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Abstract

Pollinator mediateeselection is responsible for much of the phenotypic diversity exhibited
by flowers.Flowering plants thatttract a diverse range of pollinators represent a generalist
pollination system in which selection is exerted by mdifferent pollinators. However,
generalist pollination systems are difficult to study. They are frequently overlooked,
because directional selection may be limited and diffuse selection exerted by pollinators in
floral traits is hard to tesThus, speciasdt flowering plants attract specific pollinator guilds,
which mediateslirectional or stabilizing selectiamn floral traits.Selection by a guild of
pollinators, such as bees, birds or baés led to the convergence of floral phenotypes,
known as poliation syndromed-lowering plants associated to pollination syndromes
belong to a specialist pollination system. Whileyering plantshatattract a diverseange

of pollinators represera generalist pollination systeimwhich selection is exerted by

many different pollinatorsHowever generalist pollination systems are difficult to study
They are frequently overlooked, becadgectional selection may be limited and diffuse
selection exerted by pollinators in floral traits is htréssesOneway © understand the
evolution of floraltraits and pollination systems involves explorthg genes encoding

floral traits subjecto pollinatormediated selectiof©One good family for exploration of

these topics is the Cleomaceae, which exhibits vanaii floral traits, has species

displaying generalist and specialist pollination systems and is an emerging model system
for studying floral evolutionln thisthesis, | useé natural historyof Cleomaceae species

and molecular methods tmmpare th@ollination biologyand genes encodiripral traits

from plants exhibiting generalizext specialized floral traitd observed plants with floral

traitsthatcould be subject to pollinatonediated selectiosuch as color, and nectar glands,



and therl used transcriptomics to identify candidate genes that may be responsible for
differences in these floral traits.

My thesis begins by proposingcamprehensivéramework that incorporates both
ecological and genetic pollination studies, which | hdefned as integrative pollination
studies| reviewed genéc techniques used to explogenes underlyinforal traits and
discusghe use of nd generation sequencing to styabllination. Second, | stueld the
pollination biology of two Cleomaceae speqmessent in Alberta, which differ in main
floral traits Cleomella serrulatgPursh)E.H. Roalson and J.C. HadindPolanisia
dodecandrgL.) DC to determine thie pollination systera | determined thatdith species
havea generalist pollination system,tlibhere were differences therichness and
composition ofpollinators between themdue to main differences in floral traits and
population locationsTo examine differences in the floral evolutionspiecies exhibiting
generalizedind spedallized floraltraits, | identified putative candidate genes responsible
for pollinator attractionthenl studied the floral transcriptome of eetwogeneralis
species, along witthe specialisMelidiscus giganteuf..) Raf. Despite phylogenetic
distancethe genaalist specie€. serrulataandP. dodecandrahared more transcripts
when compare witM. giganteusl then examinegutative candidate genes tay floral
traits and foundlifferences in genesodingfor color and nectary traits between geneatali
and sgcialistspecieghat could be subjected to selection by pollinatbievever the
genescoding forfloral traitsin specialist and generalist specresresimilar overall
Finally, I aimed to dowsregulate candidate genes important for pollinattmactionto
obtain plants with modified phenotypes thatild be used in pollinatoeference tests.
tesedthe feasibility ofthevirus-inducing gene silencing (VIGS) techniqueHn

dodecandraUnfortunatelythis species wasot amenabléo this technique but it was



feasible inCleome violaced.., which may be a goothndidatespeciedor further
pollination studies

Overall, my results indicathat species exhibitingeneréized and specialized
floral traitsweresimilar in terms of gene repeites despite being pollinated by different
pollinators and despite phylogenetic distantée generalist speci@gerepollinated by
differentpollinator assemblagedthoughthe populations were located nearlbliough the
floral transcriptomsof the gengalist speciesveremore similar to each othénan to that
of the specialistgeneralists and specialigere alike in terms ajene repertoire Taken
together, this thesmdvances our understanding of the pollinabaiogy and genetics of
the floral traits in Cleomaceae. | recommend labmaceae be used as a comprehensive
model to studyhetransitions between generalist and specialist pollination systemigo

study the evolution of floral traits imptant forpollinator attraction.
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Chapter 1: Introduction

Pollination is a process of vital biological importance for plant reproduction, in
which pollen is transferred to the stigma to facilitate fertiliza¢i®roctoret al. 1996;

Willmer 2011) This transfer can be performed by abiotic and biotic vectors. Abiotic
vectors include water and windhile biotic vectors include, birds, mammals, reptiles and
insects. Mosangiosperms have biotic vectors that transfer ppigrnchare known as
pollinators and insects are the most diverse group of pollinators. Plants exhibit a huge
variation in floraltraits associated with pollinator attraction, whichrpotes great diversity
in flower size, shape, colors and glarieterrera and Pellmyr 2002b; Proctiral. 1996;
Willmer 2011) The astonisimg diversity in floral traits is the result of selection exerted by
pollinators(Proctoret al. 1996; Willmer 2011)andpollinatormediated selection dioral
traits hasheenfrequently studiedBaucomet al.2011; Bolstacet al.2010; Campbelet al.
1996; Cronk and Ojeda 2008; Galen 1999; Johnston 1991; MedkeP003; Sandring ah
Agren 2009; Sobradt al.2015; Willmer 2011)

Pollinatormediated selection in floral traits can cause strong directional selection
and/or stabilizing selection on speciftaits, which couldpromotefloral trait diversty
(Fensteret al.2004; Schemske and Bradshaw 1999; Sleteoll.2016; Zhao and Wang
2015) In order to study evolution and pollinaterediated selection on floral traiisis
crucial tounderstanavhich genes encodtoral traits, because genes and their ulyiteg
variation play a major roli the floral phenotypes exhibited by pla(@apir 2009b;
Sedeelet al.2013) Additionally, changes in pollinator behavior can in turn lead to
variation in these floral trait®evauxet al.2014; Fensteet al.2004; Kay and Sargent
2009; Sapir 2009bYhere arewo majortypesof pollination systemsgeneralist systems
in which flowersexhibit simple floral traits, the rewards are exposed to pollinaacs
they are pollinated by wide taxonomic range of pollinatpfsut not all the generalist
species are pollinated by the same kind of pollinators and variatior{ld&rsera 2005;
Herrera and Pellmyr 2002b; Proctgdral. 1996; Willmer 2011)and specialist systems, in
which flowers exhibit complex morphologies, the rewards are frequently concealed, and
they arepollinated by a specific pollinator guiltHerrera and Pellmyr 2002b; Proctiral.
1996; Willmer 2011)Flowering plant species belonged tgpa@alistpollination system
attract specific pollinatoguilds, which mediatestrongselection on floral traitsThus,



selection by a guild of pollinators, such as bees, birds or bats, has led to the convergence of
floral phenotypes, known as pollination syndromesvhich traits as morphology, color,
size, sent and rewards aoerrelated with pollinator traitdroctoret al. 1996; Rosds

Guerrercet al.2014; Willmer 2011)Most of the research exploring the genetic basis of
pollination systems have been done in species exhibiting specialist pollination systems
specifically species exhibiting differepollination syndromedyecausé¢hese specidsave
distinct traits that correlate with specific pollinators and the traits therefore are likely tied to
pollinatormediated selectig andin some caseshe genes involved in thigocess have

been identied (Cronk and Ojeda 2008; Epperson and Clegg 1992; Gébilk 2009;
Hoballahet al.2007; Klahreet al.2011; Schemske and Bradshaw 1999; Verdsired.

2005; Xuet al.2012) Although, in natre, generalist pollination systems are more frequent
than the specialist onethe genetic basis of generalist pollination systeniieciently
underexploregdbecause the traits are under diffuse selection exerted by different pollinators
(Kessler and Baldwin 2011; Sapir 2009b)

In my thesigesearch, | use@leomaceaea group that exhibits both types of

pollination systemas a model to exploitbe pollination biology of twepeciesexhibiting
generalized floral traitand toelucidate the genetiariation underlying generalized and
specialized floral traitsT his allowed me tadentify putativecandidategenes encoding
major floral traitsthat are likelysubject tadiffuse pollinatormediated selectiom
generalist@anddirectional pollinatoirmediated selection igpecialistpollination systems.
My researctadvanceshe pollination biology knowledge adpecies that have generalized
traits and in the understanding of gewedifferences and similarities betwe€leomaceae
species exhibiting generalized and specialized floral tiaits also one of the few studies
thathasused a huge amount of data derived fidaxt Generation SequencingGS) to

comparegene repertoireis bothpollination systems

1.1 Geneticstudies of pollination systems

Pollination studies that involve ecology and genetics have gotential to
understandomplex interactionsuchaspollination systems and theiv@ution (Clareet
al. 2013; Kay and Sargent 2009; Kessler and Baldwin 2011; Kexsir2008; Mayeret
al. 2011; Sapir 2009b)rhe numbers of studi@svolving the genetic basis gbllination



systems have increasedrecent yearfClareet al.2013) Both forward and reverse genetic
approaches (reviewed in Chapter 2), have been used to better understand the genetic control
and regulation of major floral traits, pollinator shifietween closely related species, and

floral traits under pollinatemedated selectioffKay and Sargent 2009; Kessler and

Baldwin 2011; Kessleet al.2012; Owen and Bradshaw 2011; Sapir 2009a, b; Sapir and
Armbruger 2010; Sedeedt al.2013; Sharma and Kramer 2013; #ual.2012; Yuaret al.

2013). These approaches and their potential applicafmreddressg the evolution of

pollination systems and the putative genes encoding major floral traits for pollinators
attraction are detailed in Chapter 2.

To study the evolution of plaiollinator interactions and the putative genes
encoding floral traits, next gemtion sequencing (NGS)aspowerful technique that
generates vastmounts of genomics and transcriptomics data in model anrchodel
species. Wholegnome sequencing is often condudtechodel organisms and provile
valuable information about insemis/deletions, mutations, single nucleotide variants, and
differences in genes copy humig€tareet al.2013; Hawknset al.2010) Alternatively,

RNA sequencing is frequently used in model and-maalel organisms and allows the
identification of all transcripts present in the sample. Transcriptome datareeide
information on nucleotide variation, identificatiof rare transcripts, and transcript
expression levels across different tissues types, time periods, and across species. In
addition, we can perform transcriptome comparisons among species and in natural
populations. Transcriptomics have been used toystdnich floral traits and genes are
involved for pollinator attraction i@phrys a sexually deceptive orchid representing a
specialist pollination systef$edeelet al.2013) Moreover, transcriptomics have been
used to find candidate seffcompatibility genes in send cross pollinated flowers of
Erigeron breviscapinuévaniot) Hand-Mazz(Zhanget al.2015b) NGS techniques and
their application irpollination research are reviewed in Chaptang these techniques are
applied in Chapter.4n Chapter 5, twaf the methods proposéthapter2, virus-inducing
gene silencing (VIGSAnd chemical mutagenesseexplored apossible tod for

modifying floral traits inCleomaceae species.



1.2. Pollination biology studies in Cleomaceae

Cleomaceaéelongs tahe orderBrasscalesandis the sisterdmily to
Brassicaceaayhich includes mangconomicdly important crops and the model pldoit
evolutionarystudiesArabidopsis thaliangL) Heynh Cleomaceae is a relativesynall
plant family thais comprisedf approximately 270 sppit has a cosmopolitan distributipn
though the major diversity is foumd warm temperate and tropical regiqifatchellet al.
2014; van den Bergét al.2016a) The family is compellindor studying pollination
biology because its flowers exhibit variation in morphologiraits traditionally assoated
with pollinator attraction. iese inalde different florhsymmetries, pigment colopetal
shape, size and curvature, stamen number and legygtbphore(stalk structure that
suppors the gynoeciumelongatiorand curvatug, nectar guides and nectar productiand
nectar gland color, size and locati@ane 2008a; Higueriazet al.2015; Machadet al.
2006; Patchelet al.2011; Raju and Rani 2018ecause of their floral morphology, most
Cleomaceae species presumably exhibit a generalist pollination systestudies suggest
they arevisited bya wide range gpollinator guilds(Cane 2008a; Higueriazet al.2015;
Martins and Johnson 2013; Raju anchR2016) However,somespeciesexhibit a
specialist pollination system, withollinatorsincluding bats and hawkmotiisleminget al.
2009; Machadet al.2006) Despitethe variation ghibited i floral traits, pollination
studies are scarce in the fami{yane 2008a; HigueiBiazet al.2015; Machadet al.
2006; Martins and Johnson 2013; Raju and Rani 2@d@lination biologyhas been
studiedin only 10 speciesof which ive exhibit a generalist and fiveespecialist polliation
system(Table 1.1)In Chapter 3, | investigat the pollination biology of two native
Cleomaceae specipspulationsn southern AlbertaCanadaC. serrulataandP.
dodecandral focused on these species bexmthey were present in the proviceltheir
pollination biology is understudied collected empirical pollination dat&€hapter 3)

which | relatedwith their floral transcriptoméChapter 4)

1.3 Genomics and transcriptomics studies in Cleomaceae
Cleomaceae is a well exploretbdel b addres major evolutionary questions
beyond pollination biologyThese questions includederstanding the presence and

consequences of whole genome duplicatiarSleomaceaand Brassicaced8arkeret al.



2009; Mohammadiet al.2015; Schranz and MitcheDlds 2006a; van den Bergt al.
2016a; van den Bergdt al.2014) In addition,research in Cleomacea®/olvessystematic
and phylogenetic inquirigélall 2008; Indeet al.2008; Patchelet al.2014; Riseet al.
2013) origins, evolutionand regulatiorof C3 andCs4 carbon fixation pathway@rautigam
et al.2011a; Feodorovat al.2010; Kulahoglwet al.2014; van den Bergét al.2014)
evolution of glucosinolates biosynthetic pathway and their rabaipollinators attaction
(van den Berglet al.2016a) arm race between Brassicakend their Pieridae butterflies
herbivoregEdgeret al.2015) evolution and morpHogical diversity in Cleomaceae
(Bhideet al.2014; Chengpt al.2013; Edgeet al.2015) and the study of long necoding
RNAs and their conservation in Brassicaceak @eomacea@Mohammadiret al. 2015)
Many genomics and transcriptomics daets have been generated to address the
above questiong.or example, the transcriptorsidata generated tmderstand the
evolution of G carbon fixation pathways has been used to examine glucosinolate diversity
and their potential link witithebat pollination syndromédlahogluet al.2014)
Moreover,researchers have identified putative genes involved in fiagatentproduction
responsible for flower color, which is a key trait fallinatoratraction(Bhideet al.2014;
van den Bergh 2017Zurrently, there ar&ull genomesavailablefor two specie®f
Cleomaceadarenaya hassleriangChodat) lltis(Cheng etl. 2013)andCleome violacea

L. (https://genome.jgi.doe.gov/ClevioStandDrafi) addition, there iIRNA sequencing

data fordifferenttissues andevelopmental stages five Cleomaceae speciasdone
hybrid (Table 1.2) However theabove aforementionetld na explore the genetic
variationunderlying different pllination systems in Cleomaceaad few studies address
the genes encoding majooffal traits and the role of the gerfes pollinatorattraction
(Bhideet al.2014; Kulahoglet al.2014; van den Bergét al.2016a) Furthermore
empirical pollination studies and genetic basis afdlléraits are overlooked in thiamily.
In Chapter 4, | performed a transcriptome analysis in three Cleomaceae spekiesl&de
gene repertoire variations gpecies exhibiting generalized amqésialized floral traitsl
identifiedgenes putatively associated with floral traits importanpollinator attraction.
Further, Iperformedcomparisons betweeapecies witlgeneralist ad specialistraits
which is important tdind putative candidatgenescoding for floral traits that could be
subject to selection pressutespollinators


https://genome.jgi.doe.gov/ClevioStandDraft/)

1.4. Objectives and outline

This thesis explorethe polination biology and the genes encodingfforal traits in
three Cleomaceaspecies, which exhibigeneralized and specialized traits Chapter 2, |
perform a literature review inttve molecular techniques and new technologies used to
study floral traits and how these can be incorporated into ecological pollination studies
through an integrative paflation studies approar which, | connecempirical
pollination data anthe genes encoding for traits important for pollinator attraction
Chapter 3, | investigatie pollination biology ofvild populations ofCleomella serrulata
andPolanisia dodecandran southern AlbertaCanadaMy aimed was to identifthe type
of pollination system in these spegidsscribing and comparirige floral visitor for both
species and their effeoh plant fitnessin Chapter 4, | performa transcrippme analysis in
three Cleomaceae species exhibiting different pation systemt make qualitative
comparisons between the genes founspiecies with generalized and specialized floral
traits and pollinatorand to find putative candidate genes encgdioral traits important
for pollinator atraction. In Chapter 5, | determitige efficacy of VIGS and mutagenesis
methodologies to obtain altered phenotypeB.idodecandrawhich could be used in
future studies on pollinator preference teBteally, in Chapter 6, | end my thesis with a

synthesis ofieneral findingof my researcland future directions
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Table 1.1.Different pollination systems exhibited by Cleomaceae spegigiored to date

Pollination system Species Major pollinators References
Generalist Arivela viscosdL.) Raf. Bees, butterflies, flies Rajuand Rani 2016
Cleomella lutegHook) E.H. Roalson and J.C. Hall Bees, butterflies, flies Cane 2008a
Cleomella serrulatgPursh)E.H. Roalson and J.C. Hall Bees, butterflies, flies Cane 2008a
Gynandropsis gynandr@..) Brig* Bees, butterflies, Raju and Rani 2016
flies, moths Martins and Johnson 2015
Specialist Cleome anomal&unth Bats Fleminget al 2009
Cleomdla arborea(Nutt) E.H. Roalson and J.C. Hall Bats Fleminget al. 2009
Cleome moritzian&lotzsch ex Eichler Bats Fleminget al. 2009
Melidiscus giganteuf_.) Raf. Bats Fleminget al 2009
Tarenaya spinoséJacq.) Raf. Bats moths Machadoet al.2006

* African populationsappeato be specialist(Martins and Johnson 2013), while Asian populatiapgearto be generalist(Raju and
Rani (2016).
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Table 1.2Available RNA sequencing data of differdigtsuesn Cleomaceae species.

Species

Tissue References

Cleome droserifoligForssk) Delile

Cleome violacedl.) Raf.

Gynandropsis gynandr@..) Brig.

Tarenaya spinos@lacq.) Raf.

Tarenaya hasslerianéChodat) Iltis

Flowers, roots, young leaves Mohammadiret al 2015

Buds, open flowers, fruits, roots, seedlings, st Edgeret al.2015

Flowers, leaves, roots, seedlings Brautigamet al.2011a,Kulahogluet al.
2014
Leaves Barkeret al.2009,Brautigamet al.2011a

Apical meristem, buds, leaves, open flowers, Bhideet al.2014 Kulahogluet al.2014

roots, seedlings
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Chapter 2: Bridging pollination ecologyand floral developmental evolution through

molecular techniques: A review

2.1.Introduction

Animal pollination is a criticaprocess foreproductiorof most angiosperms
speciesThrough specific cues and rewardswfers attract pollinators such as icise
birds, lizards, bats, and small mammals to vector and deposit pollen between conspecific
plants(Proctoret al. 1996; Willmer 2011)Due to its importance, plaipollinator
interactions have been widely studied from an evolutionary perspective, focusing on
generalizedss.specialized pollination systen&rmbruster 2012; Johnson and Steiner
2000; Waseet al.1996) pollination syndrome@~ensteret al.2004; Fernandeklazuecos
and Glover 2017; Martiet al.2008; Ollertoret al. 2009; Ollertoret al.2015) the
influence of pollinators on the evolution of plant mating systédevauxet al.2014;
Karronet al.2012; Mayetet al.2011) the evolution of floral traiteFernandeaVlazuecos
and Glover 2017; Schiestl and Johnson 2013; Setiéh. 2008; Spechét al.2012)
pollinatormediated selectio(Gchiestl and Johnson 2013; Smith 2010; Swital. 2008;
van der Nietet al.2014) and how variation in floral tis can influence pollinator
behavior, leading to changes in pollinator commun{i&sttka and Raine 2006; Dyet
al. 2007; Mayetret al.2011) There are threeommon approaches to studying pollination:
(1) ecological studi which focus on behavioral responses of pollinatodsfterent floral
phenotypes(2) evolutionary studies that focus on the genetics underlying floral traits
presumably involved in pollinatiorand (3) phylogenetic studies that look at changes in
morphology in plants over tim@rigure2.1). However, the link between the genetic basis
of floral traits and their effects on pollinator attraction is still poorly understood
(FernandeiMazuecos and Glover 2017; Sapir 2009b; Sapir and Armbruster 2010g¥uan
al. 2013). It is important to establish this linkecause changes in genes encoding main
floral traits may affect the phenotype, which could affect the pollinator behavior and in turn
plant fitness. Many studies have determined the genetic basis of floral teargnge of
lineageqAndersoret al.2011; Stellaret al.2004; Yuaret al.2013; Zhanget al.2010)
yet, few investigationsicectly test how genetic changes in floral traits affect pollinator

attraction and plant fithegbut see Kessleat al.2008; Owen and Bradshaw 2011; Sheehan
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et al.2012; Yuaret al.2013). Swudies that integrate both the genetics underlying a floral
trait and pollinator response to variation in the same trait, hereafter referred to adivgeg
pollination studiesprovide a powerful tool to link phenotypic variation in flowers and
pollinatar behavior to pollinatemediated selection and the diversification of flowering
plants (Figure2.1).

Studying pollination using genetic tools is an example of a new field called
ecogenomicswhich study how ecological interactions are affected by diftefeetors
including development, genotypic, and subsequent phenotypic vali@idrorg and
Vriezen 2007)We are now poised to make great strideiiing the genetic basis of
floral traits and the impact of pollinators in shaping these traits. Data on the genetic basis of
traits potentially linked to pollinator interactiorsniow availabldrom a range of plant
speciesMoreover, these studies aremplemented by an unprecedented amount of
accumulated genomic data in model and-naodel organisms obtained using Next
Generation Sequenci{flGS)technologiegAlmeidaet al. 1997; Bendeet al.2012;
Bhideet al.2014; Hoballalet al.2007; Lulinet al.2012; Sedeekt al.2013; Sheehaet
al. 2012; Xuet al.2012) Thed o mi(gemsodics, transcriptomics, proteomics and
metabolomics) diéved data from NGS and other technologies can be used to perform broad
scale genomic comparison studies in plants that differ in floral morphology, reproductive
strategy, life history traits and pollinator guilds, which can in turn be used to direttly tes
function of trait variation on pollinator behavior and relate them to plant fithess. Here we
review 1) techniques used to address the genetic basis of floral traits important for animal
mediated pollination; 2) potential applications and pitfalls of N@8 an emphasis on
identifying which candidate genes and metabolic pathways can be modified for integrated
pollination studies; and 3) examples of emerging plant systems that are good candidates for
these studiesNe also highlight how this approach canused to study the evolution of
specialist, generalist and deceptive pollination systems. Finally, we identify questions and
make suggestions for future research, emphasizing the significance of NGS for studying

pollination using an integrative approach.
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2.2.Beyondthe classic morphological manipulation techniques of floral traits

2.2.1.Pollinator preference studies

The first step to investigating the relationship between floral traits and pollination is
often a study of pollinator preferencasdthese studiesdve primarily focused on flower
color (Chittka and Kevan 2005; Gumbert 2000; Hanseal.2012) flower symmetry
(Horridge 1996; Mgller 1995)nflorescence display sizéBayo-Canhaet al.2007;
SchmidHempel and Speiser 1988|pral scent§Gaskett 2011; Kesslet al.2008) and
nectar productioErhardt and Rusterfn1998; Hanseet al.2012) Most studies have
been performed with honeybees and bumblebees, but other taxa like beetles, butterflies,
flies, birds and bats have also been exam(iiBzkeret al. 1998; Dornhaus and Chittka
1999; Erhardt and Rusterholz 1998; Goldblatt and Manning 2000; Harder and Johnson
2005; Horridge 1996; Lewis 1986; Menzel and Muller 1996; Mgller 1995telM2000;

Nealet al.1998) Furthermore, many studies have addressed how certain combinations of
floral traits attract pollinator guilds and how pollination syndromes are associated with
floral diversification and speciatidifrensteret al.2004; Fensteet al.2009; Hodges and
Kramer 2007; Whittall and Hodges 2007; Willmer 2011; Wilsbal.2004)

Researchers have historically studied pollinator preference using techniques such as
artificial flowers, clippingand painting petals, and artificial scents. While these techniques
are valuable, they are not ideal; artificial flowers are simple models that mimic floral shape
but they are often far from the essence of a real flower. Furthermore, some of these
experimets physically damage the flowers and the observed changes in pollinator behavior
may be, at least in part, a response of confounding factors such as alterations in floral size
and shape, and chemical sign@ealet al. 1998. Some floral traits such as floral scents,
flowering date, nectar composition, and pollen production prove very difficult to
manipulatgNealet al. 1998; Raguso 2008The development of thredtmensional printed
flowers has resolved morphological issues, allowing for the modification of color, shape,
size, @enscent(synthetized scents are appliedhe artificial flowers)and other physical
traits inartificial flowers(Polichaet al.2016) However, the plastic material used, the

colors, and their texture are still orfgcsimiles of real flowers.

2.2.2.Molecular approaches to testing pollinator preferences
The most effective approach to modifying floral traits while limiting confounding
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factors may be through genetic manipulation. We can genetically modify plantsrto al

floral phenotypes, which in turn can be used to evaluate pollinator response and subsequent
effects on plant fitness. A key prerequisite for these experiments is appropriate knowledge
of the genetic basis of these traits. Prior to the cufr@mics ea, most evadevo studies
compared gene expression patterns and, ideally, functional tests to identify candidate genes
for manipulation (Tabl@.1). In general, candidate genes are selected based on known gene
function primarily in model species, which allais to make inferences about conservation

of gene function in species other than model syst@@menket al.2002; Gubitzet al.

2009; Pfliegeet al.2001) Thecomparative gene expressiapproach has led to

substantial understanding of genes underlying floral traityjdimad floral color(e.g.,

Clegg and Durbin 2000; Dyet al.2007; Epperson and Clegg 1992; Hobakakl. 2007;
Quattrocchicet al. 1999; Rausherral Fry 1993; Whiblewt al.2006; Xuet al.2012) scent

(e.g., Dudarevat al.1996; Dudarevat al. 1998; Kessleet al.2010; Kessleet al.2008;

Sedeelet al.2013; SpitzeiRimonet al.2012; Verdonlet al.2005; Xuet al.2012) and
symmetry(e.g., Altieri 1999Bey et al.2004; Hileman and Cubas 2009; Kramer 2§09
Pashleyet al.2006; Zhanget al.2010)

Genetic mapping of lab crosses using quantitative trait loci (QTLS) or near isogenic
lines (NILs) is another approach to identify the genetic bases of key plan{re=iesved
Anderson and MitchelDlds 2011; Cronlet al.2002; Rifkin 2012) QTLs are a statistical
method used to link morphological and genetic data where the main goal is to identify
chromosomal regions and linked genes underlying the trait of interest. Hisyotticall
genes in QTLs were largely unknown, but more recent studies are pairing next generation
sequencing with QTLs analysis to concurrently identify gé@etik et al.2017; Luoet al.

2012; Pootakharat al.2015; Zouet al.2013) The QTL approach (Tabk1l) has been

used to study complex floral traits itelianthus(Sapir 20093)Iris (Martin et al.2008)
Mimulus(Schemske and Bradshaw 1999; Yeaml.2013), PenstemorfWessingeet al.
2014, andPetunia(Gubitzet al.2009; Klahreet al.2011) NILs, a similar method, are

used as starig material to get introgression lines through recombination of subsequent
crosses. Usually crogmarental lines are obtained in which one individual exhibits a trait of
interest previously mapped to a specific locus and the other individual lacksithiBhis
technique can be used between speciesake hybridgKookeet al.2012) NILs were
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used successfully to evaluate pollinatogfprences itMimulus(Bradshaw and Schemske
2003; Table 1)

Reverse genetic approaches may be a good approach for integrated pollination
studies for two major reasons. First, these experiments explicitly test whether candidate
genes are responsible for sifie floral traits (Kessler and Baldwin 2011; Neetl al. 1998;
Sapir 2009b; Sapir and Armbruster 2010; Yeaal.20133). Second, they generate
modified floral phenotypes, which can be used in pollinator preference experiments. These
approaches can result in plants with stable or transient phenoéypesinduced gene
silencing (VIGS), a transient pesanscrptional method for dowanegulating genes of
interest, is being applied to a range of model andmodel speciefGould and Kramer
2007; Langeet al.2013; SenthiKumar and Mysore 2014YIGS uses a viral vector
carrying a fragment of one or more target genes but it has variabkegmeeéGould and
Kramer 2007; SenthiKumar and Mysore 2011; Stratmann and Hind 20G&netic
transformation mediated Agrobacterium tumefacierfSmith and Townsendyenerates
stable mutant@/Neigel and Glazebrook 20Q2)his technique was used successfully in
Nicotiana attenuataising RNAI constructs to test the effect of Chalcone synthase, a gene
underlying floral scent, in pollinator attractigessleret al.2012; Table 1; Kesslat al.

2008) However transformation success is limitedrimany noamodel specieéBecker and
Lange 2010; Collieet al.2005; Wegeet al.2007) Alternatively, CRISPR/cas9 (clustered
regularly interspaced short palindromic repeatsassociated protein € a promising,

newly developed and stable genome editing technique, in which a target DNA sequence is
transformed by addingemoving or replacing DNA nucleotides using CRISPR associated
proteins(Bortesi and Fischer 2015; Kumar and J20i5)

Forward genetic approaches may also generate altered floral phenotypes for
pollinator preferences studies, although the genes that are edoalié unknown without
additional genotyping. In chemical mutagenesis, seeds are immersed in a mutagenizing
agent such as ethyl methanesulfonate (EMS). Plants grown from the treated seeds are self
fertilized to obtain a second generation, which are thexesed for variation in
morphological trait§Leyser 2000; Maple and Moller 2007; Swarbretlal.2008; Weigel
and Glazebrook 200ZJ o date, one study has used chemical mutagenesis in plants to
address questions related to floral morphology and pollinator behawbmialus lewisii
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(Owen and Bradshaw 2011; Table 1)

While only transformation and mutagenesis have been used to study pollination,
there are a wealth of approaches that can be applied. Moreover, the availability of multiple
techniques provides alternative approaches should certain methods fail in agrarticul
species. In particularly, techniquagchas VIGS and CRISPR are promising tools for

future studies.

2.3.Next generation sequencing, transcriptomics and pollination ecology

Next generation sequencicgn be used to discovgenes responsible féloral
traits, especially in neamodel specie@Brautigam and Gowik 2010; Metzker 2018)GS
approaches havewaral advantages over the more traditional Sanger sequencing method.
First, NGS techniques produce a hugean of data quickly and less expensive than
Sanger sequencing or per base fldeénsoret al.2012; van Dijket al.2014) NGScan
also obtain sequence information from a single DNA molecule, and instead of using
individual techniques such as molecular markers and microarrays, we can get most the
information all at oncéWanget al.2009) Here we focus on using RNgeq approaches,
as they are likely to substantially contribute to our understanding of genetic basis of floral
traits. We focus on RNAeq because this technique pdes differential gene expression
data not only in terms of presence/absence, but also quantitative data such as transcripts
abundance, which allow us to perform differential expression comparisons of genes across
related species exhibiting differencedloral traits.

RNA-seq is a powerful NGS technique to characterize and quantify transcriptomes,
which comprise the analysis of mMRNA, small RNAs, and-ooting RNAS transcripts
(Lemmon and Lemmon 2013; Waatial.2009) RNA-seq has several advantages,
including the detection of all the transcripts present in the sampiifickgion of rare
transcripts, and precise quantification of differential transcript expression. The main
advantage of RNAeq, however, is the possibility of performithg novaassembly,
making it a powerful technique in nanodel species to identify fierentially expressed
transcripts and novel genes without a reference ge®raatigam and Gowik 2010;

Garberet al.2011; Martinet al.2013; Strickleret al.2012; Wanget al.2010a; Wanggt al.
2009; Warcet al.2012) However, the technique requires fresh and high quality RNA as
starting material (but segallego Romeret al.(2014), high sequencing depth to get
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rarely expressed genes, and RNA obtained from the same types ofross@ach
individuals at the same developmental stage to perform quantitative comparisons
(Brautigam and Gowik 2010; Martit al.2013; Strickleret al.2012; Wardet al.2012) In
addition, RNAseq has chknges associated with reconstructing transcripts and sequence
assembly such as short read lengths, alternative splicing which results in different isoforms,
reads comprised of exaxon junctions, and differential expression of transcript abundance
(Honaaset al.2016; Ozsolak and Milos 2011; Waagal.2009) Furthermore, analyses of
the large amount afequence data is challenging due to data storage, processing time, and
data interpretation, but this depends on the methodology, genome size, replicates number
among other§Garberet al.2011; Honaast al.2016; Lemmon and Lemmon 2013;
Ozsolak and Milos 2011; Warej al.2010a; Wanget al.2009) Moreover, the choice of
pipeline can be challenging and factors such as proportion of mapping reads yre€over
widely expressed genes, N50 statisfleagth at which the assembly bp reaches 50% of the
total assembly lengthaand number of unigenes unique represented gerst®ould be
considered when choosing an assemhi@naaset al. 2016)

Taking advantage of decreased sequencing cost aruige amount of data
produced from NGS, three ambitious macro projects are performinggeiyAn a broad
group of plants (1) the 1000 plants or 1KRp://onekp.com/project.htm(2) Brassicales

map alignmenproject or BMAP http://www.brassica.info/resource/sequencing/bmap.php

and (3) the medicinal plant genomics resource or MPGR,

http://medicinalplantgenomics.msu.edu/index.shifhlese projects include research areas

such as agriculture, angiosperm diversification, biochemistry, extremophytes, and invasive
species, among others. The data derived from these projects malepasources for
transcriptome comparisons of floral traits associated with pothman different plant
specieshowever, caution must liakenbecause the tissue used for RNA extraction comes
mostly from leavesThese sitesook the first stepsowards makingtranscriptomelata for
angiosperm$roadly accessiblandare astarting point for identifyingranscripts specific
to floral traits.

In addition to identifying and comparing particular genes, transcriptomes can be
used to examine gene regulatory networks (GRN) and metabolic pathways through
enrichment analysis of differentially expressed géWwésng andCairns 2013)which is
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important becausaany floral traits are encoded and regulated by multiple g€oes.
example, studies examining GRN have found that morphological changes in leaves are due
to modulation or change in peripheral transcriptiondiagtnot in key factors as expected
(Ichihashi and Tsukaya 2013 contrast, studies invahg GRN in flowers have been
focused on genes controlling the initiation of flower developmeAt thalianal., in
which key transcription factors are responsible for flower development and floral whorls
identity (O'Maoiléidighet al.2014; Wellmer and Riechmann 2010)

Despite the increasing number of available plant transcriptomes, this approach has
rarely been used to link florgdaits to pollinator responseSedeelet al.(2013) studying
the transcriptome of three closely related deceptive orchids, identified candidate genes
responsible for pollinator attraction and reproductive isolation like genes regulating alkane
and alkengroduction (flower scent) and anthocyanin biosynthesis (flower color). This
comparative transcriptome analysis is an example of finding putative candidate genes in
related species for floral traits associated with pollination attraction and reproductive
isolation. Broader comparative analyses titdize the information generated by large
scaled 0 mipmwjscts are an opportunity to establish the function of the genes in key

ecological interactions such as pollinat{@mngereret al.2007)

2.4.Linkin g plant genetics and pollinator behavior

2.4.1.comicHpotential to study floral reward sand pleiotropy

One maj or adicHaatatisaege eppartfinitydo study traits that are
difficult to manipulate in traditional ways, such as nectar and ppheduction. Despite the
importance of nectar and pollen for pollinators, the underlying genes of these traits are
poorly known, though some candidate genes have been proposed to encode for the
development of floral nectaries, the production of nectartlandates of nectar secretion
(Benderet al.2012; Linet al.2014) Researchers are working towardentifying the
genetic components underlying nectar composition, function, and structurabiclopsis

thalianaand other species of Brassicacdaepf//www.nectarygenomics.oyrgusing mutant

lines, geneexpression profiling, transcriptome analysis, metaboleta, and gene
knockout studiegBenderet al.2012) In addition,Yantet al. (2015)studied the
transcriptome of petal nectar spurddiquilegiaand discovered a new set of candidate
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genes involved in the developmerithectar spurs that had not been considered before. On
the other hand, the genetic basis that defines the nutritional composition of pollen, which is
likely a key factor in driving pollinator response, is still a black box. Novel molecular
methods and resirces provide a unique opportunity to assess how nectar and pollen
mediate planrpollinator interactions.

0 @icHdata can also address floral traits that are expressed or regulated by many
genes and can conversely allow us to examine genes that expregslate many traits.
For example, it can be used to identify and understand pleiotropy in floral maitsidh a
single gene could influencesveral floral trait¢Smith 2016) Generally, researchers assess
whether the pleotropic effects on the traits promote or constraint adaptive evolution
Selection orfloral pleotropic traits have been described for several angiosperm species
(Rausher 2008and genes with pleiotropic effects on floral traits have been identified in
mutant lines of model species swagA. thaliana(Smith 2016) Since pleotropic genes
affed multiple traits, we should be cautious when manipulating candidate genes to study
the relevance of a single trait for pollinator behavior, because the candidate genes could
have cascading and unpredicted effects on other floral or plant traits. Ohehé&and,
using candidate genes that exhibit pleiotropic effects could be used to examine how

variations in multiple and correlated floral traits affect pollination and plant fitness.

24280mi cs6 as a tool fotwdesntegrative pollinati
Integrative pollination studies have great potential to improve our understanding of

the evolution of planpollinator interactions by allowing us to discover which genes are

encoding floral traits that are under selection and observing pollinator respahsanges

on those traits. The integrated approach can validate the importance of specific traits for

pollinator attraction but can also lead to unexpected responses by pollinators or other plant

visitors. Several studies have used genetic manipulatieradmine pollinator attraction

and shifts in pollination guilds due to changes in flower c@ay., Badshaw and

Schemske 2003; Dyet al.2007; Hoballalet al.2007; Schemske and Bradshaw 199%9)

contrast, few studies look beyond poditor response to fithess consequences for the plants.

Kessleret al. (2008, 2010)used RNAI constructsyherenectar and scent properties were

manipulated to test pollinator visitatidfurther,Kessleret al. (2008)took into

consideration how changes in transformed plantsmaag influenced other visitors such as
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nectar robbers and herbivores. For example, silencing the gene for nicotine production in
nectar led to increased florivory and nectar robbing, while changes in repellent and
attractive floral volatiles had consequeador pollinator visit number and plant fitness
(Kessleret al.2008) This example illustrates the power of an experimental approach that
integrates genetic manipulation with pollinator response and plant fithaskich new
information regarding the behavior of pollinators, herbivores &sthn robbers was
obtained

d@mi cissad excellent approach for finding candidate genes that reflect poHinator
mediated selection (Figu&2a). Frequently these candidate genes are those that reveal
differential expression patternshich are downor upregulated An integrative pollination
study often starts by identifying a trait (or traits) that exhibits phenotypigatedtially
genotypic, variation and is predicted to influence pfaoitinator interactions (Figur@.2a).
Using RNAseq, we an then identify possible candidate gene(s) underlying this focal trait.
Next, the genes are modified through VIGS, stable transformation or CRISPR to try to
generate phenotype variation of the focal trait. These modified plants are in turn exposed to
pollinators to evaluate their response and subsequent effects on plant fithess (B&jure 2
Pollinator response can be measured in number of visits, visitation length, or pollen transfer
rates, but changes in male and female plant fithess are the ultichatgon of pollinator
mediated selection on the focal trait. These studies can be performed in the lab under
controlled conditions using naive pollinators, which allows for unbiased evaluation of
pollinator preference. Alternatively, by placing geneticallydified plants into the field,
we can evaluate interactions with a broader range of animals including nectar and pollen
robbers and herbivores, leading to estimates of how a floral trait affects plant fithess under
natural conditions. Field experimentncindicate the importance of selection on floral
traits by antagonists and may also reveal pleiotropic traits. However, experiments in natural
settings also have drawbacks: pollinator response inlii@degd experiments may be
influenced by previous foramg experiencéClareet al.2013)and there is a risk of
introducing genetically modified seeds into natural plant populations, depending on the
method of modificaon used.

0 @icHinvestigations on particular species may be expanded across promising

clades that house species with variable traits and different pollinators. In adalibomi ¢ s 0
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derived data can be used to compare gene sequences in a grouplattthasd multiple

traits gain, losses or modificatioftShanderbalet al.2016) We can also make

comparisons across distant taxa to study evolutionary adaptive changes in the trait among
species (Figure.2b). For example, having comadive transcriptome data across a clade

or clades might allow us to infer whether the same genes and/or pathways are being
recruited ad if those changes are lied to particular floral traitsA n omicHapproach can
generate the initial experimental blse for future studies; processes associated with the
evolution of traits detected iy o micanghén be validated through manipulating plant
genotype and evaluating pollinator response. To date, these kinds of approaches have been
used in ochids andh e a v a i lomibddata id rgpidlg ihcreasing in this group

(MondragénPalomino 2013)

2.5.Using emerging model and normodel plants to address the genetic basis of
pollination systems

The energing genomic resources plants with divergent evolutionary histoties
allow us to choose new models to explore pfaoitinatorsinteractions. A good plant
model should be fast and easy to grow, have a short generation time, a wide range of floral
traits across species and clades, be pollinated by different vectors, ham@@eesources,
and be amenable to experimental genetic manipulé@ancomet al.2011; Kramer
2009). Frequently, pollination studiesdos only on specialist pollination systems since
there is often a strong link between variation in phenotype, pollinator preference and plant
fithess. Generalist pollination systems are overlooked because there may be limited
directional selection on flor&raits, which can make them difficult to stu(ernandezt
al. 2009; Johnson and Steiner 2008pwever, many plants belonging to different families
exhibit generalist pollination systems and the interaction between thesegpidrtteir
pollinators is frequently undetermined. On the other hand, the evolution of deceptive
pollination systems (e.g., sexual or food deception) allow us to study how the deception is
maintained in this parasitic plapbllinator relationship. Here, evpresent here three
promising taxa, Cleomaceakquilegia(Ranunculaceae), af@phrys(Orchidaceae)hat
serve as emerging plant models to study the genetic basis of generalist, specialist and

sexually deceptive pollination systems, respectively.
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2.5.1.Generalist pollination system

Most Cleomaceae species represent a generalist pollination system, where flowers
can be effectively pollinated by a wide range of pollina(@ane 2008a; Higuetiaz et
al. 2015; Martins and Johnson 2013; Raju and Rani 20®)ever, some species such as
Cleome anomal&unth, Cleome isomeri&reen Cleome moritzian&lotzsch ex Eichler
M. giganteus(L.) Raf.,andTarenaya spinos@Jacq.) Raf.exhibit a specialist pollination
system, being pollinated by batsd hawkmothg§Fleminget al.2009; Machadet al.

2006) but these species are exceptions to the rule. In general, Cleomaceae is an excellent
model to explore the genetic basis of generalist pollination systems because of their great
variation in floral trais associated with advertisement, including flower symmetry, flower
sizes, petal colour, petal dimorphism, ultraviolet lightaetion, stamen length, gynophore
elongation, nectar guides, and floral fragrar(¢ene 2008a; Erbar and Leins 1997; Kis

al. 2011b; Nozzolilloet al.2010; Patchelét al.2011) In addition, its flowers also present
variation in traits related to pollinator rewards such as nectar glands, nectar production,
nectar sugar concentration, pollen colour, and pollen produiamne 2008a; Erbar and

Leins 1997; HigueraDiazet al.2015; Raju and Rani 2016Dhis variation leads to the
attraction of different animal pollinators such as bats, birds, flies, bees, wasps, and
butterflies(Cane 2008a; Higuerdiazet al.2015; Raju and Rani 2016; van den Beegh

al. 2016a)

Cleomaceae has a growing number of genomic resources including the genome and
the transcriptome of leaves and flower tissueSlebme violace&., the transcriptome of
Gynandropsis gynandr@..) Brig., andT. spinosathe genome ofarenayahassleriana
(Chodat) llitis and the floral transcriptome of a hybfidhasslerianaBarkeret al.2009;

Bhideet al.2014; Brautiganet al.2011a; Bralutiganet al.2011b; Chengt al.2013;

Edgeret al.2015; Kubhogluet al.2014) Thefloral transcriptome oT . hasslerianded to

the identification of the genes putatively controlling the anthocyanin pathway, floral
phenobgy, organ development, and male sterility, all traits associated with pollination
(Bhideet al.2014) Moreover when compared with the leaf transcriptome, a representative
proportion of transcription factor genes were unique for the floral transcrigf®ime et

al. 2014) Cleomaceass therefore well poised to conduct integrated pollination studies

because the combination of different pollination systems, differences in main floral traits,
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and increasing availability of genomic resourdagthermoreCleomaceae species are
amenabled stable transformatiofiNewell et al.2010)and VIGS techniques (Chizgp 5),
whichfavors its use in functional studies.
2.5.2.Specialist pollination system

The genu\quilegiaexhibits flowers with diverse morphology that have evolved in
response to pollinatenediated selectioby different types of anima(§Vhittall and
Hodges 2007)Evolutionary studies have demonstrated that variation in the length of the
nectar spurs is due to pollinaterediated directional selection, and that shifts in patbr
communities have occurred as a result of rapid changes in nectar spur lengths, leading to
evolutionary switches from be#sat select for short nectar sptwshummingbirds and
from hummingbirds to hawk mothwhich select for longer nectar sp(vghittall and
Hodges 2007; Yardt al.2015) Flowers also differ in perianth shape, colour and nectar
traits, exhibiting classic examples of pollination syndrofisiges and Kramer 2007;
Kramer 2009; Whittall and Hodjes 2007)

The genetics of flowedevelopment and petal color Aquilegiahave been well
studied, and the genes involved in anthocyanin biosynthesis have been d€bldgps
and Kramer 2007; Whitta#it al.2006) Most genetic research Aguilegiainvolves the
study of the ABC model of flower development to describe homologous aaldgaus
genes, with particular interest in genes involved in petal identity and staminodium
development such #PETALAparalogs an®ISTILLATA(Kramer 2009; Krameret al.
2007b) The genomic resources fAguilegiaare comprised of a big EST collection, QTLs
for the main floral traits, and whole genome sequences for three sfiaeieser 2009,
Whittall et al.2006; Yantet al.2015) Aquilegiaspecies are also amenable to transient
transformation using VIG8ould and Kramer 2007; Sharma and Kramer 20B8¢ause
Aquilega represents a highly specialized pollination system, studies can focus on the
genetics of traits that restrict attraction to different pollinator guilds among lineages. This
system may allow us to examine whether groups of traits associated with sysitierae
additive or noradditive effects on pollination using a fddictorial approach to manipulate

genotypes and phenotypes.

27



2.5.3.Sexually deceptive pollination system

Orchids (Orchidaceae) have highly specialized pollination syqigatestl and
Schluter 2009; Scopee&t al.2010) The astounding morphagical diversityof floral traits
in these plants is a frequent subject of st{@gskett 2011; Jersakoeéal.2006; Schiestl
2005) The genu®phrysrepresents a sexually deceptive pollination systemwhich
flowers attract bees by mimicking tfemale mating signals of theollinators and
pollination is the result of pseudocopulation by male li8edeelet al.2013; Xuet al.
2012) Ophrysis the only model system in which transcriptome and proteome data have
been used as part of an integrative approach to studying pollination by looking at genes for
different floral bouquets in closely related species. These bouquets attract different
pollinators, leading to reproductive isolati@edeelet al.2013; Xuet al.2012) Through
genetic manipulation and subsequent pollinator preference studies, Xu et al (2012)
determined thaSADsS(STEAROYL-ACP DESATURASES) genes control the alkene
double bonds that affect the carbendth chains of compounds produced in floral scent,
leading to unique scent profiles that attract different pollingkuset al.2012) Thus,
SADs genes argkely understrongpollinatormediated selction. The highly specialized
sexually deceptive pollination systems allow us to study which genes are involved in the
attraction of specialized pollinators and explore which floral traits are more likely to

experience strong directional selection.

2.6.Conclusionsand future perspectives

An integrated approach that combines genomic tools with ecological and
evolutionary experiments can greatly expand our understanding ofgoléinaitor
interactions. This approach provides new opportunities to stady that are difficult to
manipulate with classical methods, such as floral reward®kiactory attractants. Using
omicgh) we can ask more complex questions by focusing on genes controlling whole suites
of traits or pollination systems in nenodel speies. We can also compare genes encoding
for floral traits in pollination systems across a wide taxonomic range of plants, allowing us
to identify new regulatory pathways and networks controlling key floral traits for pollinator
attraction.

Despite its adantages, some challenges remain. For example, functional gene
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studies are timeonsuming and not always feasible. Furthermore, many plants are difficult
to transform, although techniques like CRISPR may help resolve this issue. Genomic
information is stilllimited for nonmodel plants, although the availability of plant genomes
and transcriptomes is growing every day. Data analysis from the huge amount of DNA
sequences generated from NGS approaches takes time and there is a steep learning curve
associated #h processingandiner pr et i ng d amiedandigenetie ed, wusi ng
manipulation to identify, modify and validate the role of floral traits in panilinator
interactions does not mean that classicathods should be discount&hther, these
approaches can be highly complementary.

Understanding the evolution of plapbllinator interactions requires an
interdisciplinary approach and is therefore an opportunity for collaborative studies. An
integrative approach would take advaygaf the experience from pollination biologists
who can perform specific pollinator behavioral $egiceevo-devo biologistxan study
suite of traits and their evolution, and bioinformaticians who can analyze and synthesize the
data derived from NGS. Aultidisciplinary approach will allow us to better understand the
ecaevolutionary processes underlying plkaatlinator interactions. Furthermore,
integrative studiethatinvolve genetic manipulations, NGS, and transcriptome analysis,
have the potentiab help ugdiscover which genes are involved in the evolution of different
pollination systems and syndrom&smally, an integrative approath studying pollination
goes beyond describing patterns in floral trait variation to understatiee mechanisms
that drive the underlying genetic basis of floral traits under polliratxtiated selection.
This approachthereforeallows us to exploraowfloral traitshave evolved in response to
specific pollinator taxa or to a community of pollinators, which hélp to reveal how

floral diversity is generated and maintained in natural populations.
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Table 2.1 Plant models in alphabetic order used to address the genetic basics of floral traits and their influence in pollinator

behaviour.

Taxon

Floral traits Identified genes

0 Omi ¢ s Majorr eferences
resources

Antirrhinummajus
(Snapdragon)

Clarkia

Helianthus annuus

I[pomoea purpurea
(Morning Glory)

Iris brevicaulisand

- Petal colour
- Petal epidermal cells

- Candidate gene - NIVEA
- Recombinant
inbred lines

- Floral scents

- Flowering phenology
(Common Sunflower) - Floral disk area

- Height of the primary
flowering head

- Disk area,
flowering date,
and height QTLs sequenced
-Floral/root/stem
transcriptome

- Petal colour - Candidate gene -F3 050 H

- Anther extension - Flower QTLs

Almeidaet al.
1997;Beyet
al. 2004;
Comba ét al.
2000;Dyer et
al. 2007;
Whibley et at.
2006
Dudareveet
al. 1996 1998
Pashleyet al.
2006; Sapir
200%

Baucomet al.
2011,
Epperson and
Clegg1992;
Rausher and
Fry 1938
Martin et al.



Iris fulva (Zigzag lIris
and Copper Iris)

Mimulus cardinalis
andM. lewisii
(Scarlet Monkey

- Flowering phenology
- Flower stalk height

- Nectar guide area

- Sepal blade chroma,
brightness and hue

- Sepal lagth

- Stylar branch length

- Nectar guides

- Nectar volume

- Petal anthocyanin anc

FI ower a n d carotenoids

Monkey Flower)

Nicotiana attenuata
(Wild Tobacco)

concentrations

- Petal colour patterns
- Petal reduction

- Trichomes

- Floral scents

hybrids morphology/color - Floral/leaf

- Chemical - ANS QTLs
mutagenesis - ROI1

- Genetic - R2R3
transformation -YUP

- Inbreeding lines
- Near isogenic

lines (NILs)

- Candidate gene - NaCHAL1/2
- Genetic - NaPMT1/2
transformation

45

transcriptome

-ESTs

- Corolla
transcriptome

- Whole genome
sequence

- ESTs

2008

Bradshaw and
Schenske
2003; Owen
and Bradshaw
2011, Yuanet
al. 201>

Kessleret al.
2008,2010,
2012



Penstemon - Petal colour - Artificial -DFR - Whole genome Wessingeet

hybrids -F306H shotgun al. 2014
-F3050H sequence
- Flower
morphology/color
nectar
volume/concentra
tion QTLs
Petunia - Floral scents - Candidate gene - AN2 -ESTs Hoballahet al.
- Petal colour - Genetic - EOBI/II - Flower/seedlin¢ 2007; Klahre
transformation -ODO1 transcriptome et al.2011;
- Near isogenic Quattrocchio
lines et al.1999;
- Recombinant SpitzerRimon
inbreeding lines etal.2012;
Verdonket al.
2005
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Figure 2.1.Ecology and evalevo pollination studieand how they can be used and linkegerform integrative pollination studies
in which we can studgvolution and variation of floral traitthe genegncoding floral traits, and their effect in pollinator attraction.
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Figure 2.2 a). A pipeline for nodifying floral traits usinghext generation sequencirg@gndidate gene approaemd forward or
reverse genetidechniques to modify the floral trai perform pollinator preference tedt3. Us i ng 0 o miecokgicaltole st udy

of traits in closely related taxa and to studyletionary changes in traits in distant clades.
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Chapter 3: Pollination biology of Cleomella serrulateand Polanisia dodecandran a
protected natural prairie in Southern Alberta, Canada

3.1. Introduction

Animal-mediated pollination is a process of great biological importance for the
reproduction of plants and is an essential provisioning ecosystemesierwbich
pollinators increase seed set of crops and native gldlein et al.2007; Proctoet al.

1996; Willmer 2011) The availability of floral resources is critical to the survival of
pollinators, which in turn increases the chances of guoimation in plant{Free 1993)
Native plants play a crucial role in contributing to the biodiversity of natural ecosystems
and also provide food, forage resources andmgpsites for different populations of
pollinators. Thus, maintaining sustainable native plant populations and their associated
pollinator communities benefits wild and managed ecosyst&asbaldiet al.2014)
Unfortunately, many native plants and their pollinators are facing threats including
reduction and loss of habitat and the introduction of invasive species. This is particularly
true of plants found in native prairies, which are one of the most thrdatensystems in
North America(Fuhlendorfet al.2002; Samson and Knopf 1994; Sheffietcal.2014)

In prairie ecosystems, native flowering forbs and shpubsidediverse foraging
resourcegor pollinators.Although dominant native plant species in prairies are wind
pollinated(Kevan 1999; Moldenke 1978hrub and forb species frequently exhibit open
and nonrspecialized flowers thaire visited by a broad spectrum of pollinatgiegland
and Totland 2005; Kevan 1999}his event is known as a generalist pollination system
(Hegland and Totland 2005; Herrera 1996; Wased. 1996) Annual plant species tend to
have generalized pollination systems because relying on specialist pollinators, which may
experiencannual fluctuations in abundance, is rigkyaseret al. 1996) Studying native
prairie plants with generalized pollination systgmavides valuable informatioabout the
availability of floral resources to pollinators in an ecosystem where the scarcity of flowers
could limit pollinator populatins.In Alberta, two rare native species of Cleomaceae persist
in the southeast part of the province and exhibit flowers consistent with generalist
syndromgCane 2008a, b; Smitt al.2010)
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Cleomacee is a cosmopolitan plant family comprising 18 genera and 150 to 200
speciegPatchellet al.2014) Cleomaceae species have been used to explore variation in
petal pigmentgNozzolillo et al. 2010) flower and fruit morphologyiltis 1957; lltis 1958)
and the evolution of floral symmet(fPatchellet al.2011) The flowers exhibit great
variation in morphological traits associated with ataatt and rewards for pollinators
including flower size and symmetry, petal colour, ultraviolet light reflection, floral
fragrances, nectar glands, and pollen produdt@ane 2008a; Erbar and Leins 1997; Kis
al. 2011b; Nozzolilloet al.2010) However, the pollination biology ohostspecies
belonging to this family is poorly understood.

Cleomella serrulatgPursl) E.H. Roakon and J.C. Ha{(Beeweed, previously
known asCleome serrulatd hereafter referred to &leomellg and the raran Alberta
Polanisia dodecandrél.) DC. (Clammyweed hereafter referred to &olanisig are
found in Alberta prairies. AlthougBleomellais currently listed as a secure species in
Alberta, its distribution appears to have substantially decreased over the years based on
herbarium records. In contraBwlanisiais listed as a rare species in Alberta and is
vulnerable to local extirpatiofWallis 2001) Both species exhibit a mixadating system,
in which plants can reproduce through self or cffiestlization (Cane 2008a; Cruden and
Lyon 1985; Wiens 1984Cleomellawas reported to attract pollinators from a wide variety
of wild bee guilds and islso used extensively by managed pollinators, including
Megachile rotundd. andApismelliferaL. in the United State€Cane 2008a)in addition,
Cleomellaseeds are sold and planted in the peripheries of agriculture areas, orchards,
gardens and sdecrops to promote pollinator populations. Despite the importance of
CleomellaandPolanisiaas forage for a number of bee species, information on the
pollination biology of these plants is restricted to breeding biologjl@dmella(Cane
2008a)ard morphological description fdtolanisia(lltis 1958) Although both species
exhibit the same floral symmetry pattern, they differ in key morphologiatd foa
pollinator attraction such as petal colour, infigcence size and nectar productibimus,
we might expect variation in the communities of insects visiting both species and
differences in the frequency of visits, because these flowers do noit ¢éxbibame floral
traits. Their floral morphology suggests that they may be pollinated by insects, probably
beesand butterfliesbut it is uncertain which species of insects are effective pollinators.
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The major goal of this study is to determine thdipalion biology for wild
populations ofCleomellaandPolanisiain southern Alberta. To achieve this, we (i)
described population densities and distributions of both plant species; (ii) determined their
floral phenology; (iii) established time of stignmeceptivity and anthers dehiscence; and

(iv) identified main flower visitors and their activity periods.

3.2. Materials and M ethods
3.2.1 Study site

This research was conducted during the summers of 2013 and 2014 at Suffield
National Wildife Area (Suffield), which comprises the largest remaining tract of native
prairie in Alberta (458 kr). We found two populations @leomellain the Casa Berardi
area (50A14602.30 N 110A39627.80 W, 668 m) a
110A316 3 & mplue td/logistical issues, the Komati population was only sampled
during 2013. We found one populationRidlanisiai n t he Fi sh Creek area
110A39642.50 W, 682 m). Tlaomellgreragrawsigimf bot h p
dry-mixedgrassland on the roadside, whi®lanisiaplants were growing on sandy South
Saskatchewan River bluffs (Appendx).

3.2.2. Description of focal taxa

Cleomella serrulatas an annual herb. Leaves are alternate and trifolidte
slender elliptic leaflet (Moss and Packer 1983racteate racemes contain numerous
flowers and are located in the mainmstand lateral branches (Figurd B The
inflorescences may have two kinds of hermaphroditic flowers with completely or
incompletely developed pistils. Até beginning of the flowering season new flowers fail to
fully develop pistils, but late in season inflorescences present both kinds of flGaees
2008a) Flowers are monosymmetric; they have four gnesltish lanceolate sepals, four
purple or sft pink petals rounded at the tip, with adaxial petals shtréer the abaxial
ones (Figure 2). Flowers have six stamens longer than the petals, and a long bicarpellate
gynoecium on a gynophore. An adaxial nectary is located between the petal and
andreecium whorls (Figur&.1d); it is green, elongated and laminar with a thosthed
apex, and produces a drop of viscous nectar (FR&®. Fruits are cylindricabblong
capsules with wrinkled ovoid blackish se¢iss and Packer 1983 Alberta, theplants
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are distributed in mixed grasslands, pastures, roadsides, and stabilized sarfildsges
and Packer 1983)

Polanisia dodecandré& alsoan annual herb. The stems vary from unbranched to
basally branched, and are pubescent and densely coverepitayesglands that produce a
strong disagreeable sméltis 1958; Moss and Packer 1988paves are alternate and
trifoliate with ovolanceolated leaflets. Bracteate racemes contain numerous flowers and are
located in the main stem and lateral brandkégure3.3). Inflorescences have
hermaphroditic flowers (Figurg3). Flowers are monosymmetric; they have four purple
greenish sepals and four white or wipiakish petals notched at the tip, with adaxial petals
longerthan the abaxial ones (Figuset). Flowers have 8 to 12 stamens variable in length,
and a long bicarpellate gynoecium on a short gynophore (F3gti:eAn adaxial nectary is
located between the petal and androecium whorls (FB)8dg; it is obliquely truncated
and concave in the apearange or reddish, and produces a drop of highly viscous nectar
(Figure3.3c). Fruits are erect, oblong capsules containing subspherical brownish seeds
(Moss and Packer 1983; Tucker and Vanderpool 20a®lberta, the plants are
distributed in stream and river bankdunes, and roadsides, generally growing in dry and
sandy soilfMoss and Packer 1983)

3.2.3. Flowering phenology

Cleomellastarts floweringn mid-late June and continues to flower until late
August. The study performed Bane (2008an Utah,found theflowersexhibited
nocturnal anthesis and they opendd3lh after sunset. Flowers presented complete anther
dehiscence and receptive stigmas 8 h after anthesis.

There are no published studiedRaflanisiaflowering phenology. To describe the
floral phenology of. dodecandrawe recorded time and duration of anthesis, time of
stigma receptivity, and anther dehiscence for 20 randomly selected plants. We evaluated
stigma receptivity in a greenhouse experiment, examining 2 stigmas penpl20}

Plants were growat 24 °C in long day conditions corresponding to 16 hours light and 8
hours dark (Department of Biological Sciences, University of Alberta). We tested stigma
receptivity from excised pistils each day via a peroxidasé@Dedhi 1992; Kearns and
Inouye 1993) In the field, we recorded number of inflorescences per plant, number of

flowers per inflorescences, fruit production per plant, and the length of flowering period.
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Although the mating system @fleomella(Cane (2008aandPolanisia (Wiens
(1984)were previously described, we attempted pollination limitation experiments using
exclusion bags in 2013. Because the flowers are hermaphroditic we had to antherectomize
flowers before anthesito avoid selpollination. However, most of the flowers died in the

field due to mechanical damage. These experiments were not pursued further.

3.2.4. Nectar volume and sugar concentration

To determine the nectar volume available for pollinators anénsatr
concentration, we performéidral visitor exclusion experimestn 2014. To exclude floral
visitors, we covered inflorescences with mesh bags for 24 h prior to sanfgmegach of
the two species, randomly selected 50 plants with large bawid covered the terminal
inflorescencesWe sampled nectar production during two consecutive sunny days and
nectar samples were taken after 24 hours of nectar accumulatid®leBarella nectar
volume and sugar concentration were sampled between 08:0® &dh. After 16:00 h
most of the nectar had evaporated due to high temperatures, so ho more sampling was
conducted. FoPolanisig nectarvolume and sugar concentration were measured from
08:00 h to 22:00 h in twhour intervals to determine if theresarariations in nectar
production rate and sugar concentration throughout the day. Floral nectar was extracted
with a 10 ul microcapillary tube. For each species, we calculated average nectar volume for
10 flowers per plant on 5 plants. Once the nectarmelwas depleted the flowers did not
produce more nectar. Thus, we used different flowers at evergdwointerval We took
nectar measurements from flowers closest to the inflorescence meristem following a
clockwise direction and always used flowershat same developmental stage (flowers open
for one day after anthesis). Due to the small volume produced by each flower it was not
possible to mease sugar concentration per flow#érus, the nectar from 10 flowers was
pooled to measure sugar concentratidectar volume was calculated following the method
described byDafni 1992) andKearns and Inouye (1993)ectar volume was then diluted
1.3 in distilled water du# the high nectar viscosity. After dilution, the sugar concentration
was measukby a 0i 30% refractometer (Extech Instruments). The values obtained from
the refractometer were multiplied by the dilution factor to calculate the correct nectar

concentréon.
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3.2.5. Pollinator observations and visitation rates

In 2013, we performed a pilot study to collect and identify pollinator taxa visiting
flowers. After experts helped verify taxonomic identifications, we made a visual guide with
images of all taxarad used this to identify subsequent visitors. Every time that we collected
a new taxon it was added to the visual guide. Male and female Hymenoptera often differ in
their morphology and we included examples of each sex when possible to ensure that
individuals were not identified as separate taxa.

To determine the insect visitation rates and their activity periods, we selected 20
groups of five plants for botGleomellaandPolanisia The focal areaf observed plants
wasapproximately 2 rh Two people, whavere familiar with insect taxonomy, performed
the pollinator observations using the visual guide. Each person sat next to an adjacent plant
group and recorded all insect visitors observed imiriute intervals and then we switched
to another group. We sbrved the visitors for 20 hours from 06:00 to 02:00 h. To perform
the nocturnal observationse wore red headlights to illuminate the flowers. We did not
perform observations between 02:00 to 06:00 h because of cool morning temperatures and
scarcity of hsect visitors. We recorded the total number of visits and the number of
inflorescences visited. In addition, we described whether insects were foraging for nectar or
pollen and the number of flowers and inflorescences visited. We collected representative
plant vouchers and insect specimens for taxonomic identification, the latter of which
included at ledsone specimen per observed tax@al specimens/2219 observed).

Vouchers specimens were deposited in the University of Alberta Vascular Plant Herbarium
(ALTA) and E. H Strickland Entomological Museum, respectively.
3.2.6.Data analysis

We compared morphological characteristic€tdomellaandPolanisiausingR (R
Development Core Team 201i8)determine if observed differences were significant.
Specifically, we compared plant height, inflorescences per plant and flowers per
inflorescences, fruit set, nectar volume, and nectgarsconcentration between the two
species. For normally distri btestteamparatraitabl e s,
differences between species in different years. For data that was not normally distributed,
we performed a MankiVhitney U testWe also performed the tests between years to

determine if there was significant annual variation in the measured traits.
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We calculated pollinator richness as the total number of taxa collected during the
sampling period. To compare the difference in glamg effort between taxa and between
years according to the number of observations obtained, we created a rarefaction curve for
each plant species using Biodiversity Pro versi¢hl@Aleeceet al. 1997)

To compare theollinator community composition between plant species and
sampling years, we performed a qualitative similarity analysis in BiodivdPsttyersion 2
(McAleeceet al.1997) We made angsenceabsence matrix of artbpodvisitors per plant
population and sampling year and we performed a Jaccard coefficient analysis. The
obtained matrix was grouped using UPGMA (Unweighted Pair Group Method with
Arithmetic Mean).

3.3. Results

3.3.1.Description of Cleomellaand Polanisa populations

Both populations o€leomellawere in native mixed grassland growing along
roadsides in densely aggregate clusters. The Komati population comprised ~600 plants,
while in Casa Berardi we found ~500 plants in 2013 and ~300 plants in 2014hthus
population size in Casa Berardi decreased by 40% from 2013 to 2014. Plant height ranged
from 16 cm to 80 cm; inflorescences per plant ranged from 1 to 64; flower number per
inflorescence ranged from 2 to 301; and fruit set per plant ranged frod6d.ttn 2014,
the Casa Berardi population had taller plants and more inflorescences per plant compared to
the Casa Berardi and Komati 2013 populations, while the 2013 Casa Berardi population
produced the highest fruit set relative to Casa Berardi 201Kameati populations. The
Komati plant population had the most flowers per inflorescence across sites3 Iable
Fruit set was significantly different between Casa Berardi 2013 and Komati populations
(Appendix 32), although other morphological variabl@s;luding flower number, did not
differ. However, plant height, inflorescences per plant, flowers per inflorescence and fruit
set were significantly different between Casa Berardi 2013 and 2014 popy latiocis
could be due to weather changes in the siagperiods(Appendix3.21 3.3).

Polanisiaplants were in dispersed clusters along river bluffs. The population
consisted of ~2500 plants in 2013, but only ~600 plants in 2014, representing a remarkable
reduction in population size of approximately 7@ant height ranged from 4 cm to 58
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cm; inflorescences number per plant ranged from 1 to 27; flower number per inflorescence
ranged from 1 to 51; and fruit set per plant ranged from 1 to 103. In 2013, the population
had, on average, taller plants, mordardscences per plant, more flowers per inflorescence
and a higher fruit set when compared to 2014 (Tallg Plant height, inflorescences per
plant, flower per inflorescence and fruit set were significantly different in Fish Creek in
2013 compared to 2@ (Appendix 3271 3.3).

When comparing between species within years, all the variables differed
significantly except the fruit set between Kom@keomellapopulation andPolanisia2013
(Appendix 327 3.3).

3.3.2. Flowering phenology

Cleomellastarted foweringin early or late July. For both populations, flowering
persisted until late August, and individual flowers were open for 5 days on average (Figure
3.1a b). New flowers exhibited nocturnal anthesis, opening between 2R2MO h;
anthers releasdtie pollen and stigmas became receptiveBehours after anthesis. At the
beginning of the flowering season, most flowers had a short and presumatiynntonal
pistil. Therefore, these flowers did not produce any fruits. As the flowering season
advarced, plants started to produce two kinds of flowers: (i) flowers with short and non
functional pistils reaching 1/5 of the stamens length and (ii) flowers with long and fully
functional pistils that reach the stamens length (Figurd). When the plantsaal a high
number of fruits, they again started producing primarily flowers withfnontional pistils.

Polanisiastarted flowering in late June or early July and the length of the flowering
period was two months. Inflorescences persisted until late Aagdshdividual flowers
lasted 7 days on average (FigGr@a b). Flowers started to open shortly after the sunset
between 23:00 01:00 h; however, the stigma became receptive 4 days on average before
anthesis. Exerted pistils presented in floral buds were receptive after two days of bud
development, with contiraus receptivity during anthesis. The anthers started gradually
releasing pollen after anthesis and the longest stamens were first to exhibit anther
dehiscence, while anthers of shorter stamens were last to release pollen. This plant also
produced flowers wth short and notfiunctional pistils at the beginning of the flowering
season, but, in contrast wi@leomellalater in season, plants produced only flowers with

long and completely functional pistils. Interestingly, some plants produced two kinds of
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compktely distorted fruits: (i) fruits twisted over the longitudinal axis, and (ii) fruits with
three or four sides instead of just two sides. These abnormal fruits did not produce viable

seeds and in all of the cases seeds were aborted.

3.3.3.Nectar volume and sugar concentration

Cleomellaflowers have a green nectar gland that started producing a viscous nectar
drop two days before anthesis (Fig@réd d). The nectadropspersisted approximately 15
h after anthesis from 01:G3016:00 h, but usually evapated due to high daily temperatures
or was removed by insects. Once the nectar evaporated or was removed, flowers did not
secrete more nectar; however, during the flowering season nectar was always available for
pollinators because new flowers opened d@tigures3.1ci d). Coveredlowersproduced
the highest nectar volume of 0.85 + 0.96 pl between 081MO0 h; howevewariation in
nectar volume production between flowers was high. After 10:00 h, nectar production
decreased 68% on average, with neetdume of 0.28 + 0.08 pl and the variation between
flowers was low (Figur8&.5a). Sugar concentration was relatively steady across time, but it
was higher between 10:0012:00 h (Figure3.5b). In general, the average of total sugar
contents in floral ngar was 40.8 + 7.68 %.

Polanisiaflowers have an orange nectar gland (FidiBei d) that produced a
highly viscous nectar drop, which was available to pollinators during anthesis (Figure
3.3d). The nectar drgpersisted for approximately 48 h after asiieCoveredlowers
produced the highest nectar volume, 0.63 + 0.32 pl between 1A200 h;however,
variation in nectar volume production between flowers was high. After 14:00 h nectar
production decreased 60% on average, the nectar volume was@(%# and the
variation between flowers was low (Figu8&c). The sugar concentration was steady
between 08:00 14:00 h and it decreased between 14:06:00 h; interestingly the sugar
concentration increased to a maximum peak between 2@RMO hcorresponding to
43.32 + 4.74 % (Figurd.5d). The sugar concentration differed significantly between
species, while the nectar volume did ndpgendix 3.2).
3.3.4.Pollinator observations and visitation rates

We observed 2219 insect visitors corresponding to 8 orders, 48 families and 150
taxa visiting thewo-plantspecies for the total survey perigsbpendix 4)Supplementary

Table S3). For th€leomellapopulation in Komati, we recorded 85 taxa and 442 visits
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while in Casa Berardi we recorded 76 taxa and 276 visits in 2013, and 96 taxa and 1327
visits in 2014. Thus, visitor richness and insect visits increased 20.8% and 79.2%
respectively in 2014Appendix 3.4 3.5). ForPolanisia we recorded 44 taxa and @isits

in 2013, while we recorded 32 taxa and 93 visits in 2014. Furthermore, richness of visitors
was 27.3% higher in 2013, while the insect visits were 12.9% higher in 2ppéridix 3.4

i 3.5). The rarefaction analysis indicated that we did not getdingber expected of

pollinator species for either plant population based on the obtained rarefaction curves,
which were far from the asymptote except@eomellaCasa Berardi 2014 population
(Appendix 3.9.

The average visitation rate @leomellapopulaions was 4.52 insects per plant per
hour Appendix3.471 3.5). We found no significant differences in the number of pollinator
visits between Casa Berardi and Komati populations in 28fBgndix3.2). However,
pollinator visitation number was significéyntifferent between Casa Berardi in 2013 and
2014 Appendix3.2). Hymenoptera had the highest richness in both sampling periods
followed by Diptera and Lepidoptera (FiguB®a b). Within Hymenoptera, bee families
presented the highest richness and Fadaethe highest number of visits. The most
frequent visitors werdmmophila aztecésphecid waspBombus borealisandB.
ternarius(Appendix3.4). Most Apidae visited the plants for pollen but occasionally
collected nectar too, while other hymenoptengsied the plants for nectar and transferred
pollen passively between floweBombus borealisone of the most frequent pollinators,
represented 32.29% of overall visiBombus borealistarted visiting the flowers at 07:00
h, and they exhibited higheisitation rates at 09:00 h and 14:00h. After 15:00 h the bees
did not visit the plants at alAppendix 3.7. In contrastB. ternarius another common
visitor, started visiting the flowers at 06:00 h and represented 38.61% of overall visits
(Appendix 34). Bumblebees had three high frequency visitation periods: 08:00 h, 10:00 h
and 21:00 h, and the frequency of visits decreased rapidly between 12:00 h and 19:00 h
(Appendix 3.7. Both bumblebee species were visiting plants for nectar and pollen, touched
anthers and pistils and flew between plants, acting as potential pollen vectors. In addition,
we observed the first nocturnal visitors @eomella which includes four Noctuidae taxa,

a crambid and an erebid mothppendix 3.4. We collectedSynnervus jglgiatus(sand

wasp), which has not previously been recorded in AlbertaBantbus griseocoljonly the
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second individual collected in AlbertAgpendix3.4), and only recently reported in the
province bySheffieldet al.(2014) We also observed that Formicidae taxa feeding on
nectar and pollen as well as residing in plants so they could occasionally act as pollination
vectors. Furthermore, we fodiPhymata americanéambush bug), and Thomisidae spiders
(Appendix3.4). These taxa, which were not likely to be effective pollinators, actively
chased away other flower visitors and preyed upon syrphid flies, sphecid and pompilid
wasps, small bees, andttauflies.

The average visitation rate fBolanisiawas 1.41 per plant per houkgpendix3.4
i 3.5. We did not find significant differences in pollinator visit number between sampling
periods Appendix3.2). Hymenoptera had the highest richness and number of visits in 2013
followed by Diptera, Lepidoptera and Coleoptera (FiguTei b). In contrast, Diptera and
Hymenoptera had the highest richness in 2014, while Diptera had the highest number of
visits (Figure3.7a b). Within Hymenoptera, bee families presented the highest richness.
The most frequent taxa welklicrobembex monodon{gand wasp)Perditasp. 1, and
Syrphidae sp. 4Appendk 3.5. Microbembex monodontapresented 8.33% of overall
visits andstared visiting the plants at 08:00 h, with highest activity at 09:00 h, but their
frequency of visits decreased after 13:08pdendix 3.5. Syrphidae sp. 4, another
common pollinator, represented 18.75% of overall visits. Hoverflies visited flowers from
09:00 h, with peak visitation rates at 10:00 h and 13:00 h; after 14:00 h the visit activity
ceased completelppendix 3.8. Sand wasps andterflies were feeding on nectar and
pollen from different plantsacting as potential vectors for cregssllination We also found
antsfeeding on nectar and pollesithough theifrequencywas lowemwhen comparewith
ants onCleomella(Appendix 3.4.

When we compared the pollinator visitor composition between species across
sampling periods, the Jaccard similaribabysis showed that populatiodlsistered
according to speciggigure3.8). Jaccard index values range from 0 to 100, where O
indicated no taxa shared between communities and 100 represent identical communities.
The similarity index oPolanisiapopulations was 26.67%, whil€JeomellaCasa Berardi
and Komati populations clustered together and the similarity index was 47.27%. The
similarity values indicated th&olanisiapopulations had fewer taxa in common when

compared wittCleomellapopulatiors, which shared more taxa.
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3.4.Discussion

3.4.1.Distribution of focal species

Native prairiesare one othe most endangered ecosysteémiNorth Americadue to
anthropogenic activitgFuhlendorfet al.2002; Mlot 1990; Samson and Knopf 1994)
Much of the naturategetatiorhas beemgradually replaced btame pasturesr bycrop
production, leading to a logs the biodiversityof native floraand faungFuhlendorfet al.
2002; Kevan 1999; Samson and Knopf 19949re than 70% of Canada native prairies
were transformed into rangelandscoops before the 199@Sheffieldet al.2014) In
Alberta, Suffield NWA is the largest remnant of native prairie,grasses arthe dominant
vegetation typgwhile forbsarescarce. Native flowering plants such@somellaand
Polanisiamay therefore represent an important source of forage for pollinators. Despite
manypotential habitatfor Cleomellain Alberta, itis restricted teemnantgrasslands,
disturbel sitesandroadsidegMoss andPacker 1983)The plants form a densely
aggregated cluster, which is visited by a broad spectrum of pollinators. On the other hand,
Polanisiais locatedon the westerand northerdimit of its distributionandalthough the
species alstormsdenselyaggregatectlusters, theateof visits by pollinatorswas92%
lowerwhen comparewith Cleomella The study population ¢folanisiawas growingon a
steep slopé an unstablsandy areaand wassubjected to stronginds,which could deter
accessibility othese plantdy insects Fluctuations in population size could be the result of
annual variation in environmental factors, including the availability of foraging resources
for pollinators.

Both CleomellaandPolanisiagrow in disturbedareas or irareasvhere
colonization byother plant species is difficult. Thespecies have been uded restoration
projectson overgrazed lands, for soil stabilization in disturbed areas, and to rehabilitate
rangelands after fires in western regions of North Amd@@me 2008b; Smitat al. 2010)
But once the soil has been restored, these plants are naturally replaced by more competitive
forbs(Cane 2008dy; Smithet al.2010) According to herbarium records, years ago both
plants had a wider distribution in Alberta, but the populations were small and localized.
However, after visiting the locations where plants had been previously reported, the

populations wer@o longer there. Further ecological studies are needed to determine if
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competitive exclusion or habitat losses are a determining factor in the scafCigoafella
andPolanisiapopulations in Alberta.

3.4.2.Flowering phenology and mating systems of f@at species

Both CleomellaandPolanisiahavea mixedmating systemexhibiting floral
characteristic$o attract pollinators anpgromotecrosspollination, as well as strategies to
avoidselfpollination (Cane 2008a; Cruden and Lyon 1985; Wiens 198d) example,
Polanisiastigmais receptivedays priorto thereleaseof pollenfrom anthers. The low rate
of insectvisits and the locatiof plantscouldbe favoringself-pollinationin this
population. Howeverselfing inPolanisiamay result ima high rateof inbreedingn the
population, as suggested $gveraplants that producefduits with abnormal morphology
and uwiable seedsPoor seed production may be contributingPtdanisiad s r el at i
compared t&Cleomella

Both species produce staminate flowers early in the flowering period. The
production of staminate flowers is a mechanism to differentially allocate resournateto
and female functions, which allows plants to control the timing of fruit initiation and
production(Lloyd and Bawa 1984; Miller and Diggle 200T) Cleomella once the plants
produce many fruits, they start to produce staminate flowers again,Rdtdrisiaplants
switch to producing heraphrodite flowers later in the seasB®wolanisiaplants produced
fewer inflorescenceas well as fewer and fruitser inflorescences, and fruits when
compared wittCleomella In addition, the flowers received a low visitation rate by
pollinators. Thus, l&r in season the plants likely produce more fruits to ensure their

reproductive success.

3.4.3.Focal species produce high nectar volume and moderately concentrated nectar
sugars

Eventhough the nectar gland 6leomellais inconspicuous, it produces a
substantial volume of nectar for pollinators. The highest nectar volume was produced
between 08:00 and 10:@0 which is consistent with the high frequency of pollinators.
Most visits were conducted from 07:00 until 13l)Qvhen frequency of visits decreased
due to high temperatures, although plants continued receiving insect visits at lower
frequencies until late at niglBugar content in nectar was steadZiaomella The

moderatesugar concentrations produced by the flowers attract a wide spectrum of
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pollinators and Hymenoptera and Diptera taxa were the most common visitors for this
plant.

Despite the conspicuous nectar gland and the UV reflectance patterns in the nectar,
Polanisiareceived few insect visits during the sampling period. The highestrnattme
was produced between 10:0@2:00, which is directly related with the number of insect
visits performed at this time. Surprisingly, the highest sugar concentration was found
between 20:00 22:00, but no crepuscular or nocturnal insects werergbd visiting the
plants at this time. This may be due to the
Western and northern boundary of the species
optimal pollinator community.
3.4.4.Pollinator communities are diverse and differ between species

CleomellaandPolanisiaattracteca wide spectrurof visitors,the mosi@abundant
and diversdeing fromHymenopteraDiptera, and Lepidoptera. The focal species shared
most of thevisitor taxa including bees, waspsjtterflies and moths. Although six taxa
visited exclusivelyPolanisia,overall Cleomellaattractedmore insecspecieghan
Polanisia.This difference mape due primarily tahe pink petal color, the higher number
of open flowersand thegreatemumberof flowersforming inflorescences afleomella
which exhibit a bigger display th&olanisia Species exhibiting a bigger floral display can
attract a greater number of visitors when compared with similar species with smaller floral
displays(Gallowayet al.2002; Klinkhamer and de Jong 1990; SchiHeimpel and Speiser
1988) Most of the taxa visiting both plants are generalist pollinators including polylectic
bees such as halictid bees and bumblebees. However, we also observed oligolectic bees
such aAndrenaandPerdita speciesPerditaspecies have been reported as oligolectic bees
for Cleomella(Cane 2008aind these species collected pollen actively in kid¢omella
andPolanisig but we did not observe them in the surrounding plants. There are 298 bees
species reported for Alberta prairiéSheffieldet al.2014)and bees visitin€leomellaand
Polanisiaaccount for 8.38% of the bee fauna reported for Albertar€xuits therefore
suggest that these plants contribute to supporting a large and variable community of
pollinators.

Perhaps unsurprising based on morphology and distribution, the focal species differ

in key floral traits for pollinator attractioileomela petal colour, which varies from pink
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to purple, might make them more visible to pollinat&gtprisingly,although thenectarof
PolanisiaflowersproducedJV reflection and the nectar gland is vividly colored, the
visitation rate was lower thableomellaflowers Nectar volume and sugar content were
higher inCleomellathan inPolanisig which correlates with the higher visitation
frequencies observed @leomella.However, the location of the populations might also
have an effect in visitatiomdquenciesCleomellaplants were located in sites that gave
pollinators easy access, whil®@lanisiaplants were located in a river bluff subject to strong
winds that make pollinator access difficult. In addition, differences between the visitation
frequencies of both species could be due to other factors that we did not consider here such
as pollen limitation, floral fragrances, flower constancy, and the presence of other floral
species that could be competing or facilitating pollinator visits.

Two pollinators that were predicted to vi§iteomellaandPolanisiawere
conspicuously abserBombus occidentalisas been recorded in the area in past studies
(Hobbs 1968and was at one time very common. Howetemccidentaligpopulations are
declining in Western North America, likely due to pathogen tidas and habitat
fragmentation(Cameroret al.2011) and the species has recently been listed as endangered
in Canada. We also recorded only two visité\pfs melliferato the plants. The low
frequency of visits performed . melliferais likely due to the distance from where the
managed hives are kept by the beekeepers. Overall, the bee fauna @isingellain
Alberta isslightly less rich than that reported feopulationsn Utah, Lhited State¢Cane
2008a, b) Our results suggest thateornrella andPolanisiaprovide important food
resources that help support a rich community of pollinators including different bee guilds,
flies, butterflies and other insec&though flowers of both species are anthetic at night,
we did not observe a highsitation frequency of nocturnal pollinators. Nocturnal anthesis
is also presented i@leomella lutedHook) E.H. Roalson and J.C. HalCane 2008aand
Cleome spinoséDafni et al. 1987) Interestingly, crepuscular and nocturnal moths visited
Cleomella but their frequency was lower whenngpared with diurnal pollinators and they
were active only between 11:0®1:00. After 01:00 the temperature decreased and no
floral visitors were observe@ane (2008a)uggested that nocturnal anthesis could be an

ancestral traitn Cleomaceae species, but further evolutionary studies are needed to test this

64



interesting assumptiofinally, it is possible that the observed differences ihinaabr
assemblages were due to the different habitats where the species were located.

3.45. Implications for agriculture and conservation

Generalist native plants that attract a diverse range of pollinators are essential for
the conservation of wild pollinators, particularly in habitats where flowers are a limited
resource. In addition, native plants provide much needed dietary diversinafaged
pollinators and are an important alternative food resource for honey bees in crop margins
(Garibaldiet al.2014) CleomellaandPolanisiamay be good candidate species to increase
floral resources in prairie agroecosystems because they grow in disturbed areas and could
be planted in field margins or along tracksl roads next to crop areas to support managed
and native pollinator communities. FurthermdaZé&omellaandPolanisiacould be used in
restoration projects after fires or for industrial use in Alberta prairies and grasslands, since
they are ruderal plas, and grow well in disturbed are@ane 2008a, b; Smitkt al. 2010)
Therefore CleomellaandPolanisiacould be used to promote and maintain the diversity of
wild pollinators not only in range and croplands, but also in parklands, orchards and
gardens, thereby providing an essential ecosystem service.

Pollinatorsarethreatened bhabitat transformation imany ecosystems, but prairie
pollinators in North America are particularly at risk because anthropogenic disturbance is
high (Kevan 1999) Promoting the conservation of native plants in natural grasslands will
support biodiversity of pollinators and ensure they continue to provide pollination services
to natural and ageultural ecosystem@ltieri 1999; Duelliet al. 1999; Kevan 1999)
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Table 3.1.Means and standard deviations of plant height, flowering, and fruit set measureméiesfoellaserrulataandPolanisia
dodecanda at Casa Berardi, Komati, and Fish Creek area. Data collected in 2013 and 2014 (N=100 per site).

Plant height Inflorescences  Flowers per Fruit set
(cm) per plant inflorescence (per plant)
C. serrulataCasa Berardi 2013 43.85 = 10.7 9.07 £ 5.58 6.65 +5.39 50.78 + 40.56
C. serrulataCasa Berardi 2014 47.29 + 13.85 13.35+£11.96 20.08+12.61 27.52+ 32.69
C. serrulatakomati 2013 41.2+19.2 9.15+10.8 22.18 £+ 14.08 28.37 £ 32.64
P. dodecandrdish Creek 2013 35.3 £+ 8.51 3.98 + 3.09 14.44 + 6.73 22.84 +£ 13.61
P. dodecandrdish Creek 2014 17.1 +7.96 2.23+1.95 11.28 £5.38 14.52 £ 14.6

70



Figure 3.1.Photos ofCleomellaserrulata(A) Terminal raceme inflorescences bearing
abundant small flowers. (BBombugernariusdownside position anBormicasp. visiting
flowers. (C) Nectar droplet. (D) Flowers with petals removed to expose the nectary at the

base. Scale bars: 1 mm.
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Figure 3.2.Cleomellaserrulataflowers. (A) Frontal view. (B) Lateral view. Scale bar: 1

cm.
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Figure 3.3.Photos ofPolanisiadodecandra(A) Terminal raceme inflorescences bearing
abundant small flowers. (B)asioglossunsp. collecting pollen from the anther. (C) Nectar

droplet. (D) Flowers with petals removed to expose the nectary at the base. Scale bars: 1

mm.
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Figure 3.4.Polanisiadodecandrdlowers. (A) Frontal view. (B) Lateral view. 8k bar: 1

cm.
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Figure 3.5 Nectar production (AL leomella serrulata(B) Polanisiadodecandraand

sugar concentration (@leomellaserrulata (D) Polanisiadodecandraat different time

intervals. Error bars show the standard deviation (N=50).
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Figure 3.6.Richness and number of insect visits @eomellaserrulataflowers in 2013
and 2014 at Komati (KM) and Casa Berardi (CB) areas. (A) Species richness per insect

order. (B) Number of visits per insect order.
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Figure 3.7.Richness and number of insect visits Raianisiadodecandrélowers in 2013
and 2014 at Fish Creek (FC) area. (A) Species richness per insect order. (B) Number of

visits per insect order.
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Figure 3.8 Jaccard similarity index dendrogram. CB=Casa Berardi, FC=Fish Creek,
KM=Komati.
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Chapter 4: Comparing floral transcriptome s of three Cleomaceae speciesveals

little variation between different pollination systems

4.1. Introduction

For centuries, plarpollinator interactions have fascinated researchershakie
dedicated their effostto understandg the evolutionary processes of these relationships.
Plantpollinator interactions focus on how pollinatmediated selection apecificfloral
traitshas led to the stunning morphological diversity of flowars] how the pollination
by the same kind of animal pollinators promotes the convergence of floral phenotypes,
which leads to pollination syndraga(Fenstelet al.2004; Johnson and Steiner 2000;
Mitchell et al.2009; Ollertoret al.2009; Schiestl and Johnson 2013; van der &tied.
2014) Studies on pollinatemediated selection on floral traits usually fean the
relationship between pollinators and floral phenotypeshich the floral traits are
correlated withparticulargroups of pollinatorsyut the link between the genes underlying
these floral traits is frequently unknowikessler and Baldwin 2011; Kesskdral.2008;
Sapir 2009b; Yuaet al.20133). Floral phenotypes are largely controlleddsne
identityand gene expressi@Bey et al.2004; Chanderbaét al.2016; Hoballalet al.

2007; Ma 2001)To understand the evolution and pollinatoediated selection on floral
traits, t is critical to know which genes encode floral traiesgduse these genglay a
main role in the determination #bral phenotype (Sapir 2009b; Sedeek al.2013)

One of the most studied aspects of plamllinator interactions is the evolution of
specialist pollination system&here flower have complex morphologies, concealed
rewards, anarepollinated by a specific pollinator guiléHerrera 2005; Herrera and
Pellmyr 2002a; Proctast al. 1996; Willmer 2011)Specialization in pollination systems
promotes floral diversification and speciatidiexandreet al.2015; Mayeret al.2011;
Schiestl and Schliter 2009 o date, most of the studies connecting genes, floral traits
and pollinator preference have focused on specialized pollination systbere
pollinators exertirectionaland stabilizingselection a specific floral traitsand the
genes encoding for these traits and their variations can be ide(@feedet al.2013;
Kessler and Baldwin 2011; Kesskdral.2012; Owen and Bradshaw 2011; Sapir 2009b;
Sedeelet al.2013) However, generalist pollination systeméhere plants are pollinated
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by multiple pollinator guildsare more common in natuf@/aseret al. 1996) In fact,
plants exhibit a generalizatiespecialization gradient in terms of thersity of their
pollinatorcommunitiesandthe type (diffuse vs. directional) or strength of selection on
floral traitslikely depends on where flowers fallong ths gradient(Herrera 1996;
Herrera 2005; Johnson and Steiner 2000; Weisak. 1996) However, to explore
transitions between pollination systems we need to know the ancestral dtate an
determine the direction dfansitionsOnce the ancestral state is determined, we can
explore transitions between generalist and specialist paibnasystems in related
speciesandwe canasses# generalist specieshare more genes with each other than
with specializedspeciesl|f so,we could identify general gene distribution pattems
generalisiand specialigpollination systeraand identifyif there are specific genes
associated with both system typ®#e expected that the gertast could differ between
generalis and specialist systems are those related to floral traits subject to pollinator
mediatedselectionsuch ugyenes coding color, scent, floral size, and nexgar

A promising grougo make such comparisons is tbkeeomaceae, which is a small
family (270 spp approximately, Patchetlal. 2014)with acosmopolitardistribution that
includesboth genaalist and spdalist pollination system§Cane 2008a; Flemingt al.
2009; Higuea-Diazet al.2015; Machadet al.2006; Martins and Johnson 2013; Raju
and Rani 2016)Although most flowers are monosymmetric and shasenilar ground
plan they display great variation in morphologjitraits commonly associated with
advertisement for pollinator attraction including petal colour, length of stamens and
gynophore (stalk structure that suppadhte gynoecium), nectar guides, and floral
fragrancegCane 2008a; HiguerBiazet al.2015; Machadet al.2006; Patchelét al.
2014; Raju and Rani 2018 addition, the flowers also vary in traits relatethwi
rewards such as nectar and pollen produdtiigueraDiazet al.2015; Raju and Rani
2016) Despite its diversity in floral traits, only a few studies have examined the
pollination biology of Cleomaceae, with research into five generalist sg€aes
2008a; Higuerdiazet al.2015; Martins and Johnson 2013; Raju and Rani 2@is)
two specialist specig&leminget al.2009; Machadet al. 2006)

As an important first step in elucidag genetic variatiom two Cleomaceae

species exhibiting generalispollination systemleomella serrulatgPursh)E.H.
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Roalson and J.C. HaindP. dodecandr®C) vs.onespecialistCleomaceae species
(Melidiscus giganteuf_.) Raf, we generated and analyzedittiloral transcriptomes
These speciesre found in distinc€Cleomaceae cladethey belong taifferent genera
(Figure 4.1, Patchedt al. 2014)andhavedifferent pollination system@ane 2008a;
Fleminget al.2009; HiguereDiazet al.2015) The three species differ their floral
traits and they attract distinctigeiites ofpollinators (Cane 2008a; Flemingt al.2009;
HigueraDiazet al.2015) The flowers of these species also vary in size and color, nectar
gland presence and shape, and stamerbau (Figure 4.), which likely reflect
differences in their polliator communities (Tablé.1).

The main goal of this study is to compare the genetic reperpatestially
underlying the main floral traits of twspecies exhibiting generalispollination system
(C. serrulataandP. dodecandrpand one specialisM, giganteu$ speciesfocusing on
traits that attract different suites of pollinators such as floral color, symmetry, and nectar
gland presence/absence. We used a comparative transcriptomics approach to answer the
following questions: Are the floral transgtome profiles ofpecies exhibitingeneralized
traitsmore similar to each other than that @pecies exhibiting specialized floral tr&its
Which putative genes encode the main floral traits responsible for pollinator attraction? Are
there differencem presence/absence of transcription factors in sptésave generalize
and specialized floral tra?dVe expectedb find differencesn genes codingot floral
color between species exhibiting generaliaed specializefloral traits because allfo
them differ in petal coloin addition, weexpected to find differences between species with
specialized and generalized traits in genes codiniipiia nectary developmeiaind nectar
production because these traits are likely to be under stronggiolimediated selection
in specialist pollination systemd/e also expected thitelidiscus giganteukas a higher

number of nectar production related genes due to bat pollination.

4.2. Materials and Methods
4.2.1. Study system
The pollination biology oC. serrulataandP. dodecandravas previously
described and further details about floral rewards, attractants and frequency of pollinator

visits on these species can be foun@ame (2008aandHigueraDiazet al.(2015)
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Although there is only one published reference about pollinatibh giganteusy
Fleminget al.(2009) the species igisited by batand accordingly it has modified floral
traits related with bat pollinator syndronie addition, uder greenhouse conditions the
flowers of this species bloom at dawn and they only last one, tightghwe did not
observenectar secretiofHiguera, personal observation).

Despite different pollinator&Cane 2008a; Flemingt al. 2009; HiguereDiaz et
al. 2015)M. giganteusC. serrulataandP. dodecandrahare many floral features such
as monesymmetric flowers with four sepals and four petals oriented upwards. However,
there aralso notable differences between these spdelasts ofC. serrulataare 20 cm
to 1.5 m high, with pink, oblareolate petalsand long stamens with greenish linear
anthers (Table 4.1, Figure 4.1). The gynophore, the stalk supporting the gymnoecium on
C. serrulatais pinkishand as long as the staméMoss and Packer 1983nd the
flowers exhibit a green, elongated and laminar nectar glemd species has low drought
tollerance Polanisia dodecandrgplantsare 30 to 90 cm high witlhite, clawed petals
and stamenthat areunequal inength with purplishgreen globular anther3gble 4.1,
Figure 4.1). The gynophore ih dodecandras short (O 2 mm), and the flowers have
an orange, obliquely truncated and concave nectar ¢\osks and Packer 1983)his
species haexcellent drought tolerancklelidiscusgiganteusplants are 1.8 to 3 m high,
with green, linear and elongated flowers, and long stamens with conspicuous purplish
yellow linear anthers. The gynophoreNih giganteuss reddishand as long as the
stamenglltis and Cochrane 2014; Soares Neto 20M8lidiscusgiganteudlowersfrom
the seeds that wgrowthlack of anobservablenectar glandTable 4.1Figure 4.1).
However, caution is needed because there are reports of bats feeding on nectar in this
speciegFleminget al.2009) Thereare not published studies about drought tolerance in
M. giganteusCleomellaserrulata M. giganteusandP. dodecandrare diploid species
(2n), and their chromosamumber is n=17, n=167, n=10respectively(Ruiz-Zapataet
al. 1996) and the based numberaifromosomes in plant species ranged from 3 to 25
(Wanscher 1934)

4.2.2. Plant material and growth conditions
Plants ofM. giganteusandP. dodecandravere grown under long day conditions
at 22 24 °C with16 h light cycle in growth chambers at the University of Alberta.
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Voucherswere depositeth the Vascular Plant Herbarium at the University of Alberta
(ALTA), M. giganteugMankowski and Bolton 23 Jun 2008; 814 from Hortus
Botanicus)andP. dodecandrgHall & Bolton 20 Feb 2008; 68456 from B&T World
Seeds)Cleomellaserrulataplants were obtained from an Edmonton home garden,

because we could not grow it successfully in the greenhouse after several trials.

4.2.3. RNA extraction

We pooledapical meristematic tissue and floral tissue of different developmental
stages includingmsall, medium and large buds, and open flowers from two plants for each
speciegn=3). We used meristematic tissue because the genes related with floral
development are expresdaefore the actual flower develops. \dkecided to pool the
samples becausee reed a high amount of RNA and we did not obtain the required
amount with flowers and floral tissue frgostone plantHowever, because we pooled
meristematic and flower tissue, we got genes expressed in leavasdaee could not
differentiatethe geneshat are expressed only in the flowers from the obtained gene pool.
In addition, we did not sequence biological regiiis because when we designed
experiment by 2011, RNAeq projects were scarce and transcriptomics was the suitable
approachAll the colected tissue was flash frozen in liquid Nitrogen and kef@@tC to
avoid RNA degradation. Total RNA was extracted with RNeasy plant MiniKit (QIAGEN,
Hilden, Germany) following the manufacturer's protocol, then treated with DNAse | (New
England Biolabslpswich, USA) for 30 min at 37 °C to remove residual DNA from the
total RNA. We measured RNA quality and quantity by spectrophotometry on a NanoDrop
ND-1000 (Thermo Scientific, Wilmington, USA) and a 2100 Bioanalyzer (Agilent
Technologies, Boblingen, Geany).
4.2.4. lllumina sequencingde novoassembly and assembly quality

RNA sequencing was conducted by Plate r me d 6 Anal yses G®nomi g
Université Laval. mMRNA was purified from 3 pg of total RNA, then fragmented and
converted to doubistranded cDIN using the lllumina TruSeq RNASeq library
preparation kit following Il luminaés guidel:]
an indexed adapter that contained a barcode sequence used to distinguistethe pool
samples from each other after sequemcas libraries from the three species were

combined in a single sequencing lane to reduce sequencing costs. To improve
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transcriptome gene discovery, the cDNA was normalized using the Trimmer cDNA

Normalization Kit (Evrogen, Moskow, Russia) according®mthmanuf act ur er 6 s
instructions. As a result of the normalization step, the abundance of highly represented

transcripts decreased prior to sequencing, which increased the chance of finding rare and

low abundant transcripts during the sequencing prq&égheglowet al.2007) After

sequencing, the adapter sequences thereremoved by Plafeor me d 6 Anal yses
G®nomique de | 6 Universit® Laval following |
generatd sequences will be deposited in Sequence Read Archive (SRA) at the National

Center for Biotechnology Information (NCBI).

Prior to assembly, we assessed raw read quality using FASTQC v0.10.1 software
(http:/bioinformatics.bbsrc.ac.uk/projects/fastqc). Results from FASTQC indicated that the
trimming steps were sufficient for assembly in all the speéippdndix 4.11 4.3
Supplenentary flies 13). Because all three species lack a reference geaoti® select
for the most accurate and complstdsequent analysiwe performed de novaassembly
using CLC genome workbench (vOtgtps://www.giagenbioinformatics.condhd Trinity
(vr20131110Haaset al.2013)with the default parameters for both progragfienaaset
al. 2016) We obtained the N50 statistics or unigene length at which the assembled bp
reaches 50% of total assembly lenglonaaset al.2016) The resultingle novo assembly
from Trinity was used to generate two transcriptomes for each species: a complete
transcriptomend a reference transcriptonidwe complete transcriptome consists of all
contigs including paralogs and isoforms from Trinity assenid#gausérinity assembly
includesall paralogs and isoforms, we create@fgrence transcriptonier each species
using irhouse bash scripts. Thus, the scripts selected the longest contig from the complete
transcriptome to represent each gene identified bytyirthese will be referred to as genes
from here on. Therefore, the reference transcriptomes are sisladialginot contain all the
isoforms andnaynot include all gene copiethe reference transptomes were used for
subsequent analysis.

After completing the assembly, we compared the performance and completeness of
CLC and Trinityde novaassemblers. We conducted both analyses on the CLC assembly
and Trinity complete and reference assemblies for comparative performance purposes. We

used TansRate v1.0.@mith-Unnaet al.2016)to determine assembly quality and
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accuracy. TransRate provided rdsbed metrics to generate contig scores, which are

integrated together to evaluate whole assem(siesth-Unnaet al.2016) Furthermore,

we used Benchmarking Universal Sin@epy Orthologs v2.0BUSCO Simaoet al.

2015t o evaluate transcriptome complan@&nestst i Wg
against the OPlantsdé dataset (Embryophyta_ od
species and 1440 BUSCOs.

4.2.5. Gene Ontology annotations

Oncewe obtained good qualigsemblies, we proceedto identify the geneand
their functionsThe resulting contigs from the Trinity reference transcriptome were
compared against arabidopsis thalianalatabase (TAIR10_pep_ 20110103
representative gene model) using BLASTXv@Eue <D®) in Blast2GO v4.07. The
subsequent blast results were mapped and annotated in Blast2GO, in which the functional
information for each contig BLAST hit was recovered from the Gene Ontology (GO)
database. GO terms were selected from a pool of candidedgplying the default
annotation rule in Blast2G(Tonesaet al.2005) We did a Venrdiagram for main three
GO categories (Biological Process, Cellular Component and Molecular Function) with the
top 10 related terms by categarsing JvenriBardouet al.2014) In addition we did
Venndiagrams for all pollination related terms dodselected terms related (efdpyal
color, nectaries development and nectar productoidentify similarities and differences
in gene repertoire between species with generalized and specialized traits.
4.2.6. Orthologous gene analysis

To compare presence/absence of the orthologimugs between specjege used
OrthoMCL v2.0.9(Li et al.2003)to identify orthologous proteins encoded by the reference
transcriptomes of. serrulataM. giganteusandP. dodecandraPredicted protein
sequences were obtained from Trirgogntigs fromreference transcriptonas described
above using TransDecoder v3.QHaaset al.2013) An all-by-all BLAST search was
performed on all protein sequences according to OrthoMCL specifications and using an e
value threshold of 1 Potential ortholog pairsiere grouped together with the Markov
cluster algorithn{-MCL c12-135-, Enrightet al.2002)according to OrthoMCL
specifications and an inflation value (1) of 1.5. All other stepsevperformed with default
parameter¢lLi et al.2003) We did not identifyparalog genes with this analydiecaused
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identify with certainty the genes produceddganomeduplication eventsr paralog genes
(gene copies)t is necessargonduct a gene phylogeny for the genes of interestoand

have areference gemoe, which is lacking for the studied species.

4.2.7. Transcription factor analysis

Angiosperm transcription factors ($fare involved in majobiological processes
suchas development, response to environmental stress, flowering, and fruit ripening
(Lehti-Shiuet al.2017) TFsare also drivers of evolutionary innovations in plants
including the evolution of novel floral structur@$e and Saedler 2005; Pandtyal. 2016;
Zhanget al.2015a) Since TE are potential candidate genes tatode for floral traits
important for pollinator attraction and they play a main role in floral trait varigtieinti-
Shiuet al.2017; OrtizBarrientos 2013; Sedeek al.2013; Yuaret al.20131), we
identified TFsin thetranscriptoms ofthe three Cleomaceae species detect TEfor the
complete Trinity assembly ®&fl. giganteusC. serrulataandP. dodecandrawe obtained
protein sequences from the reference assemblies using TransDecoder v3.0.1 with default
parameterg¢Haaset al.2013) Then, TS families were assigned to the predicted proteins
using the Transcription Factor Prediction Tool v4.0 on the Plant Transcription Factor
Database (PlantTFDB) webs(tén et al.2017) which employs Hidden Markov models
(HMMs) to classify protein sequences.

4.2.8. Anthocyanin pathway analysis

Differences in flower color have been frequently associated with pollinator
attraction and pollination syndrom@3avies 2009; Fenstet al.2004; Sedeekt al.
2013; Willmer 2011)Anthocyaninderived pigments are madyresponsible for pink,
red, blue and purple fleer colors and may Heey players in determiningollinator
preferencesWe thereforecompared the anthocyanin pathwayCinserrulatg M.
giganteusandP. dodecandrawhich havepink, green,and white flovers respectively
Anthocyanins were previously identified @ serrulataandT. hassleriangJordheimet
al. 2009; Nozzolilloet al.2010)and we wanted to asseslifferences or similarities in the
anthocyanin pathwalyetween specie¥Ve examined the Kyoto Encyclopedia of Genes
and GenomeKEGG- Kanehisa and Goto 200@) generate a list of candidate genes
involved in the anthocyanin pathway from all GO terms aaseat with anthocyanins.

We reviewed literure of floral anthocyanins to provide a preliminary list of genes that
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may haveencoded for the main enzymes involved in the pathiRayies 2009; Guet

al. 2014; Ho and Smith 2016; Wessinger and Rausher 2BEX}, we performed
presence/absence comparisons of the genes reported in each speciestd-uualipare

if the main anthocyanin enzymes were present in the species exhibiting generalized and
specialized traitsye obtained the anthocyanin pathway from KE@@pendix 4.4%o
generate a simplified diagram depicting the main enzymes present igyartho

pathway ofC. serrulata M. giganteusandP. dodecandrgFigure 4.8.

4.3. Results

4.3.1. Sequencingle novoassemblyand assembly quality

Three normalized cDNA librégs were constructed from meristematic dachl
tissue ofC. serrulata M. giganteusandP. dodecandraAfter sequencing otihe HiSeq
2000 (lllumina)platform,approximately 9@nillion pairedend reads were obtained for
serrulatg whereas foM. giganteusandP. dodecandrd30and 85 million, were obtained,
respectively(Table 4. 2. The average length of the raw short reads for all the species was
100 bp (Tablel.2). Results from FASTQC specified that the sequences had enough quality
for assemblyAppendix 4.11 4.3). CLC assemblies produced between 59220 and 79103
contigswith an average lengthf 669bp, while Trinity assemblies producedntigs with
an average length 440014 and 24090 (Table4.3). Since the contigs produced by
Trinity contained paralogs and isoformghich is determined by the Bruijn algorithnath
the program used to reconstruct all the original transdffataset al.2013) we made a
reference assembly that included only the longest contig for each Trinity unigene. Thus, the
reference transcriptomes range from 47090 to 76228 contigs @apl&he average
contig length and the N50 valuedere higher in Trinity assemblies than in CLC
assemblies (Tabi&3).

The quality assessment and completeness approaches indicated that the assemblies
of C. serrulata M. giganteusandP. dodecandravere of good quality ancklatively
complete. TransRate scores ranged from 0.24 to 0.28 for CLC, while for Trinity complete
and reference transcriptomé@sansRate scores ranged from 0.009 to 0.021, and 0.25 to
0.34 respectively (Table4). TransRate scores above 0.22 threshaldisate good quality
of the obtained assemblig€Smith-Unnaet al.2016) The BUSCO results showed that the
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assemblies were highly complete, with complete matches ranging from 60.7 to 61.7 % of
plant ortholog for CLC, from 90.9 to 94.2 for Trinity complete transcriptome, and 74 to
76.9 for Trinity referencaanscriptome (Table 44Since Trinity provided more complete
and accurate assemblies than CLC, we used Tdaityplete and referent&nscriptomes

for GO annattionsanalysegTable 4.4)

4.3.2. Gene Ontology annotations

Gene ontology (GO) annotations were recovered from most sequeres of
serrulata,M. giganteusandP. dodecandraOverall, we obtaineil19403 (64.07%),
189269 (78.54%), and 1008622.03%) sequence annotations for the comflatety
transcriptome o€. serrulata,M. giganteusandP. dodecandrarespectively Appendix
45). In addition, we obtained 37277 (48.9%060 (52.35%)21727 (46.13%) sequence
annotations for the reference transcriptom€.aferrulata,M. giganteusandP.
dodecandrarespectively. The reference transcriptomes of the three species were classified
for three main GO functional categories: biological process, molecular function, and
cellular component with their related subcategories (Fig@)e

The threespecies showesimilar patterns of gene annotations. For all three
species, the largest number of transcripts for the reference transcriptome was associated
with biological procesghat includes pollinationfollowed by cellular component, and
molecular functionKigure4.2), with the most common GO term for each of these three
categories being metabolic process, chloroplast, and protein binding respeéiiyete (
4.2). In generalCleomella serrulatdnad the most transcripts associated with GO terms,
while P. dodecandx had the feweggenes associated with GO terrRgglre 42).
Furthermore, we selected 14 GO terms specifically related to pollination ard flora
development, all of whichelonged to the biological process category (Figu8e We
identified 1247 transqguts associated wh these selected GO terif@gppendix 4.6.
Moreover,C. serrulatahad the highestumber of transcripts associated with GO
pollination and floral development terms, followedMygiganteusthenP. dodecandra
Within pollination and floal development, the most abundant terms wetleagyanin
accumulation in tissues in response to UV light, determination of bilateral symmetry, and
polarity specification of adaxial/abaxiat dorsal/ventraaxis (Figure4.3). The

pollination and floral development GO terms were generally similar across species
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(Appendix 4.6, although there were differences in the presence/absence of underlying
transcripts associatedth pollination and floral development GO terndgppendk 4.6).
The threespecies shared 231 transcripts (24.29%)werrulatahad the highest
number of unique transcripts (20.08%), wtitledodecandrandM. giganteushared
more transcripts (10.72%; FiguretdAppendix 4.§. For the anthocyaniaccumuléion
in tissues in response to UV liglienn-diagram, we founthatC. serrulatahas the
higher number of uniqueeanscripts but there were few differences in the number of
transcripts shared by species with generalized and specializedasaite expded
genes related with anthocyanin accumulation in tissues was different between species
(Figure 4.%, Table 4.%. Regarding genes involved in the anthocyanin pathway, we found
all the major genes in the three species despite color differences mhétermnd the
results did not meetur expectation (Table 4.5, Figure 4.8s result may be due to the
inclusion of meristematic tissue in the samples, since anthocyanins are involved in other
metabolic processes and not only in color determinatMmfoundshared core genes for
nectary developmerfCRC BOP) between generalist and specialist spedr@srestingly
we found genes only shared by the generalist spe&ie3 éndYABBY?2, and we also
found unique genes in the specialist spedd®@ndYABBY?Y, in this caseur
expectatiorwas affirmative and the generalist species shared specific nectary
development gend&igure 4.5bTable 4.5) Regarding nectar production, we did not
find sharedtranscripts between generalist species (Figure 4.5c¢), ingawgralist and
specialist species ated more transcripts between thdmt as we expected the bat
pollinated specied. giganteushad more nectar production related genesaaind
expectation was mé¢Figure 4.5cTable 4.5).
4.3.3. Orthologous gene argsis

When comparinghe number of shared and unique protein fami@ess our three
species, w found 56616 proteins that were clustered into 35896 orthologous groups
(Figure 4.6. Of these groups, 8041 (22.4%) orthologous groups were common to all
speces, while 1876 (5.22%) orthologous groups were sharétl bgrrulataandP.
dodecandral364 (3.79%) orthologous groups were share@.lsgrrulataandM.
giganteusand 1398 (3.89%) by. giganteusandP. dodecandrgFigure 4.§. Cleomella
serrulatahadthe highest number (12983; 36.16%) of uniquegindfamilies, almost twice
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as many adl. giganteug6495; 18.09%) and three times more tRanlodecandr3739;
10.41%;Figure 4.6§. HoweverC. serrulataandP. dodecandrashared a higher number of
orthologous groups when compared with giganteugFigure 4.6. Interestingly patterns
of sharedrthologous groups were not assaaihivith phylogenetic relatednegdthough,
M. giganteusandP. dodecandrashare a more recent common ance@atchellet al.

2014) theydid not share more orthologous grofpgure 4.9.

4.3.4. Transcription factor analysis

The distribution of the Tamilies was similar across thiereespecies (Figure
4.7). Overall, we identified 58 puige TFfamilies represented in 2924 unique transcripts
(1212unique transcriptfor C. serrulata 864 forM. giganteusand 848 foP.
dodecandrq Thenumber of tanscripts assigned TF families was highest i@.
serrulatg followed byM. giganteusandP. dodecandraFor all three species, the most
abundant TF families wetgHLH (BASIC HELIXLOOP-HELIX), ERF (ETHYLENE
RESPONSE FACTORJ2H2(CYS2HIS2), NAC (NAM, ATAFandCUC), andMYB
(MYELOBLASTOSISFigure4.7). Other abundantly represented TF families included
WRKY(WRKYGQK AMINO ACID MOTIFMYB-RELATED (MYELOBLASTOSIS
RELATED, bZIP (BASIGREGION LEUCINE ZIPPERGRAS(GAI, RGAandSCR,
andC3H (CYS3HI$ families. On the other hand, the less abundant TF familiesh&De
(LESIONSIMULATINGDISEASE, STAT(SIGNAL TRANSDUCEBNJACTIVATOROf
TRANSCRIPTIONNZZ/SPLNOZZLE/SPOROCYTELESERAV(RELATEDTO-
ABI3/VP), andSAP(STERILEAPETALA- Figure4.7). Despite these similarities of TF
family distribution among the species, we found some differences in terms of
present/absent familiebtZZ/SPL RAV, andSAPfamilies were abseim M. giganteus
while, HB-PHD (HOMEOBOX PATHOGENESIRELATED, HRT-Like (HAIRY
RELATED TRANSCRIPTION FACTaIke), andSAPfamilieswere abset in P.
dodecandraAll the TF families were present @. serrulata(Figure4.7).
4.35. Anthocyanin pathway

Since the anthocyanin biosynthetic pathway is well understood in flowering
plants(Wessinger and Rausher 201&¢ were able to identify putative homologues of
all major enzymes of the core anthocyanin pathway (Fig8jeWe identified 90

unique transcripts involved enthocyanin biosynthesis representing seven candidate
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enzyme classe#s\ppendix 4.7. In general, the components of the pathway were
similar across the species (Figdr8). However, whitiskgreenflowers ofM.
giganteushad a higher number of unique transcripts encodin@itir(CHALCONE
ISOMERASE CHS(CHALCONESYNTHASEandB O HLAVONOI D 36
HYDROXYLASEAppendix 4.7, although this species has green petals, the highest
number of transcripts could be related to atineajoranthocyanin functionas UV
protection, metal chelating, and antioxidai@suldet al.2009) We also found some
differences in transcripts encoding enzymes: the tran$e8pF5GLUTATIONE
TRANSFERASHE) was present only iNl. giganteuswhile, the transcripGSTF6
(GLUTATIONE TRANSFERASIE Was absent iivl. giganteugFigure4.8, Appendix
4.7). We did not find transcripts involved in the production of pelargonidin and
delphinidin, which are common components in the anthocyanin pathway in species
that have red and blue flowers. These were therefore removed from the depicted
KEGG metabolic pathwafAppendix4.4). Regarding anthocyanin pathway
regulation, we found similarities and differences in the presence/absence of main
anthocyanin positive regulator genes belonging2&83M¥B andbHLH transcription
families. HerepHLH andR2R3MYBepresented.82% and 5.6%, respectively, of

all transcription factors identified (Figuéer) and the transcripts belonging to
R2R3M™MB family PAP1/2(PRODUCTION OFANTHOCYANIN PIGMENT 1j2and
MYB113(MYELOBLASTOSIS 1) 8ere present among the species. Anthocyanin
biosynthesis is also negatively regulateddB3C (CAPRICH andLBD (LATERAL
ORGAN BOUNDARY DOMAJNranscription factor§Guoet al.2014) CPCwas
absent only ifP. dodecandrawhile the traneript LBD37was present in athe

species. In addition,BD38was present only iN. giganteuswhile LBD39was

absent only irM. giganteus.

4.4. Discussion

We examined the gene repertoires of three Cleomaceae species with different floral
traits and different pollination systems to determine if there were major differences in the
transcriptomic profiles afpecies exhibiting generalized and specialized ftoagk We
focused our analysis on the gene repertoires of flowers and meristematic tissue between

species, examining candidate genes for floral traits associated with pollinator attraction
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and, more specifically, genassociated with flower colaihe anthocyanin pathwand

nectar productiorin general, the gene repertoire of all three species were similar, despite
having different pollinators and belonging to relatively distant cldglat$ species

exhibiting a generalist pollination syste@iéomella serrulateandPolanisia dodecandia
shared morerthologous groupwith each other than the specialist pollination system
speciesNl. giganteuy but importantly we found presence/absence similarities and
differences in the genes associated witltrpation related term@igure 4.4, Appendix

4.6). The obtained transcriptome data resulted in identification of candjdaés for

further investigation as they may be important for difference in pollinator attraction,
specificallygenes involved in neetr productionWe foundthe main components of the
anthocyanin pathwaip all species. The color differences between speciesmiye

result of differential gene expression and regulatory processes rather than gene repertoire.
Contrary to ouexpectations (Table 4.5)e found the same anthocyanin pathway related
genes despite color differences between species, we attributed these results to the inclusion
of meristematic tissue in the analysislather major anthocyanin rolesich us UV light
protection,and antioxidant activityBased on gene presence/absence data and after
reviewing core literature, we proposeghdidate genasoding forflower color and nectar
traitsthat maybe subject to selectigeressuregxerted by pollinatordmportantly, we

found that nectary development genes were shared by species exhibiting generalized floral
traits C. serrulataandP. dodecandrpandspecies exhibiting specialized floral trajis.
giganteu$ have unique genes involved in nectary develeqt. Overall, there werenore
similaritiesthan differencebetweerspecies belonging generalist and specialist

pollination systems gene repertoiref®r the reference transcriptome, and we found
differences in the genesding for flowercolor, netary developmentectar production

and other pollination relatedhits.

4.4.1. Gene repertoires were similar across species

We found a similar pattern in termsg#ne ontology annotatiorsndgene
repertoirescross species despite phylogeneistance (Figure4.1, 4.2, and 4.pand
differences in pollinator communities. Interestingly,serrulatahas more unique protein
groups tharthe other species, with double ani@le groups of unique proteins when
compared toM. giganteusandP. dodecadra, respectively (Figurd.6). In the
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CleomaceaghylogenyC. serrulatabelongs to a notoriously long bran@figure 4.1,
Patchellet al.2014) which means than this clade there are more nucleotide
substitutions per site and the variatiorsubstitution ratess high.Cleomaceae
experiencd an ancient whole genome ftiigation eventwhich occurred approximately
24-13 Mya(Barkeret al.2009; Chengpt al.2013; van den Bergét al.2016a; van den
Berghet al.2014) This triplication event is slted amongst common ancestof
TarenayaandGynandropsigvan den Berglet al.2014) including the lineage for
Melidiscus giganteugPatchell et al. 2014L. serrulataandP. dodecandrare not
identified as any of these lineag&®odorovaet al.2010) but further investigations are
needed to determine number and placement of gedapigations in the Cleomaceae.
However, ve predictC. serrulatahas undergone the whole genome triplication edapt
to the high number of unique assembly contigs and isofbronsthe Trinity complete
assemblybut a gene phylogeny is necessargstiablish gene copies number
Morphobgical complexity in @nts haseen correlated with retention and expansion of
transcriptional regulation genes after gene duplication events and morphological
novelties can originateom these retained gene cop{&pechtet al.2012) It would be
interesting to investigate the function of genes copies in theageueht of novel
structures as androgynophoeexl nectar glangd®ecause these traits are different among
CleomaceaspeciesFurther studiesncluding a reference genome andhgg@hylogenies
are needed to elucidate whetkerserrulataandP. dodecandra&xperienced the whole
genome triplication everand the impact of these events on generating variation in gene

repertoires across species.

4.4.2. Candidate genes for pollinator traction

Floral symmetry, floral color, and nectar gland development are all traits that are
predicted to be under selection by pollinators, but the magnitude and direction of
selection may vary depending on whether plants have generalized vs. specialized
pollination systemsCleomaceae flowers are monosymmetric deale are two different
pathways to achieve monosymmetrythis family (Patchellet al.2011) Cleomella
serrulataandP. dodecandraxhibit early monosymmetrywhile M. giganteusexhibits
early dissymmetryPatchellet al.2011) As in other angiospermgenes belong to the
TEOSINTE BRANCHED 1/CYCLOIDEA/PCHCP) family suchasCYCLOIDEA(CYC)
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are involved irfloral symmetry determinatiofBusch and Zachgo 20Q9h particufr,
genes belonging t8YA.OIDEA 2 (CYC2 subgroupplay a key role in the determination
of floral monosymmetry and also contribute in the evolution of flower {@usch and
Zachgo 2009; Hileman and Cubas 2009; Kramer 2007; PrastbHlileman 2009; Zhang
et al.2010) In our analysis, & founda sequence witla high similarityto thegene

TCP1, which isresponsible for monosymmetry determinatiotberis amaral.
(Brassicacegeand itwas present in the three spedigppendix 4.§. Althoughthe three
species have a different developmental pathway, they stieesdme symmetry type and
the lack of difference may be evidence that pollinators are exerting stabilizing selection
to favor symmetric flower@Nealetal. 1998) Further studies are necessary to identify
TCPgene copy number and function@n serrulata M. giganteusandP. dodecandra.
Likewiseg it would be interesting to determine if the role of T@P1in the determination
of monosymmetry of Cleoateae species is similar to the pattern observedmara

in whichTCP1is strongly expressed in adaxial petadfore anthesier if the pattern is
different(Busch and Zachgo 2007, 2009)

Nectar is a key reward that mediates plaoitinator interactions and several genes
are important in the development of nectar glands and the regulation ofpmedtastion
(Benderet al.2012 Kramet al.2009; Linet al.2014; Royet al.2017; Ruhimanret al.

2010) Both C. serrulataandP. dodecandréave an evident nectar gland and they produce
copious amounts of viscous nedtdigueraDiazet al.2015) These pecies shared the
same number and identity of nectar gland development ¢&ppsendix 46), butC.
serrulatahad more genes associated with nectar produati@m compared tB.

dodecandra (Appendix 46). Interestingly, flowers oM. giganteudacked an apparent
nectary andV. giganteugplants grown for this study produced no nectar, though it has
nectar production genes (e@WINV26), and is visited by nectarivorous béEeminget

al. 2009) Moreover,as we expected/. giganteusad the highest number of genes
associated with nectar pnaction (Figure 4.3, Appendix 4)6This pattern is consistent
with differences in pollinators as baollinated flowers produce higher volume and low
sugar concentration neci@leminget al.2009) Ourobservations suggest that the lack of
nectar was likely due to greenhouse conditemms plant growthi=loral observations and

dissections in wild plants will allow us to identify if the flowers have or not a nectar.gland
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Overall,there wee some presence/absence differences in the genes involved in
nectary development and nectar production among species. TheCiDasdBOP2
were present in all species, RO andYAB2were absent iiM. giganteuswhile INO and
YAB5were present only iN. giganteugAppendix4.6). More importantly, species
exhibiting generalized floral traits shared specific nectary development transcripts that were
absent in the specialist species (Figure 4.5b, Tablé-dtGje studieshould focus moren
the candidagenesAFO, BOP2 CRC CWINV,4 andINO because they could playa@le
in nectar gland development and nectar productid. igiganteusC. serrulataandpP.
dodecandraFurther quantitative gene expression studies are necessary to elucidate if there
are gene expression differenceshese genes among the spedididiscusgiganteushad
the highest number of transcripts involved in nectar secretion and in nectar gland
development even thougte did not observeectar inthis speciegAppendix 4.9. It is
possible that whil€RCandBOP2 which aremajor playesin the formation and
development of nectar glands in angiosperanmspresent ifVl. giganteustheyhavea
posttranscriptional regulation process or the transanply have low abundansén a
recent reviewthe gene80OP12, AUXIN RESPONSE FACTORARF6, ARF§ and
CRCare important for nectary development and muttiltso develop the nectary and
lack of it (Royet al.2017) In our study, we found the genes mentioned above associated
with nectary developmei@O term with the exception #RF6andARF8 SinceARF6
andARF8are essential for nectary developmenirihaliana(Nagpal et al. 2005yve
advise further exploration of these getwtest their function in nectary developmencC.
serrulatg M. giganteusandP. dodecandraWe alsorecommendFO, BOP2 CRC
CWINV4 INO, YAB2 andYAB5as candidate ges& perform functional studies to
determine the ile of these genesin nectary developmeiaind nectar productian C.

serrulatg M. giganteusandP. dodecandra

4.4.3. Flower color and the anthocyanin pathway

Selection on flower color is often mediated by pollinator preferé@aafaet al.
1995; Hoballaket al.2007; Schemske and Bradshaw 1999; Schiestl and Johnson 2013;
Wessinger and Rausher 20B2)d anthocyanins play an important role in the
determination of flower color in many plant spedPavies 2009; Grotewold 2006;
Quattrocchicet al. 1999; Wessinger and Rausher 202@14; Whittallet al. 2006) In our
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three species, visual inspection initially suggested that anthocyanins, or the lack of
anthocyanins, may be an important floral trait under polliratediated selection. Our

results suggeshat the anthocyanin core pathway is well conserved across all the species,
despitetheir belonging to different clades, and the main differences related to floral color
may be due to differences in gene expression and gene regulatory functions.

In our stuly, all three plants have different colored flowers, which may be
attributed, at least in part, to pollinatorediated selection on the anthocyanin pathway.
Numerous studies have attempted to elucidate the genetic basis of transitions between
pigmented taonpigmented flowers within and among speéreanthocyanis,
betalairs, and carotenoglderivedcolors(Christinetet al.2004; Davies 2009; Ho and
Smith 2016; Wessinger 2015; Wessinger and Rausher.201g9neral, transitions from
pigmentedanthocyanin derived colote white flowers are more common than the
reversgDavies 2009; Wessinger and Rausher 20IBgse transitions may involve loss
of function in pigment pathway genes or regulatory gelnessof function ha alsobeen
reported ingenes encodinfpr betalains andarotenoid derived pigment¢Christinetet
al. 2004; Wessinger A®), suggesting that just detecting the presence of the genes from
these pathways may not provide sufficient informatamonderstand the role of
anthocyanins in expressed floral colour.

Anthocyaninpigmentshave beempreviouslyidentified forC. serrulataandT.
hassleriangJordheim et al. 2009; Nozzolillo et al. 2010; van den Bergh 20Tijs,C.
serrulatahave five anthocyanin derived pigmemisluding cyaniding3-2-glucosyt6-
coumaroyiglucoside5-glucoside and four acylated derivatives compoundfeoyl,
sinapoyl, ferloyl, andp-coumaroyl.Tarenayahasslerianahas the samdive anthocyanin
pigments a€. serrulataplusfive pelargonidin derived pigmenf3ordheimet al.2009;
Nozzolillo et al.2010) In T. hasslerianapurpish flowers have anyhocyanin derived
compounds, while, pinkish flowers have pelargonidin derived pigniéotdheimet al.

2009; Nozzolilloet al.2010) Pelargonidin derived pigments are synthetized by the
enzymes dihydroflavonel-reductase and anthocyanidin syagl (ANS) ad they were
present in the thregpecies (Appendix 4.7Howeverwe did not find any GO term
relatedto pelargonidin productignnsteadwe found GO terms related all the

anthocyanidi-derived pigments (Appendix 4ahd 4.7).
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In our studywe identified 90 unique transcripts involved in anthocyanin
biosynthesigAppendix 4.7) We were surprised thB dodecandrawhich has white
flowers, did not exhibit the absence of speaiinthocyanin transcripts his could be
explained by the presea of anthocyanins in vegetative tissues, which suggests that the
lack of color may be the result of gene derggulation rather than gene loss in this
speciesin addition anthocyaninglay major roles in vegetative tissues as UV protection,
and stressasponséHatier and Gould 2009)n M. giganteuspetals are mostly green,
which could be attributed to the presence of chlorophyllawérs(Ohmiyaet al.2014)
andbecausehe flowers also exhibit some pinkish cqlae were not surprised tiond
anthocyanirrelatedtranscripts (Appendix 4.7We also found transcripts involved
chlorophyll accumulation in petals 8 A¥GREEN RICHike (SGRiike),
MAGNESIUMCHELATASE SUBUNITHLI 1 (CHLI1) and7-HYDROXYMETHYL
CHLOROPHYLL A REDUCTASE HCAR); these transcripts haveén reported for
chlorophyll accumulation in carnation peté@@hmiyaet al.2014) Although,
anthocyanin pathway transcripts were preseM.igiganteusit is probable that the
expression level of these transcripts is low, because the predominant color of the flowers
is greenin other plant species, includifig hasslerianatranscripts from the following
candidate genes are highly abund@#ALCONE SYNTHASEHALCONE
ISOMERASEDIHYDROFLAVONOL REDUCTASEANTHOCYANIDIN 30-
GLUCOSYLTRANSFERASIBJANTHOCYANIDIN SYNTHASBhideet d. 2014; Guo
et al.2014; Ho and Smith 2016; Wessinger and Rausher 2812hese genes were
present in the transcriptome Mf giganteusC. serrulataandP. dodecandraWe dd
find that the F30506H tr anscr kdprived pigmerasl v e d
which gives blue color to the flowers, wagt expressed in our sample. The complete
loss of this transcrigtas been reported in Rosaceae, most Asteradeaérhinum
majus Arabidopsis thalianalpomoeaspp,Matthiola, Ophrysexaltatg O. sphegode0.
garganicg andTulipa (Sedeelet al.2013; Wessinger and Rausher 20 R)rther
investigationinto gene expression levebased on RNAsegexperiments and gPCR are
required to improve our knowledge of flower color and pollinator attractid in
giganteusC. serrulataandP. dodecandradue to study limitation time, we did not

perform these analyses. The next step should be to perform efffeRments to
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measure gene expression levels in the candidate.d&noésbly more than differences

in generepertoiresthe color differences observed among specigime the result of
spatial and temporagene expression in the core genéthe anthayanin pathway. For
examplegene repertoires artdifferential gene gxressiornave been studied for
Cleomaceaspecies with different mechanism of carbon fixation as C3 argb€les.
The main difference between them is differential gene expreasmmsttranscriptional
regulationof many genes rather than gene repertbieeause C3 and C4 species shared
thesame relevangeneqFankhauser and Aubry 2017; Kulahoghal.2014; Williamset
al. 2016)

In addition to anthocyanins, transcription factors also play a key role in the
determination bflower color. Transcription factors related to pollinator specificity and
pollinator shifts among closehglated species with differences in coloration have been
identified inAntirrhinum, Clarkia, I[pomoea, Mimulu§phrys, PetunigandPhlox
speciegDes Marais and Rausher 2010; Sedetedd. 2013; Yuaret al.20133). In these
systems, transcription factors belongingiteMYB family seem to play a prominent role
in the diversification of pollinateassociated floral traitSedeelet al.2013; Yuaret al.
2013; Yuanet al.2013). MYB transcription factors are involved he determination
and regulation of flower color. For example, CPC can aatraegative regulator of
anthocyanin production, which is what we anticipated to see in the-fidvteredP.
dodecandraSurprisingly, this transcript was absent in this species, but present in the
other focal speciegrequently, white phenotypes havR2R3MYB gene inactivation,
however anthocyanins are still detected in vegetative traitthoughP. dodecandra
have white flowerswe did not find &R2R3MYB gene inactivation in this species
(Wessinger and Rater 2012)We should also explote MYB transcription factors in
C. serrulataand determine their function in flower color regulatiasthis species &
manymore MYB transcription factors compalrto the other species (Figure A.Further
study s needed to determine the regulation function of MYB transcription facts in

giganteusC. serrulataandP. dodecandra
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4.4.4. Implicationsfor understanding differences between generalist and specialist
pollination systems

The evolution of specialist pollination systems has been widely studied,
particularly in terms of the selective pressure of specialist pollinators on floral traits and
pollinator shifts between closely related plant spe@areet al.2013; Fernandez
Mazuecos and Glover 2017; Gubdizal.2009; Hoballaket al.2007) In these specialist
systems, pollinators exeattrectional and stabilizing selection on floral traits, which
frequently include corolla size, flower shape and color, nectar guides, stigma length, and
flowering phenology(Armbruster 2012; Connat al. 1996; Johnston 1991;
Jo® M. Gomezet al.2006; Medekt al.2007; Nattercet al.2010; Sletvolcet al.2016)
Researcherfooking for genes underlying floral traits important for pollinator attraction
havemainly focused on differences in genadingfor flower color, and the poduction
of flower fragrances. These geradten differbetweerplants exhibiting different
pollination syndromes promotirgpecializationandthey have been identified in a wide
range of plant¢Hoballahet al.2007; Kessleet al.2008; Kramer 2008; Schiestl and
Schliter 2009; Sedeeh al.2013; Sletvolcet al.2016; SpitzeiRimonet al.2012;
Verdonket al.2005; Xuet al.2012; Yuaret al.2013). On the other hand, the genetic
basis of generalist pollination systems has been mostly studied to explain transitions
between specialist and generalist pollination systamsto study evolution of flower
developmen{Alexandreet al.2015) Currently, there are few studies that quare
genomics and/or transcriptomics dataained through NGBetween plants exhibiting
specialist or generalist pollination syste(Bedeelet al.2013; Xuet al.2012) Taken
togethey we foundcandidategenescoding forflower color, nectarglands, and nectar
production while we might predict thahese trait@reunder directional and stabilizing
selection in the specialidM. giganteusthe repertoire ofienes involved ithese floral
traitswas similaracross spaalist and generalist species. This suggestsselection is
not leading tovariable gene numben these different pollination systems.

Interestingly we found some differencesgardingpresence/absence thie above
genesputtheycouldnot be attributedor sureto the different pollination sysin
because our sargpsized was small (n=3) amspecialist and generalist species waoe

well representeth our samplingMoreover these diferences may be attributed ttee
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gendic pool of the specielsecausehey belong to different Cleomaceae cla@desl not to

different pollination systems&imilar to thisstudy, other researcheedso found

similarities in the repertoire of genes involiadlower color, nectary developmeraind

floral scent between generalist and specialist spéBmsderet al.2012; Clegg and

Durbin 2000; Kranmetal.2 0 0 9 ; Mg odzi (Es kehal.2Z0I00V@inketSRidely | ma n n
2001) It is important to clarify that the genetic bagd floral traits and the differences

between generalist aspecialist plant speciese not alwaysausedy the

presence&bsence of genes or gene repertoi@e differential, temporal and spatial
expressionand regulatory networkasocouldplay a rolein the differences exhibited by
generalist and specidlispecies.

Finally, to better identify candidate genes coding for pollinator mediséésttion
traits in different pollination systemis is necessary to perform quantitatiyene
expressiorstudies as RNAeqfrom only floral tissue (to get only the ges expressed in
floral tissues, which are important for pollinator attraction). In addition, we need to
includebiological replicates tdetect individual variation in the traits under study, and it
is necessary to increase the number of species exfgibwitnkind of pdlination systems

to find general pagrns about gene expression in generalist and spesigistims.

4.5. Conclusions and future directions

We identified some interesting patterns using comparative transcriptoniics in
giganteusC. serrulataandP. dodecandraln general, the gene repertargeresimilar
among the species in terms of presence/absence. Overall, the tramgcapspecies with
generalized floral traitezasmore similar to each other th#re species wittspecialzed
traits Howeverwe found differences in candidate genes encadinfiower color and
nectarytraitsbetweerspecies exhibitingeneralized and specializeditswhich couldbe
subjecedto selective presiure by pollinatorsAlthough,thegenes encoding for major floral
traits are similar in specialist and generalist species, and the differences bktwaéen
traits is likely due tather geneti¢actors.

The next stejn this work would be to complete quantitative gerpressionn
canddate genes ari determine if there are different expression levels in the candidate

genes associated with key floral traits, which could suggest selection by pollinators. These
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candidate genes could be the focus of functional podative experiments tiest

assumptions of pollinatenediated selection on floral traitshich was the original aim

To better understand the evolution of pollination systehese gene expression studies

should incorporate both generalist and specialist pollination systems and be carried out in a
wide taxonomic range of plants. The information derived from these studies will allow us

to expand our knowledge about the evolutof pollination systems and to find the link
between genes underlying important floral traits and pollinatediated selection of floral

traits.
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Table 4.1.Floral differences amongleomella serrulataMelidiscus giganteysandPolanisia dodecandreCleomella semlataand

Polanisiadodecandraare pollinated by different pollinator guilds, whMgelidiscusgiganteuss pollinated by bats

Cleomella serrulata

Melidiscus giganteus

Polanisia dodecandra

Aestivation
Inflorescence type
Flower length
Petals
curvature
orientation
differentiation
shape
color
Nectar gland
colour
position and display

Shape

Closed
Bracteatedaceme

3cm

Upward
Upward
Adaxial petals shorter
Oblanceolate

Purple, pink, white or mixed

Green
Adaxial and concealed

Elongated and laminar

112

Closed
Bracteated raceme

7.5

Upward
Upward
Similar size
Oblong

Whitish-Green

N/A*
N/A*

N/A*

Open
Bracteated raceme

2.5cm

Upward

Upward
Adaxial petals longer

Clawed

White

Orange
Adaxial and exposed

Cup shape



Nectar

appearance Transparent, copious and lighte N/A Yellowish, copious and thick
sugar concentration** 40.8+ 7.68% N/A 43.32 +4.74%
UV reflection Absent Absent Fluorescent nectar
volume** 0.28i 0.85 ul N/A 0.25i 0.63 ul
Stamens
stamen curvature Upward Upward Upward
length Equal Equal Unequal
number 6 8 81 12
Anthers
colour Green, yellow Green, yellow Green, purplish, yellow
shape Oblong Linear Oval
pollen color Yellow Yellow Greenpurplish and yellow
pollen display Conspicuous, yellow Conspicuous, yellow  Conspicuous, green, yellow
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Gynophore As long as stamens As long as stamens Short (0i 2mm)

* We did not observe a nectar gland in Melidiscus giganteus. Flowers of plants growing in the greenhouse did not have nectar at all.
** Adapted from Higuera-Diaz et al. 2015. Nectar sugar concentration (mass/mass as percentage), concentration values are population
means * standard deviation, n= 20. Minimum and maximum nectar volume range, n= 20.

N/A= No data available.
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Table 4.2.Summary of lllumina sequencing from DNS normalized libraries.

Cleomellaserrulata Melidiscus giganteus Polanisiadodecandra
Total number of raw reads 95 616 414 130 268 202 84 853 538
Total nucleotides 9561 641 400 13 026 820 200 8 485 353 800
Average length 100 100 100
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Table 4.3.Cleomella serrulata, Melidiscus giganteasidPolanisia dodecandrassembliesAssembly comparison betwe@i.C

Workbench and Trinity software.

Cleomella serrulata

Melidiscusgiganteus

Polanisiadodecandra

CLC Trinity CLC Trinity CLC Trinity
No of assembled contigs/isotigs 79103 186361 68951 240976 59220 140014
No of unique assembled contigs 79103 76228 68951 55503 59220 47090
Minimum contig length (bp) 156 201 200 201 146 201
Maximum contig length (bp) 16513 16513 16538 15678 15239 15234
Average contig length (bp) 625 1671.76 669 2202.47 696 1986.25
N50 (bp) 888 2788 1024 2855 1075 3021
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Table 4.4.BUSCO notations for estimated assembly completeness and TransRate quality asses€heemeilaserrulata

MelidiscusgiganteusandPolanisiadodecandraCLC assembly and Trinity complete and reference assemblies

Cleomella serrulata Melidiscus giganteus Polanisia dodecandra

Trinity Trinity Trinity

CLC Complete Reference CLC  Complete Reference CLC  Complete Reference

Contig metrics

No of transcripts 79103 186361 76228 68951 240976 55503 59220 140014 47090

BUSCO notationsn= 1440

% Complete 60.7 92.3 77.2 60.7 90.9 74 61.7 94.2 76.9
Single copy 58.5 45.8 75.1 57.2 41 73.1 60.1 43.5 75.5
Duplicated 2.2 46.5 2.1 35 49.9 0.9 1.6 50.7 1.4

% Fragmented 19.1 2.9 11.1 21.4 4 12.6 20.9 2.9 12.5

% Missing 20.2 4.8 11.7 17.9 5.1 13.4 17.4 2.9 10.6

TransRate score

TransRate assembly score  0.25 0.021 0.33 0.24 0.009 0.25 0.28 0.018 0.34

% Good contigs 73.65 35.57 84.67 72.57 16.5 84.71 76.47 26.99 85.81
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Table 4.5.Expectation@ndagreement/disagreemeansultsregardinggene repertoiredistributionfor selected floral traitsn the

generalisspeciesCleomellaserrulataandPolanisia dodecandrand thespecialisspeciedMelidiscus giganteus

Expectations Agree/Disagree
- Genes related with anthocyanin pathway will differ between species, because the speci Disagree
exhibit different petal color
- Genes related with nectary development will be more simailaach other ispecies Agree

exhibiting generalized floral traits than in species with specialized floral traits

- Genes related with nectar productwiti be more similar to each other in species exhibiting Disagree
generalized floral traits than in species with specialized floral traits

- Genes related with nectar production willfbgher in the species exhibiting a bat pollinatiol Agree

syndrome
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Figure 4.1.Current phylogenetic hypothesis of Cleomaceae depicting the main clades to
which belongCleomellaserrulata Melidiscusgiganteus andPolanisiadodecandra
Adapted from Patcheéit al 2014.
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Figure 4.2.Top 10 gene ontology annotations for the reference transcriptome of
Cleomellaserrulata Melidiscusgiganteus andPolanisiadodecandraBP: Biological

process, MF: Molecular function, CC: Cellular component.
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Figure 4.3.Floral and pollination related gene ontology terms for the reference
transcriptome o€leomella serrulatg Melidiscusgiganteus andPolanisia. dodecandra

BP: Biological process.
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Figure 4.4.Comparison of the number of shared and specific transcripts related to
pollination gene ontology terms @eomella serrulataMelidiscus giganteysand

Polanisia dodecandra

M. giganteus C.serrulata

P. dodecandra

Size of each list
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Figure 4.5 Comparison of the number of shared and specific transcripts related to
specificpollination gene ontology terms @eomella serrulataMelidiscus giganteys
andPolanisia dodecandrgA) Anthocyanin accumulation in tissues in response to UV
light GO term. (B) Nectary development GO term. (C) Nectar production GO term.
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Figure 4.6. Comparison of the number of shared and spespesific orthologous protein
groups from OrthoMCL analysis i@leomella serrulataMelidiscus giganteysand

Polanisia dodecandra

M. giganteus C. serrulata

M. giganteus C. serrulata P dodecandra
Numbaer of elements: specific (1) or shared by 2, 3, ... isis
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Figure 4.7. Bar plot showing the number of transcripts in different transcription factor families for Trinity reference transcriptome of
Cleomella serrulata, Melidus giganteusandPolanisia dodecandraNZZ/SPL, RAV, and SABmilieswere absented iMelidiscus
giganteuswhile, HB-PHD, HRFLike,andSAPfamilies were absentad Polanisiadodecandra.
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Figure 4.8 Anthocyaninpathway inCleomella serrulata, Melidiscus giganteasdP.
dodecandraEnzymes are indicated in black, main genes involved in the pathway are in
blue.CHS, CHALCONE SYNTHASE; CHI, CHALCONE ISOMERASE; CHIL,
CHALCONEFLAVONONE ISOMERASE: F3H, FLAVONONEHIDROXYLASE
F36H, FLAVHYNROXDLASE)DFR, DIHYDROKAEMPFEROL 4
REDUCTASE; ANS, ANTHOCYANIDIN SYNTHASE; UBIRJCORONOSYL,
ANTHOCYANIDIN 80-GLUCOSYLTRANSFERASE; UGT78D2, ANTHOCYANIDIN 3
O-GLUCOSYLTRANSFERASE; UGT84A2, SINAPAGEUCOSYLTRANSFERASE;
UF3GT, ANTH@YANIN 30-GLUCOSIDE; GST26, GLUTATIONE TRANSFERASE;
GSTF5, GLUTATIONE TRANSFERASE; GSTF6, GLUTATIONE TRANSFERASE.
Present only itM. giganteus** Absent inM. giganteus Adapted from Wessinger and
Rausher (2012); Sedeek et al. (2013).
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Chapter 5: Virus-Induced Gene Silencing inCleome violaceand Polanisia

dodecandrgBrassicales: Cleomaceae)

5.1.Introduction

Cleomaceae is a cosnajpan plant family comprisingpproximately 270 species
(Patchellet al.2014) Because Cleomaceae species exhibit different floral traits that
attract different pollinator guildgloral diversity and evolution of pollination systems are
promising areas fowfther research in this famil$gpecies of Cleomaceae display a range
of floral diversity with regards to organ number and morphology despite the common
pattern that most flowers are open with perianth and reproductive organs curved upwards
(Endress 1992; lltiset al.2011a; Patchebt al.2011) Further,the genomic resources in
the family are increasing rapidlgnaking it an excellent candidate for studying the
genetic basis of floral trait€leomaceat¢hereforerepresents good candidateystem to
investigate the entution of pollination systemsncluding thegenetic basis of floral traits
that may influence pollinator interactiort$owever, some species are difficult to growth
in growth chambers.

Cleomaceae is a promising group to investigateecological and evationary
phenomena, and frequently functional genetic tools are needed to address questions
regarding to these phenonge hus, the familjnas beenhefocus of a broad range of
research including evolution ok@hotosynthesigBrautigamet al.2011a; Marshalkt al.
2007; Voznesenskay al.2007; Williamset al.2016) comparative
genomics/transcriptomigacluding Brassicaceae comparisgBsrkeret al.2009; Bhide
et al.2014; Braitiganet al.2011b; Chengt al.2013; Kilahoglet al.2014; Schranz
and MitcheltOlds 2006b)floral morphology and developmefiindress 1992;

Nozzolillo et al.2010; Patchelt al.2011) glucosinolates or mustard oils evolution
(Edgeret al.2015; van den Bergét al.2016b) and pollination biologyCane 2008a,;
Fleminget al.2009; HigueraDiazet al.2015; Machadet al. 2006; Martins and Johnson
2013; Raju and Ra 2016) Usingforward and reversgenetic tools we can generate
flowers with altered phenotypes, which can he&dgo establish which genes are

responsibldor key floral traitsand their effects in pollinator attraction.
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Genetic methods have besuccessfullyusedin many species of plants obtain
individualswith modified phenotypefDenget al.2012; Newellet al.2010; Owen and
Bradshaw 2011; Weigel and Glazebrook 20G2yward genetics tools create alternative
phenotypes, but without knowing which genes contributed to the alternative phenotype.
Methods include chemical mutagenesis using a mutagen, agaaty EMS (ethyl
methanesulfonate), and TILLING (targeting induced local lesions in genomes). On the
other hand, reverse genetics tools are useful to test the role(s) of candidate genes
underlying traits of interest. Reverse genesicscomprisel of techniques such as gene
silencing and insertional mutagenesis. Within Cleomaceae, stable transformation
techniques have been develope&ynandropsigynandra(lL.) Brig. (Newell et al.
2010)andTarenayaspinosa(Jacq) Raf(Tsaiet al.2012)but are quite time&onsuming
and intensive. A viable @rnative approach is virtinduced gene silencing, or VIGS.

VIGS is a wellestablished pogtanscription gene silencing (PTGS) reverse
genetic tool used in model and Aomodel speciegBecker 2013; Becker and Lange 2010;
Burch-Smithet al.2004; BurchSmithet al. 2006; Di Stilioet al.2010; Gould and
Kramer 2007)VIGS uses RNA interference to exploit plant defense which prevents
endogenous mMRNA from being transla{@adulcombe 1999; BureBmithet al.2004;

Ruiz et al. 1998) This technique requires the use of a viral construct contgin

fragment of the target gene to elicit the PTGS resp(@ealcombe 1999; Ruiet al.

1998) Infection of the viral construct is mediated Agrobacteriuntransformation

followed by infiltration into target plant®ineshKumaret al.2003) Thus, VIGS

provides the opportunity to knock down one or more genes and determine specific gene
functions through the resulting phenotypegich exhibit modified traits according with

the function of the knock down gene(Becker 2013; Becker and Lam@010; Kirigiaet

al. 2014; SenthiKumar and Mysore 2014; Warag al.2015)

Although VIGS has the potential to examine gene function in a range of species,
one challenge is that protocols must be tested and tailored for each new (Gexies
2013; SenthiKumaret al.2007) Further, not all species are amenable to the VIGS
technique. Here we report on testing and oimgi the VIGS methodology i€@leome
violaceaL. andPolanisia dodecandrél._.) DC (Figure 5.1), wheh are two strong

candidates for using VIGS to ask questions about floral traits and pollinator preference
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because they belong to diffateclades, have different petdiape, color and size, exhibit
variation in nectar gland coland position, as well agamemumber (Figure 5.1).
Though &ull genome ofC. violaceahas been generated (J.Piresand P. Edger,
unpublished)little is known about its pollinatoend we could modify the floral traits to
perform pollinator preference testa contrast, thre are fewer genomic resourcesPor
dodecandrgbutsee chapter 4), but more is known altaipollination biology
(HigueraDiazet al.2015) Finally, both species exhibits traits that facilitate ease of study
including small plant height, high percentage of successful seed germjnation
reproduction by selfing, and relatively short generation time.

To test feasibilities of VIGS i€. violaceaandP. dodecandrawe developed
constructs with endogenous genes of PHYTOENE DESATURASE (RiDSdth
species. Usually, PDS is initialgvaluatel to determine the efficacy and optimize the
VIGS technique in the species of interest, because silencing this gene results in an easy to
score photébleached phenotyd&ould and Kramer 2007; Liet al.2002; Wegeet al.
2007) The VIGS protocol foC. violaceawas previously established Mankowski
(2012) Here, wefurtherexploreoptimization ofthe VIGS techniqudor C. violaceaby
trying alternative types dhfiltration methodghat may increase penetrancee Wso
tested whether or not VIGS would be a viable approach to perform functional gene
analysis inP. dodecandrawith a specific goalfoexamining the role of floral traits in
pollinator attraction. FoP. dodecandrawe alditionally exploredwhetherchemical

mutagenesiss a viable technique to generate altered floral phenotypes.

5.2.Materials and Methods

5.2.1.Plant growth conditions

We grewC. violacea(813 from Hortus BotanicysandP. dodecandrg68456 from B&T
WorldSeeds f r om Hal | 6\Wuclheaspecismengvkre sepasited in the
Vascular Plant Herbarium at the University of Alberta (ALT®8),violacea(Hall &

Bolton 20 Feb 2008;) ard. dodecandrgdHall & Bolton 20 Feb 2008 Seeds of both
species were sown in groups of 10 on a 2:1 mixture of sterilized SunGro sunshine mix

and Terrdite perlite, and growninder specifigrowth chambeconditions(24°C, 16
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hour days). Seeds @. violaceaandP. dodecandrdoegan to germinat@pproximately

two weeks after sowing.

5.2.2. Cloning and construct design

Construct design and viral inoculation were carried out in accordance to previous
VIGS protocolgGould and Kramer 2007; Kramet al.2007a) We obtained Tobacco
Rattle Virus vectors TRV1 and TRV2 sequences from TAIR (Distasimar orginal
donor). We made two endogenous constructs uSingolaceaandP. dodecandra
MRNA: TRV2-CwDSand TRV2PdPDS. RNA was extracted from leaves using a
Concert Plant RNA reagent kit (Invitrogen, CA, USA), treated with DNAsel (Fermentas,
MD, USA), and ariched with an RNeasy Mini kit. (Qiagen, MD, USA). mRNA was
isolated with a Dynabeads mRNA purification kit (Invitrogen, CA, USA), and cDNA was
synthesized using SuperScript Il reverse transcriptase (Invitrogen, CA, USA) and polyT
primer(Krameret al. 1998) Degenerate primers wedesigned usingrabidopsis
thalianaL.PDS3 ( GenBank: AT4G14210: F 56 TGG AAG
TTY GCH ATG 36 and R 56 ACR ACA TGR TAC TTS
A 953bp and an 849 bp fragment were amplified f@@nviolaceaandP. dodecandra
respectrely. We cloned the fragments into a TOF@ plasmid vector (Invitrogen,
Carlsbad, CA, USA) using manufacturer instructions, and sequenced using BigDye
terminator sequencing (Applied Biosystems, Foster City, CA) with vector specific
primers (Applied Biosys e ms , CA, USA) M13F (56 -BL@)A AAA CG
and M1-BAG GAAACAGCTATGAG30) . Using these sequenc:
were designed adding Xbal and BamHI restrict
C. violaceaCv-PDSF-X b a | -GGToCTA GAT AGT AGATTT GAT TTC CCA
GAT-3 6 ) CaRD8R-B a mH I-AAG &AT CCT AGA ATT TAG TCG TAC TTC
CCG36). Similarly, we dededecamirvithBampHéand f i ¢ pr i mi
Xhol restriction enzyme$d-PDSF-B a mH [-CGGSAT CCT AGT AGA TTT GAT
TTC CCAGAT-3 6 ) P&RDB8R-X h o I-AACTGG AGT AGA ATT TAG TCG
TACTTC306) . For both species, the primers ampl
gene. These smaller fragment<GPDS and”dPDS were cloned into TORDA
plasmid. Using both Xbal and BamHI fGr violaceg and BamHI and Xhol foP.
dodecandraestriction enzymeshe fragments werexeised from the TOPEOA vector
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and ligated into separately digested TRV2 vectors using PGem t4 DNA ligase (Promega,
WI, USA). We confirmed construct identity usiBggDye Terminator sequencing with
primers that spanned the TRV2 cloning site, 156H A CTC AAG GAA GCA CGA

TGA GC-3') and156R (5GAA CCG TAG TTT AAT GTC TTC GGGE3'). Sequences

were obtained with an AB3730 DNA Analyzer (Applied Biosystems, CA, USAjaa

being cleaned with a Performa DTR V#@€ll Short Plate Kit (Edge BioSystems, MD,
USA). Nucleotide sequences©PDS andPdPDS fragments will be deposited in

GenBank.

5.2.3. Preparaton of Agrobacterium tumefaciens

VIGS technique usually involga binary vector system, in this case TRV
vectors, which consigtf a vector containing a viral genome, pTRV1, and a vector
containing a fragment of the target gene, pTRKigia et al.2014) Thus, we
transformed the following vectors infgrobacterium tumefacienSmith & Townsend:
pTRV2-CvPDS pTRV2PdPDS pTRV2, and pTRV1. For each of the four constructs,
we mixed 1Qul of each construatith 250 pul of competerA. tumefaciens
Transformants were plated on LB media containing the followingiatits: 50mg/ml
kanamycin, 50mg/ml gentamycin, and 25mg/rifampicin. Transformants were then
screened using 156F and 156R primers, glycerol stocks containing the transformed
vectors were made for future use and were preserv80 AT.
5.2.4. Infiltration

Initially vacuum infiltration was the chosen methoddnviolacea andP.
dodecandrébecause of its simplicity and efficiency in contrast to other met{iRetsker
and Lange 2010; Wareg al.2006) Cleomeviolaceaseedlings with 4 leaves and >7
true leaves (medium and largeesgeedling) were chosen for vacuum infiltration, after
initial experiments performed bylankowski (2012)Jdemonstrated this stage has highest
penetrance (Suppientary material 1). We performed a pilot experiment to decide the
best seedling size for vacuum infiltrationAn dodecandraafter the experiment medium
and large size seedlings were chosen for infiltration (Supplementary material 2).

To prepare for ifiltration A. tumefaciensontaining pTRV2CvPDS, pTRV2
PdPDS pTRV2 (empty vector), and pTRV1 were plated onto LB agataining the

standard antibiotic mixturand incubated for 72 hours at 26 Serial inoculation, 72
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hours at 150rpm, was useddbtain a final volume of 500ml for each colony. After serial
inoculation, each culture was then transferred in equal volumes to 50ml falcon tubes and
centrifuged at 3200g for 20 minutes &4 The supernatant was decanted from each

tube, and cells wer@suspended in 20ml of infiltration buffer (10 mM MES&
Morpholino)Et hane Sul fonic Aci d), 10 mM MgCIl 2, O.
Dimethozy4 -tydrozyamcetophenone)). Colonies from the same culture were
recombined into new sterile beakers, infiltratmrffer was added to OD600 = 2L,

and beakers were left at room temperature for 4 hours to acclimatize.

Beakers containing. tumefacienfor each TRV2 construct were combined in a
1:1 ratio of 250ml with TRV1. Silwet{77 surfactant was added to eacixtore at 100
pl/ L. Seedlings were uprooted and washed in distilled water to remove excess dirt and
dried on paper towel. We performed two endogenous PDS treatfp&R¥2-CvPDS+
pTRV1, pTRV2PdPDS+ pTRV1), empty pTRV2 + pTRV1 vector, and noeated
plants as a control for both species for a total of four treatm@nisps of medium and
large seedlings were submerged into pTRV2 + pTRV1 mix@amdslaced under
vacuum for 2 minutes. Mixtures were reused for subsequent infiltrations, and 100
seedlings wre infiltrated for each construct mixture.

We obtained high penetrance@n violaceain which more than the 50% of the
leaves showed the symptonbsit for P. dodecandrave observed few leaves showing the
symptoms and these were patchy using the vacuafiltnation method. We therefore
explored other infiltration methodégrodrench and syringéo potentially increase
VIGS success rate iA. dodecandras wellas produce even higher penetranc€.in
violacea The Agrodrench method consisted of drencltiregroot crown of each plant
with 5 ml of A. tumefaciensolution(Kirigia et al.2014; Ryuet al.2004) For syringe
infiltration, we used a 0.5 ml needle syringe and we injecteddih@bacteriumsolution
along the plant sterfwanget al.2010b) However, because we did not get high
penetrance ith either of these methods, we tried a booster inoculation proposed by
SenthitKumar and Mysore (2014We did the booster inoculation o dodecandra
plants exhibiting the altered symptoms 30 days after vacuum infiltration with the
following protocol amendmentsve chose the shorter plants due to vacuum size

constraints and removed all dried leave®bethe inoculation; Step A (ii) instead of
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syringe infiltration we did a vacuum infiltration one plant at a time (see Sdéaihmlar
and Mysore 2014 for detailed protocdle also did a booster inoculation f0r violacea
plants to test whether it woulddd to even higher penetrance. For this species we used
Agrodrench, syringe and vacuum infiltration in the booster inoculation. For both species,
we did not perform the second booster inoculation because the plants looked sick and
weak after the first boter inoculation and having healthy plants is a requirement to
perform a second booster inoculati@enthitKumar and Msore 2014)

Phenotypes foEWwPDSandPdPDS treated plants became apparent an average of
20 days after infiltration. Plants treated WithRV2-CvPDS + pTRV1 and pTRW2
PdPDS had their leaves scored 30 days after the different infiltration mettezl®es
were scored by categories using visual inspection: Pale bleaching (<50%), variegated
bleaching (>50% <80%), and strong bleaching (>8Q%f tissue from inoculated
plants showing phenotypes, as well as control {neated plants) and empty vector
plants, were excised, flash frozen in liquid nitrogen, and stor&D&E.

Unfortunately, we did not obtain sufficient high penetrancd*fatodecandras
just 27 infiltratedplants showed the symptoms and only one plant showed high
penetrance. As suctve also investigated chemical mutagenesis using ENdSgsibly
generatglants with mutant flowephenotypes (Appendix 5.1). We followed protocol
designed by eyser (2000jith someamendments (see Appendix 5.1 for further details).
In summary, we performed the chemical mutagenesis on 10000 seeds using different
EMS concentrations and different seed immersion times in the EMS sdlappendix
5.1). Due to space constraintge grew between 950 to 1500 seeds of each treatment
(Appendix 5.1). However, after mutagenesis we observed only one altered phenotype in
the fird generation, which consisted afly one plant with flowers withdpetals,
stamens shorter than usual, style abnormally long, and the ovules appear to be external
(Appendix 5.1) We were unable to produassecond mutant geeration, because the
seeds growifrom the F1 mutant generation did not germinate and the sseds
unviable. Due to time and space constraints this experiment was not pursued further
(Appendix 5.1).

Finally, we also developed the pTRM®nstruct foiCleomella serrulatgPursh)

E.H. Roalson and J.C. Halllthoughthis species ishallengingto growunder
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greenhouse conditions. We tried*aMIIGS round using vacuurnfiltration but all the
plants died shortly aftehetreatmen{data not shown), suggesting this species is not

amenable fothe VIGS technique.

5.3.Results and Discussion

To avoid cofounding the silencing symptoms with the viral infection, we did a
control with an empty TRV20f the twospecies tested here for VIGS technidqde,
violaceashowed higher phenotypic respons®@Sgene down regulation thdh
dodecandraThis pattern wasonsistent acrogs=430C. violacea(Table 5.1, Appendix
5.2)andn=911P. dodecandrglants(Table 5.2 and 5.3, Appendix 5 @antstested
acrosine trials for each species. In both species, medium to large plants had the highest
percentagesxhibiting altered phenotypes with TRM&Z/PDSand TRV2PdPDS
constructs (Appendix 5.25.3) and theviral induction symptoms were displayed as early
as 20 days after inoculatioRour weeks after inoculatiof,. violaceaandP. dodecandra
plants showed tierent altered phenotypes. In both species, we found that most plants
did not show infection symptoms, but we observed pale, variegated and strongly altered
phenotypes (Figure 2 and 3). In plants that exhibited symptoms, the strong (28.4%) and
variegated7.03 %) phenotypes were the most frequel@.iniolacea(Table 5.1) while
the variegated (9.2 %) and pale (7.36 %) phenotypes were the most freg@ent in
dodecandraln fact, only one plant d?. dodecandraxhibited a strong altered
phenotype (Table.3).

Of the three infiltration methods that we exploredirdodecandrasyringe
infiltration was the best method to obtain altered phenotyppgesenting 52%f
successfully modified plan{3able 5.3). However, fdP. dodecandrahe mortality rate
(20 %) was higher under syringe infiltration when compared with other infiltration
methods and the plants lookedhealthyfour weeks after the infiltration procedure
(Table 5.3). Although the Agrodrench metheds used successfully tagckdown
genes in tomato arstriga hermonthic®elile (Kirigia et al.2014; Ryuet al.2004) this
approach was not very successfuPindodecandrand the plants exhibited low rates of
altered phenotypes (1.2 %jor these reasons, we chose vacuum infiltration over the
Agrodrench and syringafiltration methods for additional experiments. We also found a
high mortality (50 %) irP. dodecandraglants after the booster inoculation. In addition,
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the surviving plants did not exhibit the altered phenotypes (Appendix 5.4) and they
recovered from thaitial VIGS symptoms.

VIGS is a wellestablished method for dowegulation of genes in many
angiosperm families and has proven ¢ovialuablan studying plantineages such as
Ranunculales, asterids, Caryophyllales, asids(Denget al.2012; Gould and Kramer
2007; Hilemaret al. 2005; PabofMoraet al.2012; Ratcliffet al.2001) Further, VIGS
has helped to answer questions in regardgarordentity, sex determination, flower
induction, and compound leaf developm@aalimba and Di Stilio 2015; Harkess and
Leebengavlack 2017; Hsiehet al.2013; LaRueet al.2013; Wanget al.2015) VIGS
approaches are also potentially valuable to addressing multiple phenonsenzein
CleomaceaspeciesCleome violacea particular is garnering interest due to its
phylogenetic position and morphological traits. The VIGS protocol was already
established fo€. violaceaby Mankowski (2012)and this species is highly amenable to
VIGS technique. Although, we pursued different infiltration methods to improve
penetrance through a booster inoculation, these alternative infiltration methods did not
provide substantily more plants with altered phenotypes than the original vacuum
infiltration method, whicthad the highest percentage (10.3 %) of altered phenotypes
(Table 5.4) Based on our results, we recommend following the protocol developed by
Mankowski (2012)In addition, we recommend using vacuum infiltration over other
infiltration methods as Agrodrench or syringednviolacea because it is a faster method
to useandproduced best results

Despite our efforts to try multiple infiltration methods (Table 5.3), and a vacuum
booster inoculation (Appendix 5.4) ih dodecandrathis speciesloes not appear to be
amenable for VIGS, at least using the TRV vectors. Weesidbat future studies
explore different transformation vectors such as apple latent spherical virus (ALBYV) in
dodecandraThis vector had a high transformation efficacy in a wide range of plants
includingA. thaliang tobacco, cucurbit and legume species, and for some species this
vector performed better than TRV vect@igarashiet al.2009) Another technique that
is worth pursuing ifP. dodecandras CRISPR/cas9yhich is a stable genome editing
technique in which a target DNA sequence is transformed by adding, removing or

replacng nucleotidegBortesi and Fischer 2015; Kumar and Jain 20&E®jally, we
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advise caution when examining the symptoms caused by the viral infection because they
could be confused by altered phenotypes caused by the gene knockddvtine
experiments alwayshould include a control treatment with an empty ve(tior et al.
2002; Unver and Budak 2009 C. violaceaandP. dodecandraome plants showed
abnormal growth pattern and contorted leaves, stems and pistils. Further, some plants
showed a yellowish abnormal coloration in leaves and stems, but these are mild stress
symptoms and thegre likely caused by the viral infection.

Finally, the efficiency of VIGS technique is frequently validated via quantitative
PCR (qPCR) t@ompare relative transcript levels between the dmgulated target
gene and untreated contréBecker and Lange 2010; BurSmithet al. 2004; Kirigiaet
al. 2014) Polanisiadodecandravas excluded from the qPCR analysis because the
penetrance was weak for the plants exhibiting the altered phenotypgsch pants
showed mostly pale phenotypesd the number of plants with symptoms was low,
suggesting VIGS was much less successful in this species. Thevgii@®Rion was
performed previously fo€. violaceaby (Mankowski 2012andthe target gene PDS was
effectively downregulated with the relative expression values of the target dpsneg
lowerthanuntreatedand empty vectorlants (Appendix 5.5). These results indicated that
the VIGS technique was successfuinviolacea.Thus, we encourage further VIGS
studies with different gene targets encoding for floral traits in this species to answer
pollination related questions.

5.4. Conclusion

Virus-inducing gene silencing has been shown to be a successful technique in
only one of three Cleomaceae species that have been experimentally tested. This pattern
does not necessbhrimean that we should avoid tHamily for further VIGS &periments,
rather that the protocol must be tailored for each species of interest. In particular, we
recommend furthesittempts foVIGS optimization inP. dodecandrdecause the
pollination biology of this species is known and the floral transcriptoraeasable,
making it a good system to explore pollination related questions. However, different
vectors such as ALSV should beeti to test if this species is amenable or not to VIGS.
In addition, the VIGS protocol is working and available@wiolacea, making ita good
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focal plant forarange of questionsSpediically, this systemmay be ideal for exploring
guestions about pollinatidoy modifying traits important for pollinator attractiuchas
floral color and symmetry, nectar gland developmei,guides, and fruit development.
On a more technical note, our study found that using vacuum infiltration instead
of syringes and Agrodrench infiltration was the most successful VIGS approach in
Cleomaceae species. More generally, we recommend the Ug®technique in
species where stable transformation protocols are lacking because VIGS is a fast and
useful tool to study gene function.
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Table 5.1.Altered phenotypes exhibited Bleomeviolaceain one trial of vacuum

infiltrated plants.

Treatment N % Mortality (N) % Phenotype
Untreated 57 14.03 (8) N/A
EmptyTRV2 102 0 N/A
TRV2-CvPDS: 100 14 (14) N/A
None 44 44
Pale
Variegated 7 7
Strong 29 29
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Table 5.2.Altered phenotypes exhibited Bplanisiadodecandran one trial of vacuum

infiltrated plants.

Treatment N % Mortality % Phenotype
Untreated 172 0 N/A
EmptyTRV2 102 0 N/A
TRV2-PdPDS: 163 0 N/A
None 135 82.82
Pale 12 7.36
Variegated 15 9.2
Strong 1 0.61
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Table 5.3.Comparison of mortality and observed altered phenotypolainisia

dodecandraacross dferent infiltration methods ifour VIGS trials.

Treatment Infiltration method N % Mortality (N) % Phenotype

Untreated Agrodrench 74 0 N/A
Syringe 50 30 (15) N/A
Vacuum 172 0 N/A

EmptyTRV2 Agrodrench 79 0 N/A
Syringe 50 26 (13) N/A
Vacuum 102 0 N/A

TRV2-PdPDS Agrodrench 83 1.2 (1) 13.25
Syringe 50 20 (10) 52
Vacuum 163 0 16.56
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Table 5.4.Comparison of mortality and observed altered phenoty@eafmeviolacea

booster inoculation acrosfferent infiltration methods ithree VIGS trials.

Treatment Infiltration method N treated % Mortality (N) % Phenotype

Untreated Agrodrench 150 4.66(7) N/A
Syringe 150 4.66 (7) N/A
Vacuum 150 4.66 (7) N/A

Empty-TRV2 Agrodrench 150 6 (9) N/A
Syringe 150 5.33(8) N/A
Vacuum 150 5.33(8) N/A

TRV2-CvPDS Agrodrench 165 5.45 (9) 5.45
Syringe 165 7.87 (13) 8.48
Vacuum 165 9.69 (16) 10.30
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Figure 5.1. CleomeviolaceaandPolanisiadodecandranflorescences.
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Figure 5.2.Phenotypes ad?DSgene knockedlown inCleomeviolacea A) Untreated; B)
Pale; C)Variegated; D) Strong.
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Figure 5.3.Phenotypes dPDSgene knockealown inPolanisiadodecandraA)
Untreated; B) Pale; C) Variegated; D) Strong.
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Chapter 6: Conclusion and future directions

Plantpollinator interactions have fascinated scientists for cent(iiesera and
Pellmyr 2002b; Patiny 2012; Proctetral. 1996; Willmer 2011)Recent advances in next
generation sequencing (NG@pvides a new opportunity f@ollination researdrs to
explore the evolution of dral phenotypes and pollinatorediated selection kyirectly
investigatingthe genetic basis of floral traif€lareet al.2013; Gubitzet al.2009; Sedeek
et al.2013; Yuaret al.2013). Theobjectives of this thesis were to investigtte
pollination biologyof Cleomaceae speciasdidentify putative genesncoding major
floral traits significant for polhator attractionn species exhibiting different pollination
systemsThesekinds of studiesare complementary to ecological pollination studies and
will help us to better understand the evolution of floral traits in plants exhibiting generalist
and specialist pollinatiorystems as we could identify genes coding floral traits that are
subjected to pollinatemediated selection first reviewedthe opportunities that NGS
presents fopollination studies and prop@€leomaceae as a suitable taxon to explore eco
evo-devostudies in integrative pollination studies (Chaptei Bsed my own research as
an example of thidirst | obtained empirical pollination data in generalist specties) |
compared the transcriptome of species exhibiting different pollinatstarsg Further, |
performedfunctional studies ofandidate genes that encoded floral traits thatmeay
subject to pollinatemediated selectiofChapters 3 5). My researctglucidated the
genetic differences in terms of gene repertoires betiveeiCleomaceaspecies with
generalized floral traitandone species exhibiting specialized floral traits.

| concluded tha€Cleomella serrulatgdPursh)E.H. Roalson and J.C. Hadind
Polanisia dodecandrél.) DC., exhibit a generalist pollination system, but they are
pollinated by different pollinator guildslespite thaspecies live in close proximitfhese
species also differ in the floral cues and rewards offered to pollinators (Chapter 3). When
compaing thefloral transcriptomsof three focakpecies, | found it the floral
transcriptome of the twgeneralist specie€( serrulataandP. dodecandrawere more
similar to each other than the specialisMelidiscus giganteuf..) Raf. (Chapter 4).
However,l found that the floral transcriptors@ad similargene repertoires acroah three
specieglespite exhibiting different pollination systenddter the transcriptome analysis, |
selected putative candidate genes thay encodenain floral traits and may be responsible
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for the morphological differencesdnd amog species (Chapter 4)wb different
techniques (virusnducing gene silencing and chemical mutagenessg performedh an
attempt to obtain plants with modified floral phenotypes. These experiments were
performed inP. dodecandrawhich has ashort life cycle andapidly grows in a growth
chamber environment.hIs specieslsoexhibits interesting floral traits as white petals and
conspicuous nectar gland with UV glowing nectar, which could be modified to perform
pollinator preference testsntbrtunately this species wasot amenabléor the techniques
that | attemptedChapter 5 and AppendixMy results suggestithatalthoughCleomaceae
family hasgreat potentiafor further integrative pollination studi@s both generalist and
specialistspeciesthe species that we researchednategood models for moving forward
in integrative pollination studies, because they wertesuitable for genetic modifications,

they didnot growth well in greenhousmvironments

6.1.Cleomaceae as a modebf integrative pollination studies

Pollination biology studies in Cleomaceae species @aece and the pollination
biology of most species is unknown, but the studptesexhibit a generalist pollination
system o’ specialist one (Chapters 1, 3 @dHowever it is possible thathe species
exhibit a gradienbetween generalist and specialist pollination systeoitswe need more
pollination studies in the family to support this hypothgbecause the pollinatidsiology
has been explored only 10 specieg¢Cane 2008a; Flemingt al.2009; HiguereDiazet al.
2015; Machadet al. 2006; Martins and Johnson 2013; Raju and Rah62Mue to the
fact that the familjhas both generalist and specialist species, it is a suitable group to study
if there aregradations in pollination system&dditional pollination studies are needed to
elucidated patterns and shifts between pollination systems and to determine which floral
features may be of relative importance to specific pollinator guilds. In this sense, we can
explore featuresuchas floral colorand dsplay, nectaries, UV reflectanand scentsand
determine if theyare correlated with specific pollinator guild¥e need to explore further
pollination gystems in Cleomaceaefiad closely related species exhibiting éifént
pollination systemsThiswould allowus to perform comparisons pbllinators, and floral

traits subjected to pollinatenediated selection under different pollination regimes.
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To perform comparative studies of genes encoding for floral traits in specialist and
generalispollination systemsvithin Cleomaceae, @should start by focusing @species
that haveavailable genomic or transcriptomic resoursesh a<C. violaceaC. serrulata
M. giganteusP. dodecandraTarenayahassleriang Chodat) lltis, and'. spinosa(Bhide et
al. 2014, Brautiganet al.2011a; Braltiganet al.2011b; Chengt al.2013; Feodorovat
al. 2010; Kulahoglet al.2014; Mohammadiet al.2015; van den Bergét al.2016a; van
den Berglet al.2014; Williamset al.2016) Thesespeciesexhibit differences ikey floral
traits and likely have different pollinator communities, making them suitable for studies
comparing pollination system8onsequently, tecommend performing integrative
pollination studies first in these spectestudy the transitions betweéme generalisC.
serrulatg P. dodecandrandthespecialiss T. spinosaAdditional studies on species in
different cladesould help ugo understand the evolution and transitions of pollination
systems in the familgnddetermine which pollination system occurred first in the family
Most geretic pollination studies focusn floral traits such as color and nectartbsyefore
studying the volatile organic compounds$ flowers would be informativalue totheir
importanceor the attraction of different pollinator guilds anday therefore influencine
evolution of specialist pollination systems in the familyeomaceae is also a good model
to explore the pollination role of additional florahitis that were not studied this thesis
(e.g.,floral size and display, nectar guides, scents,reavel morphological structuresich

as androgynophorgs

6.2The value of O6omicsé6é for studying pollinat.|
The drastic increase imew sequencing technologies allows us to have a huge

amount of genomics and transcriptomics datarilatively shorttimeé Omi cs® provi de

great opportunity to studjoral evolution as we caperform broad scale comparisons

across species to find wiher there are specific genes associated @ath type of

pollination system or pollination syndrome De s pi t e mihces & ad autea od e réiov e

NGSonly a few studiebave embraced this approach to answer specific pollinator related

questiongSedeelet al. 2013; Zhanget al.2015b) However, RNA-seq is a powerful tool

that could be used in pollination research. \&e ase RNAseq toperform comparisons

not only in terms of genes presence/absdmaigglsoto obtain differential expression
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values in candidate genes of interest. In Clem@aa this techniqugas already beamsed to
compare the ldaand floral transcriptome af. hassleriangdBhideet al 2014)andthis
studycan be used as an stagipoint toidentify genesexpressed in floral tissuwanly,
which may be relevant for the pollination process. In addition, my own research can also be
usefulfor identifying genes important for pollinator attractiongeneralist and specialist
pollination systemd~urthermore, because the generatiod availabilityo f  édomi cs & dat e
Cleomaceae specigbese could be useéd formulate hypotheses about the evolution of
pollination syndromes such as the bat pollinafioral relatedphenotypgvan den Berglet
al. 2016a)

In Chapter 4| identified putative candidate genes thatybe involved in
morphological differences amomd giganteusC. serrulatg andP. dodecandrandalso
genegotentiallyunderlying major floral traits for pollinator attractiorhes genes were
associated with flower color, symmetry, nectar gland development, and nectar production.
For exampleMelidiscusgiganteushad the highest number of genes related to nectar
production and genes involved in the formation and development air gahdghat
couldbe related witlthe bat pollinator syndromebut the specimens that | studied lack
both, presumably because the plants were grown for months in greenBoudarly, when
| analyzed genes related to flower color, | identified the rgames associated to the
anthocyanin pathway in species with grelgh giganteu¥ and white P. dodecandrpa
petals but | did not observe absence anthocyanin related pathway genes in white flowered
specieslt is possible that the differences in the fldraltsof these species are defined by
up or down regiation of the major genes or loyher genetic factors and future studies
should focus on chacterizing gene expression levels.

Further investigations should be performed to determine the ralatimicyanin
relatedgenes in pollinator attractiom addition, we could explore which genes are
involved in the formation of other distinctive floral traits such as petal spots, exhibited by
C. violacea and their role in pollinator attractio@ncethe gene omgenes that underlie the
floral trait of interestre identifiedsuch as floral symmetry or flower coleove could test
the function of this gene and its role in pollinator attrachipmodifying plantsto express
alternative phenotypes. Thesemkwith altered phenotypes could be exposed to
pollinators to test the adaptive value of the tfEat obtain plants with modified phetypes
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in Cleomaceae, we could usehniquesuchas CRISPR ra#r than mutagenesis and
virus-inducing gene silencin@vith the exception of. violacean which VIGS techniques
is optimized) because these techniques are time consuming and they were not effective at
least for the species of Cleomaceae that | stu@iBdSPR hasiot been used to modify
floral traits yet, lot the technique has been proposed to change floral traits in horticultural
plants and apparently it has a great potential to alter floral phendtypemnet al.2017)
Furthermore, Cleomaceae is a good model for@s@o and pollination research, because
the species could have variations in genome duplication eaentowers and fruit types
are diverseGenome duplication events are important for evolutionaryestudeause
gene copyetention carbe theorigin of gene neofunctionalization or subfunctionalization
and they can affect floral traits important for pollinator attractioreover, some species
exhibit morphological novelties such as androgynoph@ta#i 2008)and there are
opportunities to study the eladion of this trait and its role in pollinator attraction. Finally,
there are species with short and fast life cycles allowing to grow the plants in greenhouses
or growth chambers hat can be used to harvested tissue
to perform pollinator preferences test under controlled environments

Finally, more than transcriptomics studie® encourage to perforquantitative
gene expression studies as RE&q, because as we showed in or results, most of the genes
coding for flora traits important for pollinator attraction showed low variation in terms of
presence/absencnd may be the differences between specialist and generalist pollination
are based on differentigeneexpresion rather than gene profiléd/e also recommend
increasing the number of studied species to find broader patterns about the evolution of

pollination systems in Cleomaceae.

6.3.Future directions

Because oits diversity of pollination systemshe Cleomaceas a promisingclade
to study the evolution of pollinatiosystem®utside othe commorcrop model plantdn
addition, the small number of species in this family, polyploidy events, and its close
relationship wih Brassicaceae and hence wMfabidopsis thalianamakeCleomaceaas
an ideal groupa performecology, genomic and transcriptonsitidiesof pollination

systemsevolutionacrossafamily clade However it is necessary to perform studies in
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more Cleomaceae species that exhibit generalist or specialisagiohisystems and
determine the relative proportions of generalists and specialists in the. férfthythis
knowledge we couldelucidate the evolutionary patterns between pollination types (e.g.,
are generalister specialistshe ancestraktate? Who was the first pollinatiorvector? Are
theretransitiors of pollination systems species that live itropical am temperate
habitat®). Furthermorgwe could identify which floral features may be under directional
selection(e.g.,how do genes anallelesthat malulate floral traits and their expression
change across thiamily? Are the floral color and nectar glands subject to pollinator
mediated selection in specialized pollination systems?).

In general, floral color, floral size and display, and cornitze length are theost
studied traitsn terms of pollinatoimediated selectiofFleminget al.2009; Proctoet al.
1996; Willmer 2011)However, wlatile organic compounds and their derivatives are
important for the attraction of different pollinatguilds as moths, bats, bees, and others
and frequently these volatiles are the first signal barrier for pollination sel¢Eteninget
al. 2009; Proctoet al. 1996; Willmer 2011)Many species of Cleomaceamduce strong
smells that can be assatgd with herlvore deterrence and pollinator attraction. While,
other compounds such as glucosinolates have been associated with bat pollination
syndrome in Cleomaceapeciegvan den Berglet al.2016a) Furthermore, found
differences in genes associated with volatile organic compounds in an initial examination of
the studied specie$hese compounds could be responsible for the attraction of differen
pollinator guilds in Cleomaceae and we could determine which volatile compounds are
responsible for attracting moths and bats pollinators. Moreover, we could explore whether
these compounds are widely produced in the family or if they are restricdevio
species, however, specific studies on volatiles compounds are necessary to test these
assumptions.

| also suggest performing more studies about nocturnal pollinatits family
using a phylogenetic approatthdeterminef it is an ancestral train Cleomaceae. If
nocturnal pollination is actually an ancestral character, it may mean the specialist
pollination systems arose first in the family. | encourage the study of pollination biology in
C. violaceabecause this species is amenable to perfggmenetic modifications through

VIGS, it has an available genome and it grows easily and fast in-goerse environments.
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Cleomeviolaceaalso exhibits an interesting color change under UV radiation that should
be explored further. Finally, it is necessaryperformgenomics studies to identify if the
genome tiplication event happened beforeadter the divergence #folanisiaclade (van

den Bergh 2017With sequenced genomes, we caegthblish the copy number of genes
of interest because gene copy retentmould affect floraltraits important for pollinator
attraction.The informationderivedfrom these studies will allow us to improve our
understanding of floral evdilon in Cleomaceae, while elucidatiegolutionary patterns,
shifts in pollination systemand define floral traits that can be under selection exerted by
pollinators.

Cleomaceae could be a gomaddel tostudy tre evolutionof specialized and
generalized floral traitacross an entire cosmopolitan family clagkhough not all species
are amenable to genetic transformatioftse disoveres made usinthis model clade,
which isrelatively less complegue thesmallnumber of speciegan be applied and tested
to more complex taxa, generatiagiseful bridge to increase the general understanding of

pollinationsystemsand plant evolutioary processes.
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Appendices

Appendix 3.1.Map representing the studied natural populations in Suffield N@l@omellaserrulataon Casa Berardi and Komati

areasPolanisiadodecandraon Fish Creek area.
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Appendix 3.2 Student {test across plant populations andntlspecies between sampling peridgZB=Casa Berardi, FC=Fish creek,
KM=Komati. (N=100 per site, except for nectar variables N=25 per site). Inflorescences per plant N/A=data did notfarmtd a
distribution. N/A=missing data. Significant\Rlues n bold.

Cleomella Cleomella CleomellakM CleomellaCB CleomellaCB Polanisia
CB2013i  CB 20137 KM 2013 2013 2014 FC 2013FC
CB2014 2013 PolanisiaFC PolanisiaFC PolanisiaFC 2014
2013 2013 2014
t- P- t- P- t- P- t- P- t- P- t- P-

value value value value value value value value value value value value

Plant height 1965 0.050 1.524 0.129 4421 167E 6.253 2.63E 189 2.20E16 15.62 2.20E
05 09 2 16

Inflorescences 3.24 0.001 0.065 0.948 N/A N/A N/A N/A 9.176 4.56E15 N/A N/A
per plant 3

Flowers per 9.78 2.20& 0.110 0.912 4885 2.71E 8.729 146E 6.41 2.28E09 3.437 0.0007

inflorescence 4 16 06 15

Fruit set 446 137 4304 268 1564 0.120 6.530 1.62E 3.631 0.0004 4.165 4.65E&
5 05 05 09 05

Nectar sugar  N/A N/A N/A N/A N/A N/A N/A N/A 4.601 3.654e N/A N/A

concentration 05

Nectar volume N/A N/A N/A N/A N/A N/A N/A N/A 0.172 0.864 N/A N/A

Number of 1.97 0.050 0.851 0.396 2.289 0.024 2.793 6.08& 2.207 0.029 1.186 0.240
visits 9 03
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Appendix 3.3 MannWhitney U test across plant populations and plant species between
sampling periods. CB=Casa Berardi, FC=Fish creek, KM=Komati. (N=100 per site).

Significant Rvalues inbold.

CleomellakM CleomellaCB Polanisia
2013 2013 FC 2013FC
PolanisiaFC PolanisiaFC 2014
2013 2013
U- P-value U- P-value U- P-value
value value value

Inflorescences per 6708 254 8028 1.04E 28995 1.46E
plant 05 13 07
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Appendix 3.4 Insect and spider visitors found @heomella serrulata€Casa Berardi and
Komati populations, anBolanisia dodecandr&ish Creek populations. F=females.

M=males.
Casa Specimens

Order/Family/Species Berardi Komati Fish Creek  collected

C. serrulata C. serrulata P. dodecandre
Araneae
Thomisidae 3 5 1
Coleoptera
Coleoptera sp. 1 19 1
Coleoptera sp. 2 4 1
Coleoptera sp. 4 1 1
Chrysomelidae
Chrysomelidae sp. 2 1 1
Disonychasp. 1 1 1
Coccinellidae
Coccinellidae sp. 1 1 1 1
Coccinellidae sp. 2 1 3 1
Meloidae
Coleopterasp. 1 4 1
Coleoptera sp. 3 1
Lytta nuttalli(Say, 1824) 2 2
Nitidulidae
Nitidulidae sp. 243 19 28 4
Diptera
Diptera sp. 1 21 10 9 2
Diptera sp. 10 1 1
Diptera sp. 12 1 1
Diptera sp. 2 1 1
Diptera sp. 3 8 1
Diptera sp. 4 2 1
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Diptera sp. 5
Diptera sp. 6
Diptera sp. 7
Diptera sp. 8 2
Diptera sp. 9
Asilidae

Asilidae sp. 1
Bombyliidae
Bombyliidae sp. 1
Bombyliidae sp. 2
Bombyliidae sp. 3

ga r N b

Poecilanthraxsp.

Villa nigropectaCresson, 1916
Calliphoridae

Calliphoridae sp. 1
Calliphoridae sp. 2

Conopidae

Physocephala texan@Villiston,
1882)

Culicidae
Culicidae sp. 1 23
Sarcophagidae

Sarcophagidae sp. 1 10
Sarcophagidae sp. 2

Sarcophagidae sp. 3

Syrphidae
Syrphidae sp.
Syrphidae sp. 11
Syrphidae sp.
Syrphidae sp.
Syrphidae sp.
Syrphidae sp.

o N o 0o A WD

Syrphidae sp.
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Toxomerus marginaty®leigen,
1822)

Tephritidae
Tephritidae sp. 1
Ulidiidae

Oedopa capitd.oew, 1868
Ephemeroptera
Ephemeroptera sp. 1
Hemiptera
Hemiptera sp. 1
Hemipterasp. 2
Aphididae
Aphididae sp. 1
Cercopidae
Cercopidae sp. 1
Cicadellidae
Cicadellidae sp. 1
Miridae

Miridae sp. 1
Miridae sp. 2
Pentatomidae
Banasasp.
Reduviidae

Phymata americanéMelin,
1930)

Tingidae

Tingidae sp. 1

Hymenoptera (unidentified families)
Hymenoptera sp. 1
Hymenoptera sp. 10
Hymenoptera sp. 11
Hymenoptera sp. 16
Hymenoptera sp. 17

29

14

I
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Hymenoptera sp. 18 3 1F

Hymenoptera sp. 19 1 1F
Hymenoptera sp. 7 1 1F
Hymenoptera sp. 8 1 1F
Andrenidae

Andrena prunorungCockerell,

1896) 2 2 3F
Andrenasp. 1 1F
Perditasp. 1 71 3 6 1F
Perditasp. 2 4 1F
Apidae

AnthophoraoccidentalisCresson

1869 7 1 3 1F
Apis melliferal, 1758 1 1 1F
Bombus borealiKirby, 1837 23 16 3 4F, 2M
Bombus fervidug~, 1798) 5 1 1M
Bombus griseocollifDegeer, 1F
1773) 9

Bombus huntiGreene, 1860 3 5 3F
Bombus nevadensizresson, 1F
1874 4

Bombus ternariu¢Say, 1837) 133 7 4 3F
Melissodesp. 1 1F
Braconidae

Braconidae sp. 2 8 1 2
Braconidae sp. 3 1 1

Braconidae sp. 4 2 2
Chrysididae

Chrysididae sp. 2 1 2 2
Chrysididae sp. 4 1 1 1
Chrysissp. 2 1 1
Hedychrum cupicicollis 1 1 1
Colletidae

Colletessp. 1 4 1M
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Colletessp. 2
Crabronidae

Bembix american&, 1793
Cercerissp.

Ectemnius rufifemuPackard,
1866)

Eucerceris superbgCresson,
1865)

Microbembex monodon{&ay,
1824)

Philanthus gloriosu€resson,
1865

Nysson plagiatugCresson, 1882

Tachysphesp. 1
Tachysphesp. 2
Formicidae
Formicidae sp. 1
Formicidae sp. 2
Formicidae sp. 3
Formicidae sp. 4
Formicidae sp. 5
Halictidae

Agapostemon texan@esson,
1872

Halictus confusu$mith, 1853
Lasioglossunsp. 1
Lassioglossumsp. 2
Lassioglosum s@B
Lassioglossumsp. 4
Lassioglossumsp. 5
Ichneumonidae
Ichneumonidae sp. 1
Ichneumonidae sp. 2
Megachilidae

2 6
1
40 1
4
1 1
6 4
1
3 2
3
11 1
52 6
194 11
176 15
29
150
1
1
1
2
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Dianthidiumsp.
Megachile dentitarsuSladen,

1919 4

MegachiletexanaCresson, 1878 11
Mutilidae

Dasymutilla bioculatgCresson,

1865) 1

Perilampidae

Perilampussp. 1

Perilampussp. 2

Pompilidae

Anopliussp.

Pompilidae sp. 1

Pompilidae sp. 2 10
Sphecidae

Ammophila aztec&ameron,
1888

Ammophilasp.

Podalonia validaCresson, 1865 4
Sphecidae sp. 6

Sphex ichneumone(s, 1758)
Tiphiidae

Tiphiasp. 9

©o

Vespidae

Euodynerus auranugameron,

1906)

Pterocheilus quinquefasciatus

Say, 1824 1

Vespidae sp. 3

Vespidae sp. 9

Lepidoptera (unidentified families)

Moth sp. 4

Moth sp. 5 2
Arctiidae

Estigmene acreéDrury, 1773)
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Crambidae

Loxostegesp.

Erebidae

Caenurginasp.

Hesperiidae

Erynnissp.

Hesperia comma&, 1758
Pyrgus communiéGrote, 1872)
Lycaenidae

Lycaeides melissgedwards,
1873)

Phycioidegharos(Drury,
[1773])

Noctuidae

Cryptocala acadiensi@Bethune,
1870)

Schinia meadGrote, 1873
Nymphalidae
Cercyonis pegal&, 1775

Phycioides tharo¢Drury,
[1773])

Speyeria callippéBoisduval,
1852)

Vanessa cardui, 1758
Pieridae
Colias philodiceGodart, [1819]

Pontia occidentaligReakirt,
1866)

Orthoptera

Acrididae

Acrididae sp.
Tettigoniidae
Phaneropterinae sp. 1
Tettigoniidae sp. 1

15

25
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Thysanoptera
Thripidae
Thripidae sp. 1 1
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Appendix 3.5 Percentage frequency of the top five insect species visiliegmella

serrulataandPolanisia dodecandraxcluding permanent residen@®B= Casa Berardi,
KM=Komati, and FC=Fish Creek area. Data collected in 2013 and 2014. n=100.

CB 2013
C

Species serrulata

CB 2014 KM 2013 FC 2013 FC 2014
C. C. P. P.
serrulata serrulata dodecandra dodecandra

Ammophilaazteca
Andrena prunorum
Anthophora occidentalis
Bombus borealis
Bombus ternarius
Cercerissp.

Colletessp. 2
Coleoptera sp. 1
Culicidae sp. 1
Megachile dentitarsus
Megachile texana
Microbembex monodonta
Perditasp. 1

Sphex ichneumoneus
Syrphidae sp. 3
Syrphidae sp. 4
Toxomerus marginatus

23.94

4.92
5.63

3.52
3.16

3.03
3.33
6.25
8.35
34.31 4.30

6.15

6.25

3.33
2.93

4.10 7.50

8.33
14.22 11.25

22.27

3.33
6.67

18.75
4.55
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Appendix 3.6.Rarefactions plot acrogdant populations and plant species between
sampling periods. CB=Casa Berardi, FC=Fish creek, KM=Komati.
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Appendix 3.7.Number of visits of the most frequent specie€ieanella serrulata.
CB= Casa Berardi. Data collected in 2014 and 2014.
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Appendix 3.8.Number of visits of the most frequent speciePatanisia dodecandra.
FC= Fish Creek. Data collected in 2014 and 2014.

9 -
¢ . —&— M. monodonta - FC 2013
KRN = <= Syrphidae sp. 4 - FC 2014
@ 7 ’
Zz 6 /
/
z 0 ,
-F] !
2 4 4 7
£ ’
= 3 r
rd )
2 A ']
'
1 - o
0 — » . .
0700 0800 0900 1000 1100 1200 1300 1400

Time Period (h)

201



Appendix 4.1.Cleomella serrulatdastQC report.

1. Summary

Creation date: Mon Mar 07 16:36:34 MST 2016
Generated by Deyholos

Softwara: CLC Genomics Workbench 7.5
Based upon: 1 data set

CE_R1 (paired): 35,616 414 sequences in pairs
Total nuclectides in data sat 9,561,641 400 nuclectides

2. Per-sequence analysis

2.1 Lengths distribution

Lengths distribution
100

B0 —

60 —

40

% sequences

20

]
© % o % o % % o % % %
sequence langth

Ddstribution of sequence leagthe. In cacecs of uotrimmed Illumins or S0LID reads 1t will ju st contalo a cingle
peak .

X: SeQuencs length in bace-pairs

¥: oumbar of cequences featuring a particular length normalized to the total pomboar of o uences
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2.2 GC-content

GC-content

% sequences
(3% ] [Fi] fcy n (a3 ]

-

0 ol Lins,
C % o % o % % o % % %

% GC-content

Ddstribution of C-cootents. The CC-cootent of & cegueacs ic caloolated as the number of © C-beaces comparsd to all
bases (inoluding ambigoouns basec).

¥: relative GC-content of a4 seguencs in perosat

¥: oumber of cequences featuring particular CC-percentages oormalized to the total mmbar of ceJuances

2.3 Ambiguous base-content

Ambiguous base-content

100

% sequences
|

C o o % % v % % %
% ambiguous bases

Dictribuntion of N-cootentc. The H-coatant of & soguonce ic caloulatod ac the pumber of amb iguons bacoc Comparsd
to all bases.

x: relative H-conteat of a4 sequencs in perceat

¥: oumbor of coguencec foaturing particular H-percontages normalized to the total nmmber o f coQuoncos
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2.4 Quality distribution

Quality distribution

% sequences
— — a P L
= o (=] o [

h

¢ & il sVd o %% % %%
average PHRED score

Distribution of AVerage coquence qualitie coores. Tha guality of & ceguence 1c caloulated as the arithmetlc moan
of itc baco gualities.

x: PERED-s00TG

¥: oumber of CeqUences chearved at that gual. soore normalized to the total pumbor of COgU GOORE

=

3. Per-base analysis

3.1 Coverage

Coverage

% coverage
11

0 20 40 60 a0 100
base position
The oombar of segquences that support (eover) the ipdividosal base positlons. In cases of on trimmed Illumina or
S0LAD reads It will just oootain a rectangla.

x: bacg position
¥: oumber of SeJUeNCes COVering individeal base positions pormalized to the total mmber o f EEQUANCES
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3.2 Nucleotide contributions

Mucleotide contributions

50 —
40 —
= .
= ]
5 30
g: . | — Ambiguous
E 20—y Guanine
ES j — Cytosine
10 __’ —— Thymine
3 — Adenine
n I 1 | LI | 1T 1 | 1T 1 | 1T 1
0 20 40 60 80 100
base position

Coverages for the four DNA nuolectides and ambigquons DASEE .
X: base positicn

¥: oumber of oucleotides observed per type normalired to the total oumbaer of ouoleotides o beerved at that
position

3.3 GC-content

GC-content

a0 i

80 —
L°7
5] e
8 40 -
U -
0 i
2 i

20 —

n T T T | T T T | T T T | T T T | T T T
0 20 40 a0 BO 100

base position

Copbipod coverage of G- and C-bacas.
x: base positlion

¥: oumbar of - and C-bacoc obcorved at current pocition pormalized to the total nuombor of bacec cbsorved at that
position
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3.4 Ambiguous base-content

Ambiguous base-content

0.35 - "
= | "=
0.30 = IJ |

0.25 = fmemed
0.20 3 —

o

-

o
L1y

0.10

% ambiguous bases

0.05 _E U w] IL‘I.l \
3 \-‘_/rnlfh\_.-___,___k__ﬁ,,-\_r\u_,_
0.00 LI I B S B B [N B B B B

40 60 :11] 100
hase position

=)
[d
=

Copbined coverage of amblguous beses.
x: base positlion

¥= oumber of embiguous bases obserwed at curreat position pormalized to the total number o £ baces observed at
that position

3.5 Quality distribution

Quality distribution

50 =
50 —
2 ]
8 40
8 303 —— 95%ile
[ j_ 75%ile
& 20 —— Median
10 = —— 25%ile
. -. — 5%ile

=
P2
o

40 60 a0 100
base position

Bace—guality dictribution aloag the base pocitionc.
x: bass positlicn
¥: median & percentiles of guality S0o0res obserwved at that bass posltlon
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4. Over-representation analyses

4.1 Enriched 5mers

Enriched Smers

©

[=]

i

ES
— CTTICT
— GAAGA
— TCTTC

0 20 40 60 ao 100
base position
The five most-overrepresented Emers. The over-repressntation of a Bmer i1s calculated as th @ ratio of the
observed and supected Emer Ifreguency. The supected Irsgquency 1s caloculated as product of the smpirical pooleotlde

probabllities that make up the Emer. (Smers that ocontailn amblquous bases are lgnoTred)
X: base position

¥: oumbar of times & Emer has been observed normalized to all Emers cheerved at that posit iloo

4.2 Sequence duplication levels

Sequence duplication levels

relative sequence count
M3
[=]
I

0 — Linarole L
° % o % o % % 0o % % %
duplicate count

Duplication level distribution. Duplicaticn levels are simply the count of how often & par ticular sequence has
been found.

x: duplicate count

¥: oumber of GeJUuences that have beea found that many times normalized to the number of Lo iQue EqUENCEE
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Appendix 4.2 Melidiscus giganteuBastQC report

1. Summary

Creation date: Fri Mar 04 15:52:43 MET 2016
Generated by: Deyholos

Software: CLC Genomics Workbench 7.5
Based upon: 1 data set

v {paired): 130,268,202 sequences in pairs
Total nucleotides in data set 13,026,820, 200 nuclectides

2. Per-sequence analysis

2.1 Lengths distribution

Lengths distribution

100

80 —

60 —

40

% sequences

20

0
© o o % o % % 0 % % 7
sequence length

HMetribution of cequence laagthe. In cacec of uotrimmed Illumina or SOLID reads it will Ju =t cootain & cingle
peak .

x: cequence length im beco-pairc
¥: oumbar of cegueacss featuring a particular leogth normalized to the total oumbsir of S8 USRCRE
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2.2 GC-content

GC-content

on

I

M3

e

% sequences
i
IIIIIIIII|IIII|IIII|IIII|IIII

o 0 %0 o % % 0 % % %
% GC-content

Mstrivution of ©C-contents. The CC-cootent of & ceguence Lo caloulated as the number of & C-baces Ccompared to all
bases (inoloding ambiguons DASGE ).

x: relative CO—pontent of a ceguence in peroent

¥: oumber of ceguences featuring particular CC-percentages oormalized to the Total mmber of ceJuences

=
Q

2.3 Ambiguous base-content

Ambiguous base-content

100

80 —

60

% seqguences

40
20

0

S o % o % % o % % %
% ambiguous bases

Distribution of H-cooteots. The H-cootent of a seguence is caloolated as the oomber of amb lguons bases compared
to all bases.

x: relative H-content of a4 soquendte in percant

¥: oumber of segonences Ieaturing particwler N-percentages mormalized to the Total nmber o £ seguences
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2.4 Quality distribution

Quality distribution

(X!
on

[
=

-
=]

% sequences
ey
o on
IIII|IIII|IIII|IIII|IIII|III

¢ 8 Hpilhhor o % D% %%
average PHRED score

Distribution of average sequence gualitie soores. The guality of & ceJuancs ic caloulated as the arithmetic mean
of itc bace gualitias.

x: FERED-soOIe

¥: oumber of seguences observed at that geal. score normalized to the total oumber of segu eoces

=]

3. Per-base analysis

3.1 Coverage

Cowverage

% coverage
11

0 20 40 &0 a0 100
base position
The oumbar of seguences that support (Ccover) the lodividoal base posltions. Io ocases Of on trimmed Illumina or
S0L1D reads 1t will just ocoatalo a rectangla.

x: bage positicn
¥: oumber of ceguences covering individual bacse positions cormalired to the total ommber o £ ceguances
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3.2 Nucleotide contributions

Mucleotide contributions

al
40
=
3
E
g —— Ambiguous
§ 20 Guanine
= — Cytosine
10 — Thymine
— Adenine
0

20 40 80 aan 100
base position

Coverages for the foor DHA nuoleotides and ambigquons basos.

X: base positicn

¥: oember of owoleotides observed per type normalized to the total oomber of coclsotldes o boerwed at that
position

3.3 GC-content

GC-content

a0

60 — |
E W
£ . F i nl L il S e
[= v\
8 40 -
U -
(] i
= i

20 —

D T T T | T T T | T T T | T T T | T T T
0 20 40 60 B0 100

base position

Copbipad coverage of L and C-bacas.

x: bacs positicn

¥: oumbar of G- and C-bates oboerved at curreat position oormalized to the total number of baces observed at that
position

211



3.4 Ambiguous base-content

Ambiguous base-content

o
£
h
|
—%

1
I

0.30 3 [
025
0.20 3 —
0.15 _:f', b
0.10 3| —

IIII|III
-

% ambiguous bases

3 | | A
005 3 "] |

E \_J/' R N I N
{}-Dn | | | I I | | | | | I I | | | | | I I

] 20 40 60 BO 100
base position

Copbimgd coverage of ambilguous bacoc.

X: bace position

¥: oumber of amblguous baces observed at current position normalired to the total nmber o £ baces obserwed at
that position

3.5 Quality distribution

Quality distribution

60 —
50 —
@ ]
8 40 =
W -
E 30 _f — Bﬁﬁ?la
x j 75%ile
& 20— —— Median
10 3 ho — 25%ile
= ——— 5%ile
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base position

Baze-guality distributicn aloang the base positions.
x: bace position
¥: median & percentiles of guallty scores obierved at that bace position
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4. Over-representation analyses

4.1 Enriched 5mers

Enriched Smers

a
o
.
: o)
" & CTTCT
1
— AAAAN
i | |— TeTTC
ﬂ n | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 20 40 &0 80 100

base position

The five most-Overrepresented Emers. The over-rIepresentation of a Emer is calrulated as th @ ratic of the
observed and cxpected Emer froguency. The sxpected fraquency is caleoulated ac product of the empirical pucleotide
probabilitiec that make mp the Emer. (Emers that ocontain ambigoous baces are lgnored)

z: base positicn

¥: oumbar of times & Emer has been observed normalized to all Bmers cheerved at that posit loo

4.2 Sequence duplication levels

Sequence duplication levels

Lad
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&h

%]
f=3

"y
=

h

relative sequence count
-
on
IIIIIIIIIIlIIIIlIIII|IIII|IIII|

(=1
o

0 % o % % o % % %

duplicate count

Duplication lewel distribution. Duplicaticn levels are simply the count of how often a par ticular sequence has
been found.

x: duplicate count

¥: oumbar of ceguences that have boon found that many times normalized to the number of oo Ague SSQUENCRE
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Appendix 4.3.Polanisia dodecandrd&astQC report.

1. Summary

Creation date: Thu Mar 10 15:38:51 MST 2016
Generated by: Deyholos

Software: CLC Genomics Workbench 7.5
Based upon: 1 data set

PD_R1 (paired): 84,853, 538 =sequences in pairs
Total nucleotides in data set 8,485,353,800 nuclectides

2. Per-sequence analysis

2.1 Lengths distribution

Lengths distribution
100

% sequences
|

© o o %% o % % v % % %
sequence length

Distribotion of sequence leagths. In cases of untrimmed Tllumina or S0LID reads 1t will ju st contain & single
peak .

X: seguence length in base-pairs

¥: oumbar of cequences foaturing a particular length normalizod to the total pumber of S04 UARCEE
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2.2 GC-content

GEC-contant

=]

L]

=

%]

=

% sequences
[ %]
IIIII|IIII|IIII|IIIIIIIIIIIIIII

=
]

D % e % B % D %
% GC-content

Distributios of GC-contenis. The Ei-content of o msgosccos s cealculated am the cozber of & C-basss comparesd to all
bassa |izcleding ambhiguoos bassm) .

x: relative GG tant of a = in e

v: number of segoescces fssturing particoler GG lized to the totel l af

2.3 Ambiguous base-content

Ambiguous base-content

% seguences
1

oo % H B v H B
% ambiguous bases
Dimtribotice of @ . Ths m of im calculatesd am ths momber of a=b igucos basss cozgparsd
to all bamss.

x: celative H-—cocobtsot of a ssgoesnocs in pesTosnt
r: numhar of ssgoescoss £saturing particnlar S-par lized to the total i. o £
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2.4 Quality distribution

Quality distribution

L
(=

Fudi
a

)
(=}

-
=

o

T sEQUEences
—
&
|IIIIIIIIIIIIII|IIII|IIII|IIIII

=

5]

T oo T %%
average PHRED score

pistributics of averages ssgueccs gualitis scorss. The guality of a mssgoesccos ia celoulatsd am the ecithzetic oean
ef ite bams gualitiss.

x: FERED--mcoTe

7: numbsr of ssgoscoss chasrved at thet goal. scoce normalized o ths total cexbesr of asgo snces

3. Per-base analysis

3.1 Coverage

Coverage

% coverage

0 20 40 &0 &0 100
base position

The coxber of ssqoences that support {(cover) the iodividos]l beass positicocs. In casss of oo trizmed Illoesos ox
SOLiD zwads it will juost cootain a sectacgle.

x: bamss positiom

y: number of ssgueccess comeriog iodiwidoal bess positicos cormelized to the total i o £
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3.2 Nucleotide contributions

Mucleotide contributions

40
=]
2
E 30
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& — Cytasine
10 —— Thymi
ymine
— Adenine
ﬂ I 1 1 1 I 1 1 1 I I 1 1 | 1 1 I I 1 I 1
0 20 40 ol &0 100

base position

Corsragea for the four DNA ooclsctdidss acd asbhigoous bamss.

x: bass pomitioo

y:- nombsr of moclesctidss chesreed psr typs corzalized to the total noobesr of ooclsctidss o beaszeed at that
pomition

3.3 GC-content

GC-content

80
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£ _:|||'|
Eo\ A
§ a0
= ]

20 —

ﬂ 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1

i 20 40 60 a0 100

base position

Combinesd corscags of G- acd C-bhames.

x: bass pomitioo

v: numbsr of & mod C-b k 1 &t © positicn normalizsd to the total oomber of Lasss chescved at thab
pomitios
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3.4 Ambiguous base-content

Ambiguous base-content

0.35 T
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% ambiguous bases
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0 20 40 &0 80 100
base position

Combined covscags of ambiguous hasss.

x: bams pomitioo

y: nombar of mxbiguoms bassa chessreed st corrent position cormalized to the total nombar o £ bassa chascrsd at
that poaiticn

3.5 Quality distribution

Cuality distribution
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4. Over-representation analyses

4.1 Enriched S5mers

Enriched Smers

— —
[=T X1

% coverage
=
o

=
.

=]
=]
II|III|III|III|III|II

[
0 20 40 &0 80 100
baze positon

The five most-crerrspresscted Soers. The over-repressntaticn of o Smer is celcolated ms th & retic of the
chesrred and sxpescted Emer fregneccy. Ths sxpscted fregoency im calcoolated am product of the sspiricel coclsotids
probabilitiss t=hat maks np ths fxer. (fxers that cootain ashigooos Basss are ignozed)

x: bams pomitioo

r: numbsr of timss & Gosr bam besc chescresd mormalizsd to all Sosrs chssresd o= that peosis ioo

4.2 Sequence duplication levels

Sequence duplication lewels

relative sequence count
%]
(=
|

10 ]
o —L muﬂuum ----- I
C o b % % o % %

duplicate count

uplicatiaon levsl distribotics. Doplicstion levels ars mizgply the coumt of bow oftec a par ticular ssgoesccos bas
bewn found.

x: duplicetes count

7: numbsxr of ssguscoss that have bssc found that zacy tizes ocrmalized toc the ooobesr of o igus ssgusccosa
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Appendix 4.4. Modified KEGG anthocyanin pathway depicting cyanidin derivatives
present irCleomellaserrulatg Melidiscus giganteuandPolanisiadodecandraln
orangeanthocyanidin 30-glucoside 2°O-xylosyltransferase. Igreen anthocyanidin-3
O-glucoside 50-glucosyltransferase.

| anvTHOCYANIY BlOgYNTHESIE |

Flawonoid biosynthesis

3MaT2
O Cyanidin 3{3" 6" dimalonyDhueoside
AMaT1 UGAT
] 23 1171 O] 2412540 Cypamidine 3-(6"-malomyl-2'-ghiewonylghcoside
Cryramidin 3-malonyl-gheoside
241254 O Crranidin 3-(2-ghiearonosyl)-glucoside
3GGT

241297 © Crranidin 3-sophoroside

241300 © Cryanidin 3, 7-dighwoside
" Peorddin 3-glucoside

24251 0— 2412050 Cyanidin 5-gluroside-3-sabnbioside
Craridin-
3 sarmbubioside
241116 O Cryraradin-3-rutinoside 5-glucoside
Cranidin _ BE1 3RT IIt1 /Tt

Peoradin
F——0 S _.' o 3-{p-comrnaroyTirutinoside- 5-glucoside

|
|
LPelaIgonidjn
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Cramidin - Crranidin Cryanidin
Jglucoside  3-rutinoside  33p-coumaroylirutinoside-5-glucoside
Coramidi
3-(B-p-cournaroyliglucoside “hisomi
Ot
233}1%—15 O— 24198 C—231172 O Mlalonylshisonin
S O UGTICL SMaT1
241298 24199|  Cyanidin
I 396-p-caffeoyliglucoside

i
3,§-diglumsid£

saT AT : .
231153 O Crraridin 3-glucogide S-cownaroylglncoside
— O Crrarddin 3-glucoside S-caffeovlghcoside

O
Canidi
S-ghicoside

00942 6/6/13

Delphinidin © Kanehisa Laboratories

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
Lo
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Appendix 4.5.Blast2GO report statistics for the complete Trinity transcripton(@. of
serrulata,Melidiscus giganteuandPolanisiadodecandra

B2 annotated

With GO mapping

B O serrufaty

F BM. glganteus
With BLAST hits 0P i

Blasted without hits

1] SO0 [ O | SO 2000

N sequences
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Appendix. 4.6.Pollination and floral development GO terms and their related gei@eamella serrulata, Melidiscus giganteasd

Polanisia dodecandréSpecies codeCleomellaserrulata(CS),Melidiscus giganteugMG), andP. dodecandrgPD).

GO term Genes CS MG PD
Nectary development  AFO (ABNORMAL X
GO0:0010254 BOP2 (BLADE ON PETIOLE?2) X

CRC (CRABS CLAW) X

INO (INNER NO OUTER) X
YAB2 (YABBY2) X X X
YABS5 (YABBY5) X

X X X

Specification of
symmetry AS2 (ASYMMETRIC LEAVES 2)
G0:0009799 LOB (LATERAL ORGAN BOUNDARIES) X X
LBD2 (LOB DOMAIN-CONTAINING PROTEIN 2) X
LBD20 (LOB DOMAIN-CONTAINING PROTEIN 20)
LBD24 (LOB DOMAIN-CONTAINING PROTEIN 24)
LBD27 (LOB DOMAIN-CONTAINING PROTEIN27)
LBD37 (LOB DOMAIN-CONTAINING PROTEIN 37)
Nectar secretion ATBETAFRUCT4
G0:0071836 ATBFRUCT1
AtcwINV2
AtcwINV4
AtcwINV5
AtcwINV6
ATSPSI1F (sucrose phosphate synthase 1F)
ATSPS2F (SUCROSE PHOSPHATE SYNTHASE 2F)
ATSPS4F X

X X X

X X X X|X X
X X X

X
XX X X X X X X X
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AtVEX1 (VEGETATIVE CELL EXPRESSED1)
BFRUCT3 (betdructosidase)

geranyl diphosphate synthase, putative

MTN3

nodulin MtN3 family protein
SAG29(SENESCENCEASSOCIATED PROTEIN 29)
SPS1 (solanesyl diphosphate synthase 1)

SPS2 (Solanesyl diphosphate synthase 2)

SUS3 (sucrose synthase 3)

X X X X X X

X

Establishment of petal
orientation

G0:0048498

AT-GTL1 (GT2LIKE 1)

GT2

trinelix DNA-binding protein, putative
PTL (PETAL LOSS)

X X X X

Regulation of
anthocyanin metabolic
process

G0:0031537

AHK2 (ARABIDOPSIS HISTIDINE KINASE 2)

AHK3 (ARABIDOPSIS HISTIDINE KINASE )

AHP1 (HISTIDINE-CONTAINING
PHOSPHOTRANSMITTER 1)

AHP2 (HISTIDINE-CONTAINING
PHOSPHOTRANSMITTER 2)

AHP3 (HISTIDINE-CONTAINING
PHOSPHOTRANSMITTER 3)

AHP4 (HPT PHOSPHOTRANSMITTER 4)

AHPS5 (HISTIDINE-CONTAINING PHOSPHOTRANSFER
FACTOR 5)

AHP6 (ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER
PROTEIN 6)
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APRR2

APRR3 (ARABIDOPSIS PSEUD®RESPONSE REGULATOR
3

A)PRRS (ARABIDOPSIS PSEUD@®RESPONSE REGULATOR
5)

APRRS8 (PSEUDGRESPONSE REGULATOR 8)

APRR9 (ARABIDOPSIS PSEUD®RESPONSEHREGULATOR
9)

ARR1 (ARABIDOPSIS RESPONSE REGULATOR 1)
ARR2 (ARABIDOPSIS RESPONSE REGULATOR 2)
ARR4 (RESPONSE REGULATOR 4)

ARR5 (ARABIDOPSIS RESPONSE REGULATOR 5)
ARR7 (RESPONSE REGULATOR 7)

ARR9 (RESPONSE REGULATORB)

ARR10 (ARABIDOPSIS RESPONSE REGULATOR 10)
ARR11 (RESPONSE REGULATOR 11)

ARR12 (ARABIDOPSIS RESPONSE REGULATOR 12)
ARR14 (ARABIDOPSIS RESPONSE REGULATOR 14)
ARR16 (ARABIDOPSIS RESPONSE REGULATOR 16)
ARR17 (ARABIDOPSIS RESPONSE REGULATOR 17
ARR18 (ARABIDOPSIS RESPONSE REGULATOR 18)
ARR20 (ARABIDOPSIS RESPONSE REGULATOR 20)
ARR21 (ARABIDOPSIS RESPONSE REGULATOR 21)
armadillo/betacatenin repeat family protein

ATPDIL1-1 (PDFLIKE 1-1)

ATRR3 (RESPONSE REGULATOR 3)

DNA repair protein, putative

ECT10

GLK2 (GOLDENZ2LIKE 2
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GPRI1 (GBF'S PRGRICH REGIONINTERACTING FACTOR
1)

myb family transcription factor

PCL1 (PHYTOCLOCK 1)

PRR7(PSEUDOGRESPONSE REGULATOR 7)

protein kinase family protein

TOCL1 (TIMING OF CAB EXPRESSION 1)

WOL (WOODEN LEG)

X X X X X X

Proximal/distal pattern
formation
G0:0009954

acetylCoA C-acyltransferase, putative /kgétoacytCoA
thiolase, putative

ankyrin repeat family protein

AS2 (ASYMMETRIC LEAVES 2)

ASL1

ASL5

ASL9 (ASYMMETRIC LEAVES 2 LIKE 9)

ATPOB1

BOP2 (BLADE ON PETIOLE?2)

BT3 (BTB AND TAZ DOMAIN PROTEIN 3)

BT4 (BTB AND TAZ DOMAIN PROTEIN 4)

BTS5 (BTB AND TAZ DOMAIN PROTEIN 5)
BTB/POZ domaircontaining protein

glycosyl hydrolase family 5 protein / cellulase family protein
LBD2 (LOB DOMAIN-CONTAINING PROTEIN 2)
LBD4 (LOB DOMAIN-CONTAINING PROTEIN 4)
LBD10 (LOB DOMAIN-CONTAINING PROTEIN 10)
LBD11 (LOB DOMAIN-CONTAINING PROTEIN 11)
LBD13 (LOB DOMAIN-CONTAINING PROTEIN 13)
LBD15 (LOB DOMAIN-CONTAINING PROTEIN 15)
LBD16 (LATERAL ORGAN BOUNDARIESDOMAIN 16)
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LBD19 (LOB DOMAIN-CONTAINING PROTEIN 19)
LBD20 (LOB DOMAIN-CONTAINING PROTEIN 20)
LBD21 (LOB DOMAIN-CONTAINING PROTEIN 21)
LBD22 (LOB DOMAIN-CONTAINING PROTEIN 22)
LBD24 (LOB DOMAIN-CONTAINING PROTEIN 24)
LBD25 (LOB DOMAIN-CONTAINING PROTEIN 25)
LBD27 (LOB DOMAIN-CONTAINING PROTEIN 27)
LBD31 (LOB DOMAIN-CONTAINING PROTEIN 31)
LBD33 (LOB DOMAIN-CONTAINING PROTEIN 33)
LOB (LATERAL ORGAN BOUNDARIES)
phototropieresponsive NPH3 familgrotein

RPT2 (ROOT PHOTOTROPISM 2)

speckletype POZ proteifrelated

TraB proteinrelated

X X X

X X X X

X X X X X X X

X X

Aromatic compound
biosynthetic process
G0:0019438

1-aminocyclopropanéd-carboxylate oxidase, putative / ACC
oxidase, putative

29 kDaribonucleoprotein, chloroplast, putative
4-coumarateCoA ligase

ACAS8 (AUTOINHIBITED CA2+ -ATPASE, ISOFORM 8)
ACS10 (ACC SYNTHASE 10)

AGT2 (ALANINE: GLYOXYLATE) AMINOTRANSFERASE
2)

alanine-glyoxylate aminotransferasputative

alcohol dehydrogenase, putative

aldo/keto reductase family protein

amine oxidase/ copper ion binding / quinone binding
aminotransferase class | and Il family protein
AMP-dependent synthetase and ligase famibtein

APUMB3 (Arabidopsis Pumilio 3)
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armadillo/betacatenin repeat family protein
AT3BETAHSD/D1 (SBBETAHYDROXYSTEROID-
DEHYDROGENASE/DECARBOXYLASE ISOFORM 1)
ATAO1 (ARABIDOPSIS THALIANA AMINE OXIDASE 1)
AtFAAH (Arabidopsisthaliana fatty acid amide hydrolase)
ATFP3

ATGSTF11 (GLUTATHIONE STRANSFERASE F11)
ATGSTF8 (ARABIDOPSIS THALIANA GLUTATHIONE S
TRANSFERASE PHI 8)

ATGSTT1 (GLUTATHIONE STRANSFERASE THETA 1)
ATL2

ATLIP1 (Arabidopsighaliana lipase 1)

ATMPK4 (ARABIDOPSIS THALIANA MAP KINASE 4)
ATNFXL1 (ARABIDOPSIS THALIANA NF-X-LIKE 1)
ATMYB21 (ARABIDOPSIS THALIANA MYB DOMAIN
PROTEIN 21)

ATP-dependent Clp protease proteolytic subunit

ATP synthasgamma chain, mitochondrial (ATPC)
ATPER1

AtPPa6 (Arabidopsis thaliana pyrophosphorylase 6)
ATPRX Q

ATRFNR1 (ROOT FNR 1)

BCDH BETA1 (BRANCHEDCHAIN ALPHA-KETO ACID
DECARBOXYLASE E1 BETA SUBUNIT)

BEN1

BGLU31 (BETA GLUCOSIDASE 31)

BGLU33 (BETA GLUCOSIDASE 33)

BGLU40 (BETA GLUCOSIDASE 40)

binding / catalytic/ coenzyme binding
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binding / ubiquitinprotein ligase X
BIP1

BIP2

BIP3

CAC2 X
calmodulinbinding familyprotein

cinnamoytCoA reductaseelated

cinnamytalcohol dehydrogenase family / CAD family
cinnamytalcohol dehydrogenase, putative (CAD)

CLPP3

copinerelated

copper amine oxidase, putative X
CP33 X
CPK1(CALCIUM DEPENDENT PROTEIN KINASE 1) X
CYP710A1 (cytochrome P450, family 710, subfamily A, polypeptide 1)
CYP706A3 X
CYP711A1

CYP94B2

CYP94B3 X
CYSD1 (CYSTEINE SYNTHASE D1)

delta OAT X
DFL2 (DWARF IN LIGHT 2) X
disease resistance protein (NBRR class), putative

DJ-1 family protein

ECAl (ERTYPE CA2+ATPASE 1) X
ECA3 (ENDOPLASMIC RETICULUMTYPE CALCIUM-

TRANSPORTING ATPASE 3) X
ELI3-2 (ELICITOR-ACTIVATED GENE 32) X
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EDA39 (embryo sadevelopment arrest 39)

elongation factor -hlpha / EFl-alpha

elongation factor family protein

emb2444 (embryo defective 2444)

emb2726 (embryo defective 2726)

EMB3009 (embryo defective 3009)

eukaryotic translatiomitiation factor 2 family protein / el2
family protein

ferredoxin hydrogenase

FRS7 (FARZ%related sequence 7)

FRS8 (FARZ%related sequence 8)
fructosel,6-bisphosphatase family protein
fructosel,6-bisphosphatase, putative

GA200X1

gibberellin 20oxidaserelated

glycinerich RNA-binding protein, putative

heat shock protein 70, putative / HSP70, putative
heat shock cognate 70 kDa protein 2 (HSQYQHSP702)
HEME1

heavymetalassociated domaicontaining protein
HSP91

IAA2 (INDOLE-3-ACETIC ACID INDUCIBLE 2)

IAA13

immunophilin, putative / FKBRype peptidylprolyl cis-trans
isomerase, putative

invertase/pectin methylesterase inhibfiamily protein
KAB1 (POTASSIUM CHANNEL BETA SUBUNIT)
L-ascorbate oxidase

L-galactose dehydrogenase@alDH)
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LACS6 (longchain acylCoA synthetase 6)

leucinerich repeat protein kinase, putative

light repressibleeceptor protein kinase

MAB1 (MACCI-BOU)

MAP3KA

MCCA

MYB3 (MYB DOMAIN PROTEIN 3)

NAD(P)H dehydrogenase complex assembly

NCLPP7 (NUCLEARENCODED CLP PROTEASE P7)
NLP1 (NITRILASE-LIKE PROTEIN 1)
OASC(O-ACETYLSERINE (THIOL) LYASE ISOFORM C)
OBP2

oxidoreductase, 20Ge(Il) oxygenase family protein
oxidoreductase, zinbinding dehydrogenase family protein
PAB4 (POLY(A) BINDING PROTEIN 4)

PCB2 (PALEGREEN AND CHLOROPHYLL BREDUCED 2)
PDR10 (PLEIOTROPIC DRUG RESISTANCE 10)
pentatricopeptide (PPR) repeaintaining protein

peptide chain release factor, putative

peptidykprolyl cistrans isomerase cyclophitiype family
protein

peptidytprolyl cistrans isomerase, chloroplast
peptidytprolyl cistrans isomerase, putative

peroxidase 27 (PER27) (P27) (PRXR7)
phosphoribulokinase/uridine kinase family protein

PIL5 (PHYTOCHROME INTERACTING FACTORA.IKE 5)
PME1 (PECTIN METHYLESTERASE INHIBITOR 1)
POP2 (POLLENPISTIL INCOMPATIBILITY 2)
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protein kinase family protein

PSBO2 (PHOTOSYSTEM Il SUBUNIT Q)

PTEN1

PUB9 (PLANT U-BOX 9)
pyridoxal5-phosphatalependenénzyme, beta family protein
RAN1 (RESPONSIVETO-ANTAGONIST 1)

ribose 5phosphate isomeraselated

ribosephosphate pyrophosphokinase, putative
ribosomal protein L1 family protein

RNA binding / nucleic acid bindingnucleotide binding
RNA recognition motif (RRM)containing protein
RNA-binding protein 45 (RBP45), putative
scarecrowlike transcription factor 11 (SCL11)

SHM6 (serine hydroxymethyltransferase 6)

SHMY7 (serinehydroxymethyltransferase 7)
shortchain dehydrogenase

sks4 (SKU5 Similar 4)

sks5 (SKU5 Similar 5)

SKS6 (SKU5SIMILAR 6)

sks15 (SKU5 Similar 15)

sks17 (SKU5 Similar 17)

sorbitol dehydrogenase, putative-iditol 2-dehydrogenase,
putative

SOT16 (SULFOTRANSFERASE 16)

splicing factorrelated

ST2A (SULFOTRANSFERASE 2A)

sulfotransferase family protein

tatD-related deoxyribonuclease family protein
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terpene cyclase/mutaselated

TIC55 (TRANSLOCON AT THE INNER ENVELOPE
MEMBRANE OF CHLOROPLASTS 55)

TOC33 (TRANSLOCON AT THE OUTER ENVELOPE
MEMBRANE OF CHLOROPLASTS 33)

TPA_exp: actirrelated protein 2 X
TPA_exp: actirrelated protein 3 X
TPA_exp: PDR3 ABGQGransporter

TPA _exp: PDR4 ABC transporter

transferase family protein

UDP-glucoronosyl/UDPglucosyl transferase family protein
vestitone reductaselated

WD-40 repeat family protein X
WRKY18

WRKY30

WRKY38

WRKY54

XLG1 (EXTRA-LARGE G-PROTEIN 1)

zinc finger (Bbox type) family protein

zinc finger (C3HC4ype RING finger) family protein

X X X X

X X X X

X X X

Aromatic amino acid
family metabolic process
GO:0009072

ABC transporter family protein X
ACS10(ACC SYNTHASE 10)

acyk(acylcarrierprotein) desaturase, putative / steardIP
desaturase, putative X
AGD2 (ABERRANT GROWTH AND DEATH 2); L,k
diaminopimelate aminotransferase/ transaminase

aldo/keto reductase family protein X
aminotransferase class | and Il family protein X
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antiporter/ drug transporter

ATGSTF11 (GLUTATHIONE STRANSFERASE F11)
ATGSTF12 (ARABIDOPSIS THALIANA GLUTATHIONE S
TRANSFERASE PHI 12)

ATGSTF8 (ARABIDOPSIS THALIANA GLUTATHIONES-
TRANSFERASE PHI 8)

ATGSTZ1 (ARABIDOPSIS THALIANA GLUTATHIONE S
TRANSFERASE ZETA 1)

ATLIP1 (Arabidopsis thaliana lipase 1)

ATNAP9

ATPC1

ATPC2

ATP synthase gamma chain, mitochondrial (ATPC)
Cul3-RING ubiquitinligase complex

BLH5 (BELL1-like homeodomain 5)

CPZ

Cul4-RING E3 ubiquitin ligase complex

CYP77B1

CYSD1 (CYSTEINE SYNTHASE D1)

CYP82F1

cytochrome c oxidase assembly protein CtaG / Cox11 family

DJ-1 family protein
DXR (1-DEOXY-D-XYLULOSE 5-PHOSPHATE
REDUCTOISOMERASE)

EDS5 (ENHANCED DISEASE SUSCEPTIBILITY 5)
EMB3003 (embryo defective 3003)

FAB1 (FATTY ACID BIOSYNTHESIS 1)

FAD6 (FATTY ACID DESATURASE 6)
fructosebisphosphate aldolase, putative
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GLB1 (GLNB1 HOMOLOG)

HDS (4HYDROXY-3-METHYLBUT-2-ENYL
DIPHOSPHATE SYNTHASE)

HFR1 (LONG HYPOCOTYL IN FARRED)

HPT1 (HOMOGENTISATE PHYTYLTRANSFERASE 1)
hydroxyprolinerich glycoprotein family protein
ISPD

KAS | (3-KETOACYL-ACYL CARRIER PROTEIN
SYNTHASE )

KCS18

KCS19 (SKETOACYL-COA SYNTHASE 19)
KCS21 (3KETOACYL-COA SYNTHASE 21)
KCS5 (3KETOACYL-COA SYNTHASE 5)
KCS6(3-KETOACYL-COA SYNTHASE 6)
leucinerich repeat family protein

LIP2 (LIPOYLTRANSFERASE 2)

lipoxygenase, putative

LOX1

LOX2 (LIPOXYGENASE 2)

LOX3

LOX5

LTA2

LTA3

malate dehydrogenase (NAD)jtochondrial

NADH dehydrogenase subunit 4L

NPQ1 (NONPHOTOCHEMICAL QUENCHING 1)

OASC (OACETYLSERINE (THIOL) LYASE ISOFORM C)

oxidoreductase, zinbinding dehydrogenase family protein
PDS1 (PHYTOENE DESATURATION 1)
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pentatricopeptide (PPR) repeaintaining protein
peptidytprolyl cistrans isomerase, putative / cyclophilin,
putative / rotamase, putative

PMDH2 (peroxisomal NABmalate dehydrogenase 2)
potassium channel tetramerisatdemaincontaining protein
pyridoxat5-phosphatalependent enzyme, beta family protein
ROC3

SCPL3

scpll4 (serine carboxypeptidaldee 14)

scpl6 (serine carboxypeptidakiee 6)

SCPL19

serine carboxypeptidase StEHdnily protein

SNG1 (SINAPOYLGLUCOSE 1)

SSI2

TIL1 (TILTED 1)

X X X X X

X X X X >

>

Polarity specification of
adaxial/abaxial axis
G0:0009944

(1-4)-betamannan endohydrolase
ABIL1 (Abi-1-like 1)

ADOF1

AFH1 (FORMIN HOMOLOGY 1)
AFO (ABNORMAL FLORAL ORGANS)
AGD1 (ARFGAP domain 1)
AGD6

agenet domakutontaining protein
AGO1 (ARGONAUTE 1)

AGO5 (ARGONAUTE 5)

AIL5 (AINTEGUMENTA-LIKE 5)
AIL6 (AINTEGUMENTA-LIKE 6)
AIL7 (AINTEGUMENTA-like 7)
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ANT (AINTEGUMENTA)

AP2 domainrcontaining transcription factor

AP2 (APETALA 2)

ARA4

ARA-5 (ARABIDOPSIS RAS 5)

ARF6 (AUXIN RESPONSE FACTOR 6)

ARF8 (AUXIN RESPONSE FACTOR 8)

ARF17(AUXIN RESPONSE FACTOR 17)

ARF19 (AUXIN RESPONSE FACTOR 19)

AS1 (ASYMMETRIC LEAVES 1)

AS2 (ASYMMETRIC LEAVES 2)

ASL1

ASL5

ASL9 (ASYMMETRIC LEAVES 2 LIKE 9)

aspartietype endopeptidase/ peptidase

aspartyitRNA synthetase

aspartyitRNA synthetase, putative / aspartaf@NA ligase,
putative

ATCEL2

ATCELS3 (ARABIDOPSIS THALIANA CELLULASE 3)
ATER

ATFPS8

AtGH9A4 (Arabidopsis thaliana Glycosyl Hydrolase 9A4)
ATGH9B1 (ARABIDOPSIS THALIANA GLYCOSYL
HYDROLASE 9B1)

AtGH9B8 (Arabidopsis thaliana glycosyl hydrolase 9B8)
AtGH9B13 (Arabidopsis thaliana glycosyl hydrolase 9B13)
AtGH9B15 (Arabidopsis thaliana glycosyl hydrolase 9B15)
AtGH9B17 (Arabidopsis thaliana glycosyl hydrolase 9B17)
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AtGH9B18 (Arabidopsis thaliana glycosyl hydrolase 9B18)
AtGHIC3 (Arabidopsis thaliana glycosyl hydrolase 9C3)
AT-GTL1 (GT2LIKE 1)

ATHB-15

ATHB-8 (HOMEOBOX GENE 8)

ATL5 (ATL5)

ATLS

ATMYB21 (ARABIDOPSIS THALIANA MYB DOMAIN
PROTEIN 21)

ATP binding / ATRdependent DNA helicase/ DNA binding /
hydrolase

ATRAB1A

ATRAB1C

ATRABS8

ATRAB18 (ARABIDOPSIS RAB GTPASE HOMOLOG B18)
ATRABA2B (ARABIDOPSIS RAB GTPASE HOMOLOG
A2B)

ATRABA3 (ARABIDOPSIS RAB GTPASE HOMOLOG A3)
AtRABAb5a (Arabidopsis Rab GTPase homolog A5a)
AtRABASD (Arabidopsis Rab GTPase homolog A5b)
AtRABASd (Arabidopsis Rab GTPase homolog A5d)
ATRABH1D (ARABIDOPSIS RAB GTPASE HOMOLOG
H1D)

AtRLP44 (Receptor Like Protein 44)

AtRLP45 (Receptor Like Protein 45)

ATRPS5B (RIBOSOMAL PROTEIN 5B)

ATS (ABERRANT TESTA SHAPE)

BAM3 (BARELY ANY MERISTEM 3)

BBM (BABY BOOM)
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BIM1

BIM2 (BESZ-interacting Myelike protein 2)

BIM3 (BESZ-interacting Myelike protein 3)

BLH1 (BEL1-LIKE HOMEODOMAIN 1)

BLH5 (BELL1-like homeodomain 5)

BLH8 (BEL1-LIKE HOMEODOMAIN 8)

BLH11 (BEL1-LIKE HOMEODOMAIN 11)

BOP2 (BLADE ON PETIOLE2)

BRI1 (BRASSINOSTEROID INSENSITIVE 1)
BST1 (BRISTLED 1)

C2 domaincontaining protein

calciumbinding EF hand family protein
calciumbinding EF hand family protein, putative
CLAVATAL receptor kinase (CLV1)

COB (COBRA)

COBL1 (COBRALIKE PROTEIN 1 PRECURSOR)
COBL2 (COBRALIKE PROTEIN 2 PRECURSOR)
COBL5 (COBRALIKE PROTEIN 5 PRECURSOR)
CRC (CRABS CLAW)

CRN (CORYNE)

CVP2(COTYLEDON VASCULAR PATTERN 2)
DAGL1 (dof affecting germination 1)

DEAD/DEAH box helicase

Dof-type zinc finger domakgontaining protein
DRT100 (DNADAMAGE REPAIR

DUOL1 (DUO POLLEN 1)

endomembrane protein 70

endonuclease/exonuclease/phosphatase family protein
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ER (ERECTA)

ERL1 (ERECTALIKE 1)

ERL2 (ERECTALIKE 2)

FAMT (farnesoic acid carboxy®-methyltransferase)

FEI1 (FEI 1)

formin homology 2 domakcontaining protein FH2 domain
containing protein

GAMT2 (GIBBERELLIC ACID METHYLTRANSFERASE 2)
glycosyl hydrolase family 5 protein / cellulase family protein
glycosyl hydrolase family protein 5 / cellulase family protein /
(1-4)-betamannan endohydrolase

glycinerich protein

GT2

HD2B (HISTONE DEACETYLASE 2B)

HD2C (HISTONE DEACETYLASE 2C)

HDA3 (HISTONE DEACETYLASE 3)

heat shock proteirelated

homogentisate farnesyltransferase/ homogentisate
geranylgeranyltransferase/ homogentisate solanesyltransfer:
HPT1 (HOMOGENTISATE PHYTYLTRANSFERASE 1)
HST (HASTY)

IAMT1 (IAA CARBOXYLMETHYLTRANSFERASE 1)

INO (INNER NO OUTER)

inositol polyphosphate-phosphatase

IRX6

KAN (KANADI)

KAN2 (KANADI 2)

KAN3 (KANADI 3)

kelch repeatontaining protein
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KNAT1 (KNOTTED-LIKE FROM ARABIDOPSIS
THALIANA)

KNAT6

KOR2

LBD1 (LOB DOMAIN-CONTAINING PROTEIN 1)
LBD2 (LOB DOMAIN-CONTAINING PROTEIN 2)
LBD4 (LOB DOMAIN-CONTAINING PROTEIN 4)
LBD10 (LOB DOMAIN-CONTAINING PROTEIN 10)
LBD11 (LOB DOMAIN-CONTAINING PROTEIN 11)
LBD13 (LOB DOMAIN-CONTAINING PROTEIN 13)
LBD15 (LOB DOMAIN-CONTAINING PROTEIN 15)
LBD16 (LATERAL ORGAN BOUNDARIESDOMAIN 16)
LBD18 (LOB DOMAIN-CONTAINING PROTEIN 18)
LBD20 (LOB DOMAIN-CONTAINING PROTEIN 20)
LBD21 (LOB DOMAIN-CONTAINING PROTEIN 21)
LBD22 (LOB DOMAIN-CONTAINING PROTEIN 22)
LBD24 (LOB DOMAIN-CONTAINING PROTEIN 24)
LBD25 (LOB DOMAIN-CONTAINING PROTEIN 25)
LBD27 (LOB DOMAIN-CONTAINING PROTEIN 27)
leucinerich repeat family protein

leucinerich repeat family protein / protein kinase fampiyotein
leucinerich repeat transmembrane protein kinase

LOB (LATERAL ORGAN BOUNDARIES)

LRP1 (LATERAL ROOT PRIMORDIUM 1)

LSH1 (LIGHT-DEPENDENT SHORT HYPOCOTYLS 1)
LSH3 (LIGHT SENSITIVE HYPOCOTYLS 3)

LSH4 (LIGHT SENSITIVE HYPOCOTYLS 4)

LSH6 (LIGHT SENSITIVE HYPOCOTYLS 6)
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LSH7 (LIGHT SENSITIVE HYPOCOTYLS 7)
LSH9 (LIGHT SENSITIVE HYPOCOTYLS 9)
LSH10 (LIGHT SENSITIVE HYPOCOTYLS 10)
MP (MONOPTEROS)

MRLK (MERISTEMATIC RECEPTORLIKE KINASE)
myb family transcription factor

MYB2 (MYB DOMAIN PROTEIN 2)

MYB62 (myb domain protein 62)

MYB108 (myb domain protein 108)

MYB305 (myb domain protein 305)

NIK1 (NSP-INTERACTING KINASE 1)

NIK3 (NSP-INTERACTING KINASE 3)

NPH4 (NONPHOTOTROPHIC HYPOCOTYL)
OBP1 (OBF BINDING PROTEIN 1)

OBP2

OBP4

peroxidase 17 (PER17) (P17)

peroxidase 22 (PER22) (P22) (PRXEA) / basic peroxidase E
permeaseputative

phagocytosis and cell motility protein ELM©é&lated
PHB (PHABULOSA)

phototropieresponsive NPH3 family protein
phototropieresponsive protein, putative

PHV (PHAVOLUTA)

PIN1 (PINNFORMED 1)

PIN3 (PIN-FORMED 3)

PIN4 (PINNFORMED 4)

PIN5 (PINFORMED 5)
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PIN7 (PINFORMED 7)

PIN8 (PINFORMED 8)

protein binding / zinc ion binding

protein phosphatase 2C, putative / PP2C, putative
PTL (PETAL LOSS)

RABA4D (RAB GTPASE HOMOLOG A4D)
RABASE (RAB GTPASE HOMOLOG A5E)
RAP2.7 (RELATED TO AP2.7)

Rasrelated GTFbinding family protein

REV (REVOLUTA)

RHA1 (RAB HOMOLOG 1)

RHA3A

ribonuclease Il family protein

RLK1 (RECEPTORLIKE PROTEIN KINASE 1)
RNA-dependent RNA polymerase family protein
RPL (REPLUMLESS)

RPT2 (ROOT PHOTOTROPISM 2)
S-adenosylL-methionine:carboxyl methyltransferase family
protein

SFC (SCARFACE)

SHI (SHORTINTERNODES)

SRS4 (SHIRELATED SEQUENCE 4)

SRS5 (SHHRELATED SEQUENCE 5)

SRS6 (SHIRELATED SEQUENCE 6)

STY1 (STYLISH 1)

STY2 (STYLISH 2)

TET2 (TETRASPANIN2)

TET8 (TETRASPANINS)
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TET13 (TETRASPANIN13)

TMKL1 (transmembrane kinadike 1)

TRN2 (TORNADO 2)

ubiquitin carboxylterminal hydrolase family protein
WRI1 (WRINKLED 1)

xanthine/uracil permease family protein

YAB2 (YABBY2)

YAB3 (YABBY3)

YABS5 (YABBY5)

zinc finger (C3HC4ype RING finger) family protein
ZLL (ZWILLE)

ZPR2 (LITTLE ZIPPER 2)

X

X X X X

X X X

X X X X

X X X X X
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Pollination
G0O:0009856

acetytCoA C-acyltransferase, putative /k&étoacytCoA thiola
ANNATZ2 (Annexin Arabidopsis 2)

ANNAT3 (ANNEXIN ARABIDOPSIS 3)

annexin, putative

ARPN (PLANTACYANIN)

calmodulin, putative

CDC48B

EDA10 (embryo sac development arrest 10)

emb2411 (embryo defective 2411)

fimbrin-like protein, putative

fringe-related protein

FtsH protease, putative

FTSH12 (FTSH PROTEASE 12)

guanine nucleotide exchange family protein

LBA1l (LOW-LEVEL BETA-AMYLASE 1)

leucinerich repeat transmembrane protein kinase, putative

243

X X X X

X

X X X

X X X

X X X



MLO4 (MILDEW RESISTANCE LOCUS O 4)

MLO13 (MILDEW RESISTANCE LOCUS O 13)

MLO15 (MILDEW RESISTANCE LOCUS O 15)

MORN (Membrane Occupation and Recognition Nexus)
NSF (N-ethylmaleimide sensitive factor)

pectinesterase family protein

PEX6 (PEROXIN 6)

phosphatidylinosite#-phosphate fkinase family protein
PKT2 (PEROXISOMAL 3KETO-ACYL-COA THIOLASE 2)
PKT3 (PEROXISOMAL 3KETOACYL-COA THIOLASE 3)
plastocyanidike domaincontaining protein / mavicyanin,
putative

polcalcin, putative / calciurbinding pollen allergen, putative
protein kinase family protein

protein kinase, putative

RPT5A (REGULATORY PARTICLE TRIPLEA ATPASE 5A)
selfincompatibility proteinrelated

SKD1 (SUPPRESSOR OF K+ TRANSPORT GROWTH
DEFECT1)

TPA exp: callose synthase

X X X

X X X

Determination of bilatera
symmetry
GO0:0009855

(1-4)-betamannan endohydrolase, putative
ABIL1 (Abi-1-like 1)

ADOF1

AFH1 (FORMIN HOMOLOGY 1)
AGC1.5(AGC KINASE 1.5)

AGCL1.7 (AGC KINASE 1.7)

AGD1 (ARFGAP domain 1)

AGD2 (ABERRANT GROWTH AND DEATH 2
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AGD4 (ARFGAP domain 4)

AGD6

AGD7

agenet domakutontaining protein

AGO1 (ARGONAUTE 1)

AGO4 (ARGONAUTE 4)

AGOS5 (ARGONAUTE 5)

AGO6 (ARGONAUTE 6)

AIL5 (AINTEGUMENTA-LIKE 5)

AIL6 (AINTEGUMENTA-LIKE 6)

AIL7 (AINTEGUMENTA -like 7)

ALD1 (AGD2-LIKE DEFENSE RESPONSE PROTEIN1)
ANACO038 (ARABIDOPSIS NACDOMAIN CONTAINING
PROTEIN 38)

ANACO058

anac074 (Arabidopsis NAC domain containing protein 74)
ANACO087

ANAC100 (ARABIDOPSIS NAC DOMAIN CONTAINING
PROTEIN 100)

ANT (AINTEGUMENTA)

AP2 (APETALA 2)

AP2 domaincontaining transcription factor, putative
ARA4

ARA-5 (ARABIDOPSIS RAS 5)

ARF1 (AUXIN RESPONSE FACTOR 1)

ARF4 (AUXIN RESPONSE FACTOR 4)

ARF6 (AUXIN RESPONSE FACTOR 6)

ARF8 (AUXIN RESPONSE FACTOR 8)

ARF9 (AUXIN RESPONSE FACTOR 9)
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ARK3 (ARMADILLO REPEAT KINESIN 3)
ARF18 (AUXIN RESPONSE FACTOR 18)
ARF17 (AUXIN RESPONSE FACTOR 17)
ARF19 (AUXIN RESPONSE FACTOR 19)
ARF1A1C

ARF3 (ADP-RIBOSYLATION FACTOR 3)
ARF6 (AUXIN RESPONSE FACTOR 6)
ARF8 (AUXIN RESPONSE FACTOR 8)
ARK3 (ARMADILLO REPEAT KINESIN 3)
armadillo/betacatenin repeat family protein / kinesin motor
family protein

AS2 (ASYMMETRIC LEAVES 2)

ASL1

ASL5

ASL9 (ASYMMETRIC LEAVES 2 LIKE 9)
aspartietype endopeptidase/ peptidase
aspartyitRNA synthetase, putative / aspartaf@NA ligase,
putative

ATARFA1B (ADP-ribosylation factor A1B)
ATARFALE (ADP-ribosylation factor A1E)
ATARFALF (ARABIDOPSIS THALIANA ADP-
RIBOSYLATION FACTOR A1F)

ATARFD1B (ADP-ribosylation factor D1B)

ATCEL2

ATCEL3 (ARABIDOPSIS THALIANA CELLULASE 3)
ATFP8

AtGH9A4 (Arabidopsis thaliana Glycosyl Hydrolase 9A4)
ATGH9B1 (ARABIDOPSIS THALIANA GLYCOSYL
HYDROLASE 9B1)
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AtGH9BS8 (Arabidopsis thaliana glycosyl hydrolase 9B8)
AtGH9B13 (Arabidopsis thaliana glycosyl hydrolase 9B13)
AtGH9B15 (Arabidopsis thaliana glycosyl hydrolase 9B15)
AtGH9B17 (Arabidopsis thaliana glycosyl hydrolase 9B17)
AtGH9B18 (Arabidopsis thaliana glycosyl hydrolase 9B18)
AtGHIC2 (Arabidopsis thaliana glycosyl hydrolase 9C2)
AtGHI9C3 (Arabidopsis thaliana glycosyl hydrolase 9C3)
AT-GTL1 (GT2LIKE 1)

ATHMG (ARABIDOPSIS THALIANA HIGH MOBILITY
GROUP)

ATK1 (ARABIDOPSIS THALIANA KINESIN 1)

ATK5 (ARABIDOPSIS THALIANA KINESIN 5)

ATL5 (ATL5)

ATL8

ATMYB21 (ARABIDOPSIS THALIANA MYB DOMAIN
PROTEIN 21)

ATNAC3 (ARABIDOPSIS NAC DOMAIN CONTAINING
PROTEIN 3)

ATP binding / ATRdependent DNA helicase/ DNA binding /
hydrolase

ATP binding / cAMRdependent protein kinase regulator/

catalytic/ protein kinase/ protein serine/threonine phosphatas

ATP binding / DNA binding / DNAdirected DNA polymerase/
nucleosideriphosphatase/ nucleotide binding

ATP-binding region, ATPaskke domaircontaining protein
related

ATPK7

ATRABS8

ATRAB18 (ARABIDOPSIS RAB GTPASE HOMOLOG B18)
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ATRAB1A

ATRAB1C

ATRABA2B (ARABIDOPSIS RAB GTPASE HOMOLOG
A2B)

ATRABA3 (ARABIDOPSIS RAB GTPASE HOMOLOG A3)
AtRABAb5a (Arabidopsis Rab GTPase homolog A5a)
AtRABASD (Arabidopsis Rab GTPase homolog A5b)

AtRABASd (Arabidopsis Rab GTPase homolog A5d)
ATRABH1D (ARABIDOPSIS RAB GTPASE HOMOLOG
H1D)

ATTOC120

BAM1 (BARELY ANY MERISTEM 1)

BAM2 (BARELY ANY MERISTEM 2)

BAM3 (BARELY ANY MERISTEM 3)

basic helixloop-helix (bHLH) proteintrelated
BBM (BABY BOOM)

betaamylase activity

BIM1

BIM2 (BESZ-interacting Myelike protein 2)
BIM3 (BESZinteracting Myelike protein 3)
BLH1 (BEL1-LIKE HOMEODOMAIN 1)

BLH5 (BELL1-like homeodomain 5)

BLH8 (BEL1-LIKE HOMEODOMAIN 8)
BLH11 (BEL1-LIKE HOMEODOMAIN 11)
BRI1 (BRASSINOSTEROID INSENSITIVE 1)
BST1 (BRISTLED 1)

C2 domaincontaining protein

calciumbinding EF hand family protein
calciumbinding EF handamily protein, putative
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CHR24 (chromatin remodeling 24)

CLAVATAL receptor kinase (CLV1)

CLV2 (clavata 2)

COB (COBRA)

COBL1 (COBRALIKE PROTEIN 1 PRECURSOR)
COBL2 (COBRALIKE PROTEIN 2 PRECURSOR)
COBL5 (COBRA-LIKE PROTEIN 5 PRECURSOR)
COL3 (CONSTANSLIKE 3)

CPSF73 (CLEAVAGE AND POLYADENYLATION
SPECIFICITY FACTOR 73)

CRN (CORYNE)

CRR6 (chlororespiratory reduction 6)

CUC2 (CURSHAPED COTYLEDON 2)

CUCS3 (CUP SHAPECCOTYLEDONS)

Cul4-RING E3 ubiquitin ligase complex

CVP2 (COTYLEDON VASCULAR PATTERN 2)
D6PK (D6 PROTEIN KINASE)

D6PKL1 (D6 PROTEIN KINASE LIKE 1)

D6PKL2 (D6 PROTEIN KINASE LIKE 2)

DAGL1 (dof affecting germination 1)

DCL2 (DICERLIKE 2)

DEAD/DEAH box helicase, putative

Dof-type zinc finger domakgontaining protein
DOT2 (DEFECTIVELY ORGANIZED TRIBUTARIES 2)
DUO1 (DUO POLLEN 1)

EDA10 (embryo sac development arrest 10)
endomembrane protein 70, putative
endonuclease/exonuclease/phosphatase family protein
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EOL1 (ETOZLLIKE 1)

EOL2 (ETOLLIKE 2)

ETO1 (ETHYLENE OVERPRODUCER 1)

ETT (ETTIN)

FEI1 (FEI 1)

Fh5 (FORMIN HOMOLOGY5)

formin homology 2 domakutontaining protein / FH2 domain
containing protein

glycosyl hydrolase family 5 protein / cellulase family protein
glycosyl hydrolase family protein 5 / cellulase family protein /
(1-4)-betamannan endohydrolagaytative

glycinerich protein

GT2

HDG9 (HOMEODOMAIN GLABROUS 9)

heat shock proteirelated

helicaserelated

hexose transporter, putative

inositol polyphosphate-phosphatase, putative

IRX6

kelchrepeatcontaining protein

kinase interacting family protein

kinase interacting proteirelated

kinesin heavy chain, putative

KIPK (KCBP-interacting protein kinase)

KNAT1 (KNOTTED-LIKE FROM ARABIDOPSIS
THALIANA)

KNAT3 (KNOTTED1-LIKE HOMEOBOX GENE 3)
KNAT6
KOR2
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LBD1 (LOB DOMAIN-CONTAINING PROTEIN 1)
LBD4 (LOB DOMAIN-CONTAINING PROTEIN 4)
LBD10 (LOB DOMAIN-CONTAINING PROTEIN 10)
LBD11 (LOB DOMAIN-CONTAINING PROTEIN 11)
LBD13 (LOB DOMAIN-CONTAINING PROTEIN 13)
LBD15 (LOB DOMAIN-CONTAINING PROTEIN 15)
LBD16 (LATERAL ORGAN BOUNDARIESDOMAIN 16)
LBD18 (LOB DOMAIN-CONTAINING PROTEIN 18)
LBD21 (LOB DOMAIN-CONTAINING PROTEIN 21)
LBD22 (LOB DOMAIN-CONTAINING PROTEIN 22)
LBD24 (LOB DOMAIN-CONTAINING PROTEIN 24)
LBD25 (LOB DOMAIN-CONTAINING PROTEIN 25)
LBD27 (LOB DOMAIN-CONTAINING PROTEIN 27)
leucinerich repeat family protein

leucinerich repeat familyprotein / protein kinase family proteir
leucinerich repeat transmembrane protein kinase, putative
LHW (LONESOME HIGHWAY)

LOB (LATERAL ORGAN BOUNDARIES)

LRP1 (LATERAL ROOT PRIMORDIUM 1)

LSH1 (LIGHT-DEPENDENT SHORTHYPOCOTYLS 1)
LSH3 (LIGHT SENSITIVE HYPOCOTYLS 3)

LSH4 (LIGHT SENSITIVE HYPOCOTYLS 4)

LSH6 (LIGHT SENSITIVE HYPOCOTYLS 6)

LSH7 (LIGHT SENSITIVE HYPOCOTYLS 7)

LSH9 (LIGHT SENSITIVE HYPOCOTYLS 9)

LSH10 (LIGHT SENSITIVE HYPOCOTYLS 10)

LUG (LEUNIG)

MP (MONOPTEROS)
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MRH2 (MORPHOGENESIS OF ROOT HAIR 2)
MYB2 (MYB DOMAIN PROTEIN 2)

MYB62 (myb domain protein 62)

MYB108 (myb domain protein 108)

MYB305 (myb domairprotein 305)

myosin heavy chaknelated

NAD(P)H dehydrogenase complex assembly

NIK1 (NSP-INTERACTING KINASE 1)

NIK3 (NSP-INTERACTING KINASE 3)

NPH4 (NONPHOTOTROPHIC HYPOCOTYL)

OBP1 (OBF BINDING PROTEIN 1)

OBP2

OBP4

PARP2 (POLY(ADPRIBOSE) POLYMERASE 2)

PAZ domaincontaining protein / piwi domainontaining protein
peptidytprolyl cistrans isomerase cyclophitiype family
protein

permease, putative

peroxidase 1{PER17) (P17)

peroxidase 22 (PER22) (P22) (PRXEA) / basic peroxidase E
phagocytosis and cell motility protein ELM©é&lated
PHB (PHABULOSA)

PHOT1 (PHOTOTROPIN 1)

PHOT2 (PHOTOTROPIN 2)

phototropieresponsive NPH&mily protein
phototropieresponsive protein, putative

PID (PINOID)

PID2 (PINOID2)
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PIN1 (PINFORMED 1)

PIN3 (PINFORMED 3)

PIN4 (PINFORMED 4)

PIN5 (PINFORMED 5)

PIN6 (PINFORMED 6)

PIN7 (PIN-FORMED 7)

PIN8 (PINFORMED 8)

PK1 (PROTEINSERINE KINASE 1)

protein binding / zinc ion binding

protein kinase family protein

protein kinase family protein /-§/pe lectin domaircontaining
protein

proteinphosphatase 2C, putative / PP2C, putative
PTL (PETAL LOSS)

RABA4D (RAB GTPASE HOMOLOG A4D)
RABASE (RAB GTPASE HOMOLOG AS5E)
RAP2.7 (RELATED TO AP2.7)

Rasrelated GTFbinding family protein

RDR2 (RNADEPENDENT RNAPOLYMERASE 2)
remorin family protein

RHA1 (RAB HOMOLOG 1)

RHA3A

ribonuclease Il family protein

RLK1 (RECEPTORLIKE PROTEIN KINASE 1)
RNA-dependent RNA polymerase family protein
RPL (REPLUMLESS)

RPT2(ROOT PHOTOTROPISM 2)

SFC (SCARFACE)
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SGB1 (SUPPRESSOR OF G PROTEIN BETAL)
SHI (SHORT INTERNODES)

SNF2 domaircontaining protein

SPK1 (SPIKE1L)

SRF7 (STRUBBELIGRECEPTOR FAMILY 7)
SRS4 (SHIRELATED SEQUENCE 4)

SRS5 (SHHRELATED SEQUENCE 5)

SRS6 (SHIRELATED SEQUENCE 6)

STM (SHOOT MERISTEMLESS)

STY1 (STYLISH 1)

STY2 (STYLISH 2)

SUS2 (ABNORMAL SUSPENSOR 2)

SUS2 (SUCROSE SYNTHASE 2)

SUS3 (sucrose synthase 3)

SUSs4

SUS5

SUS6 (SUCROSE SYNTHASE 6)

SUVH4 (SU(VAR)39 HOMOLOG 4)

SYD (SPLAYED)

TCP1 (TCP1)

TET2 (TETRASPANIN2)

TET8 (TETRASPANINS)

TET13 (TETRASPANIN13)

tetratricopeptide repeéf PR)-containing protein
TMKL1 (transmembrane kinadike 1)

TOC132 (MULTIMERIC TRANSLOCON COMPLEX IN THE

OUTER ENVELOPE MEMBRANE 132)

TOC159 (TRANSLOCON AT THE OUTER ENVELOPE
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MEMBRANE OF CHLOROPLASTS 159)
TPA_exp:actinrelated protein 4

TPR3 (TOPLESSRELATED 3)

transducin family protein / W0 repeat family protein
TRN1 (TORNADO 1)

TRN1 (TRANSPORTIN 1)

TRN2 (TORNADO 2)

TTN7 (TITAN7)

TTNS8 (TITANS)

ubiquitin carboxytterminal hydrolase family protein
VND7 (VASCULAR RELATED NAC-DOMAIN PROTEIN 7)
WAG1 (WAG 1)

WD-40 repeat family protein

WRI1 (WRINKLED 1)

xanthine/uracil permease family protein

zinc finger (C3HC4ype RINGfinger) family protein
ZLL (ZWILLE)

ZPR2 (LITTLE ZIPPER 2)

X X X X

X

X XX X X X X X X

X X X X X

X X X X X X

X X X X

Anthocyanin
accumulation in tissues i
response to UV light
G0:0043481

26S protease regulatory complex subunit 4, putative
26S proteasome regulatory complex subpARD, putative
ABC transporter family protein

ABCBL1 (ATP BINDING CASSETTE SUBFAMILY B1)
ABCB19

ACC2 (ACETYL-COA CARBOXYLASE 2)
acid phosphatase class B family protein
ACLS5 (ACAULIS 5)
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ACLA-1

ACLA-2

ACLA-3

ACLB-1

ACT2 (ACTIN 2)

ACT3 (actin 3)

ACT4 (ACTIN 4)

ACT7 (ACTIN 7)

ACT11 (actinll)

ACT12 (ACTIN-12)

ACYB-2

ADT1 (arogenate dehydratase 1)
ADT2 (arogenate dehydrata®g
ADT4 (arogenate dehydratase 4)
ADT5 (arogenate dehydratase 5)
ADT®6 (arogenate dehydratase 6)

AFB2 (AUXIN SIGNALING F-BOX 2)
AFB3 (AUXIN SIGNALING F-BOX 3)

AFH1 (FORMIN HOMOLOGY 1)
AG (AGAMOUS)

AGCL1.5 (AGC KINASE 1.5)
AGL6 (AGAMOUS-LIKE 6)
AGL8 (agamousdike 8)

AGL12 (AGAMOUS-LIKE 12)
AGL14 (agamoudike 14)

AGL16 (AGAMOUS-LIKE 16)
AGL18

AGL19 (AGAMOUS-LIKE 19)
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AGL20 (AGAMOUS-LIKE 20)

AGL21

AGL29 (AGAMOUS-LIKE 29)

AGL42 (AGAMOUS LIKE 42)

AGL44 (AGAMOUS-LIKE 44)

AGL48 (AGAMOUS-LIKE 48)

AGL57

AGL65 (AGAMOUS-LIKE 65)

AGL71 (AGAMOUS-LIKE 71)

AGL97 (AGAMOUS-LIKE 97)

AGL104 (AGAMOUSLIKE 104)

AHK5 (ARABIDOPSIS HISTIDINE KINASE 5)
AIR1

amino acid permease, putative

ANL2 (ANTHOCYANINLESS 2)

AP1 (APETALA1)

apocytochrome B

ARAC1

ARAC2 (ARABIDOPSIS RACLIKE 2)

ARAC3 (ARABIDOPSISRAC-LIKE 3)

ARACS (RAC-LIKE GTP BINDING PROTEIN 5)
ARAC9

ARAC10

AT59

ATATH12

ATCAP1 (ARABIDOPSIS THALIANA CYCLASE
ASSOCIATED PROTEIN 1)

ATCBL3 (ARABIDOPSIS THALIANA CALCINEURIN B-
LIKE 3)
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ATCSLD4

ATGCN1

ATGH9A1 (ARABIDOPSIS THALIANA GLYCOSYL
HYDROLASE 9A1)

ATGH9A3 (ARABIDOPSIS THALIANA GLYCOSYL
HYDROLASE 9A3)

AtGH9A4 (Arabidopsis thaliana Glycosyl Hydrolase 9A4)
AtGH9B15 (Arabidopsis thaliana glycosyl hydrolase 9B15)
AtGH9B7 (Arabidopsis thaliana glycosyl hydrolase 9B7)
AtGH9BS8 (Arabidopsis thaliana glycosyl hydrolase 9B8)
AtGHI9C2 (Arabidopsis thaliana glycosyl hydrolase 9C2)
ATMRP13

ATNAP8

ATNAP9

ATOPT2

ATOPT3(OLIGOPEPTIDE TRANSPORTER)

ATOPT9 (ARABIDOPSIS THALIANA OLIGOPEPTIDE
TRANSPORTER 9)

ATSIK

AUX1 (AUXIN RESISTANT 1)

AXR3 (AUXIN RESISTANT 3)

BAM1 (BARELY ANY MERISTEM 1)

BAM1 (BETA-AMYLASE 1)

BAM2 (BARELY ANY MERISTEM 2)

BAM2 (BETA-AMYLASE 2)

BAM3 (BARELY ANY MERISTEM 3)

BAM4 (BETA-AMYLASE 4)

BAM6 (BETA-AMYLASE 6)

BAM7 (BETA-AMYLASE 7)
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BCCP2 (BIOTIN CARBOXYL CARRIER PROTEIN 2)
betahydroxyacytACP dehydratasqutative

BETA-TIP (BETA-TONOPLAST INTRINSIC PROTEIN)
BMY2 (BETA-AMYLASE 2)

BRI1 (BRASSINOSTEROID INSENSITIVE 1)

BRL2 (BRII-LIKE 2)

BURP domaircontaining protein / polygalacturonase, putative
CAC1 (CHLOROPLASTICACETYLCOENZYME A
CARBOXYLASE 1)

CAC2

calmodulirbinding proteinrelated

CBL1 (CALCINEURIN B-LIKE PROTEIN 1)

CBL5 (CALCINEURIN B-LIKE PROTEIN 5)

CBL8 (CALCINEURIN B-LIKE PROTEIN 8)

CBL10 (CALCINEURIN B-LIKE 10)

cell division cycle protein 48, putative

CESAL (CELLULOSE SYNTHASE 1)

CESA2 (CELLULOSE SYNTHASE A2)

CESA4 (CELLULOSE SYNTHASE A4)

CESAG6 (CELLULOSE SYNTHASE 6)

CESA9 (CELLULOSE SYNTHASE A9)

CESA10 (CELLULOSESYNTHASE 10)

CEV1 (CONSTITUTIVE EXPRESSION OF VSP 1)
CLASP (CLIRASSOCIATED PROTEIN)

CLS (CARDIOLIPIN SYNTHASE)

CLV1 (CLAVATA 1)

COB (COBRA)

COBL1 (COBRALIKE PROTEIN 1 PRECURSOR)
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COBL2 (COBRALIKE PROTEIN2 PRECURSOR)
COBLS5 (COBRALIKE PROTEIN 5 PRECURSOR)
coenzyme Q biosynthesis Cog4 family protein

CPD (CONSTITUTIVE PHOTOMORPHOGENIC DWARF)

CSLD2 (CELLULOSESYNTHASE LIKE D2)
CSN5B (COPSSIGNALOSOME 5B)

CT-BMY (CHLOROPLAST BETAAMYLASE)
CYP90D1

D6PK (D6 PROTEIN KINASE)
dehydratiorresponsive family protein
dehydratiorresponsive proteirelated

DELTA-TIP

DER1 (DERLIN1)

DNA binding / protein binding / transcriptiaegulator
DRT112

DWF1 (DWARF 1)

DWF4 (DWARF 4)

EDM2

EIR1 (ETHYLENE INSENSITIVE ROOT 1)

ELP1 (EDM2LIKE PROTEIN1)

EMB25 (EMBRYO DEFECTIVE 25)

emb2731 (embryo defective 2731)
esterase/lipase/thioesterase family protein
EXGT-A1 (ENDOXYLOGLUCAN TRANSFERASE)
EXGT-A4 (ENDOXYLOGLUCAN TRANSFERASE A4)
FEI1 (FEI 1)

Fh5 (FORMIN HOMOLOGY5)

FLC (FLOWERING LOCUS C)
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formin homology 2 domaktontainingprotein / FH2 domain
containing protein

galactosyl transferase GMA12

galactosyl transferase GMA12/MNN10 family protein
GAMMA -TIP (GAMMA TONOPLAST INTRINSIC
PROTEIN)

GASA1 (GAST1 PROTEIN HOMOLOG 1)
GDSL-motif lipase

GDSL-motif lipase/hydrolase family protein
gibberellinregulated family protein
gibberellinresponsive protein, putative
GL2 (GLABRA 2)

GPAT1 (GLYCEROIL-3-PHOSPHATE ACYLTRANSFERASE

1)

GPAT4 (GLYCEROIL-3-PHOSPHATEACYLTRANSFERASE

4)

GPAT6 (GLYCEROIL-3-PHOSPHATE ACYLTRANSFERASE

6)

GPATS (glycerol3-phosphate acyltransferase 8)
GRH1 (GRR1LIKE PROTEIN 1)

GSTL2

GTB1

HAE (HAESA)

HB-7 (HOMEOBOX7)

HDG1 (HOMEODOMAIN GLABROUS 1)
HDG2 (HOMEODOMAIN GLABROUS 2)
HDG7 (HOMEODOMAIN GLABROUS 7)
HDG8 (HOMEODOMAIN GLABROUS 8)
HDG9 (HOMEODOMAIN GLABROUS 9)
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HDG10 (HOMEODOMAIN GLABROUS 10)

HDG11 (HOMEODOMAIN GLABROUS 11)

HEXO3 (BETA-HEXOSAMINIDASE 3)

HSI2 (HIGH-LEVEL EXPRESSION OF SUGARNDUCIBLE
GENE 2)

HSL1 (HAESALike 1)

HSL1 (HSIZLIKE 1)

IAA7 (INDOLE-3-ACETIC ACID 7)

IAA8

IAAL16

IRX1 (IRREGULAR XYLEM 1)

IRX3 (IRREGULARXYLEM 3)

IRX6

JP630

KCS2 (3KETOACYL-COA SYNTHASE 2)

KCS4 (3KETOACYL-COA SYNTHASE 4)

KCS6 (3KETOACYL-COA SYNTHASE 6)

KCS11 (SKETOACYL-COA SYNTHASE 11)

KOR2

KUP3 (K+ UPTAKE TRANSPORTER 3)

LAX3 (LIKE AUX1 3)

LCR68 (LOWMOLECULAR-WEIGHT CYSTEINERICH 68)
LCR69 (LOWMOLECULAR-WEIGHT CYSTEINERICH 69)
legume lectin family protein

leucinerich repeat family protein / protein kinase family prote
LIM domaircontaining protein

LNG1 (LONGIFOLIAL)

LNG2 (LONGIFOLIA2)
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lyase/ pectate lyase

MADS-box protein (AGL60)

MADS-box protein (AGL72)

MADS-box protein (AGL100)

MAF1 (MADS AFFECTING FLOWERING 1)
MAF3 (MADS AFFECTING FLOWERING 3)
MAF4 (MADS AFFECTING FLOWERING 4)
MAP1A (METHIONINE AMINOPEPTIDASE 1A)
MAP1C (METHIONINE AMINOPEPTIDASE 1B)
MCCA

NCRK

NIK1 (NSP-INTERACTING KINASE 1)

NIK2 (NSP-INTERACTING KINASE 2)

NIK3 (NSP-INTERACTING KINASE 3)

nodulin MtN21 family protein

NPH3 (NONPHOTOTROPIC HYPOCOTYL 3)
OPT1 (OLIGOPEPTIDE TRANSPORTER 1)
OPT4 (OLIGOPEPTIDE TRANSPORTER 4)
OPT6 (OLIGOPEPTIDE TRANSPORTER 1)
OPT5(OLIGOPEPTIDE TRANSPORTER 5)
OPT7 (OLIGOPEPTIDE TRANSPORTER 7)
PAP2 (PHYTOCHROMEASSOCIATED PROTEIN 2)
PAS2 (PASTICCINO 2)

PDF2 (PROTODERMAL FACTOR 2)

pEARLI 1

pectate lyase family protein

pentatricopeptide (PPR) repeatntaining protein
PEP (PEPPER)
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PGP1 (PHOSPHATIDYLGLYCEROLPHOSPHATE
SYNTHASE 1)

PGP2 (PGLYCOPROTEIN 2)

PGP6 (PGLYCOPROTEIN 6)

PGP9 (PGLYCOPROTEIN 9)

PGP10 (PFGLYCOPROTEIN 10)

PGP11 (FGLYCOPROTEIN 11)

PGP13 (FGLYCOPROTEIN 13)

PGP20 (FGLYCOPROTEIN 20)

PGP21 (FGLYCOPROTEIN 21)

PGPS2 (phosphatidylglycerolphosphate synthase 2)
phototropieresponsive NPH3 family protein

Pl (PISTILLATA)

PID (PINOID)

PIN1 (PINFORMED 1)

PIN3 (PINFORMED 3)

PIN4 (PINFORMED 4)

PIN5 (PINFORMED 5)

PIN6 (PINFORMED 6)

PIN7 (PINFORMED 7)

PIN8 (PINFORMED 8)

PMR6 (powdery mildew resistant 6)

POM1 (POMPOML1)

PP2AA2 (PROTEIN PHOSPHATASE 2A SUBUNIT A2)
PP2AA3 (PROTEIN PHOSPHATASE 2A SUBUNIT A3)
proline-rich family protein

protease inhibitor/seed storage/lipid transfer protein (LTP)
family protein

proteinbinding / structural molecule
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protein kinase family protein

protein kinase, putative

RCN1 (ROOTS CURL IN NPA)

ROP1 (RHORELATED PROTEIN FROM PLANTS 1)
ROP2 (RHOGRELATED PROTEIN FROM PLANTS 2)
ROP9 (RHORELATED PROTEIN FROM PLANTS 9)
ROP10 (RHORELATED PROTEIN FROM PLANTS 10)
ROP10 (RHOGRELATED PROTEIN FROM PLANTS 10)
ROPGEF1

ROPGEF2

ROPGEF4 (RHO GUANYEINUCLEOTIDE EXCHANGE
FACTOR 4)

ROPGEF5 (ROP GUANINE NUCLEOTIDE EXCHANGE
FACTOR 5)

ROPGEF6

ROPGEF7

ROPGEFS8

ROT3 (ROTUNDIFOLIA 3)

RPT2 (ROOT PHOTOTROPISM 2)

RPT2a (regulatory particle AAATPase 2a)

RPT3 (REGULATORY PARTICLE TRIPLEA ATPASE 3)
RPT5A (REGULATORY PARTICLETRIPLE-A ATPASE 5A)
RPT6A (REGULATORY PARTICLE TRIPLEA ATPASE 6A)
RTE1 (REVERSIONTO-ETHYLENE SENSITIVITY1)
SEP1 (STRESS ENHANCED PROTEIN 1)

SEP2 (STRESS ENHANCED PROTEIN 2)

SEP2 (SEPALLATA 2)

SEP3 (SEPALLATA3)

SEP4 (SEPALLATA 4)
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serine/threonine protein phosphatase 2A (PP2A) regulatory
subunit B', putative
SKS1 (SKU5 SIMILAR 1)
SKS2 (SKU5 SIMILAR 2)
sks3 (SKU5 Similar 3)
sks4 (SKU5 Similar 4)
sks5 (SKU5 Similar 5)
SKU5

SKS6 (SKU5SIMILAR 6)
sks7 (SKU5 Similar 7)
sks9 (SKU5 Similar 9)
sks11 (SKU5 Similar 11)
sks12 (SKU5 Similar 12)
sks13 (SKU5 Similar 13)
sks14 (SKU5 Similar 14)
sks15 (SKU5 Similar 15)
sks17 (SKU5 Similar 17)
SKU5

SNL1 (SIN3LIKE 1)
SNL2 (SIN3LIKE 2)
SNL3 (SIN3LIKE 3)
SNL4 (SIN3LIKE 4)
SNL5 (SIN3LIKE 5)
SNL6 (SIN3LIKE 6)
SOS3 (SALT OVERLY SENSITIVE 3)
SP1L1(SPIRALI-LIKEL)
SP1L4 (SPIRALILIKEA4)
SP1L5 (SPIRAL1LIKEDS)
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STK (SEEDSTICK)

TCH4 (Touch 4)
thioesterase family protein
TIP1

TIP2 (TONOPLAST INTRINSIC PROTEIN 2)

TIP4

TIR1 (TRANSPORT INHIBITORRESPONSE 1)

TPA_exp: actirrelated protein 2
TT16 (TRANSPARENT TESTALG6)
TUAL (ALPHA-1 TUBULIN)

TUA3

TUA4

TUAG

TUB1

TUB2

TUB4

TUB5

TUBG6 (BETA-6 TUBULIN)

TUB7

TUBS8

TUB9

ubiquitin family protein

UPL7

WAG1 (WAG 1)

WLIM1

XT1 (XYLOSYLTRANSFERASE 1)
XT2 (UDP-XYLOSYLTRANSFERASE 2)
XTH21 (XYLOGLUCAN
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ENDOTRANSGLUCOSYLASE/HYDROLASE 21)

XTR6 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6) X X
XXT5 (XYLOGLUCAN XYLOSYLTRANSFERASE 5) X X
xyloglucan:xyloglucosyl transferase, putative X X X
Negative regulation of
anthocyanin metabolic
process ABO1 (ABA-OVERLY SENSITIVE 1) X X X
G0:0031538 DNAJ heat shockl-terminal domaircontaining protein X
Paxneb protennelated X X X
Positive regulation of
anthocyanin metabolic
process basic helixloop-helix (bHLH) family protein X X
G0:0031539 BIM3 (BESZ-interacting Myelike protein 3) X
BZIP17 X X
chromosome scaffold protenelated X
gibberellic acid mediated signaling pathway X
HFR1 (LONG HYPOCOTYL IN FARRED) X
HY5 (ELONGATED HYPOCOTYL 5) X X X
HYH (HY5-HOMOLOG) X
PAP3 (PURPLE ACID PHOSPHATASE 3) X
PAP7 (PURPLE ACIDPHOSPHATASE 7) X X X
PAP17 X X
PIF3 (PHYTOCHROME INTERACTING FACTOR 3) X X
PIF7 (PHYTOCHROMEINTERACTING FACTORY7) X
PIL2 (PHYTOCHROME INTERACTING FACTOR IKE 2) X X
PIL5 (PHYTOCHROME INTERACTING FACTORA.IKE 5) X X X
PIL6 (PHYTOCHROMEINTERACTING FACTOR 3LIKE 6) X
purple acid phosphatase family protein X X X
SPT (SPATULA) X X
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UNEZ10 (unfertilized embryo sac 10)
UNE12 (unfertilized embryo sac 12)
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Appendix 4.7.List of selected candidate genes encoding enzymes putatively involved in core anthocyanin biosynthesis, sorted
alphabetically. TAIR ID corresponds to tAeabidopsis thalianayene identifier and enzyme code is the enzyme commission number

assigned for a calidate protein. Species coddeomellaserrulata(CS),Melidiscus giganteugMG), andP. dodecandrgdPD).

Candidate gene/encoded enzyme TAIR ID Enzyme code Unigene name Length (bp) Species
ANS/Anthocyanidin synthase AT4G22880 1.14.11.19 comp22553_c0_seaq: 1358 MG
comp46010_c0_seq: 1298 CS
comp26676_c0_seq: 1467 PD
CHI/Chalcone isomerase AT3G55120 5.5.1.6 comp11006 cO_seq: 973 MG
comp51966 _c0_seq: 246 MG
comp53156_c0_seq: 238 MG
comp29236_c0_seq: 1286 CS
comp26683_c0_seq: 1149 PD
CHIL/ Chalconeflavanone isomerase AT5G05270 5.5.16 comp32379_cO0_seq: 933 MG
comp21708 _c0_seq: 793 CS
compl5176 cO_seq. 1011 PD
CHS/Chalcone synthase AT5G13930 2.3.1.7.4 compl710_cO0_seql 232 MG
compl710_cl_seql 510 MG
compl6254 cO0_seq: 516 MG
compl6837_cl_seq: 1561 MG
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comp26818 c0_seq. 1710 MG
comp29685_c6_seq: 265 MG
comp48382_c0_seq: 280 MG
comp49539 c0_seq: 256 MG
comp54679 c0_seq: 274 MG
comp55198 c0_seq: 215 MG
comp21766_c0_seq: 1859 CS
compl19312 c0_seq: 1305 PD
comp22421 cl_seq: 2298 PD
comp23611 cO_seq. 800 PD
comp23611 _cl_seq: 402 PD
comp23611_c2_seq: 213 PD
DFR/Dihydrokaempferol 4-reductase AT5G42800 1.1.1.219 compl8420 cO_seq: 274 MG
comp32899 c0_seq: 1358 MG
comp49946 c0_seq: 259 MG
comp34607_c0_seq: 1501 CS
comp63206_cO0_seq: 294 CS
comp72193 c0_seq: 204 CS
compl1743 cO_seaq: 1618 PD
F3H/Flavanone 3hydroxylase AT3G51240 1.14.11.9 comp31032_c0_seq: 1652 MG
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comp25260_cl_seq: 218 CS
comp39685_c0_seq: 1593 CS
comp48072_c0_seq: 409 CS
comp25445 c0_seq: 1562 PD
F30H/ FIl aWwwroxglasel 3 6 AT5G07990 1.14.13.21 comp10092_cO0_seq: 505 MG
compl0314 c0_seq: 398 MG
comp27205_c2_seq: 1856 MG
comp53606_cO0_seq: 317 MG
comp48378_c0_seq: 431 CS
comp58182_c0_seq: 304 CS
comp24938 c0_seq! 1784 PD
comp42068_c0_seq: 252 PD
GST26/Glutatione transferase AT5G17220 2.5.1.18 comp45787_c0_seq 315 MG
comp27627_c0_seq: 527 CS
comp23636_c0_seq: 1152 PD
GSTFYGlutathione transferase AT1G02940 2.5.1.18 comp9715 cl seql 254 MG
GSTF6/Glutathione transferase AT1G02930 2.5.1.18 comp41619 cl seq: 852 CSs
comp26912_c0_seq: 750 PD
UDP-Glucoronosyl/Anthocyanidin 5-O- AT4G14090 comp22380_c0_seq: 1776 MG

glucosyltransferase
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comp46668_c0_seq: 1844 CS
comp27770_c0_seq: 1841 PD
UF3GT/Anthocyanin 3-O-glucoside AT5G54060 2.6.1.5 compl7955 c0_seaq: 1415 MG
comp36093_c0_seq: 3173 CS
compl0729 cO0_seq: 1645 PD
UGT84A2/Sinapate tglucosyltransferase AT3G21560 2.4.1.120 compl14618 cO0_seq: 879 MG
comp85431_c0_seq: 226 CS
UGT78D2/Anthocyanidin 3-O- AT5G17050 2.4.1.115 comp31910 cO_seq: 1649 MG
glucosyltransferase
comp32980_c0_seq: 1494 MG
comp22461 _c0_seq: 228 CS
comp42173 _c0_seq. 2110 CS
comp5856_c0_seql 1551 PD
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Appendix 5.1.Mutagenesis experiment.

| performed a mutagenesis experimemiapproximately 10000 seedsRdblanisia
dodecandranbreeding lineThe procedure was performed in the lab fume hood using a
medium twehand zippettock AtmosBag (Sigma). | followed the protocol proposed by
Leyser (2000) with théollowing amendments:
Step 1.1 tried different ethyl methanesulfonate (EMS) concentrationsiNd080mM,
and 100mM. | used approximately 9900 seeds in total, 1110 geddsatment. For
each EMS concentration, | left the seeds immersed in the EMS solution during 2, 4 and 6
hours. | performed nine EMS treatments in total.
Step 5.After washing theseeds, thygwere air dred for two days in petri dishes covered

with 3 mm Whatman paper. During the two days, | kept the seeds in the lab fume hood.

Table. Characterization dPolanisia dodecandrl generation by EMS treatment.

Control represents nemutagenized plants.

Treatment M1 seeds planted M1 surviving plants  %Mortality

Control 144 119 17.36
60mM 2hours 1403 810 42.27
4hours 1508 840 44.30
6hours 1207 754 37.53
80mM 2hours 968 617 36.26
4hours 1053 632 39.98
6hours 928 510 45.04
100mM 2hours 1152 622 46.01
4hours 996 614 38.35
6hours 1374 724 47.31

General considerations
Unfortunately, the mutagenesis experiment faileB.idodecandrglants. In
theory, when the mutagenesis experiment is successful the germination percentage is
close to 75% and albino phenotypes are exhibited by 0.5% of the ppésysisr (2000)In
our study, the germination percentage was 57.82%, so the mortality rate was high and |
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did not observe any albino phenotypesrther | observed just one mutated plant (Figure

1) but this plant was unfertile and the fruits were not produced. | planted theérseeds

M1 generation hoping to observe mutations in the M2 generation, but all the seeds were
inviable. Perhaps the poor results on the mutagenesis screen were due to EMS
concentrations. To perform further mutagenesis experimefsdodecandral

recommad starting with a lower EMS concentration between 20 mM and 30 mM and

use at least 10000 seeds by treatment when possible.

Figure. Polanisiadodecandranutant phenoptype. The plant does not have petals, the
stamens are shorter than usual, the stylensrafally long, and the ovules appear to be

external.
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Appendix 5.2 Collection records of eight VIGS trials f@leome violaceaPercentage

altered phenotype including pale, variegated and strong phenadtyreber of

individual plants treated grouped by treatment and size. Plants were categorized based on
the number of true leaves: small (s) wit8 @rue leaves, medium (m) with6itrue

leaves, and large (l) with greater than 7 true leaves. Modified from Mankow$Ri, 20

Treatment Plants treated % Phenotype
S M L S M L
Untreated 42 44 57 N/A N/A N/A
EmptyTRV2 84 129 21 N/A N/A N/A
TRV2-CvPDS 41 175 114 0 14.28 24.56
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Appendix 5.3 Collection records of 4 VIGS trials f&tolanisiadodecandraPercentage

altered phenotypimcluding pale, variegated and strong phenotypiesnber of

individual plants treated grouped by treatment and size. Plants were categorized based on
the number of true leaves: small (s) witl @rue leaves, mediufm) with 4-6 true

leaves, and large (l) with greater than 7 true leaves.

Treatment Plants treated % Phenotype
S M L S M L
Untreated 116 141 179 N/A N/A N/A
EmptyTRV2 107 113 165 N/A N/A N/A
TRV2-PdPDS 141 170 141 7.80 18.82 9.21
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Appendix 54. Booster inoculation of large plants Bf dodecandr&0 days after
vacuum infiltration.

Treatment Infiltration method N treated % Mortality (N)
Control Vacuum 7 0
Mock-control Vacuum 2 0
TRV2-PdPDS Vacuum 18 50 (9)
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Appendix 5.5. PDS expression i@leome violaceaEach bar represents the relative

guantitation (RQ) of PDS expression in experimental groups averaged across three to five

biological replicates. ACTIN and RAN4 were usedeference genes, and Control was
used as the reference tissue (RQ=1). Expression is upregulated if RQ > 1 and
downregulated if RQ < 1. Error bars represent the maximum and minimum RQ values
calculated across all biological replicates within a 95% confieléael. Significance

bet ween
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