FROM PHYLOGENETICS © HOST PLANTS: MOLEGWLAR AND ECOLOGICAL
INVESTIGATIONS INTO THE NATIVE URTICACEAE OF HAWAIOI

A THESIS SUBMITTED 1O THE GRADUATE DIVISON OF THE UNIVERSITY OF
HAWAIOI AT M NOA IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF

MASTER OF SCIENCE

IN

BOTANY (ECOLOGY, EVOLUTION,AND CONSERVATION BIOLOGY)

DECEMBER 2017

By
Kari K. Bogner

Thesis Committee
Kasey Barton, Chairperson
Donald Drake
William Haines
Clifford Morden




Acknowledgements

The following thesis would not have come to fruition without the assistance of many
people Above all,| thank mygraduateadvisor, Dr. Kasey Barton, for her incredible support,
knowledge and patience throughout my graduate ceéBberhas beenwonderfuladvisor, and |
look forward to collaborating with her on future projettslso thankny other committee
members: Drs. Will Haines, Don Drake, and Cliff Mord€hank you for being such a
wonderful committee. | have learned so much from everyone. ideasan amazingurney.

In addition,| am thankful to Mitsuko Yorkstofor teaching me so much about DNA
sequencing and phylogenetic analyb&so want to thanRina Carrillo andr. MordenOs
graduate students for assisting imdéis lab. | thank Tarja Sagavho cdlectedHesperocnide
tenellain California for me | am grateful tahe National Tropical Botanical Garden and Bishop
Museum for providing me plant materfat DNA sequencingl also thankDrs. Andrea
Westerband and Orou Gauoe who helped me learn R aad@my statistical knowledge.
also thank the volunteers of thé'iwba Cliffs Forest Restoration Site. Thank you for allowing me
to collect leaves from the sitand for being the breath of fresh air throughout my graduate career.

Lastly, | thank my family and friends, in particular my parents, Ben and Jean Bogner, my
hugand Chris Stoehrand my good friendRachel Dacks. My parents always encouraged my
love for nature and science, and their unwavering love and support throughout mag lifeen
incredible | thankJustin PeppeDr. Mashuri Waite, Mllie Sugii,Cindy Yamamoto, and Matt

Lurie who first helped mget a foothold in botangnd find my passion for plants.



Abstract

The following study investigated the natidawaiian Urticaceae in both an evolutionary
and ecological context. First, the phylogenetic refetips of the native Urticaceae were
determined using molecular DNA techniques. Second, the relationships between the native
Urticaceae and an endemic Hawaiian specialist herbiVameessa tameaméhbepidoptera,
Nymphalidae)were explored in orddo asgss variation amongyticaceouspecies as host
plants.

The family Urticaceae has undergone several taxonomic revisions in the past two decades
as a result of molecular phylogenetic studies, although little phylogenetic atteasidveen paid
to the Urtiaceadaxa native to HawaiOi despite four species being federally endangered and the
presence of two endemic genera. Overall, results from the phylogenetic analysis using Bayesian
inferencepresented henevealed that taxonomic revisions to five of theesenative
represented genera are necessary based on polyphyletic and paraphyletic relationships to other
genera. Further DNA analysis is suggested to elucidate sppeegselationships for the native
species oPipturusand several species Neraudia The analysis produced a wsllipported,
monophyletic Hawaiiatrera/Touchardiaclade,and it carbe inferred that a single colonization
event, as opposed to the previously hypothesized two colonization events, led to the current three
extant species in ihiclade.

Results from a nahoice bioassagxperimentevealed thaV/. tameameaerformed best
on two native, but distantly related specldsgra glabra(tribe Urticeae) an®ipturus albidus
(tribe Boehmerieae). Additionallgaterpillars fromboth OOahpopulations recognized and
readily ate the nonativeC. obtusifolig although caterpillars from HawaiOi Island reared on this

plant diet did not recogniz8. obtusifoliaas a food source and subsequently died within their



first instar. No significant aoelations were found between putative defense or nutritive leaf
traits and the metrics of performangéus, it remains unclear what factors uni@erériation
among plant species in suitability as host plant¥/fdameamealhe bioassagxperiment

highlights the complex relationships betweerarbivore and its host plants.
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Preface

The following thesis is a merger what appeato be two very different fields of study:
molecular phylogenetics and plamgrbivore interactions. Yet, understanding the evolutionary
relationships of the native Urticaceae to each other and to otheratioa species in the nettle
family provided a much more interesting platform to ¥ahessdameamegdKamehameha
butterfly) performancecross differenfarval plant diets. In addition, | was able to test the native
specialist herbivoreOs recognition and acceptarecaainative plandiet. Ultimately, the
Kamehameha butterfly performed best on two distametigted native species of Urticaceae and
exhibited populatioftevel differences in larval acceptance of the-native Cecropiaobtusifolia
diet. My resultshighlightthe complex relanships between higivores and their host plants and

the continud needo explore them.
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Chapter 1

Phylogenetic analysis oHawaiian Urticaceae using nuclear and chloroplast gene regions

Introduction

The Hawaiian Islands are home to fifteesognizd species Urticaceadhatare
currently divided acrosseven generdoehmeriaHesperocnideNeraudig Pilea, Pipturus
TouchardigandUrera (Figure 1.1,Table 11, Wagner et al. 1999%imilar to many of the ca.
2600 species in Urticacedhe nativetaxa have simple leavesften containingystoliths;
stipules that are usually present; flowers that are reduced in size, unisexual, apdlimated
resulting in the plants being monoecious, dioecious, or gynadigecstaminate flowers with
stamens in#xed at bud and equal to the numbiesepals; pistillate flowers containing a single
pistil and onecelled superior ovary; and fruit that is an ach@és 1993; Wagner et al. 1999;
APG 1V 2016; Christenhusz & Byg 2016; Stevens 201onsistent withmany other native
representefamilies of the Hawaiian Archipelagdhe native Urticaceae exiii a high degree of
endemismBoth Neraudiaand the monotypic gend®uchardiaare endemic gena to the
Hawaiian Island, andall butone of the fifteen speciese endemic to Haw@j with €ght
speciedeingsingleislandendemis. Pilea peploidess the loneindigenousexception(\Wagner
et al. 1999)

Severabf thenativeurticaceouspecies aravell known due to their ecamic value
and/or cultural importanda Hawaid. Touchardia latifoliaGaud.(olon!) washistorically
harvested by Hawaiians makecordagelts fibers anatomicallyrecognized akticifersand
given the distinction of being the strongksbwnnatural fibers in the worlgroducea very

durable and saltesistant cordaginat iswell suited for fishing lines andets(MacCaughey



1918; Funk 1979; Funk 1982; Abbott 1992; Krauss 1993; Loeffler & Morden 28p8ties of
PipturusandUrera were also used to makerdage. In additiorilawaiiansharvestedipturus
leaves to make tea(Abbott 1992) and todayPipturus albidugHook. & Arnott) A. Grayis
beingcommerciallygrownon multiple Hawaiian slandsfor the same purposkastly, Neraudia
PipturusandBoehmeriggrandig wereharvested to makieapa, a type of cloti{Funk 1982;
Abbott 1992)

The rative Urticaceae aralsoecologicallyimportant toHawai®. The nativedaxaoccupy
dry tomesic to wet foredb sulalpinehabitatsfrom less than 50 to over 2600n elevation
(Wagner et al. 1999)Many of thesespeciesare known host plants the archipelago@ssect
faunaincludingone oftwo native butterflieso Hawai®, Vanessa tameaea theKamehameha
butterfly (See Chapter Ziffard 1922; Swezey 1924; Swezey 1954; Tabashnik et al. 1992)
Additionally, the fleshy fruits oPipturus albidusare known tdeconsumed byhte Hawaiian
Crow (Corvus hawaiiens)s or Oala, but itis presumed that the fruits of many of these species
werepart of the diets of other native frugivorous bifhstional Researc@ouncil 1992;
Loeffler & Morden 2003; Culliney et al. 2012)nfortunaely, due to a suite of threats from
alien plant competition, depredatiby feral pigs and sheep, introduced pathogergsm! maki
rust), and climate change@ative Urticaceae are facing serious threats and some shaeges
declined innumbers anfdr are found in extremely restricted rang@gorld Conservation
Monitoring Cente 1998ab; Fortini et al. 2013; Keir et al. 2015; Weisenberger et al. 2015;
[HDOA] 2016; Keir et al. 2016; Yoshioka et al. 201&yditionally, four of thesespeciehave
been placed on hUSFWS endangereppedeslist: NeraudiaangulataR. Cowan N. ovata

Gaud, N. sericeaGaud, andUrera kaalaeWawra([USFWS] 1991, 1994, 1996)



In spite of the fact that many Hawaiian Urticaceae are threatened, their phylogenetic
relationships remain poorly knowWwagner et al. 19995omeHawaiianrepresentedenera
have beershownvia molecular studie® be paraphyletic or polypheticto other generdor
example, three phylogenestudies havehownthatthe genuddiesperocnidés parghyletic
with respect tdJrtica (Wu et al. 2013; Kim et al. 2015; Grosgeldmann et al. 2016)n
addition,Hesperocnide sandwicensias beeralled into question as a unique spe¢&sse
Veldmann et al. 2016)Vu et al. (2013haveshown thathe genu8Boehmerias polyplyletic
with respect to other gema within thetribe Boehmereae thoughat least on®oehmerisspecies
hasbeen moved tthe geusPouwzolzia(Wilmot-Dear et al. 2009Furthermore, distantlyelated
generawithin Urticaceae as a whohowremarkable character homoplabat havebeen
difficult for placement of species in monggétic genergWu et al. 2015)For example,
Touchardiahas been placed in the tribe Boehmerida@)gh phylogeneticata support its
inclusion inUrticeae a tribe of speciegistantlyrelatedto speciesn Boehmeriea¢Friis 1993;

Wu et al. 2013)

Multiple studies over the pastteen yeardhave incladedphylogenetic analysexf
UrticaceadSytsma et al. 2002; Hadiah et al. 2003; Monro 2006; Hadiah et al. 2008; Jestrow et
al. 2012; Wu et al. 2013; Kim et al. 2015; Gre¥sddmann et al. 2016; Treiber et al. 2016
Severalof thesestudies have include@presentative species of tHawaiiantaxa(Tablel.1).
However,one third of the Hawaiiaspeciehavenever been placed in a phylogenetntext
includingall federallyendangered specidg3hylogenetic studgehave played a key role in plant
conservation by yielding important information for natural resource managers that can enable
them to make informed decisions regarding the conservation of native pla(®texki et al.

2010; Namoff et al. 2010; Morden et al. 20118)order to implement successful management



initiatives for the conservation ofativetaxa,especially with regard to endangered spediés,
essential to understand whetltee current taxonomic meenclature at the genus and species
levelsrepresenmonophyletic genera arggnetically distincspeciesWith the addition of
generarich phylogenetic studies obrticaceage.g, Sytsma et al. 2002; Wu et al. Z)Kim et
al. 2015; Gross&eldmann et al. 2016jt is now possible tincorporate all of the Hawaiiaiaxa
into both a broa@volutionaryframeworkas well asa narrower scope in order ébtain
evolutionary relationships at the genus and species levels

Thefollowing studyincorporatechuclear and chloroplast sequences oflth@ative
Urticaceadaxainto the greatephylogenetidramework of theamily egablishedby previous
authorsin order to determine whether the current taxonomic noragmel rélects the
evolutionary monophyliesf the native taxa, especially with regdo rare/endangered taxa.
Several of thesamenuclear (ITS) and chloroplast gene sequend®s_(trnL-trnF spacerand
rpl14-rps&infA-rpl36 spacey aswereused byWu et al. (2013yere applied herdJltimately,
placingall urticaceous speciemtiveto Hawaidin a comprehensive phylogenetic trgeduces
evidence that will support or refute current taxonomic nomenclature fosetikie brticaceae

taxa of HawaDand assist with management initiatives for these taxa.

Materials and Methods
MaterialsandDNA extractions

A total of 47 individual plants were examinddable 1.2. Plantswere sampled from
recent fieldcollectionsthatwere preserved in silica gel, collected from herbarium specimens
obtained from N&onal Tropical Botanical Garden (PTB@i) Bishop Museun(BISH), or were

obtained fronpreviously extracted and preseni@NA accessions the Hawaiian Plant DNA



Library (HPDL) (Morden et al. 1996; Randell & Morden 1998)l plant DNA was given a
HPDL identification number after extraction.

For plants sampled this study, DNA was extréed usinghe CTAB method byDoyle
(1987)with some modificationgMorden et al. 19969r a modifiedextraction protocol using the
Qiagen DNeasy" Plamn Mini Kit (Qiagen, Santa Clarita, Californifgr several herbarium
specimen sampld€osta & Roberts 20147 he concentration and quality of DNA were
determined usinglano Drop $ectrophotometer (N000, v 3.81, Thermo Scientific,
Waltham, Massachussit All DNA samples were dil@d to 1615ng/pl and stored a20;C until

usel.

GenBank sequences

GenBankwasgleaned for relevant Urticaceae speCeeExjuences. In particular,
sequences frorlonro (2006) Hadiah et al(2008) Liao et al. (2009)Wu et al.(2013)
Henning et al. (2014Kim et al.(2015) andGrosseVeldmann et al. (2016yere used the most
(AppendixAl, TableAl.1). The majority of species sequencei\n et al. (2013yvere used
for the phylogenetic analysis orde to place the native Hawaiian Urticaceae into a broad
evolutionary framework. Other sequences that were most often selected for phylogenetic analysis
were from species of most relnce to the Hawaiian taxa (e.fyom the following clades:
Urtica/Hesperanide Urera/Obetia/PoikilospermunBoehmeriaPipturus/Nothocnide
Neraudig andPilea). In most cases, only spedi@scessions in GenBamgpresented by two or
moreof the fourgene regios of interes{see belowjvere chosefor this studyln several
instancesspecie€accessionwere included in the analysis that were only represented by one

gene region because of their relevance to the Hawaiian taxd\@tlgocnide repandaSeveral



relevant species and their respective sequences were lefttbatfwfal analysis if it became
apparentluring preliminary data analysis that species were identified incorrectly. When

possible, voucher specimens were checked to vapigies identifications

Species Sequence Divergence

Onenuclear DNA(ITS) andthreechloroplast DNA gene regior{gcL, trnL-trnF spacey
andrpl14-rps8&infA-rpl36 spacey weretested for sequence variatidrhese regions were used in
the most comprehensive phylogenetic analysis of Urticaceae t0/dakt al. 2013) The gene
regionsareused for providing overall generic structure relations within the fambisLj or are
considered fastegvolving loci(ITS and chloroplast spacetbatare better at deteimng genus
level resolutionghat areof primaryinterest for this studySamples wer®CR amplified in 25 #l
volumes under the following conditions: 25 ng of DNA, ca. 0.2 mM each of dATP, dCTP,
dGTP, dTTP, 1XTaqPolymerase buffer (10mM THAICL [pH 9.0 at 25;C], 50mM KCL, and
0.1% Triton X100 [Pranega]), 1.5mM MgCl2, 0.50 mg BSA, 0nM forward and reverse
primers(White et al. 1990; Taberlet et al. 1991; Fay et al. 1997; Shaw et al, 20070a. 1 unit
of TagDNA Polymerase (Promeg®adison, Wisconsin, 8A). PCRamplifications were
performed on a MJ Research R2A0 DNA thermal cycle(MJ ResearchWaltham
Massachuset}sising one of tweets ofreaction conditiondTS PCRamplifications were
subjected t@n initial 95;C for 2 mirutes denaturation a@3;C for 1 minute annealing ab1jC
for 1 minuteandextension fo2 minutes eacht 72jC for 30 cyclesFor all chloroplast PCR
amplifications DNA underwent the same amplification protocol except that annealing occurred
at 55C for 1 minute instead of $C. Negative control reactions were run without DNA for all

PCR amplifications to ensure reaction components were uncontaminated. PCR amplified



products were loaded on0% agarose gel, stainedtWiEtBr and visualized with an ultraviolet
light source. Sie of amplification product was estimategsing the 100 kb ladder (Promgga

Final gel products were viewed using Gel Doc XR (BR@D, Hercules, California, USA) and
digitally recorded on Quantity One software (BRAD, v.4.5.1).The PCR products were

cleared using ExeSaplt (Affymetrix, Thermo Scientifitaccording to the manufactués
instructions. Double stranded PCR products vieegirectionallysequenced using amplification
and internal primers as needed atAl$GPB Sequencing Facilithitp://cgpbrhawaii.eduy of

the University of Hawai®sing BigDye Terminator chemistry (Applied Biosystems, Foster City,
California) and visualized on an ABI 3730XL capillargsed DNA sequencer (Applied

Biosystems).

Sequence Data Analysis

Sequence results weeeted and concatenatesing Sequencherv.5.0 Gene Codes
Corporation, Ann Arbor, Ml USAttp://www.genecodes.comand aligned using MEGA
v7.0.20mac(Kumar et al. 2016py Musclefunction with default parameterSingle region and
combined (ITS and 3 chloroplast gene regions) trees were prodsiogBayesiannference in
the following manner. Agned sequencedsr each gene regiooy in the case of the combined
tree, aligned sequences were combined for all regions into one MEGA filexpoded as
nexus files from MEGA to M&uitev3.31-mac(Maddison & Maddison 2017and reformatted
as new nexus file®r the onlineCIPRESScience Gatewapgortal (Miller et al. 2010)
Phylogenetic analysis was performed by Bayesitarenceusing MrBayesXSEDE 3.2.6via
the CIPRES Science Gatew@onquist & Huelsenbeck 20Q38ayesiannference was run

using a GTR substitution model with gamuatiatributed rate variation across sites and a



proportion of invariable site§our Markov chain Monte Carlo simulations were run
simultaneously and sampled every 1000 generations for a totahiifidh generations with a
25% burnin (i.e,, first 250,000 sample trees were discardéd) Tree v14.3

(http://tree.bio.ed.ac.ukfRambaut 2016)vas used to visualize the Tree Annotator output files.

Results

Forty-sevenindividual specimensrepresentinghe 15native Hawaiiarspeciesand two
non-native speciedrtica urensandHesperocnideenellg weresuccessfullysequenced.
Urticaceaespeciesvere sequencegcrosonenuclear an® chloroplast geneegions For some
individuals, al four gene regions were not able to be sequencedjlmequences of interest
were obtainedor the majority of individual specimendsing Bayesian inferend@l), the 15
nativeUrticaceae tdHawaid were incorporated inta phylayenetic tree that ennpassed 44f
the ca. 53 genera in the fam{lyigure 1.2 Christenhusz & Byng 20167 hree species from
Cannabacea&g@nnabis sativaHumulus scandenandCeltis kunmingensjsand two acessions
of Fatuoa villosa(Moraceae) were used for outgroup compari§imgle gene region treesing
Bl for each of the four gene regions of interest in this stuglg examined prior to combining

sequences for the final analyéfgppendix, Figure A1.1-A1.4).

Hesperocnide/UrticTribe Urticeae)

Results from the combind®l phylogenetidreeshows thatHesperocnidés parghyletic
with respect tdJrtica (Figures 1.3. H. sandwicensiss nested within théd. tenellacladefor the
combinedBl treeand al chloroplast single region consensus trdé® ITS Bl tree shows

distinctcladesfor H. sandwicensiandH. tenella(i.e., distinct speciesFigure A). Removal of



H. tenellasequences froi@rosseVeldmann et al. (201&)so results in combined tresbowing

distinct species separation betwéersandwicensiandH. tenella(data not shown).

Urera/TouchardiaTribe Urticeae)

Resultsfrom the combinedl| phylogenetidree show thatouchardia latifolig Urera
glabra, andU. kaalaeform a distinct cladéhat issister to theclade the contain®@betig
Poikilospermumand other noiHawaiianUrera from the Americas, Asia, Pacific and Africa
(Figures 1.3). ThesingleregionBI ITS tree shows that thi¢awaiianUrera/Touchardiaclade is

sister to thé?oikilospermunctladebut with low support (Figure Al).

Pilea peploidegTribe Elatostematege

In congruence with other phylogenetic studiReitea peploidess found in the
monophyleticPilea clade(Monro 2006, Wu et al. 201®ased on Btombined data seind
individual gene region Bl analys{Bigures 1.4, A1.1-A1.4). Sarcopilea domingensithe single
species in the gen&arcopileathat was shown to be paraphyletiditea by Jestrow et al.
(2012) and Wu et al. (201 3hasundergone a name change based on morphological and
phylogenetic review angias designated in this studyRi¢ea fairchildiana(Jestrow et al.
2012). This name change was reflected in FigureBoth Pilea peploidespecimens from
Hawai®formed a monopHgtic clade witha P. peploidevar. major specimen from Taiwan
supporting the species@rentindigenous statuilea peploidess moreclosely related t®.
lapestrisandP. cavalerieisubsp cavalerieithan othelPilea speciesised in this studyMonro

(2006)previously demonstratdtie close relationship between these three specleiteaf



NeraudiaPipturus(Tribe Boehmerieae)

Based on results from the comhilgeneregiontree usingl, Neraudiaforms a
monoplyletic clade that is sister ®Pouzolziacladeand theparghyletic NothocnidéPipturus
clade(Figure 1.5)Neraudia kauaiensiforms a clade that is sister to the remainder of the
Neraudiaclade.Nerauwlia angulata an G2hu endemic, formigs own branch within thelade
sisterto N. kauaiensisbut speciesalationships between the ottiereespecies oNeraudiaare
not resolved.

The HawaiiarPipturusformsadistinct clade within the paraphyletic
NothocnidéPipturuscladebased on the combined tree usBigalthough the relationships
between species remain unresolure 1.5) Pipturus arborescen®. argenteusNothocnide
mollisma andN. repandabranchwithin the same clade that includes H@waiianPipturus

sulxlade.

Boehmeria grandi§Tribe Boehmerieae)

Based on results from the combirgldgeneregiontree B. grandisis placed in thevell-
supportedBoehmeriacladethatcontainsBoehmerisspecieqative to Southeast Asia (Figure
1.6). Theeis some divergence betweBngrandisindividuals from @hu and KauaiB.
platphylla a species that was thought to be closely relat&d gpandisby Wagner et al. (1999)
wasfound to be more distantly related (based on a single ITS petgi@n grandisthan other

species oBoehmeria

Discussion

10



The Hawaiian Urticaceae represent a morphologi@dgeneticallydiverse group of
speciesAll 15 currentlyrecognized species of Urticaceae that are natitateaid were
sequencednd plaed in a large, comprehensive phylogenetic triethe inclusion of available
GenBank sequences of Urticaceae species.

Resultsfor the genugdesperocnideoncur with previous phylogenetic studies that
demonstratélesperocnides paraphyletic with respeto Urtica (Wu et al. 2013; Kim et al.

2015; Gross&/eldmann et al. 2016Y here are very few morphological distinctions between the
two generaThe most striking differensdetween these two genera based on geescriptions

is with regard tcstipulesizeand connation athe pistillate calyx (Wagner et al. 1999Ripules

are prominent itJrtica whereas stipules are minuteHiesperocnid¢Wagner et al. 1999)n
Hesperocnidgthe pistillate calyx is connaf@/agner et al. 1999)In Urtica, thepistillate calyx

is described as being felobed with the lobes being Onearly distinct,O which suggests that the
lobes aralsoactually connatéWagner et al. 1999Yhus, it would be relatively easy to dissolve
Hesperocnid as a genus and subsume its specieddnioa based on such slight morphological
differencesindeed, a previous synonym fdr sandwicensi§Wedd.) isUrtica sandwicensis

Wedd (Wagner et al. 1999).

The phylogenetic placement desperocnide sadwicenss nested within théd. tenella
cladebased on the combined sequence resulpports the prediction by Grosgeldmam et 4d.
(2016)thatH. sardwicensigs not a distinct specidmsed on the molecular species concégt,
thelITS single region Bl treand interestingly,amoval ofHesperocnide tenellaccessions that
lack all four genesequences in the analygi®., H. tenella331, 2026, and 2588howclear
genetic separation between the two speclata not shown), and therefaepportshe

distinction of two separatelesperocnidespeciesWagner et al(1999 describeH. sandwicensis

11



andH. tenellaas Oclearly distinctO species baségly onvegetative characteristics. The
describeH. tenellaas having Oless coarsely, but more deeply dividegseand in general is a
more delicate plant [comparedhb sandwicens}sO Plantin generakan exhibit extensive
plasticity in their vegetative characteristaspending on locatiorBased on the results from this
study, there appears to be speciesluti®n among the two species Hesperocnidéased on

the DNA sequencing. Ideally, a key for this ditypic genus would include both vegaiat
reproductive charactergterestingly, i was also posited Iifillebrand (1888pnd referenced in
Wagner et al(1999 thatH. sandwicensimay represnt arecent colonization possibly brought
over by a cattlentroductionin the late 1700s. If this is found to be true based on further analysis
(e.g, molecular clocldating, thenH. sandwicensisould represent mative species that arose
posthuman contadnh the Hawaiian Islands and further complictite ndive species definition
for island archipelagoeBurther and more detailed molecular analysis of populatioHs of
tenellaacross its native range should be made to verify or refute this possibility.

In the combinedjeneregionBI tree, the Hawaiiatrera/Touchardiacladewas highly
supported as sister to the clamtainingUrera/Obetia/Poikilospermurspecies from Asia,
Africa, and South America hus, based on this analysis, it canrferredthat a single
colonization event led to the speciationwbtUrera speciesl{. glabraandU. kaalag and
Touchardia latifolia Wagner et al. (1999nd others havereviously hypothesized that the
HawaiianUrera/Touchardiaspeciesepresent twdlifferent colonization eventbecause of the
morphologicaldifferences betweed. kaalaeto that ofU. glabraandT. latifolia. For example,
U. kaalaeis monoecious or dioecious, wheréahgglabraandT. latifolia are strictly dioecious.
In addition,U. glabrahas dichotomous paniculate cymes and lanceolatedte ¢tsaves (or

derivations of these leaf types), wherkakaalaehas cordate leaves and trichotomous
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paniculate cymeshe placement of the Hawaii&frera/Touchardiacladein this paperOs
analysisdoes noagree with Wu et al. (20185 phylogenetic anaig Their results placetrera
glabraandTouchardia latifoliain a clale sister to the South Americhinera, although hey did
notsequenceé). kaalae The different results may be duetbe addition of more
Urera/Obetia/Poikilospermursequences in thisaperOs analysithough he placement of the
HawaiianUrera/Touchardiawithin the tribe Urticeae is not consistent between this study and
Wu et al. (2013)there is very little genetic dissimilarity betwddnglabra U. kaalag andT.
latifolia, and trereforethe results from the Bl combined treighly supporthat a singt
colonization event resulted in the following three extant species

Resultsfrom the combined Bl tree support the current indmgs status dPilea
peploidedased on the inclusiarf singletrnL-trnF sequencéom aP. peploidevar. major
specimen from &iwan The genu#lilea contains over 600 speciéBurger 1977; Monro 2006)
and thus without including a large numbeiPdEa species in the phylogenetic analysiss it
difficult to pinpoint the closest extant relatiweP. peploidesSequences from species that were
made available on GenBafom Monro (2006)and that were shown in that paper to be the
mostclosely relatedo P. peloides(includingthe previously mentioneld. peploides var. major
were included in this studyOs phylogenetic analysispestrisis the most genetically similar
species td°. peploidesn the combined genBl tree.This speciess native to Indonesi@Monro
2004)

The genu®ipturuswas found to be parapletic with respect tblothocnide One of the
maindifferences between species placedNiothocnideversusPipturusis habit.Pipturusspecies
are shrubs to small trees whereas speniéiseigenusNothocnideare lianasChew 1969. Based

on the paraphyly dNothocnideandPipturus it is suggestethat the genublothocnidds
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dissolved as it is a congeneric fipturus(as originally detailed bid.A. Weddell in hisl856
1857 monographfdhe family Urticaeaeand the four known speciestime genusNothocnide
are moved into the gen&spturus(Chew 1969)

No species level resolution for tiépturusspecies native thlawaidwas obtained in this
study.Although Hawaiiarspecies oPipturusseparaténto their ownsubclade within the
paraphyletidPipturus/Nothocnidelade, thenon-HawaiianPipturusandNothocnidebranch
equally from the main clad&@he number of species Bipturusthat are native to Haw@ihas
fluctuatel greatly over the years. orphological study on the Hawaii&ipturusled Nicharat
and Gillett (1970}o conclude that only two speciesRipturuswerewarrantedor the
archipelago. The same authoemncluded thathany of the species denoted ®ySkottsberg and
others represent intraspecifrariation and/or hybrid introgressidfurther DNA sequencing that
includes additional nuclear regiongybe able to tease apart spedlest may or may not be
consistentvith the current species delimttons for the native taxa of this genliggenetc
divergence is not seen across the nd®iyurustaxa,it should be questioned whether the
current taxonomic delimitations of the Hawaiian specieRiptfurusare \alid at the species
level. Three of the four nativBipturusspeciesare single islandrelemics, and thus from a
conservation perspective and in order to maintain genetic diversity of the Pigtiveus it
would be worthwhile to conduct a population genetics studyipturusin order to understand
islandlevel divergence for the nativieipturus

Unlike the genu®ipturus theendemiagenusNeraudiawas found to be highly
supported amonophyletic The genuderaudiais very closely related to the geripturus
with theNeraudiaclade beingsister to a larger clade that contains seveaalzolziaspecies and

the paraphyletitdNothocnidéPipturusclade.Similar to the phylogenetic results of the Hawaiian
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Pipturus very little species resolutiowas foundor the nativeNeraudia The combined gene
region Bl analysishowsthatthe N. kauaiesiscladeis sister to the remainingeraudiaclade
inferring that the first colonization of the main Hawaiian Islands occuoéchuad
Additionally, N. angulata an O@hu endemic and federally listed endangered species, groups in a
separatsulclade hat branches from the main clatiat contains the other thrékeraudia
speciesN. ovata aHawaid Island endemic, andl. sericeaendemic to Maui Nui, are both
endangered species. It is important for the conservation of the Natigadiathat further
genetic sequencing at the population level be conducted in order to tease apart and understand
species delimitations for the enderMeraudia

Boehmeria grandiss nested within 8oehmerieclade that contains othBoehmeria
species from Southeast Asidhe genuBBoehmeriaalong with other genera in the tribe
Boehmerieaehasundergone mantaxonomicrevisions in the past few decadgs@M.
Wilmot-Dear, I.Friis and others but still remains a polyphyletic gegiseg(Wilmot-Dear 1988;
Wilmot-Dear & Friis 2004; WilmoDear et al. 2009; WilmebDear & Friis 2013)For the
purpose of this study, the orlBoehmeriaspeiceshatwasassigned aew namgwith respect to
species names used by autharpreviousphylogenetic studigsvasBoehmeriarugulosathat
wasdesignated aBouzolziarugulosabased ortWilmot-Dear et al. (2009)n this phylogenetic
study, B. grandiswas most closely related &B. spicataspecimen from Chind. spicatas
nativeto China, Korea and Japan (e.Floras.of@pe originaltype species for the genus is
Boehmeria amiflora, a New World speciesthat is found in Mesoamerica to South America.
New World and Old world species 8oehmeriaseparate into phylogenetically distinct clades
and augment the current polyphyly of the genus. Further genetic sequencingaifpigletic

Boehmeriaand closely related genera (i.thpse genera nested within the polyphyly) are
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necessary to delimrmhonophyletic genera and tease apart differences in morphology for
taxonomic purposedt is the hope of this study, that tlmelusionof B. grandiswithin the

Boehmerigphylogeny will assist with future taxonomic revisions relating to this genus.

Conclusion

TheUrticaceae taxa native to HawaiQi are genetically diverse and reprdgéerent
colonization events to the Hawaiian IslanBased on the results from this phylogenetic study,
revisions to theurrent Urticaceataxonomy need to be made to five of the seven gehatare
represented by native species to Hal\@oehmeriaHesperocide, Pipturus Touchardia and
Urera). Thus, this study highlights the importance of including taxa endemaxrtanic
archipelagos in order to resolve generic level relationshigpbetter represent evolutionary

monophyliesvithin the famly Urticaceae.
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Tables

Table 1.1. List of specie®f Urticaceadhat are native to Haw@i Information about the native
species includegndemism, endangered species stdtilml placement, common namebita
distribution and previously published phylogenetic studies that included the species. Tribal
placement is based @onsensus frorkriis 1993,Hadiah et al. 20Q9Vilmot-Dear & Friis 2013,
andor Wu et al. 2013Toudardiais placed in Urticeae based Wvu et al. (2013)Species,
common name, habit, and distributiofiormation are fronWagner et al. (1999)Key: ?
endemic genus,USFWS federallyendangered

Genus Species Tribe Common Habit Distribution Prevpus
name studies
Boehmeria A All main HI (Sytsma et
. grandis (Hook. . Ok$lea, islands, except al. 2002;
Boehmeria & Arnott) A. Boehmerieae false nettle Shrub NiGhau and Hadiah et
Heller Kaho®lawe al. 2008)
Hesperocrie Herb A (Kim et
Hesperocnide | sandwicensis Urticeae NA annu'aI HawaiOi al. 2015)
(Wedd.) Wedd.
Neraudia A
angulatd R. NA Shrub OGhu NA
Cowan
Neraudia
kauaiensis A (Wu et al.
(Hillebr.) R. NA Shrub | Kaugb 2013)
Cowan
Neraudia maOQaloa, Kaua®, O@huy
Neraudid melastomifolia | Boehmerieae rpaC)oIoa, ?rt:ralljllbt'ree West Maui, (2\3/;3? al.
Gaud. Ooloa Moloka%i
Neraudiaovatd NA Shrub HawaiOi NA
Gaud.
Moloka%i
. o o :
Neraudla NA Shrub L"na%iMaui, NA
sericed Gaud. formerly
Kahoolawe
. . All main HI (Monro
Pilea peploides Herb, . .
Pilea (Gaud.) Hook. & Elatostemateas NA shortlived |s!a}nds, except 2006.3’
Arnott perennial NiGhau and Hadiah et
Kaho®lawe al. 2008)
. . " . All main HI
Pipturus albidus m"makl, Shrub, islands, except (Howarth
(Hook. & m"make, N et al.
. small tree | NiChau and
Arnott) A. Gray Waimea A 2007)
. . Kahoolawe
Pipturus Boehmerieae
Plpt.urus forbesii m"makl, Shrub East Maui NA
Kraj. m“"make
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Pipturus " :
kauaiensisA. m"makl, Shrub Kauad (Wu etal.
m“"make 2013)
Heller
. m"maki,
Pipturus ruber m"make., Shrub Kauzd (Wu et al.
A. Heller : 2013)
Waimea
All main HI
: Touchardia Urticeae " islands, except| (Wu et al.
Touchardid latifolia Gaud. Olon Shrub NiGhau and | 2013)
Kaho®lawe
All main HI (Sytsma et
Urera glabra $puhe, Shrub, islands, except| al. 2002;
(Hook. & h$pue, e
small tree | NiChau and Wu et al.
Arnott) Wedd. hona A
. Kaho®@lawe 2013)
Urera Urticeae
OGhu
Urera kaalad &puhe Shrub, (Waianae Mts.| NA
Wawra small tree only)
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Table 1.2. New specimens sequenced [phrylogenetic study of Hawaiiddrticaceae Table
includesvoucher number and herbarium location, geographic location ofqifiettion
Hawai®Plant DNA Library (HPDL) identification number, and name used for phylogemeéc t
Asterisks in the column for Voucher No. signify that no voucher specimen was codethed
time thatthe plant specimen sequenc8eée appendix (Table Al) for list of sequences obtained
for each specimen.

Genus Species Voucher No. Location HPDL
P (Herbarium Loc ation) Identification No.
B. grandis \(/|\_/|AI§/(\)/)effler, s OGhu 1120
Boehmeria .
: W.P. Haines 005 A
B. grandis (HAW) Kauab 10015
H. sandwicensis | Morden 1332 (HAW) | HawaiOi 566
H. sandwicensis | Morden 1421 (HAW) | HawaiOi 918
Hesperocnide Santa
T. Sagar, SMM Monica
H. tenella MCSP1(HAW) Mountains, | 08°
California
N. angulata * O@hu 2670
N. angulata * O@hu 2682
N. angulata * O@hu 2953
N. kauaiensis Perlman 22408BISH) | Kauad 10018
N. kauaiensis Wood 8793BISH) Kauad 10019
Neraudia . . | Perlman 17,093 A
N. melastomifolia (PTBG) O@hu 2696
N. melastomifolial Morden, s.n. (HAW) O@hu 2769
N. ovata Morden 1411 (HAW | HawaiOi 542
N. ovata L.M. Castle, s.n. (PTA)| HawaiOi 5907
N. sericea Perlman 22293 (PTBG] Moloka® 9572
: Oppenheimer H71301 :
N. seriea (BISH) West Maui | 10021
P. albidus Wood 13854 (BISH) | Kaudd 10022
P. albidus Wood 14944 (BISH) | Kaudd 10023
. W.P. Haines 001A, .
Pipturus P. albidus 001B (HAW) East Maui | 9076
. W.P. Haines 002 .
P. albidus (HAW) East Maui | 9077
. W.P. Haines 003 .
P. abidus (HAW) East Maui | 9079
P. albidus Imada 200219 (BISH) | East Maui | 10024
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P. albidus Morden 1105 (HAW) | HawaiOi 124
P. albidus }"F"Ab?/)e‘cf'e“ sn. OGhu 1122
P. albidus V. Caraway 17 (HAW) | O@hu 1307
P. albidus Morden 1532 (HAV) | OGhu 1670
P. albidus Morden 1584 (HAW) | HawaiOi 2156
P. albidus Morden 1802 (HAW) | OGhu 4421
P. albidus J.L. Birch 086 (HAW) | HawaiOi 5437
P. albidus Morden 2211 (HAW) | OGhu 5688
P. forbesii Wood 15049 (PTBG) | East Maui | 9571
P. forbesii (CI)DQI_pg(r;;eimer H91415 East Maui | 10025
P. forbesii Wood 6646 (BISH) East Maui | 10026
P. kauaiensis Lorence 10368BISH) | Kauad 10027
P. ruber Wood 15551 (BISH) | Kaudd 10030
P. ruber Tangalin 2498 (BISH) | Kauad 10029
P. ruber \(/|\_/|£WI;|aines 006 Kaua® 10016
sp. (hybrid) ‘("A'Am;ai”es 007 oGhu 10017
. P. peploides Morden 1627 (HAW) | West Maui | 1627
Piea P. peploides Morden 1939 (HAW) | OGhu 1939
Touchardia T. latifolia W. Loeffler 46 (HAW) | O@hu 1114
U. glabra Perlman 20517 (BISH)| Hawaii 10031
U. glabra Morden 1534 (HAW) | OGhu 1672
U. kaalae Morden 1533 (HAW) | OGhu 1671
Urera "
U. kaalae * O@hu 2086
U. kaalae * OGhu 4687
U. urens Morden 1339 (HAW) | HawaiOi 582
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Figures

Figure 1.1. Photos oUrticaceaespecies that are nagitoHawai® From top left: male
Touchardialatifolia; infructescence of femalk. latifolia containing achenesnclosedy
orange, fleshy caly3oehmeria grandigmonoecious); femaldrera glabrawith inflorescence;
fruit on femalePipturus albidusacrenesembedded in fleshyeceptaclemalePipturus albidus
All photos were taken of plants the Ko'olau Mountain range (&/).
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Figure 1.3. Combined fowgene regiomphylogenetidree of Urticaceae based on nuclear (ITS)
and chloroplastt(nL-trnF spacerrbcL, andrpl14-rps&infA-rpl36 spacey gene regions using
Bayesianmference (1,000,000 iterations, 25% burhfor 257 accessions. Tree highlights
Hawaiian species in tribe Urticed@ranch labels represent posterior probabilitwedge height
represents two or more accessions present and does not represent the hactessions

associated with it.

23



1

| Tribe Urticeae

1

0.7
1
—{—< Gyrotaenia/Myriocarpa

1
Lecanthus

I Elatostema/Pelionia/Procis

Pilea angulata subsp. petiolaris (P1)

Piiea melastomoides (P20)

Pilea insolens (P11)

Piea oxyodon (P9)
Pilea martini (P6)

Pilea ternifolia (390)

1
g
T
Pilea verrucosa var. verrucos sa (P29)

1

Pilea racemosa (2686)

042 L———————— Pika pumia var. pumila (P10)

1
1 Pilea microphyla (P21)

1
1 Pilea microphylla (P22)
1
Pilea fairchildiana (302A)
Pilea cavaleriei subsp. cavaleriei (P3)
1 1

Pilea lapestris (9979)

0.82 1 0. 2 Pilea peploides (2804)
%mmww Pilea peploides
1 Pilea peploides var. major (1744)

1
1 Pilea longipedunculata (P5)

1
1 Pilea platanifiora (P24)

1

Pilea sinofasciata (P26)
1
{ Pilea cadierei (7470)
1
Pilea cadierei (Yu)

AustralinalDroguetia/Forsskaclea
< Gesnouinial/Parietaria/Soleirolia

Oreocnide

Phenax mexicanus (378A)

1
06 Pouzolzia (P. argenteonitida, rugulosa, sanguinea)
98
1 Nothocnide/Pipturus
1
1 Neraudia

1
, p <I Gonostegia
1
—‘__<] Hemistylus/Neodistemon/Pouzolzia (P. guineensis, P. mixta, P. zeylanica)

Boehmeria Clade | (incl. B. grandis)

Ciade Il (B. malab

reticulatus (23592)

09
1 Sarcochlamys/Boehmeria Clade Il (B. nivea, B. tomentosa)

O utg rou p :\rcmboehmenz atrata

1 Cannabis sativa (ck126)

J Humulus scandens (H1)

1 Celtis (Um2)

1
1 [ Fatoua vilosa (F1)

1
L Fatoua vilosa (F2)

0.08

Figure 1.4. Combined fowgene region phylogenetic tree of Urticaceae based on nuclear (ITS)
and chloroplastt{nL-trnF spaceyrbcL, andrpl14-rps&infA-rpl36 spacey gene regions using
Bayesianmference (1,000,000 itations, 25% burin) for 257 accessionslree highlights

Hawaiian specieRilea peploidesBranch labels represent posterior probabiliti@sdge height
represents two or more accessions present and does not represent the number of accessions
associateavith it.

24



| 1o urtcsse

1
1
o | emtosemaporonarprocs
1 .
1 G
1
1
'

.
Iﬂ<wmmumm)

! ! i (23562)
‘.“ Sarcochlamys/Boshmeria Clade Il (B. nivea. B, tomentosa)

Archiboehmeria atrata
Outgroup 5
.
L L Humulus scandens (H1)
" :
) PREP—
L Fatoun viona )

0.08

Figure 1.5. Combined fougene region phylogetic tree of Urticaceae based on nuclear (ITS)

and chloroplastt{nL-trnF spaceyrbcL, andrpl14-rps8-infA-rpl36 spacey gene regions using
Bayesianiference (1,000,000 iterations, 25% burhfor 257 accessions. Tree highlights

Hawaiian species in the genétgturusandNeraudia Branch labels represent posterior

probabilities Wedge height represents two or more accessions present and does not represent the
number of accessions associated with i

25



]t e

Outgroup

emesmmapuscamocs

Ausiraina/Droguetia Forsskaciea

Gesnounia/Parietaria/Soleiroia

aaaaa

Homistyus/NeodistomonPouzoizia (P. guineenss, P. mixta, P. 2eylanica)

:
]
5
% Cramabania
1
i Boahmeria bini var. bink (L009)
—|.
Boehmeria pseudoticuspis (LOO12)

1
o Boehmeria gomeruifera (B5)
ﬁ 1
! Boohmeria matabarica var. malabarica (L00121)
Boshmeria loophyla (LOO3)

L Boonmaria cidemicides var. cidemioides (82)
| [~ Boanmerts polystachya (10029)
3| & Boetmersa umtrosa (812
Bosnmera umbrosa (840)
L Boenmera pendiora (833)

1
Boowmera cidemioes var. chdomiodes (815)

’
R,
E, e i ks el 38

0.5]C Boehmeria macrophyta var. rotundifola (821)

[E

1 [~ Boohmara densigomarata (LI0C2¢)
05| 1 Boonmeria strigostotia var. srigostota (L0020
98 L poonmera srigostota var. moss (Lo021)
1241 1 oenmera zomngeriana var bind (81)
u Boshmeria plosuscua (LD017)

1
L— Bochmeria macrophyta var. scabreta (826)
1 | Boenmeria macrophyta var. macrophyta (824)

‘Boehmeria macrophyta var. macrophyta (828)

1
Boohmaria siamensis (PS1032MTO1)
1

Boehmeria densiflora (852)

1
Boehmeria densilora (853)

L Boanmera formosana (L0018)
Boshmerta gracis (L10025)
Boshmeri sivesir (L0G2)
Boenmeria pamosa (P183)
Boehmeria vicuspis (839)

'

Boehmeria longispica (820)

1
Boohmeria spicata (89)

‘Boehmeria malabarica var. leioclada (L002)
4 Dobrogeasia evptica (Do19)
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Detregeasa longfola (De10)

4% Detrageasia longfola (Des)
1

Ootrogoasia orientas (De13)
Detregeasia orientaks (De15)
1

Debregeasia squamata (DeS)

Debrogoasia saened (Do17)
1

1
4 Boehmeria rivea var. nipononivea (832)
Boehmeria tomentosa (838)

Boehmeria rwvea var. nivea (86)

L sarcochiamys pucherrma (1)
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Figure 1.6. Combined fowgene region phylogenetic tree of Urticaceae based on nuclear (ITS)
and chloroplastt(nL-trnF spacerrbcL, andrpl14-rps8infA-rpl36 spacey gene regions using
Bayesianmference (1,000,000 iterations, 25% burhfor 257accessions. Tree highlights
Hawaiian specieBoehmeria grandiBranch labels represent posterior probabilitWsdge

height represents two or more accessions present and does not represent the number of
accessions associated with it.
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Appendix Al

Table A1.1. GenBank identification numbers and associated phylogenetic studies for sequences
used in phylogenetic study of Urticaceae, N= 257. Grey cells indicate sequences used for
phylogentic analysis. No GenBank identification numbers have been given tgtlenses of

the 47 new specimens sequenced in this stidlyme changed in this study Rouzolzia

rugulosafrom Boehmeria ruguloshased orwilmot-Dear et al. (2009)* Name changed in

this study tdPilea fairchildianafrom Sarcopilea domingensisased odestrow et al. (2012)

rpl14-rps8

Species Accession Abbreviation for tree trnL-trnF infA-rpl36
Archiboehmeria
atrata Al Archiboehmeria_atta_Al
Archiboehmeria
atrata A2 Archiboehmeria_atrata_A2
Astrothalamus
reticulatus 23592 Astrothalamus_reticulatus_23592
Australina
flaccida 23601 Austrdina_ flaccida_23601
Boehmeria
blinii var. blini Li009 Boehmeria_blinii_var_blinii_Li009
Boehmeria
clidemioides
var.
clidemioides B2 Boehmeria_clidemioides B2
Boehmeria
clidemioides
var.
clidemioides B15 Boehmeria_clidemioides_B15
Boehmeria
clidemioides
var. diffusa B16 Boehmeria_clidemioides_var_diffusa_B1€
Boehmeria
densiflora B52 Boehmeia_densiflora_B52
Boehmeria
densiflora B53 Boehmeria_densiflora_B53
Boehmeria
densiglomerata | Li0024 Boehmeria_densiglomerata_Li0024
Boehmeria
formosana Li0018 Boehmeria_famosana_Li0018
Boehmeria
glomerulifera B5 Boehmeria_glomerulifera_B5

27



Boehmeria
gracilis Li0025 Boehmeria _gracilis_Li0025

Boehmeria
grandis 10015 Boehmeria_grandis_10015

Boehmeria
grandis 1120 Boehmeria_grandis_1120

Boehmeria
leiophylla Li003 Boehmeria_leiophylla_Li003

Boehmeria
longispica B20 Boehmeria_longispica_B20

Boehmeria
macrophylla
var.
macrmhylla B24 Boehmeria_macrophylla_B24

Boehmeria
macrophylla
var.
macrophvylla B28 Boehmeria_macrophylla_B28

Boehmeria
macrophylla
var. Boehmeria_macrophylla_var_rotufalia_

rotundifolia B21 B21

Boehmeria
macrophylla
var. Boehmeria_macrophylla_var_rotundifolia|

rotundifolia B26 B26

Boehmeria
malabarica Li002 Boehmeria_malabarica Li002

Boehmea
malabarica Li00121 Boehmeria_malabarica_Li00121

Boehmeria
nivea var.
nipononivea B32 Boehmeria_nivea_var_nipononivea_B32

Boehmeria
niveavar. nivea | B6 Boehmeria nivea B6

Boehmeria
pannosa P188 Boehmeria_pannosa_P188

Boehmeria
penduliflora B33 Boehmeria_penduliflora_B33

Boehmeria
pilosiuscula Li0017 Boehmeria_pilosiuscula_Li0017

Boehmeria
platyphylla BpYu Boehmeria_platyphylla_BpYu

Boehmeria
polystachya Li0029 Boehmeria_polystachya_Li0029

28



Boehmeria

pseudotricuspis | Li0012 Boehmeria_pseudotricuspis_Li0012
Pouzolzia

rugulosa* B45 Pouzolzia_rugulosa_B45
Boehmeria

siamensis PS1032MT01 | Boehmeria_siamensis_PS1032MT01
Boehmeria

silvestrii Li0026 Boehmeria_silvestrii_Li0026
Boehmeria

spicata B9 Boehmeria_spicata_B9
Boehmeria

strigosifolia Li0020 Boehmeria_strigosifolia_Li0020
Boehmeria

strigosifolia Li0021 Boehmeria_strigosifolia_Li0021
Boehmeria

tomentosa B38 Boemeria_tomentosa_B38
Boehmeria

tricuspis B39 Boehmeria_tricuspis_B39
Boehmeria

umbrosa B12 Boehmeria_umbrosa_B12
Boehmeria

umbrosa B40 Boehmeria_umbros&40
Boehmeria

zollingeriana

var. blinii Bl Boehmeria_zollingeriana_var_blinii_B1
Cannabis sativa| Kim Cannabis_sativa_Kim
Cecropia

ficifolia 23606 Cecropia_ficiolia_23606
Cecropia

obtusifolia 162A Cecropia_obtusifolia_162A
Celtis

kunmingensis ULM2 Celtis_kunmingensis_ULM2
Chamabainia

cuspidata C1 Chamabainia_cuspidatC1
Chamabainia

cuspidata Cc2 Chamabainia_cuspidata_C2
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Coussapoa

parvifolia 386A Coussapoa_parvifolia_386A
Debregeasia

elliptica Del9 Debregeasia_elliptica_D81
Debregeasia

elliptica De7 Debregeasia_elliptica_De7
Debregeasia

longifolia Del0 Debregeasia_longifolia_Del0
Debregeasia

longifolia De9 Debregesia_longifolia_De9
Debregeasia

orientalis Del3 Debregeasia_orientalis_Del3
Debregeasia

orientalis Del5 Debregeasia_orientalis_Del5
Debregeasia

saeneb Del7 Debregeasia_saeneb_Del7
Debregeasia

squamata De5 Debregeasia_squamata_De5

Dendrocnide
meyeniana D2 Dendrocnide_meyeniana_D2

Dendrocnide
sinuata D1 Dendrocnide_sinuata D1

Dendrocnide

urentissima D5 Dendrocnide_urentissima_D5
Didymodoxa

caffra 23599 Didymodoxa_caffra_23599
Discocnide

mexcana 167A Discocnide_mexicana_167A
Droguetia

ambigua 28892 Droguetia_ambigua_28892
Droguetia iner

subsp.

urticoides Drl Droguetia_iner_subsp_urticoides_Dr1
Droguetia iner

subsp

urticoides Dr4 Droguetia_iner_subsp_urticoides_Dr4
Elatostema

albopilosum El Elatostema_albopilosum_E1
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Elatostema
atropurpureum | E2 Elatostema_atroppureum_E2

Elatostema
cuspidatunmvar.
cuspidatum E4 Elatostema_cuspidatum_E4

Elatostema
cyrtandrifolium
var.
cyrtandrifolium | E3 Elatostema_cyrtandrifolium_E3

Elatostema
densistriolatum | E9 Elatostema_densistriolatum E9

Elatostema
longibracteatu
m E6 Elatostema_longibracteatum E6

Elatostema
parvumvar.
parvum E7 Elatostema_parvuni?

Elatostema
petelotii E8 Elatostema_petelotii_E8

Elatostema
stewardii E10 Elatostema_stewardii E10

Elatostema
subtrichotomum

var.
subtrichotonam | E11 Elatostema_subtrichotomum E11

Elatostema
tenuicaudatum

var.
tenuicaudatum | E12 Elatostema_tenuicaudatum E12

Fatoua villosa | F1 Fatoua villosa F1

Fatoua villosa F2 Fatoua villosa F2

Forsskaolea
angustifolia 6515 Forsskaolea_angustifolia_6515

Forsskaolea
angustifolia 16132 Forsskaolea_angustifolia_16132

Gesnouinia
arborea 177A Gesnouinia_arborea 177A

Giardinia
diversifolia
subsp
diversifolia G31 Giardinia_diversifolia_ G31

Giardinia
diversifolia
subsp
diversifolia G9 Giardinia diversifolia_G9

Giardinia
diversifolia
subsp Giardinia_diversifolia_subsp_suborbiculat]

suborbiculata G16 G16
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Giardinia

diversifolia

subsp Giardinia_diversifolia_subspuborbiculata
Suborbiculata G17 G17

Giardinia

diversifolia

subsp triloba G19 Giardinia_diversifolia_subsp_triloba_G19
Giardinia

diversifolia

subsp triloba G6 Giardinia_diversifolia_subsp_triloba_G6
Gonostegia

hirta Go3 Gonostegia_hirta_Go3

Gonostegia

parvifolia Gol Gonostegia_parvifolia_Gol

Gonostegia

parvifolia Go4 Gonostegia_parvifolia_Go4

Gyrotaenia

microcarpa 473A Gyrotaenia_microcarpa_473A
Hemistylus

macrostachya | 23597 Hemistylus_macrostachya 23597

Hesperocnide
sandwicensis 566 Hesperocnide_sandwicensis_566

Hesperocnide
sandwicensis 918 Hesperocnide_sandwicensis_918

Hesperocnide
tenella 331A Hesperocnide_tenella_331A

Hesperocnide
tenella 8089 Hesperocnide_tenella_8089

Hesperocnide
tenella 2026 Hesperocnide_tenella_2026

Hesperocnide

tenella 2586 Hesperocnide_tenella_2586
Humulus

scandense H1 Humulus_scandense_H1
Laportea

bulbifera L3 Laportea_bulbifera_L3
Laportea

bulbifera L5 Laportea_bulbifera_L5
Lecanthus

penduncularis | Lel Lecanthus_penduncularis_Lel
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Lecanthus

penduncularis | Le3 Lecanthus_penduncularis_Le3
Lecanthus

petelotiivar.

corniculata Le2 Lecanthus_petelotii_var_corniculata_Le2
Lecanthus

petelotiivar.

corniculata Led Lecanthus_petelotii_var_corniculata_Le4
Leucosyke

quadrinervia Leu3 Leucosyke_guadrinervia_Leu3
Leucosyke

quadrinervia Leu4 Leucosyke_guadrinervia_Leu4
Maoutia setosa | M2 Maoutia_setosa_M2
Myriocarpa

cordata C2A Myriocarpa_cordata_C2A
Myriocarpa

obovata 370A Myriocarpa_obovata_370A
Nanocnide

japonica N1 Nanocnide_japonica_N1
Nanocnide

japonica N4 Nanocnide_japonica_N4
Nanocnide

lobata N5 Nanocnide_lobata_N5
Nanocnide

lobata N6 Nanocnide_lobata_N6
Neodistemon

indicum 279A Neodistemon_indicum_279A
Neraudia

angulata 2670 Neraudia_angulata_2670
Neraudia

angulata 2682 Neraudia_angulata_2682
Neraudia

angulata 2953 Neraudia_angulata_2953
Neraudia

kauaiensis 10018 Neraudia_kauaiensis_10018
Neraudia

kauaiensis 10019 Neraudia_kau&insis_10019
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Neraudia

kauaiensis Ne2 Neraudia_kauaiensis Ne2
Neraudia

melastomifolia | Nel Neraudia_melastomifolia_Nel
Neraudia

melastomifolia | 2696 Neraudia_melastomifolia 2696
Neraudia

melastomifolia | 2769 Neraudia_melastomifolia 2769
Neraudia ovata | 542 Neraudia_ovata_542
Neraudia ovata | 5907 Neraudia_ovata_5907
Neraudia

sericea 10021 Neraudia_sericea 10021
Neraudia

sericea 9572 Neraudia_sedea 9572
Nothocnide

mollissima 23585 Nothocnide_mollissima_23585
Nothocnide

repanda NSWConn4399| Nothocnide_repanda_NSWConn4399
Obetia

aldabrensis sm337 Obetia_aldabrensis_sm337
Obetia

carruthersiana | 2030 Obetia_carruthersiana_2030
Obetia

pinnatifida dt548 Obetia_pinnatifida_dt548
Obetia radula 2049 Obetia_radula_2049

Obetia radula dt523 Obetia_radla_dt523

Obetia radula dt550 Obetia_radula_dt550

Obetia tenax 28719 Obetia_tenax_28719

34




Oreocnide
frutescens
subsp
frutescens 02 Oreocnide_frutescens_02
Oreocnide
frutescens
subsp
frutescens o8 Oreocnide_frutescens_0O8
Oreocnide
frutescens _ _
subsp Oreocnide_frutescens_subsp_occidentali
occidentalis 012 012

Parietaria
judaica 11077 Parietaria_judaica_11077

Parietaria
micrantha Pal Parietaria_micrantha_Pal

Pellionia
macrophylla Pel Pellionia_macrophylla_Pel

Pellionia
paucidentata
var.
paucidentata Pe2 Pellionia_paucidentata_Pe2

Pellionia
radicans Pe3 Pellionia_radicans Pe3

Pellionia
repens Pe4 Pellionia_repens_Pe4

Pellionia
tsoongii Pe5 Pellionia_tsoongii_Pe5

Phenax
mexicanus 378A Phenax_mexicanus _378A

Pilea angulata

subsp

petiplaris P1 Pilea_angulata_subsp_petiplaris_P1
RBGE1969747

Pilea cadierei 0 Pilea_cadierei_7470

Pilea cadierei N/A Pilea_cadierei_Yu

Pilea cavaleriei | P3 Pilea_cavaleriei_subsp_cavalerei_P3

Pilea insolens P11 Pilea insolens P11

Pilea lapestris | Johns9979 Pilea_lapestris_9979

Pilea

longipedunculat

a P5 Pilea_longipedunculata_P5
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Pilea martinii P6 Pilea_martinii_P6

Pilea

melastomoides | P20 Pilea_melastomoides_P20
Pilea

microphylla P21 Pilea_microphylla_P21
Pilea

microphylla P22 Pilea_microphylla_P22
Pilea oxyodon | P9 Pilea_oxyodon_P9

Pilea peploides | 2804 Pilea_peploides_2804
Pilea peploides | 4724 Pilea_peploides_4724

Pilea peploides

Tanaka 1744

Pilea

peploides_var_major_1744

Pilea

plantaniflora P24 Pilea_plantaniflora_P24

Pilea pumila P10 Pilea_pumila_P10

Pilea racemosa | Ho et al. 2686 | Pilea_racemosa_2686

Pilea

sinofasciata P26 Pilea_sinofasciata_P26
L.H.S.

Pilea ternifolia | Williams 390 Pilea_ternifolia_390

Pilea

verrucossa P29 Pilea_verrucossa_P29

Pipturus

albidus 10022 Pipturus_albids_10022

Pipturus

albidus 10023 Pipturus_albidus_10023

Pipturus

albidus 10024 Pipturus_albidus_10024

Pipturus

albidus 9076 Pipturus_albidus_9076




Pipturus

albidus 9077 Pipturus_albidus_9077
Pipturus

albidus 9079 Pipturus_albidus_9079
Pipturus

albidus 124 Pipturus_albidus_124
Pipturus

albidus 1122 Pipturus_albidus_1122
Pipturus

albidus 1307 Pipturus_albidus_1307
Pipturus

albidus 1670 Pipturus_albidus_1670
Pipturus

albidus 2156 Pipturus_albidus_2156
Pipturus

albidus 4421 Pipturus_albidus_4421
Pipturus

albidus 5437 Pipturus_albidus_5437
Pipturus

albidus 5688 Pipturus_albidus_5688
Pipturus

arborescens Pip1 Pipturus_arborescens_Pip1
Pipturus

arborescens Pip7 Pipturus_arborescens_Pip7
Pipturus

argenteus C71 Pipturus_argenteus_C71
Pipturus

argenteus Gaube Pipturus_argenteus_Gaube
Pipturus

argentes Howard Pipturus_argenteus_Howard
Pipturus

argenteus OD1B0013 Pipturus_argenteus_OD1B0013
Pipturus

forbesii 10026 Pipturus_forbesii_10026
Pipturus

forbesii 10025 Pipturus_forbesii_10025
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Pipturus

forbesii 9571 Pipturus_forbesii_9571
Pipturus

kauaiensis 10027 Pipturus_kauaiensis_10027
Pipturus

kauaiensis Pip5 Pipturus_kauaiensis_Pip5
Pipturus ruber | 10016 Pipturus_ruber_10016
Pipturussp. 10017 Pipturus_hybrid_10017
Pipturus ruber | 10030 Pipturus_ruber_10030
Pipturus ruber | Pip6 Pipturus_ruber_Pip6

Poikilospermu
m lanceolatum | Pil Poikilospermum_lanceolatum_Pil

Poikilospermu
m suaveolens | Pi2 Poikilospermum_suaveolens_Pi2

Poikilospermu

m suaveolens | Pi3 Poikilospermum_suaveolens_Pi3
Pouzolzia

argenteonitida | Po5 Pouzolzia_argenteonitida_Po5
Pouzolzia

guineensis 282A Pouzolzia_guineensis_282A
Pouzolzia mixta| 288A Pouzolzia_mixta_288A
Pouzolzia

sanguineavar.

elegans Po2 Pouzolzia_sanguinea_valegans Po2
Pouzolzia

sanguineavar.

sanguinea Po6 Pouzolzia_sanguinea_Po6
Pouzolzia

zeylanicavar.

zeylanica Po4 Pouzolzia_zeylanica_Po4
Pouzola

zeylanicavar.

zeylanica Po7 Pouzolzia_zeylanica_Po7
Procris

wightiana Prl Procris_wightiana_Pri1
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Procris

wightiana Pr2 Procris_wightiana_Pr2
Sarcochlamys

pulcherrima S1 Sarcochlamys_pulcherrima_S1
Pilea

fairchildiana** 302A Pilea_fairchildiana_302A
Soleirolia

soleirolii 312A Soleirolia_soleirolii_312A
Touchardia

latifolia T1 Touchardia_latifolia_ T1
Touchardia

latifolia 1114 Touchardia_latifolia 1114
Urera alceifolia | C11A Urera_alceifolia_C11A
Urera baccifera | C4A Urera_baccifera_C4A
Urera batesii 2031 Urera_batesii_2031
Urera

caracasana 23561 Urera_caracasana_23561
Urera elata sm351 Urera_elata_sm351
Urera elata sm352 Urera_elata_sm352
Urera fischeri dt518 Urera_fischeri_dt518
Urera fischeri dt542 Urera_fischeri_dt542
Urera glabra Url Urera_glabra_Url

Urera glabra 10031 Urera_glabra_10031
Urera glabra 1673 Urera_glabra_1673
Urera

hypselodendron| 377A Urera_hypselodendron_377A
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Urera kaalae 1671 Urera_kaalae 1671
Urera kaalae 2086 Urera_kaalae 2086
Urera kaalae 4687 Urera_kaalae_4687
Urera lianoides | 313A Urera_lianoides 313A
Urera

sansibarica dt519 Urera_sansibarica_dt519
Urera

sansibarica dt543 Urera_sansibarica_dt543
Urera trinervis | 374A Urera_trinervis_374A
Urtica

angustifolia Ul Urtica_angustifolia_U1
Urtica ardens u2 Urtica_ardens_U2
Urtica

atrichocaulis U3 Urtica_atrichocaulis_U3
Urtica

bertoroana 1555 Urtica_bertoroana_1555
Urtica

bertoroana 2209 Urtica_bertoroana_2209
Urtica

circularis 1872 Urtica_circularis_1872
Urtica

circularis 3091 Urtica_circularis_3091
Urtica dioica u21 Urtica_dioica U21
Urtica fissa U4 Urtica_fissa_U4

Urtica

flabellata 1560 Urtica_flabellata_1560
Urtica

flabellata 2040 Urtica_flabellata_2040
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Urtica

hyperborea ui14 Urtica_hyperborea_U14
Urtica
hyperborea U5 Urtica_hyperborea_U5
Urtica mairei u7 Urtica_mairei_U7
Urtica
masafuerae 1879 Urtica_masafuerae_1879
Urtica
spathulata 2268 Urtica_spathulata_2268
Urtica
trangularis
subsp

| pinnatifida Ul10 Urtica_trangularis_subsp_pinnatifida_U1Q
Urtica urens 582 Urtica_urens_582
Urtica urens 1082 Urtica_urens_1082
Urtica urens 2045 Urtica_urens_2045
Urtica
zayuensis Uil Urtica_zayuensis_U11
Urtica
zayuensis u17 Urtica_zayuensis_U17
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Figure A1.1 Phylogenetic tree of Urticaceae usingyBsian Inference (1,000,000 iterations

25% burnin) from single nuclear ITS gene region. Branch labels represent posterior
probabilities. Number of accessions=232.
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Figure A1.2. Phylogenetic tree of Urticaceae using Bayesian Inference (1,000,Cbiier
25% burnin) from single chloroplagtnL-trnF gene region. Branch labels represent posterior
probabilities. Number of accessions=242.
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Figure A1.3. Phylogenetic tree of Urticaceae using Bayesian Inference (1,000,000 iterations,
25% burnin) from single chloroplastbcL gene region. Branch labels represent posterior
probabilities. Number of accessions=208.
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Figure A1.4. Phylogenetic tree of Urticaceae using Bayesian Inference (1,000,000 iterations,
25% burnin) from single chloroplagpll4Erps8infABrpl36 gene region. Branch labels
represent posterior probabilities. Number of accessions=180.
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Chapter 2
No-choice bioassay revealgariation in performance and plant recognition of the HawaiOi
endemicbutterfly, Vanessa tameameasch. (Nymphalidag on native and novel nomnative

Urticacean hostplants

I ntroduction

Hawaiianflora and fauna exhibhigh levelsof species endemism and suffer from
disproportionately high rates of plant and animal extinctions compared to continental taxa
(Dobson et al. 1997; Kier et al. 200Q@urrent and historical declines in biodiversityoceanic
islandsare strongly linked to the introduction of roative animalsdirect and indirect resource
competition from introduced flora, and habitat I(Savidge 1987; Brooks et al. 2002; Blackburn
et al. 2004; Gurevitch & Padilla 2004; Fordham & Brook 2010; Powell et al. 20&8)bss of
native flora may result in the extinction of fauna that depend on specific host plants to complete
their life cycle, leading to the eaxtinction of both plant and animal taffaunn 2005) For
exampleKoh et al. (20043iemonstrated that the extinction of native butterflies in Singapore
was directly correlated with the extinction of host plants. Suedxtiactions can lead to
secondary extinctions and potentially trigger extinctaacades within an ecosysté€@olwell et
al. 2012) Therefore, endemic insects threatened by habitat loss dhmalkkessed in terms of
their host specialization in order to identify taxa at risk eéxtnction in the case of host plant
declineslnsect performance assays on novel plant diets may elucidate the likelihood that
endemic insects may persist even ia tlase of host plant extinction events due to their ability to

utilize additional plant species as host plants.
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In Hawai), dozens of native insect and plant species have gone extthet frast 200 years
including over 30 Lepidoptera and over 90 plaxa(Sax & Gaines 2008; Bishdduseum
2017) The high extinction rates of native Hawaiian Lepidoptera and dl@alarming and
highlight the need for research that investigailastinsect interactions. Foxample,
information onlarval performance across a variety of plant dibisds light on howost plant
selection impacts butterfly fitness, which in turn may impact the level of conservation and
protection needed for both the lepidopteran species anchthstiplants. However, few studies
have assessed larval performance of Hawaiian Lepidoptera across different plant diets or
attempted to determine the plant traits underlying variation in herbivore preference and
performancgRubinoff & San Jose 2010; Barton & Haines 2013)

Vanessa tameamézschscholtz (18213he Kamehameha butterfly and state inséct
HawaiQiis one of only two butterfliesativeto the ArchipelaggWilliams 1928; Riotte &
Uchida 1978(79))V. tameameas classified aan oligophagouspecialist herbivore in its larval
stages as the caterpillar has been found to feed solely on species from several genera in
Urticaceaethe nettldamily (Williams 1928; Swezey 1954; Leeper 1975; Riotte & Uchida
1978(79); Tabashnik et al. 1992; Ali & Agrawal 201123 populationdave beemeclining in
Hawaii inrecentdecades based on historical records and currenespgistributiordata
(Williams 1928; Tabashnik et al. 1992; Haines et al. 204MoughV. tameameés still
present on all of the main Hawaiian Islands with the exception of@kivee, it is generally
observedn restricted areas of montane and/or riparian native fof@slisams 1928; Gorelick
& Wielgus 1968; Tabashnik et al. 1992)

The Hawaiian Archipelago is home to éirrently recognizedative species in

Urticaceae representing 7 gener®oehmerialacq. Hesperocnidd orr., NeraudiaGaud. Pilea
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Lindl. nom. cons.PipturusWedd.,TouchardiaGaud.,andUrera Gaud.(Wagner et al. 1999)
The seven genera belong to the following three tribes: BoehmerieaBdebmera, Neraudig
andPipturug, Elatostemateae (i.&jlea), and UrticeaeHesperocnideTouchardig andUrera)
(Conn and Hadiah 2009, Wi al.2013).All of the native taxa are endemic to the archipelago
with the exception of the indigenobkdea peploidefGaud.) Hook. & Arndt and four of these
species are federally listed endangered spéti&-WS] 1991, 1994, 1996; Wagner et al.
1999) Therearealsoseveral nomative urticaceous species that have becometigcen
established in Haw@) including but not limited t@oehmeria nivegl.) Gaud. Laportea
aestuangL.) Chew, severdPilea species including. microphylla(L.) Liebm.,P.
nummulariifolia(Sw.) Weddell, andP. cadiereiGagnep& Guill., Cecropia obtudolia Bertol,,
andUrtica urensL. (Wagner et al. 1999; Staples & Herbst 2005; Arakaki & Lao 2012)

Little is known abouV. tameameaerformance and preferenge the different
urticaceous species with the extep of anecdotal observatiof/illiams 1928; Gorelick &
Wielgus 1968; Tabashnik et al. 199%) tameameaaterpillarshave been observed feeding on
nativespecies oPipturus Urera, Neraudig Touchardia latifola, andBoehmeria grandis
(Swezey 1954)There are no records Wt tameameaaterpillars feeding or ovipositing on non
native urticaceous speciesthe wild with the possible exception Bf nivea(Gorelick &
Wielgus 1968)and attempts to feadd tameameaon-native plants (e.g., in the genidgea) in
the laboratory have proved unsuccessiillfam Haines unpublished data). From these
observations, it appears that the caterpillarOs host plants are restricted to species confined to two
tribes within Urticaceae: Urticeae and Boehmeridagmains unclear whether this is because
species in other tribesannot suppo. tameamedevelopment, or whether butterflies do not

recognize the planfsr oviposition
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To provide a more comprehensive assessoi/. tameamegerformance on Hawaiian
Urticaceae, ao-choice bioassagxperimeniwas conducted in order to test the performance of
V. tameameg@epresenting populations from three different geographic regoorfsur native
andonenon-native urticaceous spesiin Hawafd Boehmeria grandigHook. & Arnott) A.

Heller, Pipturus albidugHook. & Arnott) A. Gray,Touchardia latifoliaGaud.,Urera glabra

(Hook. & Arnott) Wedd, andCecropia obtusifba. The four native species in the study are in
the tribes Urticea@.e. T. latifolia andU. glabra or Boehmerieae (i.8. grandisandP.

albidug. C. obtusifoliais a nonnative, invasive forest species in the tribe Cecropi€aan &
Hadiah 2009; [HPWRA] 2012; Treiber et a015). P. albidusis a common native species found
in mesic to wet forest, whereBs grandis T. latifolia andU. glabraare less common native
forest species (Wagnet al. 1999).In additionto quantifying herbivore performance across the
species dietdeaf trait dataof the focal species were examined in ordeidentify key traitghat
mediate these interactions, including both nutritive (leaf nitrogen and phosphorus content) as
well as putative defense traits (leaf toughness, calcium).

The mainobjectivesof this studywere thredold: (1) to determine whether the plant
species varied in their suitability as hostplantsotameameaased on a variety of larval and
adult performance metric€) to relate the plant leaf traits Yo tameameaerfamance to
identify traits underlying variatiom hostplant suitability, an¢B) to testwhether the endemi.
tameameaan successfully develop on the naative Cecropia obtusifoliathereby assessing at
the larval stage the potential fanendemic iisect toutilize a plant outside of its known host
plant range It waspredicted thaV. tameamegerformance will vary across all plant five diets
andthatfirst instar caterpillars would not recogniZe obtusifoliaas a food source because it

falls outsde of the two Urticagaetribes that include confirmed host plants. Based on a multitude
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of published studies, it was predicted that butterfly performance would be negatively correlated
with putative physical defense traits, including leaf toughnesslbylaang leaf mass per area
(LMA) and leaf thickness, and leaf calcium, which was used as a potential proxy for
biomineralization in the form of calcimased cystoliths that are common in species of
Urticacead Awmack & Leather 2002; Hanley et al. 2007; Poorter et al. 2009; Morehouse &
Rutowski 2010; He et al. 20143 onversely, butterfly performance was predicted to be
positively correlated with metrics of leaf nutritional value, including phosphorus concemteatio
key macronutrient, and chlorophyll concentration, an indicator of leaf nitrogen, another
macronutrient, and inversely related to C:N ratio (i.e. low nitrogen per carbon(Pai&)ns et

al. 2004; Van den Ber§ Perkins 2004; Huberty & Denno 2006; Visanuvimol & Bertram 2010;
Pellissier et al. 2014; Cease et al. 2016; Liman et al. 20hi§studyis the first rigorous
assessment of host plant suitability of a Hawaiian endemic butterfly, providing critical
information for the conservation of this iconic insect and shedding light on the potential for the

species to persist despite declines in its coevolvedpltersts.

Methods
Study system

To examine host plant preferences and performandetaimeameaa nochoice
laboratory bioassay was penfoed at the University of Haw@iat M"noa (UHM, Honolulu,
Hawalid) in fall of 2015 Caterpillars were obtained from two UHiMaredV. tameameaolonies
developed from founder butterflies collected on two separate mountain rang&hoi(i .,
KoOolaand Waianaehereafter referred to as thoolaubandQVaiana®populationgno

oking). The Ko®lau colony was founded from a single wild female collected in Kahana Valley
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in April 2014 and was never augmented with additional wild indivgludhe Waianae colony
was founded from several indtiluals collected at Waiandéa@la Trail in January 2015, and
periodically augmented with wild individuals from Palikea Trail. All colonies were maintained
on Pipturus albidudeaves. The third populat of caterpillars used in this experiment came
from the F2 generation of caterpillars collected in JAy®at Pu©HuluhuluK'puka on Saddle
Road,HawaiQisland, hereafter referred to as the Saddle Road population.

To characterize suitability of theticaceous species as host plants, caterpillars were
reared on leaves from one of five plant species throughout develoBngrandis P. albidus
T. latifolia, U. glabra, or C. obtu#folia. During the bioassay experimentg$h leavefrom
sapling andeproductively mature plants growiimgnatural conditions in the Kdlau Mountains
were collected every three to four days, washed with tap watestaned in a lab refrigerator

until used.

Bioassay
The bioassay was performed from October to NovemhEs #0a controlled laboratory
setting. Naeve caterpillars were reared on a single species diet with 15 replicate caterpillars per
population per diet, giving a total sample size of N=225 (3 diets x 3 populations x 15 replicates).
Caterpillars were rearezh benches with a 12L:12D light cycle that represents roughly
the mean day length in Hav@{Carlquist 1980)Mean temperature and relative humidity were
recorded hourly throughout the experiment using two data loggers (Onset HOBO U23 Pro v2
External Termperature/Relative Humidity data logger, Bourne, MA). For the first three instars,
caterpillars were reared in lidded 2 oz. clear plastic ramekin containers with a moistened disc of

filter paper. During this time, the ramekins were cleaned every othd&rydaplacing the filter

51



paper and removing frass. New plant material was placed in the ramekins every other day. At the
fourth instar, caterpillars were transferred to larger 12lear, liddedcontainers with a
moistened disc of filter papefhe lids ¢ these containers had two small, center slitsdeoto
allow for ventilation At this time, the holding containers were cleaned and new leaf matesal
repleced daily.The caterpillars remained in the larger, plastic containers through eclosion. The
arrangement of holding containers was randomized daily in order to minimize any effect of
microclimate variations on growth.

Caterpillars were observed daily to record development and mortality. Recorded data
included dates of: hatching, molting betwesach instar, prpupation (behavioral positioning
prior to pupation), pupation, and eclosion. Pupation was indicated by the presence of a hardened
chrysalis, and eclosion was marked by the emergence of the adult Yp@ittenfithe chrysalis.

In order toaccount for the variety of ways in which host plants can affect performance of
an insect herbivore throughout its life cy@¥ariyat & Portman 2016)he following
performance metrics we recorded during thistudy: mortality (at each life stage), larval
duration (i.e.time from egg hatch to pupation in days), pupal duration {inee from pupation
to eclosion in days, pupal mass, and adult mass. Adult butteaffg was recorded 8 to 12 hours
after the butterfly had eclosed in order to minimize variance in adult weights due to hemolymph
loss and expulsion of the meconium. All butterfly mass data were obtained using a Mettler

Toledo AB204S balance (Greifense8witzerland) and measured to the nearest .01mg.

Plant Traits

To investigate traits potentially underlying variationMintameameg@erformance across

the five plant diets, leaf trait data were collected from mature individuals of each of the five plant
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species over the course of two days in October 2016. Two leaves were collected from 8 to 9 wild
individuals of each species, and individual plants included many of the samarplahish

leaves werdarvested for the bioassay. Before harvesting the two leaves in the fieldptiyll

and leaf thickness were measured. Chlorophyll was measured using a chlorophyll meter (SPAD
502 plus, Konica Minolta, Inc., Japan), and leaf thickness was measured using a 0.001 cm
precisionmicrometer Kodel 54-850860, Fowler High Precisionewton, Massachusejts

Leaves were harvested and immediately stored on ice until returned to the lab, at which time
photos were taken to calculate leaf area usmageJ (version 1.50i, Wayne Rasband, National
Institutes of Health, USARAfter photos were tadn, the two leaves were kept frozen until they
were dried at 6 until constant mass wabtained. The two leaves were weighed to obtain dry
massand then ground together and sent to the Universijeafaid at Hilo Analytical

Laboratory (Hilo,HawaiQifor carbon(C), nitrogen (N), phosphorous (P), and calcium (Ca)
nutrient analysisNutrient analysis was conducted acling toHue et al. (2000)Briefly, for

carbon and nitrogen analysis65ng of ground samples were weighed and packaged into tin
capsules and then analyzed using a Costech 4010 Elemental Combustion System (ECS)
elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA). Bsplpdrus and
calcium analysis, c&.25 g of sample was weighed and then combusted &€5060five hours.

Once cooled, 10 mL of 1N H@®fasadded to each sample and left for 30 minutes. Samples were
transferred to centrifuge tubes and analyzed using aWV#liista MPX ICPOES spectrometer
(Varian Inc., Palo Alto, CA)The quality control for all nutrient analyses was NIST" SRM ~

1547.

Data analysis
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All analyses were conducted and figures produced in R v@&3I&velopmenCore
Team 2017)sing RStudio v.1.1.38RStudioTeam 2017)AikakeOs Information Criterion
(AIC) was used to select the best model for each of the following response variables: survival,
adult mass, gpal mass, larval duration (i.¢éime from egg hatch to pupatiamdays), and pupal
duration (i.e.time frompupation to eclosion in dayshe package OMuMInO in R was used for
each model comparisqBarton 2017)For each response variable, plant diek,and butterfly
population, and all interactiongere included as the full model, aAtC scoreswere calculated
for all subsets of this full model. All predicteariables were fixed factors. For these analyses,
with the exception of survivatlata were only used for individuals that survived througdbseon
(N=157).Butterfly sex was determined pestlosion based on sexuatlymorphic wing color
patterngFigure2.1). Adult mass met linear model assumptions for normality of residuals and
homogeneity of variance based on ShapiitkOs and Flignefilleen tests, respectively. In
order to meet the same assumptions for pupal mass, three outliers were excluded tata t
set (N=154) for pupal mass general linear models. The outliers were selected based on quantile
guantile (gg) norm plots as well as other diagnostic plots. An ANOVA was conducted on the
best model (lowest AIC) for each of the mass response varidblaskey honest significance
test was conducted to assess {ha&t pairwise comparisons for main effects and interactions
after an ANOVA was performed. Butterfly survival was analyzed using a generalized linear
model with a binomial distribution (link 4a@gitO).Survival was based on N=224, because one
caterpillar was lost in the studgutterflies that survived through eclosion were given the
designation of O1,0 whereas those individuals that died before eclosion occurred were given the
designation of Q. There were six instances in which butterflies eclosed with severe deformities

that prevented them from taking flight. These individuals were also assigned an identity of O00
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for the logistic regression analysis and excluded from other data analysed.dusation and
duration of pupation in response to sex, diet, and butterfly population, were analyzed using a
generalized linear model (glm) with a Poisson distribuffarkey posthoc pairwise comparisons
with a Holm correctiorfHolm 1979)for larval and pupadluration were conducted using the
package OmultcompO itHRthorn et al. 2017)

To determine which leaf traits covary, correlations between the following response
variableswere calculated: C:N ratio, chlorophyll content, leaf P, leaf Ca, leaf thickness, and leaf
mass per area. Additionally, a principal component analysis (PCA) based on the six response
variables was performed. Each variable was log transformed or gcaletb conducting the
PCA. A generalized linear mixed model (GLMM) on each response vanaseerformedhat
included species as a fixed factor and site as the random factor using the packag@éise4O
et al. 2014) Site referred tone oftwo locations in the K®lau Mountains (Oahu) where leaves
were harvested for caterpillars during the bioassay. Model comparisons based on AIC values
were conducted in the same manner as linear models for performance response variables. Leaf
C:N ratio andeaf P were logransformed to achieve normality. All other response variables met
the normality assumption. Tukey pdsic pairwise comparisons with a Holm correction were
performed on significant leaf trait response variables.

In order to directly asse$isks between hostplant leaf traits and herbivore performance,
regression analyses were conducted on mean pupal mass, adult mass, and median larval duration
and the mean of each of the plant response variables for leaf traits by plant species. Agditionall
a regression analysis was conducted using the PCAL axis values, which were positively related

to leaf defense traits and negatively related to leaf nutrition, and PCA2.
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Results
Survival

Vanessdameameaurvivalwas generally high (Figure2, anddid not vary
significantly across diet&\ald (>=6.37, residual d.f. £2=0.17), or among populationg/ald
(?=0.15, d.f. 2P=0.93). The crossover interaction of these two variables was also tested but not
found to be significant (Diét Population\Wald (?=5.55, d.f. 8P=0.70). Among the native host
plant species, survival was highestlbnglabra(87-93% among populations) and lowestBn
grandis(53-87% among populations, Figurep First instar larvae from the Saddle Road
population did not recognizée nonnativeC. obtusifoliaas a food source and consequently
died within their first instanwhereasoth populations from Oahu readily &eobtusifoliaand

had survival rates similar to the native host plants (Figie 2

Butterfly Rerformance

Butterfly performance, as assessed by body mass, varied significantly across diets,
populations, and sex. With regard to pupal mass, there were significant main effects of diet
(F4=16.79, P<<0.001), sex {¥6.46, P=0.012), and population#6.02, P=0.0031)xs well as a
significant interaction of PopulationSex (F,=6.35, P=0.023). There was a marginally
significant interaction of PopulatignDiet on pupal mass (E1.96, P=0.064). For adult mass,
there were significant main effects of diej£[E6.96, P<<0.01) and sex (}8.98, P=0.0032),
and a marginally significant interaction between Popul3dti&ex (=3.039, P=0.051). Adult
and pupal mass varied significantly among poipute and between sexes (Figlr8). Females
were 1.04 times larger than malesheg pupal stage and 1.07 times larger at the adult stage. Both

pupal and adult mass were significantly lower for caterpillarg fddtifolia andC. obtusifolia
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compared to the pupal and adult masses of larvae fed the other plant dietsZBiglaae
that were reared dB. grandishad pupal masses 1.16 times greater and adult masses 1.27 times
greater than those larvae rearedlofatifolia leaves (Figur@ 4).

Diet strongly affected the duration of the larval stégeding to ahighly significart
effect of diet on larval duration. Based on model comparisons, the best predictive model for
larval duration included the main effects of diet and population:Hastomparisons revealed
caterpillars fed?. albidus(median larval duration=20.0 days)gated significantly faster than
those fedB. grandis T. latifolia, andU. glabra B. grandisdiets resulted in the longest larval
duration (median=28.0 days; Figut®). Caterpillars reared dd. obtusfolia (median larval
duration=23.5 days) had a landalration that was intermediate to the range for caterpillars
reared on native host plants. Rbet comparisons with a Holm correction revealed no
significant differences in larval duration among populations. In contrast to the highly significant
effect ofdiet on larval duration, there was no detectable effect of diet, sex or population on the
pupal duration (median=12 days) based on model comparisons, anddgpllomvariate gim
analyses suggested that the duration of this ontogenetic stage is higldyweadnwith regard to

the three predictor variables used in this study.

Plant Trait Analysis

Correlation analysis of the leaf traits revealed that many of the leaf traitgaifecantly
correlated (Figure A1). Principal component analysis for the kaf trait response variables
revealed that 43.5% of the variance could be explained by PC axis 1 (PC1) and 25.3% by PC
axis 2 (PC2). When the two axes are graphed (F@g6)ethe native species grouped closely

together in trait space wheregasobtusiolia was separate. Higher PC1 axis values indicate
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overall higher leaf defenses and less nutritious leaves. The majority of the variance (54.9%) for
PC1 was explained by leaf thickness and 68% of the variance for PC2 was explained by leaf
chlorophyll (Talde 2.7).

Univariate analyses on leaf trait response variables by plant species did not reveal host
plants that were clearly best for herbivore development with respect to both defense and nutrition
traits (Figure2.7). For examples). glabrahad a signitantly higher P concentration compared
to three of the other species, although the C:N ratid. glabrawas not significantly lower than
T. latifolia andC. obtusifolidN diets that resulted in significantly lower pupal and adult
tameameanasses B. gandishad significantly higher C:N ratio and significantly lower
chlorophyll concentration in its leaves compared to the other plant species, indicating lower leaf
nitrogen compared to the other species (Figuie

Regression analyses failed to revaghificant relationships between any of the leaf traits
and corresponding herbivore performance on the diets, most likeliodhe limited sample size
(N=5 species; Table.?2). Two regression analyses that were marginally significant (P<0.1)
showed an mexpected inverse relationship between leaf chlorophyll concentration and pupal and
adult mass, suggesting that greener, more nitrogenous leaves were negatively related to

performance (Figurg.8).

Discussion

Vanessa tameaméaitterfly performance variesignificantly acrossinknownand
confirmedurticaceousostplant diets. The results from this bioassay highlight how host plants
may influence different aspects of herbivore performance, emphasizing the need to examine

multiple fitness metrics in a biossy studyKariyat & Portman 2016)Overall, butterflies
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performed best obrera glabraandPipturus albidws. Butterflies reared on these diets
outperformed or equallperformedwell (in comparison to other dietagross three dive
performance metricdndividuals reared ob. glabraexhibited high survivaand high pupal and
adult masses. Individuals rearedralbidusexhibited high pupal and adult masses amagdhed
pupation significantly faster than individuals reared on other native plant diets. In comparison,
individuals reared oB. grandishad high pupal and adult masses, but reached pupation
significantly slower thaimdividuals reared oall of the othediets.Individualsreared orcC.
obtusifoliadid not pupate significantly faster than individuals Reclbidus but they did have
significantly lower pupal and adult masses tRamlbidus With regard to larval durationhé
large difference in length ¢érval phaséi.e., between butterflies reared BngrandisversusP.
albidug is biologically significant as the risk of parasitism and predation may increase with
prolonged exposure at this ontogenetic s{@gparey & Denno 1997)

Additional variation in performance metrics was detected among populatidhs of
tameameand between sexes. Males frtme Saddle Road population had significantly lower
pupal and adult masses compared to Saddle Road feinajeneral, females were heavier than
males among the @hu populations, but there were no significant differences in pupal or adult
mass between sexes for these populations. In the order Lepidoptera, sexual size dimorphism
favoring larger females is noncommon(Lederhouse et al. 1982; Rutowski 1997)

Of particular interest, both@hu populations recognized the amativeC. obtusiblia as
a viable food source, whereas the Saddle Road population from ®lskeaid did notCecropia
obtusifoliais in the tribe Cecropieae and is phylogenetically distinct from the other plant species
used in this studyC. obtusifoliaalso grouped in aeparate trait space than the native plant

species in the PCA plot, signifying that it is not oelplutionarily distinctbut also functionally
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distinct from the four native plant species based on the leaf traits used in thidJsttiidy.
recently, thespecies was placed in a separate family (Cecropiaceae) until this family was found
to be monophyletic to Urticace@€onn & Hadiah 2009; Wu et al. 2013; Treiber et al. 201k6)
Hawaid, C. obtusifoliahas becomeaturalized, and is considered invasive. It is adastving
tree species that can grow to heights greater than (Y8agner et al. 1999; [CTAHR] 2003;
Daehler 2009)The differences in larval recognition and giteace ofC. obtusifoliaas a larval
diet among the different populations could be due to genetiqMi@gsonnet & Weisser 2004)
BecauseC. obusifoliais found on both OOahu dradwaid Island, it is difficult to understand
why there would be selective pressure for O®attarfliesand notHawaid Islandbutterfliesto
recognize the invasive species agable food source as larvaeéuture stdies should investigate
adult femaleV. tameameaecognition ofC. obtusifoliaas a host plant by quantifyidgmale
oviposition preferences amo obtusifoliaand known native host plants.

Despite including a range of putative defensive and nut+iiased laf traits, no
significant relationships between leaf traits and herbivore performance were detected. This could
be due to the small sample size of the regression analyses (N=5), or may indicate that the most
bioactive traits were ignored. For example, exetion of secondary chemistry of the diets
could reveal chemical defenses for those species associated with poor butterfly performance.
Interestingly, the two marginally significant negative correlations of pupal and adult mass to leaf
chlorophyll were irthe opposite direction to initial predictions, revealing that herbivore
performance was on average higher on species with lower leaf chlorophyll content. Given that
nitrogen is a key nutrient for herbivores and chlorophyll is an important source oenittbgs
result is surprising. None of the other traits, nor the composite PCA vector, were significantly

related to any metric of herbivore performance. Leaf traits can be highly variable across regions
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(Hulshof & Swenson 2010; Kichenin et al. 201Because all of the leaves for the bioassay and
for the subsequent leaf trait analyses were collected from t@éaianountain range on Oahu,
results from the bioassay and from the trait analyses may be subject tooplaliatipn bias.
Additional leaf trait analyses conducted on other populations of the five plant species may reveal
significant differences in these parameters among populations.

Insect herbivore performance on its host plants depends on a wide vafaatiood,
including not only the leaf functional traits investigated in this study. Differences in performance
can be explained by other factors such as the protein to carbohydrate ratio of the plant diet and
also secondary compoundse 2007; Roeder & Behmer 2014 class of phenolic compounds
known as ellagitannins have been implicated as Lepidofaegated defense compounds
(Barbehenn et al. 2006; Moilanen & Salminen 2008pidoptera have high pH (alkaline)
midguts(Berenbaum 1980; Dow 199 llagitannins are plant compounds that at high pH
ranges become oxidized and thus damaging to t{84okanen & Salminen 2008}-uture
analysis of ellagitannins of the five planesges used ithe bioassay wouldeterminevhether

butterfly performance is negatively correlatedioactiveellagitanninconcentration

Conclusion

The variation invV. tameameautterfly performance across native diets suggestsitiat
all native and known hostants for the insect provide equally suitable di¢te abilityof the
endemic butterflyo utilize and pupate on a nortive, invasive plant species thatistantly
related taand groups in a separate trait space (i.e. functionally distinct)réoognizedcative
host plants suggests that the butterflyOs abilgwiich hostplantsor at least expand its host

plant rangein the wild is feasibl@andlends reason to believe thaipulation declines arot
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due to host plant declineAt the veryleast, all plants diets used this experiment, if

recognized, allowed for complete development of the insect from caterpillar to butterfly.
Interestingly Vanessa tameameerformed best obrera glabraandPipturus albidus These

two species are phylogeticallydisjunctand areplacedin two differenttribes. The following
bioassay highlights not only populatitevel differences in larval recognition of (potential) host
plants, but also that evolutionarily distdmutst plants can provide equally sulgabiets for an

insect endemic to an oceanic archipelago.
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Tables

Table 2.1 PCA loadings for six leaf trait response variables for the five plant species used in the
Vanessa tameamé@oassay. PC1 and P@iintly accounted for 68.8% of variation among leaf
traits.

Response variable PC1 PC2
% total variation explained 43.5% 25.3%
C:N ratio 0.474 -0.032
Chlorophyll concentration -0.206 0.688
LMA 0.428 0.274
Leaf thickness 0.549 0.036
Leaf phosphorous -0.408 -0.418
Leaf calcium 0.287 -0.524
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Table 2.2 Results from regression analysis that compared butterfly performance to leaf traits of
plant species used WVanessa tameamddoassay. AllF-statistics are based on 1 and 3 degrees of
freedom. Pvalues with (+) indicated-palue<0.1. Meaningful regression analyses (i.e. positive
adjusted B are highlighted in bold. PCA 1 is a combined leaf trait variable in which higher
values indicate pldarspecies that are less nutritious and exhibit greater leaf trait defenses.

Response | Regression| Mean pupal Mean adult | Mean larval Median
variable statistic weight weight duration larval
duration
C:N ratio Multiple R* | 0.1946 0.271 0.2316 0.2371
' Adjusted B | 0.07383 0.02794 -0.0246 -0.01726
F-statistic 0.725 1.115 0.904 0.9321
P-value 0.4571 0.3685 0.4119 0.4055
Chlorophyll Multiple R | 0.6643 0.6754 0.1006 0.08104
Adjusted R | 0.5523 0.5672 -0.1992 -0.2253
F-statistic 5.935 6.242 0.33% 0.2646
P-value 0.09281+ 0.08784+ 0.6031 0.6425
LMA Multiple R? | 0.05417 0.1099 0.006919 0.002495
Adjusted B | -0.2611 -0.1868 -0.3241 -0.33
F-statistic 0.1718 0.3703 0.0209 0.007505
P-value 0.7064 0.5858 0.8942 0.9364
Lhe'ali Multiple B | 0.2619 0.2082 0.002076 0.00514
thickness
Adjusted B | 0.01585 -0.05573 -0.3306 -0.3265
F-statistic 1.064 0.7889 0.006242 0.0155
P-value 0.3781 0.4399 0.942 0.9088
Mean leaf p | Multiple R% | 0.02148 0.01416 0.02537 0.03123
Adjusted B | -0.3047 -0.3145 -0.2995 -0.2917
F-statistic 0.06584 0.04308 0.07809 0.09672
P-value 0.8141 0.8489 0.7981 0.7762
Mean leaf C | Multiple R? | 0.1564 0.09509 0.03002 0.01452
Adjusted B | -0.1248 -0.2065 -0.2933 -0.314
F-statistic 0.5561 0.3153 0.09286 0.04419
P-value 0.5099 0.6137 0.7805 0.847
PCA 1 Multiple R> | 0.1979 0.09509 0.06964 0.05544
Adjusted B | -0.06952 -0.2065 -0.2405 -0.2594
F-statistic 0.74 0.3153 0.2246 0.1761
P-value 0.4529 0.6137 0.6679 0.703
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Figures

/] - WA »",},;‘/‘ i “i

Figure 2.1 Vanessa tameamé¢iom bottom left, clockwise): adult butterflies exhibit sexually
dimorphic wing color patterns; larvel tameamegshowing fifth instar caterpillars) can exhibit
non-sex related color differences; hardened chrysalis edmeameaPhotos courtesy of Will

Haines and Kari Bogner.
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Figure 2.2 Percent survival for N224Vanessa tameamdatterflies for bioassagxperiment
Survival bars are grouped by butterfly populatiBatterflies that eclosed with deformities that
prevented them from taking flight were classifies dead. All Saddle Road larvae that were fed
C. obtusifoliadied within the first instar.
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Plant Species B. grandis —e— P. albidus —e— T. latifolia U. glabra —e— C.obtusifolia

: Leaf thickness
C.:N ratio

PC2 (25.3% explained var.)

-4 -2 0 2 4
PC1 (43.5% explained var.)

Figure 2.6. Scatterplot of PCA results for leaf trait variables grouped by one of five species of
Urticaceae used iManessa tameaméassay studyPC1 and PC2 axes (combined) explained
68.8% variation among leaf traifBable2.1 has loadings for PC1 and PC2 axes.
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Appendix A2

Figure A2.1 Experimental layout fovanesa tameamehioassay.
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