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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
TheAmazondrainagesystemis theaquaticcontinentalecosystemhostingthehighestfishspe-
ciesrichness,with 2,500speciesalreadydescribedandsome1,000yetto bedescribed[1±2].
Approximatelytwo-thirdsof theNeotropicalfreshwaterichthyofaunaoccurin theAmazon
drainagesystem[1±2].HumanactivitieshaveimpactedtheAmazonbiodiversitysinceat least
thepre-Columbiantimesandthis impacthasdramaticallyincreasedsincethe1950s[3]. Local
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populationsdependmainlyon freshwaterfishesfor proteinsupply,andtheornamentalfish
tradehasalsocontributedto thedeclineof somefreshwaterfishspeciesin theBrazilianand
PeruvianAmazon[1, 4±5].More thananything,large-scaledestructionof naturalhabitats
(extensiveroad±buildingto allowtimber exploitation,mining, gasandpetroleumactivities,
reservoirconstructionandagro-industrialdevelopment)causescollateraldamageson rivers,
floodplainsandwetlands,andthusput ahighpressureon aquaticbiodiversity[1, 6±10].There
is thusanurgentneedto assesstheglobalbiodiversity,andespeciallytheAmazonfreshwater
biodiversity.

Fishspecieswith narrowgeographicaldistributionsareparticularlythreatened.This
includesmanyNeotropicalCichlidae(subfamilyCichlinae),but especiallymostspeciesof
thegenus��������	

	 Regan,1913(>100 species)[11]. ��������	

	 aresmallfishes
(dwarfcichlids)belongingto thetribe Geophagini,andcharacterizedbyahighsexualdimor-
phismin morphologyandcolour [12±13].TheyoccupynearlytheentireNeotropicalregion
eastof theAndes[12]. Most ��������	

	 specieshaverestrictedanddisconnectedgeo-
graphicaldistributionsin theAmazon,OrinocoandParaguaydrainagesystemsof lowland
tropicalrainforestsandopensavannahs[11±12].However,afewspecies,suchas�. 	�	������
(Steindachner,1875),�. ���	��	�	 Pellegrin,1936,�. �	�	������ Hoedeman,1951,or �. ����
�	���	�	 EigenmannandKennedy,1903areratherubiquitous,widespreadandcanbesym-
patric [11±12].Speciesof ��������	

	 occurin all typesof water(clear,blackandwhite
waters),rangingfrom fast-flowingto stagnantwaters[11]. Theyusuallyinhabit leaflitter on
shallowbanksof watersrangingfrom fewtens(smallstreams)to hundreds(rivers)of km
[11,13].Althoughprobablymany��������	

	 speciesstill remainundescribed,molecular
andmorphologicaldatasuggestthat thisgenusmight bemonophyleticandconsideredasthe
sistercladeof �	��	�	�	 Myers,1935[11,14±18].A clusteranalysisbasedon coloration
(notably,of lips,anteriordorsalmembraneor during brood-care),aswellasexternalmor-
phological(suchasblackmarkings,bodyandfin shape,pores,dentition) andbehavioural
(family structure)charactersestablishedthatall of the116��������	

	 speciesinvestigated
couldbelongto threemain groups:the�����	�����, 	�	������ and��	�� lineages[11]. A
fourth lineage,includingonly �. ������	��	 Kullander,1987,wassuggestedin aphylogenetic
analysiswhere,however,neitherthenuclearandmitochondrialmarkersnor thespecies
takeninto accountwereconvenientlylisted[18]. Seasonalor geologicalwater-levelfluctua-
tionscouldhaveplayedanimportant role in ��������	

	 speciationeventsby isolating
populationsandfavoringtheestablishmentof reproductivebarriers[11]. A recentphylogeo-
graphicstudyon �. �	�� Kullander,1980from easternAmazoniaindicatedthat threegenet-
icallydifferentallopatriclineagesshowedastrongprezygoticisolationthroughfemalemate
choice[19]. Accordingto Readyetal.[19], the��������	

	 speciesrichnesscouldbeseri-
ouslyunderestimatedif futureworksrevealthat their resultsareaimedto beindicativeof a
generaltrend (seealso[20±21]).

Betterassessmentof thespeciesdiversitypatternsandof thespeciationprocessesare
important conservationissues,notablyfor fishessubjectto overfishingfor ornamentaltrade
purposes,suchas��������	

	. In thisstudy,thediversityandevolutionaryhistoryof the
Neotropicaldwarfcichlid genus��������	

	 areinvestigated.Mostattentionwaspaidto
interspecificmolecularphylogeniesto identify (1) thephylogeneticrelationshipsamongthe
speciesof ��������	

	 and(2) putativecrypticdiversityin thisgenus.Their evolutionary
historyanddiversificationratesareinferredfrom partialsequencesof themitochondrialcyto-
chrome� andcytochrome� oxydaseI genes(respectively,cytbandCOI) andanuclearmarker
usedin severalstudiesfocusedon thephylogenyof Cichlidae[22±26],theTmo-4C4single-
copylocus(Tmo4C4).

Diversification in the cichlid genus Apistogramma
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Materials and methods

Species sampling and DNA analyses
No animalwaskilled specificallyfor thepresentstudy.Fisheswerestoredat theInstituto de
InvestigacionesdelaAmazoniaPeruana(IIAP) in Iquitos,Peru.Piecesof musclesandfins
weretakenfrom fishespreservedin alcohol.A permit from theDirreccionRegionaldelaPro-
ducciondelGobiernoRegionaldeLoretoin Peruwasobtainedto exporttissuesamplesto
France.Documentsareavailableuponrequest.

Tissuesamplesof ��������	

	 weretakenfrom 309specimensfor up to 41morphologi-
callyidentifiedspecies(or morphospecies)[27], dependingon theanalyzeddataset(S1Table).
Thesemorphospecieswereselectedaccordingto thelineagestheywerefound to belongto in a
previousclusteranalysis[11]. Thespecimensweredepositedin theLaboratoriodeBiologõÂay
GeneÂticaMolecular(IIAP, Iquitos,Peru),theMuseodeHistoriaNaturaldelaUniversidad
NacionalMayordeSanMarcos(Lima,Peru),theCaliforniaAcademyof Science(SanFran-
cisco,USA),theFieldMuseumof NaturalHistory (Chicago,USA),andtheStaatliches
MuseumfuÈr Tierkunde(Dresden,Germany).Tissuesoriginatedfrom Peru,Brazil,Venezuela,
EcuadorandBolivia.A list of thespecimenswith catalognumbersisprovidedin theS2Table.

TotalDNA wasextractedfrom fin clipsandmusclepiecespreservedin 96%ethanolfol-
lowingstandardprocedures[28]. ThepartialTmo4C4,cytbandCOI wereclassicallyPCR-
amplified(seeTable1 for primer details).Direct sequencingwascarriedout in bothdirec-
tionsto confirm polymorphicsites.Sequenceswereproducedthroughthetechnicalfacilities
of thePlatformªGenotypingandSequencingºsharedby theªInstitut desSciencesdel'Evolu-
tion deMontpellierº (ISEM)andtheªCentreMeÂditerraneÂendel'EnvironnementetdelaBio-
diversiteÂº (CeMEB)(Montpellier,France).SequenceswerealignedbyhandusingMEGA
v5.2.2[29].

Phylogeneticanalyseswereperformedon datasetsincluding287original sequencesof
Tmo4C4aswellas282and193original sequencesof cytbandCOI, respectively.Thesedata-
setswerecompletedwith GenBanksequencesof �	�	�����	 GuÈnther,1862,�����	�	 Stein-
dachner,1875,�������
	 EigenmannandKennedy,1903,��
������	��� Miranda-
Ribeiro,1918,�	��	�	�	 Myers,1935and����	��� Heckel,1840,thatwereusedasout-
group.Detailsaboutsamplingsitesfor theoriginal sequences,aswellastheGenBankacces-
sionnumbersaregivenin theS2Table.

Phylogenetic analyses and species delimitation
Phylogeneticanalyseswereconductedon bothseparate(sequences)andconcatenated
(sequencesor haplotypes)genedatasetsthroughthetechnicalfacilitiesof thePlatform

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

Gene
Primer Name

Primer Sequen ce Tm
(ÊC)

References

Tmo-4C4

Tmo-f2 ���
���$�7�&�7�*�7�*�$�*�*�&�7�*�7�*�$�$�&�7�$�����
 55 [30]

Tmo-4C4R ���
���&�$�7�&�*�7�*�&�7�&�&�7�*�*�*�7�*�$�&�$�$�$�*�7�����
 [31]

Cytochrome b gene

ApistoCB1 ���¶�� �$�7�*�*�&�$�$�:�7�7�7�$�&�*�$�$�$�����¶ 46 this study

CytIntR ���
���*�*�7�*�$�$�*�7�7�*�7�&�7�*�*�*�7�&�����
 [17]

Cytochr ome c oxidase I gene

Pros1Fwd ���
���7�7�&�7�&�*�$�&�7�$�$�7�&�$�&�$�$�$�*�$�&�$�7�<�*�*�����
 46 [24]

Pros1Rev ���
���7�&�$�$�$�5�$�$�*�*�7�7�*�7�*�7�7�$�*�*�7�7�<�&�����
 [24]

https://doi.org/10.1371/journal.pone.0182618.t001
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ªMontpellierBioinformaticsBiodiversityº(MBB)sharedby ISEMandCeMEB.In the
concatenateddataset,chimerasequenceswerebuilt from Tmo4C4,cytbandCOI sequencesof
theoutgroupspecies.For instance,no cytbsequencewasavailablefor �����	�	 �������	��

(GuÈnther,1863)in GenBank,only for �����	�	 sp.Sequencesof Tmo4C4andCOI of �.
�������	��
 werethusconcatenatedwith thecytbsequenceof �. sp.(S2Table).Phylogenetic
treeswerereconstructedwith amaximumlikelihoodapproach(ML) usingPhyMLv3.0[32]
andaBayesianinference(BI) usingMrBayesv3.1.2[33]. Best-fittingmodelsof sequenceevo-
lution wereidentifiedfor eachdatasetwith MrModeltestv2.3[34]. Noderobustnesswasesti-
matedbybootstrappercentages(BP)in ML after1000replicates,whereasBayesianposterior
probabilities(PP)wereobtainedfrom the50%majority rule treeconsensusafteraburn-in
stageof 25,000.In BI, threeindependentrunsof fiveMarkovchainMonteCarlo(MCMC)
samplingswerealsoperformedfor fivemillion generationswith treessampledevery100gen-
erations.Alternativehypothesesof ��������	

	 lineagerelationshipswerecomparedwith
theShimodaira-HasegawaTest[35] asimplementedin PAUP� 4.010b[36].

Speciesdelimitationtestswereperformedusingamulti-locuscoalescent-basedmethod
implementedin BPPv3.3[37±38].Thismethodtakesinto accountincompletelineagesorting
dueto ancestralpolymorphismandgenevsspeciestreeconflicts.It allowsthejoint estimation
of Bayesianspeciesdelimitationandspeciestree.To validatethegeneticallyidentifiedspecies,
two initial hypotheseswereused:onebasedon aspeciestreereconstructedfrom consensus
sequencesobtainedfor eachmorphospecies,andtheotherbasedon thespeciestree(excluding
theoutgroup)obtainedin theframeof divergencetime estimateswith StarBEAST2[39] (see
nextsection).To underlineputativecrypticdiversity,speciesdelimitationtestswerethenper-
formedon thespeciesvalidatedbyBPPthat includedmorethantenindividuals.Thetopology
of theguidetreefor eachspeciestestedwasextractedfrom thehaplotypetree(Fig1). In all
cases,theanalyseswerebasedon theconcatenateddataset.Severalcombinationsof priors for
ancestralpopulationsize(�s: �� = 1or 2;�� = 10,20,100,200,2000)androot age(� 0: �� = 1 or 2;
�� = 10,20,100,200,2000)weretested.Foreachtest,theotherpriorswerethefollowing:spe-
ciesdelimitation= 1,speciestree= 1,speciesmodelprior= 1,algorithm= 0,finetune�� = 2,
usedata= 1,locusrate= 1,heredity= 2 (scalarvalues= 1 for nuclearmarkerand0.25for mito-
chondrialmarker)andcleandata= 1.Finetunevariableswereautomaticallyadjusted,and
swappingratesfor eachparameterwerecheckedfor recommendedvalues(0.10±0.80)[40].
Eachanalysiswasrun twiceto confirm consistencybetweenruns.

Intra- andintergroupgeneticdivergenceswereestimatedby theK80distancewith MEGA.
Asin LoÂpez-FernaÂndezetal.[17], aninternalbranchtestwasperformedwith MEGA on the
concatenateddatasetto determinewhethershortinternalbranchesin thephylogenywere
resolvedrelationshipsor polytomies.Theneighbour-joiningmethodwasusedto build atree
undertheK80model,with andwithout agammadistribution (G).

Molecular dating estimates
Twoscientificschoolsexistabouttheorigin of theNeotropicalcichlids:eitherrelatedto the
Gondwanatectonicfragmentation[41±45],or aftertrans-Atlanticdispersalfrom Africa [46±
49].Severalattemptsof moleculardatingwereundertakenon thesolebaseof thefossilrecord
[47,50±51].However,theuseof differentcalibrationpoints,datasets,molecularmarkersand
analyticalapproacheshasprovideddifferentdivergencetime estimatesfor theCichlinaeand
Geophagini.TheoldestNeotropicalcichlidsknown from thefossilrecordarefrom theLum-
breraFormationin Argentina[52±54].Sedimentological,paleontological,andgeochemical
datingstudiessuggestaMiddle Eoceneage(47.8±41.2Myr; Lutetian)for theuppermost
sectionof theLowerLumbreraFormationwhereaspeciesassignedto theGeophagini,
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Fig 1. Maximum likelihood tree reconstructe d from the Apistog ramma concate nated haplotype datase t of the mitochon drial
cytochro me b and cytochro me c oxydase I 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 ª-ºareweakly supported in maximum
likelihood approach or Bayesian inference. Branches with ª�º indicate short internal branches not significantly different from zero.

https://doi.org/10.1371/journal.pone.0182618.g001
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��
������	��� ������� Malabarbaetal.,2010,wasdiscovered[53±55].Theoccurrenceof
this fossilpredatesthehypothesisof aNeotropicalcichlid origin afteratrans-Atlanticdispersal
around29.2Myr (34.8±25.5Myr) [47].

Thedateof 44.5� 3.3Myr for theoccurrenceof �. ������� in theLowerLumbrera
Formation[54] wasthususedasfossilcalibrationpoint. However,from aphylogenetic
standpoint,�. ������� hasbeenshownto bepossiblynestedwithin theliving genus��
���
����	��� [53], andthusdoesnot representthemostrecentcommonancestorof ��
�����
��	���. Accordingto amorphometricanalysis,�. ������� seemsto bethesisterspeciesof
�. ��	������ (Hensel,1870)and�. �	��	��� (Perugia,1891)[53]. Sequencesof thesetwo latter
specieswereavailablein GenBankonly for cytb.In orderto correctlyplacethiscalibration
point for theconcatenateddataset,afirst analysiswasthusrun for acytbsub-datasetcorre-
spondingto thespecimensincludedin theconcatenateddataset,aswellas�. ��	������ and
�. �	��	���. A secondanalysiswasthenrun for thesamecytbsub-dataset,but by removing
�. ��	������ and�. �	��	���. Priorsof theanalysesareprovidedbelow.An estimationof the
Geophaginiroot agebyMcMahanetal.[51], 51Myr (64±40Myr), wasusedasanadditional
calibrationpoint. Theseauthorsusedbothmitochondrialandnuclearmarkers,asin thepres-
entstudy,andtheoldestknown fossilfor severalcichlid cladesascalibrationpointsrather
thanbiogeographichypotheses(i.e.agesrelatedto thetectonicfragmentationof Gondwana).

To estimatethetime to themostrecentcommonancestor(TMRCA) for the��������	

	
species,BayesiancoalescentanalyseswereconductedatMBB.Analyseswereperformedfor
two speciationmodels(Yuleandbirth-death)with threemolecularclocks(strict, relaxed
uncorrelatedlognormalandrelaxeduncorrelatedexponentialclocks)usingStarBEAST2[39].
With Tracerv.1.6[56], speciationmodelsandclockswerecomparedusingtheAkaike's
information criterion throughMCMC (AICM) [57] to testwhichof thembestfit our data.
Normallydistributedpriors wereusedfor nodecalibrationpoints:the��
������	��� ��
�
������ (Hensel,1870)/ �. 
������	��� ReisandMalabarba,1988nodecalibratedwith the
ageof �. ������� (mean= 44.5,Sigma= 2); theestimationof theGeophaginiroot age
(mean= 52,Sigma= 7.3).StarBEASTanalyseswereperformedwith five independentrunsof
100million generationswith thefirst 10%removedasburn-in (seeS1Filefor details).Markov
chainconvergencewasascertainedbyvisualinspectionof thetraces,while thestabilityof each
run wasmeasuredusingtheeffectivesamplesize(ESS> 200for all parameters)usingTracer.
Resultsof theindependentconvergentrunswerecombinedwith LogCombinerv2.4.4[58]
to estimateTMRCA and95%confidenceintervals.A consensustreewasgeneratedusing
TreeAnnotatorv2.4.4[58] with meannodeheightsasnodeheightsoption andmaximum
cladecredibility astargettreetypeoption.

Diversification rates
DiversificationrateswereestimatedusingBayesRatev1.63b[59] for theentiretreeandfor the
lineagesof ��������	

	 asdefinedin theintroduction from morphologicaland/ormolecular
data[11,18].Marginallikelihoodsviathethermodynamicintegrationwerecalculatedto select
thebest-fittingmodelof diversificationbetweenthepure-birth or birth-deathprocesses,under
thefollowingparameters:100,000MCMC iterationsperthreechainsfor 1,000randomlysub-
sampledposteriorspeciestreesobtainedwith StarBEASTandexcludingtheoutgroup.Mar-
ginallikelihoodswerethencomparedusingtheAICM, aspreviouslymentioned.Speciation
(��), extinction(�) anddiversification(��±�) ratesthroughtime werefinally estimatedwith the
selectedmodelandpreviouslymentionedparameters.Theresultswerevisualizedwith Tracer.

A lineagesthroughtime (LTT) plot wasusedto summarizetheaccumulationof diversity
acrossevolutionarytime for agivenphylogeny.It wasthusconstructedwith theltt.plot
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function of theapepackage[60±61]for Rv3.3.3[62] from thespeciestree(without outgroup)
obtainedwith StarBEASTandTreeAnnotator.PredictedLTT curves(�� and� from theBayes-
Rateanalyses)wereobtainedwith theLTT function of ape[63], andcomparedto theobserved
LTT plot.

Results

Phylogenetic relationships and species delimitation
All newsequencesweredepositedin theENA databaseundertheaccessionnumbers
LN678825-LN678947andLT617356-LT617520for Tmo4C4,LN678702-LN678824and
LT617119-LT617280for cytb,andLN678948-LN679066andLT617281-LT617355for COI
(S2Table).

For theseparateddatasets,thefull alignmentsrepresented:293positionsfor Tmo4C4with
28phylogeneticallyinformativesites(PIS)within the333��������	

	 sequences;669posi-
tionsand326PISfor 315cytbsequences;583positionsand265PISfor 207COI sequences.
Theconcatenateddataset,whichincludesTmo4C4+cytb+COIsequencesof 180individuals
correspondingto 56%of thesampledspecimensfor, respectively,19,60and61haplotypes,
wasthus1545nucleotideslongandit has583PISwithin the��������	

	 sequences.

Thebest-fittingmodelsof nucleotidesubstitutionweretheK80model[64] with apropor-
tion of invariablesites(I) andagammadistribution (G) for Tmo4C4,whereastheGTR
model[65] +I+G wasselectedfor cytb,COI andtheconcatenateddatasetin ML. On the
otherhand,amixed-modelanalysis(K80+I+GandGTR+I+G)wasperformedin BI for the
concatenateddataset.Basedon thesubsetof ��������	

	 speciesincludedin thepresent
study,themonophylyof ��������	

	 washighlysupportedin all treetopologies,exceptfor
theoneobtainedin BI for theTmo4C4(Fig1 andS1±S4Figs):BPbetween87%(COI) and
100%(Tmo4C4+cytb+COI);PP= 1.00.In treesreconstructedfrom cytbandconcatenated
datasets,theindividualswereclusteredinto four monophyleticgroupswith weakto high
supportvalues:A1,99%< BP< 100%andPP= 1.00;A2, lessthan50%< 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 andA4 cladesgroupedtogetherin atrichotomic clade(88%< BP< 99%
andPP= 1.00).Alternativerelationships(A2+A4/A3,A3+A4/A2or A2+A3/A4)between
thesethreelattergroupswereinvestigatedwith theShimodaira-HasegawaTest[35]. Thebest
ML treedifferedfrom thetreepresentedin Fig1 byplacingtheA2 groupasthesistergroup
of A3+A4.However,theotherrelationshipstested(A2+A4/A3andA2+A3/A4)werenot sig-
nificantly worsethanthebestML treeat the5%confidencelevel(0.17< � < 0.57).In COI
trees,two cladeswereidentified:A1,BP= 99%andPP= 1.00;A2+A3+A4,BP= 84%and
PP= 1.00.In Tmo4C4trees,thephylogeneticrelationshipsinsidethe��������	

	 group
remainedunresolved.Someindividualsbelongingto someundescribedmorphospecies
couldnot beattributedto ageneticallyidentifiedspecies.Theywerenamed�. spxin all pres-
ent figuresandtables.

Sincethegeneticallyidentifiedspeciesdid not fully matchthemorphospecies,two initial
hypotheseswereusedin theframeof thespeciesdelimitationtests.Theªmorphospeciesº
hypothesiswasnot validatedby themulti-locuscoalescent-basedmethodwith BPPfrom the
concatenateddataset.TheBPPanalysesrathersuggest26putativespecies(�s: �� = 2 and
�� = 200;� 0: �� = 2 and�� = 2000;PP= 0.97)correspondingto mostmorphospeciesexceptthree
groups.TheªStarBEASTspeciestreeºhypothesiswas,on theotherhand,validated(�s: �� = 2
and�� = 2000;� 0: �� = 2 and�� = 2000;PP= 1.00).Amongthevalidspecies,sixincludedmore
thantenindividuals:�. 	�	������, �. �	����� RoÈmerandHahn,2008,�. �	�	������, �. �����	�
��	 RoÈmeretal.,2011,�. ������ Kullander,1981,and�. spªMoradoº.For four of them
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(�. �	�����, �. �	�	������, �. �����	��	, �. ������), theBPPanalysessuggestedoneputative
specieswith highposteriorprobabilities(�s: �� = 2and�� = 20;� 0: �� = 2and�� = 200;0.84< PP
< 1.00),whiletheBPPanalysessuggestedseven(�. spªMoradoº) or nine (�. 	�	������) puta-
tivespecies,but with low posteriorprobabilities(�s: �� = 2 and�� = 2000;� 0: �� = 2and�� = 2000;
PP= 0.32and0.41,respectively).

Intragroupgeneticdivergencerangedfrom 0%to 1.4%for the31geneticallyidentifiedspe-
ciesfrom theconcatenateddataset(Fig1andS1Fig),while intergroupgeneticdivergenceran-
gedfrom 1.1%to 26.7%for thesespecies(S3Table).TheA1 groupischaracterizedbyshorter
internalbranchesthantheA2,A3 andA4 groups.However,theinternalbranchtestindicates
thatmostbranchesaresignificantlydifferentfrom zerowith lengthconfidenceprobabilities
higherthan95%for mostinterspecificbranches(Fig1) [29,66].

Divergence time estimates
BayesiancoalescentanalyseswereconductedundertheGTR+I+Gmodelfrom the
concatenatedcytbandCOI datasetandtheK80+I+Gmodelfor theTmo4C4dataset.The
AICM suggestedthat theYulemodelof speciationandtherelaxeduncorrelatedlognormal
clockweresignificantlybestsuitedto our dataset.�. sp6wasremovedfrom thedatasetbecause
only mitochondrialmarkersweresequencedfor oneindividual.Resultsof threeof thefive
independentrunsconvergedandwerethuscombinedwith LogCombinerfor further analyses
(Fig2A).

Thesplit betweentheA1 andtheothergroupsof ��������	

	 from their mostrecent
commonancestortook placeat thebeginningof theEocene(� 50Myr), while thesplit
betweentheA2,A3 andA4 groupsseemsto haveoccurredat theendof theEocene(� 39
Myr). Thefour identifiedcladesor lineagesbeganto diversifyfrom thebeginningof theOligo-
cene(from � 32Myr for A2 to � 20Myr for A3 andA4).Theextantspeciesincludedin our
datasetoriginatedwithin thePleistocene(from 2.49to 0.16Myr).

Diversification rates
TheAICM providedastrongsupportfor thepure-birth processin diversificationestimates.
Thenetdiversificationratedetectedwith thismodelwas0.072� 0.017(�� = 0.072� 0.017
and� = 0) event/Myr.Theestimateof thediversificationratewasfound slightlyhigher
(0.103� 0.020)whentheproportion of speciesincludedin thephylogenywassetto 33%.
Thediversificationratesfor eachlineageareasfollows:0.184� 0.045event/Myrfor A1;
0.092� 0.027event/Myrfor A2;0.337� 0.121event/Myrfor A3.No rateof diversification
wasestimatedfor thecladeA4 becauseBayesRatedoesnot allowthis for acladewith less
thanthreetaxa.

In agreementwith theaboveresults,theobservedLTT plot (Fig2B)exhibitedapatternof
constantdiversificationthroughtime.ThepredictedLTT curvecalculatedwith theestimated
parametersshowedagoodfit with theobservedplot, particularlyfor therecenttimesbut abit
lessdeeperin time, thoughthelogarithmicscalemagnifiedthedifferences.Interestingly,the
predictedLTT curvescalculatedwith thetwo aboveestimatesof �� (consideringmissingspecies
or not) wereverysimilarandtheir predictionintervalsoverlappedwidely(insertof Fig2B).

Discussion
Theaimsof thepresentstudywere,first, to investigatethephylogenyof thegenus�������
��	

	, aspeciosegroupof Neotropicalcichlidssufferingfrom ornamentaltrade,secondto
betterunderstandtheorigin andtempoof diversificationin thisgenus.An extendednumber
of morphospecies(up to 41)wereincludedin thepresentmolecularanalysescomparedto
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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 present in 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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previouspublishedstudies(between1 and4) [14±17,22±25,43,49,51±52].Theuseof only
two mitochondrial(cytbandCOI) andonenuclear(Tmo4C4)markersshouldbeseenhereas
alimitation of our study.Nevertheless,our phylogenybasedon thesemarkersbut including
severalrepresentativesof themajor ��������	

	 lineagesandspeciessampledappearsbetter
resolvedthanpreviousones.

Phylogeny of Apistogramma
Themonophylyof thegenus��������	

	 wasalreadyestablishedfrom morphological
(externalcharactersandosteology)and/ormolecular(mitochondrialcytb,ND4,16Sand
nuclearRAG2,Tmo-M27,Tmo-4C4genes)datasetsfocusedon theGeophagini[15±17].
Consideringalargerandmoreevenlydistributednumberof species,thepresentstudyalso
suggestsmonophylyof thegenus.Threeof thefour cladesidentifiedherewerefound to corre-
spondto speciesgroupsdescribedon thebasisof colour,morphologicalandbehavioural
charactersaswellasunspecifiedmolecularmarkers[11,18].Thefourth cladecouldnot be
identifiedbecauseit wasnot possibleto includecytb,COI or Tmo4C4sequencesof its repre-
sentatives(�. ������	��	) in our datasets.Indeed,theA1 lineageincludesspeciesof the��	��
lineage,whiletheA2 andA3 lineagesclusterspeciesof the�����	����� and	�	������ lineages,
respectively.Speciesfound in theA4 group,andespecially�. �	�	������, areincludedin the
�����	����� lineagebyRoÈmer [11], whiletheyareincludedin the	�	������ lineagebyMiller
andSchliewen[18]. In thepresentstudy,thephylogeneticrelationshipsbetweentheA2,A3
andA4 lineagesremainunresolved.Alternativehypothesesregardingthesistergrouprelation-
shipof A4 with A2 andA3 do not allowto favoronehypothesisratherthananother.More
dataarerequiredto confirm or refutethephylogeneticpositionof theA4 group.

Discrepanciesamongstudieswerealsofoundwithin ��������	

	 lineages.For instance,
�. �	����� and�. ������� Kullander,1979areconsideredasspeciesof the�	�	������ complex
in RoÈmer [11], whereastheyarenot closelyrelatedto thiscomplexin thepresentstudy.Like-
wise,�. ������� and�. 	�	��	��	 RoÈmer,1997areincludedin the	�	������ lineagein thephy-
logenyof Miller andSchliewen[18], whereasbothspeciesareclusteredwith speciesof the
�����	����� lineagein bothRoÈmer [11] andthepresentstudy.On thebasisof morphological
data,Britzkeetal.[67] included�. sp.ªPapagayoºand�. sp.ªPebaÂsº in �. ����	� Britzke
etal.,2014.However,in thepresentstudy(Fig1 andS1,S3andS4Figs),�. sp.ªPapagayoº
and�. sp.ªPebaÂsºarenot sisterspecies.Thismeansthatoneof theseclades,at least,isnot a
sub-populationor asub-speciesof �. ����	�, andit might beconsideredasadifferentspecies
if samplesof �. ����	� couldhavebeenincludedin thepresentdataset.Lastly,someindividu-
alswith the������ morphotypeareclusteredwith �. sp.ªMoradoº individuals,whileother
individualswith the������ morphotypearecombinedin anothermonophyleticgroup.This
patternmight betheresultof oneof thefollowingscenarios:(1) thefixation of �. sp.ªMoradoº
haplotypesin some�. ������ populationsby introgressivehybridizationof sympatricpopula-
tionsfrom secondarycontact[68±69];(2) anincompletelineagesortingduring pastspeciation
events[70±71];(3) impropertaxonomicidentificationof specimensstudied.Theseprocesses
aredifficult to distinguishbasedon phylogeneticreconstructions.A further investigationis
neededwith moreappropriategeneticmarkers(e.g.,microsatellitesor RAD-sequencing
markers).

Our sequence-basedphylogeneticstudyof 31��������	

	 geneticspeciesunderlined
widespreadgeneticvariationwithin thisgenus.Becausetheintragroupupperbound(1.4%)

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://doi.org/10.1371/journal.pone.0182618.g002
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andtheintergrouplowerbound(1.1%)of therangeof theestimatedgeneticdivergencesare
overlapping,geneticdistancesseemto beanuncertaincriterion for delimiting closelyrelated
species[72]. MethodssuchastheAutomaticBarcodeGapDiscovery[73] couldbeusedfor
thispurposebut requirealargenumberof individualspertaxon.Hereby,amulti-locuscoales-
cent-basedmethodwaspreferredto validatethegeneticallyidentifiedspeciesandto evaluate
putativecrypticdiversity.Thismethodsuggeststheoccurrenceof 30putativespeciesin the
concatenateddataset.Thesespecieswerefound to correspondto thegeneticallyidentified
species(excluding�. sp6)(Figs1 and2 andS1Fig).Amongthesixspecieswith anumberof
sampledindividualsgreaterthanten,no crypticdiversitywasunderlinedin �. �	�����, �.
�	�	������, �. �����	��	 or �. ������. Putativecrypticdiversityishoweverweaklysupported
in �. 	�	������ and�. sp.ªMoradoº.Suchgeneticdiversitymight reflectlargephenotypicvaria-
tion. For instance,�. 	�	������ ischaracterizedbyphenotypicplasticityfor colour,patternsand
bodyproportions,andseveralattemptsto createnewspecieshavebeenproposed[12]. This
kind of specieswith patchyisolatedpopulationsdistributedin theAmazonbasincouldrepre-
sentlikely sourcesof investigationon crypticdiversity,anddeservemoreattentionthrough
phylogeographicstudiesor populationgenetics/ genomicsapproaches.

Evolutionary history of the genus Apistogramma
Thefossilrecordandthemolecularphylogeneticevidencesuggestthatmostlineagesof fresh-
waterfishescurrentlydominatingNeotropicalecosystemsoriginatedby theLateCretaceous,
andstartedtheir diversificationbeforeor during theEarlyPaleogene[42,74±76].For theori-
gin of theCichlinae,severaltime estimateswereproposed:at140±120Myr if relatedto the
breakupof Gondwana[41±45];124Myr (146±104Myr) [50] on thebasisof thesamebiogeo-
graphichypothesisandthefossilrecord;82Myr (89±74Myr) [48] or 63Myr (74±54Myr) [51]
only on thebasisof fossilcalibrationpoints.Basedon paleontologicalandrelaxedmolecular-
clockestimates,Friedmanetal.[47] considerthisorigin asmuchyounger(34.8±25.5Myr).
This latterhypothesisimpliesthat theorigin of Neotropicalcichlid fishshouldbeposteriorto
theorigin of theoldestNeotropicalfossilcichlids(between47.8and41.2Myr for �������	�	
	������	, ��
������	��� �������, and��������� ��	������� from theLumbreraForma-
tion) [54±55].Thesediverseapproachesgeneratedvariousinterpretationsfor theorigin of the
Geophagini(between107Myr and52Myr) [48,50±51],thesplit betweenthegenera�	��	�
�	�	 and��������	

	 (between70Myr and33Myr) [48,50]or the��������	

	 origin
(between52Myr and15Myr) [48,50].Thedatesobtainedherefor theGeophaginiand�������
��	

	 cladesareincludedin their previouslyestimatedrangeof divergencetimes.

In Amazonia,majormarineregressionsareknownnotablyfor thePaleocene(� 59±55
Myr) andtheEarlyEocene(� 43±42Myr) [74,77].Accordingto our moleculardatinganaly-
ses,earlystagesof the��������	

	 diversificationseemto haveoccurredbetweenmarine
regressions.Theancestral��������	

	 populationsthusisolatedbecauseof highersalinity
levelsmight haveinitiated allopatricdifferentiationleadingto theA2 andA4 lineagesduring
theOligocene.On thebasisof thesamehypothesis,thedifferentiationof theA1 andA3 line-
agesseemto haveoccurredat thebeginningof thefirst majorNeogenemarineincursion
(� 20±17Myr) [77±79].Thepresent-dayfluvial systemstartedthento developandwasfully
establishedatapproximately6.8Myr [80]. During thelatestNeogene(7±2.5Myr), lowland
aquatichabitatsbecamebetter-delineateddrainagesystemsratherthanasystemof moreor
lessconnectedwetlandsandlakes.During theQuaternary,theseaquaticecosystemswere
stronglyaffectedby theglacialcycles.Especiallycoolertemperatures(adecreaseof 8ÊCin the
Andesandof 4±5ÊCin Amazonianlowland)[81±82]induced,for instance,increase/decrease
of seasonalwaterlevels,sedimentsupply,lake-levelvariations,streamcaptureor dispersal-
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basedhabitation[75,83].Moreover,glacialsealevelloweringinducedlargelateralshiftsof
major riversin EarlyPleistoceneandacyclicprocessof verticalerosion,floodingandfilling in
theAmazontrunk during theMiddle andLatePleistocene[83±84].TheseQuaternaryglacial
cyclescouldalsobeat theorigin of recenteventsof differentiationleadingto thespeciationof
severalgeneticallyidentified��������	

	 speciesanalyzedin thepresentstudy.Quaternary
sea-leveloscillationsanddepositionof Andeansedimentscouldbeat theorigin of Amazonian
 !��	� (freshwaterswampor floodedforests),��	 (river with typicallakefeaturesbecauseof
flow velocityreduction)[84±86],andprobablyoxbowlakes(meandercut-off from themain
river stem)consideredasfavourableenvironmentsfor allopatricspeciation[87±90].

Diversification in the genus Apistogramma
TheobservedLTT plot did not evidencefor substantialshiftsin the��������	

	 diversifica-
tion, evenif therateof diversificationfor theA3 lineagewasfoundslightlyhighercomparedto
theotherlineages(0.337vs0.184and0.092event/Myr).High estimatesof thediversification
ratescouldbestronglylinked to thespeciesrichnessof aclade[91±93].However,theA3 line-
ageisnot themostspecies-richcladein our dataset.Theratesof diversificationpresentedhere
(0.072or 0.103)for thegenus��������	

	 iscloseto theratesobservedin theCichlidae
(0.069)[51] andthePercomorpha(0.081)[94±96],but slightlyhigherthantherateof theTele-
osteiasawhole(0.041)[95]. Accordingto McMahanetal.[51], only theHeroini werefound
to potentiallyhaveelevateddiversificationratesrelativeto theotherCichlinae.

Adaptiveradiationisofteninvokedto explainthespeciesdiversificationin theCichlidaeas
in theEastAfrican cichlid speciescharacterizedbyecomorphologicalandcolourvariations
(e.g.[97±100])or in theNeotropicalcraterlake(e.g.[101±104])andriverine[50,105±106]
cichlids.Accordingto LoÂpez-FernaÂndezetal.[17], shortbranchesat thebaseof theGeopha-
gini cladesuggestapossibleearlyburstof evolutionarydivergenceconsideredasapatternof
adaptiveradiation[107].Comparedto theGeophagini,the��������	

	 phylogenetictree
displaysfewbasalshortinternalbranchescomparedto theterminalbranches.Moreover,the
statisticalsupportof theclustergeneratedby theseinternalbrancheswasnot significant,and
therelationshipsremainthuspoorlysupported.Thissuggestsalackof phylogeneticresolution
ratherthanfastlineagedifferentiation.This is largelysupportedby theoverlappingprediction
intervalsof theLTT curveswith differentparametersandsamplingscenarios.Shortinternal
branchesobservedin theA1 lineagemight indicatehoweverapossiblerecentandrapidspeci-
ationevent,or anongoingspeciationprocess,asalsosuggestedby theoverlapbetweenthe
intra- andintergroupgeneticdivergences(S3Table).Overall,theobservedtreetopologyand
LTT plot (constantdiversitythroughtime) do not seemcompatiblewith anearlyburstof
speciesdiversificationaspostulatedfor theGeophagini[17,50].Paleogeneand/orNeogene
marineincursions,theestablishmentof themodernAmazondrainagesystemduring theMio-
ceneandtheQuaternaryglacialcyclesmight beaswellat theorigin of severalvicariantevents
in ��������	

	. Resultsfrom thepresentwork arehowevernot sufficientto deeplyinvesti-
gateeitherof thesehypotheses.Newphylogeneticanalyseson anextendeddataset,thegeno-
typingof newmarkersetsor eventuallyotherappropriateapproaches(e.g.,behavioural
studies)shouldbeperformedto confirm or to infirm thesehypotheses.

Supporting information
S1Fig.Maximum-likelihood treereconstructedfrom the ��������	

	 concatenated
sequencedatasetof the mitochondrial cytochrome� andcytochrome� oxydaseI genesand
the Tmo-4C4nuclearlocus.Sequencesarereportedin theS2Table.Numbersatnodesare
for bootstrappercentages(� 50%)andposteriorprobabilities(� 0.85).Blackcirclesindicates
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nodeswith BP= 100%andPP= 1.00,whilegreycirclesarefor nodeswith aweaksupport
(BP< 50%andPP< 0.85).Nodeswith ª-ºareweaklysupportedin maximum-likelihood
approachor Bayesianinference.
(TIF)

S2Fig.Simplified maximum-likelihood treereconstructedfrom the ��������	

	
sequencedatasetof the Tmo-4C4nuclearlocus.Sequencesarereportedin theS2Table.
Numbersatnodesarefor bootstrappercentages(� 50%)andposteriorprobabilities(� 0.85).
Greycirclesarefor nodeswith aweaksupport(BP< 50%andPP< 0.85).Greycirclesarefor
nodeswith aweaksupport(BP< 50%andPP< 0.85).Nodeswith ª-ºareweaklysupportedin
maximum-likelihoodapproachor Bayesianinference.
(TIF)

S3Fig.Simplified maximum-likelihood treereconstructedfrom the ��������	

	
sequencedatasetof the mitochondrial cytochrome� gene.Sequencesarereportedin the
S2Table.Numbersatnodesarefor bootstrappercentages(� 50%)andposteriorprobabilities
(� 0.80).Blackcirclesindicatesnodeswith BP= 100%andPP= 1.00,whilegreycirclesarefor
nodeswith aweaksupport(BP< 50%andPP< 0.80).Nodeswith ª-ºareweaklysupportedin
maximum-likelihoodapproachor Bayesianinference.
(TIF)

S4Fig.Simplified maximum-likelihood treereconstructedfrom the ��������	

	
sequencedatasetof the mitochondrial cytochrome� oxydaseI gene.Sequencesarereported
in theS2Table.Numbersatnodesarefor bootstrappercentages(� 50%)andposteriorproba-
bilities(� 0.85).Blackcirclesindicatesnodeswith BP= 100%andPP= 1.00,whilegreycircles
arefor nodeswith aweaksupport(BP< 50%andPP< 0.85).Nodeswith ª-ºareweaklysup-
portedin maximum-likelihoodapproachor Bayesianinference.
(TIF)

S1Table.Number of morphospeciesandphylogeneticcladesfor eachmarker and the
concatenateddataset.
(PDF)

S2Table.Detailed list of the ��������	

	 labelsandsamplinglocalities.Accessionnum-
bersfor sequencesproducedin theframeof thepresentstudyandpreviouslysubmittedto
GenBankareprovidedfor thecytochrome� andcytochrome� oxydaseI genesandtheTmo-
4C4nuclearlocus.Haplotypesfrom concatenatedmitochondrialandnuclearmarkersarealso
listed.Thetissueprovideror referencesfor sequencesfrom GenBankareindicated.GenBank
sequencesof agivengenuswith � werecombinedandusedasoutgroupfor theconcatenated
analysis.
(PDF)

S3Table.Geneticdistancewithin andbetween��������	

	 speciesand the outgroup.
(PDF)

S1File. XML file generatedby BEAUti v2.4.4in order to run the StarBEAST2analysis
with BEASTv2.4.4.
(PDF)
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