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Abstract

Evaluating biodiversity and understanding the processes involved in diversification are
noticeable conservation issues in fishes subject to large, sometimes illegal, ornamental
trade purposes. Here, the diversity and evolutionary history of the Neotropical dwarf
cichlid genus Apistogramma from several South American countries are investigated.
Mitochondrial and nuclear markers are used to infer phylogenetic relationships between
31 genetically identified species. The monophyly of Apistogramma is suggested, and Apis-
togramma species are distributed into four clades, corresponding to three morphological
lineages. Divergence times estimated with the Yule process and an uncorrelated lognor-
mal clock dated the Apistogramma origin to the beginning of the Eocene (50 Myr) sug-
gesting that diversification might be related to marine incursions. Our molecular dating
also suggests that the Quaternary glacial cycles coincide with the phases leading to Apis-
togramma speciation. These past events did not influence diversification rates in the spe-
ciose genus Apistogramma, since diversification appeared low and constant through time.
Further characterization of processes involved in recent Apistogramma diversity will be
necessary.

Introduction

The Amazondrainagesystenis the aquaticcontinentalecosysterhostingthe highestfish spe-
ciesrichnesswith 2,500specieslreadydescribecandsomel,000yetto bedescribed1+2].
Approximatelytwo-thirds of the Neotropicalfreshwateichthyofaunaoccurin the Amazon
drainagesysten1+2]. Human activitieshaveimpactedthe Amazonbiodiversitysinceatleast
the pre-Columbiantimesandthis impacthasdramaticallyincreaseaincethe 195093]. Local
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populationsdependmainly on freshwatefishesfor protein supply,andthe ornamentalffish
tradehasalsocontributedto the declineof somefreshwateffish speciesn the Brazilianand
PeruvianAmazon[1, 4+5].More thananything,large-scaleestructionof naturalhabitats
(extensiveoadzbuildingto allowtimber exploitation,mining, gasand petroleumactivities,
reservoirconstructionandagro-industrialdevelopmentrausesollateraldamagesn rivers,
floodplainsandwetlandsandthusput ahigh pressureon aquaticbiodiversity[1, 6+10].There
isthusanurgentneedto assesthe globalbiodiversity,and especiallghe Amazonfreshwater
biodiversity.

Fishspeciesvith narrowgeographicatlistributionsareparticularlythreatenedThis
includesmanyNeotropicalCichlidae(subfamilyCichlinae) but especiallymostspecie®f
thegenus Reganl1913(>100 species)11]. aresmallfishes
(dwarfcichlids)belongingto thetribe Geophaginiand characterizedby a high sexualdimor-
phismin morphologyandcolour[12+13].Theyoccupynearlythe entire Neotropicalregion
eastof the Andes[12]. Most speciehaverestrictedanddisconnectedjeo-
graphicaldistributionsin the Amazon,Orinoco and Paraguaylrainagesystem®f lowland
tropicalrainforestsand opensavannahgl1+12].Howeverafewspeciessuchas .

(Steindachner]1875), . Pellegrin, 1936, . Hoedeman19510r .
EigenmanmandKennedy,1903areratherubiquitous,widespreadcnd canbesym-
patric[11+12].Speciesf occurin alltypesof water(clear,blackandwhite

waters)rangingfrom fast-flowingto stagnantwvaterg11]. Theyusuallyinhabit leaflitter on
shallowbanksof watersrangingfrom fewtens(smallstreams}o hundreds(rivers) of km
[11,13]. Although probablymany speciestill remainundescribedmolecular
andmorphologicaldatasuggesthat this genusmight bemonophyleticand consideredasthe
sistercladeof Myers,1935[11,14+18] A clusteranalysisasedn coloration
(notably,of lips, anteriordorsalmembraneor during brood-care) aswell asexternalmor-
phological(suchasblackmarkings,bodyandfin shapeporesdentition) andbehavioural

(family structure)characterestablishedhatall of the 116 speciesnvestigated
couldbelongto threemain groups:ithe , and lineagegl1]. A
fourth lineagejncludingonly . Kullander,1987 wassuggesteth aphylogenetic

analysisvhere howeverneitherthe nuclearand mitochondrialmarkersnor the species
takeninto accountwereconvenienthisted[18]. Seasonaidr geologicalvater-levefluctua-
tions could haveplayedanimportantrolein speciatioreventsdy isolating
populationsandfavoringthe establishmenof reproductivebarriers[11]. A recentphylogeo-
graphicstudyon . Kullander,1980from eastermAmazoniaindicatedthatthreegenet-
ically differentallopatriclineageshoweda strongprezygotidsolationthroughfemalemate
choice[19]. Accordingto Readyetal.[19], the speciesichnesscouldbeseri-
ouslyunderestimatedf future worksrevealthattheir resultsareaimedto beindicativeof a
generalrend (seealso[20+21]).

Betterassessmerf the speciesliversitypatternsand of the speciatiorprocesseare
important conservatiorissueshotablyfor fishessubjecto overfishingfor ornamentalrade
purposessuchas ) In this study,the diversityandevolutionaryhistory of the
Neotropicaldwarfcichlid genus areinvestigatedMost attentionwaspaidto
interspecificmoleculamphylogenieso identify (1) the phylogenetiaelationshipsamongthe
speciesf and(2) putativecryptic diversityin this genusTheir evolutionary
historyanddiversificationratesareinferred from partial sequencesf the mitochondrialcyto-
chrome andcytochrome oxydasé genegrespectivelycytband COIl) andanuclearmarker
usedin severaktudiesocusedn the phylogenyof Cichlidag[22+26] the Tmo-4C4single-
copylocus(Tmo4C4).
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Materials and methods
Species sampling and DNA analyses

No animalwaskilled specificallyfor the presentstudy.Fishesverestoredat the Instituto de
Investigacionedela AmazoniaPeruanglIAP) in Iquitos, Peru.Piece®f musclesandfins
weretakenfrom fishespreservedn alcohol A permitfrom the Dirreccion Regionabela Pro-
ducciondel GobiernoRegionabeLoretoin Peruwasobtainedto exporttissuesampleso
France Documentsareavailablaiponrequest.

Tissuesampleof weretakenfrom 309specimengor up to 41 morphologi-
callyidentified speciegor morphospecieqP 7], dependingon the analyzedlatase{S1Table).
Thesemorphospeciewereselecte@ccordingto thelineagesheywerefoundto belongto in a
previousclusteranalysig11]. The specimensveredepositedn the Laboratoriode Biologhy
GenfiicaMolecular(IIAP, Iquitos, Peru),the Museode Historia Natural dela Universidad
NacionalMayor de SanMarcos(Lima, Peru),the CaliforniaAcademyof Scienc€SanFran-
cisco,USA),the FieldMuseumof NaturalHistory (ChicagoUSA),andthe Staatliches
Museumfi Tierkunde(DresdenGermany) Tissuesoriginatedfrom Peru,Brazil, Venezuela,
EcuadorandBolivia.A list of the specimensvith cataloghumbersis providedin the S2Table.

Total DNA wasextractedrom fin clipsandmusclepiecegpreservedn 96%ethanolfol-
lowing standardprocedureg28]. The partial Tmo4C4,cytband COIl wereclassicallfPCR-
amplified(seeTablel for primer details).Direct sequencingvascarriedout in both direc-
tionsto confirm polymorphicsites Sequencesereproducedthroughthetechnicalfacilities
of the Platform2Genotypingand Sequencing3haredby the 2Institut desSciencesel'Evolu-
tion deMontpellier® (ISEM)andthe3CentreMdditerranden del'Environnementet dela Bio-
diversit® (CeMEB)(Montpellier, France) Sequencewerealignedby handusingMEGA
v5.2.2[29].

Phylogeneti@analysesvereperformedon datasetincluding 287original sequencesf
Tmo4C4aswellas282and 193original sequencesf cytband COl, respectivelyThesedata-

setswerecompletedwith GenBanksequencesf Géinther, 1862, Stein-
dachner1875, EigenmanrandKennedy,1903, Miranda-
Ribeiro,1918, Myers,1935and Heckel,1840thatwereusedasout-

group.Detailsaboutsamplingsitesfor the original sequencesiswell asthe GenBankacces-
sionnumbersaregivenin the S2Table.

Phylogenetic analyses and species delimitation

Phylogeneti@analysesvereconductedon both separatg¢sequencesind concatenated
(sequencesr haplotypespenedatasetshroughthetechnicalfacilitiesof the Platform

Table 1. Primers used for PCR-amplification of the Tmo-4C4 nuclear locus and the cytochrome b and cytochrom e c oxidase | genes.

Gene
Primer Name

Tmo-4C4

Tmo-f2
Tmo-4C4R

Cytochrome b gene

ApistoCB1

CytIntR

Cytochr ome c oxidase |gene

Pros1Fwd
Pros1Rev

https://da.org/10.1371durnal.pon®182618.t001

Primer Sequence Tm References
(EC)
$7&FT*$**&T*$$&7$ 55 [30]
&ST7&T*&T&&EPT*S& BE 7 [31]
T $7**&$B773$&*$$ T 46 this study
FRTESERTT T &THT & [17]
77&78387$$7RHSS*$&$** 46 [24]
T&EBSSS**TT*TT7T$*T< & [24]
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aMontpellier BioinformaticsBiodiversity°(MBB) sharedby ISEMand CeMEB In the
concatenatedatasetchimerasequencewerebuilt from Tmo4C4,cytband COI sequencesf
the outgroupspecies-or instanceno cytb sequencavasavailabldgor
(Gnther, 1863)in GenBankpnly for sp.Sequencesf Tmo4C4andCOl of .
werethusconcatenatevith the cytbsequencef . sp.(S2Table).Phylogenetic
treeswerereconstructedvith amaximumlikelihood approach(ML) usingPhyMLv3.0[32]
andaBayesiarnference(Bl) usingMrBayes/3.1.233]. Best-fitingmodelsof sequencevo-
lution wereidentifiedfor eachdatasetvith MrModeltestv2.3[34]. Noderobustnessvasesti-
matedby bootstrappercentage@BP)in ML after1000replicateswhereafBayesiamosterior
probabilities(PP)wereobtainedfrom the 50%majority rule treeconsensusafteraburn-in
stageof 25,000In BI, threeindependentuns of five Markov chainMonte Carlo(MCMC)
samplingswverealsoperformedfor five million generationsvith treessampleceveryl00gen-
erations Alternativehypothesesf lineagerelationshipsverecomparedwith
the Shimodaira-Hasegawkest[35] asimplementedn PAUP 4.010436].

Specieslelimitation testswereperformedusingamulti-locuscoalescent-basedethod
implementedn BPPv3.3[37+38].This methodtakesinto accountincompletelineagesorting
dueto ancestrapolymorphismandgenevsspeciesreeconflicts.lt allowsthejoint estimation
of Bayesiarspecieslelimitation andspeciesree.To validatethe geneticallydentified species,
two initial hypothesesvereused:onebasedn aspeciesreereconstructedrom consensus
sequencesbtainedfor eachmorphospeciesandthe otherbasedn the speciesree(excluding
the outgroup)obtainedin the frameof divergencdime estimatesvith StarBEAST239] (see
nextsection).To underlineputativecryptic diversity,specieslelimitation testswerethenper-
formedon the specievalidatedby BPPthatincludedmorethantenindividuals.Thetopology
of the guidetreefor eachspeciesestedvasextractedrom the haplotypetree(Fig 1). In all
casegheanalysesverebasedn the concatenatedatasetSeveratombinationsof priors for
ancestrapopulationsize(s: =1or2; =10,20,100,200,2000)androotage( o; =1or2;

=10,20,100,200,2000)weretested For eachtest,the other priors werethefollowing: spe-
ciesdelimitation= 1, speciestree 1, speciesmodelprior 1,algorithm= 0, finetune =2,
usedata 1,locusrate= 1, heredity= 2 (scalawvalues= 1 for nuclearmarkerand0.25for mito-
chondrialmarker)andcleandata 1. Finetunevariablesvereautomaticallyadjustedand
swappingatesfor eachparametemwerecheckedor recommended/alueg0.10+0.8040].
Eachanalysisvasrun twiceto confirm consistencyetweerruns.

Intra- andintergroupgenetiadivergencesvereestimatecby the K80distancewith MEGA.
Asin Ldpez-Ferfadezetal.[17], aninternal branchtestwasperformedwith MEGA on the
concatenatedataseto determinewhethershortinternalbranchesn the phylogenywere
resolvedelationshipor polytomies.Theneighbour-joiningmethodwasusedto build atree
underthe K80model,with andwithout agammadistribution (G).

Molecular dating estimates

Two scientificschoolexistaboutthe origin of the Neotropicalcichlids:eitherrelatedto the
Gondwanaectonicfragmentation41+45],or aftertrans-Atlanticdispersafrom Africa [46+
49]. Severahttemptsof moleculardatingwereundertakenon the solebaseof the fossilrecord
[47,50x51] However the useof differentcalibrationpoints,datasetanolecularmarkersand
analyticalapproachesasprovideddifferentdivergencdime estimategor the Cichlinaeand
GeophaginiTheoldestNeotropicalcichlidsknown from the fossilrecordarefrom the Lum-
breraFormationin Argentina[52+54].Sedimentologicahaleontologicalandgeochemical
datingstudiessuggesa Middle Eoceneage(47.8+41.Myr; Lutetian)for the uppermost
sectionof the LowerLumbreraFormationwhereaspeciesissignedo the Geophagini,
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Fig 1. Maximum likelihood tree reconstructe d from the Apistog ramma concate nated haplotype dataset of the mitochon drial
cytochro me b and cytochro me ¢ oxydase | genes and the Tmo-4C4 nuclear locus. Haplotypes are detailed in the S2 Table. Numbers
at nodes are for bootstrap percentages ( 50%) and posterior probabilities (  0.85). Black circles indicate nodes with BP = 100% and

PP =1.00, while grey circles are for nodes with a weak support (BP  50% and PP  0.85). Nodes with 2-°are weakly supported in maximum
likelihood approach or Bayesian inference. Branches with 2 © indicate short internal branches not significantly different from zero.

https:/Hoi.org/10.137/ournal.pon®©182618.g001
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Malabarbeaetal.,2010wasdiscovered53+55]. The occurrenceof
thisfossilpredateghe hypothesiof aNeotropicalcichlid origin afteratrans-Atlanticdispersal
around29.2Myr (34.8+25.84yr) [47].

Thedateof 44.5 3.3Myr for the occurrenceof . in the LowerLumbrera
Formation[54] wasthususedasfossilcalibrationpoint. However from aphylogenetic
standpoint, . hasbeenshownto bepossiblynestedwithin theliving genus

[53], andthusdoesnot representhe mostrecentcommonancestoiof
Accordingto amorphometricanalysis,. seemdo bethesisterspeciesf
(Hensel 1870)and . (Perugia1891)[53]. Sequencesf thesetwo latter
speciesvereavailablen GenBanlonly for cytb.In orderto correctlyplacethis calibration
point for the concatenatedatasetafirst analysisvasthusrun for acytb sub-datasetorre-
spondingto the specimenéincludedin the concatenatedatasetaswellas . and
A secondanalysisvasthenrun for the samecytb sub-datasetut by removing
and . . Priorsof theanalyseareprovidedbelow.An estimationof the
Geophagmroot ageby McMahanetal.[51], 51 Myr (64+40Myr), wasusedasanadditional
calibrationpoint. Theseauthorsusedboth mitochondrialandnuclearmarkers asin the pres-
entstudy,andthe oldestknown fossilfor severatichlid cladesascalibrationpointsrather
thanbiogeographidiypotheseéi.e.ageselatedto the tectonicfragmentationof Gondwana).

To estimatethetime to the mostrecentcommonancesto TMRCA) for the
specieslayesiartoalescenanalysesvereconductedat MBB. Analysesvereperformedfor
two speciatiormodels(Yule andbirth-death)with threemolecularclocks(strict, relaxed
uncorrelatedognormalandrelaxeduncorrelatedexponentiatlocks)usingStarBEAST239].
With Tracerv.1.6[56], speciatiormodelsand clockswerecomparedusingthe Akaike's
information criterion throughMCMC (AICM) [57] to testwhich of thembestfit our data.
Normally distributedpriors wereusedfor nodecalibrationpoints:the

(Hensel, 1870) . ReisandMalabarba]1988nodecalibratedwith the
ageof . (mean=44.5Sigma= 2); the estimationof the Geophaginroot age
(mean=52,Sigma= 7.3).StarBEASRnalysesvereperformedwith five independentuns of
100million generationsvith thefirst 10%removedasburn-in (seeS1Filefor details) Markov
chainconvergence&vasascertainedy visualinspectionof the traceswhile the stability of each
run wasmeasuredisingthe effectivesamplesize(ESS> 200for all parametersysingTracer.
Resultof theindependentonvergentuns werecombinedwith LogCombinen2.4.458]
to estimateTMRCA and 95%confidencdntervals A consensureewasgeneratedising
TreeAnnotatorv2.4.458] with meannodeheightsasnodeheightsoption and maximum
cladecredibility astargettreetypeoption.

Diversification rates

DiversificationrateswereestimatedisingBayesRatel.6359] for the entiretreeandfor the
lineage®f asdefinedin theintroduction from morphologicaland/or molecular
data[11, 18].Marginallikelihoodsviathe thermodynamidntegrationwerecalculatedo select
thebest-fittingmodelof diversificationbetweerthe pure-birth or birth-deathprocessesinder
thefollowing parametersi00,000MCMC iterationsperthreechainsfor 1,000randomlysub-
sampledbosteriorspeciesreesobtainedwith StarBEASTndexcludingthe outgroup.Mar-
ginallikelihoodswerethencomparedusingthe AICM, aspreviouslymentioned.Speciation
(), extinction() anddiversification( +) ratesthroughtime werefinally estimatedwith the
selecteanodelandpreviouslymentionedparametersTheresultswerevisualizedwvith Tracer.
A lineageghroughtime (LTT) plot wasusedto summarizethe accumulatiorof diversity
acrossvolutionarytime for agivenphylogenylt wasthusconstructedwith theltt.plot
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function of the apepackagg60+61]for Rv3.3.362] from the speciesree (without outgroup)
obtainedwith StarBEASBnd TreeAnnotator Predicted.TT curves and from the Bayes-
Rateanalysesjvereobtainedwith the LTT function of ape[63], andcomparedo the observed
LTT plot.

Results
Phylogenetic relationships and species delimitation

All newsequenceweredepositedn the ENA databasendertheaccessiomumbers
LN678825-LN67894andLT617356-LT617520r Tmo4C4,LN678702-LN6788Rand
LT617119-LT61728@r cytb,andLN678948-LN679068ndLT617281-LT61735mr COI

(S2Table).
Forthe separatedlatasetghefull alignmentsepresented293positionsfor Tmo4C4with
28phylogeneticallynformative sites(P1S)within the 333 sequence$69posi-

tionsand 326PI1Sfor 315cytb sequence&83positionsand265P1Sfor 207COI sequences.
The concatenatedatasetyhichincludesTmo4C4+cytb+CObkequencesf 180individuals
correspondingo 56%of the sampledspecimengor, respectivelyl9,60and 61 haplotypes,
wasthus 1545nucleotidedong andit has583PISwithin the seguences.

Thebest-fittingmodelsof nucleotidesubstitutionwerethe KBOmodel[64] with apropor-
tion of invariablesites(l) andagammadistribution (G) for Tmo4C4 whereaghe GTR
model[65] +I+G wasselectedor cytb, COl andthe concatenatedatasetn ML. On the
otherhand,amixed-modelanalysigK80+I+G and GTR+I+G)wasperformedin Bl for the
concatenatedatasetBasedn the subsebf speciesncludedin the present
study,the monophylyof washighly supportedn all treetopologiesexceptfor
theoneobtainedin Bl for the Tmo4C4(Fig 1 and S1+S#igs):BPbetweer87%(COl) and
100%(Tmo4C4+cytb+COI)PP=1.00.In treesreconstructedrom cytbandconcatenated
datasetgheindividualswereclusterednto four monophyleticgroupswith weakto high
supportvaluesAl, 99%< BP< 100%andPP=1.00;A2,lesghan50%< BP< 100%and
0.81< PP< 0.99:A3,85%< BP< 99%andPP=1.00;A4,57%< BP< 94%and0.97< PP
< 1.00.TheA2, A3 and A4 cladegroupedtogetherin atrichotomic clade(88%< BP< 99%
andPP= 1.00) AlternativerelationshipgA2+A4/A3,A3+A4/A2 or A2+A3/A4)between
thesethreelatter groupswereinvestigatedvith the Shimodaira-Hasegawkgest[35]. Thebest
ML treedifferedfrom thetreepresentedn Fig 1 by placingthe A2 groupasthe sistergroup
of A3+A4.However the otherrelationshipgested A2+A4/A3 and A2+A3/A4) werenot sig-
nificantly worsethanthe bestML treeatthe 5%confidencdevel(0.17< < 0.57).In COI
treestwo cladesvereidentified: A1, BP= 99%and PP=1.00;A2+A3+A4,BP= 84%and
PP=1.00.In Tmo4C4treesthephylogenetiaelationshipgnsidethe group
remainedunresolvedSomeindividualsbelongingto someundescribednorphospecies
couldnot beattributedto ageneticallyidentified speciesTheywerenamed . spxin all pres-
entfiguresandtables.

Sincethe geneticallyidentified specieslid not fully matchthe morphospeciegwo initial
hypothesesvereusedin the frameof the specieslelimitation tests The2morphospecies®
hypothesisvasnot validatedby the multi-locuscoalescent-basedethodwith BPPfrom the
concatenatedatasetThe BPPanalysesathersuggesg6 putativespeciegs: =2and

=200; o =2and =2000;PP=0.97)correspondingo mostmorphospeciesxcepthree
groups.TheaStarBEASBpeciesree®hypothesisvas,on the otherhand,validated(s: =2
and =2000; ,; =2and =2000;PP=1.00).Amongthevalidspeciessixincludedmore
thantenindividuals: . . RBmerandHahn, 2008, . , .
RBEmeretal.,2011, . Kullander,1981,and . sp®Morado®.For four of them
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(. . , . , . ), theBPPanalysesuggestedneputative
speciesvith high posteriorprobabilities(s: =2and =20; o =2and =200;0.84< PP
< 1.00) whilethe BPPanalysesuggestedever( . sp#Morada®) or nine( . ) puta-

tive specieshut with low posteriorprobabilities(s: =2and =2000; ,; =2and =2000;
PP=0.32and0.41 respectively).

Intragroup genetiadivergenceangedfrom 0%to 1.4%for the 31geneticallydentified spe-
ciesfrom the concatenatedatase{Fig 1 and S1Fig), whileintergroupgenetiadivergencean-
gedfrom 1.1%to 26.7%for thesespecie$S3Table).The Al groupis characterizedby shorter
internalbrancheghanthe A2, A3 and A4 groups.However theinternal branchtestindicates
that mostbranchesaresignificantlydifferentfrom zerowith lengthconfidenceprobabilities
higherthan 95%for mostinterspecifidoranchegFig 1) [29, 66].

Divergence time estimates

Bayesiaroalescenanalysesvereconductedunderthe GTR+I1+G modelfrom the
concatenatedytband COIl datasetindthe K80+I+G modelfor the Tmo4C4datasetThe
AICM suggestethatthe Yulemodelof speciatiorandtherelaxeduncorrelatedognormal
clockweresignificantlybestsuitedto our dataset.. spéwasremovedrom the datasebecause
only mitochondrialmarkersweresequencetbr oneindividual. Resultof threeof thefive
independentuns convergedaindwerethuscombinedwith LogCombinerfor further analyses
(Fig2A).

Thesplit betweerthe A1 andthe othergroupsof from their mostrecent
commonancestotook placeatthe beginningofthe Eocend  50Myr), while the split
betweerthe A2, A3 and A4 groupsseemdo haveoccurredattheendofthe Eocend 39
Myr). Thefour identified clader lineagedegarto diversifyfrom the beginningof the Oligo-
ceng(from  32Myr for A2to  20Myr for A3 and A4). Theextantspeciedncludedin our
datasevriginatedwithin the Pleistocenéfrom 2.49to 0.16Myr).

Diversification rates

The AICM providedastrongsupportfor the pure-birth processn diversificationestimates.
Thenetdiversificationratedetectedvith thismodelwas0.072 0.017( =0.072 0.017
and =0)event/Myr.Theestimateof the diversificationratewasfound slightly higher
(0.103 0.020)whenthe proportion of speciesncludedin the phylogenywassetto 33%.
Thediversificationratesfor eachlineageareasfollows:0.184 0.045event/Myrfor A1l;
0.092 0.027event/Myrfor A2;0.337 0.12levent/Myrfor A3. No rateof diversification
wasestimatedor the cladeA4 becaus®ayesRatdoesnot allowthis for acladewith less
thanthreetaxa.

In agreementvith the aboveresultstheobserved.TT plot (Fig 2B)exhibiteda patternof
constantdiversificationthroughtime. The predictedLTT curvecalculatedvith the estimated
parametershowedagoodfit with the observedlot, particularlyfor the recenttimesbut a bit
lesdeepeiin time, thoughthe logarithmicscalemagnifiedthe differenceslnterestingly the
predictedLTT curvescalculatedvith thetwo aboveestimate®f (consideringmissingspecies
or not) wereverysimilar andtheir predictionintervalsoverlappedvidely (insertof Fig 2B).

Discussion

Theaimsof the presentstudywere first, to investigatehe phylogenyof the genus

, aspeciosgroupof Neotropicalcichlidssufferingfrom ornamentalrade,secondo
betterunderstandhe origin andtempoof diversificationin this genusAn extendechumber
of morphospeciefup to 41)wereincludedin the presentmolecularanalysesomparedo
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Fig 2. Chronogra m showing the divergence time estimates (A) and lineages through time plot (B) of all the

Apistogra mma species taken into account in the present study . A: values at nodes and with species names reflect the
time (in Myr) to the most recent common ancestor and, in brackets, the 95% confidence intervals. Values with species names
are divergence times estimated from the mitochondrial dataset. Grey circles are for nodes with posterior probabilities  0.85.
PL. and IV are for the Pliocene and the Quaternary, respectively. B: the x-axis represents the time before presentin Myr, while
the y-axis is the number of species (N) on a logarithmic scale. The black line is for LTT plot constructed from the species tree
(A), while the blue lines are for the predicted LTT curve obtained with = 0.072 (dashed lines are the 95% prediction interval).
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The insert shows two predicted LTT curves with =0.072 and N =30 (blue),and =0.103 and N =100 (red). The two curves
were standardized to be compared.

https://da.org/10.1371durnal.pon®182618.902

previouspublishedstudiegbetweenl and4) [14+1722+2543,49,51+52] Theuseof only
two mitochondrial (cytband COIl) andonenuclear(Tmo4C4)markersshouldbeseerhereas
alimitation of our study.Neverthelesgur phylogenybasedn thesemarkersbut including
severaftepresentativesf the major lineagesmndspeciesampledappeardetter
resolvedhan previousones.

Phylogeny of Apistogramma

Themonophylyof thegenus wasalreadyestablishedrom morphological
(externalcharacters&ndosteologyand/or molecular(mitochondrial cytb,ND4, 16Sand
nuclearRAG2,Tmo-M27, Tmo-4C4genesylatasetfocusedn the Geophagin[15+17].
Consideringalargerand more evenlydistributednumberof specieshe presentstudyalso
suggestmonophylyof the genusThreeof thefour cladesdentified herewerefoundto corre-
spondto speciegroupsdescribedn the basisof colour,morphologicalandbehavioural
characteraswell asunspecifiednolecularmarkers[11, 18]. Thefourth cladecouldnot be
identified becaus& wasnot possibldo includecytb,COIl or Tmo4C4sequencesf its repre-

sentativeg . ) in our datasetdndeed,the Al lineageincludesspecie®f the

lineagewhilethe A2 and A3 lineage<lusterspecie®f the and lineages,

respectivelySpeciefoundin the A4 group,andespecially. , areincludedin the
lineageby REmer[11], whiletheyareincludedin the lineageby Miller

andSchliewer18]. In the presentstudy,the phylogenetigelationshipdbetweerthe A2, A3
and A4 lineagesemainunresolvedAlternativehypothesesegardingthe sistergrouprelation-
shipof A4 with A2 and A3 do not allowto favoronehypothesisatherthananother.More
dataarerequiredto confirm or refutethe phylogenetigosition of the A4 group.
Discrepancieamongstudieswerealsofound within lineageskForinstance,
and . Kullander,1979areconsideredasspecie®f the complex
in Rﬁner[ll] whereagheyarenot closelyrelatedto this complexin the presentstudy.Like-
wise, . and . RBEmer, 1997areincludedin the lineagen the phy-
logenyof Miller and Schliewerj18], whereadboth speciesireclusteredwith speciesf the
lineagan both REmer[11] andthe presentstudy.On the basisof morphological
data,Britzkeetal.[67] included . sp.2Papagayo@nd . sp.2Peb°in . Britzke
etal.,2014 However jn the presentstudy(Fig 1 and S1,S3and S4Figs), . sp.2Papagayo®
and . sp.2Peb&Carenot sisterspeciesThis meanshat oneof thesecladesat leastjs not a
sub-populatioror asub-speciesf . , andit might beconsiderechsadifferentspecies
if samplef . couldhavebeenincludedin the presentdatasetLastly,someindividu-
alswith the morphotypeareclusteredvith . sp.2Morado® individuals,while other
individualswith the morphotypearecombinedin anothermonophyleticgroup. This
patternmight betheresultof oneof thefollowing scenarios{1) thefixation of . sp.2Morado®
haplotypesn some. populationsby introgressivénhybridizationof sympatricpopula-
tionsfrom secondangontact[68+69];(2) anincompletelineagesortingduring pastspeciation
eventd70x71];(3) impropertaxonomicidentification of specimenstudied. Theseprocesses
aredifficult to distinguishbasedn phylogenetiadeconstructionsA further investigationis
neededvith moreappropriategeneticmarkers(e.g. microsatellite®r RAD-sequencing
markers).
Our sequence-basghylogeneticstudyof 31 geneticspeciesinderlined
widespreadjeneticvariationwithin this genusBecauséheintragroupupperbound (1.4%)
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andtheintergrouplowerbound(1.1%)of the rangeof the estimatedyeneticdivergenceare
overlappinggenetiadistanceseento bean uncertaincriterion for delimiting closelyrelated
specie$72]. Methodssuchasthe Automatic BarcodeGapDiscovery[ 73] could be usedfor
this purposebut requirealargenumberof individualspertaxon.Hereby,a multi-locuscoales-
cent-basednethodwaspreferredto validatethe geneticallydentified speciesindto evaluate
putativecryptic diversity.This methodsuggestthe occurrenceof 30 putativespeciedn the
concatenatedatasetThesespeciesverefoundto correspondo the geneticallydentified
speciegexcluding . sp6)(Figsland2andS1Fig). Amongthesixspeciesvith anumberof
sampledndividualsgreaterthanten, no cryptic diversitywasunderlinedin . .

, . or . . Putativecryptic diversityis howevemweaklysupported

in . and . sp.2Morado®. Suchgenetiadiversitymight reflectlargephenotypicvaria-
tion. Forinstance,. is characterizedy phenotypicplasticityfor colour, patternsand

bodyproportions,andseverahttemptsto createnewspeciehavebeenproposed12]. This
kind of speciesvith patchyisolatedpopulationsdistributedin the Amazonbasincouldrepre-
sentlikely sourcef investigationon cryptic diversity,and deservenore attentionthrough
phylogeographistudiesor populationgenetics genomicsaapproaches.

Evolutionary history of the genus Apistogramma

Thefossilrecordandthe molecularmphylogenetie@videncesuggesthat mostlineageof fresh-
waterfishescurrently dominatingNeotropicalecosystemsriginatedby the LateCretaceous,
andstartedtheir diversificationbeforeor during the EarlyPaleogen§t2, 74+ 76].For the ori-
gin of the Cichlinae severatime estimatesvereproposedat 140+12Myr if relatedto the
breakupof Gondwang41+45];124Myr (146£10Myr) [50] on the basisof the samebiogeo-
graphichypothesisandthefossilrecord;82Myr (89+74Myr) [48] or 63Myr (74+54Myr) [51]
only on the basisof fossilcalibrationpoints.Basedn paleontologicahndrelaxedmolecular-
clockestimatesi-riedmanetal.[47] considerthis origin asmuchyounger(34.8+25.54yr).
Thislatterhypothesismpliesthatthe origin of Neotropicalcichlid fish shouldbe posteriorto
theorigin of the oldestNeotropicalfossilcichlids(betweem7.8and41.2Myr for

, , and from the LumbreraForma-
tion) [54+55]. Thesediverseapproachegeneratedrariousinterpretationsfor the origin of the
Geophagini{between07Myr and52Myr) [48,50+51]the split betweerthegenera

and (betweer7OMyr and33Myr) [48,50] or the origin
(betweerb2Myr and15Myr) [48,50]. Thedatesobtainedherefor the Geophaginand

cladesareincludedin their previouslyestimatedangeof divergencdimes.

In Amazoniamajor marineregressiongareknown notablyfor the Paleocené 5955
Myr) andtheEarlyEocend 43x42Myr) [74,77]. Accordingto our moleculardatinganaly-
sesgearlystage®f the diversificationseento haveoccurredbetweermarine
regressionsTheancestral populationsthusisolatedbecausef highersalinity
levelamight haveinitiated allopatricdifferentiationleadingto the A2 and A4 lineagesluring
the OligoceneOn the basisof the samehypothesisthe differentiationof the A1 and A3 line-
agesseento haveoccurredatthe beginningof thefirst major Neogenemarineincursion
(- 20£1Myr) [77£79].Thepresent-dayluvial systenstartedthento developandwasfully
establisheat approximately6.8Myr [80]. During the latestNeogendg7+2.5Myr), lowland
aquatichabitatshecamdoetter-delineatedrainagesystemsatherthan a systenof moreor
lessconnectedvetlandsandlakesDuring the Quaternarytheseaquaticecosystemaere
stronglyaffectedby the glacialcyclesEspeciallcoolertemperaturegadecreasef 8EQn the
Andesand of 4+5EGn Amazonianlowland)[81+82]induced for instancejncrease/decrease
of seasonalaterlevelssedimentsupply lake-levelzariations streamcaptureor dispersal-
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basecdhabitation[75, 83]. Moreover glacialsedevelloweringinducedlargelateralshiftsof
majorriversin EarlyPleistocen@andacyclicproces®f verticalerosion flooding andfilling in
the Amazontrunk during the Middle and LatePleistoceng83+84].TheseQuaternaryglacial
cyclexouldalsabeatthe origin of recenteventsf differentiationleadingto the speciatiorof
severafeneticallydentified speciesinalyzedn the presenttudy.Quaternary
sea-levebscillationsand depositionof Andeansedimentsould beat the origin of Amazonian

! (freshwateswampor floodedforests), (river with typicallakefeaturehecausef
flow velocityreduction)[84+86],and probablyoxbowlakesmeandercut-off from the main
river stem)consideredasfavourableenvironmentdor allopatricspeciatiori87+90].

Diversification in the genus Apistogramma

Theobserved TT plot did not evidencdor substantiakhiftsin the diversifica-
tion, evenif therateof diversificationfor the A3 lineagewasfound slightlyhighercomparedo
theotherlineageg0.337vs0.184and 0.092event/Myr).High estimate®f the diversification
ratescouldbestronglylinked to the speciesichnesf aclade[91+93].Howeverthe A3 line-
ageis not themostspecies-ricltladein our datasetTheratesof diversificationpresentedhere
(0.0720r 0.103)for thegenus is closeto theratesobservedn the Cichlidae
(0.069)51] andthe Percomorphg0.081)94+96],but slightly higherthanthe rateof the Tele-
osteiasawhole(0.041)95]. Accordingto McMahanetal.[51], only the Heroini werefound
to potentiallyhaveelevatedliversificationratesrelativeto the other Cichlinae.

Adaptiveradiationis ofteninvokedto explainthe speciegliversificationin the Cichlidaeas
in the EastAfrican cichlid speciegharacterizedy ecomorphologicadndcolourvariations
(e.g]97+100])or in the Neotropicalcraterlake(e.g.[101+104]andriverine [50,105+106]
cichlids.Accordingto Lépez-Ferfadezetal.[17], shortbranchestthe baseof the Geopha-
gini cladesuggesa possibleearlyburstof evolutionarydivergenceonsideredasa patternof
adaptiveradiation[107]. Comparedo the Geophaginithe phylogenetidree
displaysewbasakhortinternal branchesomparedo theterminalbranchesMoreover the
statisticakupportof the clustergeneratedy thesenternal branchesvasnot significant,and
therelationshipgemainthuspoorly supportedThis suggestalackof phylogenetiagesolution
ratherthanfastlineagedifferentiation.Thisis largelysupportedby the overlappingprediction
intervalsof the LTT curveswith differentparameterand samplingscenariosShortinternal
branchesobservedn the Al lineagemight indicatehoweverapossibleecentandrapid speci-
ation event,or anongoingspeciatiorprocessasalsosuggestetly the overlapbetweerthe
intra- andintergroupgenetiadivergence$S3Table).Overall the observedreetopologyand
LTT plot (constantdiversitythroughtime) do not seenmcompatiblewith anearlyburstof
speciesliversificationaspostulatedor the Geophagin{17,50]. Paleogenand/or Neogene
marineincursions the establishmenof the modernAmazondrainagesystenduring the Mio-
ceneandthe Quaternaryglacialcycleamight beaswell atthe origin of severabicariantevents
in . Resultfrom the presentwork arehowevemot sufficientto deeplyinvesti-
gateeitherof thesehypothesedNewphylogenetianalysesn an extendedlatasetthe geno-
typing of newmarkersetsor eventuallyotherappropriateapproachese.g. behavioural
studies)shouldbe performedto confirm or to infirm thesehypotheses.

Supporting information

S1Fig. Maximum-likelihoo d tree reconstructedfrom the concatenated
sequencalatasetof the mitochondrial cytochrome andcytochrome oxydasd genesand
the Tmo-4C4nuclearlocus.Sequencearereportedin the S2Table.Numbersatnodesare
for bootstrappercentageé 50%)andposteriorprobabilities( 0.85).Blackcirclesindicates
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nodeswith BP=100%and PP= 1.00,while greycirclesarefor nodeswith aweaksupport
(BP< 50%andPP< 0.85).Nodeswith 2-°are weaklysupportedn maximum-likelihood
approachor Bayesiaiinference.

(TIF)

S2Fig. Simplified maximum-likelihood tree reconstructedfrom the

sequencalatasetof the Tmo-4C4nuclearlocus.Sequencearereportedin the S2Table.
Numbersat nodesarefor bootstrappercentageé 50%)and posteriorprobabilities( 0.85).
Greycirclesarefor nodeswith aweaksupport(BP< 50%andPP< 0.85).Greycirclesarefor
nodeswith aweaksupport(BP< 50%andPP< 0.85).Nodeswith 2-°are weaklysupportedn
maximum-likelihoodapproachor Bayesiarinference.

(TIF)

S3Fig. Simplified maximume-likelihood tree reconstructedfrom the

sequencalatasetof the mitochondrial cytochrome gene.Sequencearereportedin the
S2Table.Numbersat nodesarefor bootstrappercentageé 50%)and posteriorprobabilities
( 0.80).Blackcirclesindicatesnodeswith BP= 100%and PP= 1.00while greycirclesarefor
nodeswith aweaksupport(BP< 50%and PP< 0.80).Nodeswith 2-°are weaklysupportedn
maximum-likelihoodapproachor Bayesiainference.

(TIF)

S4Fig. Simplified maximume-likelihood tree reconstructedfrom the

sequencealatasetof the mitochondrial cytochrome oxydasd gene.Sequencearereported
in the S2Table Numbersatnodesarefor bootstrappercentageé 50%)and posteriorproba-
bilities( 0.85).Blackcirclesindicatesnodeswith BP= 100%andPP= 1.00,while greycircles
arefor nodeswith aweaksupport(BP< 50%andPP< 0.85).Nodeswith 2-°are weaklysup-
portedin maximum-likelihoodapproachor Bayesiarnference.

(TIF)

Si1Table.Number of morphospeciesand phylogeneticcladesfor eachmarker and the
concatenatedlataset.
(PDF)

S2Table.Detailedlist of the labelsand samplinglocalities. Accessiomum-
bersfor sequencegroducedin the frameof the presentstudyand previouslysubmittedto
GenBanlkareprovidedfor thecytochrome andcytochrome oxydasé genesandthe Tmo-
4C4nuclearlocus.Haplotypesrom concatenatedhitochondrialand nuclearmarkersarealso
listed.Thetissueprovideror reference$or sequencesom GenBanlareindicated.GenBank
sequencesf agivengenuswith werecombinedandusedasoutgroupfor the concatenated
analysis.

(PDF)

S3Table.Geneticdistancewithin and between speciesand the outgroup.
(PDF)

S1File. XML file generatedby BEAULi v2.4.4in order to run the StarBEAST 2analysis
with BEASTv2.4.4.
(PDF)

Acknowledgmen ts

Thanksareexpressetb the LaboratoireMixte International®Evolution et Domesticatiorde
I'lchtyofauneAmazonienne{LMI EDIA) without which a part of this work would not be

PLOS ONE | https://doi.org/10.1371/journal.pone.0182618 September 5, 2017 13/19



@° PLOS | ONE

Diversification in the cichlid genus Apistogramma

possibleAll peoplewho participatedto field work and/or collectedish samplesregratefully
acknowledgedor their implicationin the dataacquisitionprocessThe Direccifn Regionatle
laProduccitn del GobiernoRegionable Loretokindly gavepermissionto exporttissuesam-
plesof to the IRD-IIAP. Thanksarealsoexpressetb theteammanaginghe
platforms2Genotypingand Sequencing&dnd@Montpellier BioinformaticsBiodiversity©of
ISEMand CeMEB .CT would like to thank Pierre-OlivierAntoine and Jean-FraBoisAgn se
(ISEM,Montpellier, France) EmmanuelCorse(IMBE, Marseille France)andthreeanony-
mousreviewerdor helpful discussionsndcommentson the manuscript/ISEMnE2017-175-
Sud.

Author Contributions
Conceptualization:ChristelleTougard,Jean-Fra&oisRenno.
Data curation: CarmenR.Gard@ Davila.

Formal analysis:ChristelleTougard EmmanuelParadis.
Funding acquisition: ChristelleTougard, Jean-FragoisRenno.

Investigation: ChristelleTougard,CarmenR. Gard& Dévila, FabriceDuponchelle Fréd&ique
CerqueiraCarlosAngulo ChAvez Vaness&alasjean-Fraioisrenno.

Methodology:ChristelleTougard,CarmenR. Gardd Ddvila, Jean-FrafoisRenno.
Projectadministration: ChristelleTougard,Jean-Fra&oisRenno.
ResourcesChristelleTougard,CarmenR. Gardé Dévila, Jean-Fra&oisRenno.
Supervision:ChristelleTougard Jean-FrakoisRenno.

Visualization: ChristelleTougard.

Writing * original draft: ChristelleTougard.

Writing + review& editing: ChristelleTougard,CarmenR. Gard® DAvila, Uwe RBmer, Fab-
rice Duponchelle Fréd&ique CerqueiraEmmanuelParadisBruno Guinand,Carlos
Angulo Ch&vez Vaness&alasSophieQuéouil, Susanairvas,Jean-FrakoisRenno.

References

1. Junk WJ, Mota Soares MG, Bayley PB. Freshwater fishes of the Amazon River basin: their biodiver-
sity, fisheries, and habitats. Aquat Ecosyst Health. 2007; 10: 153+173.

2. Reis RE, Kullander SO, Ferraris FC Jr. Check List of the Freshwater Fishes of South and Central
America. Porto Alegre: Edipucrs; 2003.

3. Chazdon RL. Second growth: the promise of tropical forest regeneration in an age of deforestation.
Chicago University Press, Chicago and London; 2014.

4. Moreau M-A, Coomes OT. Aquarium fish exploitation in western Amazonia: conservation issues in
Peru. Environ Conserv. 2007; 34: 12+22.

5. Rémer U. Kritische Bemerkungen iiber Angaben zu Best&nden und Bestandsentwicklungen von neo-
tropischen Kleinfischen am Beispiel von Apistogramma mendezi und Paracheirodon. In: Sioli H, editor.
Reports of the Workshop and Exhibition "Gef&hrdete Siiliwasserfische tropischer ®kosysteme”, Zool-
ogisches Forschungsinstitut und Museum Alexander Koenig, Bonn, Germany, 9+12 March 1995.

6. CastelloL, Macedo MN. Large-scale degradation of Amazonian freshwater ecosystems. Global
Change Biol. 2016; 22: 990+1007.

7. Finer M, Jenkins CN, Pimm SL, Keane B, Ross C. Oil and gas projects in the western Amazon: threats
to wilderness, biodiversity, and indigenous peoples. PLoS One. 2008; 3: e2932. https://doi.org/10.
1371/journal.pone.0002932 PMID: 18716679

8. Foley JA, Asner GP, Costa MH, Coe MT, DeFries R, Gibbs HK et al. Forest Degradation and Loss of
Ecosystem Goods and Services in the Amazon Basin. Front Ecol Environ. 2007; 5: 25+32.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182618 September 5, 2017 14/19



@° PLOS | ONE

Diversification in the cichlid genus Apistogramma

10.

11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Reis RE. Conserving the freshwater fishes of South America. International Zoo Yearbook. 2013; 47:
65+70.

Winemiller KO, Mclintyre PB, Castello L, Fluet-Chouinard E, Giarrizzo I, Nam S et al. Balancing hydro-
power and biodiversity in the Amazon, Congo and Mekong. Science. 2016; 351: 128+129.

Ré&mer U. Cichlid Atlas. Volume 2. Melle: Mergus Verlag; 2006.
Ré&mer U. Cichlid Atlas. Volume 1. Melle: Mergus Verlag; 2000.

Schindler I, Staeck W. Description of Apistogramma helkeri sp. n., a new geophagine dwarf cichlid
(Teleostei: Cichlidae) from the lower ré Cuao (Orinoco drainage) in Venezuela. Vertebr Zool. 2013;
63:301+306.

Farias IP, OrtBG, Sampaio |, Schneider H, Meyer A. The Cytochrome b Gene as a Phylogenetic
Marker: The Limits of Resolution for Analyzing Relationships Among Cichlid Fishes. J Mol Evol. 2001,
53:89+103. https://doi.org/10.1007/s002390010197 PMID: 11479680

Ldpez-Ferndndez H, Honeycutt RL, Stiassny MJL, Winemiller KO. Morphology, molecules, and char-
acter congruence in the phylogeny of South American geophagine cichlids (Perciformes, Labroidei).
Zool Scr. 2005a; 34: 627+651.

Ldpez-Ferndndez H, Honeycutt RL, Winemiller KO. Molecular phylogeny and evidence for an adaptive
radiation of geophagine cichlids from South America (Perciformes: Labroidei). Mol Phylogenet Evol.
2005b; 34:227+244.

Lépez-Ferndndez H, Winemiller KO, Honeycutt RL. Multilocus phylogeny and rapid radiations in Neo-
tropical cichlid fishes (Perciformes: Cichlidae: Cichlinae). Mol Phylogenet Evol. 2010; 55: 1070+1086.
https://doi.org/10.1016/j.ympev.2010.02.020 PMID: 20178851

Miller M, Schliewen U. The molecular phylogeny of the genus Apistogrammaba working hypothesis.
Datz special. 2005; 12: 24+25.

Ready JS, Sampaio |, Schneider H, Vinson C, Dos Santos T. Colour forms of Amazonian cichlid fish
represent reproductively isolated species. J Evol Biol. 2006; 19: 1139+1148. https://doi.org/10.1111/].
1420-9101.2006.01088.x PMID: 16780514

Engelking B, R&mer U, Beisenherz W. Intraspecific colour preference in mate choice by female Apisto-
gramma cacatuoides Hoedeman, 1951 (Teleostei: Perciformes: Cichlidae). Vertebr Zool. 2010; 60:
123+138.

Rémer U. Beisenherz W. Environmental determination of sex in Apistogramma (Cichlidae) and two
other fresh-water fishes (Teleostei). J Fish Biol. 1996; 48: 714+725.

Streelman JT, Zardoya R, Meyer A, Karl SA. Multilocus phylogeny of cichlid fishes (Pisces: Perci-
formes): Evolutionary comparison of microsatellite and single-copy nuclear loci. Mol Biol Evol. 1998;
15:798+808. PMID: 10766579

Farias IP, OrtBG, Meyer A. Total Evidence: Molecules, Morphology, and the Phylogenetics of Cichlid
Fishes. J Exp Zool Part B. 2000; 288: 76+92.

Sparks JS, Smith WL. Phylogeny and biogeography of cichlid fishes (Teleostei: Perciformes: Cichli-
dae). Cladistics. 2004; 20: 501+517.

Chakrabarty P. Systematics and historical biogeography of Greater Antillean Cichlidae. Mol Phylo-
genet Evol. 2006; 39: 619+627. https://doi.org/10.1016/j.ympev.2006.01.014 PMID: 16495088

Smith WL, Chakrabarty P, Sparks JS. Phylogeny, taxonomy, and evolution of Neotropical cichlids
(Teleostei: Cichlidae: Cichlinae). Cladistics. 2008; 24: 625+641.

Cronquist A. Once again, what is a species? In: Knutson L, editor. Biosystematics in Agriculture. New
Jersey: Alleheld Osmun, Montclair; 1978. pp. 3+20.

Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: a laboratory manual. New York: Cold Spring
Harbor Laboratory Press; 1989.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGAS: Molecular Evolutionary
Genetics Analysis using Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony Meth-
ods. Mol Biol Evol. 2011; 28: 2731+2739. https://doi.org/10.1093/molbev/msr121 PMID: 21546353

Lovejoy N. Reinterpreting recapitulation: systematics of needlefishes and their allies (Teleostei: Belo-
niformes). Evolution. 2000; 54: 1349+1362. PMID: 11005301

Streelman JT, Alfaro M, Westneat MW, Bellwood DR, Karl SA. Evolutionary history of the parrotfishes:
biogeography, ecomorphology, and comparative diversity. Evolution. 2002; 56: 961+971. PMID:
12093031

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. New algorithms and methods
to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0. Syst Biol.
2010; 57: 307+321.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182618 September 5, 2017 15/19



@° PLOS | ONE

Diversification in the cichlid genus Apistogramma

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ronquist F, Huelsenbeck JP. MrBayes3: Bayesian phylogenetic inference under mixed models. Bioin-
formatics. 2003; 19: 1572+1574. PMID: 12912839

Nylander JAA. MrModeltest v2. Program distributed by the author. Evolutionary Biology Centre, Upp-
sala University; 2004.

Shimodaira H, Hasegawa M. Multiple comparisons of log-likelihoods with applications to phylogenetic
inference. Mol Biol Evol. 1999; 16: 1114+1116.

Swofford DL. PAUP . Phylogenetic Analysis Using Parsimony (and Other Methods). Version 4.0b10.
Sunderland, Massachusetts: Sinauer Associates; 2002.

Yang Z, Rannala B. Bayesian species delimitation using multilocus sequence data. Proc Natl Acad Sci
USA. 2010; 107: 9264+9269. https://doi.org/10.1073/pnas.0913022107 PMID: 20439743

Yang Z. The BPP program for species tree estimation and species delimitation. Curr Zool. 2015; 61:
854+865.

QOgilvie HA, Bouckaert RR, Drummond A. StarBEAST2 brings faster species tree inference and accu-
rate estimates of substitution rates. Mol Biol Evol. 2017; msx126, https://doi.org/10.1093/molbev/
msx126 PMID: 28431121

Yang Z. Tutorial of BP&P. Version 3.3 (November 2016). http://abacus.gene.ucl.ac.uk/software/

Brito PM, Meunier FJ, Leal EC. Origine et diversification de I'ichtyofaune ndotropicale: une revue.
Cybium. 2007; 31:139+153.

Farias IP, OrtG, Sampaio |, Schneider H, Meyer A. Mitochondrial DNA Phylogeny of the Family
Cichlidae: Monophyly and Fast Molecular Evolution of the Neotropical Assemblage. J Mol Evol. 1999;
48:703+711. PMID: 10229574

Golonka J, Bocharova NY. Hot spot activity and the break-up of Pangea. Palaeogeogr Palaeoclim
Palaeoecol. 2000; 161: 49+69.

Pérez-Déaz L, Eagles G, Constraining South Atlantic growth with seafloor spreading data. Tectonics.
2014; 33:1848+1873.

Sparks JS, Smith WL. Freshwater fishes, dispersal ability, and nonevidence: 2Gondwana life rafts°® to
the rescue. Syst Biol. 2005; 54: 158+165. https://doi.org/10.1080/10635150590906019 PMID:
15823966

Briggs JC. Fishes and Birds: Gondwana life rafts reconsidered. Syst Biol. 2003; 52: 548+553. PMID:
12857645

Friedman M, Keck BP, Dornburg A, Eytan RI, Martin CH, Hulsey CD et al. Molecular and fossil evi-
dence place the origin of cichlid fishes long after Gondwanan rifting. Proc R Soc Lond Ser B-Biol Sci.
2014; https://doi.org/10.1098/rspb.2013.1733 PMID: 24048155

Matschiner M, Musilov&Z, Barth JM, StarostovdZ, Salzburger W, Steel M et al. Bayesian node dating
based on probabilities of fossil sampling supports trans-Atlantic dispersal of cichlid. Syst Biol. 2017;
66: 3+22.

Murray AM. The fossil record and biogeography of the Cichlidae (Actinopterygii: Labroidei). Biol J Linn
Soc. 2001; 74:517+532.

Ldpez-Fernéndez H, Arbour JH, Winemiller KO, Honeycutt RL. Testing for ancient adaptive radiations
in Neotropical cichlid fishes. Evolution. 2013; 67: 1321+1337. https://doi.org/10.1111/ev0.12038
PMID: 23617911

McMahan CD, Chakrabarty P, Sparks JS, Smith WL, Davis MP. Temporal Patterns of Diversification
across Global Cichlid Biodiversity (Acanthomorpha: Cichlidae). PLoS One. 2013; 8: e71162. https://
doi.org/10.1371/journal.pone.0071162 PMID: 23990936

Malabarba MC, Zuleta O, Del Papa C. Proterocara argentina, a new fossil cichlid from the Lumbrera
Formation, Eocene of Argentina. J Vertebr Paleontol. 2006; 26: 267+275.

Malabarba MC, Malabarba LR, Del Papa C. Gymnogeophagus eocenicus, n. sp. (Perciformes: Cichli-
dae), an Eocene Cichlid from the Lumbrera Formation in Argentina. J Vertebr Paleontol. 2010; 30:
341+350.

Malabarba MC, Malabarba LR, Ldpez-Ferndndez H. On the Eocene Cichlids from the Lumbrera For-
mation: Additions and Implications for the Neotropical Ichthyofauna. J Vertebr Paleontol. 2014; 34:
49+58.

del Papa C, Kirschbaum A, Powell J, Brod A, Hongn F, Pimentel M. Sedimentological, geochemical
and paleontological insights applied to continental omission surfaces: A new approach for reconstruct-
ing an Eocene foreland basin in NW Argentina. J South Am Earth Sci. 2010; 29: 327+345.

Rambaut A, Suchard MA, Xie D, Drummond AJ. Tracer v1.6, http://beast.bio.ed.ac.uk/Tracer; 2014.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182618 September 5, 2017 16/19



@° PLOS | ONE

Diversification in the cichlid genus Apistogramma

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Raftery A, Newton M, Satagopan J, Krivitsky P. Estimating the integrated likelihood via posterior simu-
lation using the harmonic mean identity. In: Bernardo JM, Bayarri MJ, Berger JO, editors. Bayesian
statistics. New York: Oxford University Press; 2007. pp. 1+45.

Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian Phylogenetics with BEAUti and the BEAST
1.7. Mol Biol Evol. 2012; 29: 1969+1973. https://doi.org/10.1093/molbev/mss075 PMID: 22367748

Silvestro D, Schnitzler J, Zizka G. A Bayesian framework to estimate diversification rates and their var-
iation through time and space. BMC Evol Biol. 2011; 11: 311. https://doi.org/10.1186/1471-2148-11-
311 PMID: 22013891

Paradis E, Claude J, Strimmer K. APE: Analyses of phylogenetics and evolution in R language. Bioin-
formatics. 2004; 20: 289+290. PMID: 14734327

Paradis E. Tutorial of the ape package version 4.1 (February 2017).

R Development Core Team. R: a language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria (March 2017).

Paradis E. Random phylogenies and the distribution of branching times. J Theor Biol. 2015; 387: 39+
45. https://doi.org/10.1016/j.jtbi.2015.09.005 PMID: 26366932

Kimura M. A simple method for estimating evolutionary rates of base substitutions through compara-
tive studies of nucleotide sequences. J Mol Evol. 1980; 16: 111+120. PMID: 7463489

Yang Z. Estimating the pattern of nucleotide substitution. J Mol Evol. 1994; 39: 105+111. PMID:
8064867

Nei M, Kumar S. Molecular Evolution and Phylogenetics. New York: Oxford University Press; 2001.

Britzke R, Oliveira C, Kullander SO. Apistogramma ortegai (Teleostei: Cichlidae), a new species of
cichlid fish from the Ampiyacu River in the Peruvian Amazon basin. Zootaxa. 2014; 3869: 409+419.
https://doi.org/10.11646/zootaxa.3869.4.5 PMID: 25283927

Riber L, Meyer A, Sturmbauer C, Verheyen E. Population structure in two sympatric species of the
Lake Tanganyika cichlid tribe Eretmodini: evidence for introgression. Mol Ecol. 2001; 10: 1207+1225.
PMID: 11380878

Egger B, Kobimdller S, Sturmbauer C, Sefc KM. Nuclear and mitochondrial data reveal different evolu-
tionary processes in the Lake Tanganyika cichlid genus Tropheus. BMC Evol Biol. 2007; 7: 137.
https://doi.org/10.1186/1471-2148-7-137 PMID: 17697335

Takahashi K, Terai Y, Nishida M, Okada N. Phylogenetic relationships and ancientincomplete lineage
sorting among cichlid fishes in Lake Tanganyika as revealed by analysis of the insertion of retropo-
sons. Mol Biol Evol. 2001; 18: 2057+2066. PMID: 11606702

Koblmdler S, Egger B, Sturmbauer C, Sefc KM. Rapid radiation, ancient incomplete lineage sorting
and ancient hybridization in the endemic Lake Tanganyika cichlid tribe Tropheini. Mol Phylogenet
Evol. 2010; 55: 318+334. https://doi.org/10.1016/j.ympev.2009.09.032 PMID: 19853055

Avise JC. Phylogeography: the History and Formation of Species. Harvard University Press, Cam-
bridge, MA; 2000.

Puillandre N, Lambert A, Brouillet S, Achaz G. ABGD, Automatic Barcode Gap Discovery for primary
species delimitation. Mol Ecol. 2011; 21: 1864+1877. https://doi.org/10.1111/}.1365-294X.2011.
05239.x PMID: 21883587

Lédpez-Ferndndez H, Albert JS. Paleogene Radiations. In: Albert JS, Reis RE, editors. Historical bioge-
ography of Neotropical freshwater fishes. Berkeley CA: University of California Press; 2011. pp. 105+
117.

Lundberg JG, Marshall LG, Guerrero J, Horton B, Malabarba MCSL, Wesselingh F. The Stage for
Neotropical Fish Diversification: a History of Tropical South American Rivers. In: Malabarba LR, Reis
RE, Vari RP, Lucena ZM, Lucena CAS, editors. Phylogeny and Classification of Neotropical Fishes.
Porto Alegre: Edipucrs; 1998. pp. 13+48.

Hoorn C, Wesselingh FP, Hovikoski J, Guerrero J. The development of the Amazonian mega-wetland
(Miocene; Brazil, Colombia, Peru, Bolivia). In: Hoorn C, Wesselingh FP, editors. Amazonia: landscape
and species evolution+A look into the past. Oxford UK: Wiley-Blackwell; 2010a. pp. 124+142.

Bloom DD, Lovejoy NR. The Biogeography of Marine Incursions in South America. In: Albert JS, Reis
RE, editors. Historical biogeography of Neotropical freshwater fishes. Berkeley CA: University of Cali-
fornia Press; 2011. pp. 137+144.

Boonstra M, Ramos MIF, Lammertsma El, Antoine P-O, Hoorn C. Marine connections of Amazonia:
evidence from foraminifera and dinoflagellate cysts (early to middle Miocene, Colombia/Peru). Palaeo-
geogr Palaeoclim Palaeoecol. 2014; 417:176+19%4.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182618 September 5, 2017 17/19



@° PLOS | ONE

Diversification in the cichlid genus Apistogramma

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Hoorn C. Marine incursions and the influence of Andean tectonics on the Miocene depositional history
of northwestern Amazonia: results of a palynostratigraphic study. Palaeogeogr Palaeoclim Palaeoe-
col. 1993; 105: 267+309.

Figueiredo J, Hoorn C, van der Ven P, Soares E. Late Miocene onset of the Amazon River and the
Amazon deep-sea fan: Evidence from the Foz do Amazonas Basin. Geology. 2009; 37: 619+622.

Colinvaux PA, Liu K-B. The Late-Quaternary climate of the western Amazon basin. Abrupt Climatic
Change. 1987; 216: 113+122.

van der Hammen T, Hooghiemstra H. Neogene and Quaternary history of vegetation, climate, and
plant diversity in Amazonia. Quat Sci Rev. 2000; 19: 725+742.

Wesselingh FP, Hoorn C. Geological Development of Amazon and Orinoco Basins. In: Albert JS, Reis
RE, editors. Historical biogeography of Neotropical freshwater fishes. Berkeley CA: University of Cali-
fornia Press; 2011. pp. 59+67.

Irion G, Kalliola R. Long-term landscape development processes in Amazonia. In: Hoorn C, Wesse-
lingh FP, editors. Amazonia: landscape and species evolutiontA look into the past. Oxford UK:
Wiley-Blackwell; 2010. pp. 185+197.

Irion G, Miller J, Morais JO, Keim G, de Mello JN, Junk WJ. The impact of Quaternary sea level
changes on the evolution of the Amazonian lowland. Hydrol Process. 2009; 23: 3168+3172.

Irion G, de Mello JASN, Morais J, Piedade MTF, Junk WJ, Garming L. Development of the Amazon
Valley During the Middle to Late Quaternary: Sedimentological and Climatological Observations. Eco-
logical Studies. 2011; 210: 27+42.

Albert JS, Petry P, Reis RE. Major Biogeographic and Phylogenetic Patterns. In: Albert JS, Reis RE,
editors. Historical biogeography of Neotropical freshwater fishes. Berkeley CA: University of Califor-
nia Press; 2011. Pp. 21+57.

Lowe-McConnell RH. Fish Communities in Tropical Freshwaters: Their Distribution, Ecology, and
Abundance. London: Longman Press; 1975.

Penczak T, Galicka W, Glowacki &, Koszali skiH, Kruk A, Zi ba G et al. Fish assemblage changes
relative to environmental factors and time in the Warta River, Poland, and its oxbow lakes. J Fish Biol.
2004; 64:483+501.

Winemiller KO, Tarim S, Shormann D, Cotner JB. Fish Assemblage Structure in Relation to Environ-
mental Variation among Brazos River Oxbow Lakes. Trans Am Fish Soc. 2000; 129: 451+468.

Magalldn S, Sanderson MJ. Absolute diversification rates in angiosperm clades. Evolution. 2001; 55:
1762+1780.PMID: 11681732

Bloom DD, FikdpekM, Short AEZ. Clade age and diversification rate variation explain disparity in spe-
cies richness among water scavenger beetle (Hydrophilidae) lineages. PLoS One. 2014; 9: e98430.
https://doi.org/10.1371/journal.pone.0098430 PMID: 24887453

Wiens JJ, Lapoint RT, Whiteman NK. Herbivory increases diversification across insect clades. Nat
Commun. 2015; 6: 8370. https://doi.org/10.1038/ncomms9370 PMID: 26399434

Near TJ, Dornburg A, Eytan RI, Keck BP, Smith WL, Kuhn KL et al. Phylogeny and tempo of diversifi-
cation in the superradiation of spiny-rayed fishes. Proc Natl Acad Sci USA. 2013; 110: 12738+12743.
https://doi.org/10.1073/pnas.1304661110 PMID: 23858462

Santini F, Harmon LJ, Carnevale G, Alfaro ME. Did genome duplication drive the origin of teleosts? A
comparative study of diversification in ray-finned fishes. BMC Evol Biol. 2009; 9: 194. https://doi.org/
10.1186/1471-2148-9-194 PMID: 19664233

Vega GC, Wiens JJ. Why are there so few fish in the sea? Proc R Soc Lond Ser B-Biol Sci. 2012; 279:
2323+2329.

Genner MJ, Turner GF. The mbuna cichlids of Lake Malawi: a model for rapid speciation and adaptive
radiation. Fish Fish. 2005; 6: 1+34.

Salzburger W, Meyer A. The species flocks of East African cichlid fishes: recent advances in molecular
phylogenies and population genetics. Naturwissenschaften. 2004; 91: 277+290. https://doi.org/10.
1007/s00114-004-0528-6 PMID: 15241604

Salzburger W, Mack T, Verheyen E, Meyer A. Out of Tanganyika: Genesis, explosive speciation key-
innovations and phylogeography of the haplochromine cichlid fishes. BMC Evol Biol. 2005; https://doi.
0rg/10.1186/1471-2148-5-17 PMID: 15723698

Seehausen O. African cichlid fish: a model system in adaptive radiation research. Proc R Soc Lond
Ser B-Biol Sci. 2006; 273: 1987+1998.

Barluenga M, Meyer A. Phylogeography, colonization and population history of the Midas cichlid spe-
cies complex (Amphilophus spp.) in the Nicaraguan crater lakes. Evol Biol. 2010; https://doi.org/10.
1186/1471-2148-10-326 PMID: 20977752

PLOS ONE | https://doi.org/10.1371/journal.pone.0182618 September 5, 2017 18/19



o @
@ : PLOS | ONE Diversification in the cichlid genus Apistogramma

102. ElmerKR, Fan S, Kusche H, Spreitzer ML, Kautt AF, Franchini P et al. Parallel evolution of Nicaraguan
crater lake cichlid fishes via non-parallel routes. Nat Commun. 2014; https://doi.org/10.1038/
ncomms6168 PMID: 25346277

103. Geiger MF, McCrary JK, Schliewen UK. Not a simple casezA first comprehensive phylogenetic
hypothesis for the Midas cichlid complex in Nicaragua (Teleostei: Cichlidae: Amphilophus). Mol Phylo-
genet Evol. 2010; 56: 1011+1024. https://doi.org/10.1016/j.ympev.2010.05.015 PMID: 20580847

104. Kusche H, Recknagel H, EImer KR, Meyer A. Crater lake cichlids individually specialize along the ben-
thicxlimnetic axis. Ecol Evol. 2014; 4: 1127+1139. https://doi.org/10.1002/ece3.1015 PMID:
24772288

105.  Arbour JH, Ldpez-Ferndndez H. Ecological variation in South American geophagine cichlids arose
during an early burst of adaptive morphological and functional evolution. Proc R Soc Lond Ser B-Biol
Sci. 2013; https://doi.org/10.1098/rspb.2013.0849 PMID: 23740780

106. Pidlek L, RBpanO, Casciotta J, Almirdn A, ZrzavAJ. Multilocus phylogeny of Crenicichla (Teleostei:
Cichlidae), with biogeography of the C. lacustris group: Species flocks as model for sympatric specia-
tion in rivers. Mol Phylogenet Evol. 2012; 62: 46+61. https://doi.org/10.1016/j.ympev.2011.09.006
PMID: 21971056

107. Gravilets S, Losos JB. Adaptive Radiation: Contrasting Theory with Data. Science. 2009; 323: 732+
737. https://doi.org/10.1126/science.1157966 PMID: 19197052

PLOS ONE | https://doi.org/10.1371/journal.pone.0182618 September 5, 2017 19/19



