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Abstract

The variation in the shape of flowers, the reproductive structures of angiosperms, is generally
investigated in a qualitative way, or using multivariate statistical analyses of distance data (i.e.
traditional morphometrics). In this study, we evaluate the application of geometric
morphometric methods to flowers of herbarium specimens, a material that is still being
massively overlooked as far as these methods are concerned. Flowers of Delphinieae
(Ranunculaceae) are synorganised: the spurred and nectariferous dorsal petals are nested
within the spur or hood of the dorsal sepal. The study of synorganised structures is
challenging, and geometric morphometric-oriented investigation may provide working
hypotheses for an evo-devo exploration of such hyperorgan formation. We analyze here the
floral shape of Delphinieae using geometric morphometric methods and demonstrate the
effectiveness of these methods on dry and compressed flowers. We also show the diagnostic
value of the dorsal half of the perianth of the Delphinieae flower, and suggest some trends to
help design future studies on the evo-devo of spur formation and the co-evolution of

Delphinieae flowers with their pollinators.
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Introduction

The extent of shape variation in angiosperm reproductive structures is remarkable (Endress
1994, 1999; Sauquet et al. 2017). Most botanical studies aiming at quantifying the variation in
floral shape have so far employed traditional morphometrics, the multivariate statistical
analysis of distance data (e.g. Nagahama, Anton, and Norrmann 2014; Chartier et al. 2016),

while modern geometric morphometric methods (GMM) have remained surprisingly



underused. However, the development of geometric morphometrics since the nineties, based
on the spatial relationships among homologous anatomical landmarks, has revolutionized the
study of biological shape variation (Rohlf and Marcus 1993). The main advantage of
geometric morphometrics over traditional morphometrics is that the geometry of the
biological structure under study (as captured by the relative positions of landmarks) is
preserved throughout the analyses, allowing for insightful visualizations and refined
interpretations of morphological patterns (Adams, Rohlf, and Slice2004).

Among the botanical studies that have applied geometric morphometrics, some have used
landmark data to study shape variation in fresh plant material in two dimensions (e.g. leaves:
Jensen, Ciofani, and Miramontes 2002; or seeds: Jacques and Zhou 2010) or fresh flowers in
2D (Goémez, Perfectti, and Camacho 2006; Abdelaziz et al. 2011; Savriama et al. 2012;
Fernandez-Mazuecos et al. 2013; Gardner et al. 2016) or 3D (van der Niet et al. 2010; Wang
et al. 2015). However, fresh plant material can be difficult to gather and conserve over the
time of the study. Here, we evaluated the application of GMM to dry and compressed flowers
of herbarium specimens, a material that is still being massively overlooked (but see Shipunov
and Bateman 2005, where GMM were applied to flowers dried for the purpose of the study)
compared with dry leaves from herbarium specimens (Viscosi and Cardini 2011; Cope et al.
2012).

Synorganisation is defined as the intimate structural connection of two or several neighboring
floral organs to form a functioning system or apparatus (“hyperorgan”). It may occur through
congenital or postgenital fusion or by coordination of organs without fusion (Specht and
Bartlett 2009; Endress 2010, 2015). Synorganisation is rare in basal angiosperms, but
becomes an important trait in many monocot and eudicot flowers (Specht and Bartlett 2009),
such as orchids (Vogel 1959; Rudall and Bateman 2002). It is hypothesized to be a key

process in floral diversification (Endress 2006). The study of synorganised structures is



challenging, and GM-oriented investigation may provide working hypotheses for an evo-devo
exploration of such hyperorgan formation.

Although morphologically diverse, the flowers of Delphinieae Warm. (Ranunculaceae) are all
based on a single relatively simple body plan. The calyx is petaloid with a dorsal sepal
deformed into a pocket (spur or hood). The corolla is reduced to a single petal (nectariferous;
in Consolida and Aconitella), a pair of petals (both nectariferous; in Aconitum and
Gymnaconitum), or four petals (the two dorsal-most being nectariferous; in Delphinium and
Staphisagria), located in the dorsal half of the flower. The nectariferous petals are made of
three components: stalk, spur, and labium. The proportions of these three structures vary
among the major clades of Delphinieae (e.g. the petal of Aconitum has a long stalk with a
short spur and labium, whereas the petal of Delphinium has a very short stalk, a relatively
long spur, and a short labium). The nectariferous petals are enclosed into the pocket of the
dorsal sepal, which makes the dorsal part of Delphinieae flowers synorganised (Jabbour and
Renner 2012a).

A (traditional) morphometric study of Delphinium floral shape using herbarium specimens
was first conducted by Chartier et al. (2016), who measured 13 floral traits of afro-montane
species and circumscribed three morphospecies, namely D. dasycaulon, D. leroyi and D.
macrocentrum. We analyze here the floral shape of Delphinieae using GMM, in order to 1)
assess the usefulness and effectiveness of geometric morphometrics on dry and compressed
flowers from herbarium specimens, and 2) evaluate the diagnostic value of the dorsal module
of the perianth (dorsal sepal + one dorsal petal) of the Delphinieae flower. Our preliminary
study will help design future studies on the evo-devo of spur formation and the co-evolution

of Delphinieae flowers with their pollinators.

Materials and Methods



Definition of categories of flower morphologies and taxonomic sampling

Delphinieae flowers can be classified into three morphological types: Aconitum, Delphinium
and Consolida. Aconitum L., Delphinium L., and Consolida (DC.) Gray are three genera from
the tribe Delphinieae (Fig. 1) that show contrasted floral morphologies, although they share
the same floral groundplan (five petaloid sepals, the dorsal one enclosing the spurred petal(s)
of the reduced corolla). The other three genera of Delphinieae can be associated with one of
these three morphological types, as far as floral morphology is concerned.

In flowers of the type Aconitum, the dorsal sepal is hood-shaped or nightcap-shaped (Jabbour
and Renner 2012a). It contains two dorsal petals, being usually hammer shaped with a long
grooved stalk and a spurred limb (Kosuge and Tamura 1988). The limb consists of two parts,
a labium and a spur. The spur is projected upward inside the upper hollowed sepal, often
elongated and curved or coiled, but sometimes short and saccate (Kosuge and Tamura 1988).
In flowers of the type Delphinium, the dorsal sepal is spurred and the corolla consists of four
petals. The two dorsal nectariferous ones extend into the sepal spur, and the lateral ones,
usually flat, cover the entrance of the spur. In flowers of the type Consolida, the sepal is
spurred and the corolla consists of a single spurred petal that results from the postgenital
fusion of the two dorsal-most petal primordia. The six other petal primordia have an arrested
development (Jabbour and Renner 2012a).

The clades characterized by flowers from the type Aconitum are 4. subg. Aconitum, A. subg.
Lycoctonum, and Gymnaconitum gymnandrum. Until 2013, the genus Aconitum consisted of
three subgenera: 4. subg. Aconitum; A. subg. Lycoctonum, and A. subg. Gymnaconitum. Wang
et al. (2013) stated that Gymnaconitum should be an independent genus based on molecular

phylogenetic data.



The clades characterized by flowers from the type Delphinium are D. subg. Delphinastrum &
Oligophyllon (hereafter called D. subg. Delphinastrum, for simplicity), D. subg.
Anthriscifolium, D. subg. Delphinium, and Staphisagria.

The genera characterized by flowers from the type Consolida are Aconitella and Consolida.
We follow here the same classification of Delphinieae as in Jabbour and Renner (2012b). The
number of species sampled and the total number of species in each infratribal group is given

between parentheses in Fig. 1.

Digitization of herbarium specimens and selection of the photographs

The specimens used in this study are from P (Herbier National, Muséum national d'Histoire
naturelle, Paris) and KRA (Jagellonian University, Poland) herbaria. All photographs were
taken by one of us (AN) based on an experimental protocol using a slab of LEDs that allows
to trans-illuminate the herbarium specimens and obverse internal (i.e. hidden) floral structures
(Fig. 2). All pictures were taken in a standardized way with a resolution of 3648x2736 pixels,
and included a scale.

A total number of 2217 photographs were taken: 983 are from specimens with flowers of the
type Aconitum and 1234 are from specimens with flowers of the type Delphinium (including
the type Consolida, as Consolida and Aconitella specimens are often classified under
Delphinium in the herbarium collections). Selecting a subset of photographs for our study was
a two-step process. First, we selected the photographs that could be used for GMs, the so-
called “good” photographs. A good photograph should meet two criteria: show clearly the
internal structures and show a flower with as few folded structures as possible (Fig. 2).

After this first step, we kept 43% (423) and 38% (469) of the photos of the flowers from the
type Aconitum and Delphinium, respectively. The second step consisted in selecting 20

photographs (corresponding to 20 species) for each of the three categories of flowers,



choosing the taxa in order for the sampling to be representative of the main clades in the
phylogeny of Delphinieae (Fig. 1 and Suppl. Table 1). After sorting the specimens that could
be used for GM, our sampling included a single type: voucher R. Gombault 1717

(P00197360), holotype of Consolida gombaultii (J. Thiébaut) Munz.

Geometric morphometrics of dorsal sepal and petal

We focused on the dorsal sepal and one dorsal petal, since these are the structures producing,
protecting, and limiting the access to the nectar. The remaining parts of the dried flowers are
often too folded to be morphometrically reliable and too dark even when trans-illuminated. As
most of the Delphinieae (except Consolida and Aconitella) have a pair of dorsal petals, and as
they are both very similar in shape and size (FJ, pers. obs.), we decided to work on only one
dorsal petal.

To characterize the shape of these floral structures, we used a set of nine landmarks (three for
the dorsal sepal and six for the dorsal petal; Fig. 3 and Suppl. Table 2) and seven series of 20
to 25 semilandmarks to capture the homologous curved outlines of the sepal and the petal
between the landmarks (Gunz and Mitteroecker 2013). The coordinates of these landmarks
and semilandmarks were manually recorded from the sixty photographs using the software
tpsDig2 (Rohlf 2015). We decided not to consider the stalk of the petal in the analyses, as this
structure is very slender in Aconitum, making it difficult to place the semilandmarks between
the landmarks 4 and 5, and 4 and 9.

Analyses at different levels were performed (sepal and petal considered together or
separately), but a similar protocol was followed for each of them. Flowers from the Consolida
type were not included in the comparison of the dorsal module shape among Delphinieae, as
their single petal is not homologous to any of the two dorsal petals from flowers from the

Aconitum or Delphinium types. Landmark configurations were aligned using partial



generalized Procrustes analysis (GPA; Rohlf and Slice 1990, Dryden and Mardia 1998) and
semilandmarks were slid using the minimum bending energy criterion (Bookstein 1997) using
tpsRelw (Rohlf 2015). Procrustes analysis extracts shape variation by filtering out the effects
of size, position and orientation (e.g., Mitteroecker and Gunz 2009). Aligned coordinates
were then orthogonally projected onto a linear, tangent shape space using the mean shape as
point of tangency. All subsequent analyses were carried out on the tangent space coordinates.
The main features of variation were highlighted by principal component analysis (PCA;
Jolliffe 1986) and visually depicted by means of Thin-Plate Spline deformation grids

(Bookstein 1989).

Results

Variation in the shape of the dorsal sepal + dorsal petal in each of the types Delphinium,
Aconitum, and Consolida

Within each of the three types of dorsal floral module identified, namely Delphinium,
Aconitum and Consolida, the quantitative capture of the shape of the dorsal sepal and of the
dorsal petal allows to circumscribe well the different taxonomic subgroups (Fig. 4 and Supp.
Fig. 1). In the Delphinium type, the principal components PC1 and PC2 together explain c.
64% of the shape variation in the dorsal floral module (Fig. 4A). Towards positive scores on
PC1, the inner and outer spurs get narrower and the labium of the dorsal sepal covers more
closely the labium of the dorsal petal. Along PC2, the inner and outer spurs get narrower and
the inner spur tend to occupy more fully the cavity of the sepal spur. The labium of the dorsal
sepal gets also better adjusted to the labium of the dorsal petal. The representatives of the
genus Staphisagria (samples 1 and 2) are separated from the rest of the samples (23 to 40).
The inner and outer spurs of Staphisagria flowers are wider, and the outer spur does not fit

tightly around the inner spur. The rest of the samples belong to a grade of subgenera within



the genus Delphinium: subg. Delphinium (samples 23 to 29), subg. Anthriscifolium (30), and
subg. Delphinastrum (31 to 40). From the first cited subgenus to the third, the inner and outer
spurs get wider and the labium of the dorsal sepal moves back from the labium of the dorsal
petal. The sample corresponding to subg. Anthriscifolium (30) is morphologically closer from
the samples belonging to subg. Delphinium than from subg. Delphinastrum. In the latter
subgenus, samples are largely distributed across PC2, and hence show a high diversity of
narrow and wide spurs, the outer one covering more or less tightly the inner one (Fig. 4A).

In the Aconitum type, the principal components PC1 and PC2 together explain c. 66% of the
shape variation in the dorsal floral module (Supp. Fig. 1A). Towards positive scores on PCI,
the dorsal sepal gets narrower and the limb of the dorsal sepal occupies a more vertical
position within the hood. Along PC2, the spur and labium of the dorsal petal get narrower.
The representatives of the subgenus Lycoctonum (3 to 9) are separated from the specimens
belonging to subgenus Aconitum (10 to 21). The single specimen of the monotypic genus
Gymnaconitum (22) occupies an extreme position in the PCA.

In the Consolida type, the principal components PC1 and PC2 together explain c. 62% of the
shape variation in the dorsal floral module (Supp. Fig. 1B). Towards positive scores on PCI,
the inner spur tends to occupy less fully the space within the outer spur. Along PC2, both
outer and inner spurs get wider. The representatives of Aconitella (57 to 60) are separated

from the specimens identified as Consolida s. str. (41 to 56).

Variation in the shape of the dorsal sepal in Delphinieae

In Delphinieae as a whole, the quantitative capture of the shape of the dorsal sepal allows to
circumscribe well several taxonomic subgroups (Fig. 4B). PC1 and PC2 together explain c.
72% of the shape variation in the dorsal sepal. Along PC1, the spur gets wider and becomes

hood-shaped and the rim of the labium becomes concave. Along PC2, the very wide (hood-



shape) spur of the dorsal sepal gets narrower. Representatives of A. subg. Aconitum (10 to 21)
form a homogenous group that is different from the rest of Delphinieae. The samples
belonging to 4. subg. Lycoctonum (3 to 9) and the genus Aconitella (57 to 60) occupy in the
PCA an intermediary position between A. subg. Aconitum (10 to 21) and the rest of
Delphinieae. The samples of Consolida (41 to 56) cluster together with the samples from the
three subgenera of Delphinium (23 to 40). The two specimens of Staphisagria (1 and 2)
cluster with a specimen of Consolida (43, C. armeniaca) and all three occupy an extreme

position in the PCA (Fig. 4B).

Variation in the shape of the dorsal petal in the Delphinium and Aconitum types

In the species belonging to the Aconitum and Delphinium types, shape variation of the dorsal
petal allows to circumscribe well the genera and subgenera (Fig. 4C). PC1 and PC2 together
explain c. 73% of the shape variation in the dorsal petal. Along PC1, the middle part of the
limb gets bigger and the spur gets down-curved. Along PC2, the labium of the petal gets more
compact. The subgenera A. subg. Aconitum and A. subg. Lycoctonum cluster together and are
isolated from the rest of the Delphinieae on the PCA. All the genera and subgenera belonging
to the Delphinium type form the second cluster. The sampled species of Staphisagria, the
sister genus to all the other Delphinieae, occupy an intermediary position between the cluster

of Aconitum species and that of Delphinium species (Fig. 4C).

Discussion

Geometric morphometrics of flowers from herbarium specimens

Our study shows that, provided that a selection of the appropriate material is made, GMM are
applicable to flowers from herbarium specimens. In the best cases, flowers are dried in such

positions to show the taxonomically important features. However, in most cases, flowers are



dried in random positions, with many floral parts folded. Selecting appropriate specimens is
therefore a crucial prerequisite for generating exploitable photographs in the context of a
morphometric study. We had to restrict our sampling in such a way that most of the type
specimens we photographed were cast aside. We retained a single type specimen in our final
sampling, that of C. gombaultii (see Material and Methods).

Our analyses of floral shapes in the three types based on variation vectors (vectors showing
the major direction and intensity of shape variation around the consensus shape, among
samples) generated by the tpsRelw software based on the set of samples we studied (result not
shown) reveal that the shape of the labium of the dorsal sepal and of the dorsal petal seems
much more variable than the shape of the spurs. We interpret this as an artifact due to the
compression of the plant material in the process of making herbarium specimens. For this
reason, we focus our discussion on the results relative to spur shape.

We here tested the applicability of GMM of herbarium specimens in a non-destructive way.
While it could be interesting to compare our results with those obtained from fresh flowers, a
study on herbarium and fresh leaves shows that, although the main conclusions were similar,
the results were not strictly identical due to directional changes in shape changes, and that
both kinds of material should not be considered together in a study (Tomaszewski and

Gorzkowska 2016).

The dorsal module of Delphinieae flowers carries a strong phylogenetic signal

The quantitative description of the flowers of Delphinieae confirms that the shapes of the
dorsal sepal and of the dorsal petal(s) are taxonomically discriminant traits. Indeed, the shape
of the dorsal module of the flower captured using landmarks and semilandmarks was
sufficient to circumscribe the major infratribal clades (genera or subgenera) within

Delphinieae.



Our results suggest promising perspectives for the application of GMM in botanical
taxonomic studies, as potentially new species can be placed in the space of the dorsal floral
module shape. In this way, new species can be preliminarily attributed to a clade within
Delphinieae, before confirming the result with morphological and molecular analyses.

In the Delphinium type, three main clusters could be identified, which correspond to the
genus Staphisagria, the subgenus Delphinastrum, and the subgenera
Delphinium+Anthriscifolium, respectively (Fig. 4A). The shape of the dorsal module of
Staphisagria flowers is very different from all the other shapes found in species with the
Delphinium type. This is in accordance with the results of molecular phylogeny, which
moved the three Staphisagria species out of the genus Delphinium (Jabbour and Renner
2011b, 2012b). Similarly, in the Aconitum and Consolida types, GM applied on the dorsal
module of the flower allowed circumscribing the genera and the infragenerical groups (Supp.
Fig. 1).

On the only graph gathering all the specimens of Delphinieae we studied (Fig. 4B), dorsal
sepals from A. subg. Aconitum are different from all the other dorsal sepals of Delphinieae;
they are characterized by a wide hooded shape. Flowers of A. subg. Lycoctonum belong to the
other cluster, owing to the resemblance of their narrow-hooded dorsal sepal (nightcap-shaped;
Jabbour and Renner 2012a) with the spurred dorsal sepal of the flowers of the Delphinium
and Consolida types. Aconitella flowers occupy an intermediary position (although off-
centered) between A4. subg. Aconitum and the rest of Delphinieae flowers. Aconitella species
genetically belong in the genus Delphinium sensu lato (including Consolida and Aconitella;
Jabbour and Renner 2011b) but their flower morphology resembles that of 4. subg.
Lycoctonum flowers. This morphological similarity and evolutionary convergence obviously
inspired the botanist who coined the genus name Aconitella (Spach 1839) and was highlighted

by the one who subsequently updated the taxonomic treatment of the genus (Sojak 1969).



Implications for evo-devo studies

Spur initiation and development has been studied in some model species, such as Linaria
(Plantaginaceae; Box et al. 2011) and Aquilegia (Ranunculaceae; Puzey et al. 2012; Yant et
al. 2015). In columbines, the three-dimensional elaboration of the spur is initiated by
localized, oriented cell divisions surrounding the incipient nectary. This process creates a
pouch that is extended by anisotropic cell elongation (Puzey et al. 2012). Yant et al. (2015)
hypothesized that the development of this evolutionary novelty could be promoted by non-
mutually exclusive factors, including 1) prolonged, KNOX-dependent cell fate indeterminacy,
2) localized organ sculpting and/or 3) redeployment of hormone-signaling modules. Whether
these three processes and anisotropic cell elongation are also at play during spur development
in Delphinieae (belonging in Ranunculaceae as well) has still to be investigated. In addition, it
would be interesting to study whether the molecular bases of sepal spur and petal spur
development are similar or identical.

We observed that the inner spur(s) [the appendages of the dorsal petal(s)] differentially fit the
space provided by the outer spur (the appendage of the dorsal sepal), depending on the species
of Delphinieae considered. The development of the inner spur(s) can potentially constrain the
development of the outer spur, and vice versa. We hypothesize that the constraints might be
of genetic, hormonal, physical or mechanical origins.

This landmark-based investigation of Delphinieae flower shape diversity allows classifying
the floral shapes into quasi-discrete categories, wherein species of interest could be targeted

for evo-devo studies of spur development.

First step towards investigating the evolution of Delphinieae flowers with their pollinators



Floral shape variation often reflects differences in plant pollination systems, particularly for
plant species with specialized plant-pollinator interactions. Comparative studies have resulted
in qualitative descriptions of these shape differences and multivariate analyses of floral trait
measurements have, with varying degrees of success, shown that plant species can cluster in
phenotype space according to general pollinator classes (Wilson et al. 2004; Broderbauer,
Weber, and Diaz 2013). However, in comparison to these traditional approaches, GMM have
the potential to provide additional and more accurate insights into the associations between
floral shape variation and pollination biology (van der Niet et al. 2010; Blanco-Pastor et al.
2015). Geometric morphometric analyses can enrich studies on the phenotypic evolution of
flowers and of their pollinators. In the case of the spurred flowers of Delphinieae, for which
the pollinators are expected to be specialists (but see Hollens et al. 2017;VI1aSankova et al.
2017), comparing the form of the dorsal floral module with the front of the pollinator’s body
would allow testing the mutual fit of both structures. The collections (herbarium,
entomological and ornithological) kept at natural history museums would be very useful in

this respect.
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Figure legends

Figure 1. Synthetic molecular phylogeny of the tribe Delphinieae based on the works of
Jabbour and Renner (2011a, 2011b, 2012a, 2012b), Wang et al. (2013) and Xiang et al.
(2017). The same colour code is used in Fig. 4, Supp. Fig. 1 and Supp. Table 1. The number
of species sampled and the total number of species in each infratribal group is given between

parentheses.

Figure 2. Images of the dried flowers used for the geometric morphometric analyses. (A—C)
Images of the full herbarium specimens. Digital images of the specimens can be visualized
and downloaded using the following link:
https://science.mnhn.fr/institution/mnhn/collection/p/item/search/form. (D — F) Focus on the
flowers that were analyzed. (G—I) the same flowers, trans-illuminated. (J-L) The
corresponding corolla of each flower type. The nectar spurs are indicated in orange. The petal

primordia with an arrested development are represented with grey half disks.

Figure 3. Position of the landmarks for the three flower types. (A) Aconitum type. (B)

Consolida type. (C) Delphinium type.

Figure 4. 2D geometric morphometric analysis of floral shape variation in the tribe
Delphinieae. Virtual flower shapes and deformation grids were produced to visualize the
modes of floral shape variation along PC1 and PC2. The list of species names corresponding
to the numbers in the Principal Component Analysis (PCA) is given in Supp. Table 1. The
same colour code is used in Fig. 1, Supp. Fig. 1 and Supp. Table 1. (A) PCA of the variation

in the shape of the dorsal module of the flowers from the type Delphinium. (B) PCA of the



variation in the shape of the dorsal sepal of the flowers from all the genera and subgenera of
Delphinieae. (C) PCA of the variation in the shape of the dorsal petal of the flowers from the

types Delphinium and Aconitum.

Supplementary Figure 1. 2D geometric morphometric analysis of floral shape variation in
the tribe Delphinieae. Virtual flower shapes and deformation grids were produced to visualize
the modes of floral shape variation along PC1 and PC2. The list of species names
corresponding to the numbers in the Principal Component Analysis (PCA) is given in Supp.
Table 1. The same colour code is used in Fig. 1 and 4 and Supp. Table 1. (A) PCA of the
variation in the shape of the dorsal module of the flowers from the type Aconitum. (B) PCA

of the variation in the shape of the dorsal module of the flowers from the type Consolida.

Supplementary Table 1. List of species and specimens (barcodes) sampled, and associated
flower type. Genera and subgenera ordered as in the phylogenetic tree (bottom-up). Within a
subgenus or genus, species are ordered alphabetically. We follow here the same classification
of Delphinieae as in Jabbour and Renner (2012b). The same colour code is used in Fig. 1 and
4 and Supp. Fig. 1. “(H)” next to the barcode indicates that the specimen is the holotype of the
species name. Digital images of the specimens can be visualized and downloaded using the
following link:

https://science.mnhn.fr/institution/mnhn/collection/p/item/search/form

Supplementary Table 2. Description of landmarks used for Delphinieae flowers.
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Consolida (2/3)

Delphinium subg. Delphinastrum & Oligophyllon (10/c. 300)
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Gymnaconitum gymnandrum (1/1)

Aconitum subg. Aconitum (12/c. 250)

Aconitum subg. Lycoctonum (7/c. 50)

Staphisagria (2/3)
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Supplementary Table 1: List of species and specimens (barcodes) sampled, and associated flower type. Genera and subgenera ordered as in the

phylogenetic tree (bottom-up). Within a subgenus or genus, species are ordered alphabetically. We follow here the same classification of

Delphinieae as in Jabbour and Renner (2012b). “(H)” next to the barcode indicates that the specimen is the holotype of the species name. Digital

images of the specimens can be visualized and downloaded using the following link:

https://science.mnhn.fr/institution/mnhn/collection/p/item/search/form

Id. | Genus Subgenus Species Barcode Flower type
1 Staphisagria - S. picta (Willd.) Jabbour P00249053 Delphinium
2 Staphisagria - S. requienii (DC.) Spach P02548605 Delphinium
3 Aconitum Lycoctonum A. alboviolaceum Kom. P00201311 Aconitum
4 Aconitum Lycoctonum A. kirinense Nakai KRA002618 Aconitum
5 Aconitum Lycoctonum A. lycoctonum L. P02344462 Aconitum




6 Aconitum Lycoctonum A. scaposum Franch. P00201802 Aconitum
7 Aconitum Lycoctonum A. septentrionale Koelle P02344871 Aconitum
8 Aconitum Lycoctonum A. sinomontanum Nakai P00201961 Aconitum
9 Aconitum Lycoctonum A. umbrosum (Korsh.) Kom. P00130996 Aconitum
10 Aconitum Aconitum A. anthora L. P00601109 Aconitum
11 Aconitum Aconitum A. ambiguum Rchb. P00601133 Aconitum
12 Aconitum Aconitum A. anthoroideum DC. P00201341 Aconitum
13 Aconitum Aconitum A. columbianum Nutt. P02311719 Aconitum
14 Aconitum Aconitum A. delphinifolium DC. P02311696 Aconitum
15 Aconitum Aconitum A. falciforme Hand.-Mazz. P02681883 Aconitum
16 Aconitum Aconitum A. japonicum Thunb. KRA003614 Aconitum




17

18

19

20

21

22

23

24

25

26

27

Aconitum Aconitum

Aconitum Aconitum

Aconitum Aconitum

Aconitum Aconitum

Aconitum

Aconitum

A. kusnezoffii Rchb. P00201703 Aconitum
A. macrorhynchum Turcz. ex Ledeb. P00201813 Aconitum
A. napellus L. P02721475 Aconitum
A. polyanthum (Finet & Gagnep.) Hand.-Mazz. P00201941 Aconitum
A. villosum Rchb. P00200041 Aconitum
P02548433 Aconitum
D. balansae Boiss. & Reut. P02336021 Delphinium
D. gracile DC. P02482028 Delphinium
D. halteratum Sibth. & Sm. P02379289 Delphinium
D. nanum DC. P02819166 Delphinium
D. obcordatum DC. P02379235 Delphinium




28

29

30

31

32

33

34

35

36

37

38

D. peregrinum L. P02379156 Delphinium
D. verdunense Balb. P03169199 Delphinium
D. anthriscifolium Hance P03263966 Delphinium
D. bicolor Nutt. P02481573 Delphinium
D. cardinale Hook. P02311302 Delphinium
D. decorum Fisch. & C.A. Mey. P02311215 Delphinium
D. depauperatum Nutt. P02481532 Delphinium
D. elatum L. P02471422 Delphinium
D. emarginatum C. Presl P02481517 Delphinium
D. gracilentum Greene P02311048 Delphinium
D. grandiflorum L. P02396378 Delphinium




39

40

41

42

43

44

45

46

47

48

49

D. hesperium A. Gray P02311233 Delphinium
D. pentagynum Lam. P02379842 Delphinium
C. ajacis (L.) Schur P02336054 Consolida
C. armeniaca (Stapf ex Huth) Schrodinger P00197473 Consolida
C. axilliflora (DC.) Schrédinger P00195897 Consolida
C. camptocarpa (Fisch. & C.A. Mey.) Nevski P00197033 Consolida
C. deserti-syriaci (Zohary) Munz P00197326 Consolida
C. divaricata (Ledeb.) Schrodinger P00197219 Consolida
C. flava (DC.) Schrodinger ex Hand.-Mazz. P00197325 Consolida
C. glandulosa (Boiss. & A. Huet) Bornm. P00197354 Consolida
C. gombaultii (J. Thiébaut) Munz P00197360 (H) | Consolida




50

51

52

53

54

55

56

57

58

59

60

C. mauritanica (Coss.) Munz P02336109 Consolida
C. olopetala Hayek P00198564 Consolida
C. orientalis Schrodinger P02467591 Consolida
C. pubescens S06 P02379356 Consolida
C. regalis Gray P02581589 Consolida
C. rugulosa Schrodinger P02481582 Consolida
C. tenuissima So0 P02575637 Consolida
A. aconiti (L.) Sojak P00195719 Consolida
A. anthoroidea (Boiss.) Sojak P00195782 Consolida
A. barbata (Bunge) Sojak P00195914 Consolida
A. hohenackeri (Boiss.) Sojak P02481578 Consolida




Supplementary Table 2: Description of landmarks used for Delphinieae flowers

Organ Landmark Position

Dorsal sepal 1 Junction of the receptacle with the dorsal sepal
2 Apex (the most distant point from S1)
3 Tip of the labium

Dorsal petal 4 Junction of the receptacle with the petal stalk
5 Junction of the stalk with the spur
6 Apex of the spur
7 Junction of the spur with the labium
8 Tip of the labium

9 Junction of the labium with the stalk
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