


Author summary

Asanadaptionto differentenvironmentsrodentshaveevolvedawiderangeof lifespans.
While mostrodentsareshort-lived,alongseveralphylogeneticbrancheslong-livedspecies
evolved.Thisprovidedusauniqueopportunity to searchfor genesthatareassociated
with enhancedlongevityin mammals.Towardsthis,wecomputationallycomparedgene
sequencesof exceptionallong-livedrodentspecies(like thenakedmole-ratandchin-
chilla)andshort-livedrodents(like rat andmouse)andidentifiedthosewhichevolved
exceptionalfast.Asnaturalselectionactsin parallelon amultitudeof phenotypes,only a
subsetof theidentifiedgenesisprobablyassociatedwith enhancedlongevity.Applying
severaltests,weensuredthat thedatasetis relatedto aging.Weconcludethat lifespan
extensionin rodentscanbeattributedto changesin their defenseagainstfreeradicals,
iron homeostasisaswellascellularrespirationandtranslationascentralpartsof the
growthprogram.Thisconfirmsagingtheoriesassumingatradeoffbetweenfastgrowth
andlonglifespan.Moreover,our studyoffersameaningfulresourceof targets,i.e.genes
andspecificpositionstherein,for functionalfollow-upstudieson their potentialrolesin
thedeterminationof lifespan±regardlesswhethertheyarecurrentlyknown to beaging-
relatedor not.

Introduction
Mostof theavailableinformation aboutthegeneticmechanismsthatgovernlifespanand
agingwereobtainedbystudyingsingle-genemutationsin invertebratesor short-lived,highly
inbredvertebratespecies.However,it isnot clearwhetherinsightsaboutagingrelevantgenes
andpathwaysgainedfrom thesespeciescanbeappliedto long-livedspecieslike human[1]. In
addition,lifespanextensionsunderartificial laboratoryconditionsresultingfrom singlegene
mutationsor othergenetic,pharmacologicand/or lifestyleinterventionsarefar smallerthan
naturalvariationof lifespanamongspeciesshapedbynaturalselection.Maximumlifespanof
vertebratesvariesabouttwo ordersof magnitudeandispositivelycorrelatedwith bodymass
[2, 3]. Therefore,comparativeevolutionaryapproachesthatsearchfor geneticdifferences
betweencloselyrelatedspeciesthatarelong-andshort-livedwith respectto their bodymass
mayrevealnovelcandidategenesandpathwaysor opennewperspectiveson knownones,e.g.
by identifyingaminoacidsitesunderpositiveselectionthatareof potentialfunctional
relevance.

Rodentsareanidealtaxonfor suchanapproach.While themajority of speciesisshort-
lived,suchasmice,ratsandhamsters,therearelong-livedexceptions,suchaschinchillas,
blind molerats(Spalax sp.)andseveralAfrican mole-ratspeciesincluding thenakedmole-rat
(Heterocephalus glaber) [4, 5]. Furthermore,genomeandtranscriptomesequencesof long-
andshort-livedspeciesareavailableandcanbeusedfor comparativeanalysis.

African mole-rats(family Bathyergidae)aresubterraneanrodentsthat feedfrom rootsand
tubers.Thefamilycomprisessixgenera;for fiveout of these,maximumlifespanrecordsare
availablefor at leastonespecies.Notably,andin contrastto mostotherrodents,all of these
specieshaveamaximumlifespanof abovetenyearsandexceedingthepredictionsof the
power-lawthatdescribesbodymass/lifespanrelationshipsin mammals[5]. At theextremeof
thisdistribution,Zambianmole-ratsfrom theFukomys micklemi clade[6] with its beststudied
representativeAnsellÂsmole-rat(F. anselli) andthegiantmole-rat(F.mechowii), aswellas
nakedmole-rat,havemaximumlifespansof at leastca.20,22and31years,respectively.These
valuesare212%,194%and368%with respectto thepredictedlifespanbasedon their body
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mass([4], giantmole-ratpercentagecalculatedwith own lifespandataandsameformula).In
contrast,theestablishedbiomedicalmodelorganismsmouse(Mus musculus) andrat (Rattus
norvegicus) haveamaximumlifespanof 3.8and4 years,respectively,whichis51%and32%of
thepredictedvalue.Remarkably,thegreatercanerat (Thryonomys swinderianus) that isclosely
relatedto theAfrican mole-ratsreachesonly 28%of thepredictedmaximumlifespan(Fig1).

Dueto anumberof uniquephenotypes,thenakedmole-ratbecamethefocusof intensive
research[7]. Thenakedmole-ratshows(i) thelongestlifespanamongrodents,(ii) minimal
aging-relateddeclinein reproductiveandphysiologicalparameters,aswellas(iii) andan
extremelylow aging-relatedincreasein mortality rate[8, 9]. Amongthousandsof examined
animalsonly sixrecentlydiscoveredcasesof spontaneoustumorshavebeendescribed[10,
11].Interestingly,cancerresistanceissharedwith blind molerat,which is,despiteits name,
ratherdistantlyrelatedto African mole-rats(Fig1).However,differentmechanismsarepro-
posedfor cancerresistancein thesetwo taxa.

Thesearchfor signaturesof positiveselectionrepresentsapowerfulapproachto identify
thegeneticbasisof phenotypesof interest.Positiveselectionis thefixation of anallelein a
taxondrivenby its positiveeffecton fitness.It has,however,to betakeninto accountthat
selection/adaptation±inparticularoverlongevolutionarytime scales±isdrivenbyamultitude
of environmentalstimuli thataffectamultitudeof phenotypes.Therefore,agenotype-pheno-
typelink cannotbeprovidedbysuchanalysis.It requiresadditionalknowledgeand,finally,
experimentalvalidation.Respectively,bioinformaticpositiveselectionstudiesareprimarily
hypothesis-drivenandhypothesis-generatingresearch.In protein-codingsequences(CDSs),
positiveselectionresultsin anincreasedrateof non-synonymoussubstitutionsascomparedto
geneticdrift. Statisticalmodelsbasedon theratio of non-synonymousto synonymoussubsti-
tution rates(dN/dS) arewidelyusedin comparativegenomicsandallowtheidentificationof
specificaminoacidswithin agivengenethatchangeddueto positiveselection[12±14].

Consequently,severalstudiesperformedgenome-scalescansfor positivelyselectedgenes
(PSGs)in African mole-ratsandblind molerat.Thefirst study[15] searchedfor PSGson the
verylongnakedmole-ratbranchin afour-speciescomparisonwith humanasanoutgroupand
themouseandrat asfurther rodents.Amongthe142identifiedPSGcandidates,threewere
membersof afive-proteincomplexinvolvedin alternativelengtheningof thetelomeres.The
secondstudy[16], usedtenspecieswith theguineapig (Cavia porcellus) asmostcloselyrelated
speciesandscannedfor PSGsalongthebranchesleadingto nakedmole-rat,Damaralandmole-
rat (Fukomys damarensis) andtheir lastcommonancestor(LCA), identifying334,179and82
candidates,respectively,includingcandidatesassociatedwith neurotransmissionof painin the
nakedmole-rat.A third study[17] usedspeciesfrom all sixAfrican mole-ratgeneraand
searchedthebranchof theLCA of all African mole-ratsthat followsdivergencefrom theguinea
pig.Signsof positiveselectionwereidentifiedin 513genes,including loci associatedwith
tumorigenesis,aging,morphologicaldevelopmentandsociality.All threestudiessufferfrom a
methodologicallimitation that iscommonin positiveselectionstudies:in noneof these,acloser
relatedspeciesthanguineapigwasincluded.Asguineapig isnot theclosestrelativeof African
mole-ratsnot expressingthephenotypesof interest,it cannotbeexcludedthat fixation of
detectedsignsof positiveselectionpredates±andthereforecouldnot contributeto±theevolu-
tion of thesephenotypes[18]. A fourth study[19] examinedtheblind molerat branchusingthe
Chinesehamster(Cricetulus griseus) asthemostcloselyrelatedoutgroup.Amongthe48PSG
candidates,severalwerelinked to necrosis,inflammationandcancer.

To betterresolvetheabove-mentionedambiguitiesandto achieveahigherresolutionof
positiveselectionin respectto theevolutionof enhancedlongevityalongrodentphylogenetic
branches,weanalyzedgenomicandtranscriptomicdataof 17species±datafrom public
sourcesandoriginaldatageneratedfor thisstudy.In particular,wegeneratedgenomicdata
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for thegreatercanerat asakeyspeciesabsentfrom previousanalysisandfor thesilverymole-
rat (Heliophobius argenteocinereus). Wesystematicallyscanned11evolutionarybranchesasso-
ciatedwith theevolutionof enhancedlongevity(6 correspondingto extantspeciesand5 to
ancestralbranches).Thisapproachenabledusto datemorepreciselytheoccurrenceof signa-
turesof positiveselectionon multiple evolutionarybranches.

In addition,werecentlyobservedthatPSGsin short-livedandfast-growingkillifish were
significantlymoreoftenup- thandown-regulatedduring aging[14]. This finding isconsistent
with theconceptof antagonisticpleiotropy[20] suggestingthat thesamegenesthatareposi-
tivelyselectedfor fastgrowthandmaturationatyoungagearedriversof agingatold age.The
antagonisticpleiotropyhypothesisiswellsupported,e.g.by thefactthatgrowthrateandlife-
spanarenegativelycorrelated,bothbetweenspeciesandwithin manyspecies[5, 21].Respec-
tively,wegeneratedRNA-seqdatafrom youngandold nakedmole-ratsandratsto analyzethe
regulationof PSGsduring aging,asselectionmayactbothon thesequencesof proteinsandon
their patternof expression[22].

Wefound theidentifiedPSGsto beenrichedfor genesrelatedto agingandto showan
expressionpatternfitting theantagonisticpleiotropytheoryof aging.Moreover,PSGsare
linked to functionaltermsrelevantto aging,like cellularrespiration,metalion homeostasis,
regulationby themTORpathway,inflammationandtheantioxidantdefense.Wediscussthe
implicationsof our resultson thecurrentunderstandingandfor future follow-upstudiesof
thegeneticbasisof agingandlifespan.

Results and discussion
To gainnewinsightsinto thegeneticmechanismsdeterminingthelifespanin mammals,we
performedacomparativegenomicandtranscriptomicstudyamonglong-andshort-lived
rodents.Bysearchingfor signsof positiveselectionon phylogeneticbrachesassociatedwith
theevolutionof enhancedlongevity,weaimedto provideasetof targetgenes/sitesfor future
follow-upapproachesto exploremechanisticallytheir putativelink to agingandlifespandeter-
mination.Asnaturalselectionactsin parallelon amultitudeof phenotypes,weareawarethat
only asubsetof thetargetsevolvedunderselectionfor enhancedlongevity.To ensurethat the
datasetneverthelessrepresentsameaningfulresourcefor agingresearch,wepostulatedfour
criteriafor evaluation:(i) thePSGsshowexpressionpatternsduring agingthatarecompatible
with establishedtheoriesof aging,(ii) thegenesetisenrichedfor genesknownto beaging-
related,(iii) thegenesetcontainsfunctionalcandidatesfor beingrelevantfor agingbut have
not yetbeenassociatedtherewith,and(iv) proteinhomologymodelingof knownaging-related
genessuggestsfunctionalconsequencesfor aminoacidchangesunderpositiveselection.

Asstartingpointsfor our analysis,wegeneratedCDSlibrariesfor fiverodentspecies
(four African mole-ratspeciesandgreatercanerat) basedon transcriptomicandgenomic
data(S1/S2Tables).Togetherwith publiclyavailablerodentCDScatalogs(S1Table),we
obtaineddatafor 17species,including severaladditionalAfrican mole-rats,chinchilla,
blind molerat andshort-livedoutgroupslike theguineapig,mouseandrat (Fig1).From
thesesequences,wepredictedorthologsandbestmatchingisoformsbetweenthespecies,

Fig 1. Nucleotide-based phylogeny of the analyzed rodents. Speciesor branchesregarded in thepresentanalysesaslong-livedor leadingto enhanced
longevity,respectively,aredepictedin bold.Thebranchnumbersusedin thetextareshownin blue.Thenumbersof geneswith signsof positiveselection
on thebranchesarecoloredin red.Thefirst numberafterthespeciesnameshowstherecordedmaximum lifespanandthesecondnumberis thepercentage
of theobservedvs.expectedmaximumlifespanbasedon therespectivebodymass.Themaximum lifespansandratiosweretakenfrom [4], exceptfor
silverymole-rat(personalcommunicationbyR.Sumbera)andgiantmole-rat(owndata).For thesetwo species,theexpectedmaximumlifespanswere
calculated with thesamemammalianallometricequationusedby [4]. Thescalebarrepresents0.05substitutionspersite.

https://doi.org/10.1371/journal.pgen.1007272.g001
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calculatedalignmentsandappliedthebranch-sitetestof positiveselectionto multiple
branches[23].

Basedon thelifespansof theextantspecies,weregardedsixextantaswellasfiveancestral
branchesasleadingto enhancedlongevityandexaminedthemfor positiveselection(Fig1).We
limited our analysesto thosebranchesanddid not consideracomparisonto branchesleading
to short-livedrodentsbytwo reasons.First,short/normallifespaniswidespreadamongrodents,
andhavingashortlifespanismostlikely theancestralstatein rodents.It is thereforemucheas-
ier to identify phylogeneticbrancheson whichlifespanwasprolonged,e.g.within themole-rat
clade,thanto identify brancheson whichlifespanwasreduced.Second,thereisanongoingdis-
cussionthat thesamegenes/pathwaysmaybeinvolvedin theevolutionof bothshortandlong
lifespan[24,25],it iscurrentlyimpossibleto in silico predictwhetherpositiveselectionin short-
andlong-livedspeciesmodulatesgenefunctionsin oppositedirections.

In total,wedetected259PSGs(falsediscoveryrate(FDR)<0.1,branch-sitetest).Nine
geneswerefoundon multiple branches(S3Table),resultingin anon-redundantsetof 250
PSGs(S4Table,S5±S15Tables).Signsof positiveselectionfor thesamegeneon multiple
branchesindicatepossibleparallelevolution.Amongthose,wefoundAMHR2 (anti-Mullerian
hormonereceptortype2) to bepositivelyselectedbothon branch2 (nakedmole-rat)and
branch11(blind molerat).While AMHR2 playsarole in malefetaldevelopmentandin ovar-
ian follicledevelopmentof theadult female[26], no function with regardto agingisdescribed
yet.However,theproteinkinasedomainof AMHR2 containsthegreatestnumberof longev-
ity-selectedpositionsbasedon aregressionanalysiswith 33mammalianspecies[27]. This
domaincontains3 of 8 and2 of 3 positivelyselectedsiteson branch2 (nakedmole-rat)and
branch11(blind molerat), respectively.

Asanumberof sequence/alignmentcharacteristicspotentiallyleadsto ahighersensitivity
of theunderlyingtestof positiveselectionandthuscouldbiassubsequentenrichmentanalysis,
wespecificallytestedwhethertheidentifiedPSGshadhighertaxoncoverage(S1Fig)or greater
sequencelengths(S2Fig) thanall testedgenes.Neitherwasthecase.Furthermore,analysesof
GC-compositionshowedno differencesbetweenPSGsandall testedgenes(S3/S4Fig).

Different studies on positive selection in mole-rats show minor overlaps

First,wecomparedour list of PSGswith thePSGsdetectedin previousstudiesof positive
selectionin mole-rats(S16Table).Asobservedbefore,[17] PSGsfrom differentstudiesshow
no or smalloverlaps.This isnot surprisingbecausethebranchesexaminedin previousstudies
differedfrom thebranchesexaminedin thisstudy,eventhoughsomeof themarenamedsimi-
larly.Forexample,Kim etal.examinedaªnakedmole-ratbranchºusingthehousemouseas
closestrelatedspecies[15]. In our study,thesistertaxonto nakedmole-ratis representedby
otherAfrican mole-ratsandthehousemouseisusedonly asanoutgroup(Fig1). In asimilar
way,theanalysisof theAfrican mole-ratancestorbypreviousstudies[17,19]differsfrom ours
asweincorporatedthegreatercanerat asclosestrelatedshort-livedspeciesandusedguinea
pig asanoutgroup.Wethereforeanalyzedevolutionaryprocesseson ashorterphylogenetic
distancethatcloselymatchestheappearanceof thephenotypesunderinvestigation.In addi-
tion, therearemethodologicaldifferencesbetweenthestudies,e.g.regardingorthologpredic-
tion or alignmentfiltering. Unfortunately,thecontribution of thesetechnicalvariablesto the
discrepanciescannotbeassessedasthealignmentsusedfor thepreviousstudiesarenot avail-
ableandcannotbecomparedwith thosegeneratedandprovidedin our study(Supplement
Data).Thosefivegenesthatwere,despitethementionedlimitations,detectedalsobyprevious
studieson thenakedmole-ratbranch(AMHR2, IMP4,MYBPHL,MPZL2,TACC2; S16Table)
canbeconsideredasshowingparticularstrongsignalsof positiveselection.
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Positive selection leading to enhanced longevity and age-related expression

are linked

Next,weanalyzedtheregulationof PSGsduring aging±asselectionmayactbothon the
sequencesof proteinsandon their patternof expression[19]±to identify potentiallinks
betweenpositiveselectionon theanalyzedbranchesandgeneticdeterminantsof lifespan.In
general,directionalityanalysisof generegulationduring agingiscomplicatedby thefactthat
thedirection itselfisnot informative,whethertherespectivegenefunction iseithercausingor
counteractingaging.Forexample,up-regulationof acausativegenemayaccelerateagingand
shortenlifespanwhileadaptiveup-regulationto counteractagingphenotypesmayextendlon-
gevity.Basedon our findingsthatup-regulationof PSGsin short-livedspeciesmaycause
aging[14], wehypothesizedthatselectionfor enhancedlongevityismorecompatiblewith
attenuationof geneactivity±eitheron thelevelof protein function or generegulation±since
avoidingdamageiseasierthanimproving repair.

Moreover,geneticsof agingishighlycomplexin general,andwedo not assumethat
enhancedlongevityevolvedalongtheanalyzedbranchesin thesameway.Butanumberof
genes/pathwaysareshownto beconsistentlyinvolvedin agingof evenverydistantlyrelated
taxafrom yeastto mammals[28]. In addition,thereareaccumulatingdatathat this iseven
morethecasethecloserrelatedthetaxaare[29,30].On thisbasiswehypothesizethat thereis
aconsiderableoverlapbetweenthegenes/pathwaysthatareinvolvedin agingamonganalyzed
branches.

To evaluatethesehypotheses,weperformedRNA-seqandsubsequentlycomparedgene
expressionin liver from old vs.youngmalesof both long-livednakedmole-rats(>21vs.2±4
years)aswellasshort-livedrats(24vs.6 months;S17±S19Tables).Indeed,theunion setof
PSGsacrossall examinedbranchesshowedduring agingpreferencefor down-regulationin
nakedmole-ratandfor up-regulationin ratsin respectto all regulatedgenes(p = 0.0029,Lan-
casterprocedure[31]). Moreover,68PSGswerebothdown-regulatedin thelong-livednaked
mole-ratandup-regulatedin theshort-livedrat during aging(Fig2),resultingin ahighlysig-
nificant preferencefor quadrantI (down in nakedmole-rat,up in rat;p = 0.0017,one-sided
fishertest,quadrantI againstthesumof II, III, IV). Theseresultsindicatethat identifiedPSGs
areassociatedwith expressionchangesduring agingof long-andshort-livedrodentsconsis-
tentwith theantagonisticpleiotropytheoryof aging.

Positively selected genes are enriched for functional terms related to aging

To testwhetherthePSGsareenrichedfor genesknownto beaging-related,weperformed
geneontology(GO) term enrichmentanalysis.Among16,639nakedmole-ratgenesthatwere
analyzedin totalwith regardto their expression,2,220genesweredown-regulatedand3,212
genesup-regulatedduring nakedmole-rataging.Regardingall genes,therewasasignificant
perturbationtowardsdown-regulationduring agingin 159GOtermswhile8 termswereper-
turbedtowardsup-regulation(FDR<0.1,GAGE;S20Table).Theenriched159termswere
summarizedinto 7 categories(REVIGO,S21/S22Tables).Amongthethreeby far largestcate-
goriesbasedon thenumberof coveredgenesareªcellularrespirationº(GO:0045333,rank
one),ªtranslationº(GO:0006412,three)previouslylinked to aging(seebelow).While the
otherprocessªSRP-co-translationalprotein targetingto themembraneº(GO:0006614,two)
mayberelatedto agingasit is functionallyconnectedto ªtranslationº.

With respectto possiblepleiotropiceffects,translationandcellularrespirationarealsokey
componentsof thegrowthprogram.To evaluatethePSGsin respectto thesecategories,we
built theunion of genesfor eachREVIGOcategoryandtestedfor overrepresentationof PSGs.
Regardingall PSGs,therewasasignificantoverlapwith ªcellularrespirationº(p = 2.3�10−4,
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one-sidedfishertest).Regardingonly the68PSGsthatweredown-regulatedin nakedmole-rat
andup-regulatedduring rat aging(quadrantI, Fig2),ªcellularrespirationºshowedasignificant
(p = 2.4�10−7) andªtranslationºaborderlinesignificantenrichment(p = 0.10;S23Table).This
againsuggeststhatPSGsarelinked to agingrelevantprocessesin anantagonisticpleiotropic
way.Theresultisalsoconsistentwith thehyperfunctiontheoryof agingthatsuggeststhat
antagonisticpleiotropyworksviaamechanismof ªpervertedºgrowth.Accordingto this theory
thegrowthprogramthat isbeneficialduring youthisnot entirelystoppedafterfinishingdevel-
opmentandcausesdamagefrom thatpoint on.Thetheoryfurther claimsthat themasterregu-
lator mTOR(mechanistictargetof rapamycin)governsthisgrowthprogram[32,33].

Regulation of mTOR- and downstream processes show signs of positive

selection leading to enhanced longevity

ThekinasemTORoperatesasacentralregulatorof cellmetabolism,growth,inflammation
andproliferation.It wasidentifiedasakeyregulatorof agingandaging-relateddiseasesin
yeast,nematodes,fruit flies,andmice[34,35].On branch2 (nakedmole-rat),wefoundRHEB

Fig 2. Changes of PSG expression in liver during aging of long-lived naked mole-rat and short-lived rat. The
romannumbersdescribethequadrant,thecolorednumbersbelowthatshowthenumberof PSGsin therespective
quadrantandtheblacknumbersat thebottomgivethetotal regulatedgenesin thequadrant.Theredmarked
quadrant(I) representsPSGsthatweredownregulatedin nakedmole-ratandup regulatedin rat.Thiswastested
againstthesumof threebluemarkedquadrants(II, III, IV) with Fisher'sexacttest(one-sided). Theresultingp-valueis
shownin quadrantI. Thetotalnumberof PSGsshownin thisplot (185)is lowerthantheuniquenumberof all PSGs
(250)dueto insufficientexpressionof genes(DEseq2) in at leastoneof thespecies.

https://doi.org/10.1371/journal.pgen.1007272.g002

Positive selection in long-lived rodents

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 8 / 22

https://doi.org/10.1371/journal.pgen.1007272.g002
https://doi.org/10.1371/journal.pgen.1007272


(Rashomologenrichedin brain) codingfor thedirect,positiveregulatorof mTORandon
branch9 (Ansell'smole-rat)its paralogRHEBL1 to bepositivelyselected,asituationconsistent
with theconceptsof parallelevolutionaswellasof subfunctionalizationof genesafterduplica-
tion. mTORcanbeactivatedbyRHEBeitheron thesurfaceof theperoxisome[36]±in
responseto reactiveoxygenspecies(ROS)±oron thesurfacethelysosome[37]±in responseto
aminoacids.Wefoundperoxisomalgenes(GO:0005777)enrichedfor PSGsboth in theunion
acrossall examinedbranches(FDR= 0.026)aswellason branch1 (LCA of theAfrican mole-
rats,FDR= 0.002).With regardto thelysosome,themajor lysosomalmembranecomponent
LAMP2 (lysosomalassociatedmembraneprotein2),wasidentifiedasPSGon branch11
(blind molerat) andhasatendencytowardspositiveselectionon branch2 (nakedmole-rat,
FDR= 0.11).LAMP2isestimatedto contributetogetherwith its paralogLAMP1about50%of
all lysosomalmembraneproteins.

DespitethatmTORispartiallyregulatedat thelysosome,it isalsoakeyregulatorof autop-
hagy[38]. Autophagyisacellularprotectivecleaningmechanism,requiredfor organelle
homeostasis,especiallymitochondria.While enhancedautophagywasshownto beassociated
with lifespanextensionin worms,fliesandmice,inhibition of autophagy,conversely,leadsto
prematureagingin mice[39]. LAMP2(seeabove)actsalsoasareceptorfor chaperone-medi-
atedautophagy.It is requiredfor degradationof individual proteinsthroughdirect import
into thelysosomallumen[40,41].Aging-dependentdecreaseof LAMP2 expressionwas
observedin mouseliver.Reinstatementof juvenileLAMP2levelsin agedmicesignificantly
reducesaging-dependentdeclineof cellfunction andrestoresthedegreeof celldamageto that
found in youngmice[42].

Besidesthelysosome,anothercellularproteinqualitycontrol anddegradationsystemis the
proteasome.While impairedproteasomefunction andsubsequentaccumulationof misfolded
proteinsweretightly correlatedwith agingandaging-relatedneurodegenerativedisorderslike
Parkinson'sandAlzheimer'sdisease,long-livedhumanshavesustainedproteasomeactivity
[43±45].Two proteasomesubunitgenes,PSMG1 (proteasomeassemblychaperone1) and
PSMB4 (proteasomesubunitbeta4),wereidentifiedasPSGson branch11(blind molerat).
PSMB4hasbeenclassifiedasadriver for severaltypesof tumors[46], isdown-regulateddur-
ing nakedmole-rataging(FDR= 0.088;DESeq2)andisaknown interactionpartnerof PRP19
(pre-mRNA-processingfactor19or senescenceevasionfactor)that isessentialfor cellsurvival
andDNA repair[47].

AmongmTOR-regulatedprocessesthatarerelevantfor bothgrowthandagingaretransla-
tion andcellularrespiration[34]. Consistentwith theobservedantagonisticexpressionpat-
ternsof PSGsin thelong-livednakedmole-ratandshort-livedrat (seeabove),lower
expressionof genesrelatedto theseprocessesaswellaspharmacologicalinhibition of the
respectivegeneproductswasshownto beassociatedwith longerlifespanin worms[48,49],
killifishes[50] andmice[51,52].

Finally,mTORis thoughtto playacritical role in regulatinginflammatoryandimmune
responses[53]. Wefound inflammatoryresponse(GO:0006954;FDR= 0.027,Fisher'sexacttest)
anddefenseresponse(GO:0006952,FDR= 0.004)to beenrichedfor PSGson branch11(chin-
chilla).Agingis tightly associatedto thedelicatebalancebetweenpro-inflammatoryresponsesto
resistpotentiallyfatalinfectionsandtheinexorabledamagesthatareaccumulatedbythis [28,
54].Chronicinflammationisdescribedasamajorrisk factorfor agingandaging-relateddiseases
suchasatherosclerosis,diabetes,Alzheimer'sdisease,sarcopeniaandcancer[55].

IGF1(insulin-like growthfactor1),acentralregulatorof theinsulin/IGF1pathway,was
identifiedasPSGon branch1 (LCA of African mole-rats).Theinsulin/IGF1pathwayis
anotheragingrelevantsignalingpathwaythat links nutrient sensingto variousanabolicand
catabolicaspectsof themetabolism[56]. Similarasfor themTOR-pathway,reductionof the

Positive selection in long-lived rodents

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007272 March 23, 2018 9 / 22

https://doi.org/10.1371/journal.pgen.1007272


insulin/IGF1signalingincreaseslongevityin worms,fliesandmiceandbothpathwaysare
linkedbymutualfeedbackloops[34]. Furthermore,IGF1isdown-regulatedduring naked
mole-rataging(FDR= 1.6�10−5).

Positive selection leading to enhanced longevity affects regulation of

oxidative stress

With cellularrespirationandperoxisomeactivitythemaincellularsourcesof ROSwerefound
to beaffectedbypositiveselection(seeabove).In smallconcentrationsROScanserveassig-
nalingmolecules,e.g.in regulationof mTOR[36] or apoptosis[57]. In higherdoses,however,
theycancausenegativeoxidativestress[58], i.e.damagesto DNA, proteinsandothercellular
components[59]. Oxidativestressis thoughtto playamajor role in thepathogenesisof neuro-
degenerativediseases[60] andeventhedeterminationof lifespanin general(ªoxidativestress
theoryof agingº)[61]. On branch3 (LCA of all African mole-ratsexceptnakedmole-rat),we
foundanenrichmentof oxidoreductaseactivity(GO:GO:0016491;FDR= 0.056)andpositive
selectionof TXN (thioredoxin),codingfor anoxidoreductaseenzymethatactsasanantioxi-
dantextendinglifespanin fly [62] andpotentiallyalsoin mice[63,64].SOD2 (superoxidedis-
mutase2) andCCS (copperchaperonefor superoxidedismutase)arePSGson branch10
(chinchilla)andbranch2 (nakedmole-rat),respectively.Bothgenesareinvolvedin ROS
defenseandaffectaging/lifespanin severalspecies[65,66].This is interestingbecausein
recentyears,it hasbeenrepeatedlyquestionedthat theoxidativestresstheoryof aginghas
muchrelevancefor bathyergidrodents,giventhatseveralstudiesfailedto find improvedanti-
oxidantcapacitiesand/or lessaccumulationof oxidativedamagein nakedmole-ratscompared
to themuchshorter-livedmice[67±69].On theotherhand,significantlyhigherlevelsof oxida-
tivedamageon proteinsandlipids in non-reproductiveascomparedto reproductivefemales
of theDamaralandmole-ratwerefound [70]. Sincenon-reproductiveindividualsliveshorter
(andhenceagefaster)thantheir reproductivecounterpartsin Fukomys sp.[71±73],these
resultsareconsistentwith theoxidativestresstheoryof aging.Thediversesignsof positive
selectionon branch2 (nakedmole-rat),3 (LCA of all African mole-ratsexceptnakedmole-
rat) and7 (LCA of Ansell'smole-ratandgiantmole-rat)maysuggestthat theimpactof oxida-
tivestresson agingdiffersbetweennakedmole-ratandotherAfrican mole-rats.

ROSproductionandROS-induceddamageto biomoleculesareintertwinedwith thefor-
mationof advancedglycationend-products(AGEs).AGEsarestablebondsbetweencarbohy-
dratesandproteins/lipidswhichareformedin anon-enzymaticfashion.AGEsactivate
membrane-boundor solubleAGER(AGEspecificreceptor)andAGEs/AGERhavebeen
linked to severalaging-relateddiseasesincludingAlzheimer'sdiseaseanddiabetes[74]. Inter-
estingly,AGER wasfound to beaPSGon branch10(chinchilla).Theroleof AGEs/AGERin
agingiscomplexandambivalent[75]. AGERisup-regulatedin liver during nakedmole-rat
aging(FDR= 0.035).Similarly,in skinAGElevelsrisewith chronologicalagein Ansell's
mole-rat,but surprisinglyarehigherin theskinof slowagingbreedersthanof fasteraging
non-breeders[76]

Positive selection leading to enhanced longevity affects metal ion

homeostasis and transport

Themajority of ROSisgeneratedunderparticipationof redox-activemetals[77]. Therefore,
disruptionsof themetalion homeostasisarethoughtto contributeto formationof freeradicals.
Furthermore,imbalancesof metalions,especiallyelevatediron levels,wereassociatedwith the
pathogenesisof aging-relatedneurodegenerativediseases[78,79].Metalion transportgenes
werefound to beenrichedfor PSGson branch8(giantmole-rat,GO:0030001,FDR= 0.025)
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andTF (transferrin)wasidentifiedasPSGon branch4(LCA of Cape,Capedune,giant,Ansell's
mole-ratandcommonmole-rats).TF isaniron-binding proteinresponsiblefor transportof
iron in thebloodstreamandthereforeessentialfor iron homeostasis[80]. Neuronsregulateiron
intakeviatheTFreceptoranddysregulationof this tightly controlledprocessin thebrainwas
shownto behighlyassociatedwith Parkinson'sandAlzheimer'sdisease[81].

Protein homology modeling suggests functional consequences of amino

acid changes under positive selection

Our positiveselectionanalysisprovidesnot only candidategenesbut alsocandidateamino
acidsfor functionalfollow-upstudies.Proteinhomologymodelingmayrevealinsightsinto
thepotentialstructuralimpactof apredictedpositivelyselectedaminoacidchange.Asaproof
of concept,weperformedhomologymodelingfor thesiteof highestprobabilityof selectionin
TF±Ser383Lys.SerumTFsform abilobalstructure,andeachlobecontainstwo dissimilar
domainswith asingleiron-binding site.Inspectingthestructureof theAnsell'smole-ratTF
modeledon therabbitprotein (PDPID: 1JNF;[82]) astemplate,werealizedthatLys383is
locatedat theinterfacebetweenthetwo lobes(Fig3A). In therabbitTF two juxtapositioned
Asnresiduesatposition383and312might form anH-bond andthisconstellationcouldstabi-
lizetheinter-lobeinteractions(Fig3B).In contrast,thejuxtapositionof thepositivelycharged
sidechainsof Lys383andaconservedArg312in theAnsell'smole-ratstructuralmodelwould
beexpectedto weakenthelobe-lobeinteractiondueto electrostaticrepulsion.Thefunctional
consequencesfor TF implied by thismodelingrequireexperimentalinvestigations.

Conclusions
Weprovidedasystematicscanfor PSGson evolutionarybranchesof theAfrican mole-rat
familyandotherrodentsleadingto enhancedlongevitythatexamined considerablymore

Fig 3. Homology models of Ansell’s mole-rat transferrin (TF). (A) Overviewof themodeledAnsell'smole-ratTFstructure(green)superimposed
onto therabbitTF templatestructure(1JNF,grey).Thepositionof theAsn383Lyssitediscussedin thetextat theboxedcenterof thelobeinterface
numberedandindicatedin cyan.Brownspheres:Fe3+ coordinatedin thetemplatestructure(PDBID: 1JNF;theradiusof themetalion isenlargedfor
bettervisibility). (B) Detailof theTF lobeinterface. Shownisamagnification of theboxedregionin (A). Coloringandnumberingasin (A), sidechain
nitrogenatoms(blue),oxygenatoms(red).Potential hydrogen bondin 1JNF(light blue)asdiscussedin thetext.Numbering(black)accordingto
positionsin therabbitTFstructure(1JNF).

https://doi.org/10.1371/journal.pgen.1007272.g003
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extantandancestralbranchesandprovidesahigh resolutionof positiveselectionthanprevi-
ousstudies.

Analyzingthegeneexpressionof PSGs,wefoundahighlysignificantpatternof down-regu-
lation in thelong-livedNMR andup-regulationin theshort-livedrat, fitting theantagonistic
pleiotropytheoryof aging[83]. ThePSGsandenrichedfunctionaltermscovermanyof the
processesthatareregulatedby themTORpathway,e.g.translation,autophagyandcellularres-
piration.Furthermore,with RHEBandRHEB1L,direct regulatorsof mTOR[84], andwith
IGF1,acentralcomponentof insulin-signaling,werefound to beunderpositiveselection.In
addition,welinked positiveselectionwith inflammationandtheantioxidantdefense,pro-
cessesknownto beinvolvedin regulationof lifespan.

Byprovidingstatisticalevidencesthat thesetof identifiedPSGsrepresentsameaningful
resourcefor agingresearch,our resultsmayencourageexperimentalfollow-upstudies±regard-
lesswhetherthegeneiscurrentlylinked to agingor determinationof lifespanor not±sinceall
sequencesandalignmentsincluding theidentifiedpositivelyselectedsitesareaccessiblevia
supplementdata.

Methods

Ethics statement

For tissuecollection,ratswereeuthanizedwith CO2,whereasmole-ratswereeitheranaesthe-
tizedby3%isofluraneinhalation(nakedmole-rats)or 6 mg/kgketaminecombinedwith 2.5
mg/kgxylazine(giantmole-rats;seeGarciaetal.2015,doi: 10.1111/vaa.12180)andthen
euthanizedbysurgicaldecapitation.Animal housingandtissuecollectionwascompliantwith
nationalandstatelegislation(Berlin:breedingallowance#ZH 156;animalexperimentation
approvalG 0221/12,LandesamtfuÈr Gesundheitund Soziales,Berlin;Essen:breedingallow-
ances32-2-1180-71/328and32-2-11-80-71/345, ethics/animalexperimentationapproval84±
02.04.2013/A164,LandesamtfuÈr Natur-,Umwelt- und VerbraucherschutzNordrhein-
Westfalen).

CDS data

WeexaminednineAfrican mole-ratspeciescoveringall sixgenera.Additionally,our analysis
compriseseightoutgroupspecies,including thelong-livedblind molerat andthechinchilla.
mRNA sequencesof sevendistantlyrelatedoutgroupspecieswereobtainedfrom RefSeqalong
with their CDSannotation(S1Table).For thenakedmole-ratweusedarecentlypublishedde
novo transcriptomeassembly[85]. RNA-seqdatafor sixmole-ratspecieswasobtainedfrom
GenBankSequenceReadArchive,studySRP061925[17]. Thereadswereassembledandanno-
tatedusingFRAMA asdescribedin [85].

ForAnsell'sandgiantmole-rat,purification of RNA from 13and17tissues,respectively,
wasdoneusingQiagenRNeasyMini Kit following themanufacturer'sdescription.Novel
RNA-seqwasperformedfor bothspeciesasdescribedin S2Table.De novo transcriptome
assembliesof thegenerateddatawereperformedusingFRAMA with humanasreferencespe-
cies[85]. In casesin whichmultiple isoformspergenewereannotatedbasedon thereference,
all of themwereusedin subsequentanalyses.Thecompletenessof theassemblies,estimated
usingBUSCO[86], was54±100%(S1Table).

For thesilverymole-ratandthegreatercanerat genomesequencingwasperformedto
complementthetranscriptomedata.DNA wasisolatedfrom liver tissueof two femalesilvery
mole-ratsandamalegreatercanerat usingDNeasyBlood& Tissue(Qiagen).DNA wasthen
convertedto Illumina librariesandsequencingwasdoneasgivenin S2Table.Sequencereads
werecleanedbyremovalof adaptors.Then,thereadsweretrimmed usingtheCLCquality
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trim program(parameters-l 0.5,-f 33and-b 0.1),i.e.thelargestregionof eachreadwasiden-
tified that thathasatmax.10%of its baseswith qualityscores�20andthis regionwasused
for further analysisonly if it containedat least50%of thetotalbasesof therespectiveread
(otherwisethereadwasdiscarded).Additionally,dupliconswerediscarded.De novo genome
sequenceassemblywasperformedusingCLCassembler(Qiagen)with defaultsettings.The
CDSannotationwasdoneusingAUGUSTUS[87] with Ansell'smole-ratCDSsashint. The
estimatedcompletenessfor theseassembliesusingBUSCOwas39%and13%for silverymole-
rat andgreatercanerat, respectively(S1Table).For thegreatercanerat,anadditional,refer-
encebasedcodingsequenceassemblywascreatedbymappinggreatercanerat readsagainst
giantmole-rattranscriptsusingCLCmapper(-a local-l 0.4-s0.9)andintroducingchangesto
thegiantmole-rattranscriptsusingCLCvariationfinder (-z unknown-c 2 ±I). Theestimated
completenessof thisassemblywas91%(S1Table).

All animalswerehousedandeuthanizedcompliantwith nationalandstateregulations.
ReaddatawasdepositedasENA (EuropeanNucleotideArchive)studyPRJEB20584.

Identification of positively selected genes

To scanon agenome-widescalefor genesunderpositiveselection,wefedtheCDSsof the
describedspeciessetalongwith thebrancheswewantedto examine(Fig1) into thePosiGene
pipeline[88]. Giantmole-ratwasusedasPosiGene'sanchorspecies.Orthologywasdeter-
minedbyPosiGeneviabestbidirectionalBLASTsearches[89,90]againsttheorthologsgroups
definedin theHomoloGene[91] database(PosiGeneparameter-hsfor HomoloGenespecies
and-nhsfor speciesnot includedin thedatabase).Regardingthesilverymole-rat,for which
wehadbothagenomeandatranscriptomeassembly,weusedgenerallythetranscriptome
assembly,exceptfor thoseorthologgroupsin whichthesilverymole-ratorthologcouldnot be
assignedviatranscriptomicbut viagenomicdata.Thiswasaccomplishedbycallingthethree
PosiGenemodulesseparately,feedingbothassembliesindependentlyin thefirst module
(orthologassignment)anddeletingall genome-basedsilverymole-ratsequencesin those
orthologgroupsthatcontainedtranscriptome-basedsilverymole-ratCDSsbeforecallingthe
secondmodule.Weconsideredall geneswith Benjamini-Hochbergcorrectedp-values(FDR)
< 0.1ascandidategenes.To excludethat thesecandidateswereproductsof computational
convergenceproblemsthatareknownto potentiallycausefalsepositivesin suchanalyses[92],
weperformedfor eachcandidatetwo control runswith PosiGene.Only thosecandidatesthat
wereapprovedin bothcontrol runswereconsideredasPSGsandusedin subsequentanalyses
(acrossall branches8 candidateswereremoved,S5±S15Tables).

Theabovedescribedprocedurewasperformedseparatelyfor thebranches2±11andfor
branch1with differentgreatercanerat assemblies.While for thebranches2±11thede novo
greatercanerat assemblywasused,for branch1 thereferencebasedgreatercanerat assembly
wasused.Thereasonfor thisseparationis thelackof completenessof theinitial de novo
greatercanerat assembly(S1Table).Theimpactof this for branches2±11canassumedto be
minimal asthegreatercanerat isonly oneof ninepotentialoutgroups.Forbranch1 (LCA of
African mole-rats),however,thegreatercanerat is thesistertaxonwhosepresenceis required
in analignmentto ensurethatdetectedsignsof positiveselectiondo not predatebranch1
[18]. Therefore,to avoidaconsiderablylowersensitivitywith respectto branch1 thanfor
otherbranches,thesecond,morecomplete,referencebasedgreatercanerat assemblywas
used(S1Table).

An overviewaboutthenumberof genesandsequencestestedfor positiveselectionin the
differentbranchesisshownin S4Table.
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Differentially expressed genes during naked mole-rat and rat aging

Theyoungandold rats(strainWistar)hadanageof 6 (n = 4) and24(n = 5) months,respec-
tively.Theyoungnakedmole-ratshadanageof 3.42±0.58years(average±sd,n = 6).Theold
nakedmole-ratswereat least21yearsold (recordedlifetimein captivity,n = 3).All examined
animalsweremales.All animalswerehousedandeuthanizedcompliantwith nationalandstate
regulations.Forbothspecies,purification of RNA from liver sampleswasdoneusingQiagen
RNeasyMini Kit followingthemanufacturer'sdescription.In short,weperformedRNA-seq
usingIllumina HiSeq2500with 50nt singlereadtechnologyandasequencingdepthof at least
20mio reads/sample(S17Table).Fornakedmole-rat,thereadmappingwasperformedwith
STAR[93] (±outFilterMismatchNoverLmax0.06±outFilterMatchNminOverLread0.9±outFil-
terMultimapNmax1) againstthepublicgenome(Bioproject:PRJNA72441)thatwehadanno-
tatedbeforebyaligningtheabove-mentionednakedmole-rattranscriptomereferenceusing
BLAT [94] andSPLIGN[95]. RatreadswerealignedagainstthementionedRefSeqreference
usingbwaaln [96] (-n 2 -o 0 -e0 -O 1000-E1000).Readdataandcountsweredepositedas
GEO(GeneExpressionOmnibus)seriesGSE98746.Differentiallyexpressedgenes(FDR�0.1,
S18andS19Tables)andfold-changesweredeterminedwith DESeq2[97]. GAGE[98] wasused
to determineenrichedgeneontologiesbasedon fold-changes(S20Table).Geneontologieswith
FDR�0.1weresummarizedusingREVIGO(allowedsimilarity = 0.5)[99]. Fourof thesixlarg-
estsummarizedcategoriesof theresultingtreemap(S21/S22Tables)werefurther analyzeddue
their agingrelevance(representativetermsgiven):ªtranslationº(GO:0006412),ªcellularrespira-
tionº (GO:0045333),ªresponseto oxidativestressº(GO:0006979)andªiron ion homeostasisº
(GO:0055072).Foreachof thesecategoriestheunion of genesacrossgeneontologytermswas
built. Theseunionsweretestedfor significantoverlapswith (i) theunion of PSGsacross
branchesand(ii) theunion of PSGsacrossbranchesthatweredown-regulatedduring agingin
nakedmole-ratandup-regulatedin rat (Fisher'sexacttest).Functionalannotationof thePSGs
in respectto thefour categoriesisgivenin S23Table).

Gene ontologies

Wedeterminedenrichmentsfor GOcategorieswith Fisher'sexacttestbasedon theRpackage
GOstats(S24Table).Theresultingp-valueswerecorrectedusingtheBenjamini-Hochberg
method[100].Weusedthroughoutthemanuscript0.1assignificancethreshold.

Homology modeling of protein structure

Modelswerebuilt in SWISS-MODEL(http://swissmodel.expasy.org;)[101,102].No further
optimizationwasappliedto theresultingmodels.Superimpositionof themodelandtemplate
structuresandrenderingwascarriedout usingCHIMERA [103].
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