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Perianth dimorphism in Nigella damascena (Ranunculaceae) has been documented since four centuries, and its genetic basis has started to be studied almost one century ago. Based on herbarium collections, we reconstructed the evolution of the distribution area of the wild-type (perianth composed of a calyx and nectariferous petals) and mutant (apetalous) floral morphs in mainland France during the last two centuries. We showed that the collection localities of the wild-type morph are mostly concentrated in the southern coastal areas of France, whereas the collection localities of the mutant morph were less numerous but more scattered in France.

The collection effort of both morphs peaked in the second half of the 19 th century and continuously decreased afterwards. Results are interpreted taken into account the biases in the constitution of a herbarium collection. Knowledge about the spatial distribution and the frequency of occurrence of wild-type and mutant populations through time will help botanists and evolutionary biologists investigate the origin and ecological grounds for the maintenance and propagation of the apetalous morph in the wild.

Introduction

Floral dimorphism has intrigued botanists and evolutionary biologists since centuries. Darwin devoted a book to this topic, focusing on heterostylous Primula flowers [START_REF] Darwin | The different forms of flowers on plants of the same species[END_REF].

Nigella damascena L. (Ranunculaceae), or love-in-a-mist, is a herbaceous species mainly distributed in the Mediterranean Basin, whose ancient use by human populations is well documented (Heiss and Oeggl 2005). In this species, two types of flowers are known at least since the end of the 16 th century [START_REF] Clusius | Melanthium pleno flore[END_REF]. The wild-type flower has a perianth composed of a pentamerous petaloid calyx and a series of 5-10 pouch-shaped nectariferous petals. By contrast, the unipartite perianth of the mutant type consists of numerous petaloid tepals [START_REF] Deroin | Floral vascular patterns of the double-flowered and wild-type morphs of Nigella damascena L. (Ranunculaceae)[END_REF][START_REF] Deroin | Floral vascular patterns of the double-flowered and wild-type morphs of Nigella damascena L. (Ranunculaceae)[END_REF]. The monogenic control of the dimorphism was first established by [START_REF] Toxopeus | Erblichkeitsuntersuchungen an Nigella damascena L[END_REF] based on segregation analyses, and its molecular basis was unraveled almost one hundred year later [START_REF] Gonçalves | An APETALA3 homolog controls both petal identity and floral meristem patterning in Nigella damascena L. (Ranunculaceae)[END_REF][START_REF] Zhang | Disruption of the petal identity gene APETALA3-3 is highly correlated with loss of petals within the buttercup family (Ranunculaceae)[END_REF].

For simplicity, we will adopt the terminology of [START_REF] Gonçalves | An APETALA3 homolog controls both petal identity and floral meristem patterning in Nigella damascena L. (Ranunculaceae)[END_REF] to designate the wildtype (homozygous dominant or heterozygous for the combination of alleles controlling the dimorphism) and mutant (homozygous recessive) floral morphs, called [P] and [T], respectively. Human selection for plants with conspicuous flowers harbouring supernumerary petaloid organs likely played an important role in the long-term maintenance of the [T] phenotype, but [T] populations are also expected to occur in the wild because individuals are self-fertile and plants can easily escape from gardens and become naturalized in favorable environments.

Herbarium collections are repositories of past and current plant biodiversity. Compiling the data held by all the herbarium specimens of a species allows reconstructing the evolution of its distribution area through time. In the case of N. damascena, knowledge about the spatial distribution and the frequency of occurrence of [P] and [T] populations through time would help botanists and evolutionary biologists investigate the origin and ecological grounds for the maintenance and propagation of the [T] morph in the wild. It should be possible to examine whether [T] populations can persist per se in the wild or if they are consistently found in the neighborhood of towns and villages, suggesting constant gene flow from gardens; alternatively, [T] individuals could consistently be found in the vicinity of [P] individuals, suggesting that the presence of nectariferous flowers in [P] plants may favor pollination and reproductive success of [T] plants with flowers lacking pollinator reward, and/or that the mutation is slightly deleterious and preferentially maintained in the heterozygous state. A last use of distribution maps would be to identify localities where N. damascena individuals from each morph could be currently collected.

To get insight into these topics, we built a quasi-exhaustive database of the world collection of N. damascena herbarium specimens. For this special issue of Botany Letters, we present the results concerning mainland France, explaining the database structure and the protocol to select the herbarium specimens for georeferencing and building the temporal sequence of distribution maps. We observe different distributions of the two morphs in mainland France, and discuss possible causes.

Materials and Methods

Data collection and database construction

We built a database gathering the information found on herbarium specimens of N. damascena (Fig. 1) from 39 herbaria, from the Mediterranean Basin or from other regions but housing large amounts of Mediterranean species or species growing in areas with a Mediterranean climate. The herbaria sent specimens on loan to P (Paris Herbarium), where they were studied. They were photographed for the record. Alternatively, the herbaria sent images of their collection of N. damascena.

The data gathered from the biological specimen (Fig. 1A-B and1D) and from the label (Fig. 1C) are organized into 16 fields: (A) herbarium code; (B) barcode or reference in the herbarium; (C) collector's name; (D) collection number; (E-G) day, month, and year of collection; (H) country of origin, transcribed from the label or interpreted; current country names are provided; (I) collection locality; (J) other notes on the label (in the original language); (K) label mentioning that the specimen was in cultivation at the time of collection (yes/no); (L) assumption that the specimen was in cultivation at the time of collection (yes/no); (M) presence of flower(s) (yes/no); (N) flower morph (P/T, Fig. 1B and1D); (O) presence of capsule(s) (yes/no); (P) GPS coordinates in decimal degrees, in the WGS 84 system. In some cases, GPS coordinates were available directly from the label. In most cases, localities were georeferenced by us using Google Maps (Google Inc., Mountain View, CA, USA). The collection locality could be precisely specified on the label (e.g. "Gorges d'Estrabols, commune de Salvagnac, canton de Villeneuve"), allowing precise GPS coordinates to be determined (in red in Supplementary Table 2). Less precisely described collection sites, for example just mentioning the closest city, were also attributed GPS coordinates (in blue in Supplementary Table 2). In other cases, e.g. when only the country of origin is specified or when the plant was in cultivation when collected with no mention of the seed origin, localization data was considered unavailable and (P) cells were marked with a double-slash (//). Except for (H) and (L), all data are transcribed from the label without interpretation or come from the observation of the specimen. Label data was provided as a csv file by the following herbaria: BC, BEI, BM, E, FR, HUJ, and MA; it was double-checked before being included in our database.

Diachronic study of the distribution of Nigella damascena in France

For the present study, we focused on data relative to all specimens collected in France (654 specimens; Supplementary Table 1, Fig. 1), recorded from 20 herbaria (B (Berlin), BC (Barcelona), BEI (Beirut), BM (London), CAI (Cairo), E (Edinburgh), FI (Florence), FR (Frankfurt), G (Geneva), HUJ (Jerusalem), K (Kew), MA (Madrid), MEL (Melbourne), MPU (Montpellier), P (Paris), PAL (Palermo), S (Stockholm), TO (Torino), UPS (Uppsala), W (Vienna)); herbarium codes follow [START_REF] Thiers | Index Herbariorum: A global directory of public herbaria and associated staff, New York Botanical Garden's Virtual Herbarium[END_REF]. For the analysis of the distribution of the two morphs over time, we did not consider specimens without flowers (or with flowers compressed in such a way that the floral morph was not distinguishable), duplicate specimens (belonging to the same collection, i.e. same collector and collection number) and specimens with no collection year. We considered two datasets extracted from the database:

(i) the georeferenced dataset excludes specimens with a double slash in (P), and gathered 409 specimens from 18 herbaria (all specimens from BEI and CAI herbaria were discarded). Among these specimens, 12 were composed of two different collections (different combination [collector + collection number]). After splitting these accessions into two, the final dataset consisted of 421 entries. Supplementary Table 2 shows the collections that were used to build the distribution maps. We classified the entries into four time intervals ([1800-1849], , , ), and into two categories ([P] and [T] morph) within each interval. When the collection date is an interval, the latest year was considered.

After the sorting process described above, no specimen collected in France after 2000 was included in the dataset. Maps were built using SimpleMappr [START_REF] Shorthouse | SimpleMappr, an online tool to produce publication-quality point maps[END_REF].

(ii) the [P]/[T] dataset was built to compare the number of collected specimens from each morph among each 50-year period. It includes the cultivated specimens and the specimens that could not be georeferenced, and comprises 469 entries.

Results

More than two centuries of biogeographical data captured in herbarium specimens

The oldest and most recent French specimens of N. damascena included in our database were collected in 1784 by an unknown collector and in 2015 by F. Jabbour, respectively. These specimens were both cultivated (in "Jardin de Sally" and in Gif-sur-Yvette (see [START_REF] Deroin | Floral vascular patterns of the double-flowered and wild-type morphs of Nigella damascena L. (Ranunculaceae)[END_REF], respectively), and hence not georeferenced. The whole dataset consists of 654 collections. The three herbaria that contributed most in terms of number of collections were P (Paris, 313 collections), MPU (Montpellier,105) and G (Geneva,43). The floral morph could be identified on 469 specimens (371 [P] and 98 [T]) and 421 specimens (352 [P] and 69 [T]) could be georeferenced. The three most active collectors of N. damascena specimens in France were Elisée Reverchon (1835Reverchon ( -1914;;11 specimens), Florian Jabbour (1983-;9 specimens), andBrother Sennen (Etienne Marcellin Granié-Blanc, 1861-1937;8 specimens). 

The collection localities of the [P] morph are mostly concentrated in the southern coastal areas of France

A peak of collection in the second half of the 19 th century

The collection of both morphs was the highest between 1850 and 1899 (233, about half of the specimens of the dataset), before decreasing continuously afterwards (Fig. 3A). The peak also coincides with more individuals from both morphs collected from the northern half of France.

The collection of cultivated specimens, even though less numerous, follows the same temporal trend as the wild ones (Fig. 3B). In the wild collections, [P] morph individuals are more frequent than [T] morph ones in all time intervals (2.6 to 10 times more). The proportion of [T] morph individuals was the highest in the first half of the 20 th century, reaching 28%. In contrast to the wild collection, more [T] than [P] individuals were found in the cultivated collection at each time period (Fig. 3B). During the last two centuries, 28 of the c. 300 collectors of N. damascena collected both floral morphs, but only 15 of them collected both morphs in the same locality.

Discussion

Caution required when analyzing herbarium collection records

A collection of natural history is by nature biased. Not all the biodiversity can be captured in time and space, and the representativeness of a collection depends on the spatio-temporal uniformity of the collection effort [START_REF] Auderset | Occurrence of Characeae in Switzerland over the last two centuries (1800-2000)[END_REF]. Many collectors collect objects of natural history in the places where they live or travel, and they can be biased towards or against unusual objects (e.g., with an unusual morphology or spatial occurrence). They can collect in priority individuals with unusual phenotypes in order to have a record in their own collection, or they can ignore them because they deviate from the standard morphology. Indeed, botanists can purposely ignore plants considered as weeds and plants that are locally common. Hence a herbarium collection can paradoxically lack plants that are common or present at a given locality for long. Knowing these limitations, herbarium collection data should not be over-interpreted. They give a picture of biodiversity at certain times and places, filtered by collectors' interest that may vary according education and societal context. For a given species, a way to partly circumvent bias is to consider the most exhaustive set of herbarium collections from the highest number of herbaria. This is what we intended to do for N. damascena.

The evolution of Nigella damascena collection effort in France

In France, the collection effort concerning N. damascena has not been uniform during the last two centuries. After a peak in the second half of the 19 th century, the number of specimens added to collections of natural history decreased continuously. Does it reveal that N. damascena distribution area has expanded and then shrunk down, or that the collection effort has been lower during the last decades? We tend to favor the second hypothesis. Indeed, we cannot figure out any natural cause that could explain a decrease in abundance in the wild, since this species has been common in France (see SIFlore and INPN databases;Just et al. 2015;Muséum national d'Histoire Naturelle 2003[START_REF] Thiers | Index Herbariorum: A global directory of public herbaria and associated staff, New York Botanical Garden's Virtual Herbarium[END_REF]Fig. 4). However, the decrease in specimen number collected in the first half of the 20 th century could be due to the impact of the two world wars on the activity of the scientists (Le Bras et al. 2015). Furthermore, we witness nowadays a general decline in collecting due to less funding for research in the field of natural history and the societal perception that collecting local flora is unnecessary [START_REF] Renner | Is plant collecting in Germany coming to an end?[END_REF].

The fact that N. damascena has often been collected next to areas with high human population density could be due to the local presence of many collectors and to the naturalization of populations after escaping from gardens. Whilst this explanation could stand for the Parisian region, we do not think it is valid for the whole French territory, as N. damascena has not been heavily collected from many densely inhabited areas in northern France. Thus, we believe that the distribution of the species at the Atlantic coast, at the Rhône Valley and at the Mediterranean coast represent its true distribution area. The data made available online by SIFlore (Just et al. 2015), gathering distributional data for vascular plants in France from herbarium records but also from the literature and data from botanical conservatories and covering the last five centuries (from 1545 to 2014) and by the INPN (Muséum national d'Histoire Naturelle 2003[START_REF] Thiers | Index Herbariorum: A global directory of public herbaria and associated staff, New York Botanical Garden's Virtual Herbarium[END_REF] are in accordance with our results, considering that these datasets distinguishes neither the [P] from the [T] morph nor wild from cultivated specimens (Figure 4).

The morph [T] has been less collected than the [P] morph over the last couple of centuries suggesting that such populations are less common in the wild than the [P]-morph populations (72/430 = 17%). One-tenth of the collectors of N. damascena collected both floral morphs, and more than half of them found both morphs in the same locality. This suggests that at least 21% (15/72) of the [T] phenotype appears in mixed [P]-[T] populations.

Additionally, the two morphs are not equally distributed in France. Relatively more [T] specimens have been collected in the northern part of France and there is no reason to think that the collectors mostly living or botanizing in the northern half of France were more sensitive to unusual phenotypes. The presence of [T] populations further away from the Mediterranean and the Atlantic coasts could be due to the naturalization of populations in the vicinity of towns and villages after escaping from the gardens. The fact that most cultivated specimens, which are enriched in [T] morphs, were also collected from the northern half of France is consistent with this hypothesis.

A dataset valuable for diachronic evo-devo studies

Museum time-series (set of specimens from the same species collected at different times) are the basic material for floras and conservation studies. Thanks to the information gathered on the collection label, the distribution area of a single species can be traced over time (e.g., [START_REF] Auderset | Occurrence of Characeae in Switzerland over the last two centuries (1800-2000)[END_REF]. Such diachronic studies can be conducted at the scale of some centuries and do not result from any inference-based analysis. They differ from studies of historical biogeography in which older (thousand-to million-year old) dispersal events are inferred from the distribution areas of the extant taxa and the topology of a phylogenetic tree.

The distribution maps we built are based on the georeferencing of the collection localities of 421 individuals across two hundred years. Among this set of individuals, only three could be georeferenced with high precision, meaning the maps presented in Fig. 2 mostly show broad localities. However, comparing maps obtained from [P] and [T] specimens can allow us targeting localities where populations of both morphs could currently coexist. Such natural populations would be required for in situ long-term ecological studies.

Ancient DNA (i.e. extracted from relatively old herbarium specimens) has been sequenced to track invasion routes (Matsuhashi et al. 2016) or analyse the evolution of the genetic diversity of a plant pathogen (Li et al. 2007) through time. In the case of N. damascena, mining our database for old and modern specimens from different origins will make it possible to test whether the molecular basis for the [T] phenotype is identical at the scale of the Mediterranean Basin as a whole, during the last two centuries. This research is currently under way in our team.
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  A) Herbarium code. (B) Barcode or reference in the herbarium. (C) Collector's name. (D) Collection number. (E-G) Day, month and year of collection. (H) Country of origin, transcribed from the label or interpreted. Current country names are provided. (I) Collection locality. (J) Other notes on the label. (K) Is there anything on the label specifying that the specimen was in cultivation at the time of collection? (L) Assumption that the specimen was in cultivation at the time of collection. (M) Presence of flower(s). (N) Flower morph. (O)Presence of capsule(s). (P) GPS coordinates, transcribed from the label or inferred. Except for (H) and (L), all data are transcribed from the label without interpretation or come from the observation of the specimen.
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