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Abstract

The evolution of selfing from outcrossing is one of the most frequent mating
system transitions in angiosperms. Plants that are highly selfing typically exhibit a suite
of morphologicaltrat s t er med a finslwihgreducgd ceroflasdndo me , 0
repraductive structures, loss of corolla pigmentation, little angtiggma separatiqrand a
low pollen/ovuleratio. The overall consensus among scientist istti@tmorphological
changeghat accompanthe transition to selfingre adaptiveand thusa produwet of
natural selection. éw attemptshoweverhave been made to determine whether traits of
the selfing syndromaretruly anoperation of natural selectiaor if genetic drift could be
theactingforce My dissertation examines the roles that natseddction and genetic
drift playedin the evolution of the selfing syndromelpomoea lacunosaWith the use
of field observations, crossing data, and molecular analysbew that. lacunosahas
evolvedincreasedelfingability, decreased anthstigma distace andsmaller, white
flowers,compared to its closest relatiiecordatotriloba Furthermore, using a standard
Qst1 Fstcomparison, | evaluated the relative importance of selection and drift in the
evolution of the selfing syndrome inlacunosa | alsoidentified the genetic basis of
flower color divergence betweénlacunosawhite) andl. cordatotriloba(purple) and
examinel patterns of variation to determine if selection or genetic drift caused the
divergence.Analyses revealed that thaits ofl. lacunosacharacteristic of the selfing

syndrome havewslvedas a product of natural selectionpt genetic drift.
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Introduction

AThe close proximity of the anthers to the
often leads,toselff er t i | i sati oné[fl owers] are minute
quantt y of pol |l en. The fl owers of the other

much more conspicuous flowers plainly constructed for crdssilisation by the aid of
insects; and without t h-@arwin,a8761 t hese pr

It has long been observed that there are phenotypic traits associated with a
pl antés mati ng s wdafpodimting, plants tire gtenrolatacerizedby
a Aselfing syndr ome, 0 wh icalohed, scentless flsviers, o f h
closer anthestigma distance, and a decrease in pollen/ovule (P/O)Kalsz et al.,

2012 Ornduff, 1969 Sicard & Lenhard, 2001 Plants that outcross contrastrieally
from plants that sefpollinate, often having large colorful flowers that are rich in scent
and produce copious amounts of pollen, all of which are thought to have evolved to
attract pollinatorgOrnduff, 1969. The association of selfing rate with flowteaits has
been shown in many genera, suclAesnaria(Wyatt, 198¢, LeavenworthigLloyd,
1965, Collinsia (Armbruster et al., 2002Mimulus(Ritland & Ritland, 1989and
IpomoeaMcDonaldet al, 2011). Furthermore, a recent study found an inverse
relationship between flower size and selfing rate in angiosp@uodwillie et al.,

2010. It is thought that the ability to sgtbllinate is a derived characteristic. Selfing
plants often encompass novel ecological niches, allowing them to quickly diverge
morphologically as wieas ecologically from closely related spedi@nduff, 1969.

The evolutionary transition from outbreeding to selfing is one of the most recurring



changes in all angiosperms, with an estimated 20% of all flowering plants evolving
autogamy as the predominanbde of reproductio(Barrett, 2002 This substantial
number of transitions to autogamy is probably why it is the most extensively studied
mating system change in flowering plaBsrrett, Morgan, & Husband, 1989

Evolution of Autogamy There are two widely accepted hypotheses on why
autogamysofequently evol ves. The first theory
hypot hesi s o whpolinhtiorsevolvés eoenstrén praductor of $eeds, such
as when pollinator availability is logBaker, 1955Darwin, 1876 Stebbins, 1950
Support for this hypothesis comes from extensive work that has occurred on the
California annual€larkia Xantiana ssp. xantianavhich outcrosses, an@larkia
Xantiana ssp. parifloravhich predominately self@®Runions& Geber, 200D An
investigation of the two taxa in natural populations found that plant and flower densities
were lowest for selfing populations, supporting the hypothesis thgiaéifation arises
in situations where there are fewer outcrossimgootunitiesFausto, Eckhart, & Geber,
200]1). Moreover, pollinator visitation rates wenguificantly lower in completely
selfing populations than in completely outcrossing populaiibassto et aj 200). This
decreased trend in pollinator visitation to selfing plants has also been shimapatiens

(Sato& Yahara, 199%

Further support for the reassurance hypothesis has come from an influential

paper in 1955, by H.G. Baker, where he noted similarities in colonization strategies



between plants and the Notostraca fresh water si{alger, 1955 Baker discussed

how self-compatible organisms are more likely than-setbmpatible organism to

establish a colony after "lorgjstance” dispersal because they need no other individuals

as mates. This i dea | a(Sebbinsh®®/ &mmricdk nown as
support for Bakerdés Law comes from studies
majority of plants studied were sa&bmpatible(McMullen, 1987. Recently, a meta

andysis of published surveys on plant mating systems found that oceanic islands are

much more likely to have setbmpatible plants than mainland aréasc, Lande, &

Kohn, 2008.

The second hypothesis for the evol uti
which states that alleles that confer smlpatibility have a 3:2 transmission advantage
compared to an allele promoting out@iog) (Fisher, 1941Holsinger, 2000Schoen,

Morgan, &Bataillon, 199%. This transmission advantage is due to the fact that-a self
pollinating plant can act as a pollen donor to its own ovule as well as a pollen donor to an
outcrossing plant in a population. On the other hand, a plant that outcrosses asllan

ovule donor and a single pollen donor to an outcrossing plant. The automatic selection
hypothesis, however, assumes that morphological changes that often accompany self
fertilization do not | ower t hbkvaypbeant 6s abi
reasonabl e assumption. APoll en discountin

pollen transmission to other plarftoyd, 1979 Wells, 1979. The small flowers, short



anthersst i gma position, and | ow poll-en count

0 |

syndromeo reduce transmissioncaudesmalhie sel fi

flowered plants are visited less often by pollinators or less pollen is transmitted because
the small amount of pollen produced by selfing pollinating plants is directly deposited

onto its own anther and not onto other plants in a populéfibarlesvorth, 2006.

Evolution of t heliké 8edvdlution gf auBbgamy, therene 0
are multiple hypotheses on how the selfing syndrome evolves. The first explanation of
the evolution of the selfing syndrome centers around sex allocation theiotyiwzbased
on the assumption that plants have limited resources to invest in reproduction
(Charlesworth & Charlesworth, 198Charlesworth & Morgan, 1991 Selfing species,
therefore, a& predicted to invest fewer resources to male function than in female function
(Charnov, 1987de Jong, 1999 Support for this prediction comes from the numerous
observations in which the P/O ratio is found to be lower in selfing plants cairpare
outcrossing plant€Cruden, 1977McKone, 1987 Plitmann & Levin, 1990Ritland &

Ritland, 1989 Schoen, 198R It is thought that pollen production represents a substantial
investment to a planial that selection acts to lower this c{Sicard & Lenhard, 2001
Additionally, research studidgave shown that there is often a traffebetween floral

size and the number of flowers produced, with siih@iered plants producing more
flowers per plant than plants that produce large flo{€esu®, 2004 Goodwillie et al.,

201Q Sagent et 82007 Sato & Yahara, 1999Vyatt, 1986.



The second explanation for the evolution of the selfing syndrs that natural
selection act#o increase sefpollination efficiency. Close anthstigma distance has
been shown in a number of systeim$ncrease selfing abilitfChang & Rausher, 1998
Schueller, 2004Takebayashi, Wolf, & Delph, 2006 Interestingly, QTLs have found
that underlie both anthatigma distance and flower si@g@shman, Kelly, & Willis,
2002. Selection for these genes could create an increase-podlaiaition as well as the
characteristically small flowers of plants that gadilinate.

Thethird proposed idea for the evolutionoffsel n g syndr ome i s t he
' i mitationo hypot hesis, which stems from
pollinate are annuals and live in marginal arf@esssen, 2003Arroyo, 1973). In
marginal areas, selection is thought to favor individuals that finish reproduction early
because the challenging environment may shorten the time a plant has td éghske
& Aarssen, 200p Therefore, selection favors selbllination because it decreases the
time it takes for m ovule to be pollinated. Additionally, small flowers with decreased
anthers stigma distance are favored in challenging environment because they take less
time to produce as well as facilitate autogagrssen, 1980

A final hypothesis that is seldom discussed is the possibility that many selfing
syndrome traits were not actively selected but arose through genetiBaGtiuse
autogamous plants dwt need to attract pollinators their flowers are freed from selective
constraints and accumulate random mutations by genetic drift which could disrupt the

developmental processes responsibtgpfoducing floral traitsThe lower effective

5



population ste associated with autogamy greatly enhances the effect of genetic drift,
making this hypothesis plausiblélowever, little attention has been paid to the role the
effect genetic drift plays in shaping the selfing syndrome.

Aut ogamyds Ef f eldtion- loke theSewatubomef aukbgamy and
the selfing syndrome, the distinctive ways in which autogamy effects the overall genetic
diversity of a species are rich in evolutionary theory and empirical (@tarlesworth &
Wright, 2003. Neutral loci of autogamous plants show an increase in homozygosity,
while species that outcross have allele frequencies in Hafielgberg proportions unless
gene flow is imibited betweempopulationy Charlesworth & Wright, 2001 The excess
homozygosity found in selfollinating plants lowers their effective population Sikie)
and increases the effect of genetic diftllak, 1987. Complete inbreeding reduces Ne
by half (Nordborg, 199% The increased homozygosity enhances the expression of
deleterious recessive mutats which reduces the survival of a plant, a process known as
Ai nbreeding depression. 0 Over time, howev
slight deletewus alleles will be eventually purgédm populations, and the detrimental
effects of inbeeding depression is lower@gyers & Waller, 1998 Conversely,
inbreeding can also have an advantageous dffeicicreasing the expression of
beneficial alleles that would not be seen in outcrossing populations because they are
recessive. In highly selfing populations a greater number of mutations are therefore

effected by selectio(Charlesworth, 1992



Genetic diversity is typically very low in inbreeding populations. Meiosis and
recombination occur in highly inbred populations. However, the high level of
homozygosity and genetic similarity among highly selfing individualserhbk effective
recombination rate extremely lofMordborg, 1998 The lower effective recombination
rate as well as the small effective population size greatly reduce the overall genetic
diversity in selfpollinating plants(Charlesworth, 2006 Furthermore, populations of
highly selfing plants are often more isolated than populations of outcrossing plants. This
is because autogamous plants tend to produce less pollen as welfetikzedf as soon
asa flower matues, which decreases the level of gene flow through pollen
(Charlesworth & Wright, 2001 Genetic diversity is expected to be greater between
populations ather than within populations in sé#trtilizing plants (Charlesworth, 2003
A metaanalysis of the genetic diversity eed plants found that the genetic difference
between populations is greatest for selfing and lowest for outcrossing gptanesck &

Godt, 1996.

Summary The transition to autogamy is rich in evolutionary theory and
empirical data that dates back over 130 years with observations made by Darwin. To
date, it remains an active area of research, and with modermkeghithe selfing
syndrome is a wonderful system to answer further evolutionary questions. For example,
the numerous parallel transitions from outcrossing to selfing throughout angiosperms
make it an ideal system to study the constraints that underlighological evolution of

plants. Only recently can questions be addressed such as: Are the same genes causing the

7



phenotypic transitions to the selfing syndrome? Are coding or expression changes
creating the phenotypic change? How are selection andrdxifttaining selfing

syndrome traits at the molecular level? The only way to address these questions is to find
the genes underlying these traits for multiple taxa with differing mating systems.

Ideally, the taxa will be recently diverged, giving a cleamederstanding of the

evolutionary forces that created floral transitions.

Dissertation Focus My dissertation is a first step in characterizing and
understanding the evolutionary forces driv
taxa oflpomoea Field observations, crossing data, and molecular analyses were used to
understand the relatednesd.afordatotriloba I. X leucanthal. austinii, andl. lacunosa
Aspects of genetic structure lofcordatotrilobaandl. lacunosawere analyzed to
undest and each pl a Rurthiesnore) molaculaganayges weeernonducted
to understand the role that genetic drift and natural selection played in creating the
divergent floral morphology of the two taxa, witlcordatotrilobahaving large purple
flowers and. lacunosathe small white flowers characteristic of a highly selfing plant.

The close relatedness of the taxa makes them ideal for studying the evolution of floral
transition.

In chapter 1, | quantifiechorphological and genetic divergerammongl.
cordatotriloba I. lacunosal. austinii, andl. X leucanthan North and South Carolina to
understand how interspecific gene flow is shapingisgdmundaries among the taxa. |

censused populations e&ch taxarowing in NC and S@nd conduci@ analyses of

8



genetic structure, using microsatellite markeysletermindghe relationships among the
plants | also determined if reproductive incompatibilities exist between the taxa by
conducting crosses.

In chapter 2, | gantified patterns of genetvariation across the geographic range
of I. lacunosaandl. cordatotrilobato determine whether genetic drift can explain the
divergence irfloral morphological traits between thdacunosaandl. cordatotriloba |
performed an FsQst analysis to detmine whether morphological differences betwken
cordatotrilobaandl. lacunosacould be explained by genetic drift.

In chapter 3, | identified the genetic basis of flower color divergence between
lacunosawhite) andl. cordatotriloba(purple) and gamine patterns of variation to
determine if slection or genetic drift caused divergenteonducted cesegregation
analyses and expression assays on anthocyanin genes in which mutations are known to
produce white flowersAfter identifying the gene sponsible for white flower color, |
used standard populatigenetic analyses of sequence variation to detect whether

evolution of this locus departs from neutral expectations.



Chapter 1. The effects of interspecific gene flow on species
boundaries betwea closely related taxa in thdpomoea batatas
complex

1.1 Introduction

Decades of research have been spent characterizing the relationships among taxa
of thelpomoeaseriesBatatas which includes the economically important sweet potato
as well as 12 otheecognized species and at least one species believed to have arisen
through homoploid hybridizatiorfAustin, 19911988 1978;Austin & Bianchini, 1998
Austin, Delapuente, & Contreras, 19%ustin & Huaman, 196, Ooststroom, 1953
Verdcourt, 196Y. Nevertheless, the relationships among these taxa remain largely
unresolvedNimmakayala, Vajja, & Reddy, 2011 Phylogenetic reconstruction based on
morphology has proven unreliable because many of the taxa share overlapping traits
(Austin, 1988. In addition, high levels of shared genetic variation among the taxa
complicate molecular phylogenetic analyses, creating conflicting or uniafiwmen
species relationshifgfajapakse et al., 20§4Recent common ancestry, homoplasy, and
interspecific hybridization are all thought to be homogenizing character states and the
genetic architecture ithis group, making a complete phylogenetic understanding
difficult (Jarret, Gawel, & Whittemore, 1992

Within this group). cordatotriloba, I. lacunosa andl. X leucanthaare a closely
related group of taxa that are frequently misclassified because of morphological

similarities(Austin, 1978. Field surveys of natural populationslofordatotrilobaand
10



l. lacunosahave shown that morphological traits within in each taxa exhibit wide
variation(Abel & Austin,1981). Furthermore, offspring generated by artificial crosses
between the two taxa revealed a diverse array of morphologies which were similar to the
variation found in natur@Abel & Austin, 198). From these field observations, as well
as crossing data, it has been hypothesized that introgressive gene flow is occurring
between. cordatotrilobaandl. lacuncsaand that. X leucanthas a stable homoploid
hybrid of these two tax@Abel & Austin, 198). Other variats ofl. X leucanthacan be
found in nature but are thought to be insufficiently stabilized to be given a formal species
name (Abel & Austin, 1981 Austin, 1978. Although additional studies have been
conducted to characterize the macromorphological featulesafatotriloba I.
lacunosa andl. X leucanthgBryson, Reddy, & Burke, 200&tephenson, Oliver,
Burgos, & Gbur, 2006 no genetic analysis has been conducted on natural populations to
determine whether gefflew is restricted between any of these taxa

Genetic methods such eestriction fragment length polymorphigiRFLP),
random amplification of polymorphic DNARAPD), andnter-simple sequence repeat
(ISSR) have been employed to understand the speciéenmshaps in theBatatasseries
(Huang & Sun, 200Qlarret & Austin, 1994Jarret et al., 1992 Unfortunately, the
resolution of these markers has been insufficient to draw distinct conclusions about taxon
relationships or about gene flow. Recently, microsatellite markers have been developed

for taxa in theBataasseriegHu, Nakatani, Lalusin, & Fujimura, 20R4Microsatellites

11



are repetitive motifs of DNA that have been found to be extremely variableviitbth

and between speci€Bautz, Trick, & Dover, 1986 The variability of microsatellites is
generated by DNA slippage during replication and unequal crossing over durirgismeio
(Levinson & Gutman, 1997 When comparing the ability of RFLP, RAPD, and
microsatellites to capture genetic diversity within soybeans, the microsatellites were able
to capture the highest level of heterozygo@rgwell et al., 1996 which is critical to
guantifying gene flow etween closely related taxa in natural populations.

The purpose of the study described here was to quantify the level of
morphological and genetic variation within as well as differentiation among populations
of I. lacunosal. cordatotrilobaandl. X leuantha Specifically,thestudy asked 1) Are
morphological traits significantly differentiated among taxa? 2) Are the taxa genetically
differentiated? 3) Is there substantial gene flow among any of the taxa? and 4) Do
reproductive incompatibilities exitat could impede gene exchange between the taxa?

To answer these questions | conducted a survey of all three taxa in North Carolina
(NC) and South Carolina (SC) because all three plants had previously been described to
co-occur in those aredébel & Austin, 198). During the course of thiavestigation, |
identified a substantial number of populations that apgabto belong to thie batatas
complex but also appeared to be morphologically distinct from the other three taxa.
Based on morphological examination, plants from these populations have been identified

by Dr. D. Austin, as another, unstable, hybrid kesal. cordatotrilobaandl. lacunosa

12



t hat | t ent. ataiuvadiugeditiaggtimiin My analyses to further
understand the effects of gene flow and homoploid hybridization between theses closely

related group of plants.

1.2 Materials andMethods

Study organismslpomoea lacunosandl. cordatotrilobaare noxious weeds
indigenous to the southeastern United Staleses & Deonier, 1965 1. cordatotriloba
andl. lacunosacan cross and make viable offspring, and extensive gene flow is thought
to be occurring between these taxa in nafakel & Austin, 1981 Diaz, Schmiediche, &
Austin, 1996 Jones & Deonier, 1965 It has been hypothesized thaX leucanthas a
stable hybrid betweeln lacunosaandl. cordatotriloba(Abel & Austin, 19731981).
Additionally, I. austiniiis a taxon thought to be derived frontordatotrilobaandl.
lacunosabut insufficiently distinct to be given a formal species name (D. Austin,
personal communicatign | found that. austiniiwas true beeding when grown in a
greenhouseAll four taxa are found predominately along roadsides, in agricultural fields
and in other disturbed areas NC and SC the plants germinate in late May and begin to
flower in August or early Septembegrefsonal obsertiong. Flowering ceases
sometime in mid to late fall and plants die at the first hard frost. Plants of each taxon are
self-compatible and are highly autogamous in the greenhouse. Because species in the

Batatas series are often misidentified, | had Dr Austin verify that exemplars of each
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taxonwere properly classified in thetudy (D. Austinpersonal communicatign
Voucher specimens have been deposited in the Duke University herbarium.
Species survey and floral measuremenits August and Septelper of 2010, a
large census was conducted on populationislatunosaj. cordatotrilobag I. X
leucanthaandl. austiniithroughout NC and SC. For each of the 154 sites visited, GPS
coordinates were recorded (Appendix During the survey morphologit
measurements of corolla shape, anther color, astiggna position, flower width, flower
length, flower widthlength ratio, stigma length, number of flowers on the cymes, leaf
length, leaf width, and leaf widdlength ratio were performed on a subdgbapulatiors
throughout the census rang®lany of these traits were measured in a previous
examination of morphological variation within and betwdenordatotrilobaandl.
lacunosa(Abel & Austin, 198). In total, | surveyed 896 plants from 39 populations.
Analysis of morphological dataTo determine whether the taxa were
morphologically differentiated, lggformed a discriminant analysis using the four taxa. |
then performed enultivariate analysis of varianc®ANOVA) on the discriminant
scores to determine the significance of morphological differences among tl{€itara
1975. This analysis contained two independent variables: taxon and population nested
within taxon. Both analyses were perfaad using SAS statistical software (SAS
Institute Inc., Cary, North Carolina, USA). Leaf length and width were not included in

the analysis because the measurements did not differentiate the species.
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Tissue collection and DNA extractionDuring the surve, leaf tissue was
collected for genotyping from-80 individuals from each of I cordatotrilobg 61. X
leucantha 5 1. austinii,and 8l. lacunosapopulations. Leaf tissue was collected from
plants at least-8 meters apart to minimize sampling ofateld individuals. Leaf tissue
was collected from 288 individuals throughout the census range.

DNA was extracted using a CTAB proto¢Bloyle & Doyle, 198). | used
primers that had been developedIfdrifidia but were also reported to amplify
microsatellite regions ih lacunosa(Hu et al., 200t Out of the 8 microsatellites
reported to amplify in. lacunosa) found that only 4 amplified and contained sufficient
variability to distinguish among the study tg{@able ). Each of the 4 microsatellite
markers was amplified with Hex or Fam fluorescently labeled primers, using KAPA taq
(Kapa Biosystems, Woburn, MassachusditSA), and fragment analysis was conducted
on a ABI 3730 x 1 DNA Analyzer. Each marker was visually scored using the software
GENEMARKER (SoftGenetics, 2005, State Collegennsylvania, USA

Microsatellite data analysis To interpret the microsateti data, several
approaches were used. First, | determined the genetic relationship betlaeenosa).
cordatotriloba I. X leucanthaandl. austinii,using the program Structure 2.3.3
(Pritchard, Stephens, & Donnelly, @0). Twenty replicates of a model were run
assuming four populations (k=4) with admixture and independent allele frequencies as

well as a bursin of 10,000 Markov Chain Monte Carlo (MCMC) steps followed by
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50,000 iterations. Additionally, | determindte relatedness between different subsets of
the taxa (Analysis 1. cordatotriloba I. lacunosa(k=2); Analysis 2 1. cordatotriloba I.
lacunosa, I. X leucanthg=2); Analysis 31. cordatotrilobg I. lacunosal. austinii
(k=2)) by running multiple FRUCTURE models that used the same parameters as
described above but assumed two populations. Each of the twenty replicates of the
STRUCTURE analyses was consolidated using the program CLUB#RBbsson &
Rosenberg, 20Q7and the output was visualized using the program DISTRUCT
(Rosenberg, 2004

To visualize the patterns of genetic variation contaimigiain the microsatellite
data, a principal coordinate analysis (PCA) was performed in the program GenAlEx on
the pairwise population matrix of the mean species genotypic genetic diRaasall &
Smouse, 2006 Additionally, to test if there was significant genetic differentiation that
distinguished the four taxa, | ran an analysis of molecular variance (AMOVA) and
conducted pairwise compsons of the four taxa in the program Arlequin @&coffier
& Lischer, 2010.

Genomic size o$pecies To confirm that all four taxa have similar genome sizes,
and thus are of similar ploidy, | used flow cytometry. | examined one individual from
each taxon using a modified versivodliszewski & Willis, 2012 of a previously

published protocalDart, Kron, & Mable, 200% Plant tissue was analyzed on a Partec
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flow cytometer (Partec, Minster, Germany), and each sample was ruReiltitha3
hybridaas an internal control.

Isolation by distance | tested for isolation by dtance for each species pair by
conducting a Mantel test with 9,999 permutations between avserkst matrix and a
geographiedistance matrix in GenAlE{Peakall & Smouse, 2006 The st matrix was
created with the microsatellite data in the program Arlequin 3.5. The geographic
distance matrix was created using the GPS coordinates of the populations where the
genetic data was obtained ngithe web program Geographic Distance Mdtgrsts,

2011).

Crossability of taxa To determine if there were peastating incompatibilities
among the taxa, | reciprocally crossed all pairs of taxa, except #&ucanthawas not
used as pollen recipient because of damage that occurred during anther removal that led
to inconsistent resultsThree individuals of each taxaollected throughout NC and SC
were grown in a greenhouse at Duke University. The nightdefptant flowered, the
anthers from one of its flowers were removed. Approximately 12 hours after the removal
of the anthers, the emasculated flower was manually pollinated using pollen either from
another flower on the same plant, from another platiteeame taxon, or from a plant of
a different taxon. Each experimental cross was repes&sdthies depending on flower

availability (average = 1.9 flowers per pollen recipient; 84 crosses tdtiad) average
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number of seeds generated from a cross wagpared by ANOVA using the SAS
statistical software (SAS Institute Inc., Cary, NC, USA).

Reproductive incompatibilities in F(l. X leucantha X I. lacunosa) In this
experiment | examined reproductive incompatibilities of three individuals that were F
hybrids between. lacunosaandl. X leucanthgFi(lexla)). As controls, three +
individuals were created by crossing pusfiveredl. lacunosawith white-floweredl.
lacunosa(F1(control)). Each of these plants was crossed as pollen recipient to £ach o
Fi(lexla), 3 R(control), 5 whitefloweredl. lacunosa3 purplefloweredl. lacunosaand
41. X leucanthandividualsacting as pollen donors in a greenhouse at Duke University.
Three flowers recipient flowers were used for each of these crossgsi(tmber of
flowers =306). In addition, 20 flowers on eaclpkant were allowed to seffollinate.
Experimental plants were not emasculated during the experiment, so seed set could be a
product of self or crossed pollen. Consequently, failure to pmdeed indicates
crossing incompatibility, whereas normal seed production is ambiguous. The average
number of seeds produced per capsule was compared by ANOVA using the SAS

statistical software (SAS Institute Inc., Cary, NC, USA).

1.3 Results

Geographicdistributions The survey of NC and SC revealed that the four study
taxa have separate but overlapping geographical rahgesrdatotrilobagrows

primarily along the coast, while X leucanthaandl. austiniigrow slightly more inland
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l. lacunosahasthe widest range. Although it is found primarily inland, some populations
are found near the coast. In general, the rangdaxfunosaoverlapswith all of the

other taxa (Figurd). Consistent with the hypothesis thaX leucanthaandl. austinii
resulted from hybridization betweénacunosaandI. cordatotriloba they occupy

locations that lie on the boundary between the other two taxa.

Morphological comparison During thesurvey | discovered that the majoritylof
lacunosahad white flower cadr; however, a few purpiowered individuals could be
found in some populations in NC. Preliminary comparison of white and durple
lacunosarevealed no difference in morphology (color effect of MANOVA on first 4
principal components of morphology, whiaccount for 90% of the variatioR:= 0.16);
consequently, | pooled data from white and purplacunosafor subsequent analyses.

The four taxa had some traits whose means were distinct while the trait means of
others were overlapping (Tablg 2o examine morphological differentiation of the four
taxa | perforned a discriminant analysis (Fig2& The first two canonical variates
accounted for 97% of the morphological variation. Canonical axis 1 corresponded
primarily to anther color while axis@rresponded to a combination of corolla size and
shape and stiga length (Table)3

A four-group discriminant function analysis correatlgssifiedl. cordatotriloba
andl. austiniiindividuals with 93% or greater accuracy, indicating that these twaataxa

morphologically distct fromthe other taxa (Table) 41. cordatotriloba I. X leucantha
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andl. lacunosaare distinguished frorh austiniialong the first canonical axes, indicating
thatl. austiniihas white anthers while the other taxa have gredately purple anthers.

|. cordatotrilobais distinguished fronh lacunosal. X leucanthal. austiniialong
canonical axis 2, indicating that it has a longer, wider corolla an@tatiggma than

those taxa (Figurg).

I. X leucanthaandl. lacunosawere correctly classified with 67% and 92%
accuracy, respectively (Tablég. 4The reduced accuracy forX leucanthds largely due
to substantial morphological overlap between these two taxa, which are morphologically
much more similar to each other thi either of the other taxa. However, although | did
not include corolla pigmentation in mgnalysis, these two taxa can be distinguished with
very high accuracy by this trait: X leucanthandividuals universally have pigmented
corollas, while all bua small proportion of. lacunosaindividuals have white corollas
lacking pigments.

An overall MANOVA on the canonical variates that included all four taxa was
highly significant for the taxon effect, confirming that there was significant
morphological dferentiation among the four taxa his overall effect was broken down
into three orthogonal independent contrasts: (1) betivdaounosaandl. X leucantha
(2) betweenl. cordatotrilobaandl. austinii; and (3) between the meanlof

cordatotrilobaandl. austiniiand the mean df lacunosaandl. X leucantha The
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contrasts were highly significant for botaronical variates 1 and 2 (Tablg, Svhich
supports the inference that all four species were morphologically distinct.

Genetic differentiation Analysis of microsatellite markers exhibits two main
patterns. The first is thatlacunosaandl. cordatotrilobaare genetically very similar.
Averaged across populations, the allele with highest frequency is the same for both taxa
at three out of tafour microsatellite loci (Table 6 Additionally, at the fourth locus the
highest frequency allele ih cordatotrilobais the allele with the second highest
frequency (0.31) in. lacunosawith the most common allele having only a slightly
higher frequency (0.8) (Table §. A STRUCTURE analysis that grouped the
microsatellite variation into k=4 groups exhibits a very similar paftarthese two
species (Figur8a), as does a similar analysis when these two taxaasidered alone
with k=2 (Figureda). In addition, the means of these two species exhibit minimal
separation in a plot of the first two principal components of genetic variation, which
accounts for 6% of the genetic variation (FiguBb). This separation is not statistically
significant, asjudged by AMOVA (Table J. These results indicate tHatacunosaand
|. cordatotrilobahave diverged little at neutral markers and suggests that substantial gene
flow may be occurring betwedhe two species.

The second pattern is thaX leucanthaandl. austinii exhibit substantial genetic
differentiation from each other and frdmacunosaandl. cordatotriloba. For each

taxon, the most common allele at three of the four microsatellite loci differs from that in
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l. lacunosaandl. cordatotrioba (Table6). This differentiation is reflected in their
unique genotypic composition revealed by 8ITRUCTURE analysis (FiguBa) and by
their pronounced separation from the ottaxa in the PCA analysis (Figus®). This
differentiation is maintaied in STRUCTURE analyses with k=2 in which eitheft
leucanthaor | austiniiis compared with. cordatotrilobaandl. lacunosa(Figure4b, c).
Finally, pairwise AMOVAs corrected for multiple comparisons indicate lthét
leucanthaandl. austiniiaregenetically distinct from both each other and friom
cordatotrilobaandl. X leucanthgTable 8.

Genome sizeA common barrier to gene flow among taxa is difference in ploidy,
which would be reflected as differences in genome size. | therefore usedy/ftametry
to assess the genome size of all the four taxa. The four taxa have approximately similar
genome sizes (Tab®, providing no evidence that differential ploidy or genome size
might create barriers to gene flow among the taxa.

Isolation by disance In the absence of reproductive isolating mechanisms,
populations can diverge genetically if they are sufficiently isolated geographically.
Although the ranges of the four taxa overlap, there are also extensive areas, particularly
for I. cordatotrilobaandl. lacunosain which each taxon grows by itself. Divergence in
these areas could then account for the overall genetic divergence among the taxa, even if

reproductive isolation is not high where their ranges overlap.
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| examined this possibility bgstimating isolation by distance within each species,
which would be reflected by a positive correlation between genetic distance and
geographic distance. However, the correlation coefficients for all four taxa are less than
0.05 and nossignificant (Tabé 10, indicating that isolation by distance is essentially
absent.

Reproductive incompatibilities between and among tas&ene flow between the
taxa is likely to be inhibited because of their ability to produce seed byaikifation.
However, there sam to be reproductive incompatibilities between all pairs of taxa that
would further impede gene flow. Withiaxon pollination produces approximately as
many seeds as autogamy (Tablg 1Tompared to these controls, however, interspecific
pollination resilted in a 35% to 95% reduction in seed SHtese reductions are highly
statistically significant in most cases and indicate the presence of strong, though not
complete, posinating isolation among all four taxd hese barriers are weakest between
l. lacunosaandl. cordatotriloba(average number of seeds per reciprocal crosses = 2.0 £
0.5 = 50% of control) and somewhat stronger betwekacunosaandl. X austinii
(average number of seeds per reciprocal crosses = 1.2 + 0.7 = 30% of control) and
betweenl. cordatotrilobaandl. austinii (average number of seeds per reciprocal crosses
=1.5 + 0.6 seeds = 39.5% of control). Although I did not score crossabilit of

leucanthaacting as pollen recipient to the other species, it shows the lowest critissabil
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as pollen parent to the other three taxa (average number of seeds per reciprocal crosses =
0.27 0.5 =5i 12.5% of controls).

I. X leucantha X I. lacunosa hybrid fertility Althoughl. X. leucanthaandl.
lacunosaare similar morphologically, they@asharply differentiated genetically even
though they sometimes grow in close proximity within the same field. This pattern
suggests there are barriers to gene exchange. Above | found that crossdbiKty of
leucanthaas a pollen donor to the otheraais extremely low. In this experiment |
assessed the ability bfX leucanthao cross as a pollen recipient. Nemasculated
hybrids were pollinated by seffollen, pollen from another hybrid, from iRdividuals
resulting from a cross between a gdatfpowered and whitdloweredlI. lacunosa or from
individuals ofl. lacunosaor I. X leucantha.As controls, | crossed the same pollen
donors to thé. lacunosaF; individuals. Regardless of the sire used,Ithe leucanthaX
l. lacunosahybrids ®t essentially 0 seeds (Table )2 By contrast, the control crosses
averaged between 2.5 and 3.6 seeds per flower, and these differencegibgre hi
significant It thus appears that there is almost complete hybrid female sterility in the
offspring of croses betweemh lacunosaandlI. X leucanthaa strong barrier to gene
exchange between these two species. Because | did not test the ability of hybrid pollen to
fertilize 1. lacunosa | do not know whether hybrid male sterility serves as an additional

barrier.
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In order to further assess the degree of reproductive isolation bdtween
leucanthaandl. lacunosa) asked whether the two taxa remain genetically distinct even
when they grow in close proximity. | chose one locality in SC where the two taxa have
co-occurred for at least 3 years and assessed their genetic distinctness. An AMOVA
indicated that approximately 82% of the genetic variation at the site ed¢dgtween the
two taxa (Table 13 a value that is actually greater than the averageff0.71 between
l. lacunosaandl. X leucantha.This result suggests that substantial reproductive isolation

prevents genetic admixture of the two taxa when they grow together.

1.4 Discussion

The status of taxa in tHgatatassection ofipomoeahas long beenanfusing
(Nimmakayala et al., 20)1 This is particularly true of taxa closely related.to
lacunosai.e. . cordatotrilobaandl. X leucantha.Although attempts have been made to
undestand the relationships among these {(@tsel & Austin, 19731981, little
progress has been made. Based on nodwglcal characteristics, it has been suggested
that these three taxa are undergoing extensive genetic exchange and that they may
represent a syngameon with no distinct spgéesl & Austin, 198). In order to
resolve this issue, | undertook an examination of genetic differentiation among the taxa
and an analysis of reproductive isolation. Based on this asdlglsaw two conclusions:

(1) I. cordatotrilobaandl. lacunosa although morphologically distinct, are genetically
indistinguishable, exhibit only partial crossing incompatibility, and may experience gene
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exchange in nature; and (2)X leucanthaandl. austiniiare each genetically distinct,
experience little gene flow from the other taxa, exhibit substantial reproductive isolation,
and should be considered separate species. | discuss each of these conclusions below.

Introgressive gene flow betweendordatotriloba and I. lacunosal.
cordatotrilobaandl. lacunosaare morphologically very distinct, with little overlap in
floral characteristics, as indicated by discriminant analysis. Nevertheless, genetic
differentiation between these two taxa is Wwdanot absent, which may be due to either
continuing gene flow or recent divergence. Partially reduced crossability of the two
species, compared to irtspecific crossability, indicates that there is some reproductive
isolation between the two speciddowever, this degree of isolation does not preclude
the possibility of continued introgression. Moreover, the low isolation by distance in
both species suggests that distance is not a substantial barrier to introgression.

The substantial divergence ilorfal morphology between the two taxa contrasts
markedly with the genetic similarity indicated by the microsatellite markers. Regardless
of whether this similarity is due to continued gene flow or recent separation, this pattern
suggests that floral morplogical divergence was due to natural selection. Confirmation
of this possibility, however, will require a formal analysis of selection on the floral
characters.

Lack of introgresson in I. X leucantha and |. austiniit appears that gene flow

from the dher taxa is minimal for both X leucanthaandl. austiniiand does not seem to
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have prevented genetic divergence by either taxon. These taxa are genetically distinct
from each other and froin cordatotrilobaandl. lacunosa suggesting that each isgrae
speciesl. austiniishould therefore be recognized as a new species Beatiagas
complex, and needs to be formally classifiédlditionally, the identification of. X
leucantheas a true speci es a@be&AustimiloBh Abl e and
suggestion that it a stable hybrid betweénlacunosaandl. cordatotriloba. Forl. X
leucantha strongcrossability barriers appear to impede genetic exchange that would
prevent genetic divergence. This species exhibits an almost complete inability to cross as
a pollen donor to the other three taxa. In addition, hybrids produced from crossimhg with
lacunosaappear to be almost completely fematerile. These barriers are sufficient to
explain lack of gene flow betweénX leucanthaand the other species, even when they
grow at the same sites. Similarly, crossability. @ustinito I. lacunosaandl.
cordatotrilobais low and would impede gene exchange, although not to the exterit as in
X leucantha.There are likely other isolating mechanisms that have not yet been
examined that allow austiniito remain genetically distinct.

Origins of the taxa It has been suggested thaX leucanthaepresents a
homoploid hybrid species formed from hybridization betwedscunosaand I.
cordatotriloba(Abel & Austin, 198). Daniel Austin has also suggested thaustinii
may have originated in a similar fashigefsonal communicatign Unfortunately, the

genetic data do not allow assessment of these hygsth&sevious genetic
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investigations of homoploid hybrid species have demonstrated that genetically they are
mosaics, with some loci similar to homologous loci in one parental species, and others
similar to homologous loci in the other parental spe@esold etal., 2010. This

pattern is not exhibited by eithkerX leucanthaor I. austinii. In bothl. X leucanthaandl.
austinii, the predominant allele is one thaither absent or rare in both purported

parental taxa at three of the four microsatellite loci. More importantly, because the allele
with the highest frequency at three of the microsatellite loci is the same in
cordatotrilobaandl. lacunosaand thee is substantial shared variation between the two
taxa at the fourth loci, it is impossible to ascribe either parent to any of the alleles present
in the purported hybrids. However, the data also does not preclude the possibility of
hybrid origin for thee taxa. If gene flow, even at a low level, occurs between
cordatotrilobaandl. lacunosaintrogression after hybridization may have erased
differences that existed at the time of hybridization. Another possibility is that loci in the
purported hybrid may have diverged after hybridization from the common allele present
in the purported parental taxa. In a situation like this, the loci most likely to be
informative on possible hybrid origin will be those associated with the divergent
characters thatistinguishl. cordatotrilobaandl. lacunosa. Such loci will presumably

have diverged in sequence, affording the opportunity to determine whether at different

loci the parental origins of alleles in the purported hybrids differ, indicating a hybrid
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origin. This type of analysis thus awaits characterization of the appropriate floral

morphology genes.
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Figurel: Geographic distributions of taxa.

Circles represent individual sites. The color of the circle inedgahich species
can be found in the population: white=white flowereldcunosathe small purple
sectors in NC populations indicate rare puifdeveredI. lacunosg;
purple =I. X leucanthablue=I. austinii; pink=l. cordatotriloba.
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Figure2: Morphological differentiation among the four taxa.

Means * SE of individuals for the two canonical variates are shown. Figure represents
data on 8 floral traits of 896 individuals from 39 populations throughout NC and SC. A
total of 97% of the overall variation is explained by the first two canonical axes

(CAN1=53;CAN2=44%).

31



A)

1. cordatotriloba 1. lacunosa I. X leucantha 1. austinii
B) 0.6
0.5 # L cordatotriloba
—+—. 04 B L ocunosa
A L Xleucantho
03
® | oustinii

02
01

H‘ "PCA 1 (43%)
08 -0.6 -04 02 5,00 2 04

+ 0

03

PCA 2 (18%)

Figure3: Genetic differentiation among taxa.

A) Structure analysis of four neutral microsatellite loci. Numbeladses is
k=4. B) Plot of location of the four taxa on the first two axes of a principal components
analysis of microsatellite markers (PCA1 and PCA2 account for 43% and 18% of the
variation, respectively).
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1. cordatotriloba I. lacunosa

1. cordatotriloba 1. lacunosa I. X leucantha

1. cordatotriloba 1. lacunosa 1. austinii

Figure4: STRUCTURE analyses assuming 2 groups

A) Analysis ofl. cordatotrilobaandl. lacunosawith k=2 B) Analysis of. X
leucanthal. cordatotrilobaandl. lacunosawith k=2. C) Analysis of. austinii, I.
cordatotrilobaandl. lacunosawith k=2.



Tablel: Microsatellite primers used to determine populations structure of taxa.

Primers were developed andPCR optimized in Hu €Hualet al., 2004

Forward Pri mer Reverse Pri me Size(bp) (-I"—g])
ITSSR 02 AGGTCAAGGTGGTTTTGGTTCTG  TTGCCCTCCAACAAGCATTCCC 157178 60
ITSSR04 GCGTAACACATAAATTGGACTG GGAAGTTTGAAAAGGTTAAGCC 205209 60
ITSSRO7 CACCATACCCAATTTTTACAGATGC GATTGAATGAATGATGCGG 160-172 56
ITSSR14 CTCCATTCAAACAGCGTCTC CGGGCAATTCAGTTGACTC 133206 56
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Table2: Average measurement (mean = SE) for 8 morphological traits taken for taxa.

Species |. cordatotriloba I. lacunosa I. X leucantla I. austinii
N 166 431 196 103
Corolla Length (mm)  24.23+0.32 18.11+0.10 16.55+0.14 17.06%0.11
Corolla Width (mm) ~ 28.94+0.41 16.23+0.10 16.25+0.17 17.11+0.31
Width / Length 1.20+0.01  0.90+0.004 0.98+0.008 1.02+0.01
Corolla Shape 0.80£0.02 0.04+.01 -0.02+0.02 0.53+0.04
Num. ng?qoé’vers O 2214011  1.44:0.03 2.44+0.08 4.60+0.21
Anther Color 0.96¢0.01  1.00+0.00 0.90+0.02  0.010.01
Anther Stigma 0.30£0.04  0.03+0.10 0.34:+0.03  0.05:0.03
Position

Stigma Length (mm)  16.03+0.17  10.33:+0.05 10.22+0.09 9.70+0.14
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Table3: Standardized scoring coefficients from the discriminant analysis

% Corolla Corolla Corolla Corolla flow. anther anther stigma
variation Length  Width WIL Shape on color stigma length
chy. pos.
Canonl 53 -0.35 0.24 -0.36 -0.20 -0.36 0.90 0.02 0.25
Canon2 44 -0.31 0.56 0.08 047 -0.02 0.04 -0.08 0.54
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Table4: Classification of the taxa based on a discriminant function analysis

Predicted Taxa

Actual Taxa |. cordatotriloba I. lacunosa |I. X leucantha I. austinii
|. cordatotriloba 157 3 2 6
[. lacunosa 0 396 35 0
|. X leucantha 0 46 131 19
I. austinii 0 1 0 102
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Table5: Canonical varieties 1 and 2 are statisticalljetdént for each contrasts.

Contrast DF F Value p-value
Canonical
Variate 1

I. lacunosavs.l. X austinii 1 1160.52 <0.001

I. lacunosavs.l. X leucantha 1 48.53 <0.001

I. lacunosavs.|. cordatotriloba 1 5649.25 <0.001

|. X austiniivs.|l. X leucantha 1 691.02 <0.001

|.X austiniivs. |. cordatotriloba 1 644.82 <0.001

I. X leucanthavs.|. cordatotriloba 1 3724.55 <0.001
Canonical
Variate 2

I. lacunosavs.l. X austinii 1 4018.45 <0.001

I. lacunosavs.l. X leucantha 1 263.23 <0.001

I. lacunosavs.|. cordatotriloba 1 176.68 <0.001

I. X austiniivs.l. X leucantha 1 2163.91 <0.001

| .X austiniivs.|. cordatotriloba 1 4518.53 <0.001

|. X leucanthavs. 1. cordatotriloba 1 665.61 <0.001
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Table6: Frequency of average microsatellite allele across population.

n ITSSR02 ITSSR 04 ITSSRO7 ITSSR 14
|. cordatotriloba 97 157 (19%) 205(10%) 164(14%) 133 (6%)
17381%) 207(60%) 166(86%) 169 (6%)
209(30%) 174(13%)
184(31%)
192 (30%)
196(1%)
203 (6%)
212 (4%)
217 (3%)
I. lacunosa 110 173100%) 207(81%) 150(3%) 184(30%)
209(9%) 166(94%) 199 (9%)
172(3%) 203 (34%)
206 (26%)
212 (1%)
I. X leucantha 48 154 (2%) 205100%) 150(3%) 133(100%)
178(96%) 166(94%)
172(3%)
. X austinii 33  154(2%) 205100%)  160(2%) 184 (8%)
173 (58%) 166(10%) 196(42%)
206 (40%) 170(2%) 206 (50%)
17286%)
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Table7: AMOVA results forl. lacunosaandl. cordatotriloba

L Sum of Variance  Percentage
Source of Variation d L
Squares Components of Variation

Betweenl. lacunosa

andl. cordatotriloba  + 19068 0.032 4.24 0.13
Among populations
within 1. lacunosaand 13 128.003 0.35 45.10 0

|. cordatotriloba

Among individuals o, 119847 (23 29.61 0
within populations

Within individuals 207 33.50 0.16 21.05 0
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Table8: Fct values between species pairs.

|. cordatotriloba I. X leucantha |. austinii

|. cordatotriloba

l. X leucantha 0.61"
. austinii 0.46 0.70°
l. lacunosa 0.04 0.71

*P=0.13, **P<0.01
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Table9: Genome sizes as determined by flow cytometry.

Genome Size

Taxa (Mb)
I. cordatotriloba 525
I. lacunosa 497
I. X leucantha 460
|. austinii 501
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Tablel0Q: Slope of genetic distance on physical distance for each species.
P is the probability that the slope differs from 0.

Species Ryy P

l. lacunosa -0.36 0.11
I. cordatotriloba 0.03 0.44
[. X leucantha -0.14 0.26
[. austinii 0.02 0.42
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Tablell: Mean + SEof seeds produced per flower in crosses between the various taxa.

Sire = pollen parent. Dam = female pollen recipient. n = # of crosses.
*interspecific crosses produtéess seeds than selfed and inteasfic crosses (P<0.05);
**interspecific crosses produced less seeds than selfed (P<0.0bitrasgecific crosses

(P=0.07)***interspecific crosses produced less seeds than selfed (P<0.05) and
intraspecific crosses €P.06).

DAM I. lacunosa |. cordatotriloba I. austinii

Self 40+00(6) 40x00(6)  4.0+0.0(6)

. lacunosa 4.0+0.0(6) 1.4+03(7)* 1.2+0.6 (5)*

SIRE
I. cordatotriloba 2.8 £0.5(5) 4.0+0.0(4) 1.0+ 0.4 (6)*

1. audinii 1.2 £ 0.4 (6)* 2.0 £0.5 (6)** 3.8+0.2 (5)
. X leucantha 0.2 +0.1 (7)* 0.5+0.2 (5)* 0.3+ 0.2 (4)*
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Tablel2 Mean £ SE of seeds produced per flower in crosses between various taxa and
F1 hybrids.

Sire ndicates the type of individual used as pollen parent and dam is female parent.
l. lacunos#p)= purple flowered. lacunosa; I. lacunosav) = white flowered. lacunosa
F1l(leXla)d. X leucanthaX I. lacunosahybrid; R(control)=I.lacunosgp) xI.
lacunos(w) hybrid.

SIRE
) F1 I. lacunosa I. lacunosa
DAM Selfing F1 (lexla) (control) ®) W) I. Xleucantha
F1 (lexla) 0.00+0.00 0.00£0.00 0.04+0.11  0.15+0.21 0.13+0.31 0.17+0.10

F1 (control) 2.92+0.57 3.58+0.43 3.33+0.33 3.44+0.55 3.37+0.41 3.2240.55
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Table13: AMOVA results forl. lacunosaandl. X leucantha

Sum of  Variance % of

Source of Variation d.f. Squares Components  Variation

Betweenl. lacunosaand

1 51.91 1.27 81.75
|. X leucantha
Amongl. lacunosaand
|. X leucanthaindividuals 44 21.16 0.20 12.66
Within individuals 46 4.00 1.87 5.59
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Chapter 2: The evolution of mating systems between sister
specieslpomoeacordatotrilobaand Ipomoealacunosa

2.1 Introduction

The evolutionary transitioifom outbreeding to selfing is one of the most
common changes in angiosperms, with an estimated 20% of all flowering plants having
evolved autogamy as the predominant mode of reprodu@emett, 2002
Autogamous plantsargtpi cal |y characterized by a fiself
having small, scentless, often white flowers, reduced astigna distance, and a
decreased pollen/ovule (P/O) rati€alisz et al., 20120rnduff, 1969 Sicard & Lenhard,
2011]). These traits are thought to evolve under circumstances in sdchproduction
needs to be ensured, such as when pollinator availability is low or potential mates are
commonly abseniBaker, 1955Darwin, 1&6; Stebbins, 1950 Because autogamous
plants are not constrained by the need for pollinators, they tend to have a larger ranges
compared to outcrossing plari@rnduff, 1969. Traditionally, charactestics of the
selfing syndrome are thought to have evolved due to natural selection. Moreover, several
hypotheses have been put forth regarding the benefits of these traits: redirecting resources
to other fitnesenhancing functions, increasing efficierafyselfpollination, shortening
reproduction time, and reducing florivory (reviewed in Sicard & Lenhard, 2011). An
alternative, seldorsonsidered explanation for the evolution of these characters, however,

is that because autogamous plants do not negttréwt pollinators their flowers are freed
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from selective constraints and accumulate random mutations by genetic drift which
disrupts the developmental processes responsible for producing floral traits.

Beyond the characteristic phenotype associatedseiftpollination, there are
distinctive ways in which autogamy effects the overall genetic diversity of a species.
Neutral loci of autogamous plants often show an increase in homozygosity, while species
that outcross typically exhibit Hard/einberg gaotype frequencie€harlesworth &

Wright, 200). Excess homozygosity lowers the effective population size (Ne) and

increases the effect of genetic dhiftselfing plantgPollak, 1987. This increase in
homozygosity i s of tstatstict whith redflects thedlevdl f Wr i ght 0
inbreeding in a populatiofWright, 1951: in highly selfing plants F is close to 1,

whereas in plants that solely orgss it isapproximately0 (Clauss & MitcheHOlds,

2006).

In this study, | examine the roles of natural selection and genetic drift in the
evolution of the selfing syndrome ipomoea lacunosaThis species has evolved
increased selfing, decreased antftggma distance, smaller, white floweradaa
decreased pollen/ovule ratio compared to its recent anc@gtconald et al., 201). In
chapter 1 | showethatl. cordatotrilobais the sister species tolacunosa |.
cordatotrilobadiffers markedly froml. lacunosain having large, purple flowers, a
greater anthestigma separation, and a mixed mating syqt&uostin, 1978 McDonald et

al., 201). An analysis of the causes of divergence between these two species is thus
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appropriate dr determining whether natural selection or genetic drift is the predominant
cause of the evolution of the selfing syndromé lacunosa.

In this report | first verify, using microsatellite markers, that selfing rate is
substantially higher for. lacunasathan forl cordatotriloba. | then report results of a
comparison of presumably neutral microsatellite divergence to divergence in-selfing
syndrome traits to understand the roles that natural selection and drift play in shaping the

classic selfing syndme ofl. lacunosa

2.2 Materials and Methods

Study system Ipomoea lacunosandlpomoea cordatotrilobare noxious weeds
that are indigenous to the southeastern United Stidass & Deonier, 1965 The two
plants have different floral morphologies, wifomoea lacunostypically having small
white flowers, and. cordatotrilobanormally having larger, purple flowe(dbel &

Austin, 198). My analysis of shared genetiariationin chapter Isuggests thdt
lacunosaandl. cordatotrilobaare sister species because they are genetically
indistinguishable at neutral markers. Reflegtthis genetic similarity, | also showed that
two species can cross apbduce viable dépring. My survey oNC and SC the rayes

of the two species overlawjth I. lacunosagrowing along the coast as well as in the

central area of the two states, wHileordatotrilobais found predominately along the

coast. In NC and SC the plants gerate in late May and begin to flower in August or

early September. Flowering ceases sometime in mid to late fall and plants die at the first

hard frost. Plants of each taxon are-selfnpatible; however|. cordatotrilobahas been
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described as havingrmaixed mating system (selfing and outcrossing), whilacunosais
thought to reproduce largely by selbllination(McDonald et al., 2011

Estimating selfing rates Although | did not estimate selfing rates directly,
selfing rates can be estimated indirectly from neutral markers (saigitites). In
particular, thesampling of poputions and individuals allows nte estimate selfing rates
from observed heterozygosity, Selfing rate is related the inbreeding coefficient, F, by

s=2F/(1+F)
(Hartl & Clark, 1997. In turn, the inbreeding coefficient is related to heterozygosity by
F=Hob H)/Ho
whereHy is theexpected heterozygosity based on allele frequencies and random mating
(Hartl & Clark, 1997. Combining these two equations yields the relationship between
selfing rate and heterozygosity:
s=2 Hob H) / (2Ho b H)

Estimation of selfing rates for individual populations were based on four
microsatellite locdescribed in chapter 1, that wesaampled from 97. cordatotriloba
individuals from 7 populations and 110lacunosandividualsfrom 8 populations
Observed and expected heterozygosity were calculate using the program Arlequin 3.5
(Excdfier & Lischer, 2010.

Morphological trait divergenceMorphological traits for flower length, flower
width, flower lengthwidth ratio, stigma length, anthstigma distance, leaf width, leaf

length, and leaf lengttvidth ratio were measured on indivala from 7 populations df
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cordatotrilobaand 5 populations df lacunosafor which | had concordant microsatellite
data. Methods for morphagical trait measurements were described in chapter 1.
Antherstigma distance, however, was measured sligliffigrdntly than previously
reported. This character was quantified as 0O if all anthers touched the stigma, 0.5 if at
least one, but no more than 4, touched the stigma, and as 1 if no anthers touched the
stigma. Correlations among traits were calculatdglJMP, Version 9. SAS Institute
Inc., Cary, NC, 1982007.
To determine whether trait divergence between the two species is langer th
expected under neutralityused a modified &1 Qstapproachi{Whitlock & Gilbert,
2012. The standarddti Qstapproach compares populati@atsa single spatial level
(e.g.Leinonen et al2008 Whitlock, 200§. However, in myanalysis populationare
nested within species and | gmmarily concerned with examining divergence between
speci es. There are thus two hierarchical
For eachmorphological trait measured, | calculated the summary statigtic Q
using the method developed by Whitlock and Gilérhitlock & Gilbert, 2013. Qcr
describes the magnitude of variatiam & morphological trait betweénlacunosaandl.
cordatotriloba Under the assumption that trait divergence is due to genetic drift, the

expected value of § is

Qct=Vc/ (Vc+Vp +2V)) = Fer
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where \&, Vp, and \f are the genetic variances aing species, among populations, and
among individuals within populations, respectivélWhitlock & Gilbert, 2012 and k1
is the betweeispecies Fstatistic for the microsatellite loci.

To test whether natural selection contributed to trait dimecg between the two
species, tested whether the null hypothesis of no selection, corresponding to the above
equation, could be rejected in favor of the hypothesis tgat@cr. Using bootstrap
sampling, | compared the distributions of@nd Fkcr. To generate a bootstraprgale
from one of the speciesfitst randomly chose a population from that species. | then
drewn individuals randomly with replacement from those in that population, where
was the actual number of individuals scored in that populatioantinued sampling in
this way until the number of populations in the sample was equal to the number actually
scored. For each species, | formed 1000 bootstrap samples.

For each bootstip sample, | calculatedcQor Fct from the variance components
from a standard nested ANOVA. Becausesvhe additive genetic variance within
populations and could not beloalated for the traits from thaata, | instead examined
two extremes: heritality = 1 and heritability = 0. For heritability = 1, Was set equal
to the withinpopulation component of variation from the nested ANOVA for the trait
(equal to the withirspopulation phenotypic variance); for heritability = 0, | set\0.

Because bth approaches led to similar results, | report only the results, fomithin
population variance component. This approach is conservative because it produces a

smaller Q.
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2.3 Results

Selfing rates The eight populations df lacunosal sampled unifomly exhibited
very high selfing rates (mea+= 0.955 + 0.018; Table4). By contrast|. cordatotriloba
populations were more variable across populations (medah511 + 0.182 (negative
estimates considered 0); TabK).1 This difference is statisadly significant (ondailed
T-test: t = 2.43, d.f. =13, P < 0.025). It thus appears that selfing rate is on average
substantially higher fol. lacunosathan forl. cordatotriloba.

One factor likely contributing to the higher selfing raté. ddcunosais reduced
antherstigma distance. The mean distance across populatiohséwdatotrilobawas
0.70 = 0.13, while that fdr lacunosawas 0.048 + 0.03 (Table J,5and this difference is
highly significant (ondailed T-test: t =5.17, d.f. = 10, P&001).

Selection on divergent traitsTo test whether divergence in floral morphological
traits betweem. cordatotrilobaandl. lacunosais best explained by genetic drift or
natural selection conducted a hierarchal@- Fcr analysis. If Q> Fcr, divergence in
the trait is inferred to be caused by selection. By contrasgriE@cr, then the data is
consistent with divergence by genetic drift. | performed a comparisogrofs for
the measured floral traits, as well as for leaf traitsgbate as a control.

Qcr values calculated for flower width, flower length, and flower lengitith
ratio are extremely differentiated frong{Fvalues (Figure b For flower width and
length, the distribution of bootstrap values ef Boes not overlap ehdistribution for

QcT, while for the ratio of floral length/width, there is only minimal overlap. In all three
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cases the significance of the difference is P< 0.001, indicating selection was largely

responsible for their divergence between the two spedBecause these teaire highly

correlated (Table )6these tests are not independent and divergence in these traits likely

reflects selection on arglle developmental characteBtigma height and anthstigma
distance are less correlated withalta length and width and with each other than are

corolla lengthand width to each other (Ti@l6). Thus, stigma height and antfstigma

distance presumably represent separate developmental modules, while corolla length and

width do not. Again, howevefor these characters there is little or no overlap between
the bootstrap distributions ofc@and ket (Figure §. Both of these differences are
significant (stigma, p<0.001; anthstigma distance, p=0.002), again indicating selection
was primarily respnsible for divergence.

By contrast with the floral characters, distributions ef @nd ket values broadly
overlapfor leaf length, leaf width daf lengthwidth ratio (Figure Y and differences are
not statistically significant (leaf length, P=0.80;flaadth, P= 0.64; leaf lengtividth
ratio, P= 0.44). This pattern provides no evidence for selection causing divergence in

these traits and indicates they are diverging neutrally.

2.4 Discussion

Selfing rates My results verify that. lacunosais highlyselfing whereas

cordatotrilobaappears to have a mixed mating system. This difference in selfing rates is

explainable by a much reduced anteegma distance ih lacunosawhich in other plant
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species increases autoga(@hang & Rausher, 1998chueller, 2004Takebayashi et
al., 2006).
|. cordatotriloba populations are much more variable in estimated selfing rate
thanl. lacunosapopulations. Some populations exhibit selfing rates nearly as high as
those inl. lacunosawhereas others are estimated to be largely outcrossing (¥ble 1
Some 6these differences may reflect the small number of individuals from individual
populations used to estimate selfing rates, and may thus reflect noise rather than true
differences between populations. It probably does not reflect differences &mong
cordatotriloba populations in anthestigma separation. The mean separation for the
three populations with high selfing rates is 0.88 + 0.06, whereas for the four populations
with lower selfing rates it is 0.57 + 0.19 (TabK).1 This difference is not sigincant (t =
1.51, d.f. =5, P > 0.3) and is driven by the single population in the latter group that has a
separation of 0. Finally, it is possible that this variation is due to differences in ecological
conditions,e.g presences absence of pollinater Regardless of the cause of this
variation, on averagke cordatotrilobaselfs substantially less thanacunosa.
Selection drives evotl Alargestady of franditisngd f i n g
autogamy inpomoeashowed that selfertilizing plantshave similar traits such as small,
light-colored corollas, short anthestigma distance, and low P/O rafidcDonald et al.,
201), which coll ectively have (Skhad&ienhaedr med t h
2011). Theseaepeated convergent transitions are often thought to be caused by natural

selection(Sicard & Lenhard, 2001 However, it is not unreasdnia to believe that traits
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not directly associated with increased gmiflination, such as flower size and light
coloration, could have arisen convergently by genetic drift. The lower effective
population size associated with autogamy greatly enhaneesfdct of genetic drift,
making the alteative hypothesis plausiblé/et the possibility that evolution of selfing
syndrome traits may reflect the operation of drift rather than seldutie seldom been
examined. Theesults demonstrate that genetidt can be ruled out as a major factor in
the evolution of selfinggyndrome traits ih. lacunosa.

A major factor contributing to the high selfing rate.dacunosais the close
proximity of the anthers to the stigma, which has been shown to faditiigamy as in
other speciefChang & Rausher, 1998chueller, 2004Takebayashi et al., 2006 The
comparison of @ for antherstigma distance withdrindicates that increased autogamy
was caused by natural selection. This result implies that increased selfing itself was
favored by selection ithel. lacunosdineage. Although a number of advantages have
been suggested for increased selfing, including pollinator uncertainty, avoidance of
interspecific hybridization, and increased genetic transmigbisher, 1941R. A. Smith
& Rausher, 200) | currently have no imirmation that would allow méo distinguish
among these possibilities. However, it is likely that the evolution of high levels of selfing
set the stage for the subsequent evolution of other salfindrome characters.

In I. lacunosa such characters includeduction in corolla size, reduction in
stigma height, loss of pigmentation and a reduction in pollen/ovule(k&tiDonald et

al., 201). Here | have examined two of these changes, reduction in corolla size and
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reduction in stigma height, and have found both to be driven by selection. A
conventional explanation for such a change istigaeducing these structures,

individuals can divert saved resources to other fiteesmncing structurg8runet,

1992. However, an alternative explanation, at least for corolla size reduction, is that it
may reflectthe same direct selection for reduced outcrossing that drove the reduction in
antherstigma separation. Such selection might arise, for example, if smaller corollas
reduce pollinator attraction, thereby reducing outcross pollination. Distinguishing
between these possibilities will require future experiments aimed at identifying the
sources of selection on floral charactert ilacunosa.

Even though floral size and mating systems have been found to be extremely
correlated, a systematic survey of outsing and selfing species found that there is a
much weaker correlation between flower size and vegetative tissues, such as leaf size
(Ashman & Majetic, 200p This weak correlation between flower size and vegetative
tissue is consistent thi the Fs-Qst analyses of leaf length, leaf width, and leaf length
width ratio which revealed that these traits are evolving neutrally. Although genes have
been described that control both flower and leaf develop(Kéntet al, 1999 Lee et
al., 2009, it has been hypothesized that genes underlying these traits have evolved to
remain largely developmentally isolated to reduce pleiotropisequences of genetic
alteration(Ashman & Majetic, 2006 More information, however, on the genetics

underlying these traits needs to be elucidated to determine if this hypothesis is correct.
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A) Flower Length B) Flower Width C) Flower Length-Width Ratio
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Figure5: Fcrvs. Qranalyses A) Flower Length (p<0.001) B) FleniWidth
(p<0.001) C) Flower Lengtidth Ratio (p<0.001)
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A) Stigma Length B) Anther-Stigma Distance
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Figure6: Fcrvs. Qranalyses A) Stigma Length (p<0.001) B) AntS&igma
Distance (p=0.002)
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Number of Bootstrap Runs

A) Leaf Length B) Leaf Width C) Leaf Length-Width Ratio
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Figure7: Fcrvs. Qranalyses A) Leaf Length (p=0.80) B) Laafdth (p=0.64)
C) Leaf Lengthwidth Ratio (p=0.44)
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Table14: Measures of genetic diversigyd selfing ratefor 7 populatios ofl.
cordatotrilobaand 8 populations df lacunosa

N= sample size; NPL = number of polymorphic loci; A= mean (s.d) number of alleles;
Ho=observed heterozygosity; He= expected heterozygssitgelfing rate

populaton N NPL A Ho He S

I. cordatotriloba
clel 18 2 2.0(0.0) 0.03 0.33 0.95
c7 13 4 3.0(1.4) o0.61 0.55 -0.24
cl3 23 2 25(0.7) 0.04 027 0.92
cl4 12 3 2.7(1.2) 0.06 0.43 0.93
c22 8 4 2.5(0.6) 0.50 0.43 -0.39
c29 6 1 2.0(0.00 0.0 0.30 0.00
clela3 17 2 2.0(0.0) 0.18 0.50 0.78

I. lacunosa
la3 14 1 2.0(0.0) 0.00 0.50 1.00
lal5 14 2 40(0.0)0 0.04 037 0.9
lela8 31 2 2.5(0.7) 0.05 0.26 0.89
la43 8 2 2.0(0.0) 0.00 0.38 1.00
la30 14 2 2.0(0.0)0 0.04 0.20 0.89
la35 16 2 3.0(2.4) 0.03 0.20 0.92
la7 6 1 2.0(0.0) 0.00 0.30 1.00
ula7 6 1 3.0(0.0) 0.00 0.55 1.00
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Tablel5: Mean + SD for morphological measurements for populatiohs of

Corolla Corolla Corolla Anther Stigma Leaf Leaf Leaf

Length Width L/w Stamen Length Length Width L/w

population Species n (mm) (mm) Ratio Distance (mm) (mm) {mm) Ratio
25.50% 29.00% 0.88% 1.00+ 16.20% 41.40% 43.60% 1.01%

1 clel I. cordatotriloba 10 1.96 1.18 0.06 0.00 0.75 10.97 17.28 0.18
21.60% 20801 0.73% 0.00% 16.80% 25.20% 24.20% 1.10%

2 c7 I. cordatotriloba 5 0.49 .33 0.03 0.00 0.75 6.52 6.52 0.25
21.60+ 28.23+ 0.77% 0.78% 15.74% 41.73+ 37.68% 1.13%

3 cl3 I. cordatotriloba 20 1.81 2.99 0.08 0.40 1.56 10.64 10.68 0.20
26.71% 32.57+ 0.83% 0.86+ 16.21% 50.07% 38.79% 1.30%

4 cla I. cordatotriloba 14 2.46 2.44 0.10 0.34 1.11 9.69 8.78 0.13
27.57% 32.07% 0.86% 0.86% 17.50% 39.71% 30.00% 1.04%

5 c22 l. cordatotriloba 6 2.04 2.06 0.08 0.23 1.16 4,27 7.31 0.11
24.90+* 30.65+ 0.81 0.68% 16.55% 53.33+% 46.03 ¢ 1.18%

6 clela3 I. cordatotriloba 20 2.78 2.46 0,08 0.40 1.0 14.28 11.77 0.26
32.63% 36.63% 0.89:% 0.75+ 19.88 52.44+ 47.94+ 1.13

7 c29 I. cordatotriloba 8 1.88 2.06 0.07 0.43 +0.93 11.94 12.42 *0.24
15.44+ 12.94+ 1.20% 0.00% 8.17% 438.17 % 37.50% 1.30%

8 la3 I. lacunosa 19 1.21 1.03 0.09 0.00 0.50 9.31 8.67 0.10
17.48% 14.85% 1.18% 0.00+ 10.02 % 31.65% 24,45% 1.38%

9 lal5 I. lacunosa 20 1.12 1.19 0.08 0.00 0.53 11.93 11.35 0.24
15.56% 15.00% 1.04% 0.09% 9.25 34,72 28,22 1.30z

10 lela8 1. lacunosa 16 1.94 1.70 0.11 0.21 +0.66 11.73 10.73 0.28
18.14+* 16.17+ 1.23% 0.00% 10.54 % 56.86* 43.76% 142+

11 la43 I. lacunosa 29 1.88 1.34 0.14 0.00 1.08 25.42 20.87 0.72
18.34+* 16.68+* 1.11% 0.15% 11.16* 35.11+* 26.10* 1.38%

12 ula7 I. lacunosa 18 1.70 1.75 0.10 0.23 1.18 14.16 12.18 0.21

cordatotriloba andl. lacunosawith concordant microsatellite data
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Tablel16: Correlations among measured traits.

Corolla  Anther
Length/  Stigma
Width Position

Corolla Corolla
Length Width

Stigma  Leaf Leaf
Length Length Width

Corolla
Length

Corolla 0.36
Width +0.23

Corolla 056+ -0.43+
Length/Width  0.20 0.36

Anther 4034 003+ 0.00¢
Stigma

- 0.16 0.29 0.23
Position
Stigma 020+ 0.28x 0.04+ 0.07
Length 0.33 0.25 0.33 0.19

-0.02+ 0.08+ -0.10+x 0.08+ -0.04=
0.28 0.36 0.38 0.28 0.35

-0.04+ 0.17+ -0.15+ 0.07+ -010x 0.79%
0.32 0.28 0.23 0.31 0.44 0.22

Leaf Length

Leaf Width

Leaf
Length/Width -0.10+ -0.05+ 0.04+ 0.00 = 0.12 + -0.06 0.43 +

0.20 0.36 0.26 0.23 036 +0.38 0.43
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Chapter 3: R2R3Myb responsible for divergent flower color
betweenlpomoea cordatotrilobaand Ipomoea lacunosahows
molecular signature of selection

3.1 Introduction

The evolution of selfing fromutcrossing is one of the most frequent mating
system transitions in angiosperms and has occurred in most plant fdKudliisz et al.,
2012 Sicard & Lenhard, 20)1 Change in a suite of floral traits typically accompanies
this transition, giving rise to a fiselfing
reduction in traits associated with pollinataradtion (e.g. reduction in petal size, nectar
and scent production and loss of pigmentation), decreased pollen/ovule ratios, and
reduced distance between anthers and st{¢faksz et al., 20120rnduff, 1969 Sicard
& Lenhard, 201). These traits may be divided into two categories. On the one hand,
thereare traits that directly contribute to an increase in the rate and/or efficiency of
selfing (fAcausal o traits). This category
temporal separation of anthers and stigma and decreased pollen/ovule ratios. When
sdfing is favored, selection is expected to operate to alter these traits. On the other hand,
there are selfing syndrome traits that do not necessarily contribute directly to enhanced
selfing (fAancillaryo trait shreducedpbllmatee t r ai t
attraction and include reduced flower size, nectar and scent production, and sometimes
pigmentation. In the early stages of the evolution of increased selfing, selection may

favor these traits because they increase selfing by redusitegion by pollinators. And
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once a high selfing rate has evolved, selection may favor reallocation of resources away
from these traits to other traits that enhance fit(Basnet, 1992 However, it is also
possille that these traits degenerate simply because they accumulate mutations that are
not opposed by selection because pollinator attraction is no longer needed. Such
degeneration would occur by genetic drift and is not necessarily adaptive.

The relative invtvement of selection and drift in the evolution of ancillary traits
contributing to the selfing syndrome is largely unknowamunaware of any studies
that have attempted to address this issue. In this study, | address this issue by examining
one ancilary character associated with the selfing syndrome in the morning glory
Ipomoea lacunosawhite flowers (Figure 8A) 1. lacunosais a species in thBatatas
clade oflpomoeaand has small, white flowers. Because the majority of species in the
Batatasclade have purple flowe(gustin, 1978, the white colo of I. lacunosaflowers
is almost certainly a derived charactér.chapter 2, | demonstrated thalacunosais
highly selfing and exhibits most of the characteristygscal of the selfing syndrome.
Compared to its sister specilesordatotriloba(Figure 8B) it exhibits loss of a reduced
floral size, reduced distance between stigma and anthers, and a reduced pollen/ovule ratio
(McDonald et al., 2011

In the southeasternrited States Ipomoeaspecies with purple flowers, including
|. cordatotriloba tend to be visited primarily by bumbleds (Brown & Clegg, 1984;
Rausher, Augustie,& Vanderkooi, 1994personal observations Moreover, white

flowered mutants off purpureaare visited less often by bees than puffdeered
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individuals(Brown & Clegg, 1984 Fehr & Rausher, 2004ry & Rausher, 1997
Rausher, Augustine, & Vanderkooi, 199hdicating that floral pigmentation is
attractive to pollinators, which likely exert selection to maintain pigmentation. | do not
know whether loss of floral pigmentationlinacunosaoccurred prior to, concurrent
with, or after the evolutionary decreaseantherstigma separation and resultant shift to
almost complete selfing. If prior or concurrent to the shift toelination, natural
selection favoring selfing may have favored the transition to white flowers. If after the
shift to selfing, pufiying selection on presence of pigmentation was likely relaxed
because plants would no longer have needed to attract pollinators. In this situation, any
costs associated with pigment production would have led to selection favoring loss of
floral pigmentaibn. It is not known, however, whether there are costs associated with
producing floral pigmentation. If present, they likely would have generated selection for
loss of pigmentation. In the absence of such costs, by contrast, there presumably would
havebeen no selection favoring pigment loss and white flowers would presumably have
evolved by the fixation of lossf-function mutations by genetic drift.

The objective of this investigation was to distinguish between these two
possibilities. Specificallyl attempted to determine whether the evolution of white
flowers inl. lacunosawas the result of selection or drift. To do so, | first characterized
the genetic basis of white flowers and identified a major gene responsible for the
transition to white flavers inl. lacunosa. Using this information, | compared divergence

between. lacunosaand its sister specigéscordatotrilobaat presumably neutral markers
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to divergence at the flowaolor locus to determine whether color divergence is
consistent witmeutral expectations. Finally, | compared genetic diversity within the two
species at the flowagolor locus to determine whether | could detect a signal of a recent

selective sweep.

3.2 Materials and Methods

Study @ganisms Ipomoea lacunosandipomoeacordatotrilobaare noxious
weeds that are indigenous to theutheastern United Stat@®nes & Deonier, 1965
The two plants have different floral morphologies, Wwiibmoea lacunoshaving smaller
white flowers, whild. cordatotrilobatypically has larger, purpl@bel & Austin, 198).
Even though both taxa have a characteristic flower color, sibiteredl.
cordatotrilobaand purplefloweredl. lacunosaindividuals ca be found in nature
(personal observatign Although the phylogenetic relationships among these and related
species in th8atatassection ofipomoeahave not been well characterizéghowed in
chapter 1 that theshared genetic variation suggests thitcunosaandl. cordatotriloba
are sister species: while the two species are morphologically distinct, there was no
detectable genetic divergence at any of four microsattelite loci. Reflecting this genetic
similarity, the two species can cross anddpice viable offspring, and extensive gene
flow is thought to be occurring between the plants in the {islel & Austin, 198)).
Additionally, in chapter 1 showed that in NC and SC, the ranges of the two species
overlap. However, lacunosagrows along the coast as well as in the central area of the

two states, whilé. cordatotrilobais found predominately ahg the coast. A third taxon,
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I. X leucanthagrows in the same region and is believed to be a stable hybrid formed by a
cross betweeh lacunosaandl. cordatotriloba(Abel & Austin, 198). In NC and SC
the plants germinate in late May and begin to flower in August or early September.
Flowering ceases sometime in mid to late fall and plants die at thediicsfrbst. Plants
of each taxon are setbompatible and are highly autogamous in the greenhouse.
Identification of anthocyanidins using HPLEAnthocyaninidins, the direct

precursor of anthocyanins, were extracted and identified usingpkigbrmance ligid
chromatography using a previously described me({Boeidgeld & Rausher, 2009n the
stem and flowers of 3 purpland 3 white floweredI. lacunosaas well as 2 purple
floweredl. cordatotriloba

Genetics of flower colorTo determine how many genes contribute to the
difference in floral pigmentaon betweernhe two species,performed standard crosses.
In 2007, 10 whiteand 10 purpldloweredl. lacunosaindividuals were used to create 10
F1 hybrids. Each of these hybrids was allowed to self to produreiSiduals. In June
2008, approximately 75,Seeds from each line were grown 1 meter apart in a field plot
at Duke University. Flower color (purple vs. white) of the inner (tube) and outer (limb)
corolla were recorded on each plant on three different occasions.

In a second experiment; Rybrids werecreated by crossing 4 purple and 4 white
floweredl. lacunosagparental plants. A total of 14Q frogeny were grown in
greenhouse at Duke University. The outer corolla was phenotyped asrighiium, or

dark, and photographs were taken to ensureracgwof results.
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Identification of anthocyanin genesBecause absence of anthocyanin pigments
in the white flowerss typically caused by disruption of the anthocyanin biosynthetic
pathway, | focused on determining which anthocyanin genes were assodctated w
absence of floral pigments inlacunosa.| first cloned several genes from this pathway.
Partial coding sequences for genes rgdor the anthocyanin enzymesytroflavonol
reductaseB (DFR-B) and talcone synthasb (CHSD) as well as for th@2R3-Myb
anthocyanin transcription factenown to control their expression in the flowers of
Ipomoea(FukadaTanaka et al., 1997agaki et al., 1999Morita, Saitoh, Hoshino,
Nitasaka, & lida, 2006were amplified from. lacunosafloral mMRNA of using primers
developed from closely related specie$pmimoea(Table 7). RNA was extracted using
the SIGMA, Spectrum Total RNA extraction kit, and cDNA was produced using
Invitrogen MMLV reverse transcriptase. Each amplified sequence was Blasted against
the National Center of Biotechnology Information protdatabase to confirm that it
showed highest similarity to previously identified anthocyanin genes. Additionally, 345
b.p. of t he R3RBMybdgnerwasgPiCR amplififd out of DNA lof
lacunosausing primers developed fromnil (Table T7).

Quantifying gene expression levels used quantitative regime PCR (qPCR) to
compare relative expression of the anthocyanin genes between species and,among S
individuals. Additionally, ® CR was conducted on 4 purple and 4 whitacunosathat
had beeriield collected from seed and grown in the greenhouse. Flower buds were

collected between-8pm the day before anthesis in an attempt to standardize the
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developmental stage in which the flower tissue was collected. A Olérgrsection of
the inner cortba was flaskfrozen in liquid nitrogen and stored-80°C until RNA wa
extracted as described above.

For gPCR reactions, 300 ng of RNA were
sample. using methods described above. One microliter of cDNA was thein as@l
el SYBR green gPCR reaction. The reaction
gPCR mi x(REF), 0.2 ¢l primers, 0.4 ¢l Ro x
Prism 7000 Sequence Detiea System usinghe following cycling protocol: 94 fot0
minutes, 40 cycles of 94 for 20 seconds, 55 for 30s, and 72 for 45 secof3R Q
primers were designed to yield a product rigda than 200 bp (Table L8Relative
expression of the target gene was calculated using the method developed by Pairson et
2003(Peirson, Butler, & Foster, 20p30ne purple plant was usedths control to
which all other expression levels were compared, and an ANOVA was used to determine
whether there was a significant difference in expression of anthocyanin genes between
purple and white individuals. All ANOVAs were conducted usiMpP®, Version 9. SAS
Institute Inc., Cary, NC, 1982007.

Co-segregation analysesA gene responsible for the color difference between
purple and whiteflowered individuals will cesegregate with flower color i F
individuals. Itherefore examined whethany of the anthocyanigenes had identified
co-segregated wh flower color. Because | wamable to find genetic markers to

differentiate anthocyanin genes from purple and whitcunosal created 3 F
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individuals by crossing whitoweredl. lacunosato its close redtivel. X leucantha
which has purple flowers and scorablkelic differences. Thejfplants produced very
few seeds when allowed to self. Therefore, 44eleds were generated by backcrossing
the R plants to white floweredl lacunosa Additionally, ;e purple flowered fplant
was backcrossed to whitelacunosaand 12 Bplants were created.

DNA was extracted from the three paremta{ leucanthaandl. lacunosa as well
as from 3 krand their Fand F backcrossed progeny using a CTAB protq@yle &
Doyle, 198). Genetic markers were found to differentiate the parentals in the first intron
regionofDFR-Bas wel |l as t he RZRBMyW TBRthDFBR-Ban@®R2R30f t he
Myb were amplified fom the F; progeny using PCR, and the products were genotyped by
restriction enzymerdgment analyses (Table)19

Allele-specific expressionThe above analyses revealed thatRRR3Myb gene
is downregulated in whitdlowered individuals. To determinkthis downregulation
was due to a&is- or atransregulatory change, | used quantified aHsfeecific expression
levels in heterozygote§\(ittkopp et al., 2004 The alleles are differentiated ByG/T
polymorphism in the third exon of tlyene (Figur®). DNA was extracted and cDNA
was generated using methods described above. PCR amplification was performed by
pyrosequencing on four cDNA and four genomic DNA replicates for each of three F
individual as well as netemplate and on-sequencing primer control$yrosequencing

reactions used PyroMARKTMQ961D (Qiagd®hmadian et al., 200Wittkopp,
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Haerum, & Clark, 2004 The DNA analysis provides a control foherent differences
in production of the two alleles by PCR.

Allele expression has been shown to be directly correlated to the peak sequencing
height generated in a pyrosequencing readiéittkopp et al., 200¢ An ANOVA was
used to detect if the purple and white allele shovigrifscantly different proportional
expression of the two alleles in cDNA and genomic DNA.

Flower color censusin the fall 2010, a large population census was conducted of
l. cordatotrilobaand I. lacunosaDuring the census flower color frequency wasta&n
50 populations of. cordatotrilobagrowing in both NC and SC and 43 populations of
lacunosan NC (Appendix B. To measure the flower color frequency in a population,
two transects were taken. Plants were sampled at 2 m intervals along $remsesure
that different individuals were scored. When flower color was fixed in the population, as
determined by an initial visual ipsction, Iscored 100 flowers. However, when there
was obvious variation in flower color in a population, 200 flowesse scored.

Frequency of flower color versus neutral genetic lecTo determine whether
divergence in flower color betweénlacunosaandl. cordatotrilobais consistat with
neutral expectations,conducted a bootstrap analysis to compare gene freguen
differences between the two species at the flesodor locus with differences in
frequencies at the microsatellite loci. Becaugectnsus data did not permit toe
determine whether purplowered individuals are homozygous or heterozygous, |

estimated gene frequency in two ways. First, | assumed that there were no heterozygotes
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and that all purple individuals were therefore homozygous (Method 1). The frequency of
the white allele in this case is estimated as the frequency of white individaals in
population. Alternatively, Assumed that genotype frequencies at the flmokr locus

are in HardyWeinberg equilibrium (Method 2). In this case, the frequency of the white
allele is estimated as the square root of the proportion of fiwtered ndividuals.

These two cases represent extreme possibilities that bracket the true proportions of
heterozygotes in the population.

For the bootstrap analysis, | first generated for the microsatellite markers a
distribution of betweeispecies average diffemce in allele frequency, where the average
was taken over loci. Each bootstrap sample was obtained in the following way: first
populations were randomly sampled with replacement within a species. Within each
sampled population, individuals were chosamdomly with replacement. Once the
sample had been reconstituted in this way, loci were randomly sampled with replacement.
Average difference in allele frequency was then calculated as follows: first the population
gene frequencies were calculated fackelocus. These were then averaged to obtain an
average frequency of each locus in each species. The absolute values of the differences
in frequency between species were then calculated for each locus, and these were
averaged over loci to obtain a finadlue.

Bootstrap samples for allele frequencies at the flesodor locus were calculated
in similar fashion. btarted with a data set that contained either 100 or 200 individuals in

each population, depending on the number of individuals sampled.tygesdor these

73



individuals were assigned based on the censused frequency of white alleles using either
Method 1 or Method 2 (see above). For each bootstrap sample, populations were
randomly sampled with replacement within species, and individuals wereahdomly

sampled with replacement for each sampled population. Population gene frequencies
were averaged for each species and the difference in gene frequency between species was
calculated as the difference population averages. One thousand baasies were

used in the analysis.

Test for selectivevgeep To test for a selective sweep, | compared the genetic
diversity of theR2R3Myb gene in the two species. | performed a similar analysis on the
anthocyanin genBFR-B as a control to determinehather any reduction in diversity in
l. lacunosacould be the result of a genetic bottleneck. | sampled a single copy of these
genes from 20 white flowerddlacunosaand 15 purple flowered cordatotrilobg each
from a different population in NC and SCsequenced 974 b.p. of each copy of the
R2R3Mybgene. The sequenced region spanned from the second exon to 345 bp
downstream of the stop codon. EJfR-B | sequenced a 655 bp region that included
parts of exons 1 and 2 and the enfirst intron(Table 2. Both genes were direct
sequenced in the forward and reverse direction. For quality control, individuals with
singleton variants were sequenced at least twice. Chromatograms of each sequence were
visual inspected and consensus sequences waegaled. The number of haplotypes

was determined by visual inspection of the data.
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To determine whether there was a reduction in diversitylatunosa |
compared the Shannaiiener (SW) diversity index of the haplotypes between species.
Historically, the SW index has been used to test diversity within and between species
(Hutcheso, 1970Shannon, 1948 The SW diversity index is useful because it reflects
both the number of haplotypes as well as their relative frequenaised lgackknife
procedurgCohen, 1969Gray & Schuncany, 1972vith 10,000 iterations to test the
hypothesis that the amount of genetic variation oRBB3Myb as well adDFR-B is
staistically different for individuals of. cordatotriloba andl. lacunosa. The means
calculated by the jackknife procedure argnagtotically normal, allowing mé& perform
a standard-test to determine if the parameter estimates are significantlyafifférom

each othe(Gray & Schuncany, 1972

3.3Results

HPLC- While the anhocyandins cyanidin and peonidin are abundant and trace
amounts of pelargonidin can be found in pufideveredI. lacunosaandl.
cordatotrilobaindividuals, they were not detectable in white flowered individuals of
lacunosaconfirming that white flowes result from a lack of anthganin production
(Table 2). Interestingly, anthocyandins were produced in the stem of white flowered
lacunosaindicating that the anthocyanin genes are functional in the plant.

Flower color genetics Crosses between e and purple flowered lacunosa
from a population in NC indicate that flower color is controlled at two loci with major

effects that interact epistatically. Three phenotypes were evident in phegeny
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scored: (i) individuals with purple pigmenthoth the throat and corolla limb; (ii)
individuals with white corolla limbsvith rays of purpleand purple throats; and (iii)
individuals with white throats and little or no pigment in the corollas. Out of 732 S
progeny created from ten purple and whisegmtal crosses, 530 individuals had a purple
throat, while 202 had a white throat. These numbers are consistent with the hypothesis
that pigmentation in the throat bflacunosais controlled by a single dominant
Mendelian locus, as indicated by lackdaviation from the expected 3:1 ratio of purple
to white (pooled Gralue=2.57, df=1, p=0.11). téntatively designate this locédsl1l
(Anthocyaninless)1l

The gene controlling the corolla limb color acts epistatically with the gene
controlling the throaof the flower. If the throat is white, then there is little pigment in
the limb, and the effect of the locus on limb pigmentation is too small to be quantified.
On the other hand, if the throat is purple, then anthocyanins controlled by the gene in the
outer petal can be assessed. Results from the puladeinosandividuals scored
revealed 22 with light 54 with mediurmm, and 27 with darpurple limbs, indicating that
anthocyanins in the outer petal are likely controlled by-daminant Mendelianocus
with a 1:2:1 ratio of light medium, and darkpurple flower colors, respectively (pooled
G-value=0.74, d.f.=2, p=0.69). An additional 30ilglividuals were scored for other
purposes, and their flower color was consistent with expectations ohghe lscus

model (Table 2R | designate this locusnl2 (Anthocyaninless)2 The remainder of this
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study focuses on the gene controlling throat comil), since the white genotype at this
locus lacks pigment throughout the flower.

Geneexpression legel differences| first examined expression levels of
anthocyanin genes in the flowers of fi@dllectedl. lacunosandividuals. QPCR
results revealed th&HSD is almost 10€fold downregulated (ANOVA, k¢=93.80,
p=0.0002) andFR-B is more than 1@ fold downregulated (ANOVA F=39.63,
p=0.0015) in the throats of whiteompared to purpiflowered individuals (Figure 20
This coordinate down regulation suggests that the white phenotype is due to a genetic
change in one of the transcription fast that regulates these anthcyanin genes.
Additionally, QPCR showed that tHR2R3Myb is also dowrregulated 100fold
(ANOVA, F;6=533.95, p<0.0001) in white compared to purple field collected plants
(Figure 10. White S individuals, created from agriginal purple X white cross, show
significant down regulation in all three genes compared to purple individCidiS D
ANOVA, F;6=52.14, p=0.000MFR-B ANOVA, F; ¢=554.28, p<0.0001R2R3Myb
ANOVA, F;6=31.44, p=0.0025) (Figure L0Since the whitelenotype appears to be
controlled by a single locus, thesesmgregation results suggest that down regulation of
theR2R3Myb s the cause of white flower colarlacunosa although it is possible that a
substitution in an upstream regulatolR#¥R3Myb could responsible.

Co-segregation analyse<o-segregation analysis supports the conclusion that
theR2ZR3Myb corresponds ténll. | scoreddl B, offspring generated from

backcrossing 1. X leucanthaX I. lacunosa individuals to whitd. lacunosa Among
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these offspring, variation at tiMyb gene exhibited perfect association with variation in
flower color (Families 43) (Table 3). Furthermore, the same association was found in
12 F; offspring generated from a purple lfackcrossed to white lacunosa(Family 4).
By contrast, variation iDFR-B did not cesegregate with flower color (Tabl&)2
Family 4 was not included in tH2FR-B analysis because it did not contain an
informative marker in the gene when backcrossed to wHaeunosa Theseresults are
consistent with the hypothesis thatisregulatory change in thdyb gene results in its
own downregulation, as well as that of the two enzyooeling genes.
Allele-specific expression To further test this hypothesisysed allelespecific
expression. If down regulation of tMyb gene is due to @is-regulatory change, then in
heterozygotes the fAwhiteo allele should be
Apur pl eo al | e ltrensactin@Brggulatavyristrasporssible, thibeftwo a
alleles should be expressed at approximately the samd\Wittdopp et al., 2004
Allele-specific expression results obtained by pyrosequencing indicate that the down
regulation of thdR2R3Myb in white flowers is due to &is change (Figure J1 In F,
individuals created from a cross between wHitgvered|. lacunosaand purpleflowered
. Xleucantha t he HApurpled allele is expressed at
than thelfewhititewdo adlll ¢ hree replicates, the
90% of the transcripts. By contrast, the two alleles are expressed approximately equally
in the genomic DNA control. This difference between cDNA and gDNA is highly

significant for eah replicate: (Family 1 (ANOVA, +=443.36, p<0.0001); Family 2
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(F1,6=39.60, p=0.0007); Family 3(ANOVA,1=219.02, p<0.0001))This increased
expression of the purple allele iniRdividuals indicates that the expression difference in
Myb betwea white- and purpleflowered individuals due to @s-regulatory change.

Test for neutral divergence in flower colerAs expected, the average frequency
of the white allele afnll, as reflected by the frequency of whilewered individuals,
differs betweenl. lacunosaandl. cordatotriloba The average frequency fodacunosa
was 0.98+0.004 (number of populations = 43), while thak foordatotrilobawas of
0.21+0.02 (number of populations = 50)his difference of 0.77 is highly significant
(ANOVA F1,91=164.29, p<0.0001)I demonstrateth chapter thatl. lacunosaandl.
cordatotrilobaare not significantly differentiated at four microsatellite loci. Averaged
over populations and loci, the average difference in allele frequency between gf@acies
0.14, much smaller than the differenceAmi1. To determine whether this difference
was statistically significant, | conducted a bootstrap analysis to generate a distribution of
likely values for allele frequency differences. This analysis uselisesaf the
populations from the census becaubad microsatellite data from onlyl 8acunosaand
7 1. cordatotrilobapopulations (Table 24-igure 12 Nevertheless, these populations are
representative of the large sample of census populationgépreincy of white flowers:
The mean frequencies of white flowers FolacunosaandlI. cordatotriloba respectively
were 0.981 and 0.135, which do not differ significantly from the proportions for samples
not used (ANOVA on arcsin(squareot)transformediata,  45=0.33, P=0.57 and;f;

=0.19, P =0.67) fok. cordatotrilobaandl. lacunosa respectively).
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Regardless of whether | used Method 1 or Method 2 to estimdieallele
frequencies, the bootstrap analysis gave ov@rlapping distributions famicrosatellite
frequencies andnll frequency differencelsetween the two species (bBig 13. With
Method 1, there was an overlap of one out of 1000 values, indicating that the two
distributions differ at a significance level of P=0.001. With Methath&,e was no
overlap, indicating that the two distributions differ at a significance level of P<0.001. It
thus seems that the magnitude of divergenéeHtis not consistent with neutral
divergence.

Molecular signature of selection To test whether #1lR2R3Mybin I. lacunosa
exhibits a signature of a selective sweep, | compared the haplotype diversity of this gene
in I. lacunosaandl. cordatotriloba. In a sample of 20 alleles fromlacunosathere was
only one haplotype. By contrastcordatotiloba exhibited substantially greater
diversity: in a sample of 15 alleles, there were four haplotypes, three of which occurred at
similar frequencies, with the fourth repeated by a single copy (Table)25The
ShannorWiener haplotype diversities areafid 1.27 fot. lacunosaandl.
cordatotriloba respectively.This difference in haplotype diversity is highly significant
(P <0.001), as judged by #etst based on jackknifing the data. This pattern is consistent
with the recent occurrence of a séiee sweep of the white allele Inlacunosa.

An alternative explanation of this pattern is thaacunosahas recently
undergone a population bottleneck that greatly redgeedtic diversity at all locilo

assess this possibility, | performed a san#nalysis on haplotype diversity of thER-B
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gene. The SW index was slightly lower fok. lacunosa(1.03vs 1.44 forl.
cordatotrilobg), but this difference was not significant (P = .07). It thus appears that a
severe bottleneck is unlikely andatitheMyb gene likely underwent a recent selective

sweep.

3.4 Discussion

The objective of this investigation was to determine whether evolutionary loss of
pigmentation inpomoea lacunoswas a result of natural selection or genetic drift.
There are cogs reasons for believing either possibility might have occurred. Selection
for reduced selfing magromotethe evolution of white flowers to reduce pollinator
visitation and thereby increase selfing rate. Alternatively, the evolution of high rates by
other means (e.g. decreased antgtegma separation) would likely have freed it plants
from dependence on pollinator visitation. With no need to maintain floral pigmentation
to attract pollinators, there may have been no purifying selection to eliminagansit
that cause loss of pigmentation. In the absence of such purifying selection, if there is
little cost to pigment production, such a mutation could fix by drift alone. On the other
hand, it is easy to imagine that floral pigment production coultbbgly. If so, once
freed of purifying selection, the costs could have led to selective elimination of
pigmentation.

Two lines of evidence indicate that selection drove the near fixation of pigment
loss inl. lacunosa. First, genetic differentiation begenl. lacunosaandl.

cordatotrilobaat theAnl1locus is substantially and significantly greater than genetic
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differentiation at presumably neutral microsatellite loci. Fixation of white flowdrs in
lacunosathus appears inconsistent with neutral dijgmce. Second, tiR2R2Myb locus
corresponding té\nl1 exhibits a signature of a recent selective sweep. In a sample of 20
individuals from throughout the rangelofacunosal detected no sequence variation in
this gene, whereaddund substantialidersity inl. cordatotriloba. While this reduction

in diversity could be due to a recent severe bottleneck, this possibility seems unlikely
because diversity is not significantly reduced at a second ID&uS,

Sel ective fi xat iaAnllsudgests tha thédrenntay tesome al | el
cost associated with producing floral pigments. A recent survey of the fitness of different
genotypes in populations or species that are polymorphic for floral pigmentation indicates
that in most cases, any pleiqtio effects favor the pigmented genotypes, suggesting
absence of cos{Strauss & Whittal, 2006 However, there atavo examples in which
the lossof-pigment genotype is advantageous Lilmanthus parryagunder wet
conditions, absence of floral pigments is favored by sele(Bohemske &

Bierzychudek, 2001 And inClaytonia virginicapigmented genotypes experience
substantially more leaf herbivory than genotypes without floral pign{Ergs, 2004.
Although I have no information on the source of cosis licunosathey are unlikely to
arise because of pleiotropic effects that occur infitamal tissues. In other species of
Ipomoeathe expression of the gene orthologous toRBR3Myb gene identified in this
investigation is limited to floral tissu®lorita et al., 2008 This appears to be truelin

lacunosaas well, since vegetative tissues produce anthocyanins. Because down
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regulation is confined to floral tissue, pleiotropfteets that would give rise to costs are
likely confined to floral tissue as well. Without further research, however, the exact
nature of these effects remains unknown. Should such research fail to detect costs of
pigment production, a likely alternatiugerpretation would be that white flowers were
favored because they directly increased selfing rate by reducing pollinator visitation, an
hypothesis that is open to experimental testing.

An additional possible source of selection for white flowers ifoetement, in
which flower color change reduces gene exchange between two species that produce unfit
hybrids(Hopkins & Rausher, 2032 While | cannot rule out this explanation, | believe it
unlikely for two regons. One is that the high selfing raté. ¢hcunosaalready limits
gene exchange from othgroomoeaspecies. The second is that its geographic
distribution overlaps only minimally with other related specielpoimoeain the Batatus
section with whichhybrid offspring can be produced. While reinforcing selection might
operate wheré lacunosacomes into contact with these species, it would presumably not
cause the allele for white flowers to spread throughout the majority of this species range
whereit does not contact these species.

Parallel genetic evolution A question of current interest in evolutionary biology
is the extent to which parallel phenotypic evolution is caused by parallel genetic or
developmental evolution. Previous investigatiohthe evolutionary loss of floral
pigmentation have revealed a remarkable degree of genetic parallelism: in all cases that

have been examined, pigment loss has been caused by substitutions R2fRMyb
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genegqStreisfeld & Rausher, 2010 This genetic parallelism presumably has occurred
because, compared to other genes at whichdbfsction mutations can produce white
flowers, inactivéion of the floralMybsincurs relatively little deleterious pleiotropy
because their normal expression domain is confined to fld\B&esisfet & Rausher,

2010. My results reinforce this pattern. In addition, they provide the first demonstration
that evolutionary loss of floral pigments occurred by a regulatory mutation kdyihe

gene. By contrast, iRetunia axillaris lack of pigmentatin is due to a a lossf-function
mutation to the coding regiq®uattrocchio et al., 1999 In Antirrhinum majus

reduction in anthocyanin pigmentation is associated with both a coetingn knockout

and down regulation, but it is not possible to determine which was tisalazhange and
which followed after white flowers had evolvé8chwinn et al., 2006In the case of.
lacunosa | could detect no coding sequence differences betWwéamtunosaandl.
cordabtriloba copies of theMyb, ruling out codingsequence change as a possibility.
Instead, theis-regulatory change causing down regulatioh lacunosais clearly

causal. These results thus indicate baik-regulatory and codingegion changes can

calse parallel evolutionary change because they have equivalent effects: both eliminate
activation of the anthocyanin biosynthetic pathway in flowers but not in other tissues.
There is thus not strict parallelism at the genetic level (i.e. the same mutati@ven

the same type of mutation, does not cause a similar phenotypic change), but at the
developmental level: inactivation of the pigment pathway. A similar pattern has been

found for evolutionary shifts from blue to red flowers, where inactivatigratiiway
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branching enzymes causes a change in the type of anthocyanin produced, but this
inactivation can be achieved by lessfunction codingregion mutations, substitutions in
cis-regulatory regions of the genes coding for these enzymes, or subssitatio
transcription factors that activate th¢bes Marais & Rausher, 2018mith & Rausher,

201]). Thus for different types of change in floral color, constraints giving rise to

parallel phenotypic evolution appear to operate largely at the developmental level rather

than at the genetic level.
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A) I. lacunosa B) I. cordatotriloba

Figure8: A) I. lacunosaB) I. cordatotriloba
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TCAACTCCAAGCATCGCAGTC (forward primer)
5'TCAACTGCAAGCATCGCAGTCGGAAKCAACGCCGCCGCCGGACTTGCTAATGGTAAATAATGTCCAACAAAATAATAACTCAATCGCGACTAATTTGCCATS

JAGTTGAGGTTCGTAGCGTCAGCCTTMGTTGCGGCGGCEGCCTGAACGATTACCATTTATTACAGGTTG TTTTATTATTGAGTTAGCGCTGATTAAACGGTAY
T TGCGGCGGCGGCCTG (reverse sequencing primer) GAGTTAGCGCTGATTAAACGGTA *

(biotinylated reverse primer)

SNP

Figure9: Pyrosequencing design.
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FigurelO: Q-PCR results.

Field individuals CHSD ANOVA, F; =93.80, p=0.0002DFR-B ANOVA F; ¢=39.63,
p=0.0015; R2R3Myb ANOVA, F; ¢=533.95, p<0.0001)); Shdividuals CHSD
ANOVA, F1 &=52.14, p=0.000FR-B ANOVA, F; ¢=554.28, p<0.0001R2R3Myb
ANOVA, F; =31.44, p=0.0025)
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Allelic Expression
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Family 1 Family 1 Family 2 Family 2 Family 3 Family 3
(cDNA) (gDNA) (cDNA) (gDNA) (cDNA) (gDNA)

Figurell R2R3Myb pyrosequencing results

Family 1 (ANOVA, F =443.36, p<0.0001); Family 2 {=39.60, p=0.0007); Family
3(ANOVA, F;=219.02, p<0.0001).
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Figurel2: Variation in allele frequencies across 15 populations.

Population-7 containl. cordatotriloba and 815 contan |. lacunosaindividuals.

90



Figurel3: Gene and flower color frequency difference betwleéarunosaandl.
cordatotriloba.

A) Analysis method 1 B) Analysis method 2. Average gene frequency difference across
microsatelite loci 0.14 + X (black). Average gene frequency difference of flower color
loci using method 1) 0.85 + X and method 2) 0.88 + X (gray).
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