


Genetic and chemical diversity of Uncaria tomentosa

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

Introduction

Uncaria tomentosa (Willd. exSchult.)DC. (Rubiaceaeis indigenousto the Amazonbiome
andis distributedin variousSouthAmericancountries,ncluding Brazilwhereit is found
chieflyin the statef Acre, Amap8 Amazonasand Par[1]. The specie®xhibitssignificant
anti-inflammatoryactivity,alongwith anticancerantidiabetic antimicrobial,antioxidantand
immunostimulantpropertiesand maybeeffectivan thetreatmentof Parkinsondiseas¢?].
For thesereasonsy. tomentosa iscommercializedvorldwideandisincludedin the National
List of EssentiaMedicines(Relagio Nacional de Medicamentos Essenciais, RENAME)dissemi-
natedby the BrazilianMinistry of Healthto all municipalitiesthroughthe NationalHealth Sys-
tem (Sistema Unico de Satide, SUS)3].

U. tomentosa isrich in alkaloidsand containsvariousrepresentativesf this clasof
naturalproductsincluding tetracyclicdndole (corynanthein dihydrocorynantheinhirsutein
andhirsutin), tetracyclicoxindole(corynoxeinejsocorynoxeinethyncophylline isorhyn-
cophylline,rotundifolin andisorotundifolin), pentacycliandole (acuamigin augustine,
augustolineisoamalicinetetrahydroalstonin)pentacyclioxindole(mitraphylline,isomi-
traphylline,pteropodine jsopteropodinespeciophyllineanduncarineF) andglycoindole
(3a-dihydrocadambinenddolichantosin)alkaloids[4+6]. Mitraphylline is consideredhe
chemicalmarkerof thetherapeuticallymportant componentsaaccumulatedy U. tomentosa
[7].

Theextensivaleforestatiorthathasoccurredin the Amazonregion,alongwith indiscrim-
inatecollectionandlackof concernabouttheregeneratiorof U. tomentosa, hascompro-
misedthe survivalof the speciedn thewild [7]. To date therehavebeenno reports
concerningthe conservatiorof naturalpopulationsof U. tomentosa, makingit difficult to
devisestrategiesor the preservatiorof thisimportant medicinalplant. In this context,stud-
ieson the geneticdiversityof medicinalplants,andon the associatiorbetweerfindings
obtainedby moleculartechniqguesand chemicalmarkeranalyses;ould contributeto the
maintenanceand managemenbf resourceshatarein particulardemandby the pharmaceu-
ticalindustry|[8,9].

Amongthevariousmoleculartechniquesavailabldor comparingDNA profilesof individ-
ualsandpopulationsthe sequence-relateaimplified polymorphism(SRAP)methodis partic-
ularly simpleto useand providesresultsthatarehighly reliableandreproducible Moreover,
SRAPmarkersmaybeemployedo targetgeneticvariationin openreadingframe(ORF)
sequencesf plantgenomeg$10].

The objectivesf this studywere therefore(i) to determinethe geneticandchemicalari-
ability betweerandwithin eightpopulationsof U. tomentosa collectedn the Amazonregion
of Brazil,(ii) to establistcorrelationshetweergeneticandgeographicadlistancesand iii) to
investigatgossiblecorrelationshetweergeographiaistance®r altitudeandthe accumula-
tion of mitraphylline/isomitraphylline The resultsof the studyshowedhat SRAPmarkersare
veryefficientfor fingerprinting U. tomentosa genotypesandalsoaffordedimportant indica-
torsregardingstrategie$or the conservatiorand managemenof thisimportant medicinal
plant.
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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), Amapa (AP) and Para
(PA) are showed on the map (1-8), 1- Mancio Lima, AC; 2- Cruzeiro do Sul, AC; 3- Tarauacd, AC 4-Feijo, AC;
5- Mazagédo, AP; 6- Santana, AP; 7- Macapd, AP and 8-Afua, PA. Populations with the largest (1) and
smallest (3) genetic variability are evinced by white circles. (Map source: https://eros.usgs.gov/).

https://abi.org/10.1371durnal.por.0177103.g0L

Materials and methods
Plant material and sampling

Plantsof Uncaria tomentosa wereidentified by Dr. PieroGiuseppeDelprete of Herbierde
Guyane)nstitut de Recherch@our le DéveloppementA voucherspecimerwasdepositedn
the Herbariumof Medicinal Plantsat UNAERPwith vouchemumberHPMU 2904+3066.
A total of 160specimen®f U. tomentosa werecollectedrom eightpopulations(20speci-
mensper population)locatedat differentsamplingsitesin the Amazonregionof Brazil,and
codedaccordingto location,namelyCruzeirodo Sul(UTCS),Feij8(UTFJ),Méncio Lima
(UTML) andTarauadgUTTA) in the stateof Acre, MacapXUTMC), MazagaqUTMZ) and
SantandUTAS)in the stateof Amap and AfuA(UTAF) in the stateof ParA The exactioca-
tions of the samplingsitesareshownin Fig 1,andthe geographicatoordinatesandaltitudes
arepresentedn Tablel. Thecollectionof U. tomentosa specimendvestigatedn this study

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 Afua, Para -00°07'39.8 -50°23'19.2” 28
UTCS Cruzeiro do Sul, Acre -07°40'12.2 -72°38'21.1” 172
UTFJ Feijo, Acre -08°17’36.0” -70°22'26.1” 167
UTMC Macapa, Amapa +00°19'46.3” -50°52'14.9” 09
UTML Mancio Lima, Acre -07°28'48.8” -72°56'42.2" 175
UTMZ Mazagdo, Amapa -00°12'11.6” -51°21°56.7" 15
UTSA Santana, Amapa -00°02'12.0” -51°12'10.9” -10
UTTA Tarauaca, Acre -07°56’42.3” -71°29'00.4” 206

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

https://da.org/10.1371¢urnal.pon®177103.t001
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waspreviouslyauthorizedby the BrazilianCouncil for the Administration and Management
of GeneticPatrimony(CGEN)of the BrazilianMinistry of the Environment(MMA) viathe
National Councilfor Scientificand TechnologicaDevelopmen{CNPgbCGEN/MMA Pro-
cessiumber:010102/2015-9)

For SRAPanalysisyounghealthyleavesveresampledrom eachspecimentransferredo
labeledconical-bottomtesttubescontainingsilicagelandstoredin the freezerat-20EQuntil
requiredfor DNA extraction.For HPLC analysisyoungand matureleavesverecollected
from eachspecimentransferredo labeledpaperbagsandsubsequentlgried at45EQn a
forced-airoven(Marconi, PiracicabaSP Brazil).

All experimentavereperformedin the MolecularBiologyand Phytochemical aboratories
of the BiotechnologyDepartmentat the Universidadeg-ederale RibeiraioPreto(UNAERP)
RibeiraoPreto,SP Brazil.

SRAP analysis

GenomicDNA wasextractedrom 100mg sample®f youngleavesisingthe cetyltrimethy-
lammoniumbromide (CTAB) method[11] with somemodifications.Theintegrity of
extractedDNA wasevaluatedy electrophoresisn 1%agaros@elsin 1 X Tris/Borate/EDTA
(TBE)buffer,while quantitativeevaluationvasperformedspectrophotometricallyvith the aid
of aNanoPhotometef P360instrument(Implen, Munich, Germany).

SRAPanalysisvascarriedout following an establishegrotocol with five combinationsof
publishedforward (me) andreversgem) primers[10] from which threepairswereselected
for further experimentationPolymerasehainreaction(PCR)wasperformedwith areaction
mixture containingl pL of 10X reactionbuffer,0.8uL of MgCl, (25mmol/L), 1 uL of dNTP
mixture (2.5mmol/L), 0.4uL of forward primer (5 uM), 0.4pL of reverseprimer (5 uM),
0.2uL of TagDNA polymerasé5 U uL™), 1 uL of DNA template(10ng uL™ for the UTAF
sampleand5 ng uL™ for theremainder)and deionizedwaterto afinal volumeof 10uL. The
amplificationprocedureinvolved5 cycleof denaturationat 94EQor 1 min, annealingat
35Edor 1 min andextensiorat 72Edor 1 min, followedby 35 cyclesof denaturationat 94EC
for 1 min, annealingat 50ECGor 1 min andextensiorat 72Edor 1 min, with afinal extension
stepof 7 min at 72ECAmpliconsweredenaturedat 95ECGor 5 min and submittedto denatur-
ing 6%polyacrylamidegelelectrophoresig 1 X TBEbufferfor 2.5h ataconstantvoltageof
80and maximumtemperatureof 50ECThe gelwasstainedwith silvernitrate andthe bands
revealedvith sodiumcarbonatg12].

Extraction and quantification of mitraphylline and isomitraphylline

Thepentacyclimxindolealkaloidsmitraphyllineandisomitraphyllinewereextractedollow-
ing the proceduredescribedy Bertoletal.[13] with somemodifications.Dried leavesrom
individual specimen®f U. tomentosa werereducedto afine powderin aMarconi MA048 cut-
ting mill fitted with a40meshsieve A samplg(100mg) of the powderwasmixedwith 1 mL of
methanol(100%pure;LojaSynthDiademaSP Brazil)in anamberflaskand submittedto
staticmaceratiorat room temperaturg(22 + 1ECYor 24h, following which the mixture was
filtered andthefiltrate reducedo drynessn afumecupboard All extractionswvereperformed
in triplicate (S1File).

Prior to analysisy high pressurdiquid chromatographyfHPLC), extractsveresubmitted
to asolid-phasextraction(SPE)xlean-upprocedureon Supelco-5705€&18cartridges
(SigmaSt.Louis,MO, United Statesjhathadbeenpreviouslyelutedwith 1 mL of methanol
followedby 1 mL of an80:20(v/v) mixture of methanol(J.T.BakerHPLC grade;Avantor Per-
formanceMaterials,CenterValley,PA,USA)andMilli-Q Ultrapurewater(Merck Millipore,
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Darmstadt,Germany).Sample¢15mg) of thedried extractswvereredissolvedn 1 mL of the
80:20(v/v) methanolwatermixture andappliedto SPEcartridgeghat weresubsequently
elutedwith 3 mL of the samesolventmixture. Aliquots (20 uL) of eluents(5 mgmL™) were
analyzedn a ShimadzuKyoto, JapanmodelLC-10ADvpinstrumentcoupledto a Shimadzu
SPD-M10Avdiodearraydetectorandfitted with aZorbaxEclipseXDB-C18column (150x
4.6mmi.d.,5um; Agilent, SanteClara,CA, USA) protectedby a ZorbaxEclipseXDB-C18
pre-column(4.6x 12.5mmi.d.,5 um). Gradientelution wasperformedat room temperature
(22+ 1EC)with 10mmol/L aqueousammoniumacetatepH adjustedo 6.9with triethanola-
mine (solventA; Neon,SiaoPaulo,Brazil)andacetonitrile(solventB; J.T.BakerHPLC grade)
and 10mmol/L agueousmmoniumacetateadjustedo pH 6.9with triethanolamine(solvent
A; Neon,SaoPaulo,Brazil). The mobile phasevassuppliedat a continuousflow rateof 0.8
mL min™ accordingto the program:35%B betweerD.01and 18.00min, 50%B betweerl8.01
and25.00min, 35to 100%B from 25.01to 40 min, and 35%B betweer0.0land45min. The
detectionwavelengtiwassetat 245nm andthe acquireddatawereprocessedsingLabSolu-
tions Multi LC-PDA softwarefrom Shimadzu.

The contentof alkaloidswasdeterminedby a previouslyalidatedHPLC-PDAmethod
[14] usingmitraphylline (LGC STANDARDSCDX 00013955+00%)ndisomitraphylline
(ChromadexASB-00009417-0058sexternalstandard_OD: 0.22ug mL-1; LOQ:0.75ug mL™
andLOD: 0.12ug mL-1;LOQ:0.24ug mL™*, respectivelyalidation of analyticadata(linear-
ity, precision,accuracygdetectionlimit andquantitationlimit) wascarriedout following the
SanitaryVigilanceNational Agencyguidelined15].

Calibrationcurvedfor the alkaloidswereconstructedusingconcentrationsn the rangeof
500;250;125;62.5;31.2;15.6;7.8;3.9;1.9ug.mL " andeachof theseconcentrationsvas
injectedin triplicate.

Ratioof the peakareasf the mitraphylline andisomitraphyllinestandardsverecalculated
andplottedagainsthe correspondingstandardconcentrationusinglinearregressiorof the
standardcurves.

Statistical analysis

Binarydataweresubmittedto analysif molecularvarianc AMOVA), astatisticatechnique
thatallowsthe decompositiorof total geneticvariancento its betweerandwithin population
componentsDescriptiveanalysiof total variability wasobtainedby calculatinghe percentage
of polymorphicloci, Nei'sgenetiadiversityindex (H) and Shannon'giversityindex(l). The
unweightedpair group methodwith arithmeticmean(UPGMA) wasusedto grouppopula-
tionsaccordingto geneticdivergencesstimatedrom Nei'sgenetiadistance$16]. Geographi-
caldistancesverecalculatedvith the helpof TrackMakersoftwareversion13.8(GeoStudio
TecnologiaBeloHorizonte,MG, Brazil). The Manteltestwasperformedwith 10,00Qpermu-
tationsin orderto evaluatehe correlationbetweergeneticandgeographidistancg17]. All
analysesverecarriedout usingPopgene32[18] and Genesrersion2009.7.(019] software.
Thevariabilityand geneticstructureof populationswereinvestigatedhrough principal
coordinatesanalysigPCoA)usingthe softwarepackage&enAlExversion6.5[20] and
STRUCTURFEversion2.2.4[21,22]. Themostlikely numberof populationgroupswasestab-
lishedusingthe Bayesiaimmodel-basedalusteringalgorithm (in whichindividualsareassigned
to K populationgeneticclustersbasedn their nuclearmultilocusgenotypesandthe admixed
ancestrymodel.For eachrun, theinitial burn-in was200,00Gterationsfollowedby arun-
lengthof 500,00Gterationsfor K = 1to 10populationgeneticclusterd22] (S1Dataset).
HPLC datarelatingto the accumulationof mitraphylline andisomitraphyllinewithin and
betweerpopulationsweresubmittedto analysif variancl ANOVA) and,whensignificant
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Table 2. Sequence-related amplified polymorphism (SRAP) analysis of Uncaria tomentosa.

Primer pairs (forward/reverse)
me3/em3

me1/em6

me5/em3

Nucleotide sequence Number of polymorphic loci Percentage polymorphism
Forward: 5’ TGAGTCCAAACCGGAAT3' 80 97.5
Reverse: 5’/ GACTGCGTACGAATTGAC3’
Forward 5’ TGAGTCCAAACCGGATA3’ 50 100
Reverse: 5/ GACTGCGTACGAATTGCA3’
Forward 5’ TGAGTCCAAACCGGAAG3’ 55 100

Reverse: 5’ GACTGCGTACGAATTGAC3'
https://da.org/10.1371¢urnal.pon®177103.t002

differencesveredetectedmeanvaluesverecomparedusingScott-Knotttestat 5%probability
(S2Dataset)A dendrogramwasconstructedusingthe UPGMA clusteringmethodto establish
the organizationof chemicalvariablesamongthe evaluategopulations The matrix-based
copheneticorrelationgproducedby the UPGMA dendrogramwerecalculatedisingthe

vegan andecodist R packagef?3]. The Euclidiandistancematrix of chemicaldata(i.e.content
of mitraphyllineandisomitraphyllinein leavesyvascorrelatedwith geographicadlistancealti-
tudeandNei'sgeneticdistancematrices Pairwiserelationshipsetweerpopulationswereesti-
matedusingasimpleManteltestwith 10,000permutationsperformedwith the aid of vegan,
fields andecodist R packages.

Results and discussion
Genetic diversity between and within U. tomentosa populations

Ampliconswereobtainedwith all five combinationsof SRAPprimer pairstestedandthethree
pairsthat producedthe highestpercentagef clearpolymorphicfragmentsn all U. tomentosa
populationswereselectedor further experimentationTheseSRAPprimer pairsgeneratea
total of 185amplifiedbandswith percentag@olymorphismvaluesof 97.5%with me3/em3
and 100%with mel/em6andme5/em3Theaveragaumberof polymorphicloci perprimer
pair was61.7with me3/em3presentinghe mostpolymorphicloci andmel/eméheleast
(Table2). Theseresultsconfirm that SRAPmarkersareveryefficientfor fingerprinting U.
tomentosa genotypesandarein accordwith findingsreportedfor otherspecie®f economic
relevancesuchasPassiflora edulis f. flavicarpa [24], Euterpe edulis Mart. [25] and Phaseolus vul-
garis L. [26].

As shownin Table3, specimengrom the populationof U. tomentosa in Mé&ncio Lima, Acre
(UTML) exhibitedthe largesigeneticvariability (95.68%pandthe highestvaluesof Ne,H and

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

Population

code

UTAF
UTCS
UTFJ

UTMC
UTML
UTmZ
UTSA
UTTA

Population codes are defined in Table 1.

https://da.org/10.1371durnal.pon®177103.t003

Total

Percentage polymorphic Observed number of alleles Expected number of alleles Nei’sindex | Shannon’s index

loci
87.57
72.97
94.59
81.08
95.68
87.03
83.24
62.16
98.92

(Na) (Ne) (H) m

1.87 1.30 0.2035 0.3303
1.72 1.26 0.1726 0.2786
1.94 1.26 0.1852 0.3144
1.81 1.28 0.1845 0.2975
1.95 1.50 0.3151 0.4818
1.87 1.44 0.2648 0.4037
1.83 1.46 0.2766 0.4176
1.62 1.17 0.1204 0.2031
1.98 1.45 0.2836 0.4425
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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://da.org/10.137 1§urnal.pon®177103.t004

| indicesof geneticvariation,while specimengrom the populationin TarauadpAcre (UTTA)
presentedhe smallesgeneticvariability (62.16%)nd,consequentlyiower geneticvariability.
UTML specimengxhibitedbroadstemg(15+20cm) andwerecollectedrom apreservedor-
estareawherethe plantsreceivedittle light. In contrast UTTA specimengresentedhin
stemgq3+5cm) andwerecollectedrom the edgeof the forestwherethe plantsreceivediirect
sunlight.Moreover,the UTTA populationwascharacterizedby youngindividuals,mostlikely
descendentsf the original forest,andwaslocatedin anareaof anthropicactivity nearto the
villageof SaoVicenteon the marginsof the Greghio River.

Theresultsobtainedfrom AMOVA (Table4) revealedhat mostof the geneticvariability
(75%)waswithin U. tomentosa populationsratherthan betweerpopulations(25%)asshown
by the Fstvalueof 0.246(P < 0.001)Thisgeneticstructuresuggestthat conservatiorplans
would bemoreefficientand successfuf alargernumberof individualswerecollectedwithin
populationsratherthanin differentpopulationsHigh intra-populationdiversityimplies
greatemlasticityof responseto temporarystressituations[27]. Speciesvith efficientand
diversemechanism®f pollenandseedlispersatfjenerallyhavegreatergeneticvariability
within populationsthanbetweerpopulationg28]. Thus,the efficiencyof U. tomentosa in dis-
persingseedsind pollenthroughwind andinsectpollinators[29] certainlycontributedto the
observedesults.

Allogamousspeciesreexpectedo presenthigh geneticvariability within populations
becauséintra-populationdivergencesinverselyproportionalto geneflow, in otherwords
whengeneflow is high genetiadivergences low [28]. The high within-populationvariability
observedn U. tomentosa suggestthat the speciess allogamousalthoughthe presentstudy
wasnot designedo considerthis issueandlittle is known aboutthe mechanismf fertiliza-
tion in this species.

Accordingto Manteltests geographicaand genetiadistancesmongthe eightU. tomen-
tosa populationswerenot correlated Table5), thusthe geneticstructureof populationsis not

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

UTTA
UTFJ
uTmz
utm*
UTCS
UTSA
UTMC
UTAF

UTTA

0.006
0.054
0.104
0.167
0.252
0.028
0.144

UTFJ
129

0.044
0.083
0.142
0.213
0.032
0.120

uTmz UTML UTCS UTSA UTMC UTAF

2394 170 130 2414 2466 2498
2291 295 255 2313 2360 2393
2530 2502 23.27 80.77 108
0.048 39.44 2551 2594 2634
0.087 0.047 2525 2569 2595
0.011 0.086 0.065 12.09 91.75
0.075 0.114 0.196 0.266 75.07
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://da.org/10.1371durnal.pon®177103.t005
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reflectedn the geographicgbroximity of theindividuals[22]. By associatinghis non-signifi-
cantcorrelationwith the somewhatow Fstvalue whichis ameasuref differentiation
betweerpopulationsijt is possibleo suggesthat populationsof U. tomentosa arenot spatially
structuredbut follow anislandmodelinsteadIn this caseit maybeassumedhattheinter-
populationgenetiadifferentiationis not relatedto the spatialheterogeneitypbservedn the
studypopulationg17].

The estimatedraluegeneflow waslow (1.57),andthis mayconstitutea problemfor the
survivalof this speciesThe existencef high geneflow amongpopulationsis of particular
importancesincenewallelesanthenbeintroducedinto the population.Asaconsequence,
the geneticvariability betweerocal populationswould tend to decreasghile geneticvariabil-
ity within the populationswouldincreasd30]. In this manner,geneflow actsasevolutionary
factorresponsibldor the homogenizatiorof populationstherebylimiting the effectsof
genetiadrift andlocalselectior{31]. Anthropizationandfragmentationof naturalareagyener-
atebarriersthat negativelyaffectthe exchang®f alleleswithin apopulationandprovokea
decreasé geneflow. Eventuallyjndividualsthatwould normally crossatrandomcanno lon-
gerexchangallelegesultingin their fixation. Thus,the populationbecomesnorevulnerable
to extinctionbecausef the high degreeof kinship amongindividuals[32].

Thehigherthe Fsyvalue thelowerthe dispersioncapacityof the speciesndthe greaterthe
difficulty in exchanginglleleshetweerpopulationsthusincreasinghe probability of the pop-
ulationsbecomingendogamousashighlightedby Frankhametal.[33]. Theseesearchers
arguedthatendogamyandlossof geneticdiversityareinevitablewithin smallpopulations,
therebyreducingtheir reproductionratesandsurvivalin the shortterm. In addition,endoga-
mouspopulationshaveareducedcapacityto adaptto climatechangeandthis increaseshe
risk of extinction[8, 33]. Thelow valueof N, andFstfoundin the U. tomentosa populations
of the presentstudyreflectthe environmentswvherethe specimensverecollectedwhich,
despitetheir wide diversityof flora, werewithin anthroposizedndfragmentedandscapes.

The UPGMA dendrogrampresentedn Fig 2 showedhatthe eightpopulationstendedto
form two clustergK = 2), onecontainingUTTA, UTFJandUTMC (groupl) andthe other
comprisingUTMZ, UTML, UTCS,UTSAandUTAF (groupll). Thispopulationstructure

I UTTA |
[UTFJ |

utMC _J

UTMZ )

l UTML
utcs | Il
: UTAF

UTSA

I 1 I

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 |
contained UTTA (Tarauaca, Acre), UTFJ (Feijo, Acre) and UTMC (Macapd, Amapa), while group Il comprised
UTMZ (Mazagéo, Amapa), UTML (Mancio Lima, Acre), UTCS (Cruzeiro do Sul, Acre), UTSA (Santana,
Amapa) and UTAF (Afua, Pard).

https://abi.org/10.1371durnal.por.0177103.g02
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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 (Afua, Para), UTCS (Cruzeiro do Sul, Acre), UTFJ
(Feijo, Acre), UTMC (Macapd, Amapa), UTML (Mancio Lima, Acre), UTMZ (Mazagéo, Amapd), UTSA
(Santana, Amapa), UTTA (Tarauaca, Acre). PCoA was performed using SRAP markers.

https://abi.org/10.1371durnal.por.0177103.908

wasconfirmedby PCoA(Fig 3) and BayesiarfFig 4) analysedJTTA andUTSA presentedhe
smallestlegreeof admixtureasshownby the coancestryaluegQ = 0.88and0.93%respec-
tively). Thisfinding indicatesthat thereis low geneflow betweerthe two populationsfrom
whichit maybeinferredthat UTTA andUTSAaremostdivergentonefrom the otherand
presentistinct characteristicsThetendencyof individualsfrom differentpopulationsto

form clusterdndicatesthe existencef considerableariability within the populations asveri-
fied by the Fstvalue Geneticdifferentiationwithin apopulation,or evenbetweerdistinct
populationsmayoccurwhengeographicatlistancesrerelativelysmallandimpliesthat
genetiadiversityis spatiallystructured[34]. However in the caseof U. tomentosa, the Mantel
testshowedhat the correlationbetweergeneticandgeographicatlistancenvasnot statistically

1.00
080
0.60
040

020

0.00

UTTA UTFJ ut™MzZ UTML uTCS UTSA UTMC UTAF

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 |
(predominantly red) contained UTTA (Tarauaca, Acre), UTFJ (Feijo, Acre) and UTMC (Macapa, Amapa),
while group Il (predominantly green) comprised UTMZ (Mazagéo, Amapd), UTML (Mancio Lima, Acre),
UTCS (Cruzeiro do Sul, Acre), UTSA (Santana, Amapa) and UTAF (Afua, Para).

https://abi.org/10.1371durnal.por.0177103.g04
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significant(rm = 0.1607P > 0.05).This meanghatthe organizationof geneticvariability of
U. tomentosa populationsoccursrandomlyalongthe geographidistribution of the species
andthat geneflow betweerpopulationsjf any,occursoverspanghatareshorterthanthe
smallestistancebetweerthe populationsanalyzedn this study.

Our studyhasshownthatthereis anurgentneedfor conservatiorprojectsinvolving U.
tomentosa, With particularemphasi®on the creationof in vitro andin situ germplasnbanksto
preventthelossof existinggeneticvariability. The conservatiorof this speciesnustbepriori-
tizedbecauseaccordingto astudyby Soares-Filhetal. [35], 40%o0f thetotal forestsof the
Amazonwill havebeendeforestedy 2050,ncluding atleasttwo thirds of the forestcoverin
the sixmainriver basinsMoreover it hasrecentlybeenshownthat 36to 57%of all Amazo-
nian treespeciesirelikely to beclassifiedasgloballyatrisk sincetheymeetthe criteria for
inclusionin theInternationalUnion for Conservatiorof Nature (IUCN) RedList[36]. If this
is confirmed,thethreatto the survivalof U. tomentosa in its naturalhabitatwill beevengreater
becaus¢he growthanddevelopmenbf this woodyvine dependsn the supportand protec-
tion of trees.

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

Concentration®of the pentacyclioxindolealkaloidsmitraphyllineandisomitraphyllinevaried
considerabhbetweerandwithin the studypopulations(Tabless and 7). Furthermore some
individualsaccumulatedoth alkaloids(Fig 5A), while mostindividualsaccumulateanly iso-
mitraphylline (Fig 5B)andafewaccumulateaheither(Fig 5C). Thevalidationparametersre
summarisedn Table8. A studyinvolving the chemicalanalysiof leavedrom 22 U. tomentosa
plantscollectedat varioussitesin Perusuggestethe existencef chemotypesincesomespec-
imenswerefound to accumulatgentacyclioxindolealkaloidswhile othersdid not [37].
Quantitativeand qualitativevariationsin the accumulatiorof secondarynetabolitesn plants
areinfluencedby geneticand environmentalfactors,aswell asby interactionsthereof that
generatehemotypesindcontributeto biologicaldiversity[33+40].

In the presentstudy,mitraphylline accumulationwasdetectedn 81.2%of the U. tomentosa
specimensinalyzedwhile isomitraphyllinewasdetectedn 94.3%individuals.Plantsfrom the
UTTA andUTCSpopulationsgenerallypresentedigherlevelsof thesealkaloidscompared
with individualsfrom otherpopulations(Table6). Indeed,remarkablyhigh concentrationof
mitraphyllineandisomitraphylline(32.94and 7.97mg g* dry weight,respectivelyjvere
detectedn oneplantfrom the UTCSpopulation.In contrasthalf of the specimengrom the
UTAF populationdid not accumulatamitraphylline,andthis explainghe verylow meancon-
centrationof the alkaloidin this populationcomparedwith the others(Table7).

Therewasno correlationbetweergeneticand chemicalkimilarities,consideringthat the
individualsof geneticgroup| (i.e.UTTA, UTFJandUTMC individuals)exhibitedvarying
concentration®f mitraphyllineandisomitraphylline.This finding demonstrateshatthe
genesnvolvedin the production of thesealkaloidsmaybemore expresseth onepopula-
tion thanin the others.Thus,whilethe UTTA populationoccupieda prominentposition
in relationto theremainderregardingalkaloidcontent,it presentedhelowestgenetic
variability.

Matrix correlationanalysesevealedhattherewereno correlationsbetweergeographic
distanceor altitudeandthe accumulationof mitraphylline.On the otherhand,therewasa
positiveandstatisticallysignificantcorrelation(rm = 0.3005P < 0.0344petweergeographi-
caldistanceandisomitraphyllineaccumulation Althoughthis correlationwasnot strong,it
suggestthat geographidistancemaybeanimportant factorin the accumulatiorof
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Table 7. Mean concentrations of mitraphylline and isomitraphylline in populations of Uncaria tomen-
tosa collected in the Amazon region of Brazil.

Population Mitraphylline Isomitraphylline
(mg g' dry weight) (mg g' dry weight)
UTAF 1.31° 1.14°
uTCSs 8.28% 2.312
UTFJ 3.27° 1.61°
UTMC 5.65° 2.18°
UTML 4.73° 2.50°
uTtmZ 6.47° 1.12°
UTSA 4.93° 1.43°
UTTA 11.172 2.99%

In each column mean values bearing dissimilar letters are significantly different according to Scott-Knott test
at 5% probability.

https://abi.org/10.1371durnal.por.0177103.t0D

isomitraphyllinein U. tomentosa, sincepopulationsin closeproximity to eachotheraccumu-
latedsimilar amountsof this alkaloid(Fig 6A). A positiveand statisticallysignificantcorrela-

tion (rm = 0.2828P < 0.0471)wasalsoobservedetweeraltitudeandisomitraphylline
accumulationsignifyingthatthe contentof this alkaloidincreasedlightlyat higheraltitude
(Fig 6B).Theeffectof altitude on the production of varioustypesof alkaloidshasbeendemon-
stratedin severaplants[41+43].A studyon U. tomentosa bark samplegollectedn Peru
showedhat atloweraltitudestetracyclicoxindolealkaloidsaccumulatedwhereast higher
altitudesthe pentacyclioxindolealkaloidspredominated44]. Theresultspresentederein
providefurther evidenceof the positiveeffectof altitudeon the accumulationof pentacyclic

Fig 5A. HPLC of UTCS specimen showing mitraphylline and isomitraphylline alkaloids peaks
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Fig 5C. HPLC chromatogram of UTML specimen showing no peaks of alkaloids.
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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) Afud, PA, in which the peak labeled b corresponds to
isomitraphylline;; (C) Mancio Lima, AC, in which peaks a and b are absent. Standards (D) mitraphylline and
(E) isomitraphylline.

https://abi.org/10.1371durnal.por.0177103.906
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Table 8. Validation data for mitraphylline.

Linearity (standard)

Precision

Accuracy

Detection limit
Quantitation limit

Parameter
Function
R
R2
Intra-day
3.57 £ 0.02, lower concentration
32.14 £ 0.64, medium concentration
252.30 £ 4.21, higher concentration

3.57 +0.02 (3.50 ug.mL™" theoretical concentration)
32,14+ 0.64 (31.25 pg.mL"" theoretical concentration)
252.30 + 4.21 (250.00 ug.mL" theoretical concentration)

LOD
LOQ

https://dbi.org/10.1371durnal.por.0177103.t08
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101.86% (n = 3)
103.02% (n = 3)
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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://abi.org/10.1371durnal.por.0177103.906
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oxindolealkaloids At higheraltitudes solarUV radiationis moreintense[45], afactorthatis
associatedirectly with the biosynthesi®f sometypesof alkaloidg46,47].In Catharanthus
roseus, for exampleJV light hasbeenshownto influence throughthe activationof nuclear
factors the expressiorof the genecodingfor tryptophandecarboxylasekeyenzymen the
biosyntheticpathwayto theindole alkaloids[48].

Conclusions

SRAPmarkersareveryefficientfor fingerprinting U. tomentosa genotypesTheresults
obtainedby SRAPanalysigevealedhat geneticvariability within U. tomentosa populations
wasgreaterthan betweerpopulationsandthat the geneticstructureof the populationsfol-
lowedanislandmodel.We concludethatthereis anurgentneedfor conservatiorprojects
involving U. tomentosa, with particularemphasi®n the creationof germplasnbanks.More-
over,consideringthat mitraphyllineis the bioactivemarkerof U. tomentosa andthatthereisa
high demandfrom the pharmaceuticaihdustry for high quality specimensf this medicinal
plant,the conservatiorand managemenof the specieshouldprioritize mitraphylline-rich
populations.
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