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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.

Introduction

The extent of shape variation in angiosperm reproductive structures is remarkable [START_REF] Endress | Diversity and evolutionary biology of tropical flowers[END_REF][START_REF] Endress | Symmetry in flowers: diversity and evolution[END_REF][START_REF] Sauquet | The ancestral flower of angiosperms and its early diversification[END_REF]. 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. [START_REF] Nagahama | Taxon delimitation in the Andropogon lateralis complex (Poaceae) in southern South America based on morphometrical analyses[END_REF][START_REF] Chartier | The evolution of afro-montane Delphinium (Ranunculaceae): Morphospecies, phylogenetics and biogeography[END_REF], 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 [START_REF] Rohlf | A revolution morphometrics[END_REF]. 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 [START_REF] Gómez | Natural selection on Erysimum mediohispanicum flower shape: insights into the evolution of zygomorphy[END_REF][START_REF] Abdelaziz | Using complementary techniques to distinguish cryptic species: a new Erysimum (Brassicaceae) species from North Africa[END_REF][START_REF] Savriama | Geometric morphometrics of corolla shape: dissecting components of symmetric and asymmetric variation in Erysimum mediohispanicum (Brassicaceae)[END_REF][START_REF] Fernández-Mazuecos | Corolla morphology influences diversification rates in bifid toadflaxes (Linaria sect. Versicolores)[END_REF][START_REF] Gardner | Characterizing floral symmetry in the Core Goodeniaceae with geometric morphometrics[END_REF] or 3D [START_REF] Van Der Niet | Three-dimensional geometric morphometrics for studying floral shape variation[END_REF][START_REF] Wang | Quantifying floral shape variation in 3D using microcomputed tomography: a case study of a hybrid line between actinomorphic and zygomorphic flowers[END_REF]. 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 [START_REF] Shipunov | Geometric morphometrics as a tool for understanding Dactylorhiza (Orchidaceae) diversity in European Russia[END_REF], where GMM were applied to flowers dried for the purpose of the study) compared with dry leaves from herbarium specimens [START_REF] Viscosi | Leaf morphology, taxonomy and geometric morphometrics: a simplified protocol for beginners[END_REF][START_REF] Cope | Plant species identification using digital morphometrics: A review[END_REF].

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 [START_REF] Specht | Flower evolution: the origin and subsequent diversification of the angiosperm flower[END_REF][START_REF] Endress | Synorganisation without organ fusion in the flowers of Geranium robertianum (Geraniaceae) and its not so trivial obdiplostemony[END_REF][START_REF] Endress | Development and evolution of extreme synorganization in angiosperm flowers and diversity: a comparison of Apocynaceae and Orchidaceae[END_REF]. Synorganisation is rare in basal angiosperms, but becomes an important trait in many monocot and eudicot flowers [START_REF] Specht | Flower evolution: the origin and subsequent diversification of the angiosperm flower[END_REF], such as orchids [START_REF] Vogel | Organographie der Blüten kapländischer Ophrydeen[END_REF][START_REF] Rudall | Roles of synorganisation, zygomorphy and heterotopy in floral evolution: the gynostemium and labellum of orchids and other lilioid monocots[END_REF]. It is hypothesized to be a key process in floral diversification [START_REF] Endress | Angiosperm floral evolution: morphological developmental framework[END_REF]). 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 [START_REF] Chartier | The evolution of afro-montane Delphinium (Ranunculaceae): Morphospecies, phylogenetics and biogeography[END_REF], 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 [START_REF] Kosuge | Morphology of the petal in Aconitum[END_REF]. 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 [START_REF] Kosuge | Morphology of the petal in Aconitum[END_REF].

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) 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 3648×2736 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 socalled "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 [START_REF] Gunz | Semilandmarks: a method for quantifying curves and surfaces[END_REF]. The coordinates of these landmarks and semilandmarks were manually recorded from the sixty photographs using the software tpsDig2 [START_REF] Rohlf | The tps series of software[END_REF]. 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; [START_REF] Rohlf | The tps series of software[END_REF]Slice 1990, Dryden and[START_REF] Dryden | Statistical analysis of shape[END_REF] and semilandmarks were slid using the minimum bending energy criterion [START_REF] Bookstein | Morphometric tools for landmark data: geometry and biology[END_REF]) using tpsRelw [START_REF] Rohlf | The tps series of software[END_REF]. Procrustes analysis extracts shape variation by filtering out the effects of size, position and orientation (e.g., [START_REF] Mitteroecker | Advances in geometric morphometrics[END_REF]. 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; [START_REF] Jolliffe | Principal Component Analysis and Factor Analysis[END_REF]) and visually depicted by means of Thin-Plate Spline deformation grids [START_REF] Bookstein | Principal warps: Thin-plate splines and the decomposition of deformations[END_REF].

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 PC1, 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 PC1, 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 A. 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 [START_REF] Tomaszewski | Is shape of a fresh and dried leaf the same?[END_REF].

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 andRenner 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. Lycoctonum flowers. This morphological similarity and evolutionary convergence obviously inspired the botanist who coined the genus name Aconitella [START_REF] Spach | Genre Aconitelle. -Aconitella Spach[END_REF] and was highlighted by the one who subsequently updated the taxonomic treatment of the genus [START_REF] Soják | Aconitella Spach, eine vergessene Gattung der Familie Ranunculaceae[END_REF].

Implications for evo-devo studies

Spur initiation and development has been studied in some model species, such as Linaria (Plantaginaceae; [START_REF] Box | Characterization of Linaria KNOX genes suggests a role in petal-spur development[END_REF]) and Aquilegia (Ranunculaceae; [START_REF] Puzey | Evolution of spur-length diversity in Aquilegia petals is achieved solely through cellshape anisotropy[END_REF][START_REF] Yant | Molecular basis for threedimensional elaboration of the Aquilegia petal spur[END_REF]. 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 [START_REF] Puzey | Evolution of spur-length diversity in Aquilegia petals is achieved solely through cellshape anisotropy[END_REF]. [START_REF] Yant | Molecular basis for threedimensional elaboration of the Aquilegia petal spur[END_REF] hypothesized that the development of this evolutionary novelty could be promoted by nonmutually 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 [START_REF] Wilson | A multivariate search for pollination syndromes among penstemons[END_REF][START_REF] Bröderbauer | The design of trapping devices in pollination traps of the genus Arum (Araceae) is related to insect type[END_REF]. 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 [START_REF] Van Der Niet | Three-dimensional geometric morphometrics for studying floral shape variation[END_REF][START_REF] Blanco-Pastor | Bees explain floral variation in a recent radiation of Linaria[END_REF]. 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 [START_REF] Hollens | A spur-ious inference: pollination is not more specialized in long-spurred than in spurless species in Diascia-Rediviva mutualisms[END_REF][START_REF] Vlašánková | The nectar spur is not only a simple specialization for long-proboscid pollinators[END_REF], 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. 

  .

  The clades characterized by flowers from the type Aconitum are A. subg. Aconitum, A. subg. Lycoctonum, and Gymnaconitum gymnandrum. Until 2013, the genus Aconitum consisted of three subgenera: A. 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.
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