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ABSTRACT

Angiosperm leaves are extremely variable in form while predominantly
maintaining the function of the primary photosynthetic organ of the plant.
Changes in leaf form can result from myriad physiological processes which may
be influenced by ecology, physical stimuli, phylogeny, or other factors. In
studying the development of divergent leaf forms among closely related species,
conserved morphological elements may be identified that are not apparent in the
mature form. The genus Ipomoea (Convolvulaceae) contains over 600 species and
a wide range in leaf shapes. Five species, I. purpurea, I. coccinea, 1. sloteri, I.
quamoclit, and I. cairica show a range in leaf forms from simple to highly
dissected. Leaf development was tracked from initiation to maturity in order to
identify how developmental trajectories diverge and what is conserved across
species. Cleared leaf samples were analyzed and evidence was found supporting
the homology between major vein patterns across species. Using these
homologous veins, landmarks were established for morphometric analysis. A
Generalized Procrustes Analysis was used on landmark coordinates and
suggests, through Principal Components Analysis, that the shape described by
major venation is conserved across these species despite major divergences in

blade form.
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CHAPTER 1
INTRODUCTION

Angiosperm leaves show a remarkable diversity in form, despite sharing
the function of the primary photosynthetic organ. Due to the plasticity of leaf
shape in response to numerous genetic and environmental effects, wide ranges in
leaf form may be seen within closely related taxa, across populations, and even
in the heteroblasty of individual plants. Many current studies have focused
either on across-population variation in model species or on widely ranging taxa
across angiosperms (Bharathan et al. 2002; Geeta et al. 2012; Kim, McCormick, et
al. 2003; Klingenberg et al. 2012; Perez-Perez et al. 2011). There have been few,
however, that have investigated the development of highly divergent leaf shapes
between closely related species (Barth et al. 2009; Gleissberg 2004; Gleissberg
1998; Gleissberg and Kadereit 1999; Groot et al. 2005; Nicotra et al. 2011). The
expression patterns and dramatic influences of the major determinants of leaf
shape have been uncovered, including KNOTTED1-like HOMEOBOX (KNOX1)
genes, PINFORMED1 (PIN1) (auxin) genes, CUP-SHAPED COTYLEDONS (CUC)
genes, as well as the HD-ZIP III gene family: KANADI, YABBY, PHANTASTICA
(PHAN) and orthologous genes (Bilsborough et al. 2011; Bowman 2000; Canales

et al. 2010; Champagne and Sinha 2004; Emery et al. 2003; Eshed et al. 2004; Hay



and Tsiantis 2010; Ilegems et al. 2010; Kim, McCormick, et al. 2003; McConnell
2001; Piazza et al. 2010; Siegfried et al. 1999; Tsukaya 2005; Vlad et al. 2014;
Waites and Hudson 1995; Waites et al. 1998). Independent aspects of mature
form, though, can conceivably be determined by more subtly expressed factors,
like MIR164a, an indirectly induced miRNA which affects levels of CUC
expression (Hasson et al. 2011; Nikovics et al. 2006; Peaucelle et al. 2007; Spinelli
et al. 2011). Also, selective forces likely act on one or more of these determinants
independently, rather than on all the processes that determine leaf shape as a
whole (Jones et al. 2009). Alternatively, aspects of final leaf form can be the
result of pleiotropy, as is the case in tomato and Alstroemeria psittacina Lehm., in
both of which it was found that inherent left-right asymmetry in the leaf was a
remnant of the auxin transport pattern in the meristem and young shoot that
produced the spiral phyllotaxis (Chitwood, Headland, Ranjan, et al. 2012;
Chitwood, Naylor, et al. 2012). Comparing the divergent morphological
development among closely related species may point to conserved structural
patterns that reflect the common ancestry of the group. Furthermore,
determining when and how developmental plans diverge will shed light on

differing patterns of gene expression, which will help to build a foundation for



future studies focused on elucidating how spatiotemporal changes in
developmental regulatory processes have changed over evolutionary time.

The development of leaf form begins, as with all lateral organs, from the
shoot apical meristem (SAM), a dome-shaped region of pluripotent cells which
generates the entire above-ground biomass of the plant. For the duration of
vegetative growth, the SAM retains indeterminacy and exhibits rapid cell
division as lateral organs arise as primordia from the flanks of the SAM. Leaf
initiation occurs this way as initial cells are designated within the SAM flank and
subsequently divide outward to form a rounded protrusion, the leaf
primordium. The identity of the leaf primordium, along with maintenance of
indeterminacy in the rest of the SAM is largely mediated by changes in the
expression of KNOTTED1-like HOMEOBOX (KNOX) genes (Champagne and
Sinha 2004; Efroni et al. 2010; Hay and Tsiantis 2010; Jackson et al. 1994;
Kerstetter et al. 1997; Long, Moan et al. 1996; Sinha et al. 1993; Smith et al. 1992;
Vollbrecht et al. 1990), as well as directed transport and response to the
phytohormone auxin (Fleming et al. 1993; Koenig et al. 2009; Kuhlemeier et al.
1993; Mattsson et al. 2003; Nakayama and Kuhlemeier 2009; Reinhardt et al. 2000;
Stieger et al. 2002). In the angiosperm lineage, members of the KNOX family are

required for maintenance of SAM indeterminacy, with leaf primordium initiation



at the SAM flank involving a characteristic decrease in KNOX expression (Hay
and Tsiantis 2010; Janssen, Lund, and Sinha 1998; Jasinski et al. 2007; Long,
McConnell, et al. 1996; Ori et al. 2000; Sousa-Baena et al. 2014). This designation
of leaf cell initials is simultaneously correlated with a convergence of auxin flow,
directed by the polar expression of the auxin efflux carrier PIN1 (Bayer et al.
2009; Benkova et al. 2003; Chen et al. 2013; Galweiler et al. 1998; Hay and Tsiantis
2010; Koenig et al. 2009; Kuhlemeier and Reinhardt 2001). This function is
exemplified in Arabidopsis, in which pinl mutants fail to initiate lateral organs
(Hay and Tsiantis 2010; Kuhlemeier and Reinhardt 2001; Reinhardt et al. 2003;
Reinhardt et al. 2000), and in maize, in which apices grown in the presence of an
auxin transport inhibitor exhibit the same phenotype (Scanlon 2003, Tsiantis et
al. 1999). In most simple-leaf taxa studied, including Arabidopsis, maize, tobacco,
and snapdragon, KNOX expression is down-regulated for the duration of leaf
development (Champagne and Sinha 2004; Hay and Tsiantis 2009; Kim, Yuan,
and Jackson 2003; Koltai and Bird 2000; McHale and Koning 2004; Scanlon 2000;
Zoulias et al. 2012). In most compound leaves as well as some lobed and
serrated leaves, however, expression reappears in leaf primordia and is
necessary for the development of leaflets and lobing (Bharathan et al. 2002;

Burko and Ori 2013; David-Schwartz et al. 2009; Kim, Pham, et al. 2003; Shani et



al. 2009). The re-expression of KNOX creates a state of transient indeterminacy
in the primordium, which allows for the elaboration of marginal outgrowths
(Barth et al. 2009; Groot et al. 2005; Hagemann and Gleissberg 1996). Exceptions
to this have been described in pea (Champagne et al. 2007) where KNOX
function is replaced by UNIFOLATA (DeMason and Chawla 2004; DeMason and
Chetty 2011; Gourlay et al. 2000; Hofer et al. 1997), and in the palm Chamaedorea
elegans Mart., where compounding is achieved through the mechanical
separation of plications during secondary morphogenesis (Kaplan et al. 1982;
Nowak et al. 2011). The presence or absence of marginal outgrowths in the
primordium is also affected by patterns of auxin accumulation (Ben-Gera et al.
2012; Ben-Gera and Ori 2012; Berger et al. 2009, Bilsborough et al. 2011; David-
Schwartz et al. 2009; Koenig et al. 2009). These marginal outgrowths result from
the formation of auxin maxima along the margin, similar to that which initiates
the primordium itself from the SAM, while simple leaves show relatively
uniform concentrations of auxin along the margin (Ben-Gera et al. 2012; Hay et
al. 2006; Koenig et al. 2009). The degree to which auxin transport and KNOX
expression affect one another during leaf development has been investigated in
Arabidopsis (Burko and Ori 2013; David-Schwartz et al. 2009; Hay et al. 2006;

Perez-Perez et al. 2011; Scanlon 2003), where it was shown that PIN1-mediated



auxin fluxes are necessary to repress the KNOX gene BREVIPEDICELLUS (BP) at
leaf initiation, and that ectopic KNOX expression in the leaf disrupts PIN1-
directed auxin gradients, resulting in marginal outgrowths (Belles-Boix et al.
2006; Hay et al. 2006; Grigg et al. 2005; Mele et al. 2003; Venglat et al. 2002).

Thus, patterns of KNOX expression and auxin transport are pervasive and
critical in determining leaf initiation, as well as the presence and placement of
marginal outgrowths which will result in lobes and/or leaflets.

In any context with regard to molecular determinants, mature leaf form
must be determined by the presence or absence of primordium outgrowths and
the degree to which the leaf margins remain indeterminate. Closely related
species will presumably share some patterns in leaf development such as
heteroblasty, patterns of leaf marginal outgrowth, or unique genetic pathways.
For example, species in Lepidium show remarkable similarities in leaf form until
late in development, when simple forms diverge from dissected forms via
differential expansion in secondary morphogenesis (Bharathan et al. 2002).
Another example is the genus Ampelopsis, in which divergent forms are apparent
early in development, but similar patterns of repeated acropetal initiation of
outgrowths, points to likely homologies in the leaf developmental plan,

reflecting the recent common ancestry of the clade (Jones et al. 2013). A unique



genetic pathway involving members of FLORICULA/LEAFY (FLO/LFY), which
function in floral meristem maintenance, controls compound leaf development in
a large subclade of the Fabaceae (Champagne et al. 2007), but has not been found
elsewhere in the angiosperms with similar function. Common developmental
patterns are often found across closely related species, and this is combined with
the possibility for individual aspects of leaf form to evolve at different rates
(Jones et al. 2009, Spinelli et al. 2011) in response to myriad environmental factors
(Chitwood, Headland, Filiault, et al. 2012). This allows the homology of
anatomical, morphological, and genetic factors in development to be investigated
in the context of wide ranging morphologies across a clade with many possible
causes for the variation.

Leaf vein differentiation is another integral part of establishing mature
leaf form. Venation must coincide closely with the specific developing leaf form
to ensure optimal transport of solutes and photosynthetic products. Angiosperm
leaves have adopted a reticulate vein pattern, formed hierarchically, in order to
facilitate this transport by maximizing the vein density relative to laminar tissue
(Dengler and Kang 2001; Kang and Dengler 2005; Nelson and Dengler 1997;
Nicotra et al. 2011; McKown et al. 2010; Sack and Scoffoni 2013; Scoffoni et al.

2011). Like primordium outgrowths and the initiation of the primordium itself,



vein differentiation follows patterns of auxin transport (Dengler and Kang 2001;
Kang and Dengler 2002; Kang and Dengler 2004; Mattsson et al. 2003; Scarpella et
al. 2006; Scarpella et al. 2010). The convergence of auxin flow at the site of
primordium initiation, mediated by polar PIN1 expression, results in a
maximum of auxin concentration at the primordium tip (Bayer et al. 2009;
Koenig et al. 2009; Mattsson et al. 2003; Nakayama and Kuhlemeier 2009;
Reinhardt et al. 2003; Scarpella et al. 2010). The process of acquiring procambial
identity then begins as PIN-1 expression directs auxin transport from the margin
medially and basally (Bilsborough et al. 2011; Garrett et al. 2012; Koenig et al.
2009; Mattsson et al. 2003; Sawchuk et al. 2013; Scarpella et al. 2010; Wenzel et al.
2007). This occurs somewhat diffusely and provides a background from which
preprocambial cell files (precursor cells of procambium) will be selected (Donner
et al. 2010; Donner et al. 2009; Scarpella et al. 2010; Scarpella et al. 2004). The
acquisition of preprocambial identity, defined in Arabidopsis by AtHB-8
(ARABIDOPSIS THALIANA HOMEOBOX GENE-8) expression, progresses
continually either laterally from the midvein or proximally from existing
marginal veins (Baima et al. 2001; Donner et al. 2009; Donner et al. 2010; Gardiner
et al. 2011; Kang and Dengler 2002; Scarpella et al. 2010). With this background

in place, procambial strands often appear simultaneously along their entire



length of the preprocambial strand (Kang and Dengler 2004; Sawchuck et al.
2007; Scarpella et al. 2010; Scarpella et al. 2004), forming loops connecting to
existing strands, tapering and terminating within the blade, or terminating at the
margin (Roth-Nebelsick A 2001). Higher-order connecting veins develop in a
similar fashion as PIN-1 files arise between existing veins, resulting in the dense
reticulate vascular network that is characteristic of angiosperms (Scarpella et al.
2010). Thus, the formation of veins occurs hierarchically in response to polar
auxin transport, an idea supported by observation of leaves grown in the
presence of auxin transport inhibitors, in which vein differentiation is localized
to the leaf tip and margins only (Mattsson et al. 2003; Mattsson et al. 1999;
Wenzel et al. 2007). In this scenario, auxin is prevented from draining towards
pre-existing vasculature through sub-epidermal tissues, effectively inhibiting the
midvein and secondary veins from forming (Mattsson et al. 2003; Mattsson et al.
1999; Wenzel et al. 2007). Unique leaf shapes present across taxa, therefore,
could presumably exhibit unique patterns of auxin transport and accumulation
which result in the varying vein patterns that supply them. Alternatively, likely
homologous elements of vein pattern in divergent forms from closely related

species, like the prominent secondary veins of Ampelopsis cordata Michx. and
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Ampelopsis arborea (L.) Koehne (Jones et al. 2013), could point to conserved
patterns of auxin transport and response within a clade.

The genus Ipomoea, the largest in the Convolvulaceae (morning glory
family), consists of over 600 species with worldwide distribution (Baucom et al.
2011; Miller et al. 2004; Manos et al. 2001), and is placed sister to the Solanaceae
in the Solanales (Stefanovic et al. 2002). Stefanovic et al. (2002) found evidence
for the monophyly of the Convolvulaceae, including Cuscuta, tribe Dichondreae,
and Humbertia. The inclusion of these three groups, as described, into a
monophyletic Convolvulaceae had previously been uncertain (Stefanovic et al.
2002). However, the delimitation of monophyletic groups within the family has
proved difficult, particularly those which correspond to the traditional
description of groups based on morphology (Stefanovic et al. 2002, Manos et al.
2001). Substantive evidence has also been found for the polyphyly of Ipomoea,
with molecular phylogenetic reconstructions failing to separate the group
completely from closely related genera (Manos et al. 2001, Stefanovic et al. 2002).
Despite this uncertainty in convolvulaceous genus-level delimitations, Ipomoea
presents an interesting model for evolutionary study. Baucom et al. (2011) argue
that characteristics of the genus, such as wide ranging ecological situations and

mating systems, the importance of the genus as both a crop and a noxious weed,
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and common growth habit characterized by fast rates of growth and
reproduction, make the genus an optimal model for future genetic and
evolutionary study. Included in the generic morphological diversity is leaf form,
with species exhibiting a wide range from simple and entire to highly dissected
to compound. Furthermore, evidence was found for selection acting on leaf
shape alleles in 1. hederacea, in which distinct shapes are separated by latitude
(Bright and Rausher 2008; Campitelli and Stinchcombe 2013a). Experimentally
applied pressures were unable, however, to produce significant differences in
titness between leaf shapes (Baucom et al. 2011; Campitelli et al. 2013; Campitelli
and Stinchcombe 2013b).

A Generalized Procrustes Analysis (GPA) is normally used on raw shape
data, either 2- or 3-dimensional, in order to remove size and degree of rotation
from consideration so that only differences in shape between samples are being
considered during interpretation. When analyzing leaf shape in this way,
usually either landmarks are assigned to predetermined points on the sample
leaves, the landmark point values being subject to the analysis (Viscosi and
Cardini 2011), or the continuous leaf margin is estimated by tools like elliptic
Fourier descriptors (Chitwood, Headland, Kumar, et al. 2012). Landmark data

were used here to estimate the vein tip positions of the common vein pattern. In
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this type of 2-dimensional shape analysis, coordinate point values are assigned to
each of the chosen landmarks for each sample. In the GPA, shape is normalized
from the raw data by normalizing the centroid size of all samples. Differences
between samples in translation and rotation are minimized by a least-squares
algorithm. The result is a dataset of landmark shapes without size, rotational, or
translational differences that can be analyzed statistically in order to determine
patterns of variation in shape only.

The tool used to analyze Procrustes shape variation here was Principal
Components Analysis (PCA), a statistical analysis used for the interpretation of
high-dimensional data sets. In data sets with increasing number of variables, it
becomes essentially impossible to simply plot variables against each other
graphically. In order to discern which variables, out of many, most affect the
overall variation seen in the dataset, PCA is commonly used. With a dataset in n-
dimensional space, PCA works by projecting orthogonal vectors which span the
variance of the data, the principal components (PCs). The first PC maximizes the
amount of variance that can be explained by a vector and, therefore, explains the
highest percentage of the total variance of all PCs. The second PC maximizes the
percentage of variance that can be explained along a vector that is orthogonal to

the first PC, and therefore explains the second highest percentage of the total
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variance. This continues until the entire variation within the dataset has been
accounted for, resulting in a number of PCs that is less than or (usually) equal to
the number of dimensions. After identifying how many PCs account for a
significant percentage of the total variation, each can be visualized graphically or
otherwise compared to the data so that which variables contribute most to the
variation described along the given PC can be identified. In this way, the
variables which most affect the total variation seen and which are less influential
can be identified in high-dimensional datasets with which direct graphical
representation is not possible.

Given the potential of leaves as a model of variable and dynamic
developmental morphology and related genetics and physiology, we describe
the morphological leaf development of five species within a genus, Ipomoea, that
represent a range of mature leaf shapes. As well resolved and comprehensive
species-level phylogenetic relationships in the genus are lacking, the study group
was selected to represent a range in leaf forms, rather than specific intra-generic
groups. Leaf shapes in the study group include simple and entire (I. purpurea (L.)
Roth), simple with a serrated margin (I. coccinea L.), lobed with increasingly
dissected margins (I. sloteri (House) van Ooststr. and 1. quamoclit L.), and

palmately compound (I. cairica (L.) Sweet). This provides the potential, with
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closely related but morphologically different species, to better understand how
divergent forms are acquired through development and to recognize common
growth patterns that could reflect common ancestry. Despite the range in leaf
forms, all five species exhibit pairs of secondary major veins arising from the
petiole-blade junction. Along with when and how morphologies diverge during
development, a combination of microscopic techniques were used to investigate
the hypothesis that this vein pattern is homologous across these species. The
pattern of vasculature that is understood to be homologous across species was
then used to establish landmarks for morphometric shape analysis. Finally,
landmark point values were used to perform a Generalized Procrustes Analysis
(GPA), followed by a Principal Components Analysis (PCA) to interpret the data
and to extract conclusions about how the shape defined by this common vein

pattern varies, if at all, between species.
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CHAPTER 2

MATERIALS AND METHODS

Plant Material

All plant material was grown from seed under identical conditions, in
Conviron Adaptis A1000 growth chamber (Conviron, Pembina, North Dakota,
USA) at 22°C, 50 percent humidity, and light intensity level 1. Seed coats were
cut at the hilum end and soaked in 10N sulfuric acid for one hour. Seeds were
then rinsed with distilled water and plated on filter paper in petri plates, filled to
half of seed height with distilled water. Plates were covered with aluminum foil
and left at room temperature to germinate. Germinating seeds were checked
daily and sown onto soil at the emergence of the radicle. Seeds were sown into
general purpose potting soil in 2” pots and pots were placed in flats, watered
from the bottom, domed, and placed in the growth chamber. Domes were
removed at the emergence of cotyledons and plants were allowed to grow freely,
watering once every three days with a 1:4 fertilizer:diH,O diluted fertilizer (24-8-

16 N-P-K) solution.

Scanning Electron Microscopy
Scanning electron microscopy was conducted on shoot tips from

approximately 20 individuals for each species. Tissue was fixed in FAA
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(formalin:glacial acetic acid:70% ethanol, 9:1:1) overnight, dehydrated through an
ethanol series, and critical point dried with CO20n a Tousimis Samdri-795
(Tousimis, Rockville, Maryland, USA). Samples were Sputter Coated with a
Cressington 108 Auto Sputter Coater (Watford, England) and viewed at 20 kV
with a Tescan Vega 5136 Scanning Microscope (Cranberry Township,
Pennsylvania, USA). Images were captured digitally using the Vega TC software
(Tescan USA Inc., Cranberry Twp, Pennsylvania, USA).

Light Microscopy

Shoot tips and young leaves of all species were collected and boiled in
70% EtOH until all chlorophyll was removed. Samples were transferred to
saturated chloral hydrate (Sigma, St. Louis, Missouri, USA) and kept at room
temperature, at least overnight, until cleared. Shoot apices and young leaves
were mounted on slides in a 1:1 glycerol:chloral hydrate solution. Fresh material
and material stored in 70%EtOH were also collected for imaging. Images were
viewed on a Zeiss Discovery V.12 SteREO microscope, with images taken on a
Zeiss AxioCam and visualized in ZEN (Carl Zeiss Microlmaging GmbH, USA).
Images were digitally processed in Adobe Photoshop CS5 Extended® (Adobe

Systems Inc., San Jose, California, USA).
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Morphometric Analysis

The fifth leaf along the main stem was selected for morphometric analysis.
Leaves were collected after full expansion, determined by first appearance of
signs of senescence at the leaf tip. Leaf samples were placed on a light table,
adaxial face down, and flattened with a glass pane. Samples were then
photographed by a digital camera mounted at 10 inches above the sample on a
camera mount. Digital leaf images were uploaded into Image]
(imagej.nih.gov/ij/), where landmark plotting was performed. A total of 311 leaf
samples were collected for analysis: 48 for I. purpuea, 46 for I. coccinea, 59 for I.
sloteri, 113 for 1. quamoclit, and 45 for I. cairica.

Six landmarks were chosen based on the two pairs of secondary major
veins common to all species, as well as both ends of the midvein. In species with
dissected leaves (1. sloteri, 1. quamoclit, and I. cairica), landmarks 3-6
corresponding to secondary major veins were placed at vein tips. In species with
simple leaves (I. pupurea and 1. coccinea), vein trajectories were extended from the
petiole-blade junction and landmarks were placed at the intersection of the
extended trajectory and the blade margin. As such, landmark 1 was placed at the
petiole-blade junction, landmark 2 at the tip of the midvein, landmark 3 at the

right proximal secondary vein tip or extended trajectory, landmark 4 at the right
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distal secondary vein tip or extended trajectory, landmark 5 at the left distal
secondary vein tip or extended trajectory, and landmark 6 at the left proximal
secondary vein tip or extended trajectory. Landmarks were plotted onto digital
leaf images in Image] (imagej.nih.gov/ij/), after scaling, and coordinates for each
landmark were recorded.

Raw coordinate landmark values were used for Generalized Procrustes
Analysis (GPA) in R (www.r-project.org). Coordinate values were imported and
the GPA() function, in the ‘shapes’ package in R (www.r-project.org), was used
to run the Generalized Procrustes and subsequent Principal Components

Analysis. Graphical results were obtained using the ‘ggplot2” package.
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CHAPTER 3

RESULTS

Leaf Development

Leaf development in each species was tracked from initiation to maturity
via scanning electron microscopy (SEM) and light microscopy. In each species,
leaves are initiated spirally from the shoot apical meristem (SAM) and are first
evident as rounded primordia. Primordia will be numbered here such that the
youngest primordium visible represents the primordium 1 (P1) stage,
transitioning into the P2 stage when the next primordium becomes visible and is
the new P1.

L. purpurea

The mature leaf shape of I. purpurea is simple and entire, with a cordate
base and acuminate tip (Fig 1A). P1 primordia are first visible as rounded
protrusions from the flank of the SAM (Fig 2A). As the P1 stage progresses into
P2 and P3, the primordium elongates and widens basally (Fig 2A). Also at this
stage, as the primordium elongates, the distal end (leaf tip) begins to re-curve,
effectively preventing direct contact with adjacent primordia (Fig 2A-D). During
late P3 and into P4, trichomes are initiated on both adaxial and abaxial sides of

the primordium (Fig 2A-B). Through successive stages, abaxial trichomes



Figure 1. Mature Leaf Form of Each Species. (A) I. purpurea. (B) I. coccinea. (C) .
sloteri. (D) 1. quamoclit. (E) I. cairica.
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Figure 2. Leaf Development in I. purpurea. (A-D) SEM images of developing
primordia. (A) P1-P3 stages with trichomes visible at P3. (B-D) Successive
primordium stages showing marginal expansion and trichome outgrowth. (E)
Young leaf folded around the apex. (F) Young unfolded leaf. Scale Bars: (A)
100pm. (B-D) 200pum. (E-F) 3mm. Expanding primordia margins (arrowheads).
Trichomes (arrows).
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become denser and quickly elongate so that the entire primordium is soon
encompassed (Fig 2C-D). Simultaneous with this trichome development, blade
expansion becomes apparent as the margins begin to expand along either side of
the SAM (Fig 2B, arrowhead). With the margin remaining entire and bilaterally
folded, growth continues throughout progressive stages to envelope the apex
(Fig 2C-E). The mature leaf form becomes apparent, as the proximal lamina
expands more rapidly and becomes recognizable as the cordate leaf base (Fig 2C,
arrowhead). The young leaf remains folded about the apex until relatively late in
development when the leaf is ~7-8mm (Fig 2E). Complete unfolding occurs
when the leaf is ~9-10mm and moves away from the apex (Fig 2F). The rest of
development is characterized by further expansion, resulting in the mature leaf
form (Fig 1A).
L. coccinea

The mature leaf shape of I. coccinea is simple, with a dentate margin, deeply
cordate base and acuminate tip (Fig 1B). Primordia are initiated as rounded
protrusions from the flank of the SAM (Fig 3A). Through the P2 and P3 stages,
the primordium widens basally and progressively separates from the SAM (Fig

3A-B). Also during this stage, the leaf margins begin expanding along the
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Figure 3. Leaf Development in I. coccinea. (A-D) SEM images depicting early leaf
development. (A) P1 and P2 stages. (B) Early P-stage showing expanding
margins with developing trichomes. (C-D) Later P-stages (~P4-P7) showing
continued leaf elongation and trichome development. (E-H) Young leaf samples
depicting blade expansion and appearance of serrations. Scale Bars: (A-B) 100um.
(©) 200pm. (D) 400pm. (E-F) Imm. (G) 2mm. (H) 4mm. Trichomes (arrowheads).
Marginal teeth (asterisks).
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proximal region of the primordium (Fig 3B). Trichomes are initiated along the
margins beginning in P1 and continuing as the margins begin to flatten and
expand through late P2 and into P3 (Fig 3A-B, arrowheads). As development
continues through successive stages (~P4 — P7), leaf elongation continues along
the proximal-distal axis and primordia begin to re-curve at the distal tip,
effectively avoiding direct contact with adjacent primordia (Fig 3C). Also during
these stages, trichome initiation continues to be localized near the expanding
margins, so that dense trichome cover is soon evident across the expanding
blade, but is almost absent elsewhere on the primordium (Fig 3C-D). Successive
stages are characterized by further blade expansion and elaboration of the
mature leaf form (Fig 3E-G). The marginal serrations present in the mature leaf
are not apparent until relatively late in development when the leaf is ~4-5mm,
after considerable blade expansion but before unfolding (Fig 3F-G, asterisks).
Unfolding of the lamina occurs after the young leaf (~15-20mm) is no longer in
the vicinity of the apex, and expansion continues until mature form is reached
(Fig 1B).
L sloteri

The mature leaf of I. sloteri has a smooth but deeply lobed margin (Fig 1C).

Leaf primordia are initiated as rounded protrusions from the flank of the SAM
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(Fig 4A-B). Through P1 and P2, the primordium quickly assumes an arched
posture over the SAM flank from which it arose (Fig 4A-B). As late P2 transitions
into P3, the base of the primordium progressively separates from the flank of the
SAM, while the primordium continues to elongate along the proximal-distal axis
and bend over the SAM (Fig 4A-B). Starting in late P3 and progressing into P4,
trichomes are initiated along the primordium margins (Fig 4A-B, arrowheads).
Shortly thereafter, marginal lobes are initiated basipetally inside the line of
marginal trichomes and quickly begin to extend (Fig 4C-D, arrows). Trichome
density will remain greatest in areas of lobe outgrowth and lesser in sinuses (Fig
4D-E). By this stage, there are 4-8 lobe pairs and the marginal lobes undergo
extensive elongation (Fig 4E). Also, the distal ends of the primordia remain bent
over the apex so that the distal end of a primordium projects directly over that of
the adjacent younger primordium (Fig 4E). The most proximal lobes, and
therefore the last lobes to develop, are not as deeply dissected as distal lobes (Fig
4G). Lamina expansion proceeds along through successive young leaf stages as
the leaf remains folded (Fig 4E-G). The young leaf begins to unfold when the
leaf is ~5mm (Fig 4H), and becomes completely unfolded as it approaches mature

form (Fig 1C).
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Figure 4. Leaf Development in I. sloteri. (A-E) SEM images depicting early stages
of leaf development. (A-B) P1-P4 stages. (C-D) Initiation and early elongation of
marginal lobes. (E) Later primordium-stages (~P6-P9) showing elongated lobes
and terminal lobe arching over the apex. (F-H) Young leaf samples depicting lobe
elongation and blade expansion. Scale Bars: (A-B) 100um. (C-D) 200um. (E)
500um. (F-G) Imm. Trichomes (arrowheads). Marginal lobes (arrows).
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L. quamoclit

The mature leaf form of I. quamoclit consists of a smooth but deeply
(nearly to the midrib) dissected margin producing very narrow pinnate lobes
(Fig 1D). Leaf primordia are initiated as rounded protrusions from the flank of
the SAM (Fig 5A). Beginning at P4, trichomes are initiated along the primordium
margins (Fig 5A-D, arrowheads). Marginal lobes begin to appear late in
development at approximately P8 (Fig 5C-D, arrows). Marginal trichomes
remain sparse through this period (Fig 5C-D). The full complete set of marginal
lobes are present when the leaves are ~2.5mm (Fig. 5E-G). Successive stages of
leaf development are characterized by extensive outgrowth of the lobes
accompanied by only a small amount of blade expansion on each lobe resulting
in filamentous lobes (Fig 5F-H). The leaf becomes completely unfolded (~12mm)
as it approaches the fully expanded mature form (Fig 1D).

L cairica

The mature leaf form of I. cairica is deeply lobed into five palmate laminar
units with smooth margins (Fig 1E). Although deeply lobed, laminar units are
not completely separate and the leaf is not fully compound. Leaf primordia are
initiated as rounded protrusions from the flank of the SAM (Fig 6A-B). At

primordium 3, the base of the primordium widens as the leaf margins become
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Figure 5. Leaf Development in I. quamoclit. (A-D) SEM images depicting early
stages in leaf development. (A-B) P1-P4 stages. (C-D) Later primordium stages
with marginal lobe initiation. (E-H) Young leaves with the full complement of
marginal lobes. Scale Bars: (A-B) 100. (C-D) 200. (E) Imm. (F) 2mm. (G) 3mm. (H)
4mm. Trichomes (arrowheads). Marginal lobes (arrows).
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Figure 6. Leaf Development in I. cairica. (A-E) SEM images depicting early stages
in leaf development. (A-B) P1-P4 stages. (C-E) Later primordium stages (P3-~P6)
showing the development of the first pair of lateral lobes. (F-G) Young leaves
showing blade expansion and elongating lateral lobe pairs. Scale Bars: (A-D)
100pm. (E) 250um. (F) Imm. (G) 2mm. First marginal lateral lobes (arrows).
Proximal lateral lobes (asterisks).
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distinguishable (Fig 6A-B). Also at this stage, trichomes rapidly appear on both
the adaxial and abaxial side of the primordium (Fig 6A). Marginal expansion
continues and a protrusion begins to form, soon after recognizable as lateral
lobes (Fig 6C-D, arrows). These lateral lobes become easily distinguishable from
the terminal lobe (Fig 6D-F, arrows). Two additional lobes are initiated later in
development proximally to the original pair, and will remain smaller in size than
the first-formed lateral lobe pair (Fig 6F-G, asterisks). All parts of the young leaf
remain folded until relatively late in development (leaf is ~8mm) (Fig 6G) and
unfold when approaching maturity (Fig 1D).

Vein Homology

The comparison of developmental leaf morphology between species
revealed commonalities. Namely, all species exhibited an initial elongation of
the primordium and development of the distal identity of the leaf, followed by
morphological changes along the proximal blade region. This proximal region
corresponds to the broadening of the cordate base in I. purpurea and I. coccinea,
the separation of the leaf margin into deep or filamentous lobes in I. sloteri and 1.
quamoclit, respectively, and complete separations of the blade into leaflets in .
cairica (Fig 1A-E). The mature morphology of each species shows that the

proximal blade regions correspond to the two major vascular strand pairs that
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split at the petiole-blade junction in all species. In the interest of conducting a
morphometric analysis, the homology of these vein pairs was investigated
developmentally and anatomically. The investigation was based on the spatial
relation of differentiating xylem (tracheary elements) of the vein pairs to the
common petiolar vascular arrangement in which a central vascular arc (CA) is
separated from two distinct adaxial bundles (Ad). Since the procambial vein
pattern is predetermined and set in very young leaf primordia, prior to the
tracheary element differentiation, and the fact that a visible marker of
procambium is unavailable in Ipomoea, tracheary element differentiation (as
indicated by lignin deposition) was observed through dark field illumination to
view vascular strands. Differentiation of xylary elements follows that of the
procambial pattern and is therefore a reliable visual marker of the vein pattern in
young developing leaves (Kang and Dengler 2004). Figures 7-11 show cleared
young leaves highlighting xylem strand differentiation through the petiole and
into the blade, as well as a mature petiole transverse section showing the
arrangement of vascular bundles.
L. purpurea

Vascular strand differentiation begins with the midvein (MV) as the

primordium emerges and elongates from the SAM flank (Fig 7A). Asblade
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Figure 7. Vascular Strand Differentiation in I. purpurea. (A-E) Chloral-hydrate
clearings of intermediate leaf stages showing vascular differentiation. (A) Young
leaves surrounding the apex. (B) Young leaf with differentiating V1 and V2
veins. (C) Petiole of young leaf with branching of central arc from the stem
visible, no visible adaxial bundles. (D) Petiole base with adaxial bundles visible.
(E) Same leaf as in (D), with adaxial bundle supplying petiole-blade junction and
a minor marginal vein. (F) Petiole transverse section stained with phloroglucinol.
(G-H) Petiole-blade junction regions of mature leaves, cleared with chloral
hydrate. Adaxial bundles can be traced into V2, while central arc bundles can be
traced into V1. Scale Bars: (A-D,E,G) 500pum (F) 200pum (H) Imm. Marginal minor
vein (arrow). Branch from adaxial bundle (arrowhead).
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expansion progresses, the two pairs of major veins become visible as xylem
differentiation begins at the petiole-blade junction and progresses into the blade.
The first pair to begin differentiation lies distally within the blade (V1), relative
to the next pair to differentiate (V2) (Fig 7A-B). At this stage, multiple bundles of
the central arc (CA) are also apparent (Fig 7B). As the petiole elongates and the
blade continues to expand laterally, differentiation of the adaxial bundles in the
petiole is not yet visible (Fig 7C). Shortly after this stage, the adaxial bundles
become visible, differentiating acropetally within the petiole as these strands are
tirst visible near the stem and differentiate progressively along the length of the
petiole (Fig 7D), reaching the V2 vein pair that is already differentiating (Fig 7E,
arrowhead), and also splitting into the proximal leaf margin (Fig 7E, arrow). As
the leaf reaches full expansion, the arrangement of vascular bundles in the
petiole is apparent, with two adaxial bundles completely spatially separate from
the central arc (Fig 7F). In the mature leaf, tracing these vascular bundles through
the petiole-blade junction and into the blade shows that the adaxial bundles lead
into V2 veins through the petiole-blade junction and the central arc leads into V1

veins through the petiole-blade junction (Fig 7G-H).
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L. coccinea

Vascular strand differentiation begins with the midvein (MV) (Fig 8A)
with the central arc becoming apparent as adjacent strands progressively
differentiate from near the stem into the petiole (Fig 8B). At this stage,
differentiation of blade venation begins, V1 and V2 veins arise within the
proximal region of the blade (Fig 8B). Differentiation for both vein pairs begins
at the petiole-blade junction and progresses laterally into the blade (Fig 8B-C).
The V1 veins differentiate first and will lie distally within the blade relative to
corresponding V2 veins (Fig 8B-C). The adaxial petiole bundles also appear at
this stage, differentiating first near the stem and progressing up the length of the
petiole and into the V2 vein pair (Fig 8C-D). In the mature leaf, the vascular
bundle arrangement in the petiole is apparent in transverse section (Fig 8F). As
these vascular bundles are traced through the petiole and into the blade, it is
apparent that the adaxial bundles lead into V2 veins through the petiole-blade
junction and the central arc bundles lead into V1 veins through the petiole-blade

junction (Fig 8G).
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Figure 8. Vascular Strand Differentiation in I. coccinea. (A-E) Chloral-hydrate
clearings of intermediate leaf stages showing vascular differentiation. (A) Young
leaf stages surrounding the apex. (B) Young leaf with petiole adaxial bundles and
major secondary vein pairs in the blade. (C) Young leaf with petiole adaxial
bundles traceable from the petiole base through prospective V2 veins. (D)
Intermediate leaf with V1 and V2 veins traceable to the central arc and adaxial
bundles, respectively. (E) Petiole base from young leaf in (D) showing the
divergence of the adaxial bundles from the central arc. (F) Transverse section of a
mature petiole stained with phloroglucinol. (G) Petiole-blade junction of mature
leaf cleared in chloral-hydrate. Scale Bars: (A-F) 200pm. (G) Imm.
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L sloteri

Vascular differentiation begins acropetally with the midvein (MV) in
young developing leaf primordia (Fig 9A). Shortly thereafter, the marginal lobes
begin to develop laterally and secondary veins begin to differentiate basipetally
down the leaf primordia (Fig 9A, arrowheads). The most proximal of these
veins, and therefore the last to differentiate, are the V1 and V2 vein pairs, with
differentiation for both beginning at the petiole-blade junction and progressing
laterally towards the leaf margin (Fig 9B). Concurrently, adaxial bundles begin
to differentiate acropetally through the petiole (Fig 9B-D), and along the
prospective V2 veins (Fig 9C,E). At maturity, the adaxial bundles and the central
arc are apparent in petiole transverse section (Fig 9F). As these bundles are
traced into the blade through the petiole-blade junction, it is apparent that
adaxial bundles lead into V2 veins through the petiole-blade junction, and that
central arc bundles lead into V1 veins through the petiole-blade junction (Fig
9G).
L. quamoclit
Vascular strand differentiation begins with the midvein (MV) after considerable
proximal-distal elongation of the primordium (Fig 10A). Simultaneous with

midvein differentiation is the basipetal initiation of marginal lobes
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Figure 9. Vascular Strand Differentiation in I. sloteri. (A-E) Chloral-hydrate
cleared young leaf stages showing vascular differentiation. (A) Young leaf
primordia surrounding the apex. (B-C) Young leaf petiole showing adaxial
bundle differentiation. (D) Petiole base showing spatial separation of adaxial
bundles from central arc. (E) Petiole-blade junction near maturity showing
relation between petiole and blade vasculature. (F) Mature petiole transverse
section stained with phloroglucinol. (G) Petiole-blade junction of mature leaf
cleared in chloral-hydrate. Scale Bars: (A) Imm. (B,F) 200pm. (C-D,F) 500pm.
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Figure 10. Vascular Strand Differentiation in I. guamoclit. (A-F) Chloral-hydrate
cleared young leaf primordia showing vascular strand differentiation. (A) Young
leaf primordia with differentiating midveins. (B) Marginal lobes elongate prior to
secondary veins appearing. (C-D) Secondary veins differentiate in marginal
lobes. (E-F) Differentiation of adaxial bundles along length of the petiole, (E) is
petiole base of same leaf as in (D). (G) Mature petiole transverse section stained
with phloroglucinol. (H) Petiole-blade junction of mature leaf cleared in chloral-
hydrate. Scale Bars: (A,F,H) 500pum. (B-E,G) 200pm. Marginal lobes (arrows).
Marginal vein (asterisk).
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(Fig 10B, arrows). All lobes are initiated and have significantly elongated before
major secondary veins within the lobes have differentiated (Fig 10B-C, arrows).
These, including the two major pairs that arise from the petiole-blade junction
(V1 and V2), differentiate along most of the length of the marginal lobes before
adaxial bundles begin to differentiate in the petiole (Fig 10C-E). Adaxial bundles
rapidly differentiate acropetally along the length of the petiole, and spatial
separation of the adaxial bundles from the central arc is apparent near the petiole
base (Fig 10F). At maturity, the arrangement of adaxial bundles and the central
arc in the petiole is apparent in transverse section (Fig 10G). As these bundles
are traced through the petiole-blade junction and into the blade, it is apparent
that adaxial bundles lead into V2 veins through the petiole-blade junction, and
that central arc bundles lead into V1 veins through the petiole-blade junction (Fig
10H). The adaxial bundles also contribute to minor veins that are present along
the proximal margin of the most proximal lobe (V2 lobe) (Fig 10H, asterisk).
L cairica

Vascular differentiation begins with the midvein (MV) in developing

primordia (Fig 11A). Differentiation of major secondary vascular strands occurs
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Ad~ '
Figure 11. Vascular Strand Differentiation in I. cairica. (A-E) Chloral-hydrate
cleared young stages showing vascular strand differentiation. (A) Young leaves
surrounding apex with midveins. (B) V1 strand is continuous with petiole central
arc. (C) Differentiation of petiole adaxial bundles and V2. (D) Continuity of
adaxial bundles through length of petiole. (E) Spatial separation of adaxial
bundles from central arc at the petiole base. (F) Mature petiole transverse section
stained with phloroglucinol. (G) Petiole-blade junction of mature leaf cleared in
chloral-hydrate. (H) High magnification of petiole-blade junction as shown in
(G). Scale Bars: (A,C-E,H) 500pm. (B,F) 200um. (G) 2mm. Vein discontinuity
(asterisk). Marginal lobes (arrows). Marginal minor veins (arrowheads).
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after considerable elongation of the first and most distal pair of marginal lobes
(Fig 11A, arrows). These secondary veins differentiate discontinuously with the
midvein and petiole vasculature (Fig 11A, asterisk), but reconnect at the petiole-
blade junction and into the central arc (Fig 11A-B). As this distal marginal lobe
pair, containing the V1 veins, continues to elongate, the proximal lobes expand
laterally (Fig 11C, arrow). Simultaneously, the adaxial bundles of the petiole and
V2 veins differentiate along the length of the petiole and into the proximal lobes
(Fig 11C). As the leaf nears maturity, the differentiation of the adaxial bundles
becomes continuous along the length of the petiole (Fig 11D), and is spatially
separated from the central arc near the petiole base (Fig 11E). In the mature leaf,
this arrangement of petiole vasculature is apparent in transverse section (Fig
11F). By tracing these bundles as they differentiate, it is apparent that adaxial
bundles lead into V2 veins through the petiole-blade junction, and that central
arc bundles lead into V1 veins through the petiole-blade junction (Fig 11G-H).
The adaxial bundles also branch into a pair of minor veins that run along the

margins of the most proximal leaf lobe (Fig 11G, arrowheads).
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Common Vein Pattern

Despite the notable differences in mature leaf shape between species, a
common pattern of major vascular strand differentiation in the petiole and blade
is apparent. The pattern of differentiation can be followed as V1 and V2 vein
pairs differentiate laterally into the blade from the petiole-blade junction, where
central arc bundles lead into the midvein, while adaxial bundles in the petiole
differentiate acropetally from the petiole base through to the blade and become
continuous with V2 vascular strands. The arrangement of vascular bundles in
the mature leaf is common across the five species and can be traced from the
stem, through the petiole and into the leaf blade. It begins with the divergence of
the leaf vascular trace from that of the stem vascular bundles and the axillary
(Ax) bud (see Fig 11E). Shortly thereafter, two bundles from the central arc
diverge adaxially and remain spatially separated into the two adaxial bundles
and the central arc, respectively (see Fig 11E). All vascular bundles of the petiole
vasculature contribute to a collection of strands at the petiole-blade junction.
Additionally, the outer strands of the central arc continue into the blade and
form one of the major secondary vein pairs, the V1 veins. The petiole adaxial
bundles also continue to differentiate towards the leaf blade and form the second

major secondary vein pair, the V2 veins. This pattern is consistent across species
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despite the drastic differences in the blade morphology (Fig 7-11), supporting
that two major vein pairs that diverge from the petiole-blade junction are
homologous across species.

Morphological Analysis

Given the support shown for the homology of proximal vein pairs in the
tive Ipomoea species, a morphometric analysis was performed on mature leaf
samples from each. Six landmarks were assigned along the leaf margin

corresponding to the trajectories of the homologous major veins (Fig 12). These

Figure 12. Procrustes Landmarks Plotted on Mature Leaves of Each Species. (A) L.
purpurea. (B) I. coccinea. (C) 1. quamoclit. (D) L. cairica. (E) L. sloteri.
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landmarks represent the midvein and the two major secondary vein pairs (V1
and V2) arising from the petiole-blade junction. In the species with lobed or
dissected leaves, I. sloteri, I. quamoclit, and I. cairica, these major veins all
terminate at the blade margin and thus, landmarks were assigned to these points
(Fig 12 C-E). In the simple-leafed species, I. purpurea and I. coccinea, major
secondary veins form loops with adjacent vascular strands, thus terminating at
points that are neither representative of the original vein trajectory or consistent
with the landmarks assigned to lobed and dissected species. For this reason,
landmarks in simple species corresponding to major secondary veins were
established by extending the initial trajectory of the vein from the petiole-blade
junction through to the margin (Fig 12A-B).

These six landmarks were plotted onto digital images of mature leaves of
each species. A generalized procrustes analysis was performed on the data set,
effectively removing differences in size and rotation between samples. Scaled
and rotated data point sets were plotted for each species, along with density
contours to aid in the visualization of point clusters (Fig 13). Twelve principal
components (PCs) describe the shape variation among the six landmarks used.
Of these, the first six account for 97.8% of the total. Species shape variances are

represented along each of these PCs in tangent morphospace, in which each



Figure 13. Species Landmarks After Scaling and Rotation. (A) I. pupurea. (B) L.
coccinea. (C) I. guamoclit. (D) L. cairica. (E) L sloteri.

point represents the six-landmark shape of an individual leaf sample (Fig 14-19).
Pairwise t-tests were performed so that the mean of every species was compared
to the mean of every other statistically for each PC. In this way, statistical
significance of the separation between species distribution means can be tested
along with a visualization of the distributions. Also shown for each PC are
representative landmark shapes for the mean shape of all samples, and for

extremes (+/- SD) on either side of the mean along the given PC.
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The first PC accounts for 59.6% of the total variance, and therefore more
than the rest of the PCs combined (Fig 14). Only I. cairica and 1. quamoclit were
shown to have significantly different means along PC1 by t-test (p <.05), while
the rest of the pairwise species comparisons fail to separate significantly (Tablel,
Fig 14A). Much of this shape variation, appears to be characterized by shifts in
landmarks 3, 4, 5, and 6 in relation to landmarks 1 and 2 (Fig 14B-D). The
landmarks shift occurs proximally and laterally above the mean (Fig 14B), and
distally and laterally below the mean (Fig 14D). This suggests that in the I. cairica
and . quamoclit leaves sampled, the two pairs of secondary veins in I. cairica
tended to be rotated proximally about their common point of origin, the petiole-
blade junction, relative to their homologues in I. quamoclit. That no other paired
means achieved significant separation also supports that much of the shape
variation described by homologous major veins is conserved.

Further support for significant shape conservation is leant by the second
PC, which accounts for 17.4% of the total shape variation (Fig 15). Along this PC,
the distribution mean of I. cairica is significantly less than that of every other
species (Table 2, Fig 15A), while none of the remaining four species means is
significantly different from any other (Table 2). The shape variation described by

this PC appears to be characterized mostly by medial-lateral shifts in landmarks
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Table 1. P-values from Pairwise t-test of Means Along PC1. Significantly
different distribution means are indicated by p < .05 (asterisk)

cairica coccinea purpurea quamoclit
coccinea .20393 - - -
purpurea 16517 1.00000 - -
quamoclit 00017 * 42820 47527 -
sloteri 06702 1.00000 1.00000 55761




48

A ® B L

14 " i

B L

o o © ™

o o -

. r -

+1 SD -

| - | L1 1 L1
- C o -
{—&: -
PC2 & R
g OO N Oo i
5 R
'L Mean -
.
e [ I I
14

D & B
L i
-1SD B

T T T T T
cairica  coccinea purpurea quamoclit sloteri

Species
Figure 15. PC2 Describing 17.4% of the Total Variation (A) Distributions of
tangent space values along PC2 for each species (B) Landmark shape at one
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shape at one standard deviation below the mean

Table 2. P-values from Pairwise t-test of Means Along PC2. Significantly
different distribution means are indicated by p <.05 (asterisks)

cairica coccinea purpurea quamoclit
coccinea .0064* - - -
purpurea .0016* 1.00000 - -
quamoclit 1.2e-5% 1.00000 1.00000 -
sloteri 8.6e-5* 1.00000 1.00000 1.00000
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3,4, 5, and 6 relative to landmarks 1 and 2. Above the mean, landmarks 4 and 5
shift laterally, and landmarks 3 and 6 shift medially (Fig 15B). Below the mean,
landmarks 4 and 5 shift medially and landmarks 3 and 6 shift laterally (Fig 15D).
This would correspond to a leaf form in which the V1 veins elongate above the
mean and shorten below the mean, relative to V2 veins. The data thus suggests
that in the samples analyzed, the leaves of I. cairica tended to exhibit a ratio of V1
length to V2 length that was less than that of the rest of the species. The rest of
the species pairs did not show significant separation along PC2. As this is also
the case in PC1, combining the first two PCs shows that within the shape
variation that describes 74.3% of the total, I. purpurea, I. coccinea, 1. quamoclit, and
I. sloteri show no significant separation from each other. This supports that much
of the shape described by the homologous vein pattern between these species is
conserved.

The shape variation described by PC3 accounts for 8.8% of the total (Fig
16). All species distribution means show significant separation from one another
by t-test (Table 3, Fig 16A). The shape variation described by this PC includes
left-right asymmetry that will be referred to here as handedness. This involves
the landmarks on one side of landmark 1, being 3 and 4 to the right or 5 and 6 to

the left, shifting distally while the opposite pair shifts proximally (Fig 16B-D).
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Table 3. P-values from Pairwise t-test of Means Along PC3. All differences in
distribution means are significant (p <.05).

cairica coccinea purpurea quamoclit
coccinea <2e-16 - - -
purpurea <2e-16 1.0e-10 - -
quamoclit 2.9e-7 <2e-16 <2e-16 -
sloteri <2e-16 <2e-16 .0081 <2e-16
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Additionally, landmark 2 shifts left or right of the mean toward the distally
shifted pair (Fig 16B-D). This side is the side of handedness. The shift above the
mean along PC3 is towards a left-handed configuration (Fig 16B), while the shift
below the mean is towards a right handed configuration (Fig 16D).
Simultaneous with shifts in handedness, changes occur in the positions of
landmarks 3 and 4 on the right, and 5 and 6 on the left relative to each other.
Above the mean, landmarks 4 and 5 shift laterally and proximally relative to
landmarks 3 and 6, respectively (Fig 16B). Below the mean, landmarks 4 and 5
shift medially and distally relative to landmarks 3 and 6 respectively (Fig 16D).
These shifts correspond to leaf shapes in which, above the mean as in I. purpurea
and 1. sloteri (Fig 16A), V1 veins are longer relative to V2 veins, V1 and V2 veins
are in closer proximity, and the leaf exhibits left-handedness. Below the mean as
in I. cairica and I. quamoclit (Fig 16A), the shifts correspond to leaf shapes in
which V1 and V2 veins are closer in length but more separate in space, and the
leaf exhibits right-handedness.

The shape variation described by PC4 accounts for 8.4% of the total (Fig
17). All species distribution means show significant separation from one another
by t-test (Table 4, Fig 17A). Again, shape variation is characterized in part along

this PC by shifts in handedness. Landmark shifts are right-handed above the
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Table 4. P-values from Pairwise t-test of Means Along PC4. All differences in
distribution means are significant (p <.05).
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cairica coccinea purpurea quamoclit
coccinea <2e-16 - - -
purpurea <2e-16 9.5e-7 - -
quamoclit <2e-16 <2e-16 .0059 -
sloteri 6.2e-16 4.4e-5 <2e-16 <2e-16
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mean (Fig 17B) and left handed below the mean (Fig 17D). Additionally, above
the mean, landmarks 4 and 5 approach landmarks 3 and 6, respectively (Fig 17B).
Below the mean, the same respective landmarks separate from each other (Fig
17D). These shifts correspond to leaf shapes in which, above the mean as in L.
cairica and I. sloteri (Fig 17A), V1 and V2 veins are in closer proximity and the leaf
exhibits right-handedness. Below the mean, as in I. quamoclit and I. purpurea (Fig
17A), the shifts correspond to leaf shapes in which V1 and V2 veins are more
separated spatially and the leaf exhibits left-handedness.

The shape variation described by PC5 accounts for 3.6% of the total (Fig
18). All species distribution means show significant separation from one another
by t-test (Table 5, Fig 18A). Shape variation along this PC appears to be
characterized above the mean by the collapse of all other landmarks toward
landmark 1, accompanied by very slight left-handedness (Fig 18B). Below the
mean, variation is characterized by the expansion of all other landmarks away
from landmark 1, accompanied by very slight right-handedness (Fig 18D). The
landmark shifts appear to correspond to leaf shapes in which the V2 veins and
midvein shorten above the mean, as in I. quamoclit (Fig 18A) and lengthen below
the mean, as in Lcairica and L. sloteri (Fig 18A), as the largest shifts appear to

occur in landmarks 2, 3, and 6.
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Figure 18. PC5 Describing 3.6% of the Total Variation (A) Distributions of

tangent space values along PC2 for each species (B) Landmark shape at one
standard deviation above the mean (C) The mean landmark shape (D) Landmark
shape at one standard deviation below the mean

Table 5. P-values from Pairwise t-test of Means Along PC5. All differences in
distribution means are significant (p <.05).

cairica coccinea purpurea quamoclit
coccinea 3.8e-16 - - -
purpurea <2e-16 5.2e-6 - -
quamoclit <2e-16 1.4e-15 .00389 -
sloteri .00019 4.1e-7 <2e-16 <2e-16
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The shape variation described by PC6 accounts for 2.7% of the total (Fig
19). All species distribution means show significant separation from one another
by t-test (Table 6, Fig 19A). Shape variation along this PC appears to be
characterized by the simultaneous approach and separation of left and right
landmark pairs (Fig 19B-D). Above the mean, landmarks 5 and 6 approach each
other while landmarks 3 and 4 separate (Fig 19B), while below the mean,
landmarks 3 and 4 approach each other while landmarks 5 and 6 separate (Fig
19D). These shifts correspond to a leaf shape above the mean, as in I. cairica and
I. quamoclit (Fig 19A), in which the V1 vein and V2 vein on the left side are in
close proximity and those on the right side are separate. The opposite is true
below the mean, as in I. purpurea and I. sloteri (Fig 19A), with the right V1 vein

and V2 vein in close proximity and those on the left separate.
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Table 6. P-values from Pairwise t-test of Means Along PC6. All differences in

distribution means are significant (p <.05).

cairica coccinea purpurea quamoclit
coccinea <2e-16 - - -
purpurea <2e-16 6.9e-10 - -
quamoclit .0003 <2e-16 <2e-16 -
sloteri <2e-16 <2e-16 0117 <2e-16
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CHAPTER 4
DISCUSSION

The analysis of external morphology of the leaf from initiation through to
maturity can aid significantly in the analysis of mature leaf shapes. It has been
shown that inherent patterns of vegetative development, including phyllotactic
pattern, rate of leaf initiation, and clade-specific molecular action at initiation and
shortly thereafter, can significantly impact the ultimate shape of the leaf
(Bharathan et al. 2002; Chitwood, Headland, Ranjan, et al. 2012; Chitwood et al.
2007; Koenig et al. 2009; Scarpella et al. 2010). Therefore, understanding the
developmental patterns by which leaves are initiated and subsequent growth
that occurs within the young primordium can provide significant insights into
the achievement of mature form. We find here that although a common spiral
phyllotactic pattern and a similar early P1 morphology are shared across the five
species, the differences in mature leaf form are reflected in young primordia.

Of particular interest here is the temporal initiation of marginal lobes and
the appearance of trichomes, one of the traditional markers of cellular
differentiation, on the leaf surface (Barth et al. 2009; Sylvester et al. 2001; Telfer et
al. 1997). With this in mind the comparison of early primordium development in

I. coccinea, I. quamoclit, and their hybrid 1. sloteri provides an interesting example
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when considering the assertion that dissected leaves spend more time in a
transiently indeterminate state, allowing for the increase in marginal dissection
(Barkoulas et al. 2008; Ben-Gera and Ori 2012; Ben-Gera et al. 2012; Berger et al.
2009; Champagne and Sinha 2004; Efroni et al. 2008; Kang and Sinha 2010; Ori et
al. 2007; Shleizer-Burko et al. 2011; Vlad et al. 2014). The primordia of these three
particular species exhibit a gradient in which the simplest leaf form, that of L.
coccinea, develops the earliest, has the most dense trichome cover, and is the first
to acquire a distinguishable margin along the length of the primordium (Fig 3).
In comparison, the more dissected I. sloteri initiates trichomes less rapidly and is
less densely covered, and initiation of the lobes along the length of the leaf
margin is protracted (compared to I. coccinea) (Fig 4). Lastly, the primordia of the
most dissected leaves, those of I. quamoclit, initiate the fewest trichomes and
initiate the full complement of marginal lobes late into leaf development (Fig 5).
Interestingly, the hybrid and intermediately dissected leaf form of I. sloteri also
shows an intermediate rate of marginal lobe initiation and trichome density.
These results support that more dissected forms within Ipomoea spend more time
in a state of indeterminacy, as the primordia of I. guamoclit have the most
protracted time to acquire the final mature form compared to I. coccinea, as well

as showing less trichome density (Fig 5). The remaining members of this study,
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I. pupurea and 1. cairica, lend further support to this model, with the primordia of
I. purpurea quickly developing extremely dense trichome cover as well as
initiation of the leaf margin (Fig 2), while the primordia of I. cairica develop
relatively sparse trichome cover and spend a longer time initiating the entirety of
the five-lobed dissected margin (Fig 6).

Amidst the noticeably different patterns of growth across these species,
commonalities are also identifiable, most notably the shared spiral phyllotactic
pattern and the basipetal initiation of marginal outgrowths. This pattern of
growth along the primordium margin is apparent in the lobed-leafed species I.
cairica, I. sloteri, and I. quamoclit, as the most distal lobes are the first to arise and
initiation proceeds successively in the proximal direction (Fig 4-6). Additionally,
this process appears to be mimicked by the simple-leafed species, I. purpurea and
I. coccinea, as the more extensive proximal growth which results in the cordate
leaf base begins only after the margins have begun to expand (Fig 2-3).

The major molecular directors of vein pattern formation have been well
established, consisting mostly, if not exclusively, of the response to PIN1-
directed auxin transport (Koenig et al. 2009, Scarpella et al. 2010). Additionally,
the HD-ZIP III gene and traditional procambium marker, AtHBS, although not

directly needed for auxin response, has been shown to be necessary for
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maintenance of cell files that lead to the vascular pattern amidst perturbations in
directed auxin transport (Donner et al. 2010; Donner et al. 2009; Sawchuck et al.
2008; Scarpella et al. 2006; Scarpella et al. 2010). In most wild-type dicot leaves,
all major vascular bundles in the leaf blade converge distal to or near the petiole
junction, forming a singular leaf trace that extends through the petiole and into
the stem (Roth-Nebelsick A 2001). The five present species of Ipomoea retain
three separate traces, arranged in a similar pattern through most of the petiole
length before convergence. This pattern, combined with the extreme likelihood
of the described molecular determinants of vascular differentiation being active
in these species, leads us to argue for the high probability that this leaf vascular
pattern is the result of common ancestry, and can therefore be viewed as
homologous across these species.

Givnish and Vermejj (1976) argue that leaves of understory liana plants
tend to adopt a cordate leaf shape as a way of increasing leaf area per laminar
unit, while supporting the development of erect petioles which may optimize the
interception of filtered sunlight. The entire to three-lobed cordate shape is
extremely frequent within Ipomoea (Appendix), suggesting that either this form
arose early within the history of the clade and was subsequently lost in taxa like

I. quamoclit due to laminar dissection, or that the shape arose many times across
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the clade due to convergent evolution. The former seems more parsimonious
given the frequency of the form within the genus, but as yet the history of leaf
shape characters in Ipomoea has not been tested. Whatever the model for the
evolutionary dynamics of leaf shape, evidence is shown here for a largely
variable leaf blade construction around a highly conserved pattern of major vein
differentiation. This supports the high degree of plasticity of elements of leaf
shape amidst the strong conservation of other elements (Hasson et al. 2011; Jones
et al. 2009; Piazza et al. 2010; Spinelli et al. 2011; Vlad et al. 2014). Tentatively,
this would also support the role of HD-ZIP III genes like AtHBS8, described above
(Donner et al. 2010, Kang and Dengler 2004), as we observe a common vein
pattern maintained amidst presumably divergent patterns of directed auxin
transport.

The identification of the homology between vein patterns raised the
question of whether the basic shape described by the vein trajectories was also
conserved. The use of homologous points, represented by landmarks, in a
morphometric analysis lends statistical rigor to analyses of shape variance,
particularly when the interest is in removing size from consideration (Adams et
al. 2004; Viscosi and Cardini 2011). The goal of the morphometric analysis

performed here was to determine if clear differences in the arrangement of the
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described homologous veins could be identified. Perhaps more interestingly, the
majority of the species distribution means along most of the described shape
variance (the first two PC’s) failed to show significant differences (Fig 14-15).
Moreover, along the rest of the described shape variation, all species distribution
means did show significant separation (Fig 16-19). This provides an interesting
basis on which to analyze the shape variation investigated here, but in order to
do so, some points on interpreting morphometrics and this study in particular
must be considered.

First, it is important to note that landmark distributions do not necessarily
directly represent real-world shape changes. As all landmarks are free-floating
in the shape space, all landmarks are to some degree affected by any localized
change in shape (Viscosi and Cardini 2011). For example, if the only difference
between two sample leaves was a difference in midvein length, namely a shift in
the position of landmark 2 in the raw data, the analysis would distribute that
shift amongst all six landmarks, rather than the one that reflects the actual
natural variation. With many replicates, however, general trends representing
major differences in shape should be reflected in the landmark distributions
yielded from the procrustes analysis. Also, though the effect is likely minimal

with regard to statistical analyses, distributions plotted in tangent shape space
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are approximations of actual procrustes distributions. This is due to the
procrustes shape space being hemispherical and data points, in order to be more
easily interpreted, being projected orthogonally from this space to a two-
dimensional plane tangent to the point representing the mean shape value (Slice
2001). Despite these two removals from real natural variation, these methods
using landmarks or other shape descriptors have been proven effective in
determining significant changes in shape (Chitwood et al. 2014; Chitwood,
Headland, Ranjan, et al. 2012; Perez-Perez et al. 2011; Viscosi and Cardini 2011).
Likely more important to consider when interpreting morphometric
results here are some inherent drawbacks in the experimental design. Among
distinct species such as these, it is possible that significant differences exist in life
history variables like growth rate and maturation rate. This being the case, since
leaf number collected and growth conditions were kept constant, it is possible
that the leaves collected across species represent different physiological stages,
which could manifest themselves morphologically. This was compensated for by
not using a pre-set time interval for growth before harvest, but rather collecting
only after respective fifth leaves were deemed to have reached maturity. This
potentially avoids much of the error due to differences in growth rate and

environmental preferences, but also leaves room for error in that harvest time is
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arbitrary and at the discretion of the collector. We operate under the assumption
here that the mature shapes of all leaves were established at the time of
collection, and that under the conditions used, no species were physiologically
altered outside their natural range in a way that would significantly alter leaf
shape. It should be kept in mind, however, that these factors combined with
uncontrollable variables like very slight differences in light, water, or soil amount
and quality, could create a degree of statistical noise causing increases in
variances or decreases in precision along the considered PC’s.

Of the most interest here is that most of the species leaf shape means
failed to separate along the first two PC’s, describing the majority of shape
variation (Fig 14-15). The only significant differences that occurred were
concerning I. cairica, a highly lobed leaf form in which the major veins considered
are essentially free from one another. The other four species failed to separate
from one another over this described 74.3% of the total shape variation. This
indicates that the lengths and orientations of the major veins analyzed here are
relatively conserved across these species despite extreme variation in the leaf
form defined by the lamina. Also, from what is seen in the representative
landmark shapes, recognizable and relatively isolated landmark shifts are seen

along both of these PC’s. Also indicated is that the conserved shape is not
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necessarily well-defined and static, but rather that among individuals (48 for 1.
purpuea, 46 for I. coccinea, 59 for I. sloteri, 113 for 1. quamoclit, and 45 for I. cairica),
most of the species show very similar shifts in vein shape. Ultimately, the
landmark analysis supports a remarkable similarity in the relative vein lengths
and angle values. The results indicate that the shape shifts include proximal and
distal shifts of the four secondary veins (PC1), and differences in relative lengths
of the same veins (PC2). It should also be understood, however, that
interpretations here concerning vein orientations based on the described
landmarks will be biased to some degree. Although landmarks in all species
represent the intersection of the vein trajectories and the leaf margin, only in the
dissected-leafed species (I. sloteri, I. quamoclit, and I. cairica) do these landmarks
represent the actual termination of the vein at the margin. In the simple-leafed
species (I. purpurea and I. coccinea), landmarks were placed as described in order
to avoid misrepresentations of the original vein trajectory, which could be
potentially caused by loop-forming major veins that do not reach the margin.
Future studies in this area may seek to minimize this problem by using
techniques to measure and compare the full lengths of relevant major veins,
rather than only attempting to measure the origin (landmark 1) and termination

(landmarks 2-6), as was done here.
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Also of note with regard to the landmark shapes is that along all of the
remaining PC’s that account for a significant amount of the total variance, all
species distribution means are significantly different from one another. The most
meaning that can be extracted from these likely stems from identifying species
whose distribution means are most extreme along multiple PC’s. For example,
looking at PC’s 3 and 4 combined would suggest that leaves of I. cairica tend
toward right-handed asymmetry and that leaves of I. sloteri tend toward a
pinching of the major secondary veins. That significant differences occur across
all species along much of the remaining shape variation may point to the
influences placed on the major vein arrangement by the respective laminar leaf
shape. As each species considered here has a unique leaf shape, defined by the
way in which the blade is dissected, the varying blade configurations could
result in unique shifts in the arrangement of major veins.

With what is known about the molecular pathways leading to the
initiation of vasculature, the shape similarity seen in the morphometric data
likely points to a highly conserved pattern of auxin transport and response in
leaves of Ipomoea in a manner similar to that already described. Another likely
contributor to the varying leaf complexities seen here is the KNOX gene family

and the level at which active members are expressed in the primordia of each
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species (Burko and Ori 2013; Goliber et al. 1999; Janssen et al. 1998; Shani et al.
2009; Uchida et al. 2007). If KNOX genes function in this group similarly to how
they do both in model taxa like tomato and Arabidopsis and in other groups
(Barth et al. 2009; Bharathan et al. 2002; Champagne and Sinha 2004; Chatterjee et
al. 2011; Ha et al. 2010; Hay and Tsiantis 2010; Ikezaki et al. 2010; Piazza et al.
2010; Shani et al. 2009) then we would expect, for example, that primordia of I.
quamoclit would show re-expression leading to a prolonged state of
indeterminacy which would allow for the accumulation of additional auxin
maxima along the margin and, ultimately, a high degree of dissection. In this
same model, simple leaf forms like that of I. purpurea would be achieved by
continued absence of KNOX in the primordium, facilitating earlier differentiation
and an entire margin due to the failure to accumulate significant auxin maxima.
Investigations into the spatial and temporal expression patterns of auxin and
KNOX will begin to shed light on the unique model of vein and lamina
development described here.

A well supported and comprehensive phylogeny of Ipomoea is lacking,
thus, conclusions about changes in leaf form over evolutionary timescales remain
difficult. However, evidence for the conservation of complex developmental

patterns, like those shown here, can provide a sense of the morphological
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stability or lability present in the genus and can help, if the study system falls in
a well resolved section of the clade, estimate the rate at which some characters

change and when in the evolutionary past certain forms began to diverge.
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APPENDIX

HERBARIUM LEAF SAMPLES

R - S
Leaf shapes across Ipomoea (A) I. jaegeri (B) I. cordatotriloba (C) L. hederacea (D) I.
indica (E) L. leptophylla (F) 1. pes-caprae (G) 1. pes-tigridis (H) I. pubescens (I) 1.
wrightii (J) I. turbinate (K) I. alba (L) I. arborescens (M) 1. batatas (N) I. cardiophylla
(O) L. carnea (P) I. crinicalyx (Q) L. hederifolia (R) I. Lindheimeri (S) I. lutea (T) 1. neei.
Scale Bars: 2cm. All images taken by the author from material at the Missouri
Botanical Garden Herbarium with permission from Dr. Jim Solomon, Curator.



85

I. rubens (E) I. sescosiana (F) 1. setosa (G) L. stans (H) I. ternifolia (I) I. tiliacea (J) L
tricolor (K) 1. aquatica (L) I. mairetii (M) 1. nil (N) I. desrousseauxii (O) I. digitata (P) L.
eggersii. Scale Bars: 2cm. All images taken by the author from material at the
Missouri Botanical Garden Herbarium with permission from Dr. Jim Solomon,
Curator.
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Leaf shapes across Ipomoea (A) L. fistulosa (B) I. furcyensis (C) I. cavanillesii (D) L
calantha (E) I. carolina (F) I. cathartica (G) 1. corymbosa (H) I. crassicaulis (I) I. crenaria
() I. cyanantha (K) 1. aculeatum (L) I. aquatica (M) I. arenaria (N) I. argentifolia (O) L
asarifolia (P) I. horsfalliae. Scale Bars: 2cm. All images taken by the author from
material at the Missouri Botanical Garden Herbarium with permission from Dr.
Jim Solomon, Curator.
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Leaf shapes across Ipomoea (A) L heptophylla (B) L ]amazcenszs (C) L triloba (D) 1.
luteo-viridis (E) I. mauritiana (F) I. ochracea (G) I. praematura (H) 1. quinquefolia (I) 1.
rubella (]) 1. rubra (K) L. sagittata (L) I. amnicola (M) L. cuneifolia (N) 1. dumetorum (O)
I. lobata (P) I. umbraticola Scale Bars: 2cm. All images taken by the author from
material at the Missouri Botanical Garden Herbarium with permission from Dr.
Jim Solomon, Curator.
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o . 4

Leaf shapes across Ipomoea (A) I. eriocarpa (B) 1. polymorpha (C) I. sumatrana (D) L.
sepiaria (E) I. arachnosperma (F) 1. seducta (G) 1. kituiensis (H) I. plebeia (I) 1. obscura
(J) I. ampullacea (K) I. chamelana (L) I. funis (M) L. hastigera (N) L. pedicellaris (O) L
purga (P) I. santillani Scale Bars: 2cm. All images taken by the author from
material at the Missouri Botanical Garden Herbarium with permission from Dr.
Jim Solomon, Curator.
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