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Retracing the center of origin and evolutionary history of nutmeg Myristica fragrans, an emblematic spice tree species

The identification of cultivated plant centers of origin is of growing interest since the pioneering work of Nikolaï Vavilov.

Cultivated species generally show a high level of genetic diversity in their center of origin, thus identifying these areas would have important implications for the conservation and sustainable management of their genetic resources. We aim to identify the center of origin and to infer recent evolutionary history of one of the most emblematic spice tree species ¬¬nutmeg (Myristica fragrans; Myristicaceae). The species is thought to originate from the Banda islands (Southern Moluccas archipelago, Indonesia), but this has never been confirmed. We characterized the genetic diversity of this species across the Moluccas archipelago using recently developed nuclear microsatellites markers and whole plastid genome sequences. We found two main intra-specific genetic clusters: one in South Moluccas (Banda and Ambon islands) and another in North Moluccas (Ternate, Tidore and Bacan islands). The latter cluster showed higher genetic diversity than the South Moluccas cluster. We then inferred the demographic history of nutmeg and evaluated different evolutionary scenarios using Approximate Bayesian Computation (ABC) analyses. Populations from South Moluccas show patterns of a recent bottleneck, whereas North Molucca populations did not. Moreover, South Moluccas populations are inferred as ancestral, with subsequent population migration to the North Moluccas during the late Pleistocene to early Holocene period. These results have strong implications for conservation strategies of nutmeg.

INTRODUCTION

Inferring the center of domestication of a cultivated species is challenging. The development of agriculture occurred independently in different parts of the world from 11,000 to 5,000 years ago. Alphonse de Candolle was one of the first to question the geographical origin of cultivated plants using an integrated scientific approach . He synthesized data from different disciplines (botany, plant biogeography, archaeology, paleontology, history, linguistics, ethnology) to propose hypotheses about the geographic origin of 247 cultivated species. This work was later extended by Nikolaï Vavilov, who proposed main centers of domestication for cultivated plants . Vavilov's work has since been revisted and updated by others . Indeed, the centers of plant domestication sensu Vavilov was subsequently confirmed by a number of archaeological findings . Furthermore, additional progress has been made on this topic through the use of genomic data to study the origin of cultivated plants . However, despite these recent progress in research, the origins of many cultivated species still remain poorly understood.

Inferring the place of origin and biogeographic history of a cultivated species is important to develop robust conservation and sustainable management strategies. Generally, the genetic diversity within a species is not homogeneous across its distribution range. The center of origin of cultivated plants typically presents higher levels of genetic diversity than their introduced populations as species propagation practices outside of its original distribution range often results in genetic bottlenecks . Identifying the center of origin of a target species is thus of utmost importance to develop conservation strategies that ensure the safeguarding of potentially valuable genetic resources. However, it is worth noting that this expectation can be obscured by gene flow with closely-related species, a relatively frequent phenomenon in plants . Indeed, during their propagation outside of their native range, cultivated species may enter into contact with closely-related species, creating new possibilities for interbreeding and increase of genetic diversity in the domesticated pool. This process is known to contribute to species adaptation to new environmental conditions during its propagation outside of its native range .

Genetic studies based on extensive sampling across a species' distribution can contribute to tracing back the biogeographical history of that species . For non-model organisms with a few genomic resources available, two types of genetic markers are commonly used: nuclear microsatellites (nSSR) and chloroplast DNA (cpDNA). These markers are used to infer past demographic events and to test different demographic scenarios with temporal calibrations .

Nutmeg, Myristica fragrans , is one of the most emblematic spice tree species. The exact location of the center of origin of the species is controversial, some authors hypothesize it to comprise a whole archipelago in Indonesia, the Moluccas (Maluku in Indonesian, also known as 'the Spice Islands'), whereas others mentioned the Banda islands only-a group of small islands in South Moluccas (Figure 1). The trading history of spice species has fascinated many, as evident in the extensive literature found on this topic. The Chinese were among the first involved in the trading of these species, with the earliest description of Banda islands and the nutmeg in the XIV th century . A short entry from Zhao Rugua's diary (c. 1225) seems to be the earliest written mention of the nutmeg. Unfortunately, the vocabulary used in this old text was insufficient for a definite identification of the species and region involved . The Portuguese were the first European explorers arriving in the region in search of the Spice Islands in the 16 th century. They cite Banda islands as the center of production of nutmeg, suggesting that the cultivation of this species mainly took place on these islands during that time. Yet, Rumphius in his Herbarii Amboinensisexplained nutmeg is distributed throughout the entire Moluccas: "The Nutmeg Tree is much further distributed than the Clove tree, to wit, throughout almost the entire Moluccas, though its true see is the Province of Banda , . . . " (though 'its true see' is in Banda archipelago ( English translation by E.M. Beekman of the latin original text 'verus tamen ejus locas fixus est Banda'). The words of Rumphius are not necessarily easy to interpret, and we might understand either that the native range of the species is the Banda archipelago (which has been repeatedly cited as such thereafter) or, that Banda islands represent the place where the species was cultivated at that time.

What is known with certainty is that Banda islands were the most important places of nutmeg cultivation during the Indonesian Dutch period (ca. 1600-1800). At this time, the Dutch East India Company (Vereenigde Oostindische Compagnie, VOC) applied a strong monopolistic policy to ensure its control over this important economic resource . Other European nations, such as France or England, did their best to circumvent the Dutch monopoly by getting planting material from Banda islands to propagate the tree in their tropical colonies . This part of history probably strengthened the general view that nutmeg's place of origin was Banda islands. Nowadays, the species is widely cultivated in different places in Indonesia and other tropical regions of the world.

Few archaeobotanical studies were conducted in Indonesia. To the best of our knowledge, only one study has identified historical traces of nutmeg consumption in Indonesia before European arrival . This study was held in one of the Banda islands, Pulau Ay (in English known as Ai Island), and traced the consumption to the Neolithic period (ca. 3500-2000 B.P.). Traces of consumption do not necessarily imply that nutmeg was cultivated at that time, but nevertheless this piece of evidence indicates the presence of the species in the Banda islands since more than 1000 years ago.

To address this gap in knowledge on the ancestral distribution of nutmeg, we applied a population genetic approach to improve our understanding of the biogeographical history of nutmeg in the Moluccas. More specifically, we tested whether the species originated from the Banda islands, or from the wider Moluccas.

We sampled the species across several Moluccas islands from North to South, and characterized its genetic diversity using a set of recently developed nSSR and whole plastid genomes.

MATERIALS AND METHODS

Study area: the Moluccas region

The Moluccas (Figure 1) constitute a natural biogeographical unit within the Wallacea region in the eastern part of Indonesia. They include two island groups: the North Moluccas (Maluku Utara province), which is part of a volcanic arc, and the South Moluccas (Maluku province) located on the Australasian continental plate.

Plant material

A total of 393 individuals were collected at five different sites (Ambon, Banda islands, Ternate, Tidore, and Bacan) covering the geographic extent of the Moluccas archipelago from North to South (Figure 1). The Banda islands are a group of ten volcanic islands: we sampled four of them (hereafter "Banda" to refer to these sampling localities). Leaves of individuals were collected and stored in silica gel to dry rapidly for preservation until DNA extraction. Additional information were taken for the collecting sites: the name of the locality, geographic coordinates, and tree circumference. We refer to each island as a "population", and the different collecting sites in these islands are referred to as "subpopulations" (for details on the number of subpopulations per population and the number of individuals per population see Supplementary Table S1).

DNA extraction, nSSR genotyping and cpDNA sequencing DNA extraction . Total genomic DNA was extracted using the MATAB protocol and chloroform separation with slight modifications following Mariac et al . . We checked DNA quality and quantity using a NanoDrop TM One spectrophotometer (Thermo Scientific TM ). Extracted DNA was diluted in 50 μL Tris-EDTA (TE) buffer (1X) pH 8.0 and stored at -20°C. nSSR genotyping . All individuals were genotyped using 14 polymorphic nuclear nSSR markers, with PCR conditions as described in Kusuma et al. . As one of the primer pair (Myr 42 locus) allowed for the amplification of two different genomic regions, corresponding information was split into two, namely Myr 42a andMyr 42b (see Kusuma et al ., 2020 for details). From this, we obtained our final dataset of 15 diploid genotypes for each individual. Genotyping was done on an ABI 3500 XL (Applied Biosystems) at CIRAD (Montpellier, France) using 1 μL of PCR product, 12 μL of Hi-Di Formamide (Applied Biosystems) and 0.3 μL GeneScan 500 LIZ dye Size Standard (Applied Biosystems). Genotypes were analyzed for each locus using the automatic procedure implemented in Geneious Prime ® v.2022.2.2 and manually corrected. cpDNA sequencing . We selected three to five individuals per subpopulation for genomic library construction (N = 90; see Supplementary File 1 for details) as well as four additional individuals of the sister species Myristica argentea (commonly known as the Papuan nutmeg, from Fakfak, Papua, Indonesia) that has been used as an outgroup in phylogenetic network analyses (N = 94 in total; see Supplementary File 1 for details). The protocols for library preparation, chloroplast enrichment, multiplexing, and sequencing are described in Mariac et al . . All sequenced individuals were analyzed as described in Scarcelli et al. . In short, data were demultiplexed and cleaned using the scripts DEMULTADAPT (https://github.com/Maillol/demultadapt) and CUTADAPT v.1.2.1 . Reads were then filtered using a PERL script (Supplementary File 2). After discarding low quality reads, mapping was performed with BWA v.0.7.12 using the M. fragrans cpDNA genome as reference. Unmapped reads were discarded and mapped reads were sorted using SAMTOOLS v. 1.9 . Then VARSCAN v.2.3.7 was used to call Single Nucleotide Polymorphisms (SNPs). All SNPs were filtered using VCFtools , by deleting all the indels, and all non-biallelic SNPs. Then, we calculated the mean depth per individual, mean depth per SNP, percentage of missing data per individual, and percentage of missing data per SNP using VCFtools . We provide the command lines and scripts to prepare sequence data, mapping and calling of SNPs in Supplementary File 3.

Genetic diversity and population structure of M. fragrans at nSSR loci

The distribution of genetic diversity in M. fragrans (N = 393 individuals) was characterized at the population level (N POP = 5) by estimating the following indices using SPAGeDi v.1.5 : the number of alleles (N A ), observed and expected heterozygosity (H O andH E respectively), rarefied allelic richness (AR ), and inbreeding coefficient (F IS ).

We then calculated the F ST among populations and among sub-populations within each population using the hierfstatR package [START_REF] Goudet | hierfstat, a package for r to compute and test hierarchical F-statistics[END_REF] in R (R Core Team, 2013). Moreover, we characterized genetic structure using a Bayesian clustering approach as implemented in STRUCTURE v.x.x software with the following parameters: admixture model, sampling location as prior, independent allele frequencies. The number of clusters was set from K = 1 to 10, with 10 iterations for each K. We ran the analysis with 20,000 burn-in periods and 100,000 MCMC replicates. The value of K that best explained the data was estimated using STRUCTURE HARVESTER . We then summarized STRUCTURE results using CLUMPP and projected the barplot using CLUMPAK .

Genetic diversity and population structure of M. fragrans at cpDNA loci For cpDNA, we used the SNPs dataset obtained for the 94 individuals (90M. fragrans , 4 M. argentea ) to describe the geographic distribution of cpDNA genetic diversity. We estimated the haplotype number (H ), number of segregating sites (S), and nucleotide diversity (π) using DnaSP v.6.12.03 . To analyze the genetic variation among groups and populations, we assigned the populations on each island to two different regions: Ambon and Banda were considered as a Southern Moluccas group and Ternate, Tidore and Bacan as a Northern Moluccas group. We used a molecular variance analysis (AMOVA) approach in ARLEQUIN v.3.5 assessing significant differences with 1,000 permutations.

Haplotype network reconstruction

We assigned cpDNA SNPs to different haplotypes using the pegas R package v.1.1 . We constructed the haplotype network using the maximum parsimonious tree method available in PopART v.1.7 , with a 95% statistical parsimony criterion. To test for phylogeographic signal, we calculated the N ST , and theG ST , using Permut v.1.2.1 applying 1,000 permutation tests .

Inference of population size change in M. fragrans

Past demographic events in M. fragrans populations from the Moluccas were inferred using Approximate Bayesian Computation (ABC) analyses. ABC approaches estimate posterior probability distributions substituting the calculation of likelihood by comparing observed data with simulated data . Using the nSSR dataset, we characterized the demographic evolution through time for each population using the program DIYABCskylineplot . Coalescent simulations and the computation of prior parameters and summary statistics were done using command line in DIYABC v.2.0 . We set the log-uniform priors for scaled effective population size (θ ) ranging from 1 to 1,000,000 for each population. Time parameters were randomly drawn at the interval [1;2000], and uniform prior in the interval [0;1] for the generalized stepwise mutation model. We performed 100,000 simulations for each population.

To estimate the robustness of past demographic event inferences, we further explored the likelihood of demographic changes through time using an importance sampling algorithm under a maximum likelihood framework as implemented in MIGRAINE . First, we set the parameter of multistep mutation proportion (p GSM) from the range [0;1] on each population. We used the OnePopVarSize model since this model consider a single past change in population size. We determined high values of parameter points and trees to ensure smooth demographic projection with 20,000 trees, 500 points, and a total of 16 iterations. All demographic settings inferred by MIGRAINE were using the GSM model with a finite number of allelic states (K = 50).

Reconstructing population history of M. fragrans

We inferred the ancestry and divergence time of the genetic clusters defined by STRUCTURE (see Results section), using DIYABC Random Forest v.1.1.1 . Populations assigned to a given genetic cluster according to STRUCTURE results were pooled as a single genetic group to reduce demographic model complexity. For these analyses, we only kept individuals with a cluster assignment probability higher than 0.85.

We first performed the analysis on each dataset (nSSRs and cpDNA) separately to understand the behavior of confidence interval on the posterior distribution of demographic parameters. We then combined the two datasets and analyzed them together to assess the robustness of the analyses.

Two scenarios of species' population divergence were tested with historical demographic parameters drawn from the prior distribution (Supplementary Table S1), with no admixture event included in the analysis (Supplementary Figure S1). We also linked this demographic prior distribution according to historical data of M. fragransdistribution in the Moluccas as stated by Hanna and Lape to infer the ancestry and divergence time of the genetic groups.

For each scenario, 100,000 coalescent simulations were performed. We checked for the congruence of simulation results under the different scenario with the observed data using (i) Principal Component Analysis (PCA) on the summary statistics from simulated data sets, and (ii) projecting the observed data on the first two PC axes. We used ABC with random forest (RF) to perform scenario choice and parameter estimation, in DIYABCRF v.1.1.1 module. For scenario choice, we used the maximum number of simulated data sets (100,000 each scenario) and the best scenario were chosen according to a classification vote. For parameter estimation, RFs of 1000 trees were used to obtain median point estimates for each demographic parameter in the model, as well as a 95% posterior credible interval.

RESULTS

Genetic diversity and population structure of M. fragrans at nSSR loci

We found a total number of 210 alleles using the 14 nSSR (corresponding to 15 diploid genotypes, see above), with the lowest number observed in Banda (N A = 68) and the highest in Bacan (N A = 176). The mean number of alleles per population (N M ) ranged from 5.00 to 11.73 across the five populations (Table 1). We found a lower genetic diversity in Ambon and Banda than in Ternate, Tidore and Bacan, as shown by the rarefied allelic richness statistics (AR (k=46) , Table 1). The inbreeding coefficient (F IS ) values were found to be significantly greater than zero in Ambon, Ternate, and Bacan, indicating a signal of inbreeding.

The global genetic structure among populations as measured by theF ST was 0.069. Meanwhile, the pairwiseF ST between populations ranged from 0.012 (between Ternate and Bacan) to 0.182 (between Ambon and Tidore) (Table 2). The genetic structure within populations (F ST among sub-populations) was globally relatively low (F ST values from 0.008 in Bacan to 0.040 in Tidore; see details in Supplementary Table S2).

Bayesian-clustering analyses suggest that the most likely number of intra-specific genetic clusters within our data set is 2 (Supplementary Figure S2). Individuals from Ambon and Banda are assigned to a first genetic cluster (Figure 2A / 2C), referred as the 'Southern Moluccas cluster' hereafter, whereas individuals from Ternate, Tidore and Bacan are generally assigned to a second genetic cluster, that we name the 'Northern Moluccas cluster' (F ST = 0.089 between the two clusters). A part of these individuals show variable admixture proportions (probability of assignation to a cluster between 0.2 and 0.9) with the Southern Moluccas cluster (31%, 4%, and 26%, respectively for Ternate, Tidore and Bacan).

Our STRUCTURE results also indicate that the Northern Moluccas cluster is further subdivided into two groups at K = 3 (Figure 2), with the first cluster (2a) including Ternate, Tidore, and part of Bacan individuals (78%), and a second cluster (2b) including 22% of individuals from Bacan island (F ST = 0.055 between cluster 2a and 2b). We further investigated this by running an additional analysis in STRUCTURE with individuals from the Northern Moluccas cluster (N = 160), and also Bacan island (N = 75; Supplementary Table S3). This additional analysis indicated K = 2 as the most plausible solution (Supplementary Figure S3), supporting the subdivision of the North Moluccas cluster into 2a and 2b as observed in the previous analysis.

Genetic diversity and population structure of M. fragrans at cpDNA loci Of the 94 individuals analyzed for whole cpDNA genome data, 10 were discarded as they had more than 25% missing data. Of the remaining 84 individuals (with the four M. argentea individuals included), we obtained a total of 146 SNPs (109 SNPs if M. argentea individuals are excluded). We obtained a total of 30 haplotypes in M. fragrans and three additional haplotypes found exclusively in M. argentea . Within M. fragrans , we observed one common haplotype (Hap 3, ˜60% of the individuals), that was present in all populations throughout the Moluccas archipelago (Figure 3; Supplementary Figure S4). Two other common haplotypes (Hap 4 and Hap 17) were present only in the North Moluccas. Unique haplotypes were found in all populations (three in Ternate, four in Tidore, seven in Bacan, seven in Ambon and six in Banda). The most common haplotype is placed in the center of the phylogenetic network (Figure 3). We also observe that Hap 3 differs from the M. argentea haplotypes by 48 mutations.

Diversity statistics obtained for the cpDNA dataset (number of segregating sites, nucleotide diversity Π) suggest a higher level of diversity in Bacan and Ternate (Table 3). At the cluster level, the nucleotide diversity is relatively lower in the Southern Moluccas cluster (Π =0.122) than in the Northern Moluccas cluster (Π =0.280). The AMOVA shows that the genetic variance is mainly explained by the cluster (Φ = 41.50% of the total variation, p < 0.001; Supplementary Table S4) and the sub-population (52%) levels. We found no signal of phylogeographic structure within our dataset (N ST = 0.462 < G ST = 0.532; p < 0.05).

Inference of population size changes in M. fragrans

The DIYABCskylineplot analyses show no evidence of significant population change over time in Ternate, Tidore, and Bacan populations, with a Bayes factor (BF , see Jeffreys, 1998) of 0.53, 0.45, and 0.34 respectively (Figure 4). MIGRAINE revealed a population expansion in Ternate, with θ μ >θ anc μ . However, Ambon and Banda exhibit a strong relatively recent bottleneck (BF = 2.17 andBF = 141, respectively). Similar patterns of population size reduction in Ambon and Banda were also shown by our MIGRAINE analyses. The ratio of scaled population sizes θ ratio =θ 0 / θ A (see Supplementary Table 6) indicates a recent reduction in population size in Ambon and Banda populations.

Reconstructing population history of M. fragrans

The visual inspection of simulated and observed data in the PCA plots indicates that the models considered are able to reproduce the observed genetic diversity patterns across all our datasets (see Supplementary Figure S5, S6 and S7 for the nSSR, the cpDNA and both nSSR and cpDNA data respectively). From these results, we concluded that the proposed scenarios and the prior combinations were adequate to perform ABC analysis.

Model selection according to DIYABC-RF using all three data sets (nSSR, cpDNA, and both nSSR and cpDNA) favored scenario 1 as the best supported scenario, with a posterior probability of 0.73, 0.88 and 0.79 (Figure 5; Supplementary Figure S1. A; Supplementary Table S5). According to Jeffrey's scale (Jeffreys, 1998), the Bayes factor of the three posterior probabilities indicates significant support to scenario 1 (Supplementary Table S5). Divergence time (t ) between the two genetic clusters of M. fragrans occurred around 2159 to 8231 generations ago, and the population bottleneck in the South Moluccas cluster occurred around 299 to 402 generations ago (Table 4).

DISCUSSION

We aimed to identify the center of origin of the Indonesian nutmeg,Myristica fragrans . We applied a population genetic approach and used genetic data obtained from nuclear microsatellite genotyping and whole plastid genome sequencing. Our results suggest that M. fragrans originated from the South Moluccas, and colonized North Moluccas islands well before the management of the species by humans (Middle, Late Pleistocene). The species was thus present across the entire Moluccas at the start of species trading history.

We found two different intra-specific genetic clusters in the Moluccas, one in South Moluccas (Banda and Ambon) and the other in North Moluccas (Ternate, Tidore and Bacan). The South Moluccas cluster appeared to be ancestral as indicated by our ABC analyses conducted on both nuclear and cpDNA data sets. In these analyses, the best supported demographic scenario corresponded to an ancestral population of the species in the South Moluccas and a colonization of the North Moluccas 2159 to 8231 generations ago, followed by a demographic bottleneck in the South Moluccas 299 to 402 generations ago. Assuming a generation time of 50 years in M. fragrans , species migration from South to North would have thus occurred c. 411-108 ka ago (corresponding to the Middle, Late Pleistocene), and the demographic bottleneck would have occurred c. 20-15 ka ago (Late Pleistocene).

The first individuals that colonized North Moluccas were probably carrying the cpDNA haplotype Hap 3. The Hap 3 haplotype is frequent and widespread across the entire Moluccas region and was also inferred to be ancestral, being directly connected to the outgroup (M. argentea ) and had a central placement in the phylogenetic network. Most of the other haplotypes are endemic to a specific island or group of islands and appeared to have diverged from Hap 3. Also, South Moluccas and North Moluccas haplotypes tend to be in two different groups in the haplotype network, which is in line with the North/South genetic divide observed from nSSRs. Under this scenario, we would expect the presence of a phylogeographic signal, which is not the case. Recent human-driven dispersal of the species has potentially blurred this signal.

Species migration from South to North probably happened through animal or sea dispersal. Since the emergence of Moluccas islands in the Oligocene / Miocene and even during glacial maximas, no major land bridges have connected North and South Moluccas, even during the glacial maxima when the sea level was around 120 m lower than now [START_REF] Faral | A 22,000-year tephrostratigraphy record of unidentified volcanic eruptions from Ternate and Tidore islands (North Maluku, Indonesia)[END_REF][START_REF] Hall | Plate boundary evolution in the Halmahera region, Indonesia[END_REF][START_REF] Hall | Neogene sutures in eastern Indonesia[END_REF], which supports observed differences between the general flora of the North and South Moluccas [START_REF] Rutgrink | Differences between the floras of the North and South Moluccas (Indonesia)[END_REF]. The origin of the Asian genera Myristicahas been dated around the Late Miocene based on plastid data [START_REF] Doyle | Phylogeny, Molecular and Fossil Dating, and Biogeographic History of Annonaceae and Myristicaceae (Magnoliales)[END_REF][START_REF] Frost | Neotropical niche evolution of Otoba trees in the context of global biogeography of the nutmeg family[END_REF][START_REF] Sauquet | Phylogenetic analysis of Magnoliales and Myristicaceae based on multiple data sets: implications for character evolution[END_REF], at a time when both North and South Moluccas were already present. The geological history of North and South Moluccas islands and the timing of colonization obtained in our analyses thus suggest that the dispersal ofM. fragrans was probably mediated by animals or ocean currents as opposed to rafting across tectonic terranes. Hornbills (Bucerotidae) are known to be involved in seed dispersal of Myristicaceae . These big birds potentially allow for long-dispersal events, although we cannot exclude that marine dispersal played a role in the demographic expansion of these species either. It has been demonstrated that seeds can be dispersed by marine currents over long geographic distances, andM. fragrans is not an exception (Bull, 2020). If some seeds kept their viability after marine dispersal, this might have also contributed to the dispersal of the species, as it has been shown for other tree species . It has also been suggested that the sea currents in the Moluccas during the Pleistocene flowed northwards [START_REF] Barmawidjaja | Glacial conditions in the northern Molucca Sea region (Indonesia). Palaeogeography, Palaeoclimatology[END_REF], allowing seed dispersal from South Moluccas to North Moluccas.

Since our demographic analyses suggest that M. fragrans colonized Northern Moluccas during the Pleistocene, this supports the presence of the species all across the Moluccas before the arrival of the Europeans. We found a number of historical accounts supporting this hypothesis It seems that Europeans were in search of the mysterious historical place of cultivation of nutmeg, i.e. the place where nutmeg was cultivated before being imported to Europe along a complex network of different traders and nations. North Moluccas were known for the cultivation of cloves , and South Moluccas for the cultivation of nutmegs . Search for this 'golden place' and particular focus on the South Moluccas where the species was first grown in mass probably blurred their view that the species could be present elsewhere. Here, we can speculate that historical information on the distribution of the species was strongly controlled by the VOC. This idea is supported by the embargo set by the VOC on the publication of Rumphius 'Herbarium amboinense', a document that includes information about the trade and cultivation of the species [START_REF] Friedrich | The Importance of Being a Good Employee: Georg Everhard Rumphius, the Dutch East India Company, and Knowledge in the Late Seventeenth Century[END_REF]van der Werff & Raven, 2014).

Along the human-managed evolutionary history of M. fragrans , it is likely that the North Moluccas gene pool have remained unimpacted in contrast to the South Moluccas stock that have been strongly impacted. We observed higher levels of genetic diversity both for the SSR and cpDNA in the North Moluccas genetic cluster than for South Moluccas. The lowest level of genetic diversity observed in the South is probably due to the reduction in M. fragrans population size during the Dutch colonisation period in the 17th and 18th centuries. As a matter of fact, the Dutch secured a monopoly on the production [START_REF] Robert | Medicinal plants: Being descriptions with original figures of the principal plants employed in medicine and an account of the characters, properties, and uses of their parts and products of medicinal value[END_REF] and trade of nutmeg by adopting a strong control policy on the resource (extirpation of trees, destruction of a part of the production to keep prices high) [START_REF] Wright | The Moluccan Spice Monopoly, 1770-1824[END_REF]. Such management practices have certainly negatively impacted the genetic diversity of the species. This reduction in population size in the South is actually supported by our demographic analyses, with a signal of a (relatively recent) bottleneck observed in Banda and a less-marked one in Ambon. In contrast, the demographic tests tend to support a constant population size in the North Moluccas islands. The dating of the population bottleneck is a bit older than the Holocene period, but dating recent bottleneck is almost impossible. Moreover, it is worth noting that it is extremely difficult to apply a time calibration in demographic analyses that use generation time as time unit for long-lived species such as trees. Here we have set an arbitrary generation time of 50 years which implies a detection of a bottleneck event before the Holocene period. Even though our analyses were based on only 15 nSSR, our results are roughly in agreement with the knowledge we have on the historical management of the species.

The observed pattern of higher genetic diversity in the North Moluccas cluster might also be the result of inter-specific gene flow. The potential hybridization of M. fragrans with otherMyristica species present in these islands is not known. According to de Wilde (2014), 20 Myristica species would be present in the Moluccas, which suggest that a number of Myristicasister species can be found in sympatry with M. fragrans . The radiation of Myristica species is probably quite recent, as demonstrated by the high rate of transferability of nSSR markers fromM. fragrans to sister species [START_REF] Kusuma | Microsatellite markers development for Indonesian nutmeg (Myristica fragrans Houtt.) and transferability to other Myristicaceae spp[END_REF]. A recent radiation implies that inter-specific gene flow may occur. It is worth noting that morphologically, M. fragrans individuals sampled in these islands are, to the best of our knowledge, similar to M. fragrans in South Moluccas. That would imply that if inter-specific gene flow occurred, it might have had a small effect on the phenotypic diversity of M. fragrans . In the absence of additional genetic data for other Myristica species present in the region, we cannot support or rule out this hypothesis that would deserve further investigation.

Perspectives about conservation and sustainable management and use .

Our results bring insights that will be important for conserving and managing the genetic diversity within M. fragrans . Genetic differentiation observed between North and South Moluccas in this study should be integrated into conservation strategies and management practices for this species. The genetic diversity of this species in Banda and Ambon has been particularly impacted by past human practices, with potential consequences on the adaptive potential of this species in these islands. To date, this lower level of genetic diversity does not seem to have caused any noticeable reduction in nutmeg production or susceptibility to pests and diseases, but such an impact may appear in the near future from indirect drivers of change, in particular climate change.

Banda and Ambon islands were, and still are the main sources of planting material introduced in other parts of Indonesia and across all major tropical regions in the world . Given the relatively low level of genetic diversity in these islands, low number of male trees kept on farms, and the fact that seeds used to produce planting material are usually taken from one mother tree only, it is likely that the genetic diversity introduced into other regions of the world is also quite low. In addition, we have no information about potential differences in quality between North and South Moluccas. The Banda island nutmeg 'variety' is the most well-known, but it is not known whether if the popularity of this stock is the legacy of historical cultivation being centered around the Banda islands, or if it was intentionally selected based on resilience to environmental factors (e.g., soil properties), or genetic differences, or the combination of the above. Testing differences in the quality of the nuts by conducting common garden experiments would be needed to inform strategies of genetic resource management for this species . If no significant differences exist, it would be interesting to consider the sourcing of additional material from North Moluccas in order to increase the level of genetic diversity and thus the potential resilience of introduced populations.

We cannot exclude that additional original genetic resources are present elsewhere. Here we have sampled only a representative part of the Moluccas islands. Indeed, this sampling regime was sufficient to infer the native range of the species, but it remains insufficient for conservation considerations. The presence of a third genetic cluster in Bacan island is interesting as it outlines an additional genetic structuring. We would need additional samples from the whole North Moluccas area (Halmahera, Sula, Obi, Misool in particular) to better interpret this result and get a more comprehensive view of the spatial genetic diversity of M. fragrans . Conducting an exhaustive sampling in a complex archipelago such as Indonesia is particularly complicated and time consuming (˜1000 islands for the Moluccas only). This probably explains why local flora remains largely undocumented. Concerning M. fragrans , we cannot rule out that some additional unique resources exist somewhere else in the Moluccas, such as in the more Southern islands (Kai, Aru, Tanimbar, etc), but a much more intensive sampling is needed to get the answer.
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