


existing genetic variability, particularly within alkaloid-rich populations such as those of

Tarauacá.

Introduction

Uncaria tomentosa (Willd. exSchult.)DC. (Rubiaceae)is indigenousto theAmazonbiome
andisdistributedin variousSouthAmericancountries,includingBrazilwhereit is found
chieflyin thestatesof Acre,AmapaÂ, AmazonasandParaÂ[1]. Thespeciesexhibitssignificant
anti-inflammatoryactivity,alongwith anticancer,antidiabetic,antimicrobial,antioxidantand
immunostimulantproperties,andmaybeeffectivein thetreatmentof Parkinsondisease[2].
For thesereasons,U. tomentosa iscommercializedworldwideandis includedin theNational
List of EssentialMedicines(Relação Nacional de Medicamentos Essenciais, RENAME)dissemi-
natedby theBrazilianMinistry of Healthto all municipalitiesthroughtheNationalHealthSys-
tem(Sistema Único de Saúde, SUS)[3].

U. tomentosa is rich in alkaloidsandcontainsvariousrepresentativesof this classof
naturalproductsincluding tetracyclicindole(corynanthein,dihydrocorynanthein,hirsutein
andhirsutin), tetracyclicoxindole(corynoxeine,isocorynoxeine,rhyncophylline,isorhyn-
cophylline,rotundifolin andisorotundifolin),pentacyclicindole(acuamigin,augustine,
augustoline,isoamalicine,tetrahydroalstonin),pentacyclicoxindole(mitraphylline,isomi-
traphylline,pteropodine,isopteropodine,speciophyllineanduncarineF) andglycoindole
(3α-dihydrocadambineanddolichantosin)alkaloids[4±6].Mitraphylline isconsideredthe
chemicalmarkerof thetherapeuticallyimportant componentsaccumulatedbyU. tomentosa
[7].

Theextensivedeforestationthathasoccurredin theAmazonregion,alongwith indiscrim-
inatecollectionandlackof concernabouttheregenerationof U. tomentosa, hascompro-
misedthesurvivalof thespeciesin thewild [7]. To date,therehavebeenno reports
concerningtheconservationof naturalpopulationsof U. tomentosa, makingit difficult to
devisestrategiesfor thepreservationof this important medicinalplant.In thiscontext,stud-
ieson thegeneticdiversityof medicinalplants,andon theassociationbetweenfindings
obtainedbymoleculartechniquesandchemicalmarkeranalyses,couldcontributeto the
maintenanceandmanagementof resourcesthatarein particulardemandby thepharmaceu-
tical industry [8,9].

Amongthevariousmoleculartechniquesavailablefor comparingDNA profilesof individ-
ualsandpopulations,thesequence-relatedamplifiedpolymorphism(SRAP)methodispartic-
ularlysimpleto useandprovidesresultsthatarehighly reliableandreproducible.Moreover,
SRAPmarkersmaybeemployedto targetgeneticvariationin openreadingframe(ORF)
sequencesof plantgenomes[10].

Theobjectivesof thisstudywere,therefore:(i) to determinethegeneticandchemicalvari-
ability betweenandwithin eightpopulationsof U. tomentosa collectedin theAmazonregion
of Brazil,(ii) to establishcorrelationsbetweengeneticandgeographicaldistances,and(iii) to
investigatepossiblecorrelationsbetweengeographicdistancesor altitudeandtheaccumula-
tion of mitraphylline/isomitraphylline.Theresultsof thestudyshowedthatSRAPmarkersare
veryefficientfor fingerprintingU. tomentosa genotypes,andalsoaffordedimportant indica-
torsregardingstrategiesfor theconservationandmanagementof this important medicinal
plant.
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Materials and methods

Plant material and sampling

Plantsof Uncaria tomentosa wereidentifiedbyDr. PieroGiuseppeDelprete,of Herbierde
Guyane,Institut deRecherchepour leDeÂveloppement.A voucherspecimenwasdepositedin
theHerbariumof MedicinalPlantsatUNAERPwith vouchernumberHPMU 2904±3066.

A totalof 160specimensof U. tomentosa werecollectedfrom eightpopulations(20speci-
mensperpopulation)locatedatdifferentsamplingsitesin theAmazonregionof Brazil,and
codedaccordingto location,namelyCruzeirodo Sul(UTCS),FeijoÂ(UTFJ),MaÃncio Lima
(UTML) andTarauacaÂ(UTTA) in thestateof Acre,MacapaÂ(UTMC), Mazagão(UTMZ) and
Santana(UTAS)in thestateof AmapaÂ, andAfuaÂ(UTAF) in thestateof ParaÂ. Theexactloca-
tionsof thesamplingsitesareshownin Fig1,andthegeographicalcoordinatesandaltitudes
arepresentedin Table1.Thecollectionof U. tomentosa specimensinvestigatedin thisstudy

Fig 1. Sampling sites of Uncaria tomentosa populations located in the Amazon region of Brazil. The

sites of collection of the eight populations collected found in the states of Acre (AC), Amapá (AP) and Pará

(PA) are showed on the map (1–8), 1- Mâncio Lima, AC; 2- Cruzeiro do Sul, AC; 3- Tarauacá, AC 4-Feijó, AC;

5- Mazagão, AP; 6- Santana, AP; 7- Macapá, AP and 8-Afuá, PA. Populations with the largest (1) and

smallest (3) genetic variability are evinced by white circles. (Map source: https://eros.usgs.gov/).

https://doi.org/10.1371/journal.pone.0177103.g001

Table 1. Locations, geographical coordinates and altitudes of the populations of Uncaria tomentosa collected in the Amazon region of Brazil.

Population codes Municipality/State Latitude Longitude Altitude (m)

UTAF Afuá, Pará -00˚07’39.8 -50˚23’19.2” 28

UTCS Cruzeiro do Sul, Acre -07˚40’12.2 -72˚38’21.1” 172

UTFJ Feijó, Acre -08˚17’36.0” -70˚22’26.1” 167

UTMC Macapá, Amapá +00˚19’46.3” -50˚52’14.9” 09

UTML Mâncio Lima, Acre -07˚28’48.8” -72˚56’42.2” 175

UTMZ Mazagão, Amapá -00˚12’11.6” -51˚21’56.7” 15

UTSA Santana, Amapá -00˚02’12.0” -51˚12’10.9” -10

UTTA Tarauacá, Acre -07˚56’42.3” -71˚29’00.4” 206

Young and mature leaves were sampled from 20 individuals in each population.

https://doi.org/10.1371/journal.pone.0177103.t001
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waspreviouslyauthorizedby theBrazilianCouncil for theAdministration andManagement
of GeneticPatrimony(CGEN)of theBrazilianMinistry of theEnvironment(MMA) viathe
NationalCouncil for ScientificandTechnologicalDevelopment(CNPqÐCGEN/MMA Pro-
cessnumber:010102/2015-9).

ForSRAPanalysis,younghealthyleavesweresampledfrom eachspecimen,transferredto
labeledconical-bottomtesttubescontainingsilicagelandstoredin thefreezerat -20ÊCuntil
requiredfor DNA extraction.ForHPLCanalysis,youngandmatureleaveswerecollected
from eachspecimen,transferredto labeledpaperbagsandsubsequentlydriedat45ÊCin a
forced-airoven(Marconi,Piracicaba,SP,Brazil).

All experimentswereperformedin theMolecularBiologyandPhytochemicalLaboratories
of theBiotechnologyDepartmentat theUniversidadeFederaldeRibeirãoPreto(UNAERP)
RibeirãoPreto,SP,Brazil.

SRAP analysis

GenomicDNA wasextractedfrom 100mgsamplesof youngleavesusingthecetyltrimethy-
lammoniumbromide(CTAB)method[11] with somemodifications.Theintegrity of
extractedDNA wasevaluatedbyelectrophoresison 1%agarosegelsin 1 X Tris/Borate/EDTA
(TBE)buffer,whilequantitativeevaluationwasperformedspectrophotometricallywith theaid
of aNanoPhotometer1 P360instrument(Implen,Munich, Germany).

SRAPanalysiswascarriedout followinganestablishedprotocolwith fivecombinationsof
publishedforward(me)andreverse(em)primers[10] from whichthreepairswereselected
for further experimentation.Polymerasechainreaction(PCR)wasperformedwith areaction
mixturecontaining1μL of 10X reactionbuffer,0.8μL of MgCl2 (25mmol/L), 1μL of dNTP
mixture (2.5mmol/L), 0.4μL of forwardprimer (5μM), 0.4μL of reverseprimer (5μM),
0.2μL of TaqDNA polymerase(5 U μL-1), 1μL of DNA template(10ngμL-1 for theUTAF
sampleand5 ngμL-1 for theremainder)anddeionizedwaterto afinal volumeof 10μL. The
amplificationprocedureinvolved5 cyclesof denaturationat94ÊCfor 1 min, annealingat
35ÊCfor 1 min andextensionat72ÊCfor 1 min, followedby35cyclesof denaturationat94ÊC
for 1 min, annealingat50ÊCfor 1min andextensionat72ÊCfor 1 min, with afinal extension
stepof 7 min at72ÊC.Ampliconsweredenaturedat95ÊCfor 5 min andsubmittedto denatur-
ing 6%polyacrylamidegelelectrophoresisin 1 X TBEbufferfor 2.5h ataconstantvoltageof
80andmaximumtemperatureof 50ÊC.Thegelwasstainedwith silvernitrateandthebands
revealedwith sodiumcarbonate[12].

Extraction and quantification of mitraphylline and isomitraphylline

Thepentacyclicoxindolealkaloidsmitraphyllineandisomitraphyllinewereextractedfollow-
ing theproceduredescribedbyBertoletal.[13] with somemodifications.Dried leavesfrom
individual specimensof U. tomentosa werereducedto afine powderin aMarconiMA048cut-
ting mill fitted with a40meshsieve.A sample(100mg)of thepowderwasmixedwith 1mL of
methanol(100%pure;LojaSynth,Diadema,SP,Brazil)in anamberflaskandsubmittedto
staticmacerationat room temperature(22± 1ÊC)for 24h, followingwhichthemixturewas
filteredandthefiltrate reducedto drynessin afumecupboard.All extractionswereperformed
in triplicate(S1File).

Prior to analysisbyhighpressureliquid chromatography(HPLC),extractsweresubmitted
to asolid-phaseextraction(SPE)clean-upprocedureon Supelco-57054C18cartridges
(Sigma,St.Louis,MO, United States)thathadbeenpreviouslyelutedwith 1 mL of methanol
followedby1 mL of an80:20(v/v) mixture of methanol(J.T.BakerHPLCgrade;AvantorPer-
formanceMaterials,CenterValley,PA,USA)andMilli-Q Ultrapurewater(MerckMillipore,
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Darmstadt,Germany).Samples(15mg)of thedriedextractswereredissolvedin 1 mL of the
80:20(v/v) methanol:watermixture andappliedto SPEcartridgesthatweresubsequently
elutedwith 3 mL of thesamesolventmixture.Aliquots(20μL) of eluents(5 mgmL-1) were
analyzedon aShimadzu(Kyoto,Japan)modelLC-10ADvpinstrumentcoupledto aShimadzu
SPD-M10Avpdiodearraydetectorandfitted with aZorbaxEclipseXDB-C18column(150x
4.6mm i.d.,5μm; Agilent,SantaClara,CA,USA)protectedbyaZorbaxEclipseXDB-C18
pre-column(4.6x 12.5mm i.d.,5μm). Gradientelutionwasperformedat room temperature
(22± 1ÊC)with 10mmol/L aqueousammoniumacetate,pH adjustedto 6.9with triethanola-
mine(solventA; Neon,SãoPaulo,Brazil)andacetonitrile(solventB;J.T.BakerHPLCgrade)
and10mmol/L aqueousammoniumacetateadjustedto pH 6.9with triethanolamine(solvent
A; Neon,SãoPaulo,Brazil).Themobilephasewassuppliedatacontinuousflow rateof 0.8
mL min-1 accordingto theprogram:35%Bbetween0.01and18.00min, 50%Bbetween18.01
and25.00min, 35to 100%Bfrom 25.01to 40min, and35%Bbetween40.01and45min. The
detectionwavelengthwassetat245nm andtheacquireddatawereprocessedusingLabSolu-
tionsMulti LC-PDAsoftwarefrom Shimadzu.

Thecontentof alkaloidswasdeterminedbyapreviouslyvalidatedHPLC-PDAmethod
[14] usingmitraphylline(LGCSTANDARDSCDX 00013955±005)andisomitraphylline
(ChromadexASB-00009417-005)asexternalstandardLOD: 0.22μgmL-1;LOQ:0.75μgmL-1

andLOD: 0.12μgmL-1;LOQ:0.24μgmL-1, respectively.Validationof analyticaldata(linear-
ity, precision,accuracy,detectionlimit andquantitationlimit) wascarriedout following the
SanitaryVigilanceNationalAgencyguidelines[15].

Calibrationcurvesfor thealkaloidswereconstructedusingconcentrationsin therangeof
500;250;125;62.5;31.2;15.6;7.8;3.9;1.9μg.mL-1 andeachof theseconcentrationswas
injectedin triplicate.

Ratioof thepeakareasof themitraphyllineandisomitraphyllinestandardswerecalculated
andplottedagainstthecorrespondingstandardconcentrationusinglinearregressionof the
standardcurves.

Statistical analysis

Binarydataweresubmittedto analysisof molecularvariance(AMOVA), astatisticaltechnique
thatallowsthedecompositionof totalgeneticvarianceinto its betweenandwithin population
components.Descriptiveanalysisof totalvariabilitywasobtainedbycalculatingthepercentage
of polymorphicloci,Nei'sgeneticdiversityindex(H) andShannon'sdiversityindex(I). The
unweightedpair groupmethodwith arithmeticmean(UPGMA) wasusedto grouppopula-
tionsaccordingto geneticdivergenceestimatedfrom Nei'sgeneticdistances[16]. Geographi-
caldistanceswerecalculatedwith thehelpof TrackMakersoftwareversion13.8(GeoStudio
Tecnologia,BeloHorizonte,MG, Brazil).TheManteltestwasperformedwith 10,000permu-
tationsin orderto evaluatethecorrelationbetweengeneticandgeographicdistance[17]. All
analyseswerecarriedout usingPopgene32[18] andGenesversion2009.7.0[19] software.

Thevariabilityandgeneticstructureof populationswereinvestigatedthroughprincipal
coordinatesanalysis(PCoA)usingthesoftwarepackagesGenAlExversion6.5[20] and
STRUCTUREversion2.2.4[21,22].Themostlikely numberof populationgroupswasestab-
lishedusingtheBayesianmodel-basedclusteringalgorithm(in whichindividualsareassigned
to K populationgeneticclustersbasedon their nuclearmultilocusgenotypes)andtheadmixed
ancestrymodel.Foreachrun, theinitial burn-in was200,000iterationsfollowedbyarun-
lengthof 500,000iterationsfor K = 1 to 10populationgeneticclusters[22] (S1Dataset).

HPLCdatarelatingto theaccumulationof mitraphyllineandisomitraphyllinewithin and
betweenpopulationsweresubmittedto analysisof variance(ANOVA) and,whensignificant
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differencesweredetected,meanvalueswerecomparedusingScott-Knotttestat5%probability
(S2Dataset).A dendrogramwasconstructedusingtheUPGMA clusteringmethodto establish
theorganizationof chemicalvariablesamongtheevaluatedpopulations.Thematrix-based
copheneticcorrelationsproducedby theUPGMA dendrogramwerecalculatedusingthe
vegan andecodist Rpackages[23]. TheEuclidiandistancematrix of chemicaldata(i.e.content
of mitraphyllineandisomitraphyllinein leaves)wascorrelatedwith geographicaldistance,alti-
tudeandNei'sgeneticdistancematrices.Pairwiserelationshipsbetweenpopulationswereesti-
matedusingasimpleManteltestwith 10,000permutationsperformedwith theaidof vegan,
fields andecodist Rpackages.

Results and discussion

Genetic diversity between and within U. tomentosa populations

Ampliconswereobtainedwith all fivecombinationsof SRAPprimer pairstestedandthethree
pairsthatproducedthehighestpercentageof clearpolymorphicfragmentsin all U. tomentosa
populationswereselectedfor further experimentation.TheseSRAPprimer pairsgenerateda
totalof 185amplifiedbandswith percentagepolymorphismvaluesof 97.5%with me3/em3
and100%with me1/em6andme5/em3.Theaveragenumberof polymorphicloci perprimer
pair was61.7with me3/em3presentingthemostpolymorphicloci andme1/em6theleast
(Table2).Theseresultsconfirm thatSRAPmarkersareveryefficientfor fingerprintingU.
tomentosa genotypes,andarein accordwith findingsreportedfor otherspeciesof economic
relevancesuchasPassiflora edulis f. flavicarpa [24],Euterpe edulis Mart. [25] andPhaseolus vul-
garis L. [26].

Asshownin Table3,specimensfrom thepopulationof U. tomentosa in MaÃncio Lima,Acre
(UTML) exhibitedthelargestgeneticvariability(95.68%)andthehighestvaluesof Ne,H and

Table 2. Sequence-related amplified polymorphism (SRAP) analysis of Uncaria tomentosa.

Primer pairs (forward/reverse) Nucleotide sequence Number of polymorphic loci Percentage polymorphism

me3/em3 Forward:5’TGAGTCCAAACCGGAAT3’ 80 97.5

Reverse: 5’GACTGCGTACGAATTGAC3’

me1/em6 Forward5’TGAGTCCAAACCGGATA3’ 50 100

Reverse: 5’GACTGCGTACGAATTGCA3’

me5/em3 Forward5’TGAGTCCAAACCGGAAG3’ 55 100

Reverse: 5’GACTGCGTACGAATTGAC3’

https://doi.org/10.1371/journal.pone.0177103.t002

Table 3. Genetic parameters of the populations of Uncaria tomentosa collected in the Amazon region of Brazil.

Population

code

Percentage polymorphic

loci

Observed number of alleles

(Na)

Expected number of alleles

(Ne)

Nei’s index

(H)

Shannon’s index

(I)

UTAF 87.57 1.87 1.30 0.2035 0.3303

UTCS 72.97 1.72 1.26 0.1726 0.2786

UTFJ 94.59 1.94 1.26 0.1852 0.3144

UTMC 81.08 1.81 1.28 0.1845 0.2975

UTML 95.68 1.95 1.50 0.3151 0.4818

UTMZ 87.03 1.87 1.44 0.2648 0.4037

UTSA 83.24 1.83 1.46 0.2766 0.4176

UTTA 62.16 1.62 1.17 0.1204 0.2031

Total 98.92 1.98 1.45 0.2836 0.4425

Population codes are defined in Table 1.

https://doi.org/10.1371/journal.pone.0177103.t003
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I indicesof geneticvariation,whilespecimensfrom thepopulationin TarauacaÂ, Acre(UTTA)
presentedthesmallestgeneticvariability(62.16%)and,consequently,lowergeneticvariability.
UTML specimensexhibitedbroadstems(15±20cm) andwerecollectedfrom apreservedfor-
estareawheretheplantsreceivedlittle light. In contrast,UTTA specimenspresentedthin
stems(3±5cm) andwerecollectedfrom theedgeof theforestwheretheplantsreceiveddirect
sunlight.Moreover,theUTTA populationwascharacterizedbyyoungindividuals,mostlikely
descendentsof theoriginal forest,andwaslocatedin anareaof anthropicactivitynearto the
villageof SãoVicenteon themarginsof theGregoÂrio River.

Theresultsobtainedfrom AMOVA (Table4) revealedthatmostof thegeneticvariability
(75%)waswithin U. tomentosa populationsratherthanbetweenpopulations(25%)asshown
by theFSTvalueof 0.246(P< 0.001).Thisgeneticstructuresuggeststhatconservationplans
wouldbemoreefficientandsuccessfulif alargernumberof individualswerecollectedwithin
populationsratherthanin differentpopulations.High intra-populationdiversityimplies
greaterplasticityof responsesto temporarystresssituations[27]. Specieswith efficientand
diversemechanismsof pollenandseeddispersalgenerallyhavegreatergeneticvariability
within populationsthanbetweenpopulations[28]. Thus,theefficiencyof U. tomentosa in dis-
persingseedsandpollenthroughwind andinsectpollinators[29] certainlycontributedto the
observedresults.

Allogamousspeciesareexpectedto presenthighgeneticvariabilitywithin populations
becauseintra-populationdivergenceis inverselyproportionalto geneflow, in otherwords
whengeneflow ishighgeneticdivergenceis low [28]. Thehighwithin-populationvariability
observedin U. tomentosa suggeststhat thespeciesisallogamous,althoughthepresentstudy
wasnot designedto considerthis issueandlittle isknownaboutthemechanismsof fertiliza-
tion in thisspecies.

Accordingto Manteltests,geographicalandgeneticdistancesamongtheeightU. tomen-
tosa populationswerenot correlated(Table5), thusthegeneticstructureof populationsisnot

Table 4. Genetic variability between and within populations of Uncaria tomentosa collected in the Amazon region of Brazil. Data estimated by anal-

ysis of molecular variance (AMOVA).

Source Degrees of freedom Mean square error Variance components Percentage variability P Fixation index

FST

Between populations 7 197.646 8.571 25 < 0.001 0.246

Within populations 152 26.226 26.226 75

Total 159 34.797 100

https://doi.org/10.1371/journal.pone.0177103.t004

Table 5. Geographical and genetic distances between populations of Uncaria tomentosa collected in the Amazon region of Brazil.

UTTA UTFJ UTMZ UTML UTCS UTSA UTMC UTAF

UTTA � 129 2394 170 130 2414 2466 2498

UTFJ 0.006 � 2291 295 255 2313 2360 2393

UTMZ 0.054 0.044 � 2530 2502 23.27 80.77 108

UTM4 0.104 0.083 0.048 � 39.44 2551 2594 2634

UTCS 0.167 0.142 0.087 0.047 � 2525 2569 2595

UTSA 0.252 0.213 0.011 0.086 0.065 � 12.09 91.75

UTMC 0.028 0.032 0.075 0.114 0.196 0.266 � 75.07

UTAF 0.144 0.120 0.086 0.849 0.035 0.097 0.166 �

Geographic distances (km) are shown above the diagonal line (�), while the genetic distances are shown below the line. Population codes are defined in

Table 1.

https://doi.org/10.1371/journal.pone.0177103.t005
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reflectedin thegeographicalproximity of theindividuals[22]. Byassociatingthisnon-signifi-
cantcorrelationwith thesomewhatlow FSTvalue,whichisameasureof differentiation
betweenpopulations,it ispossibleto suggestthatpopulationsof U. tomentosa arenot spatially
structuredbut follow anislandmodelinstead.In thiscase,it maybeassumedthat theinter-
populationgeneticdifferentiationisnot relatedto thespatialheterogeneityobservedin the
studypopulations[17].

Theestimatedvaluegeneflow waslow (1.57),andthismayconstituteaproblemfor the
survivalof thisspecies.Theexistenceof highgeneflow amongpopulationsisof particular
importancesincenewallelescanthenbeintroducedinto thepopulation.Asaconsequence,
thegeneticvariabilitybetweenlocalpopulationswould tendto decreasewhilegeneticvariabil-
ity within thepopulationswould increase[30]. In thismanner,geneflow actsasevolutionary
factorresponsiblefor thehomogenizationof populations,therebylimiting theeffectsof
geneticdrift andlocalselection[31]. Anthropizationandfragmentationof naturalareasgener-
atebarriersthatnegativelyaffecttheexchangeof alleleswithin apopulationandprovokea
decreasein geneflow.Eventually,individualsthatwouldnormallycrossat randomcanno lon-
gerexchangeallelesresultingin their fixation.Thus,thepopulationbecomesmorevulnerable
to extinctionbecauseof thehighdegreeof kinshipamongindividuals[32].

ThehighertheFSTvalue,thelowerthedispersioncapacityof thespeciesandthegreaterthe
difficulty in exchangingallelesbetweenpopulations,thusincreasingtheprobabilityof thepop-
ulationsbecomingendogamous,ashighlightedbyFrankhametal.[33]. Theseresearchers
arguedthatendogamyandlossof geneticdiversityareinevitablewithin smallpopulations,
therebyreducingtheir reproductionratesandsurvivalin theshortterm.In addition,endoga-
mouspopulationshaveareducedcapacityto adaptto climatechange,andthis increasesthe
risk of extinction[8, 33].Thelow valuesof Nm andFSTfound in theU. tomentosa populations
of thepresentstudyreflecttheenvironmentswherethespecimenswerecollectedwhich,
despitetheir widediversityof flora,werewithin anthroposizedandfragmentedlandscapes.

TheUPGMA dendrogrampresentedin Fig2 showedthat theeightpopulationstendedto
form two clusters(K = 2),onecontainingUTTA, UTFJandUTMC (groupI) andtheother
comprisingUTMZ, UTML, UTCS,UTSAandUTAF (groupII). Thispopulationstructure

Fig 2. Dendrogram, constructed using the unweighted pair group method with arithmetic mean

(UPGMA), showing eight populations of Uncaria tomentosa separated into two clusters. Group I

contained UTTA (Tarauacá, Acre), UTFJ (Feijó, Acre) and UTMC (Macapá, Amapá), while group II comprised

UTMZ (Mazagão, Amapá), UTML (Mâncio Lima, Acre), UTCS (Cruzeiro do Sul, Acre), UTSA (Santana,

Amapá) and UTAF (Afuá, Pará).

https://doi.org/10.1371/journal.pone.0177103.g002
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wasconfirmedbyPCoA(Fig3) andBayesian(Fig4) analyses.UTTA andUTSApresentedthe
smallestdegreeof admixtureasshownby thecoancestryvalues(Q = 0.88and0.93%,respec-
tively).This finding indicatesthat thereis low geneflow betweenthetwo populations,from
whichit maybeinferredthatUTTA andUTSAaremostdivergentonefrom theotherand
presentdistinctcharacteristics.Thetendencyof individualsfrom differentpopulationsto
form clustersindicatestheexistenceof considerablevariabilitywithin thepopulations,asveri-
fiedby theFSTvalue.Geneticdifferentiationwithin apopulation,or evenbetweendistinct
populations,mayoccurwhengeographicaldistancesarerelativelysmallandimpliesthat
geneticdiversityisspatiallystructured[34]. However,in thecaseof U. tomentosa, theMantel
testshowedthat thecorrelationbetweengeneticandgeographicaldistancewasnot statistically

Fig 3. Graphical representation of principal coordinates analysis (PCoA) showing individuals (n = 20)

belonging to eight populations of Uncaria tomentosa from the Amazon region of Brazil. Population

sampling was carried out in the following locations: UTAF (Afuá, Pará), UTCS (Cruzeiro do Sul, Acre), UTFJ

(Feijó, Acre), UTMC (Macapá, Amapá), UTML (Mâncio Lima, Acre), UTMZ (Mazagão, Amapá), UTSA

(Santana, Amapá), UTTA (Tarauacá, Acre). PCoA was performed using SRAP markers.

https://doi.org/10.1371/journal.pone.0177103.g003

Fig 4. Bayesian analysis, performed using STRUCTURE software, of eight populations of Uncaria

tomentosa from the Amazon region of Brazil showing the tendency to form two clusters. Group I

(predominantly red) contained UTTA (Tarauacá, Acre), UTFJ (Feijó, Acre) and UTMC (Macapá, Amapá),

while group II (predominantly green) comprised UTMZ (Mazagão, Amapá), UTML (Mâncio Lima, Acre),

UTCS (Cruzeiro do Sul, Acre), UTSA (Santana, Amapá) and UTAF (Afuá, Pará).

https://doi.org/10.1371/journal.pone.0177103.g004
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significant(rm = 0.1607;P> 0.05).Thismeansthat theorganizationof geneticvariabilityof
U. tomentosa populationsoccursrandomlyalongthegeographicdistribution of thespecies
andthatgeneflow betweenpopulations,if any,occursoverspansthatareshorterthanthe
smallestdistancebetweenthepopulationsanalyzedin thisstudy.

Our studyhasshownthat thereisanurgentneedfor conservationprojectsinvolvingU.
tomentosa, with particularemphasison thecreationof in vitro andin situ germplasmbanksto
preventthelossof existinggeneticvariability.Theconservationof thisspeciesmustbepriori-
tizedbecause,accordingto astudybySoares-Filhoetal.[35], 40%of thetotal forestsof the
Amazonwill havebeendeforestedby2050,includingat leasttwo thirds of theforestcoverin
thesixmain river basins.Moreover,it hasrecentlybeenshownthat36to 57%of all Amazo-
nian treespeciesarelikely to beclassifiedasgloballyat risk sincetheymeetthecriteria for
inclusionin theInternationalUnion for Conservationof Nature(IUCN) RedList [36]. If this
isconfirmed,thethreatto thesurvivalof U. tomentosa in its naturalhabitatwill beevengreater
becausethegrowthanddevelopmentof thiswoodyvinedependson thesupportandprotec-
tion of trees.

Variation of oxindole alkaloid content between and within U. tomentosa
populations

Concentrationsof thepentacyclicoxindolealkaloidsmitraphyllineandisomitraphyllinevaried
considerablybetweenandwithin thestudypopulations(Tables6 and7).Furthermore,some
individualsaccumulatedbothalkaloids(Fig5A),whilemostindividualsaccumulatedonly iso-
mitraphylline(Fig5B)andafewaccumulatedneither(Fig5C).Thevalidationparametersare
summarisedin Table8.A studyinvolving thechemicalanalysisof leavesfrom 22U. tomentosa
plantscollectedatvarioussitesin Perusuggestedtheexistenceof chemotypessincesomespec-
imenswerefound to accumulatepentacyclicoxindolealkaloidswhileothersdid not [37].
Quantitativeandqualitativevariationsin theaccumulationof secondarymetabolitesin plants
areinfluencedbygeneticandenvironmentalfactors,aswellasby interactionsthereof,that
generatechemotypesandcontributeto biologicaldiversity[33±40].

In thepresentstudy,mitraphyllineaccumulationwasdetectedin 81.2%of theU. tomentosa
specimensanalyzed,while isomitraphyllinewasdetectedin 94.3%individuals.Plantsfrom the
UTTA andUTCSpopulationsgenerallypresentedhigherlevelsof thesealkaloidscompared
with individualsfrom otherpopulations(Table6). Indeed,remarkablyhighconcentrationsof
mitraphyllineandisomitraphylline(32.94and7.97mgg-1 dry weight,respectively)were
detectedin oneplant from theUTCSpopulation.In contrast,halfof thespecimensfrom the
UTAF populationdid not accumulatemitraphylline,andthisexplainstheverylow meancon-
centrationof thealkaloidin thispopulationcomparedwith theothers(Table7).

Therewasno correlationbetweengeneticandchemicalsimilarities,consideringthat the
individualsof geneticgroupI (i.e.UTTA, UTFJandUTMC individuals)exhibitedvarying
concentrationsof mitraphyllineandisomitraphylline.This finding demonstratesthat the
genesinvolvedin theproductionof thesealkaloidsmaybemoreexpressedin onepopula-
tion thanin theothers.Thus,while theUTTA populationoccupiedaprominentposition
in relationto theremainderregardingalkaloidcontent,it presentedthelowestgenetic
variability.

Matrix correlationanalysesrevealedthat therewereno correlationsbetweengeographic
distanceor altitudeandtheaccumulationof mitraphylline.On theotherhand,therewasa
positiveandstatisticallysignificantcorrelation(rm = 0.3005;P< 0.0344)betweengeographi-
caldistanceandisomitraphyllineaccumulation.Althoughthiscorrelationwasnot strong,it
suggeststhatgeographicdistancemaybeanimportant factorin theaccumulationof
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isomitraphyllinein U. tomentosa, sincepopulationsin closeproximity to eachotheraccumu-
latedsimilaramountsof thisalkaloid(Fig6A).A positiveandstatisticallysignificantcorrela-
tion (rm = 0.2828;P< 0.0471)wasalsoobservedbetweenaltitudeandisomitraphylline
accumulation,signifyingthat thecontentof thisalkaloidincreasedslightlyathigheraltitude
(Fig6B).Theeffectof altitudeon theproductionof varioustypesof alkaloidshasbeendemon-
stratedin severalplants[41±43].A studyon U. tomentosa barksamplescollectedin Peru
showedthatat loweraltitudestetracyclicoxindolealkaloidsaccumulated,whereasathigher
altitudesthepentacyclicoxindolealkaloidspredominated[44]. Theresultspresentedherein
providefurther evidenceof thepositiveeffectof altitudeon theaccumulationof pentacyclic

Table 7. Mean concentrations of mitraphylline and isomitraphylline in populations of Uncaria tomen-

tosa collected in the Amazon region of Brazil.

Population Mitraphylline

(mg g-1 dry weight)

Isomitraphylline

(mg g-1 dry weight)

UTAF 1.31b 1.14b

UTCS 8.28a 2.31a

UTFJ 3.27b 1.61b

UTMC 5.65b 2.18a

UTML 4.73b 2.50a

UTMZ 6.47b 1.12b

UTSA 4.93b 1.43b

UTTA 11.17a 2.99a

In each column mean values bearing dissimilar letters are significantly different according to Scott-Knott test

at 5% probability.

https://doi.org/10.1371/journal.pone.0177103.t007

Fig 5. High performance liquid chromatographic (HPLC) analyses of leaf extracts of three specimens

of Uncaria tomentosa populations from the Amazon region of Brazil. The chromatograms were obtained

from specimens collected in: (A) Cruzeiro do Sul, AC, in which peaks labeled a and b correspond to

mitraphylline and isomitraphylline, respectively; (B) Afuá, PA, in which the peak labeled b corresponds to

isomitraphylline;; (C) Mâncio Lima, AC, in which peaks a and b are absent. Standards (D) mitraphylline and

(E) isomitraphylline.

https://doi.org/10.1371/journal.pone.0177103.g005
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Table 8. Validation data for mitraphylline.

Parameter Results

Linearity (standard) Function y = 70.031x + 3×106

R 0.9999

R2 0.9998

Precision Intra-day

3.57 ± 0.02, lower concentration RSD� 0.60% (n = 3)

32.14 ± 0.64, medium concentration RSD� 2.00% (n = 3)

252.30 ± 4.21, higher concentration RSD� 1.67% (n = 3)

Accuracy 3.57 ± 0.02 (3.50 μg.mL-1 theoretical concentration) 101.86% (n = 3)

32.14 ± 0.64 (31.25 μg.mL-1 theoretical concentration) 103.02% (n = 3)

252.30 ± 4.21 (250.00 μg.mL-1 theoretical concentration) 100.92% (n = 3)

Detection limit LOD 0.22 μg.mL-1

Quantitation limit LOQ 0.75 μg.mL-1

https://doi.org/10.1371/journal.pone.0177103.t008

Fig 6. Correlations between geographical distance or altitude and the accumulation of

isomitraphylline in Uncaria tomentosa populations from the Amazon region of Brazil. (A) Geographical

distance vs. isomitraphylline accumulation (rm = 0.3005; P < 0.0344); and (B) Altitude vs. isomitraphylline

accumulation (rm = 0.2828; P < 0.0471). Pairwise relationships between populations were estimated using a

simple Mantel test with 10,000 permutations performed with the aid of vegan, fields and ecodist R packages.

https://doi.org/10.1371/journal.pone.0177103.g006
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oxindolealkaloids.At higheraltitudes,solarUV radiationismoreintense[45], afactorthat is
associateddirectlywith thebiosynthesisof sometypesof alkaloids[46,47].In Catharanthus
roseus, for example,UV light hasbeenshownto influence,throughtheactivationof nuclear
factors,theexpressionof thegenecodingfor tryptophandecarboxylase,akeyenzymein the
biosyntheticpathwayto theindolealkaloids[48].

Conclusions

SRAPmarkersareveryefficientfor fingerprintingU. tomentosa genotypes.Theresults
obtainedbySRAPanalysisrevealedthatgeneticvariabilitywithin U. tomentosa populations
wasgreaterthanbetweenpopulationsandthat thegeneticstructureof thepopulationsfol-
lowedanislandmodel.Weconcludethat thereisanurgentneedfor conservationprojects
involvingU. tomentosa, with particularemphasison thecreationof germplasmbanks.More-
over,consideringthatmitraphyllineis thebioactivemarkerof U. tomentosa andthat thereisa
highdemandfrom thepharmaceuticalindustryfor highqualityspecimensof thismedicinal
plant,theconservationandmanagementof thespeciesshouldprioritize mitraphylline-rich
populations.
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30. Templeton AR. Genética de populações e teoria microevolutiva. 1st ed. Ribeirão Preto: Sociedade

Brasileira de Genética. 2011.
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