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Abstract

The genomes of both human cytomegalovirus (HCMV) and murine cytomegalovirus

(MCMV) were first sequenced over 20 years ago. Similar to HCMV, the MCMV genome had

initially been proposed to harbor �170 open reading frames (ORFs). More recently, omics

approaches revealed HCMV gene expression to be substantially more complex comprising

several hundred viral ORFs. Here, we provide a state-of-the art reannotation of lytic MCMV

gene expression based on integrative analysis of a large set of omics data. Our data reveal

365 viral transcription start sites (TiSS) that give rise to 380 and 454 viral transcripts and

ORFs, respectively. The latter include ��200 small ORFs, some of which represented the

most highly expressed viral gene products. By combining TiSS profiling with metabolic RNA

labelling and chemical nucleotide conversion sequencing (dSLAM-seq), we provide a

detailed picture of the expression kinetics of viral transcription. This not only resulted in the

identification of a novel MCMV immediate early transcript encoding the m166.5 ORF, which

we termed ie4, but also revealed a group of well-expressed viral transcripts that are induced

later than canonical true late genes and contain an initiator element (Inr) but no TATA- or

TATT-box in their core promoters. We show that viral upstream ORFs (uORFs) tune gene

expression of longer viral ORFs expressed in cis at translational level. Finally, we identify a

truncated isoform of the viral NK-cell immune evasin m145 arising from a viral TiSS down-

stream of the canonical m145 mRNA. Despite being �5-fold more abundantly expressed

than the canonical m145 protein it was not required for downregulating the NK cell ligand,

MULT-I. In summary, our work will pave the way for future mechanistic studies on previously

unknown cytomegalovirus gene products in an important virus animal model.

Author summary

Weconductedacomprehensivecharacterizationandreannotationof murine cytomega-
lovirus(MCMV) geneexpressionduring lytic infectionin murine fibroblastsusingan
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integrativemulti-omicsapproach.Thisunveiledhundredsof noveltranscriptsthat
explainedtheexpressionof closeto 300sofar unknownviral openreadingframes
(ORFs).Interestingly,smallviral ORFs(sORFs)wereamongstthemosthighlyexpressed
viral geneproductsandthuspresumablyencodefor important viral microproteinsof
unknownfunction.WeshowthatsORFslocatedupstreamof largerORFstunethe
expressionof thedownstreamORFsby repressingtheir translation.Weclassifiedviral
transcriptionstartsites(TiSS)basedon their expressionkineticsobtainedby thecombi-
nationof metabolicRNA labellingwith transcriptionstartsitesprofiling. Thisnot only
identifiedasofar unknownviral immediate-earlytranscript(���, m166.5RNA) but also
revealedanovelclassof viral latetranscriptsthatareexpressedlaterthancanonicaltrue
lategenesandlackTATA box-likemotifs.Weexemplifyfor them145locushowsofar
unknownviral TiSSgiveriseto abundantlyexpressedtruncatedviral proteins.In sum-
mary,weprovideastate-of-the-artannotationof animportant modelvirus,whichwill be
instrumentalfor futurestudieson CMV biology,immunologyandpathogenesis.

Introduction
Humancytomegalovirus(HCMV) isaubiquitouspathogenthatestablishesalife-longinfec-
tion uponprimary infection[1]. While primary infectionismostlyasymptomatic,HCMV is
responsiblefor asignificantmorbidity andmortality in immunocompromisedpatientsand
neonates.Thereiscurrentlyno vaccine.Thestrict speciesspecificityof HCMV posesamajor
challengein understandingcytomegalovirus(CMV) pathogenesis[2]. Murine cytomegalovi-
rus(MCMV) exhibitssignificantsimilarity to HCMV andrepresentsawidelyusedmodelto
studyCMV pathogenesis[2,3].Traditionally,CMV geneexpressionis temporallyregulated
andclassifiedinto immediateearly(IE), early(E) andlate(L) geneexpression[4]. In contrast
to viral �� geneexpression(�� genes),theexpressionof Egenes(�� genes)requires�� ����
expressionof themajorviral transcriptionfactorIE3andthusviral proteinsynthesis[5]. Viral
L geneexpressiondependson viral DNA replicationaswellasexpressionof theviral lategene
transcriptionfactor(LTF) complexthatbindsto aTATA-like (TATT) motif in theproximal
promotersof viral lategenes[6±10].L geneswerefurther sub-dividedinto leakylate(��1)and
true late(��2)genesbasedon their differentialsensitivityto DNA synthesisinhibitors [11].
Moreover,recenttemporalclassificationof HCMV [12] andCCMV [13] describedat least5
distinctkinetic clustersof viral proteinexpressionfurther complicatingthelandscapeof CMV
geneexpression.

In recentyears,high-throughputsequencingtechnologies,including ribosomeprofiling
(Ribo-seq)[14] andRNA-seq[15] reshapedour understandingof thecodingcapacityof her-
pesvirusesincludingHCMV [16], HSV-1[17], KSHV[18] andEBV[19]. Strikingly,these
studiesrevealedthepresenceof hundredsof novelviral openreadingframes(ORFs).These
arisefrom promiscuoustranscriptioninitiation within theviral genome.Manyof thesenovel
viral ORFsaresmallORFs(sORFs)of <100 aminoacids(aa)in size.Theymaynot contribute
to thestableviral proteomebut ratherencodefor crypticunstablemicroproteinsof unknown
significance[17,20].Dependingon their genomelocationwith respectto thelargerviral
ORFs,theyarereferredto asupstreamORFs(uORFs),upstreamoverlappingORFs(uoORFs),
internalORFs(iORFs),or downstreamORFs(dORFs)[17,21].

The230-kbgenomeof theMCMV Smithstrainwasinitially predictedto encode170pro-
tein codingsequences(CDS),manyof whichsharehomologyto HCMV [22]. To date,astate-
of-theart reannotationof theMCMV genomeincludingmRNAs,shortORFsandisoformsof
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canonicalORFsaswellasanoverarchinghierarchicalnomenclaturehasbeenlacking.Never-
theless,additionalviral geneproductshavebeendiscoveredthroughvariousgenetic[23,24],��
��	�
� [25] andproteomicapproaches[20,26].Thisalsoincludestheidentificationof different
MCMV protein isoforms,whicharisefrom alternativeviral transcriptsexpressedwith distinct
kinetics[27]. A prominentexamplefor theneedfor acomprehensiveannotationof theMCMV
genomewastheidentificationof the83-aminoacidmicroproteinMATp1 [28]. MATp1 is
expressedfrom themostabundantMCMV transcript(MAT) upstreamof thecodingsequence
(CDS)of thesplicedm169gene[29]. Initially dismissedby �� ��	�
� predictionsdueto its small
size(�83 aa),MATp1 actsin concertwith theviral m04proteinandspecificMHC-I allotypes
in atrimeric complexto evademissing-selfrecognitionbynaturalkiller (NK) cells[28]. Fur-
thermore,recognitionof this trimeric complexbyat leastthreeactivatingNK-cell receptors
explainsintrinsic resistanceof certainmousestrainsto MCMV infection[28]. Thesefindings
highlight theimportanceof studyinggeneexpressionatsinglenucleotideresolutionusingunbi-
ased,integrativemulti-omicsapproachesto fully understandthecodingpotentialof MCMV.
Finally,thewealthof novelviral geneproductsrequiresarevisednomenclature.

Werecentlyutilizedamulti-omicsapproachcoupledwith integrativecomputationalanaly-
sisto decipherthetranscriptomeandtranslatomeof herpessimplexvirus1 (HSV-1)[17].
Here,weuseasimilarapproachto comprehensivelyidentify,characterizeandhierarchically
annotateMCMV geneproductsexpressedduring lytic infectionof murine NIH-3T3 fibro-
blasts(Fig 1). Our newannotationcomprises365viral transcriptionstartsites(TiSS)thatgive
riseto 380and454viral transcriptsandORFs,respectively.TiSSprofiling combinedwith met-
abolicRNA labellingandchemicalnucleotideconversionsequencing(dSLAM-seq)resolved
thekineticsof viral geneexpressionandtheir regulationbycorepromotermotifs.Abundant
transcriptioninitiation andalternativeTiSSusagethroughoutlytic infectionexplainedthe
expressionof hundredsof novelviral ORFsandsmallORFs,aswellasN-terminal extensions
(NTE) andtruncations(NTT) thereofrevealedby ribosomeprofiling. Weemployedthesame
nomenclaturestrategyasemployedfor HSV-1to annotatenovelMCMV transcriptsand
ORFs.In brief, transcriptioninitiating �500 nt distantfrom anothertranscriptwasgivena
newidentifier,startingwith `.5'to provideroom for futureadditionalORFsin caseanyTiSS
or ORFswasmissed.Transcriptsarisingfrom alternativeTiSSlocatedwithin <500 nt
upstreamor downstreamof themain (canonical)transcriptin agivenlocuswerelabelledas
`��1',̀ ��2',.. . and`#1',̀ #2',.. ., respectively.Previouslyidentifiedproteincodingsequences
(CDS)of theRawlinsonreferenceannotation[22] wereannotatedas`CDS',e.g.,m04CDS.All
largenovelORFswereannotatedas`ORFs'.SmallORFswereannotatedas`uORF',̀ uoORF',
`iORF',̀ dORF'or `sORF'dependingon their relativelocationto their respectiveCDSor ORFs.
N-terminal extensions(`NTEs')andtruncations(`NTTs')of viral ORFswereannotatedwith
`��1',̀ #2',.. . and`#1',̀ #2',.. ., respectively.Alternativesplicedproductswerelabelledasiso-
forms(`Iso1',̀ Iso2'.. .). TranscriptsandORFsfor whichno correspondingORFor TiSS,
respectively,couldbeidentifiedwerelabelledas`orphan'.Thefully reannotatedMCMV
genomewasdepositedto theNCBI GenBankThird PartyAnnotationdatabase,with andwith-
out theBACsequenceunderaccessionsBK063393andBK063394respectively.In summary,
our work providesastate-of-the-artannotationof animportant virusmodel.

Results

Characterizationof the MCMV transcriptome
To identify thefull complementof MCMV transcriptsin lytic infectionof fibroblasts,wepro-
filed viral geneexpressionin MCMV-infectedNIH-3T3 fibroblaststhroughoutthefirst three
daysof infectionusingmultiple next-generationsequencingapproaches(Fig 1).This included:
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(�) RNA-seqof totalRNA (TotalRNA-seq)and(��) newlytranscribedRNA obtainedbymeta-
bolicRNA labellingusing4-thiouridine(4sU-seq)[30] from thesamesamples.To analyze
temporallyresolvedpromoterusage,weperformedtranscriptionstartsites(TiSS)profiling by
(���) cRNA-seq[16,17]aswellas(��) dSLAM-seq,anovelcombinationof differentialRNA-seq
(dRNA-seq)[31] with metabolicRNA labellingandthiol(SH)-linkedalkylationof RNA
(SLAM-seq)[32]. A representativeexampleof theobtaineddataareshownfor theM25 locus
in Fig 2A. cRNA-seqisamodifiedtotalRNA sequencingprotocolthat isbasedon circulariza-
tion of RNA fragments(hencetermedcRNA-seq)[17]. It allowsbothTiSSidentificationbased
on amoderateenrichment(median:8-fold) of readsstartingat5' RNA ends(Fig 2B) and
quantificationof total transcriptlevels.In contrast,dSLAM-seqprovidesamuchgreater
enrichmentof TiSS(median:24-fold)byselectivelyenrichingreadsat5' endsof cap-protected
RNA fragmentsresistantto 5'-3' Xrn1 exonucleasedigest(Figs2BandS1A).Importantly,
dSLAM-seqcombines1 h 4sUlabellingimmediatelyprior to celllysis,followedbyRNA isola-
tion andchemicalconversionof theintroduced4sUresiduesto acytosineanalogue(SLAM-
seq).Thelatterfacilitatescomputationalidentificationof sequencingreadsderivedfrom newly
transcribedRNA (`newRNA') basedon theintroducedU-to-C conversions[33]. Selective
analysisof newRNA in dSLAM-seqdatathusrevealsthetrue temporalkineticsof geneexpres-
sionfor eachviral TiSS.In addition,wealsoincludeddSLAM-seqsamplespre-treatedwith

Fig 1. Overviewof appliedomicsapproaches.MCMV geneexpressionwasanalyzedin Swissmurineembryonic
fibroblasts(NIH-3T3) infectedwith BAC-derivedwild-typeMCMV atanMOI of 10.Viral transcriptionstartsites
(TiSS)andsplicingeventsweredeterminedthroughtotalRNA-seq,4sU-seq,cRNA-seqanddSLAM-seq(n = 2;
includingonebiologicalreplicatefor dSLAM-seqwith cycloheximide(CHX; 4h) or phosphonoaceticacid(PAA;24h)
treatment). To deciphertheMCMV translatome,four biologicalreplicatesof ribosomeprofiling wereperformed.
Enrichment of readsat translation startsites(TaSS)wasimprovedbypre-treatingcellswith Harringtonine±Harr.(two
biologicalreplicates)or Lactimidomycin±Lacti. (onebiologicalreplicate)for 30min. Theavailabletime pointsand
conditionsareindicatedbystarsfor anygivenapproach.

https://doi.org/10.1371/journal.ppat.1010992.g001
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chemicalinhibitors of proteinsynthesisandviral DNA replication,namelycycloheximide
(CHX; 4 hourspostinfection(hpi)) andphosphonoaceticacid(PAA;24hpi), respectively.A
detailedoverviewof theanalyzedtime pointsandconditionsisshownin Fig 1.

Reliableidentificationof viral TiSSrequiresintegrativeanalysisof multiple datasetsfrom
differentTiSSprofiling approachesandkineticstudies[17]. Wethusemployedour recently
publishedintegrativeTiSSanalysispipelineiTiSS[34], whichidentifiesstatisticallysignificant
peaksarisingfrom TiSSprofiling readaccumulationsacrossthegenome.Wefurthermore
scoredtheseTiSScandidatesaccordingto avarietyof additionalcriteria,includinganincrease

Fig 2. Characterization of the MCMV transcriptome. A. Screenshot of MCMV geneexpression showingannotatedtranscriptsandORFsin theM25locuswith 5'
readenrichmentatTiSSasdepictedbycRNA-seqanddSLAM-seqaswellasRibo-seqdata,respectively.Fourviral transcripts,whichinitiate within theM25regionof
theMCMV genome,arehighlightedin yellow(TiSSscoresin S4Table).Theschematicdepictstranslationof the130and105kDaM25protein isoformsvalidatedin
arecentstudy[27] andvalidatedbyour Ribo-seqdata.TheM25RNA ��1alsoencodesfour smallORFs(M25uORFs1±3andM25uoORF)of 6,11,8and63aa,
respectivelywhoseexpressionlevelsandkinetics(6 hpi) correspondto their respectivetranscript(M25RNA ��1)andwerehenceannotated.dSLAM-seqdataare
depictedin linearscale,Ribo-seq datain logarithmic scale.B. Graphicalrepresentation of 5' readenrichmentobtainedbydSLAM-seqandcRNA-seqapproaches. C.
Venndiagramdepictingthenumberof TiSSidentifiedbybothcRNA-seqanddSLAM-seq.TiSSincludedin thefinal annotationaredepictedin thegreencircleas
`annotated'. TiSSlabelledas`Requiredfor anORF'representTiSSthatarerequiredto explainthetranslationof adownstreamORF(no otherTiSSwithin 500nt
upstreamof theORF).

https://doi.org/10.1371/journal.ppat.1010992.g002
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in upstreamto downstreamreadcoveragein cRNA-seqand4sU-seqdata,temporalchanges
in cRNA-seqanddSLAM-seqreadcountsandthepresenceof translatedORFsidentifiedby
Ribo-seq,for whichno othertranscriptcouldotherwisebeidentified.Thisresultedin amaxi-
mum scoreof 7 for anygivencandidateTiSS.Wethenmanuallyinspectedall candidateTiSS
usingour in-houseMCMV genomebrowser,whichcombinesall datasets,time pointsand
conditions(Fig 2A). In total,weidentifiedandannotated365uniqueMCMV TiSS(Fig 2C),
satisfyingthegivensetof criteria(S1BFig).SomeTiSSwerecommonfor alternativelyspliced
productsanddifferentialpoly(A) siteusageresultingin atotalof 380MCMV transcripts.The
completelist of all MCMV transcriptsandthescoresof their respectiveTiSSareincludedin
S1Table.

Wenextanalyzedsplicingeventsin theMCMV transcriptomebasedon our totalRNA-seq
and4sU-seqdata.Wefirst identifiedall uniquereadsspanningexon-exonjunctionsbyat least
10nt (seeMethodsfor details).Weidentified366splicingevents,mostof whichonly occurred
atverylow levels(Fig 3) with minimal exon-spanningtranslationalactivity.Wethusdecided
not to includetheminto our newreferenceannotationandonly retained28splicingevents.
Sixof thesesplicingeventshadalreadybeenreportedbyLisnic�� �	. [29] andseveralof these
hadbeensuccessfullyvalidatedusingRT-PCRand3' sequencingin thesamestudyaswellas
otherstudies(S2Table).To independentlyvalidatetheidentifiedsplicesitesandinvestigate
theimpactof thecorrespondingtranscriptisoformson translation,weutilizedour Ribo-seq
data.Weconfirmedanalternativesplicedonor sitein them133locusassuggestedbyRawlin-
son�� �	; [22] leadingto theexpressionof two protein isoformsfrom differentiallyspliced
ORFs(S2AFig).Splicingof both themostabundanttranscript(MAT) within them169locus
[28] andof ahighlyexpressedtranscriptin theM116locuswerereadilyconfirmedin our data
(S2BFig), thelatterreadilyexplainedarecentlyvalidatedsplicedprotein,M116.1p,whichwas
found to becrucialfor efficientinfectionof mononuclearphagocytes[35]. Wealsoconfirmed
apreviouslyreportedsplicedORFin them147.5locus[36] (S2CFig) alongwith anovelsplic-
ing eventin them124locus,leadingto acorrectionof thepreviouslyannotatedm124ORF
(S2DFig) [22]. While wereadilyobservedthewell-describedMCMV 7.2kb intron [37,38],we
wereunableto detecttheoverlapping8 kb intron reportedin thesamestudy[37]. 4sU-seq
dataalsorevealedmultiple alternativedonorsitesin them60-m73.5locus(S3Fig),which
expressedseveralweaklyexpressedisoformsof them73.5ORF,themostdominantbeingthe
M73-m73.5splicedORF.Our datademonstratethatsplicingin theMCMV transcriptomeis
muchmoreprevalentthanpreviouslythoughtbut mostlycompriseslow levelsplicingeventsin
additionto thepreviouslydescribedsplicingevents.A completelist of annotatedsplicingevents,
whichweincludedinto our newreferenceannotationof theMCMV genome,is includedin
S2Tableandalist of all 366putative4sU-seqbasedintronsareincludedin S3Table.

Temporal regulation of viral transcription
MetabolicRNA labellingandchemicalnucleotideconversioncombinedwith dSLAM-seq
enabledusto analyzereal-timetranscriptionalactivityof eachindividual viral TiSSin `new
RNA' throughoutthecourseof lytic infection.Utilizing maximalnewRNA levelsthroughout
infectionfor eachTiSSobtainedfrom our dSLAM-seqdata,wegroupedtranscriptsaccording
to levelsof geneexpression(high,mid andlow transcription).Manycorepromotersof eukary-
otic genescontainTATA boxes[39], whicharealsoprevalentin herpesvirusgenomes[17]. T/
A rich regionsindicativeof TATA box-likemotifs (TBM) weremuchmoreprevalentin highly
transcribedviral genesthanin lowly transcribedviral genes(Fig 4A). In mammaliancells,
TiSSaremarkedbyaninitiator element(Inr), characterizedbyapyrimidine-purinedinucleo-
tide [40]. Aspreviouslyobservedfor HSV-1[17], Inr elementswerealsoprevalentfor MCMV
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TiSSirrespectiveof their expressionlevels.Thisconfirmedreliableidentificationof TiSSeven
for themostweaklyutilizedviral TiSS.

MCMV immediateearlygenes(��, ��� and���) areexpressedwithin thefirst hour of infec-
tion anddo not requireviral proteinsynthesisandarethusresistantto inhibition of protein
synthesisbycycloheximide(CHX). To identify novelMCMV immediateearlygenes,our
dSLAM-seqexperimentincludedasinglereplicateof 4 h of CHX treatment,whichwasiniti-
atedat thetime of infection.Interestingly,CHX treatmentnot only confirmedthetwo

Fig 3. Identificatio n of MCMV splicing events.Mappedreadsfrom 4sU-seqandtotalRNA-seqidentified366putativesplicingeventsin theMCMV
transcriptome.They-axisdisplaysthenumberof readsoccurringatasplicedregion,further categorized into readsspanningexon-exonjunctions
(red)byat least10nt aswellasnon-exon-spanningreadsupstream(green)anddownstream(blue).Putativesplicingeventsweresortedbasedon the
ratio of spliced(red) to unspliced(green+ blue)reads.Only 28of the366putativesplicingeventswereincludedinto our newreferenceannotation
becausethey(�) hadalreadybeenidentifiedbyothers(16/28;S2Table),(��) werehighlyabundant,or (���) affectedthecodingsequenceof anMCMV
ORFor sORF.To avoidunnecessary complexityin therevisedannotation of theMCMV transcriptome,weexcludedtheother(putative)splicing
eventsfrom our newreferenceannotation.

https://doi.org/10.1371/journal.ppat.1010992.g003
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immediate-earlyTiSSof ������ and��� but revealedanadditionalimmediateearlyTiSS,
namelythem166.5RNA encodingthem166.5ORFof 446aa(Figs4BandS4A).qRT-PCR
analysisconfirmedthesefindingsrevealinga~100-foldincreasedTiSSusageuponCHX treat-
mentby4hpi comparedto theuntreatedcontrol (Fig 4C).Wethustermedm166.5immediate
earlygene4 (���). Therespectivem166.5ORFhasbeenshownto encodeanuclearprotein
[23], but lacksfunctionalcharacterization.In contrastto theotherMCMV �� genes,��� does
not containanyintrons.Interestingly,all threeimmediateearlyTiSS(������, ��� and����
showidenticaltranscriptionkineticsthroughoutinfection(S4BFig).This includedanearly
peakat2hpi andalow at6 hpi followedbyacontinuous,PAA-sensitiverisein transcription
until latein infection(72hpi).

To identify distinct temporalclassesof lytic MCMV geneexpression,weperformedan
unsupervisedclusteringof the365uniqueviral TiSSaccordingto their temporalexpression
kineticsby`newRNA'.Wefound four distinctclusters(CL1-4)to providethemostconvincing
clusteringresults.Therespectiveclustersdifferedboth in theonsetof viral geneexpressionas
wellassubsequentriseor drop thereof(Fig 4D). CL1expressionpeakedat4 hpi followedby

Fig 4. dSLAM-seqrevealsdistinct corepromoter motifs associatedwith viral geneexpression kineticsandanovelviral �� gene(���). A. Depictionof core
promotermotifsof viral TiSSclusteredaccordingto their maximaltranscription rates(newRNA derivedfrom thedSLAM-seqdata)in threeequallysizedbins
(high,mid andlow).TheTATA boxandinitiator element(Inr) areshown.B. Ratioof newRNA levelsat4hpi with andwithout cycloheximide(CHX)
treatment(n = 1) areshownfor the365MCMV TiSS(greydots).This identifiedthreeimmediateearlyTiSS,namely������, ��� and��� (m166.5), highlighted
in coloreddots.C.Validationof them166.5RNA (���� asasofar unknownMCMV immediateearlygenebyqRT-PCR.qRT-PCRwasperformedon total
RNA isolatedfrom MCMV-i nfectedNIH-3T3 cellsharvestedat4hpi with andwithout CHX treatment.GAPDHwasusedasahousekeepinggeneandresults
wereplottedasfold changerelativeto MCMV infectionunderDMSOtreatmentfor threebiologicalreplicates.D. Graphicaldepictionof 4clusters(CL1-4)of
viral TiSSobtainedbyunsupervisedclusteringon newRNA derivedfrom thedSLAM-seqdata(relativeexpressionlevelsshown).Relativelevelswere
calculatedfor eachTiSSon thebasisof newRNA levelswhichwerenormalized(readspermillion) andscaledsuchthat themaximum acrossanygiventime
point is1.E.Graphical andsequencelogodepictionof corepromotermotifs identifiedfor CL1-4clustersthroughMEME motif analysis.Pleasenotethat the
TATA-/TATT-boxmotif in clusterCL3isshiftedby2nt to theleft comparedto clusterCL1.TBM: TATA-box like motif, Inr: Initiator element.

https://doi.org/10.1371/journal.ppat.1010992.g004
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strongdownregulationin transcriptionalactivitydespiteviral DNA replication.While expres-
sionof CL2geneswasreadilydetectableby4hpi, therebymarkingthemasearlygenes,their
expressionincreasedonly weaklyat latertimesof infection.In contrastto theviral IE andE
genes,viral L genesrequireviral DNA replicationaswellasthelateviral transcriptionfactor
complex(LTF) [41]. ThehighlyconservedCMV LTF iscomprisedof sixviral proteinsand
bindsto amodifiedTATA-box, i.e.,aTATT motif [10]. CanonicalTATA boxeswereahall-
markof CL1andCL2transcripts(Fig 4E).In contrast,promotersof CL3transcriptsharbored
TATT motifs.Interestingly,similar to our observationsfor HCMV [42], TATT motifswere
shiftedawayfrom theInr by2 bpcomparedto thecanonicalTATA boxesin CL1genes.The
CL3clustercomprisesthecanonicalMCMV lategenesthatcommonlyencodefor structural
virion components.Expressionof CL3TiSSgraduallyincreasedovertime,peakingat24hpi,
i.e.,slightlyaftertheinitiation of viral DNA replication,andcommonlyplateauedat latetimes
of infection(>36 hpi). Interestingly,CL4promotersdid not harboraTATT or TATA motif
andexpressionof CL4transcriptsboth rosesignificantlylaterthanof CL3andstill continued
to rise>36 hpi. However,CL4transcriptswerealsoexpressedat lowerlevelsthantranscripts
in CL3,possiblydueto theabsenceof TATA or TATT motifs.Thisraisedthequestionwhether
CL4transcriptsareindeedregulateddifferentlythanCL3transcriptsor whethertheir distinct
kineticsareonly observeddueto lowertranscriptionalactivity.To discernCL4asanindepen-
dentcluster,wesegregatedtranscriptsin theCL3andCL4clustersinto four quartilesaccord-
ing to levelsof TiSSexpressionusingour dSLAM-seqdata.CL3andCL4transcriptsexhibited
distinctkineticsfor all quartiles(S5AFig).Furthermore,eventheleaststronglyexpressed
genesin CL3wereassociatedwith adistinctlypositionedTATT motif, whileeventhemost
highlyexpressedCL4transcriptswerenot (S5BFig).This indicatedCL4to representasofar
unknownclassof viral transcriptsthatareexpressedwith delayedlatekineticsandwhose
expressionisdependenton viral DNA replicationbut not on theviral LTF.A list of all tran-
scriptswith their respectiveclustersandTBM arelistedin S4Table.

While our unsupervisedclusteringrevealedmajordifferencesin theoveralltemporal
expressionprofilesof viral TiSS,it did not considerwhenin infectiontherespectivetranscripts
werefirst transcribed.Accordingly,thethreeimmediateearlyTiSSwereplacedinto cluster
CL3dueto their steadyincreasein transcriptionafter6 hpi, whichresembledtheCL3profile,
althoughtheir first peakof expressionalreadyoccursat1±2hpi in contrastto 4hpi for CL1
andCL2.Furthermore,wenoticedthatTiSSin clusterCL2,whileshowinganoverallsimilar
expressionprofile alongthewholetime course,couldbesubdividedinto two distinct clusters
thatsignificantlydifferedin theonsetof transcription(2±4hpi vs.6±12hpi). Wethusintro-
ducedmanualcriteria thatspecificallyincludedinformation aboutthefirst time point whena
TiSSshowedexpression(seeMethods).Thisresultedin 6 classesof viral transcriptionkinetics
(TR0-5)(Figs5A andS6).ThethreeimmediateearlyTiSSwereplacedinto Tr0.While tran-
scriptionof TR1genes(n = 34)peakedat4 hpi andthendroppedbyat least2-fold throughout
infection,transcriptionof TR2genes(n = 55)beyond4 hpi did neitherdrop nor rise>2-fold
and>4-fold, respectively.In contrast,transcriptionof TR3TiSS(n = 13)wasonly weaklyif at
all detectableby6hpi. However,transcriptionthenrapidly increasedby12hpi but did not
increasemorethan2-fold thereafter.This is in starkcontrastto thecanonicalviral lategenes
of TR4(n = 97),whichgenerallyonly startedto besufficientlytranscribedby18±24hpi, i.e.,
wellaftertheonsetof viral DNA replication.Finally,TR5TiSS(n = 131)wereexpressedwith
delayedkineticsandshowedincreasingtranscriptionalactivityuntil verylatein infection(36±
72hpi). In total,9 and23TiSScouldeithernot beunambiguouslyor not atall classifiedinto
oneof the6TiSSclusters.

Attribution to TR1wascharacteristicfor thekeyviral immuneevasins,e.g.,m04,m06,
m152,m154andm155,whichneedto berapidlyexpresseduponvirusentry.In contrast,TR2
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kineticsweretypicallyobservedfor viral proteinsinvolvedin viral DNA replication,e.g.,M54,
M57,M70,M105andM114.While 2of the6viral LTFcomponents(M87andM91)classified
into TR3,threeothercomponents(M49,M79andM95)did not quitefulfill thecriteria for
TR3but showedextensivetranscriptionby12hpi similar to TR3kinetics.Only M92wasallo-
catedinto TR5but neverthelessalreadyshowedweakexpressionat theonsetof viral DNA rep-
lication (12hpi). Thepresenceof aTATT-motif shiftedby2 bpcomparedto thecanonical
TATA-motif of TR1geneswascharacteristicfor TR4genes(Fig 5B).Here,our morestringent
cut-offsremovedmanyof theCL3TiSS(39of 75)thatdid not harboranupstreamTATT-
motif. Our TRclassificationthussharpenedtherespectiveTiSSannotations.Manyof theTR5
genesremainpoorlystudied.However,TR5alsocomprisedconservedcytomegalovirusgenes

Fig 5. Transcription kineticsof viral TiSS.A. Graphicaldepictionof 6clusters(TR0-5)of viral TiSSobtainedby
manualclassification (for criteriaseeMethods)basedon newRNA derivedfrom thedSLAM-seqdata(relative
expressionlevelsshown)computedsimilarlyasin Fig4D.B. Graphical andsequencelogodepictionof corepromoter
motifs identifiedfor TR0-5clustersthroughMEME motif analysiscomputedasin Fig4E.Pleasenotethat theTATA-/
TATT-box motif in clusterTR4isshiftedby2nt to theleft comparedto clusterTR1.TheTR3clusterdid not enrich
for aspecificmotif, whichisat leastin partsdueto thesmallnumberof TiSS(n = 13)in thiscluster.TBM: TATA-
boxlike motif, Inr: Initiator element,NS:Not significant.

https://doi.org/10.1371/journal.ppat.1010992.g005
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includingM48,M50,M51,M75,M92,andM104.While further subclusteringof TR5TiSS
mayberequired,it is important to notethat the131TR5TiSSwerelargelydevoidof aTATT-
motif or TATA-motif in their respectivecorepromoters.Wethushypothesizethat transcrip-
tion initiation of TR5transcriptsdoesnot requiretheviral LTFbut ismerelydrivenby the
excessiveamountsof viral DNA at latestagesof infection.

In summary,our datarevealssixclassesof lytic MCMV transcriptionkinetics.Wedecided
to referto TR0as`immediateearly(��)', TR1as`early(��1)', TR2as`maintainedearly(��2)',
TR3as`delayedearly(��3)', TR4as`canonicallate(��1)' andTR5as`delayedlate(��2)'
transcripts.

To assesstheimpactof TATA andTATT motifson thekineticsandextentof viral gene
expression,weutilizedadualcolor reportervirus(MCMV_��m152-EGFP_SCP-IRES-
mCherry).ThisvirusexpresseseGFPinsteadof thecodingsequenceof them152earlygene
(TR1)andmCherryexpressedfrom aninternal-ribosomalentrysite(IRES)downstreamof
thelategenem48.2CDSencodingfor SCP(TR4).WemutatedtheTATA boxof them152
promoterto createaTATT motif. Upon infectionof NIH-3T3 cellswith thetwo virusesfor 6
to 72hours,weanalyzedeGFPandmCherryfluorescencebymicroscopy(Fig 6A) andflow
cytometry(Fig 6B).Consistentwith our dSLAM-seqdata,hardlyanymCherryexpressionwas
observedwithin thefirst 12h of infectionandsubsequentmCherryexpressionwassensitiveto
inhibition of viral DNA replicationbyPAA treatment.Interestingly,theTATA>TATT single
point mutationwassufficientto renderthem152promoterPAA-sensitiveandchangethe
temporalexpressionprofile towardslatekinetics.However,theTATA>TATT mutationonly
alteredthekineticsbut not themaximummeanfluorescenceintensity(MFI) of eGFPexpres-
sionthroughoutinfection.Furthermore,introduction of theTATT-motif did not abrogate
m152promoteractivityearlyin infectionandonly reducedtotaleGFPexpressionlevelsdur-
ing thefirst 12h of infectionby �2-fold indicatingpromiscuousbinding of thecellularTATA
binding protein to theartificially generatedTATT sequence.Thus,while theTATT-motif
definessensitivityof apromoterto viral DNA replication,otherpromotermotifsor features
defineviral promoteractivityduring theearlyphaseof infection.

Decodingthe MCMV translatome
To decodetheMCMV translatome,weemployedribosomeprofiling (Ribo-seq)alongwith
translationstartsite(TaSS)profiling [43] acrossatime courseof MCMV-infectedNIH-3T3
cells(Fig 1).Weidentifiedandannotatedatotalof 454MCMV ORFsincluding232small
ORFs(S5Table).SmallORFsincludedshortnovelORFs(e.g.,sORFs),somepreviouslystud-
iedORFs(e.g.,m41.1ORF,whosenameswereunalteredfor consistency)aswellassomeN-
terminal truncations<100 aain length(annotatedas`#1',̀ #2',.. .). Usingtheannotation
describedbyRawlinson�� �	. [22] asreference,weconfirmed150out of the170predicted
CDS(Fig 7A). PutativeCDSwith no signsof translationareincludedin S6Table.Interest-
ingly,mostof thepredictedCDSthatwewereunableto detectwerelow-scoringpredictionsas
perpreviouslydescribedcriteriaandno correspondingTiSScouldbeidentified.Theabsence
of correspondingtranscriptsin MCMV infectionof fibroblastsexplainstheabsenceof detect-
ablelevelsof translation.Astherespectivetranscriptsmaybeexpressedin othercelltypesor
conditions,weneverthelessmaintainedtheseCDSin our newgenomeannotationbut labelled
themas`orphan;not expressed'.Additionally,wedetected11previouslyvalidatedORFs,
annotatedasORFs(S7Table).Overall,weidentified170previouslyannotatedORFs(CDS),
68ORFscomprisingnovelORFswhich included11ORFsvalidatedin severalstudies(S7
Table),108shortORFs,73uORFs,15uoORFs,19uORFsand1 dORF(Fig 7B),accounting
for atotalof 232smallORFs(<100 aain length)and222largeORFs(>100aain length).N-

PLOS PATHOGENS Decoding MCMV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010992 May 12, 2023 11 / 32



terminal truncatedor extendedproductswereobservedfor all of theabovementionedclasses
of viral openreadingframes.It is important to notethatsomeof thepreviouslyidentified
ORFs(S7Table),e.g.,m41.1,are<100 aain sizeandthusrepresentsORFs,but their names
wereunalteredfor consistencywith previousstudies.

Specificviral transcriptsinitiating lessthan500nt upstreamof therespectiveORFs
explainedtranslationof 366of the454MCMV ORFs.Only for 88viral ORFs(66of 232small
ORFs)no TiSScouldbeidentifiedwithin theupstream500nt. Thesewerelabeledas`orphan'
in our final annotation.Themajority (50of 57,88%)of novellargeviral ORFsinitiated at
canonicalAUG startcodons.AlternativestartcodonsincludedACG(1 ORFs/9sORFs),GUG
(1 ORFs/4sORFs)andCUG(5 ORFs/10smallORFs),with 12%of novellargeORFs(Fig 7C)
and12%of novelsmallORFs(Fig 7D) initiating atnon-canonicalcodons.Mostof the27
NTTsand10NTEsidentifiedbyour pipelineresultedfrom alternativeTiSSusage.Consistent
with therulesappliedfor CDSidentificationbyRawlinson�� �	. [22], all NTTsinitiated from
AUG startcodonswhereasNTEspredominantlyinitiated atnon-canonicalstartcodons,as
thesehadpreviouslynot beenconsidered(Fig 7Eand7F).Assuch,weidentifiedanN-termi-
nal truncationin the��� locus,i.e.,m128CDS#1RNA #1expressedfrom anovel��1 transcript
(m128RNA #1),whichconfirmspreviousobservationsof amodifiedIE2proteinof 41kDa
[44]. (S7AandS7BFig)

Characterizationof apreviouslyunknown N-terminally truncatedORFin
the m145locus
WeidentifiedapreviouslyunknownNTT of them145CDS,whichwetermedm145ORF#1.
ThisORFisexpressedfrom adistinct transcript(m145RNA #1)at5-foldhigherlevelsthan

Fig 6. ConvertingaTATA box to aTATT box is sufficient to alter viral geneexpressionkinetics.A. NIH-3T3 cellswereinfectedwith atwo-colorMCMV
reportervirus(MCMV_TATA-��m152-eGFP_SCP-IRES-mCherry) andtheTATA>T ATT mutantthereof(MCMV_TATT-��m152-eGFP_SCP-IRES-
mCherry)atanMOI of 5 for theindicatedtime pointswith andwithout PAA treatment.mCherry andeGFPexpressionwereanalyzedthroughfluorescence
microscopy. Representativeimagesof threebiologicalreplicates(n = 3) areshown.B. CellswerefixedandeGFPandmCherrylevelswereanalyzed
quantitatively throughflow cytometryandmeanfluorescent intensity(MFI) valueswereplottedfor threebiologicalreplicates(n = 3) alongwith standard
deviation(S.D.)with andwithout PAA pre-treatment.

https://doi.org/10.1371/journal.ppat.1010992.g006
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thecanonicalm145CDS,andlacksthefirst 340aaof the487aam145CDS(Fig 8A). Thegly-
coproteinencodedby them145CDSinterfereswith NK-cellactivationbydownregulatingthe
stress-inducedNK cell-activatingligand,MULT-I, predominantlyin endothelialcells[45].
Consideringtheimmunologicalsignificanceof this locus,wesoughtto validatetheN-termi-
nally truncatedORF,m145ORF#1andassessits role in theregulationof MULT-I. After first
validatingthem145proteinsthroughplasmidexpressionsystems(S8AFig) usingV5-tagged
ORFs,wegeneratedaC-terminallyV5-taggedm145CDSmutantvirus(m145-V5)andana-
lyzedexpressionin NIH-3T3 andSVEC4±10endothelialcellsbyWesternblot (S8BFig).This
revealedexpressionof 4 differentprotein isoformsatca.70,35,20and13kDa.While the70
kDaisoformrepresentsm145CDS,the20kDaisoformconstitutesthem145ORF#1ascon-
firmed uponectopicexpression(S8AFig). It is important to notethat thecanonicalm145
CDSencodesatypeI membraneprotein (55kDa),whichcontainsadistinctsignalpeptide
andispredictedto undergoN-linked glycosylation[45], therebyexplainingthe70kDagene
product.Wecreatedapanelof virusmutants(Fig 8B) to validatetheexpressionof thefour
m145geneproductsin SVEC4±10cellsandcharacterizetherespectiveisoforms.Mutation of
theTATA boxof them145RNA #1promoter(��m145TATA RNA #1)adverselyimpactedthe
expressionof all threesmallm145isoforms(35kDa,20kDaand13kDa),but not the70kDa
isoform(Fig 8C).On thecontrary,the70kDaisoformwasselectivelyeliminatedwhena
STOPcodonwasinserted40aadownstreamof its AUG (��m145CDS)to terminatem145
CDSwhileavoidingreinitiation atalternativeAUGsupstream(Fig 8C).Finally,mutatingthe
m145ORF#1AUG startcodonabrogatedboth the35and20kDabut not the13kDaisoform

Fig 7. TheMCMV translatome.A. Venndiagramdepictingthenumberof MCMV ORFsin our revisedMCMV genomeannotation asdetectedbyribosome
profiling comparedto theRawlinson�� �	. referenceannotation [13]. B. Totalnumberof viral ORFsannotatedbyribosomeprofiling groupedinto CDS
(Rawlinsonreferenceannotation),largeORFs,shortORFs(sORFs),upstreamORFs(uORFs),upstreamoverlapping ORFs(uoORFs),iORFs(internalORFs)
anddownstreamORFs(dORFs).N-terminal extensions(NTEs)or truncations(NTTs)mayspananyof thesedefinedgroupsof ORFs.C-F.Startcodonusage
for annotatednovellargeORFs,smallORFs,NTEsandNTTs,respectively.ORFsin graydepictorphanORFs,for whichno TiSScouldbeidentified.Each
graphdepictsthenumberof ORFson they-axisandthestartcodonusageon thex-axis.

https://doi.org/10.1371/journal.ppat.1010992.g007
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(S8CFig).Weconcludethat the35kDaand20kDarepresentpost-translationallymodified
isoformsof m145ORF#1,while the13kDageneproductresultsfrom inefficientribosome
scanningon them145RNA #1andtranslationinitiation at thenextAUG startcodonlocated
84nt downstream.Wethusannotatedthe13kDaisoformasanindependentsmallORFand
namedit m145ORF#2RNA #1(= m145ORF#1translatedfrom RNA #1).

Fig 8. Characterization of N-terminally truncatedORFsin the m145locus.A. ORFsandtranscriptsexpressedfrom them145locus.This includesthesofar
unknownm145ORF#1and#2expressedfrom m145RNA #1.Coordinatesfor theTiSSandORFstartcodonareshownfor eachtranscriptandORF.dSLAM-
seqdataareshownin linearscale,Ribo-seqdatain logarithmic scale.Aggregatedreadsacrossall time pointsmappingto them145locusareshown.B.
Schematicrepresentation of theMCMV mutantsgeneratedto characterizenovelviral geneproductsencodedby them145locus.Mutant viruseswere
generatedbasedon areporterviruswith aV5-taginsertedat theC-terminusof thecanonicalm145CDS.Thevirusesweregeneratedby �� ������� BAC
mutagenesisasdescribedin methodson thisbackbone.The��m145CDSharboredaSTOPcodonat the40th codonto skipadditionalAUGsdownstream of the
m145CDSsignalpeptidewhichmayhaveresultedin additionalproducts,hinderingaccurateanalysisof thelocus.The��m145TATA RNA #1mutant
includedamutation in theTATA boxof therespectivetranscriptto abrogategeneexpressiondownstreamwhilethe��m145ORF#1mut mutantwascreated
bymutatingthestartcodonof m145ORF#1.The��m145virusisapreviouslycreatedviruswheretheentirem145locus(i.e.m145CDS)wasreplacedbya
kanamycin cassette.C.SVEC4±10murineendothelial cellswereinfectedwith theindicatedvirusesatanMOI of 1 for 24and48h.V5-taggedm145gene
productswerecharacterizedbyWesternblot.ParentalWT MCMV infection wasusedasnegativecontrol.D. SVEC4±10cellswereinfectedfor 48h with the
m145-V5virusatanMOI of 1.Cellswereharvestedandtreatedwith or without EndoHf (E)or O-glycosidase(O) to qualitativelyanalyzeglycosylation patterns
of m145geneproductsviaWesternblot.Them145CDSgeneproductof 70kDashiftedto 55kDauponEndoHf treatmentjustifyingits actualpredicted
weight.E.SVEC4±10cellswereinfectedwith m145virusmutantsatanMOI of 1 for 18h andstainedwith rat anti-MULT-I andmouseanti-m04antibodies
followingcellsurfaceMULT-I analysisthroughflow cytometrybygatingon infectedcells(m04+).Anti-rat andanti-mouseisotypeantibodieswereutilizedas
negativecontrols.Westernblotsandflow cytometryhistogramsarearepresentativefor two (n = 2) andthreebiologicalreplicates(n = 3),respectively.

https://doi.org/10.1371/journal.ppat.1010992.g008
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Next,weaskedwhetherthedifferentisoformstranslatedfrom m145RNA #1represented
glycosylatedisoformsof m145RNA #1or novelgeneproductsarisingfrom thetranscript.We
first analyzedglycosylationpatternsof therespectiveproteinsthroughenzymatictreatment
with EndoHf andO-glycosidase.Thisconfirmedtheglycosylatedmodificationof the20kDa
N- and35kDaO-linked isoforms.Theformerproteinappearedat16kDauponEndoHf treat-
ment,justifyingthepredictedmolecularweightof m145ORF#1whilethelatterbanddisap-
peareduponO-glycosidasetreatment(Fig 8D). Interestingly,no O-linkedglycosylatedform
of thelargerproteinencodedbym145CDSwasobserved.Wehypothesizethat its signalpep-
tidemarkstheprotein to exclusivelyundergoN-linked glycosylation.In contrast,the13kDa
geneproductremainedunaffectedbyglycosidasetreatment.Thesefindingsconfirm theexis-
tenceof anadditionaltruncatedviral protein(m145ORF#2)resultingfrom inefficienttransla-
tion initiation at them145ORF#1AUGsupstream.It is important to notethat theexpression
of othertruncatedviral proteinsmaythushavebeenmissedbyour Ribo-seqdata.

To clarifywhichof them145ORFsis responsiblefor downregulationof MULT-I, weana-
lyzedcellsurfaceexpressionof MULT-I throughflow cytometryuponinfectionwith the
respectivemutantviruses.The��m145ORF#1-V5mutantdownregulatedMULT-I similar to
WT MCMV, indicatingthatbothm145ORF#1(despitebeingexpressedathigherlevelsthan
m145CDS)andm145ORF#2werenot responsiblefor downregulatingcellsurfaceMULT-I
andthephenotypewasfully attributedto thelongerisoform,namelythem145CDS(Fig 8E).
Our dataalsoconfirmedtheimportanceof alternativeTiSSusagein governingtheexpression
of MCMV protein isoforms[27].

Viral uORFstune viral geneexpression
A substantialnumberof thenovelviral ORFsthatweidentifiedrepresentuORFs,whichare
locatedcompletelyupstreamof acanonicalORF,anduoORFs,whichstartupstreamandover-
lapwith thecanonicalORF.Sincetranslationof u(o)ORFsimpactson translationof their
downstreamORFs[46,47],weaimedto confirm this for selectedMCMV u(o)ORFsusingdual
luciferasereporterassays.Weclonedfour candidateu(o)ORFsinto thepsiCheck-2vector[48]
upstreamof firefly luciferase.Wethenmutatedtheir AUG startcodon(s)to abrogatetransla-
tional regulationon thedownstreamout-of-framefirefly luciferase.This fully relievedtransla-
tional repressionon thedownstreamfirefly 	�
 geneconfirming translationof them169uORF
(MATp1) [28], m119.3uORFalongwith uoORFsin theM35andM48 locus(Fig 9A-9D).
Interestingly,for both them169andm119.3uORF,disruptionof thefirst AUG wasnot suffi-
cientto fully abrogatetheir inhibitory potential.However,subsequentmutationof down-
streamin- andout-of-frameAUG startcodonsconsistentlyincreaseddownstreamluciferase
expression.Only whenall AUGs(up to 6 for m169uORF)hadbeenmutated,theobservedres-
cuein luciferaseactivitymatchedtheexpressiondifferencesbetweentherespectiveu(o)ORFs
andtheir largerdownstreamcounterpartsobservedby ribosomeprofiling. Weconfirm trans-
lation of severalviral u(o)ORFs,whichmayserveto regulatedownstreamORFsand/orexpress
functionalviral microproteins.Futurestudiesshouldbeperformedto assesstheregulatory
andfunctionalroleof viral u(o)ORFs�� ����� and�� ����.

Reannotationof the MCMV genome
ThenovelMCMV transcriptsandORFsidentifiedbyour approachgeneratedtheneedfor a
revisedannotationof theMCMV genome.WeusedtheMCMV annotationprovidedbyRaw-
linson�� �	. [22] with its 170viral ORFsasour referenceannotationfor theBAC-derived
pSM3frMCMV genomesequence[49] curatedbyour sequencingdata.Thesequencewascor-
rectedbyeliminatingtheBACsequenceaswellascorrectionsfrom Table2 in [49] whichwere
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not correctlyincorporatedpreviouslyin KY348373.Thenewannotatedreferences(gb.)with
andwithout theBACsequenceareuploadedasS2andS3Filesrespectively.All referenceORF
namesweremaintainedaccordinglyandnamedas`CDS'(codingsequences)to distinguish
thesefrom novelviral `ORFs'.Any viral ORFsthathadpreviouslybeenrevisedwith minor
changeswerelabelledas`corrected'(S8Table).Weemployedthesamenomenclaturestrategy
asfor theHSV-1annotationto annotatenovelMCMV transcriptsandORFswithout altering
theexistingnomenclature[17]. Briefly,transcriptioninitiating �500 nt distantfrom another
transcriptwasgivenanewidentifier,startingwith `.5'to provideroom for futureadditional
ORFsin caseanyTiSSor ORFshadbeenmissed.Transcriptsarisingfrom alternativeTiSS
locatedwithin <500 nt upstreamor downstreamof themain (canonical)transcriptin agiven
locuswerelabelledas`��1',̀ ��2',.. . and`#1',̀ #2',.. ., respectively.All largenovelORFswere
annotatedas`ORFs'.SmallORFswereannotatedas`uORF',̀ uoORF',̀ iORF',̀ dORF'or
`sORF'dependingon their relativelocationto their respectiveCDSor ORFs.NTEsandNTTs
of ORFswereannotatedwith `��'and`#'respectively.An RNA identifier wasusedto explain
ORFsthatcouldbeattributedto alternativeTiSS.Forexample,M25CDS#1RNA #1indicates
atruncatedORF(NTT) in theM25 locustranslatedfrom analternativeTiSS,namelyM25
RNA #1,which initiatesdownstreamof thecanonicalM25RNA (Fig 2A). Alternativespliced
productswerelabelledasORFisoforms(`Iso1',̀ Iso2',.. .). ORFsfor whichno TiSScouldbe
detectedwerelabelledas`orphan'.Similarly,transcriptsfor whichno ORFwasidentifiedas
expressedwithin thefirst 500nt werelabelledas`orphan'.In total,our final referenceannota-
tion includes66weaklyexpressed̀orphan'viral RNAsand88`orphan'viral ORFs.Reference
CDS,whichwereundetectedin our data(andusuallylackedacorrespondingtranscript),were
labelledas`orphan;not expressed'but wereneverthelessincludedinto thefinal annotation.
Thefully reannotatedMCMV genomewith andwithout thecorrespondingBACweredepos-
ited to theNCBI GenBankThird PartyAnnotationdatabase.

Fig 9. MCMV uORFs/uoORFstune viral geneexpression. Ribo-seqdata(aggregated readsin logarithmic scale)of therespectiveviral genomicloci andtheir
validationbydualluciferaseassaysareshownfor m169uORF(A), m119.3uORF(B), M35uoORF(C) andM48uoORF(D). Thenumberof AUG codonsfor
therespectiveviral u(o)ORFsareindicated.Coordinatesrepresentthestartcodonsof theu(o)ORFsandORFs.BothORFsandu(o)ORFswereannotated based
on translationalstartsiteprofiling data,includingHarringtonineandLactimidomycin pre-treatedsamplesandPRICEanalysis.Manualcurationassessedthe
presenceof upstreamTiSS,startcodonusageandpresenceof STOPcodonsto identify relevantORFs.psiCheck-2reporterplasmidsharboredtheindicated
MCMV u(o)ORFs(WT) andAUG startcodonmutantsthereof(Mut) upstreamof �����	��	�
 reportergene.Luciferaseassaydataat48hposttransfection are
shownasmeanRLU(Firefly/Renilla ratio) of threebiologicalreplicates(n = 3) plottedalongwith thestandarderror (S.E.M.).

https://doi.org/10.1371/journal.ppat.1010992.g009
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In summary,promiscuoustranscriptioninitiation within theMCMV genome,novelsplice
isoformsandtranslationof uORFsanduoORFsupstreamof majorviral CDS/ORFsexplained
thenovelviral geneproductsidentifiedbyour integrativemulti-omicsapproach.

Discussion
Our studyprovidesastate-of-the-artannotationof theMCMV genomeby integrativeanalyses
of avarietyof high-throughputsequencingapproachesto revealthehierarchicalorganization
of theentireMCMV transcriptomeandtranslatomeatsingle-nucleotideresolution.While
severalstudieshavedescribednovelORFsandtranscriptsin previouslyunannotatedregions,
our integrativereannotationof theMCMV genomeprovidesaunifying nomenclaturefor all
MCMV geneproducts.Aspreviouslyobservedfor HSV-1,simplepeakcallingbasedon our
dSLAM-seqandcRNA-seqdatawouldhaveresultedin theidentificationof hundredsof addi-
tional putativeTiSS.While our annotationclearlyrepresentsaconservativeapproach,we
restrictedthefinal TiSSto 365reproducibleTiSSby integrativeanalysisof dSLAM-seq,cRNA-
seqand4sU-seqdata.Carefulmanualinspectionof all TiSScandidatesin relationto theavail-
ableRibo-seqdatafurther increasedthereliability of thefinal TiSSthatwereincludedinto the
newreferenceannotation.Thevalidity of thisapproachwasconfirmedby thestrongoverrep-
resentationof Inr elementsat theviral TiSSevenfor themostweaklyutilizedTiSS.This iscon-
sistentwith previousfindingsfor HSV-1andsupportstheaccuracyof our annotation
workflow [17]. Thevastmajority of TiSSwererequiredto explaintheexpressionof novel
uORFs,uoORFs,iORFsandspliceisoforms,andvalidatednovelNTEsandNTTsrevealedby
ribosomeprofiling. Accordingly,only 66TiSS(of 380,17.37%)werelabelledasorphanwhile
88ORFs(of 454,19.38%)couldnot beattributedto aviral transcriptinitiating within 500nt
upstream.Mostof theseTiSS(46of 66;70%)representedTR5(��2)TiSSindicatingthat trans-
lation of thecorrespondingORFsor sORFstheyencodemight only havebecomedetectableat
>48 hpi byRibo-seqandwasmissedbyour Ribo-seqanalysis.

Weobservedastriking number(n = 366)of putativesplicingeventsin theMCMV tran-
scriptome.However,themajority of theseonly occurredat low frequencies.Wethusdecided
to includeonly aconservative28splicingeventsinto our newreferenceannotation.

Interestingly,dSLAM-seqcombinedwith 4h of cycloheximidetreatmentrevealedanovel
unspliced�� gene,namelym166.5RNA (���), whichwesubsequentlyconfirmedbyqRT-PCR.
Thefunction of ie4remainsunclearanddeservesfurther studies.Theexpressionof all three��
TiSS(ie1/ie3,ie2andm166.5)wasenhanced>300-fold uponinhibition of proteinsynthesis
consistentwith alackof self-inhibitionuponCHX treatment.After afirst peakof transcription
at1±2hpi, their expressionalreadystartedto riseagainat6 hpi andthencontinuedto rise
until verylatein infection.This increasewasabolisheduponPAA treatment.

Clusteringtranscriptsby `newRNA' throughdSLAM-seqrevealedfour distinctclusters
describingthekineticsof viral geneexpression(CL1-CL4).Inspectionof individual TiSS
assignedto all clustersindicatedthatour unsupervisedclusteringwaspredominantlybasedon
theoveralltemporalexpressionprofileswhile thefirst onsetof expressiononly playedaminor
role for clustering.Thus,wedefinedmanualclassificationcriteriathatwerebasedon theCL
clusteringbut moreaccuratelydefinedthetranscriptionkineticsof theviral TiSS,alsotaking
into accounttheonsetandfirst peakof expression.Thisresultedin 6 distinct transcription
kinetics(TR0-5),whichwereferto asimmediateearly(�� = TR0),early(��1 = TR1),maintained
early(��2 = TR2),delayedearly(��3 = TR3),canonicallate(��1= TR4)anddelayedlate
(��2= TR5).However,wewould like to point out thatmanyviral genescomprise>1 viral
TiSS.Theexpressionkineticsof therespectiveproteinsthusreflectsthecompositeregulation
of the6 TRkineticsasexemplifiedby the��� locus(S7Fig).
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In contrastto theTR2(��2) TiSS,whicharecharacteristicfor manyviral genesinvolvedin
viral DNA replication,5 of the6 LTFcomponentsshowedexpressionkineticseitherbelonging
to or consistentwith TR3(��3) kinetics.TR1(��1) andTR4(��1)promoterswereassociatedwith
distinctTATA- andTATT-box elements,respectively,thusexplainingtheexpressionof early
andlategenesasshownfor variousherpesviruses.Similarto HCMV [42], theTATT-motif in
TR4(��1)promotersthat is recognizedby theviral LTFcomplextendedto belocatedbyabout
2nt further upstreamof theTiSSin comparisonto thecanonicalTATA-box motif in thepro-
motersof TR1andcellulargenes.BymutatingtheTATA boxof anearly(��1) gene,m152,to a
TATT motif, wedemonstratethatviral latekineticsandPAA-dependencearemediatedby the
TATT motif andthustheviral LTFcomplex.However,mutationof aTATA- to aTATT-motif
hadlittle impacton theabsolutetranscriptionaloutputanddid not qualitativelyaffecttran-
scriptionalactivityof them152promoterearlyin infection.It is important to notethatwe
only introducedasingleA-to-T mutationbut did not shift theTATT-box awayfrom them152
Inr elementby2nt astypicallyobservedfor TR4(��1)genes.Thismayexplainresidualm152
earlyexpressionof theTATT mutant.However,otherfactors,whichincludecellulartranscrip-
tion factorsactivatedearlyin infection,mayalsocontributeto m152earlygeneexpression.

Thedelayedkineticsof clusterTR5(��2)andtheabsenceof aTATT-box elementweresur-
prising.Therespectivetranscriptscameup significantlylaterin infectionthanclusterTR4
(��1)andcommonlycontinuedto riseuntil 72hpi. Their expressionis thusunlikely to be
dependenton theTATT-specificviral LTF.Wehypothesizethat transcriptioninitiation of
TR5(��2) transcriptsisdrivenbyweaktranscriptioninitiation mediatedsolelyby theInr ele-
mentin thecontextof extensiveamountsof viral DNA latein infection.While experimental
proof will requirestudiesusingLTF-deficientMCMV mutants,our findingsindicatethat the
viral LTFbecomesratelimiting latein infectionandthatTR5(��2)TiSSrepresentLTF-inde-
pendenttranscriptionatverylatestagesof infection.

Recently,thePricelabreportedon theidentificationof �7,500 transcriptionstartsite
regions(TSRs)in theHCMV genomeduring lytic infectionof fibroblasts,whichcorresponds,
on average,to aTSRevery65nt, usingPRO-seqandPRO-cap[50]. Thesewerecorroborated
byadditionalstudiesfrom thesamelabattributing their expressionkineticsat leastin partsto
theviral IE2proteinandLTF[10,51].While our TiSSprofiling datado not excludethepres-
enceof amuchlargersetof TSRsfor MCMV, theTiSSweidentified(�) correspondto stable
RNAsand(��) aresufficientto explainthe(near)completeMCMV translatomeidentifiedby
ribosomeprofiling. Importantly, thepresenceof thousandsof additionalstableviral tran-
scriptsshouldhaveresultedin translationinitiation athundredsof additionalAUGsandthus
viral (s)ORFsobservablebyRibo-seq.Weconcludethat thenumberof stableMCMV tran-
scriptsthatareactivelytranslatedisunlikely to exceedour annotationbyanorderof magni-
tude.Importantly, thePROseq/PROcapapproachnot only detectsstabletranscriptsbut also
transcriptionof highlyunstabletranscriptsincludingpromoter-andenhancer-derivedRNAs.
Interestingly,dSLAM-seqandSTRIPE-seqanalysison HCMV-infectedfibroblasts,which
bothonly detectstabletranscripts,only confirmed�1,700 of the>7,000TSRsbut indicated
extensivenon-productive(pervasive)transcriptionof theHCMV genome[42]. Our datafor
MCMV areconsistentwith our findingsfor HCMV showingthatalargefractionof the
>7,000TSRsreportedfor HCMV presumablydo not correspondto stableviral transcripts.It
will beinterestingto studywhethertranscriptioninitiation isaspromiscuousin lytic MCMV
infectionasobservedfor HCMV.

Our TiSSprofiling dataprovidestrongadditionalevidencefor thenewlyidentifiedORFs
andsmallORFsdetectedbyRibo-seq.In thevastmajority of cases,therespectivenovelORFs
initiate from thefirst AUG downstreamof therespectiveTiSS.An excellentexampleof this is
m145ORF#1.It is translatedfrom asofar unknownviral transcript(m145RNA #1)that
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initiatesin themiddleof them145CDS.However,aswedemonstratedfor the13kDam145
ORF#2,inefficientribosomalscanningof m145RNA #1alsoexplainstranslationinitiation at
thenextdownstreamAUG resultingin theexpressionof this truncatedprotein isoform.
Althoughthelessabundantlyexpressedm145CDSwasresponsiblefor thepublishedeffects
on MULT-I [45], our findingsconfirm expressionof at leasttwo additionalviral proteins
(m145ORF#1and#2)andimplicatedifferentiallyglycosylatedgeneproductsexpressedfrom
them145locus.While wewereabit surprisedto seethat thelessprominentlyexpressedm145
CDSaccountedfor thereportedregulationof MULT-I, highexpressionof m145ORF#1may
wellhaveconfoundedtheinterpretationsof previous�� ���� experiments[52]. Furtherstudies
arerequiredto functionallycharacterizetheroleof theadditionalproteinsexpressedfrom the
m145locus.

Similarto HCMV [16], 227of 284novelMCMV ORFs(80%)were<100 aain size,asub-
stantialfractionof whichrepresenteduORFsor uoORFs.Their cellularcounterpartshave
beenimplicatedto control geneexpressionof their downstreamORFsat thetranslationallevel
[46,47].Byidentifyingboth theu(o)ORFsandtheir correspondingTiSS,our datawill now
enablefunctionalstudiespertainingto u(o)ORF-mediatedgeneregulationin CMV infection.
However,smallMCMV ORFsmayneverthelessencodefor abundantmicroproteinswith
important functions.Thepotentialof suchnovelsORF-encodedviral microproteinsfor pro-
ductiveinfectionwasrecentlydemonstratedfor them169uORFencodinganNK cellimmune
evasin[28] andthem41.1geneproduct[53] thatblocksmitochondrialapoptosis.Massspec-
trometryandstructuralbiologydatashouldthusbereanalyzedto look for novelCMV micro-
proteinsin all 6 frames.ForHCMV, sucha6-frameanalysisof wholeproteomemass
spectrometrydatahasalreadybeenperformed[20]. Finally,smallORFshavealsobeenimpli-
catedto generateantigenicpeptides,resemblingrapidlygeneratedDRiP-derivedpeptides
[54]. Suchpeptidesgeneratedfrom microproteinsmayform amajorcomponentof theanti-
genicrepertoire[43,54,55],playingarole in variousdiseases[21]. Our revisedannotationof
theMCMV genomenowenablesto assesstheir role in antigenpresentationandimmuneeva-
sionin theMCMV model.

Materials and methods

Cell culture, virusesand infection
NIH-3T3 (ATCC CRL-1658)Swissmouseembryonicfibroblastsweregrownin DMEM (Dul-
becco'sModified Eagle'sMedium) supplementedwith 100IU/mL penicillin (pen),100�g/mL
streptomycin(strep)and10%NCS(New-borncalfserum).M2-10B4(ATCC CRL-1972)
fibroblastsweregrownin RPMI-1640(RoswellParkMemorial InstituteMedium) supple-
mentedwith 100IU/mL pen,100�g/mL strepand10%FCS(Fetalcalfserum).293T(ATCC
CRL-3216)humanembryonickidney(HEK) epithelialcellsandSVEC4±10mouseendothe-
lial cells(ATCC CRL-2181)weregrownin DMEM supplementedwith 100IU/mL pen,
100�g/mL strepand10%FCS.All cellsweregrownin 5%CO2 at37ÊC.All virusesweregener-
atedby infectingM2-10B4cellsaftervirusreconstitution.BAC-derivedMCMV Smithstrain
wasutilizedfor all sequencingexperiments[49]. Infectedcellsandsupernatantswerehar-
vestedafter>90%infectionfor viruspurification andtitration of virusstockswasconducted
bystandardplaqueassayson NIH-3T3 cells[3]. The��m145virushasbeenpublishedprevi-
ously[52]. Infectionswereconductedusingcentrifugalenhancementat800gfor 30min in
6-wellplatesfollowedby incubationat37ÊCin 5%CO2 for 30min. Mediachangefollowing
incubationmarkedthe0-hour time point of infection.An MOI of 10wasusedfor all high-
throughputexperiments.
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Virus mutagenesisandreconstitution
TheMCMV Smithstrainbacterialartificial chromosome(BAC) in GS1783�. 
�	� [49] was
usedto constructMCMV virusmutantsusing�� ������� mutagenesis[56], asdescribedprevi-
ously.Selectedcloneswereverifiedby restrictionenzymedigestionandSangersequencingof
therespectivelocus.BACDNA waspurified usingtheNucleoBondBAC100kit (Macherey-
Nagel#740579)andweretransfectedinto earlypassageNIH-3T3 cellsin 6 wellplatesusing
TransIT-X2dynamicdeliverytransfectionsystem(Mirus). Virusesfrom cellculturesuperna-
tantswerepassagedon M2-10B4cellsfollowedbyviruspurificationandtitration [3]. All prim-
ersalongwith cloningstrategiesutilizedaredescribedin S9Table.Briefly,m145virus
mutantsweregeneratedasfollows.PCRproductsharboringmutationsandhomologiesto
adjacentMCMV sequencesfor eachof themutantsweregeneratedfrom their respectiveprim-
erslistedin S9Tablefor BACcloning.The��m145CDSmutantPCRproductharboreda
STOPcodonmutation(CAC>UGA) at the40th codonof m145CDS.The��m145TATA RNA
#1mutantwasdevelopedbymutatingtheTATA box(TATATATAT>TATCTACAT ) of
m145RNA #1andthe��m145ORF#1mut wasdevelopedbymutatingthestartcodonof
m145ORF#1(AUG>AUA). TheMCMV_TATA-��m152-eGFP_SCP-IRES-mCherryvirus
wasgeneratedasdescribedin S9Tablewhichwasusedasabackbonefor generatingthe
MCMV_TATT-��m152-eGFP_SCP-IRES-mCherryviruswherethePCRproductfor BAC
mutagenesisharboredaTATAAAAA>TAT TAAAA mutation.

RT-qPCRanalysis
Wild-typeMCMV infectionswereperformedasdescribedfor dSLAM-seqin 12-wellplates
usingcentrifugalenhancementat800g/30minutes.Cycloheximide(50�g/mL) treatmentwas
performedat0hpi.DMSOwasusedasmocktreatment.Sampleswereharvestedat4hpi,fol-
lowedbyRNA extractionusingtheZymoQuick Microprepkit includinganadditionalgDNA
digestionstepusingTURBODNAse(Life technologies).300±400ngRNA wasusedto prepare
cDNA utilizing theBimake5XqRTAll-in-one- cDNA synthesismix. A 1:5dilution of the
obtainedcDNA wassubjectto 2-stepqPCRusingtheSYBRgreenqPCRMasterMix(2X) by
MedChemExpressasdescribedby themanufacturer.qPCRwasperformedon theRoche
LightCycler1 96.EachqPCRincludedtwo technicalreplicatespergene.Theobtaineddata
wereanalyzedbyddCtanalysisfor threebiologicalreplicates.MeanandSEMwereplotted
usingGraphpadPrism.Primersusedarelistedin S9Table.

Plasmidsand transfection
ThepsiCheck-2vectorwasutilizedfor validatinguORFs/uoORFsbydualluciferaseassays
[48]. All uORF/uoORFconstructswerepurchasedasgeneblockfragmentsfrom Integrated
DNA Technologies(IDT) bearinghomologiesto psiCheck-2BstBIandApaI sites.Cloning
wasperformedusingtheIn-fusion HD CloningPluskit (TakaraBio) aspermanufacturer's
instructions,followedby transformationin Stellarcompetentcells(TakaraBio).uORF/
uoORFstartcodonmutantsweregeneratedbydouble-fragmentinfusioncloningusingtwo
PCRproductsbearinghomologousendscontainingmutations.MCMV m145ORFswere
clonedinto pCREL-IRES-Neonexpressionplasmidswith aC-terminalV5-tagbetweenSpe-I
andCla-I restrictionsitesusinginfusioncloning.All plasmidsweresequencedandpurified
usingthePureYieldPromegaMidiprep system.For luciferaseassays,plasmidsweretrans-
fectedin NIH-3T3 cellsin a96-wellplateusingLipofectamine3000(Invitrogen).Luciferase
readingsweremeasured48hours'post-transfectionusingtheDual-GloLuciferaseassaysys-
tem(Promega),aspermanufacturer'sinstructionsusingtheCentroXS3 LB960system(Bert-
hold Technologies).ForWesternblot,6-wellplatesseededwith HEK293Tcellswere
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transfectedwith them145-expressingplasmidsusingTransIT-X2dynamicdeliverytransfec-
tion system(Mirus) andcellswereharvestedat48hours'posttransfection.All primersand
syntheticconstructsusedaredescribedin S9Table.All restrictionenzymeswerepurchased
from NEB.Luciferasedatameanvalues(Firefly/Renillaratio) wereplottedalongwith standard
error (SEM)asrelativelight units (RLU) for threebiologicalreplicatesusingGraphpadPrism.

Westernblot
Cellswerelysedwith 2XLaemmlisamplebuffer(ColdSpringHarbor protocols)with 20%��-
Mercaptoethanol.Lysedsamplesweresonicatedandheatedat95ÊC/10minutes.Tris-Glycine
SDS-PAGE(12%)andwettransfer(Tris-Glycine-20%Methanol)on 0.2�m Nitrocellulose
membrane(AmershamProtran)wereperformedusingtheMini GelTank(Life technologies).
Membranesweresubsequentlysubjectto blockingin 5%(v/v) skimmedmilk in 1XPBST
(Phosphatebufferedsaline±0.1%Tween20)at room temperaturefor onehour.Sampleswere
probedwith rabbitanti-V5 antibody(CellSignaling#13202S)ata1:1000dilution, overnightat
4ÊCandthenprobedwith a1:1000dilution of �� anti-rabbit IgG-Horseradishperoxidase
(HRP)±SigmaAldrich A0545.All antibodieswerediluted in 5%(v/v) milk in 1XPBST.Pro-
teinswereanalyzedbyvisualizingtheblotson LI-COROdysseyFCImagingSystem.ForO-
glycosidase(NEBP0733S)treatment,sampleswerelysedin 1XRIPAlysisbuffercontaining
anti-proteasecocktail(cOmplete,Mini ProteaseInhibitor Cocktail,Roche)alongwith dena-
turing buffersuppliedbyNEB.Treatmentwith O-GlycosidaseandNeuraminidase(NEB
P0720S)wasconductedaspermanufacturer'sinstructionsfor onehour at37ÊC.A similarpro-
tocolwasperformedfor EndoHf (NEBP0703S).û-actinwasusedasahousekeepingcontrol
andimmunoblottingwasperformedusingmouseanti- û-actinprimary monoclonalantibody
(C4-sc-47778SantaCruzBiotechnology,Inc.),andthefluorescentIRDye680RDgoatanti-
mouseIgG(Licor) wasusedasasecondaryantibody.Bothantibodieswerediluted1:1000in
1XPBST.All westernblot imageswereprocessedthroughImageStudioLite.

Flow cytometry
UninfectedandMCMV-infectedSVEC4±10werewashedwith 1XPBSanddetachedusing
TrypLEExpress(Gibco)18hpi followedbyblockingin 10%FCS-PBS(1X) for 30minutes.
Cellswerestainedwith rat anti-MULT-I and/ormouseanti-MCMV m04atadilution of 1:100
including isotypecontrolsfor MULT-I (eBioscienceRatIgG2akappacontrol eBR2a)andm04
(eBioscienceMouseIgG2bkappacontrol eBMG2b)aswellasonly secondaryantibodycon-
trolsby incubatingfor 30minuteson ice.Bothanti-MULT-I andanti-m04antibodieswere
providedbyStipanJonjic.Followedbyprimary antibodystaining,cellswerestainedby Invi-
trogenGoatanti-RatIgG(H+L) AlexaFluor 647(MULT-I) and/orAbcamgoatpolyclonal
anti-MouseAlexaFluor488(m04)atadilution of 1:1000for 30minuteson ice.All antibodies
werediluted in 10%FCS-PBS(1X).Cellswerefinally suspendedin FACSbuffer(1XPBSwith
0.5%BSA,0.02%sodiumazide).FlowcytometrywasperformedusingtheBD Biosciences
FACSCaliburCellQuestProsystem.Gatingandfurther analysiswasperformedusingFlowJo
10.Briefly,liveSVEC4±10cellsweregatedfor anti-mouseAlexaFluor 488boundMCMV
infectedcellsviatheFL-1channel(488nm Argon ion laserand530/30filter) followedbyhis-
togramvisualizationof cellsurfaceexpressionlevelsof MULT-I boundbyanti-ratAlexaFluor
647usingtheFL-4channel(635nm Reddiodelaserand661/16filter). Flowcytometryanaly-
siswassimilarlyperformedbyanalyzingGFP(FL-1)andmCherryexpression(FL-3),postfix-
ing in 4%formaldehydeandMFI valuesandSDfor eachtime point/condition wereplotted
usingGraphpadPrismfor threebiologicalreplicates.Prior to fixing, thesampleswereanalyzed
qualitativelyviamicroscopyat10XresolutionusingtheLeicaDMi8 system.
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Transcription start site (TiSS)profiling
Cycloheximidetreatmentat50�g/mL wasconductedat thetime of infectionandphospho-
noaceticacid(PAA) treatmentwasconductedat300�g/mL one-hourpostinfection.cRNA-
seqanddSLAM-seqwereperformedasdescribed[17] with minor modifications.Forall
dSLAM-seqsamples,4sUlabellingwasinitiated byadding400�M for 60minutesbeforehar-
vestusingTRI reagent(SigmaAldrich) asdescribedbymanufacturerandpurified bystandard
phenol-chloroformextraction.TotalRNA wasre-suspendedin 1XPBSbuffer.U-to-C conver-
sionwereinitiatedby iodoacetamide(IAA) treatmentasdescribedpreviously[32] andRNA
wasre-purifiedusingRNeasyMinElute (Qiagen).Efficiencyof IAA conversionwaschecked
byconverting1mM 4sUandanalyzingthechangein absorption(lossof absorptionmaximum
at365nm) uponIAA treatment[32]. Followingthis,library preparationusingthedRNA-seq
protocolandXrn-I digestionwasperformedby theCoreUnit SystemsMedicine(WuÈrzburg)
asdescribedpreviouslyfor HSV-1[17]. Sequencingwasperformedon NextSeq500(Illumina).
ForcRNA-seq,thesameprotocolwasutilizedasfor HSV-1[17]. 5' readenrichmentwas
obtainedusingchemicalRNA fragmentation(50±80nt fragments)andlibrarieswereprepared
using3' adaptorligationandcircularization.Librariesweresequencedon aHiSeq2000at the
BeijingGenomicsInstitute in HongKong.TotalRNA-seqand4sU-seqwasconductedas
described[30]. Briefly,4sUlabellingwasconductedat500�M for 60minutesfor thetime
pointsdescribedin Fig 1.Cellswerelysedin Trizol (Invitrogen)andtotaland4sU-labelled
(newlytranscribedRNA) wereisolatedasperpreviousprotocols.Librarieswereprepared
usingthestrandedTruSeqRNA-Seqprotocol(Illumina, SanDiego,USA)asdescribed,and
librariesweresequencedbysynthesissequencingat2 � 101nt on aHiSeq2000(Illumina).

Ribosomeprofiling
Ribosomeprofiling time-course(lysisin presenceof cycloheximide)experimentswerecon-
ductedasdescribed[16] for time-pointsasshownin Fig 1 for four biologicalreplicates.Addi-
tionally,translationstartsite(TaSS)profiling wasperformedbyculturing cellsin medium
containingeitherHarringtonine(2 �g/ml) or Lactimidomycin(50�M) for 30min prior to
harvesting.Twobiologicalreplicatesweregeneratedfor Harringtoninepre-treatmentandone
for Lactimidomycin.Librariesweregeneratedasdescribedfor cRNA-seq[17], which intro-
ducesa2+ 3 nt uniquemolecularidentifier (UMI), facilitatingtheremovalof PCRduplicates
from sequencinglibraries.All librariesweresequencedon aHiSeq2000at theBeijingGeno-
micsInstitute in HongKong.

Data analysisandstatistics
Randomandsamplebarcodesin cRNA-seqandribosomeprofiling datawereanalyzedby
trimming thesampleandUMI barcodesand3' adaptersfrom thereadsusingour in-house
computationalgenomicsframeworkgedi(availableathttps://github.com/erhard-lab/gedi).
Barcodesintroducedby thereversetranscriptionprimersincludedthreerandombases(UMI
part1) followedby four basesof sample-specificbarcodefollowedby two randombases(UMI
part2).Readsweremappedusingbowtie1.2againstthemousegenome(mm10),themouse
transcriptome(Ensembl90),andMCMV (KY348373,checkedandcorrectedaccordingto
mutationslistedin thepreviouspublication[49]). Readswereassignedto their specificsam-
plesbasedon thesamplebarcode.Barcodesnot matchinganysample-specificsequencewere
removed.PCRduplicatesof readsmappedto thesamegenomiclocationandsharingthesame
UMI werecollapsedto asinglecopy.Two observedUMIs thatdifferedbyonly asinglebase
arelikely dueto asequencingerror andwerethereforeconsideredto bethesameUMI. If the
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readsat this locationmappedto k locations(i.e.,multi-mappingreadsfor k > 1),afractional
UMI countof 1/k wasused.

dSLAM-seqand4sU-seqdatawereprocessedsimilar to cRNA-seqandribosomeprofiling
datawith theexceptionof STAR(v.2.5.3a)beingusedto mapthereadsandPCRduplicates
werenot collapsedasno UMIs wereused.

Our dSLAM-seqandcRNA-seqTiSSprofiling datawereanalyzedwith our iTiSSanalysis
pipeline(availableathttps://github.com/erhard-lab/iTiSS)[34], whichidentifiespotentialTiSS
atsingle-nucleotideresolution.TheSPARSE_PEAKmodulewasusedfor dSLAM-seq.For
cRNA-seqdata,DENSE_PEAK,DENSITY,andKINETIC moduleswereused.Foreachrepli-
cate,readswerepooledfrom all time points.Subsequently,for eachdataset,TiSSMerger2,a
subprogramin iTiSS,wasusedto mergeTiSSwith a+/- 10bpwindow.Correspondingly,all
TiSSfrom all datasetsweremergedusingTiSSMerger2alsowith a+/- 10bpwindow.iTiSS
assignedascorerangedfrom 1 to 4 for eachTiSSbasedon severalcriteria:

i. Significantaccumulationof the50-endof readsin both replicatesof thedSLAM-seqdataset
at theTiSS(SPARSE_PEAKmodule).

ii. Significantaccumulationof the50-endof readsin both replicatesof thecRNA-seqdataset
at theTiSS(DENSE_PEAKmodule).

iii. Strongertranscriptionalactivitydownstreamthanupstreamof thepotentialTiSSin both
cRNA-seqreplicates(DENSITYmodule).

iv. Significanttemporalchangesin TiSSreadlevelsduring thecourseof infectionin both
cRNA-seqreplicates(KINETIC module).
Wealsoincluded3additionalcriteriafor scoring.

v. Strongertranscriptionalactivitydownstreamthanupstreamof thepotentialTiSSin both
4sU-seqreplicates.

vi. Significanttemporalchangesin TiSSreadlevelsduring thecourseof infectionin both
4sU-seqreplicates.

vii. Thepresenceof anORFatmost250bp downstream,whichwasnot yetexplainedby
anothertranscript.

Thus,in total,weassignedascorebetween1 to 7 for eachTiSS.Wethenmanually
inspectedthefinal list of TiSSusingour MCMV genomebrowserandselectedTiSSwith a
prominentsignalto beincludedin our annotation.A histogramwascreatedshowingthe
numberof criteriafulfilled byall annotatedTiSS.In addition,wealsocreatedaheatmapanda
barplot to comparecRNA-seqanddSLAM-seqbycalculatingtheenrichmentof readsatTiSS
comparedto +/- 100bpregionaroundtheTiSS(S1AFig).BothfiguresindicatethatdSLAM-
seqprovidesabettersignal-to-noiseratio comparedto cRNA-seq.

ThetotalRNA countfor eachannotatedTSSwascalculatedbycountingthenumberof
readswhose5' endiswithin a+/- 5bp windowof agivenTiSS.Subsequently,for eachtran-
script,Uridine to cytosine(U-to-C) conversionrates,error rates,andnew-to-totalRNA ratios
(NTRs)wereestimatedbyanalyzingdSLAM-seqdatausingGRAND-SLAM[33]. Only reads
with 5' endsinside+/- 5 bpwindowof anannotatedTiSSwereconsidered.Newlysynthesized
RNA countof eachTiSSwasthencalculatedbymultiplying NTR valuewith totalRNA count
obtainedfrom dSLAM-seqdata.

WegroupedTiSSinto threegroupsbasedon their expressionlevel(Fig 4A). Foreach
group,wegeneratedsequencelogosfrom the-34to +5 bp windowaroundTiSSusing
WebLogo[57].
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All n = 365TiSSwereclusteredusingthek-meansclusteringalgorithm[58] into four tran-
scriptionclasses(CL1-4)basedon newRNA expression(Fig 4D). Clusteringwasrepeated
10,000timeswith differentrandominitializations.Clustercentroidsfrom eachclusteringrep-
licationwerethenclusteredagainonemoretime to obtainaconsensuscentroid.Thisconsen-
suscentroidwasusedfor final clusteringof TiSS.Classificationinto TR0-TR5(Fig 5A) was
performedviamanualcurationandapplicationof thefollowingcut-offs.Immediate-early
geneswereclassifiedasTR0basedon enrichmentuponCHX treatment.TR1includedTiSS
with peakexpressionat4hpi followedbydownregulationbyat least2-fold,suchthatexpres-
sionat4hpi wasmorethantwicethemaximalexpressionfor 6±72hpi. TR2includedTiSS
thatdid not classifyasTR1but hadexpressionat4hpi thatwasat least25%of maximalexpres-
sionat latertimesof infection(6±72hpi). TR3expressionuniquelyinitiatedbetween6 and12
hpi. For theseTiSS,expressionduring thefirst 6 h of infectionwaslessthan25%of theexpres-
sionthereafter(12±72hpi), whileexpressionat12hpi wasat least>50%of maximalexpres-
sionthereafter(18±72hpi). TR4expressiondid not riseto relevantlevelsuntil 18hpi, i.e.,
maximalexpressionfor 1±12hpi < 20%of maximalexpressionfor 18±72hpi. Moreover,
expressionbetween18±24hpi wasalready>50%of themaximalexpressionthereafter(36±72
hpi). TR5TiSSonly reachedmaximalexpressionlatein infection(36±72hpi). Maximal
expressionat36±72hpi wasat least>50%of maximalexpressionat18±24hpi (i.e.,not TR4).

ForeachTiSScluster,promotermotifsandtheir locationweresearchedusingMEME [59]
with ���� �.�, �������� �, ����� �, and����� � parameters.Wesearchedthemotifs inside
the-34to +5 bp windowof agivenTiSS.In addition,wealsogeneratedsequencelogosfrom
eachclusterusingthesamewindow.CL3andCL4wereanalyzedfurther bygroupingeachof
theminto four groups(quantiles)basedon theexpressionvalues(S5AFig).Sequencelogos
weregeneratedusingthesameprocedureasmentionedbefore.

Weusedour in-housetool PRICEversion1.0.4[43] to predictMCMV ORFs.A list of puta-
tiveORFswasthenmanuallyinspectedbyusingtheMCMV genomeviewerto select�����
���� ORFswhichwerethenincludedin thefinal annotation.WegroupedtheseORFsinto
CDS(ORFswhichareincludedin previousannotation),ORF(ORFswith length�� 100amino
acids(aa)whicharenot in previousannotation),sORF(ORFswith length< 100aa),uORF
(ORFslocatedupstreamof thecanonicalORF,but insidethetranscriptregion),uoORF
(ORFslocatedupstreamof thecanonicalORFandalsooverlapthecanonicalORFbut in adif-
ferentframe),iORF(ORFslocatedinsideacanonicalORFbut in adifferentframe),anddORF
(ORFslocateddownstreamof thecanonicalORF,but insidethetranscriptregion).

Identification of poly(A) sitesandsplicing events
4sU-seqreadswerefirst filteredfor rRNA readsbyaligningreadsagainstrRNA sequences
usingBWA [60] with aseedsize(parameter-k) of 25.If both readsin areadpair alignedto
rRNA without errors,theywereremovedfrom further analysis.Filtered4sU-seqreadsandall
totalRNA-seqreadswerealignedagainsttheMCMV genomeusingContextMapversion2.7.9
[61] (usingBWA asshortreadalignerandallowingatmost5 mismatchesandamaximum
indel sizeof 3).ContextMapalsoidentifiesreadscontainingpartof thepoly(A) tail andpre-
dictspoly(A) sitesfrom thesereadsaspreviouslydescribed[61]. Defaultparameterswereused
for poly(A) siteprediction.Candidatesplicejunctionswerepredictedif >10 readswereidenti-
fiedbyContextMapin at leastonesamplethatoverlappedat least10nt on bothsidesof junc-
tion. All viral introns arelistedin S3Table.All viral poly(A) sitesarelistedin S10Table.
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Supporting information
S1File. Description of high-throughput sequencingdatasetsusedin this study.
(DOCX)

S2File. Fully annotatedgb file of the BAC of the MCMV referencegenomeadaptedfrom
KY348373[49] andcorrected.
(GB)

S3File. Fully annotatedgb file of the MCMV referencegenomeadaptedfrom KY348373
[49] andcorrected(without the BAC sequence).
(GB)

S1Table.List of all MCMV transcripts. List of all identifiedandannotatedviral transcripts.
TSS= transcriptionstartsite;TTS= transcriptionterminationsite.Transcriptionstartsites
with no evidenceof downstreamORFswereannotatedas`orphans'.Alternativetranscription
startsitesof acanonicaltranscript(RNA) wereannotatedwith a�� (TiSSupstreamthecanoni-
calTiSS)or # (TiSSdownstreamthecanonicalTiSS).Scoresobtainedfrom iTiSStranscription
startsitecallingareshownfor all 380transcripts.All coordinatesareshownin the0-basedsys-
tem.
(XLSX)

S2Table.List of all splicing eventsannotatedand identified through 4sU-seqanalysis.List
of all splicingeventsthatwereincludedinto thenewMCMV referencegenomeannotation.
All coordinatesareshownin the0-basedsystem.
(XLSX)

S3Table.List of putative introns detectedby 4sU-seq.List of all putativesplicingeventsthat
werenot includedinto thenewMCMV genomereferenceannotation.All coordinatesare
shownin the0-basedsystem.
(XLSX)

S4Table.Kinetic clustersof MCMV transcripts. Thetabledepictsall TSSannotations,their
genomiclocationandtemporalkineticclasses(CL andTR).TATA-box motifshavebeenindi-
catedfor eachTiSS.Scoresderivedfrom iTiSSfor eachTiSSareshownin columnF.New
RNA (I-AG) andtotalRNA (AH-BC) readcountsaredisplayedfor eachreplicatepertime
point of dSLAM-seqdatasets.Ratiosfor 4hpi samples(+/-CHX) computedusingnewRNA
aredisplayedin columnAG andratiosfor 24hpi samples(+/-PAA) computedusingtotal
RNA aredisplayedin columnBF.All coordinatesareshownin the0-basedsystem.
(XLSX)

S5Table.List of all MCMV ORFs.List of all MCMV ORFsincluding their name,ORFtype,
coordinates,strandandlengthof predictedproteinproducts.ORFtypesincludedpreviously
annotatedORFsfrom Rawlinson�� �	 [22]. (CDS),novellargeORFs(>100aa)andORFsvali-
datedfrom previouslystudies(ORFs),ORFs<100 aaannotatedasshortORFs(sORFs),
upstream/upstreamoverlappingORFs(uORFs/uoORFs),internalORFs(iORFs),downstream
ORFs(dORFs).N-terminally truncatedor extendedORFswereannotatedwith a`#1','#2',.. .
or `��1','��2',.. ., respectively.All coordinatesareshownin the0-basedsystem.
(XLSX)

S6Table.List of all unidentified CDSpredictedby Rawlinson�� �� [22]. List of all CDSpre-
dictedbyRawlinson�� �	. thatwerenot observedin our data.Their respectiveCDSwerenev-
erthelessincludedin our revisedMCMV genomeannotationas`notexpressed/orphan'CDS.��
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CDSthatareoverlappingotherMCMV genesbygreaterthan60%andarethuslesslikely to
beproteincodingandhaveno homologsin herpesvirusesor cellularproteinsasdescribedby
Rawlinson�� �	. All coordinatesareshownin the0-basedsystem.
(XLSX)

S7Table.List of previouslyunannotatedORFsconfirmed by usandvalidatedin several
studies.Tableof all MCMV ORFsthathavebeenidentifiedbyotherstudiesandthatwere
confirmedbyour data.All coordinatesareshownin the0-basedsystem.
(XLSX)

S8Table.DetectedORFswith minor correctionsi.e. `CDS(corrected)'asverified by previ-
ousstudies.Tableof all previouslyreportedMCMV CDSthat requiredminor corrections
basedon our data.�� Initiation atadownstreamAUG. All coordinatesareshownin the
0-basedsystem.
(XLSX)

S9Table.List of primers andgeneconstructsused.
(XLSX)

S10Table.List of MCMV poly(A) sites.List of all MCMV poly(A) sitesthatwereannotated
basedon untemplatedadenineson sequencingreads.All coordinatesareshownin the0-based
system.
(XLSX)

S1Fig.Characterizationof the MCMV transcriptome.A. Heatmapscomparingread
enrichmentat transcriptionstartsites(TiSS)in thecRNA-seqanddSLAM-seqdata.Thex axis
representsdistancefrom TiSS(+/-100bp) for 222TiSSdisplayedalongthey-axisdetectedby
bothdSLAM-seqandcRNA-seq.Colorsrepresentmaximalreadcountin log2 scaleacrossall
samplesin cRNA-seqanddSLAM-seq,respectively.B.Histogramdepictionof thenumberof
MCMV TiSSsatisfyingtheindicatednumberof criteriaof theiTiSSalgorithm.A detailed
descriptionof theemployedcriteria is includedin methods.Scoresfor all TiSSassignedby
iTiSSareshownin S4Table.
(TIF)

S2Fig.Examplesof MCMV splicing events.Eachschematicdepictsviral geneexpression
andsplicingin agivenlocus.Aggregatedreadsof Ribo-seq,cRNA-seqanddSLAM-seqdata
acrossall time pointsof infectionareshown.Ribo-seqdataareindicatedin logarithmicscale,
cRNA-seqanddSLAM-seqdatain linearscale.Thearrowsat thetop depicttheannotated
transcripts(black),poly(A) sites(PAS;in red)andORFs(coloreddependingon thetranslated
frame(yellow,purpleandgreen)).Thebolddottedline representsintrons detectedby4sU-
seq.A. In them133locus,splicingof two introns leadsto theexpressionof bothaknown
(Iso1)andanovelsplicedORF(Iso2),thelatterisexpressedbyanalternativedonor site,as
predictedbyRawlinson�� �	. [22]. Them133RNA #1(orphan)transcriptdid not bearanyevi-
dencefor downstreamtranslationalstartsitesandwasannotatedasasplicedtranscriptwith
delayedlatekinetics,splicedsimilarly to m133RNA Iso2asevidentfrom theoverallreadaccu-
mulation in cRNA-seqanddSLAM-seq(48hpi) B. In theM116locus,splicingexplaineda
truncatedM116CDSIso2(M116.1p)revealedbyribosomeprofiling, whosetranscriptmay
terminateatanearlierpoly(A) site(PAS).A secondPASdownstreamservesfor thetranscript
encodingtheunsplicedM116CDS.Here,transcriptioncontinuespastthefirst PASresulting
in M116RNA Iso1whichoverlapswith theM115andM114transcriptswhoseexpressionlev-
elscorrespondto their respectiveORFsandwerehenceannotated.High levelsof geneexpres-
sionacrosstheM116locusresultedin anumberof putativeTiSSdepictedin thedSLAM-seq
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with no evidenceof downstreamtranslation,uniform cRNA-seqreaddistribution andoverall
lowergeneexpressionascomparedto thecanonicalTiSS.Hence,theywereattributedto
experimentalnoiseandnot annotated.C. In them147.5locus,splicingleadsto theexpression
of apreviouslyvalidatedsplicedORF.D. In them124locus,splicingnecessitatescorrectionof
thepreviouslyannotatedm124ORF.No TiSSwereidentifieddueto verylow levelsof tran-
scriptionalactivityacrossthis locus.Coordinatesof thestartcodonsandsplicingacceptorand
donor sitesaredisplayed.
(TIF)

S3Fig.Splicingeventsin the m60-m73.5locus.GraphsrepresentTiSSprofiling data(black)
from cRNA-seqanddSLAM-seqaswellasORFscalledbyRibo-Seq(differentcolorsrepresent
differentframesof translation).Aggregatedreadsof Ribo-seq,cRNA-seqanddSLAM-seqdata
acrossall time pointsof infectionareshown.Ribo-seqdataareindicatedin logarithmicscale,
cRNA-seqanddSLAM-seqdatain both linearandlogarithmicscale.A. SplicedORFsare
depictedbyexonsconnectedwith adottedline representingintrons at thebottom.Multiple
splicingeventswereobservedin them60-73.5locus,of whichthem60RNA andM73-m73.5
splicedtranscriptshavealreadybeenvalidatedpreviously(seeS2Table).Of note,translation
occursin differentfamesupstreamof splicingtherebyexplainingtranslationin different
framesin thecommondownstreamexon.Foragivenframeof translationat thesecondexon,
theexpressionlevelscorrelatedwellwith therespectiveupstreamexons.B. Shownisazoomed
schematicviewof thedSLAM-seqdataportrayingeveryTiSSdepictedin panelA in linear
scale.Coordinatesof thestartcodons/exonstartsitesandTiSSfor all splicedeventsareindi-
cated.
(TIF)

S4Fig.Them166.5RNA constitutesanovel �� gene(���). A. Cycloheximide(CHX) treat-
mentcombinedwith dSLAM-seqidentifiedasofar unknownviral immediateearlytranscript
in them166.5locus.Aggregatedreadsof Ribo-seq,cRNA-seqanddSLAM-seqdataacrossall
time pointsof infectionin them166-m167locusareshown.Ribo-seqdataaredepictedin log
scale,cRNA-seqanddSLAM-seqdata(-/+CHX; 4 hpi) in linearscale.Them166.5immediate-
earlytranscript(termed���) andits correspondingm166.5ORFoverlapwith them167CDS
(orphan)andpartiallyoverlapwith theN-terminal partof them166CDS.Unlike them166
RNA,m166.5RNA isexpresseddespiteCHX pre-treatmentimplying immediate-earlygene
kinetics.B. Linegraphsrepresentinggeneexpression(newRNA levels)of thethree�� genes
(four whencounting�� and��� asseparategenesdespitetheir useof thesameTiSS)overtime
for two replicatespergene.NewRNA expressionlevelsof phosphonoaceticacid(PAA;24
hpi)- or CHX (4 hpi)-treatedsamples(n = 1) areindicatedasastar/trianglerespectivelyfor a
givengene.Increasein newRNA levelsfor agivengeneunderCHX treatmentdefinesthemas
immediate-earlygenes(TR0).Coordinatesof thestartcodonsandTiSSof all indicatedgene
productsaredisplayed.
(TIF)

S5Fig.ClustersCL3andCL4representTiSSwith distinct expressionkinetics.A. Quantile
groupssegregatedaccordingto levelsof expressionfor CL3andCL4transcriptson thebasisof
newRNA for therespectiveviral TiSSobtainedfrom dSLAM-seqdata.Thex-axisdisplays
hourspostinfection.Relativeexpressionisshownon they-axis.CL3andCL4transcriptsare
indicatedbygreenandbluelines,respectively.B. Motif analysis(MEME) for all four quantiles
for CL3andCL4transcripts.NS:Not significant.
(TIF)
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S6Fig.Kinetics of all TiSSin the clustersTR0-TR5.Linegraphsrepresentingall TiSSwithin
thesixTRclusters(TR0-5).They-axisrepresentsrelativenewRNA levelsacrosstheinfection
time-course(x-axis).
(TIF)

S7Fig.Geneexpressionin the MCMV ��� locus.A. Schematicof the��� locus.Thecanonical
TiSSis representedby thedominantspliced��� transcript(m126-m128RNA) comprising2
introns andonly one��� codingexoninitiating at thefirst AUG (186087)showni.e.,m128
CDS(��� Exon3).A secondAUG representsatruncatedisoform(m128CDS#1RNA #1).
Aggregatedreadsof Ribo-seq,cRNA-seqanddSLAM-seqdataacrossall time pointsof infec-
tion areshown.Ribo-seqdataareindicatedin logscale,cRNA-seqanddSLAM-seqdatain lin-
earscale.B. GraphsrepresentTiSSprofiling data(black)from dSLAM-seqincludingkinetics
for 6 and24hpi andORFscalledbyRibo-seq(Colored)for thesametime pointsfor agiven
replicate.Thearrowsabovedepictmanualannotationsof transcriptsandORFs.Alternative
transcriptioninitiation at the��� (m128)locusledto theexpressionof anN-terminally trun-
catedORFexpressedfrom anearlyTiSS(m128RNA #1)whoseexpressionwasnot influenced
byPAA treatment.cRNA-seqanddSLAM-seqdataarerepresentedin linearscale,Ribo-seqin
logarithmicscale.Coordinatesof all TiSS,startcodonsandsplicedjunctionsin the
m126-m128locusaredisplayed.
(TIF)

S8Fig.Validation of m145ORFs.Boththem145CDSandm145ORF#1wereclonedinto
expressionplasmids(pCREL-IRES-Neon)with their expressiondrivenbyaCMV promoter.
A. Expressionof thetwo viral ORFswasvalidatedviatransfectionof therespectiveplasmids
into HEK293Tcells.Westernblotswereperformedat48h posttransfection.Boththe55kDa
(non-glycosylated)and70kDaisoformsof m145CDSweredetectedwhereasonly asingle20
kDaisoformof m145ORF#1wasdetected.B. Them145-V5virusdescribedin Fig 7Bwas
usedto infectbothNIH-3T3 andSVEC4±10cellsatanMOI of 1 for therespectivetime points
to validatethem145geneproducts,whoseexpressionwassimilar in bothcelllines.C.A start
codonmutantof m145ORF#1(4m145 ORF#1mut) wasutilizedto infectSVEC4±10cells
for 48h. Westernblot analysisrevealedexpressionof m145ORF#2to remainunaffected.WT
indicateswild-typeMCMV. ��-actinwasusedasahousekeepingcontrol. Imagesareasingle
representativeof 2 biologicalreplicates(n = 2) for eachexperiment.Additional geneproducts
(35kDaand13kDa)of m145RNA #1werenot detectedin theexpressionplasmidsystemin
S7A.Absenceof the13kDaisoform(m145ORF#2)is likely to bedueto theoptimizedKozak
sequenceof theemployedexpressionvector,whichpreventsribosomesfrom bypassingthe
mainAUG startcodon.Thereasonfor theabsenceof the35kDaisoformremainsunclear.We
hypothesizethat thismaybedueto differencesin theemployedcellsystemor requirements
for otherviral geneproducts.
(TIF)
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