colocalization evcnts in viral replication may rcvcal
novcl tarqcts for antiviral thcrapcutics.

'l'hc rcsults we present here providc insieht into thc dy,namics of
vRNA transport and assembly, but our methods havc applications
bcyond vRNA tralficking. F-or cxample, the WSN PA-G!'P virus
can bc uscd to observe the kinctics ol spread of influcnza virus in
cclls (Movie S3), becausc thc fluorcscence can be trackcd lor
cxtcndcd periods of timc. Dcvelopment of fluoresccnt HIV,
coronavirus and mcaslcs viruses havc greatly enhanccd our
undcrstanding of the biology of thcsc pathogens, lrom production
ol progeny virions to viral sprcad [49-51]. We believe thc
obscrvations and tools described in this study will enablc similar
progrcss in understanding of influcnza virus biology.

Materials and Methods

Cells and viruses
Madin-Darby Canine kidney (MDCK) epithelial cclls and

adenocarcinoma human alveolar basal epithelia.l cells (.4549)

obtaincd trom ATCC wcrc maintained in modificd Eagle's
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Figure 6. Fusion evcnt of an WSN PA-GFP focus in the cytoplasm of MDCK cells. Maximum Intensity projection from inverted selective-plane
illumination microscopy (iSPlM) movie of MDCK cells infected with WSN PA-GFP (MOl = 5) at l6 hpi, 36 seconds (s) after onset of tracking (A). The red-boxed
region is highlighted in (B and C), and the red star indicates the region where colocalization of two GFP foci (marked in red and blue arrows) occurred. A single
WSN PA-GFP focus trajectory; each red dot is a spot tracked in timg the yellow line is the overall tracg and white arrows indicate the direction of the PA€FP
movement (B). The total track duration is 46 s. Paft C contains still frames of the red-boxed region in part A from 2H,4 s, and illustrates colocalization and
subsequent fusion of two foci. The red arrow indicates the PA-GFP focus that is being tracked and the blue arrow indicates the PA<FP focus with which it
fuses. All scale bars are 2 pm. An intensity versus depth plot of the colocalized foci, indicated by the red star in paft 4 demonstrates a single peak indicating
that the fusion occun in a single diffraction-limited spot (D). An intensity vs. time plot of the fused focus compared to an adjacent stationary focus, identified
by the white circle in part C, during the same time frame (E). The asterisk mark the time conesponding to the colocalization event
doi:'l 0.'l 371 /journal.ppat. 1 00397 1.9006
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NUCLEUS
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Flgure 7. Proposed model for vRNA assembty. The data presented
in this paper supports a model of vRNA assembly whereby 1) vRNA
segments export from the nucleus as complexes containing multiple vRNA
segments, 2) cytoplasmic foci containing VRNA segments tEnsport
through the cytoplasm and 3) these cytoplasmic foci fuse together in
the cytoplasm prior to brdding. Each vRNA segment is shown as a loop
where the ends are associated with a heterotrimeric polymerase complex
identified as 3 circles. The PA protein of the polymerase complex is shown
in green since this was the protein used as a sunogate for VRNA transport.
The cellular Rabl1a<ontaining endosomes that colocalize with VRNA-
containing cytoplasmic foci are indicated.
doi:1 0.1 371 /journal.ppat.l 003971.9007

medium (MEN! with l0% tctal callserum (FCS) and L-glutamine
or Dulbecco's MEM (DMEI\.Q with l0o/o FCS rcspectively. 2937
cells (from ATCC) wcrc uscd to rescue recombinant viruses and
were maintained in l0o/o rcS DMEM.

Recombinant A/WSN/ I 933 (FI I N l) viruses wcre rescued using
an eight-plasmid (pFIW2000) reverse genctics systcm, a kind gilt
lrom Dr. Richard Wcbby of St. Judc Children's Research
Hospital. WSN PA-GI? was constructed by cngineering a silent
Xbal site in PA using site-directed mutagenesis (Stratagene Santa
Clara, CA) into both pHW2000 WSN PA and pCDNA WSN PA-
GFP [33] at position 1986 041'PA l9B4- TCA AGA - l9B9; PA
XBAL l9B4-TCT AGA - l9B9). The pCDsA WSN pA-cFp
plasmid contained an Xbal site just alter the Gl'P stop codon, so
this plasmid was cut with Xbal, and the C-tcrminal PA-GF-P
lusion was insertcd into the pHW2000 WSN PA Xbal digested
vector. This strategy will result in a duplication ol 165 basc pairs of
the WSN PA coding region alter the GFP stop codon as depicted
in Figure 4A. W'f WSN and WSN PA-GI'P viruscs wcre rescucd
by translection in 293T cells with I'ransl'l- translcction reagent
(N4irus Bio Madison, WI) and t-hen plaquc puril-red on MDCK
cclls. GFP positivc plaques were used to inoculate lO-day old
embryonatcd chickcn eggs. Inlectiviry titers for all virus stocks
were calculatcd thc 50o/o tissue culture inlectious dose ffCID56)
per mL as dcscribcd in [52].

Western blot analysis lor Gl-P (mouse anti-GF-P antibody,
Living Colors, Invitrogcn l:1,000) or vira.l NP (mousc anti-
Influenza A NP antibody, Millipore l:5,000) was pcrlormcd on
purified viruses amplificd in cmbryonatcd egg allantoic fluid.

lmmunofluorescence
MDCK or A549 cells grown on circular covcrslips (l2Ci-1.5,

Fisher Scientific Pittsburgh, PA) were inlcctcd with virus for the

Dynamics of lnfluenza A Virus Assembly

timc and multiplicity of inlcction (I{OI) specified in the figurc
legcnds. -fhe cells were fixed with 4o/o paraformaldehyde @tl{)
and probed with anti-In0uenza A NP antibody (I\4illiporc l:2,000)
lor onc hour followed by Alexa l'luor-594 goat anti-mouse l'ab'
lragment (Invitrogen l:2,000) for visualization of viral NP protein.
'l'o dctcrmine the role of Crml on tle export of WSN PA-GFP
protcin, cells were inlccted with WSN PA-GFP virus and treatcd
4 hours post inlection (hpi) with lcptomycin B (2.5 mglml-) that
was kept on for the remaindcr of the infection. Cells were fxed
16 hpi and stained as describcd abovc.

Four color fluorescent ln situ hybridization (FISH)

Probes for FISH were designcd and purchased lrom BioSearch
Tcchnologies (Novato, CA) and wcrc directed against cach vRNA
scgmcnt. Each probe is -20 base pairs and -30 probes cover the
lcngth of a given vRNA target. 'Ihe sequence of each probe was

manually compared against thc cntire WSN influenza gcnomc to
cnsurc spccificity to the targctcd vRNA segment; any probes with
greatcr than l0 base pairs complementarity to another VRNA
target or ro a mRNA sequcncc were excluded prior to purchase.
'fhis rigorous evaluation ofthe [-ISH probe sequences allowed for
high spccificity of the FISH probes to the specific vRNA segmcnt.

I'hc lluorophores used in our four-color FISH expcriments arc:

Q.gasar 570, CAL Fluor Rcd 590, Qyasar 670, and Alcxa-l'luor
4BB. llSH probes conjugatcd to thc Alexa-Fluor 488 fluorophorc
wcrc produced manually to amine-tcrminal oligos slnthesized by
BioSearch Technologies and conjugated using thc Invitrogen
Alcxa-l'luor 4BB Oligonucleotide Amine Labeling kit pcr the
manulacturer's recommcndadons.

Infccted cells were stained with I-ISH probes lrom BioScarch
using a standard protocol prcviously dcscribed in [53]. Brie0y,
cclls grown on circular coverslips wcre infected at an MOI = 3 and
fixcd B hpi with 4olo PIIA, storcd in ice cold 70% EIOH ovcrnight.
Thc ncxt day the coverslips wcrc rchydrated with the wash buffer
(10% formamide and 2 x SSC in DEPC-treated water). Cells we re
incubated overnight in 200 p.l of hybridization bullcr (10%
dexuan sullate, 2 mM vanadyl-ribonucleoside complcx, 0.02%
RNA-lree BSA, I mg/nl e.Coli IRNA, 2x SSC, and l0%
lormamidc in DEPC treated watcr) with 2 pl ol labelcd probes
(probe concentrations ranged lrom 2.5 UM-10 pM and incubated
overnight in a 2B'C incubator. Ihe lcllowing day, thc hybridiza-
tion buffer was removed and cells were incubated in wash buffer
containing DAPI for l0 minutes, washed then mounted. AII
incubations were perlormcd in the dark.

Spectral separation ofthe four fluorophores was achicvcd using
a Lcica SP5 whitcJight lascr confocal microscopc. A sequcntial
scanning program with a line average of 4 between frames was
cstablished based on the manufacturcr's excitation and cmission
spectra lor cach fluorophore. 'l'hc lollowing parnmetcrs wcre used:

PM'II (DAPD UV laser (powcr=4olo) wavelength range 415-
*70 nm, PM12 (Alexa-Fluor 488) 4BB nm excitation wavelcngt-h
(1,",) (power= l0o/o) range 500-540 nm, PMT3 (Qyasar 570)
545 nm L- (12%) range 553-585 nm, PMT4 (Cal l-luor Rcd 590)
575 nm 1,", (12%) range 59O-$35 nm, and PMT5 (Q.uasar 670)
647 nm ),.* (l2olo) range 675-750 nm. Spectral scparation was

confirmcd in cach experimcnt with sinsle color controls (infected
cclls stained with only a singlc vRNA I-ISH probe sct).

FISH colocalization
W'l- WSN virus infectcd cclls were probed with dillcrcnt

combinations of FISH probes (l'ablc Sl) to assess colocalization
betwccn individual segments. Cclls were imaged using thc
scqucntial scanning program on the l,eica SP5 white light laser
confoca] microscope. -fo obtain close to Nyquist sampling, stacks
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ofcach cell were takcn with 0.17 pm separation bctwccn sliccs and
the hcight o[the stacks was dctcrmincd for each cell bascd on thc
I-ISH staining. Imagcs wcrc acquired at 1024 x 1024 pixcl
rcsolution with a 63x Lcica objcctive with a numcrical apcrturc
(NA) ol 1.4 and a zooll:, ol 4; the resulting pixcl sizc was

-50x50x168 nm. Background subtraction and subscqucnt
dcconvolution o[ each stack was pcrlormed manually lor cach
channel using Huygcns Esscntial soltware ffersion 4.3.1p3,
Scicntific Volumc Imaging BV, Hilversum, Ncthcrlands).

Imaris soltware (vcrsion 7.6.3, Bitplane AG, Zurich, Switzcr-
land) was used for 3D reconstruction, particle tracking, colocaliza-
tion and statistical ana.lysis. Pcarson coelficients in colocalizcd
volumcs were obtained bctwccn cach vRNA probe sct lrom thc
dcconvolved images using Imaris colocalization analysis. 'I'hc

DAPI stain was used to crcatc a channel mask (smoothing = 0.9) to
cxclude the vRNA nuclcar stain lrom the colocalization quanti-
fication. Thus, we were ablc to compare the staining of diffcrcnt
vRNA scgments in the c)'toplasm o[ an inlected cel]. At lcast 3
di{Ierent cell volumes wcrc analyzcd lor each vR-\A pair.

'l-o dcterminc the vR*\A composition and distancc lrom thc
nuclcus of each cytoplasmic locus we used the Imaris softwarc to
creale 'Spots' lrom the signal o[ cach channel in thc cytoplasm
(using the nuclear mask crcatcd carlicr). All spots lrom cach
channcl were merged into onc 'Spots' channel, which crcatcd a

singlc spot lor every cytoplasmic ficcus within an inlcctcd ccll, with
intcnsity values lor each channcl. 'fhis inlormation was uscd to
dctcrmine t}te number of spots positivc lor all 4 channcls versus 3

channcls, 2 channels, or a singlc channcl. The frcqucncy olspots
from three indepcndcnt cclls was recorded; the numbcrs wcre
compared using column statistical comparison and a Chi-Squarcd
tcst using the graphing softwarc, Prism (version 5.0, GraphPad,
San Dicgo, CA), to detcrminc ilthcrc was a signficant diffcrcncc
bctween any of thc distributions. A separate surlace to definc thc
boundary of the ccll was crcatcd manually bascd on rhc vRNA
staining pattern in evcry z-planc. 'l'hc distance from thc nuclcus,
dcfined by DAPI staining, was calculated lor each spot within this
surface and thc lrcqucncy ofspots in 100 nm distancc incrcmcnts
was recordcd lrom lour indcpcndcnt cells.

FISH probe specificity
l-o confirm the specificity ofcach FISH probe set, two covcrslips ol

A549 cells were translcctcd with a pPoll plasmid expressing cach
vR\A segment ol the WSN virus usins Fugene HD (Promcga,
Madison, \4T). Cells wcre fxcd 24 houn post-transfcction and
proccsscd lor FISH staining as dcscribed above. Transfcctcd cclls

were stained with FISH probc rcacl-ions B and E (l-able S l) to cnsurc
covcrasc ofall B vRNA scgrnents. IIISH stained slidcs wcrc visualizcd
on a [rcica SP5 white light lascr microscope using thc scqucntial
parameters describcd abovc for lour color FISH.

Visualization of Rabl 1a
Plasmids expressing Rabl la Gl-P were a kind gilt lrom Dr.Julic

Donaldson, National Heart Lung and Blood Institutc (NHLBI)
and were translcctcd into A549 cclls using Fugene HD transfcction
rcagent (Promega, Madison, WD. 24 hours post-transfcction thc
cclls wcre inlected with \4Il- WSN virus MOI = 3) flcr subscqucnt
FISH analysis as describcd abovc. Images o[cclls translcctcd with
Rablla-GFP and staincd lor vRNA scgments wcrc takcn on a

Lcica SP5 confocal microscopc using a 63 x Leica ob.jcctivc with
NA of 1.4.

Live cell imaging
iSPIM. MDCK or A549 cclls were seeded onto rectargular

coverslips [,\VR, 48393-241) and thcn placed into an imagin.q

Dynamics of lnfluenza A Virus Assembly

chamber (Applicd Scicntific Instrumentation, I-3078-2450) that fit
into a custom-built invcrtcd selcctivc plane illumination micro-
scope (iSPIM). Cclls wcrc infected in thc chambcr at an MOI = 5
and thcn placcd in a 37'C incubator lor 16 hours prior to
imaging. 'l'he iSPIM systcm was modified lrom our original design

[38], equipped with a 0.3 NA excitation objcctivc (Nikon lOx,
3.5 mm working distancc) and a higher, 1.0 NA detection
objectivc (Zciss, \\' Plan-Apochromat 63x, 2.1 mm working
distancc) to incrcasc spatial resolution and fluorcsccncc signal
collection. l'he 4BB nm cxcitation power was sct at 50 pW (as

measurcd bcforc thc cxcitation objectivc), and an clectron-
multiplying chargc coupled device (EM-CCD, Andor, iXon DU-
B97T) was uscd to capture fluorescencc. Wc rccordcd 40 planes
per volumc lor cach ccll, spacing planes cvcry I pm. Volumes
were acquircd cvcry 2 seconds for a total ol 30 minutcs.

Point scanning confocal microscopy. 'I'hc spread of
in{luenza was capturcd on a Lcica SP5 point scanning confoca.l
microscopc using a 1.4 NA 63x objcctivc. MDCK cells were
seeded into an B-wcll chambered coverglass slidc Q{unc, Roch-
ester, NYI and infcctcd u,ith an MOI=0.1 with WSN PA-GFP
virus. Four hours post-infection, the slidcs wcrc placcd onto the
microscope insidc a tcmpcrature (37'C) and 5o/o CO2 controlled
incubator (Microscope incubator S-2, PcCon GmbH, Erbach,
Germany). Wc capturcd 5 slices per ficld ol vicw, with - I pm
separation bctwccn sliccs, every l0 min for 16 hours. I'hc DIC
channel was uscd to dctcrmine stack hcight.

Tracking cytoplasmic PA-GFP
3D image stacks capturcd using the iSPIM wcrc background

subtractcd and dcconvolved using thc Huygens soltwarc package
(S\rI, Huygens Prolcssional) using the 'Classic MLE' sctting with
40 iterations pcr dcconvolution. fhe resulting datascts wcrc
analyzed in lmagcJ, gcncrating maximum intcnsity projcctions (as

displayed in Fieurc 6,{) and axial intensity profilcs (l'igurc 6D). In
order to track thc motion ofcytoplasmic loci, dcconvolvcd datasets

were loaded into Imaris lor tracking. Manual tracking was
performed using thc 'Spots' function undcr thc Imaris Surpass

toolbox and thc location ol a PA-GI-P locus was dctcrmined over
all frames. A minimum of 30 tracks were collcctcd for cach cell
t1pe. Statistics lor tracks, including the mean track spccd, track
duration, intcnsity ofthc focus over the length ofthc track, and the
xyz position olcach focus in each frame throughout thc tracc were
calculated using Imaris. I-he trajectorics fior cach locus wcrc next
analyzed in MA'l'l,AB using custom soltwarc in ordcr to ca.lculate

thc mean squarcd displaccmcnts (\dSD) vs. timc lag (l'igure S4).

Fusion and transicnt colocalization evcnts wcrc tallicd. Fusions
were classificd as cvcnts wherein two loci camc togcthcr in a

di{haction limitcd spot and subsequently movcd tosctler as a

single particlc, and confirmed by assessing thc axial intcnsity
profrle ol the particlc (l'igure 6D). 'fransicnt colocalizations were
scored as cvcnts whcrc two foci came toqcthcr u,ithin a dilfraction
limited spot fior a limitcd pcriod ol time, and did not move
together aftcrw,ards.

Supporting lnformation

Figure Sl Minirnal bleed-through between four FISH
visualization channels. MDCK cells infcctcd with WI WSN
MOI = 3) lor B hpi wcrc probed with a singlc I'ISH probc and
visualized with thc lour-color imaging paramctcrs. Lluorcscence ol
each probc rvas only scen in thc spccificd channcl, dcmonstrating
our ability to spcctrally scparatc all lour I'ISH probc fluorophorcs.
All scale bars arc l0 pm.
(PDF)
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Figure 52 WSN vRNA FISH probe specificity. A549 cclls were
translccted with individual WSN vRNA Poll expression plasmids.
'l'wenty-four hours post-translection, cells were probcd lor all cight
vRNA segmens using thc I'ISH assay. Only cells transfcctcd with thc
pPoll plasmid expressing thc vRNA lhat correspondcd to thc F-ISH

probc had any detcctablc fluorcscence staining. ltrc distribution ol
vRNA in the transfccted cclls was dilferent from infcctcd cclls, likcly
because a typical RNP structurc was not formed duc to lack ofNP and
polymerase expression. All scalc bars are 5 pm.
(PDF)

Figure 53 11g frajority of cytoplasmic foci contain at
least 4 vRNA segrrents. 'Itre number oltotal loci containing l, 2,
3 or 4 vRNA segments wcrc quantified lor MDCK cclls (MOI = 3)

for B hpi staincd with probc rcactions A, C, D, E and !'listcd on
I'able S l. Note that l-igurc 28 depicts the composition of cclls staincd
with probe B. Each bar rcprcscnb the percent olloci that containcd
cithcr 1,2, 3 or all 4labclcd vRNA segments and is an avcrasc of
threc indcpendent cclls that cach contained betwcen 1,00(H,000
distinct cytoplasmic foci. 'lhc sundard crror is indicatcd on cach bar.
(PDl)

Figure 54 Cytoplas-ic localization ofWSN PA-GFP, NP,
and vRNA is CRMI dependent. Visualization ol PA-G}'P,
PB2 vRNA segment, and HA vRNA segmcnt in MDCK cclls
inlcctcd with WSN PA-GI'P virus and treated with or without
lcptomycin B (LMB) (A). All scalc bars are 5 pm. I'hc pcrccnt of
WSN PA-GI? inlcctcd MDCK cells with cytoplasmic staining o[
PA-GFP, PB2 vRNA segmcnt, or o-NP in *rc prescncc or abscncc
of LMB was calculatcd (B). Pcrccntagc is based on at lcast 40 cclls.
(PDF)

Figure 55 Meaa squared displacement (MSD) curves
for PA-GFP tracks in MDCK and A549 cells. 'I'hc MSD
ovcr time was calculatcd for cach track lrom MDCK and A549
cclls and a rcprcscntativc track dcmonstrating active transport (A
and C) and diffusivc transport (B and D) are prcscntcd. Polynomial
or linear lines of best-fit, dashcd black line on cach eraph, arc
shown on active or dilfusivc curvcs rcspectively. Thc cquation lor
thc linc of best-fit and R-valuc are displayed and was uscd to
confirm *,hether thc trajcctory was active or diffusivc. l'he
standard dcviation is prcscntcd lor cach time lae.

PDT)

Figure 56 Colocalization of inlluenza vRNA with
Rablla. .4549 cclls wcre transfccted with Rablla-Gl'P and
thcn inlected with Wl'WSN (MOI = l). Cclls werc probcd l6 hpi
for PB2 vRNA scgmcnt using [-ISH. Thc imascs on thc right arc
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