Epigenetic stability in Saffron (Crocus sativus L.) accessions during four consecutive years of cultivation and vegetative propagation under open field conditions
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Abstract
Saffron (Crocus sativus L.) is a sterile species that is vegetatively propagated in the field, year by year, via the production of new corms. While Saffron’s genetic variability is extremely low, phenotypic variation is frequently observed in the field and epigenetics could be a possible origin of these alternative phenotypes. Present day knowledge on Saffron epigenetics is very low or absent. In the present paper, to deepen existing knowledge, we focused on the epigenetic differences and stability among 17 Saffron accessions, of different geographic origin, during four consecutive years of vegetative propagation under open field conditions. Before the analysis, the selected accessions have been cultivated in the same field for at least three consecutive years. Despite the low genetic variability and the prolonged co-cultivation in the same environment, Methylation-Sensitive Amplified Fragment Length Polymorphism (MS-AFLP) analysis revealed a very high epigenetic difference among accessions, making it possible to discriminate them based on the epigenetic profiles. During the four years of the study, a little variation has been observed within accessions following different patterns, slightly modifying the accession epigenotypes but not enough to even them to a more uniform profile. These results confirm that, under natural conditions, Saffron epigenotypes are highly stable, supporting a role for epigenetics in phenotypic variability.    

1. [bookmark: _Hlk519068626]Introduction
[bookmark: _Hlk519069386]Saffron (Crocus sativus L.) is an allotriploid species (2n = 3x = 24) with a very big genome whose size has been calculated to be about 10.5 Gbases by flow cytometry. Despite a very long cultivation history, Saffron domestication dates back to at least 3,500 years ago, its botanical origin is still not clear. C. cartwrightianus Herb. is presently recognized as the donor of the diploid genome. Because of its genetic constitution, Saffron is sterile and, since the first cultivations, it has been obligatorily propagated vegetatively, year by year, via the production of new corms replacing the old ones [1]. Corm multiplication does not generate genetic variations with the exception of some spontaneous mutations and, consequently, the presence of any genetic variability has been debated for years [2, 3, 4]. Contrary to this, phenotypic variation is frequently observed in the field and, interestingly, such variability can be occasionally unstable and change from one growing season to another [1]. In a preliminary characterization of 50 saffron accessions of the WSCC (World Saffron and Crocus Collection, created through the second European Community Programme on the Conservation, Characterization, Collection and Utilization of Genetic Resources in Agriculture 2006−2011, and located in the Bank of Plant Germplasm of Centro de Investigación Agroforestal de Albadalejito, Cuenca, Spain), characters related to phenology, floral morphology and saffron production were measured highlighting a large variability [5]. Agayev et al. [6] evidenced a rapid and stable response of Saffron to clonal selection and this efficacy, in the absence of a significant genetic variability, supported the presence of something different from solely genetics in determining the different phenotypes. These observations raise the question about the possible origin of such variability and, considering that gene expression can be influenced by both genetic and epigenetic changes, epigenetics could be a possible origin of these alternative phenotypes.
Epigenetic marks are defined as a series of chemical modifications of both DNA and histones, however the majority of studies has been focused on DNA methylation because of the presence of mechanisms of inheritance and due to the relative simplicity of investigating it at a genome-wide level [7]. The most frequent mark of DNA methylation is represented by 5-methylcytosine (5-mC), which in plants can be present at different sites having CG, CHG and CHH (H represents any base but G) sequences [8]. 
Many species of high economic and agricultural interest are propagated in a vegetative way and this is carried out to propagate and preserve ideal varieties. Many fruit crops are the outcome of the clonal propagation, through grafting or in vitro culture, of a single founder plant. Several studies detected that prolonged vegetative propagation can result in the formation of epigenetic variants that can heavily affect the phenotype of the regenerated plants. Ong-Abdullah et al. [9] were able to evidence that a differentially methylated region is responsible for the appearance of the mantled trait in trees propagated through tissue culture. The mantled trait is an aberrant phenotype evident just in the adult phase that destroys the production of the trees. The presence of epigenetic variations following in vitro culture has been frequently detected by using MS-AFLP (MSAP – methylation-sensitive amplified polymorphism) markers in many plant species, such as pea [10], agave [11], grapevine [12], coffee [13], freesia [14]. Contrary to these species that are propagated in a vegetative way mainly to preserve a genotype of interest, the vegetative propagation of Saffron is forced because of its sterility. Further, the majority of these studies considered methylation changes arose consequently the tissue culture for one or several generations. However, tissue culture represents a very unnatural environment [15], despite its use for plant breeding, and the consequences on methylation can be different compared to open field propagation, which is the classical way to propagate Saffron. To fully understand the possible connection between epigenotype and phenotype, researches generating high-resolution data sets from plants in the field, sampled under the prevailing environmental conditions are highly recommended [7]. For vegetatively propagated crops, epigenetic variations could represent an added value for breeding but in order to use epigenetic information for breeding it is mandatory to better understand the stability of epigenomic patterns in an organism [15], especially under natural conditions. If DNA methylation patterns could be stable through development, then the epigenome could be considered to accurately describe the epigenetic profile of an organism and to predict traits [15]. Currently, only a little knowledge about Saffron epigenetics is available [4, 16] but no information concerning the stability of the Saffron epigenome can be retrieved from scientific literature.
In the present study, to gain further information regarding Saffron epigenetics with a particular focus on epigenetic stability, we decided to follow the epigenetic stability of 17 accessions of Saffron, during four consecutive years of cultivation and propagation under open field conditions at the WSCC, by using MS-AFLP markers. Before the analysis, the selected accessions had been cultivated very closely for at least three consecutive years (in some cases even more) in the same field to make uniform as much as possible the epigenetic constitution. Despite this, all the accessions were characterized by a different epigenotype both at the beginning and at the end of the study, suggesting that despite some small variations, under open field conditions the epigenotype of Saffron is very stable in consecutive years.


2. [bookmark: _Hlk519070918]Materials and Methods
2.1 Plant material and DNA extraction
Seventeen accessions (Table 1) from the WSCC germplasm have been selected for the study. All the accessions, except 1697 and 2930, were previously analysed at the genetic level [4] evidencing an extremely low genetic variability. Accessions 1697 and 2930 were analysed independently without any significant difference from the other 15 accessions. The different accessions, characterized by very different geographic origin, were received in different years at the germplasm, starting from 2005 and going up to 2010 but they were cultivated in the same field for at least three consecutive years before the analysis. The experimental farm of Centro de Investigación Agroforestal de Albadalejito (Cuenca, Spain) is located at an altitude of 950-1,000 meters above the sea level. The edaphic characteristics of the fields are the common for the area, with sandy loams, alkaline pH (7.6-8.4), normal electric conductivity (<400 mmhos/cm) and a low content of organic matter (1-2.5%). The analysis of the epigenetic stability was carried out on DNA extracted from leaves. For each accession, leaves of ten independent plants were pooled during the samples to obtain a global epigenetic profile of the accession and not of single plants. After sampling, leaves were lyophilized and preserved at room temperature until the analysis. To maximize the uniformity of the samples, leaves were sampled within the same day for each single year and the same plant vegetative stage in different years, just in the beginning of leaf senescence which occurs during the last days of April or the first days of May depending on the climatic conditions. All along the four growing seasons of the experiment, temperatures and rainfall were continuously measured, being this the normal activity of Centro de Investigación Agroforestal. 
[bookmark: _Hlk519073119]The DNA (17 accessions x 4 consecutive years) was extracted, for all the samples, at the end of the sampling step, during the summer of 2016. Leaves were ground and stored at -20 °C until DNA extraction. Then, 200 mg of tissue powder was weighed and DNA extractions were carried out using the commercial kit GeneElute Plant Genomic DNA Miniprep Kit (Sigma-Aldrich) according to the manufacturer’s instructions, with just a minor modification. In detail, to each sample we added 4% w/w of PVP (polyvinylpyrrolidone) directly during the DNA extraction to facilitate the removal of secondary metabolites, such as polyphenols, and to provide a more pure DNA for the subsequent analysis [16]. Taking into account the large size of the Saffron genome (bigger than 10 Gb), 250 ng of total DNA was used in the subsequent MS-AFLP analyses.


2.2 MS-AFLP analyses
MS-AFLP analyses were performed as reported by Marconi et al. [17]. The classic MS-AFLP approach involves the use of the isoschizomers MspI and HpaII in order to better investigate the variation in the methylation state of the restriction site cytosines. Both enzymes cut the DNA if the restriction site is not methylated, but they cut in a different way in the presence of cytosine methylation. The two enzyme combinations used were EcoRI/MspI and EcoRI/HpaII. Preselective PCRs were carried out using E01 and HM0 primers. Three different selective primer combinations were used: E38/HM2; E32/HM3; E37/HM1. The main characteristics of the primers are reported in Table 2. PCR amplifications were performed as reported in the literature [17], 2% PVP was added to the PCR mix to counteract the presence of inhibitors [18]. The selective EcoRI primers were labelled with fluorescent dyes, and the amplified products from selective amplifications were visualized in an ABI Prism 3130xl Genetic Analyser (Life Technologies) and analysed using the GeneMapper Analysis software (Life Technologies). The electrophoretic patterns were visually inspected in the search for polymorphisms and the presence or absence of peaks was scored and compiled in a binary matrix.


[bookmark: _Hlk519073630]2.3 Statistical analysis
[bookmark: _Hlk519073664][bookmark: _Hlk519073700]The binary matrix of the detected MS-AFLP signals was analysed by using the software GenAlEx 6.5 [19, 20]. The software was used to (i) obtain a pairwise, individual-by-individual (N x N) genetic distance matrix among epigenotypes based on the binary matrix; ii) carry out the principal coordinate analysis (PCoA), a multivariate technique that allows to find and plot the major patterns within a multivariate data set; iii)  perform an analysis of the molecular variance (AMOVA) [21] at the accession level, in order to evaluate the significance of epigenetic differentiation within and between accessions.
Further data manipulation and visualization, to graphically visualize the changes in the methylation profile of the accessions in the four years of the study, were performed with R software [22].


3. [bookmark: _Hlk519074833]Results
3.1 Growing condition of the accessions in the four consecutive growing seasons.
The 17 accessions selected for the study were cultivated in close proximity in the same field for at least three consecutive years, some of them even more, to standardize as much as possible the epigenome before the analysis. In all the years, the accessions were vegetatively propagated under open field conditions. During the four growing seasons, temperatures and rainfall were measured and the collected values were reported in in table 3. During the four involved “Saffron Growing Seasons” (from June to May of the following year in 2012-2013, 2013-2014, 2014-2015 and 2015-2016) there were no important differences in the average temperatures, which could be considered as “normal” and close to the general average values of the area that are between 11.5 and 12.0 °C. The average temperatures of the four growing seasons were very similar and comprised between 11.6 and 12.2 °C without important differences (Table 3). No stressing periods associated with prolonged extremely low or high temperatures were evidenced all along the experiment. The situation was different concerning rainfall. The global amount of rain that was measured in the four growing seasons was clearly different ranging from a maximum value of 589.0 mm (from June 2012 and May 2013) and a minimum value of 366.1 mm (from June 2013 and May 2014). With just the exception of the third growing season (437.1 mm) all the other values were definitely higher or lower than the average value for the area that is comprised between 450 and 500 mm. As expected, precipitations were mainly concentrated from September until April, while lower values were measured during summer months. Despite these differences, and despite months characterised by high or low precipitation, globally no stressing periods because of a prolonged excess or scarcity of water able to significantly influence Saffron growth were evidenced.


3.2 MS-AFLP analysis and trends of methylation variation
For all the samples, DNA extraction and methylation-sensitive analysis were carried out at the end of the survey independently by the date of sampling. 
The protocol adopted for MS-AFLP analyses was able to provide high reproducibility (higher than 99%) in preliminary independent reactions. Globally, 68 samples (17 accessions x 4 years) were digested by using both EcoRI/MspI and EcoRI/HpaII combinations for a total of 136 digestions. All the samples were subsequently analysed by using three primer combinations that allowed a high level of polymorphism to be detected both among and within accessions in the four consecutive years of the experiment. Two hundred and forty-four peaks (Table 4) were initially chosen by comparing, for each primer combination, all the profiles obtained with the two independent digestions. Sixty-seven well-defined peaks were selected for the primer combination E37/HM1, 99 for E38/HM2 and 78 for E32/HM3. Once the peaks to be scored were chosen, the evaluation of the polymorphisms was carried out. Globally, 143 (58.6 %) and 166 (68.03%) peaks, out of the 244 scored, were polymorphic at least in a single sample, for the enzymes MspI and HpaII, respectively (Table 4). The three combinations were able to detect a different level of polymorphism, E32/HM3 and E37/HM1 being the most polymorphic for MspI and HpaII, respectively. The most polymorphic combination for MspI was the least variable with HpaII. Globally, the digestion with HpaII resulted in the detection of more polymorphisms than with MspI.
The global trend associated with the epigenetic variability in the four consecutive years is reported in Figure 1. To evaluate the global trend of variability, we considered the whole number of peaks detected, year by year, with the three combinations of primers in the different accessions. The general trend was more evident in the last panel (MspI + HpaII) where it was possible to evidence, from 2013 to 2015, an increment in the global number of peaks followed by an evident reduction in 2016. Globally, the number of peaks scored was: 3,665 (1,790 MspI and 1,875 HpaII) in 2013; 3,671 (1,788 and 1,883) in 2014; 3,680 (1,794 and 1,886) in 2015; 3,657 (1,785 and 1,872) in 2016. The same trend was also evident for HpaII alone, while for MspI a very small difference was noted, the number of peaks detected in 2014 being smaller (but only two peaks less) than the number of peaks in 2013.  
The behaviour of the single samples in the four years is reported in Figure 2 where the variation accession x accession is represented in the number of peaks evidenced with the two enzymes. While the general trend was clear, considering samples separately the situation was more variable and without a single trend explaining how the epigenotype could vary in the different accessions and in different years. Just three accessions (BCU001783, BCU001806 and BCU002479), with MspI, maintained constant the epigenetic profile over the four years, without any detectable variation with the three primer combinations; all the other accessions, with both MspI and HpaII, evidencing more or less big changes. The most common aspect was that the number of peaks detected was usually higher with HpaII than with MspI. Further, it was possible to evidence that epigenetic changes appeared in different years in the various samples. Some accessions had changes in 2013 while others in 2014, 2015 or 2016. Some accession had changes in a single year while others in more consecutive years. For each accession, the profiles of the changes detected by the two methylation-sensitive enzymes (green and blue lines in Figure 1) were characterized by different trends. In some cases (e.g. BCU001619, BCU001672, BCU002479, BCU002930) the number of polymorphic peaks varied in a similar way in the four years for both the enzymes, while in others the variation was completely different (e.g. BCU001782, BCU001783, BCU002874). The general trend for the single accessions has been evaluated too (dashed line, Figure 2). Considering, for each accession, the whole number of peaks, and that differences among consecutive years were frequently very small, it was possible to identify 4 main patterns: Pattern A (BCU001584, BCU001619; BCU001747 and BCU002476) characterised by a higher number of peaks in 2013 and 2015 and a lower number of peaks in 2014 and 2016; Pattern B (BCU001672, BCU001754, BCU001782 and BCU001783) characterised by a higher number of peaks in the central growing seasons (2014 and 2015); Pattern C (BCU001687, BCU001698 and BCU002930) characterised by an increasing number of peaks going from 2013 to 2016; Pattern D (BCU001649, BCU001806 and BCU002874) characterised by a reduction of peaks going from the second to the third season and a constant number of peaks in the last two seasons.  


[bookmark: _Hlk519074814]3.3 Epigenetic variability among and within accessions 
To better understand and visualize the epigenetic changes among and within accessions in the four years of the experiment, a principal coordinate analysis (PCoA) was carried out by considering separately the digestions carried out with the two methylation-sensitive enzymes (Figure 3 and Figure 4). As evident from both the figures, the 17 accessions already had, in 2013, and maintained at the end of the survey in 2016, clearly different epigenotypes and this despite the “at least” three years of co-cultivation, in the same field and under similar environmental conditions, before the study. The first three coordinates were able to explain a cumulative percentage of variation of 36.43% for MspI and the 36.81% for HpaII. Some variability within accession was evident but not enough to uniform the epigenotypes of the samples to a common, or highly similar, epigenetic profile.


[bookmark: _Hlk519075673]3.3.1 EcoRI/MspI
Concerning the intra-accession variation, with MspI (Figure 3) it was possible to evidence three main attitudes: 1) accessions with the same epigenetic profile during the four years of the experiment (for example BCU001783, BCU001806 and BCU002479); 2) accessions showing variability in just one year out of four (for example BCU001619, BCU001687 and BCU001747); 3) accessions characterized by variability in more than a single year (for example BCU002476, BCU002874, and BCU002930). The most variable accession was 2874, whose epigenetic profile was different each year. It was evident that, despite growing in the same field, the different accessions respond to the environment in a different way, with some epigenotypes highly stable and others more variable. Concerning the variability among accessions, it was evident that the different samples, despite a very low level of genetic variability, had a characteristic and different epigenetic constitution that was not completely lost as a consequence of the prolonged cultivation in the same environment. Further, considering the years of the first cultivation in Cuenca, it was possible to evidence that: the accessions firstly received in 2005 and 2006 (blue circles) were mainly placed in the sector of the PCoA corresponding to positive values for the first coordinate; the last ones (green triangles), from 2008 to 2010, were placed in the sector corresponding to negative values for the first coordinate; the accessions received in 2007 (red crosses) were mainly located in an intermediate position. 
The analysis of the molecular variance evidenced that the variation among accessions (Table 5) was responsible for the 96% of the variance detected by the digestion with EcoRI and MspI, with just the 4% of the variance due to the variability within accessions in the four years of observation.
The average percentage of intra-accession polymorphisms, detected with MspI in the four years (Table 6), ranges between 0% (BCU001783, BCU001806 and BCU002479) and 9.69% (BCU002874). Some accessions presented epigenetic variability during the four years detectable just by one (e.g. BCU001584), two (e.g. BCU001619) or three (e.g. BCU002874) primer combinations, respectively. As an example, in the four years of the study, the epigenotype of BCU001584 was characterized by a little variation detected just by the combination of primers E37/HM1 while the other two combinations were not able to evidence any variation. Different combinations of primers were able to detect a different level of intra-accession variability in the samples under investigation (Table 6). As an example, for BCU001672 the only combination of primers able to detect the presence of variability in the four years was E38/HM2 and not E37/HM1 as for BCU001584. Considering all the accessions, it was clear that they responded differently to the three combinations of primers supporting an independent way to change in response to the environment. The combination most able to detect the presence of intra-accession variability was E37/HM1 (average percentage of polymorphisms of 3.69%), followed by E38/HM2 and E32/HM1. The global average percentage of intra-accession variability detected by MspI was 2.58 %.


[bookmark: _Hlk519080881]3.3.2 EcoRI/HpaII
Concerning intra-accession variability, with HpaII no accessions maintained a constant epigenotype during the four years of the study. All the samples were characterized by a small or large variability that was observed in at least two years out of four. Very frequently, the samples underwent changes during all the four years, as visible in BCU001672, BCU001697, BCU001747 and so on. As for MspI, also in this case it was evident that the co-cultivation in the same environment for consecutive years was not enough to uniform the epigenotypes to a more common profile and that all the accessions, despite some variations, maintained a characteristic and very distinctive epigenetic profile that they had had since the beginning of the study. At the same time, it was also evident that the stability of the epigenotypes can vary in different accessions. Further, considering the years of the first cultivation in Cuenca, it was possible to evidence that: the accessions firstly received in 2005 and 2006 (blue circles) were mainly placed in the sector corresponding to negative values for the first coordinate and positive values for the second coordinate; the last ones (green triangles), from 2008 to 2010, were placed in the sector corresponding to positive values for the first coordinate; the accessions received in 2007 (red crosses) were mainly located in the lower part, in the sector corresponding to negative values for the second coordinate.
The analysis of the molecular variance evidenced once again that the variation among accessions is the main factor responsible for the observed variability (Table 5). Specifically, for HpaII the variation among accessions was responsible for the 92% of the variance detected by the digestion with EcoRI and HpaII, with just the 8% of the variance due to the variability within accessions in the four years of observation.
The average percentage of intra-accession polymorphisms, detected with HpaII during the four years (Table 6), ranges between 0.55% (BCU002479) and 12.49% (BCU001698). Contrary to MspI, where eight accessions out of seventeen did not present or presented epigenetic variability detectable with just one primer combination, with HpaII the detectable variability was higher and the majority of the accessions, 16 out of 17, were detected variable with two or three combinations of primers (Table 6). Just two accessions resulted more variable with MspI than with HpaII (BCU002874 and BCU002930), all the others resulted more polymorphic with HpaII. Accessions BCU001806, BCU002476 and BCU002479 that had highly stable epigenotypes with MspI were also highly stable with HpaII. Accession BCU001783, previously identified as highly stable with MspI (0% variability) resulted more variable with HpaII (4.96% average variability in the four years). Different combinations of primers were able to detect different levels of variability in the samples under investigation but, contrary to MspI, the combination most able to detect intra-accession variability was E38/HM2 (average level of polymorphisms of 8.09%), followed by E37/HM1 and E32/HM3 (which was always the least polymorphic combination for intra-accession variability detection). The global average percentage of intra-accession variability detected by HpaII was 5.6%. Again, it was evidenced that HpaII was able to detect more variation than MspI.


4. [bookmark: _Hlk519081459]Discussion
Despite an extremely high economic value − the price of Saffron spice can be upper to 15,000 €/kg − Saffron is presently considered as a neglected and minor crop. Consequently, Saffron research is presently very far behind research on other crops or model plants and the amount of information available, concerning important aspects such as genetics and epigenetics, is very limited. Only recently [4] we provided clear evidence of the presence of a small genetic variability, likely arose in consequence of spontaneous mutation arose consequently the prolonged vegetative propagation, to end the debate concerning the presence, or absence, of genetic variability among Saffron accessions. At the moment, there is no evidence concerning a possible link between this small genetic variability and the high frequency of alternative phenotypes frequently observed in the field.
Taking these aspects into account, and that some of these alternative phenotypes are stable across the years while others are unstable, changing from a growing season to the subsequent one, deepening current knowledge concerning Saffron epigenetics is of high interest. Recently, as reviewed by Springer and Schmitz [15], several studies are underway to evidence the possible use of epigenetics in breeding and this could be especially important for a species like Saffron for which vegetative propagation is obligatory and not carried out to preserve genotypes of interest. Consequently, classical breeding cannot be taken into consideration and epigenetic-based phenotypes could represent an interesting way to improve the crop. Obviously, in order to do this, other than the demonstration of the possible epigenetic base of interesting phenotypes, similarly to that observed by Ong-Abdullah et al. [9], an important step is the evaluation of the stability of Saffron epigenotypes in the field. Contrary to many other plants that are vegetatively propagated by tissue, in vitro, culture and using greenhouses or growth chambers, propagation in the field is the norm for Saffron.
To evaluate epigenetic variability and stability among and within Saffron accessions 17 accessions were selected because of their different geographic origin and because of the small genetic variability previously detected [4]. We considered accessions received in the Saffron germplasm collection in different years ranging from 2005 and 2010 to highlight whether the epigenotypes may somehow be influenced by the longer or shorter time of co-cultivation in the same field and by the environmental conditions. All the accessions were cultivated in close proximity excluding possible effects, because of different soil compositions, on the epigenetic profile of the samples. During the four growing seasons, no biotic stresses were detected in the experimental field. Concerning climatic conditions, a continuous monitoring of temperatures and rainfall was carried out during the vegetative growth (from September to May) and during the aestivation period. No evident signals of abiotic stresses influencing the normal growth of Saffron were detected. Regarding temperature, Saffron can tolerate cold up to -10, -15 °C without big problems and, during the experiment, temperatures never fell below these values for prolonged period to damage the accessions.  Measured temperatures, all along the four growing seasons, were the typical of the area and close to the typical average values. No big differences were evidenced among the growing seasons making difficult to hypothesise an effect of temperature on the detected epigenetic variation within accessions in the four years. Concerning water necessity, Saffron is a plant very well adapted to arid and semi-arid lands. Its growth starts with the beginning of the rainy season in autumn, and the vegetative growth stops with the end of the rain in spring and water provided by rainfall is effectively used. Despite big differences in total precipitation among the four seasons, with alternation of more (2012-2013 and 2014-2015) and less (2013-2014 and 2015-2016) rainy seasons, the amount of available water  was enough to sustain a normal development of the plant and of the new corms. The first season, as well as some single months, was characterised by precipitations higher than the average values. Also in this case, we detected no signals of suffering because of possible water stagnation, experimental fields drained well water avoiding stagnation.  Despite the absence of evident stresses, contrary to temperature, precipitations were very different in the four seasons and we can not exclude a possible influence of this parameter on the within accession epigenetic variability evidenced with the analyses. The MS-AFLP analysis was carried out by using the two methylation-sensitive isoschizomeres MspI and HpaII, also used in several studies focused on similar topics [10, 11, 13]. With respect to these interesting studies, the main differences of our work are: 1) the focus on a sterile species; 2) the propagation in a natural environment while in vitro culture is considered an unnatural environment [7, 15]. Just three combinations of primers have been used because they proved to be very effective in analysing and detecting epigenetic variability both among and within accessions [4]. The methylation-sensitive analysis highlighted a very high number of epigenetic polymorphisms (Table 1). As also reported in other papers [11], we cannot exclude that some of these polymorphisms, especially those among accessions, could have a genetic base. In this case, these polymorphisms could be the consequence of previously existing differences or base mutations at the restriction sites of the enzymes, but this possibility is likely to be infrequent and the percentage of genetic polymorphisms is undoubtedly low. This statement can be supported considering that: 1) previous analyses [4] evidenced the very low genetic variability among the selected accessions; 2) we do not follow the progeny of single plants, where results of genetic mutations can be evidenced more easily but, each year, we always sampled leaves from ten plants of the accessions in order to have the general epigenetic profile of the accession.
All the analyses evidenced that the digestion with HpaII resulted in a greater number of detectable polymorphisms with respect to MspI. This is true both for the total polymorphisms − the percentage of polymorphisms is more or less 58% and 68% with MspI and HpaII, respectively − and for intra-accession variability.
The general trend of methylation changes (Figure 1) is represented by an increment in the number of detected peaks followed by a fast decrement in the last year. This can be explained by a progressive increment of demethylation from 2013 up to 2015 followed by an increment in methylation passing from 2015 to 2016. Going into the details of the single accessions (Figure 2), the situation is different and no obvious trends could be identified, the variability being more accession-dependent. Different accessions had different trends supporting a different way to interact and to respond to the environment, probably dependent on the starting epigenotypes they had at the beginning of the study. Considering the global trend for each single accession, four main trends can be recognised including 14 accessions out of 17. Among the four main patterns, pattern A, present in four accessions, is interesting, in fact we can evidence that the number of peaks follows the level of precipitation being higher in the more (2012-2013 and 2014-2015) than in the less (2013-2014 and 2015-2016) rainy seasons. One accession BCU001697 has exactly an opposite pattern: more peaks in the less rainy seasons. We can not exclude that these pattern can be a consequence of the adaptation of the accessions to the different level of precipitations. Other recurrent patterns can be detected but for them it is more difficult to try finding a connection with the climatic parameters that have been measured. Also in this case, two quite opposite patterns can be evidenced, pattern C and D. The number of peaks increases from the second season to the last one in pattern C while it decreases from the second season to the last one in pattern D. A possible explanation is that in pattern C the number of peaks increases going from the driest season to seasons having higher precipitation while in pattern D is the opposite. The fact that opposite patterns are present can support different ways for the accessions to interact with the environment despite a very similar genetic constitution.
All the analyses supported an important aspect: the different accessions were characterized by extremely different epigenotypes. Epigenetic variations, contrary to genetic variations, are influenced by environmental conditions, so it is very likely that samples from cultivation areas under different climates can be characterized by different epigenomes. To reduce this effect, despite their geographical origin and after being received at the germplasm collection, samples were grown under open field conditions in the same field for at least three consecutive years to reduce, if possible, epigenetic differences between accessions before the analysis. In fact, although epigenetic states are stable by definition, they can revert at certain frequencies [23]. What we observed was that, despite the co-cultivation before the study and despite the continuous co-cultivation in the four years of the experiment, all the accessions maintained, with just minor changes, a characteristic epigenotype clearly different from the other accessions (Figure 3 and Figure 4), supporting a high stability of the epigenetic structure in Saffron. It is reported that the vast majority of environmentally induced DNA methylation changes are reset during generational transitions [24, 7] but this is mainly true for sexually reproducing species. The obligatory vegetative reproduction of Saffron is likely important to maintain stable, for several consecutive years, the big part of the epigenotype despite  the environmental conditions. At the same time, it was possible to see that the accessions could be somehow grouped according to the year of the first cultivation in the germplasm collection. While this trend is not so strong, it could support a partial tendency for the accession toward a more uniform profile, at least in relation to reversible, and not stable, epigenetic changes. Indeed, according to some authors, those reversible changes, while having an epigenetic base, must just be considered as part of the phenotypic plasticity while a true epigenetic mark should be stable and stably transmitted to the progeny through cellular divisions (meiosis and mitosis) for several cycles [25].
Concerning intra-accession variability, it was possible to note that, during the four years of the project, all the considered accessions underwent a small number of epigenetic changes altering the epigenotype of each accession. The amount of changes varied with the accession but it was generally quite low and the average percentage of intra-accession changes was 2.58% with MspI and 5.6% with HpaII (table 5). Further, the analysis of the molecular variance evidenced that because of the intra-accession variability, the variance was smaller than the among accession variability, explaining a percentage of the 4%, MspI, and 8%, HpaII, of the total variance (Table 4). Some accession resulted in being more stable than others during the four years, having extremely little variation (Table 5): this could be a consequence of an epigenetic state more adapted to the environmental conditions the accessions faced in the field from 2013 to 2016.   
This again supports a high stability of the larger part of the Saffron epigenotype with the intra-accession variability being very low. The presence of a small level of intra-accession variability, which was observed in this experiment, could be a consequence of the phenotypic plasticity and may be reversible. It is not possible to exclude the hypothesis that such reversible polymorphisms could determine some of the reversible phenotypes observed in the field.
Despite the intra-accession variability, all the accessions maintain a characteristic epigenotype clearly distinct with respect to the other accessions. As written above, alternative phenotypes in Saffron can be both, stable or unstable in subsequent growing seasons. Stable phenotypes could be a consequence of stable epigenetic marks that are transmitted to the progeny through mitosis, while unstable phenotypes could be a consequence of reversible changes being part of Saffron’s phenotypic plasticity. To confirm this, detailed studies must be planned to consider accessions with alternative phenotypes and to adopt high throughput epigenomic approaches. As reported by Springer and Schmitz [15], if the inheritance of DNA methylation is very stable, any epialleles will be faithfully inherited. On the contrary, if DNA methylation patterns are unstable, then the rapid formation, or loss, of epialleles within populations is expected. In the first case, for Saffron, epigenetics could be important for breeding purposes while in the second case this is not so.
In conclusion, by following 17 accessions of Saffron in the field for four consecutive years, from 2013 up to 2016, we have been able to follow the stability of the epigenotypes in this vegetative propagated plant species characterized by an extremely reduced genetic variability. We clearly evidence that the epigenotypes of the selected accessions were very different and they were highly stable in subsequent years despite the environmental conditions and independently by the year of the first cultivation in the germplasm. At the same time, a small intra-accession variability was detected, slightly changing the epigenotypes in consecutive years and probably increasing the adaptability of single accessions to different environmental conditions. While a general trend could be identified, the single accessions were characterized by a specific trend of epigenetic variation in response to the environment. Studies considering accessions with alternative phenotypes are presently underway to deepen our epigenetic knowledge of Saffron.   
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Table 1. Information concerning the identification and geographic origin (country and province or Region) has been reported. The last column reports when the accessions have been received and cultivated for the first time in the experimental field of the WSCC in Cuenca (Spain).
	Accession ID
	Country of origin
	Province
	First sowing in WSCCa

	BCU001584
	Spain
	Albacete
	2005

	BCU001619
	Spain
	Toledo
	2006

	BCU001649
	Morocco
	Ouarzazate
	2006

	BCU001672
	Spain
	Teruel
	2006

	BCU001687
	Iran
	Razavi Khorasan
	2006

	BCU001697
	New Zealand
	Canterbury
	2006

	BCU001698
	Turkey
	Kastamonu
	2006

	BCU001747
	Spain
	Alicante
	2007

	BCU001754
	India
	Srinagar
	2007

	BCU001782
	Italy
	Cagliari
	2007

	BCU001783
	Azerbaijan
	Bilga
	2007

	BCU001806
	Italy
	Siena
	2007

	BCU002476
	Spain
	La Rioja
	2008

	BCU002479
	France
	Midi Pyrenées
	2009

	BCU002708
	France
	Pithiviers
	2009

	BCU002874
	Spain
	Guadalajara
	2010

	BCU002930
	Greece
	Kozani
	2010


a: World Saffron and Crocus Collection.



















Table 2. List of primers used for MS-AFLPs markers
	Primer
	Analysis
	Typology
	Primer Sequence

	E01a
	MS-AFLP
	Preselective
	GACTGCGTACCAATTCAc

	HM0b
	MS-AFLP
	Preselective
	ATCATGAGTCCTGCTCGGT

	E32
	MS-AFLP
	Selective
	GACTGCGTACCAATTCAAC

	E38
	MS-AFLP
	Selective
	GACTGCGTACCAATTCACT

	E40
	MS-AFLP
	Selective
	GACTGCGTACCAATTCAGC

	HM1
	MS-AFLP
	Selective
	ATCATGAGTCCTGCTCGGTAA

	HM2
	MS-AFLP
	Selective
	ATCATGAGTCCTGCTCGGTCC

	HM3
	MS-AFLP
	Selective
	ATCATGAGTCCTGCTCGGTTC


a) International code for AFLP primers from the Standard List for AFLP Primer Nomenclature; b) Custom codes for MS-AFLP MspI/HpaII preselective and selective primers; c) The selective nucleotides are shown underlined in bold.


























Table 3. Meteorological information (period from June 2012 to May 2016) collected at the  Centro de Investigación Agroforestal de Albadalejito. Concerning temperatures, the average temperature of the months and of the growing seasons are provided. Concerning rainfall, the monthly precipitations and the cumulative values of gthe growing seasons are provided. Growing season is considered from June until May of the subsequent year even the length of the vegetative growth is smaller starting on September and ending on May. In bold are reported: the period, the average temperature for the season, the global amount of rain for the season.
	Period
	MATa (ºC)
	ATSb (ºC)
	MTPc (mm)
	CPSd (mm)
	Period
	MATa (ºC)
	ATSb (ºC)
	MTPc (mm)
	CPSd (mm)

	2012-06
	19,7
	11,7
	11,5
	11,5
	2014-06
	17,7
	11,6
	38,0
	38,0

	2012-07
	22,1
	
	17,1
	28,6
	2014-07
	19,8
	
	8,0
	46,0

	2012-08
	23,4
	
	0,0
	28,6
	2014-08
	20,8
	
	0,0
	46,0

	2012-09
	17,6
	
	43,5
	72,1
	2014-09
	17,7
	
	46,3
	92,3

	2012-10
	12,3
	
	85,1
	157,2
	2014-10
	13,6
	
	33,7
	126,0

	2012-11
	7,5
	
	88,2
	245,4
	2014-11
	7,7
	
	115,0
	241,0

	2012-12
	3,8
	
	14,6
	260,0
	2014-12
	3,0
	
	36,7
	277,7

	2013-01
	3,5
	
	53,6
	313,6
	2015-01
	2,3
	
	47,4
	325,1

	2013-02
	3,5
	
	30,5
	344,1
	2015-02
	2,2
	
	35,5
	360,6

	2013-03
	6,8
	
	151,5
	495,6
	2015-03
	7,1
	
	32,4
	393,0

	2013-04
	9,3
	
	56,0
	551,6
	2015-04
	10,1
	
	26,3
	419,3

	2013-05
	11,0
	
	37,4
	589,0
	2015-05
	16,9
	
	17,8
	437,1

	2013-06
	17,6
	12,0
	3,2
	3,2
	2015-06
	19,8
	12,2
	15,6
	15,6

	2013-07
	22,4
	
	0,8
	4,0
	2015-07
	25,4
	
	5,8
	21,4

	2013-08
	22,0
	
	39,6
	43,6
	2015-08
	22,6
	
	10,0
	31,4

	2013-09
	17,9
	
	14,4
	58,0
	2015-09
	16,7
	
	14,3
	45,7

	2013-10
	13,7
	
	30,5
	88,5
	2015-10
	12,1
	
	35,2
	80,9

	2013-11
	5,9
	
	16,4
	104,9
	2015-11
	7,0
	
	17,7
	98,6

	2013-12
	3,3
	
	41,4
	146,3
	2015-12
	5,3
	
	1,0
	99,6

	2014-01
	4,7
	
	71,7
	218,0
	2016-01
	4,5
	
	41,1
	140,7

	2014-02
	3,9
	
	91,7
	309,7
	2016-02
	5,1
	
	87,7
	228,4

	2014-03
	7,0
	
	28,9
	338,6
	2016-03
	5,9
	
	41,5
	269,9

	2014-04
	12,0
	
	19,4
	358,0
	2016-04
	9,3
	
	77,8
	347,7

	2014-05
	13,0
	
	8,1
	366,1
	2016-05
	13,0
	
	50,1
	397,8


a: Monthly Average Temperature; b: Average Temperature in Saffron Growing Season (June to May); c: Monthly Total Precipitation; d: Cumulative Precipitation in Saffron Growing Season (June to May).



Table 4. Polymorphisms highlighted by the different classes of molecular markers
	Primer combination
	Polymorphic/total MspI
	% polymorphism
	Polymorphic/total HpaII
	% polymorphism

	E37/HM1
	39/67
	58.21
	56/67
	83.58

	E38/HM2
	55/99
	55.56
	76/99
	76.77

	E32/HM3
	49/78
	62.82
	34/78
	43.59

	Total
	143/244
	58.61
	166/244
	68.03






























Table 5. Analysis of molecular variance (AMOVA) for the two methylation-sensitive enzymes
	Enzyme
	Source of variation
	Degrees of freedom
	Sum of squares
	Mean of squares
	Variance component
	Partition %

	MspI
	Among Accessions
	16
	1151,235
	71,952
	17,823
	96%

	
	Within Accessions
	51
	33,750
	0,662
	0,662
	4%

	
	Total
	67
	1184,985
	
	18,484
	100%

	
	
	
	
	
	
	

	HpaII
	Among Accessions
	16
	1375,441
	85,965
	21,021
	92%

	
	Within Accessions
	51
	96,000
	1,882
	1,882
	8%

	
	Total
	67
	1471,441
	
	22,903
	100%



























Table 6. For each combination of enzymes (EcoRI/MspI and EcoRI/HpaII) is reported the datum (percentage) of the intra-accession variability during the four years of observation (2013, 2014, 2015 and 2016) with the three combinations of primers that were employed. As an example, in the four years of the study, the epigenotype of BCU001584 was characterized by a small variation  
	
	EcoRI/MspI
	EcoRI/HpaII

	Accessions
	% intra-accession polymorphic signals with different combination of primers

	
	E37/HM1
	E38/HM2
	E32/HM3
	Averagea
	E37/HM1
	E38/HM2
	E32/HM3
	Average

	BCU001584
	4.35
	0
	0
	1.45
	8.69
	5.36
	0
	4.68

	BCU001619
	6.67
	2.94
	0
	3.2
	5.56
	4.55
	0
	3.37

	BCU001649
	4.55
	0
	0
	1.52
	4
	5.36
	3.85
	4.44

	BCU001672
	0
	19.44
	0
	6.48
	4.76
	16.67
	0
	7.14

	BCU001687
	5
	0
	2.08
	2.36
	7.69
	4.41
	8
	6.7

	BCU001697
	5.26
	0
	0
	1.75
	10.71
	14
	0
	8.24

	BCU001698
	0
	2.86
	2.08
	1.65
	16.67
	10.45
	10.34
	12.49

	BCU001747
	0
	3.23
	2.27
	1.83
	15.15
	9.43
	6.9
	10.49

	BCU001754
	3.85
	0
	2.04
	1.96
	2.7
	12.73
	3.7
	6.38

	BCU001782
	8
	3.03
	0
	3.68
	2.44
	15.09
	0
	5.84

	BCU001783
	0
	0
	0
	0
	5.26
	9.61
	0
	4.96

	BCU001806
	0
	0
	0
	0
	0
	4.55
	4.35
	2.97

	BCU002476
	0
	2.86
	0
	0.95
	3.03
	5.66
	0
	2.9

	BCU002479
	0
	0
	0
	0
	0
	1.64
	0
	0.55

	BCU002708
	0
	3.23
	2.22
	1.06
	16.28
	7.58
	2.78
	8.88

	BCU002874
	24.14
	3.12
	1.82
	9.69
	2.56
	5.36
	0
	2.64

	BCU002930
	5.71
	8.89
	1.96
	5.52
	2.56
	5.08
	0
	2.55

	Averageb
	3.97
	2.92
	0.85
	/
	6.36
	8.09
	2.35
	/

	
	Global average MspIc
	2.58
	Global average HpaIIc
	5.6


a: the average percentage of polymorphic signals, out of the total of signals scored with that primer combination, for each accession; b) the average percentage of polymorphic signals detected in the 17 accessions by each primer combination; c) the global average percentage of polymorphic signals detected with the two methylation-sensitive enzymes (MspI and HpaII) .






Figure 1. Global trend of the methylation changes detected with the two enzymes during the four years of the study (from 2013 to 2016). For each year, we consider all the peaks that have been detected. It is possible to see that, while the two independent trends are slightly different, the general trend (MspI + HpaII) is characterized by an increment of peaks from 2013 to 2015 and a following decrement from 2015 to 2016.


Figure 2. Different patterns of variation in the number of peaks during the four years of the study for the single accessions. Each accession is reported in a single panel. For each accession, the X-axis shows the four different years while the Y-axis reports: on the left, the number of peaks detected with the three primer combinations in the accessions by the single enzymes (HpaII (×) and MspI (●)); on the right, the global number of peaks (HpaII + MspI, dashed line) to visualise the global trend of the accession in the consecutive growing season.. Usually HpaII provides a higher number of peaks as visible in 11 accessions. In four accessions, the number of peaks is higher with MspI and in two accessions, BCU001584 and BCU002476, the number of peaks is quite similar with both enzymes.


Figure 3. Principal coordinate analysis of the epigenetic variation detected among and within accessions with the MS-AFLP analysis. The digestion was carried out using, as methylation-sensitive enzyme, MspI. The different accessions were highlighted based on the year they were received at the germplasm. Three main groups were defined. 1) the accessions received in years 2005 and 2006; 2) the accessions received in 2007; 3) the accessions received in years 2008, 2009 and 2010.  


Figure 4. Principal coordinate analysis of the epigenetic variation detected among and within accessions with the MS-AFLP analysis. The digestion was carried out using, as methylation-sensitive enzyme, HpaII. The different accessions were highlighted based on the year they were received at the germplasm. Three main groups were defined. 1) the accessions received in years 2005 and 2006; 2) the accessions received in 2007; 3) the accessions received in years 2008, 2009 and 2010.




[image: C:\Users\Matteo.Busconi\Documents\Matteo\articoli\In progress\epigenetic stability crocus\MSAFLP\xMatteo.tiff]
Figure 1.


[bookmark: _GoBack][image: C:\Users\Matteo.Busconi\Documents\Matteo\articoli\Under rewiev\epigenetic stability crocus\Articolo per sottomissione\Fig 2.tiff]
Figure 2.


[image: C:\Users\Matteo.Busconi\Documents\Matteo\articoli\In progress\epigenetic stability crocus\MSAFLP\mspl.tiff]
Figure 3.




















[image: C:\Users\Matteo.Busconi\Documents\Matteo\articoli\In progress\epigenetic stability crocus\MSAFLP\hpa.tiff]
Figure 4.
25

image2.tiff
106 o « kg ra
104 . 110 4 L
102 4 ~ 105 § [
100 - o 1004 o [ o
9 100 =
wl 8 [ 2
1697
2 100 o r
e s
o o]
85 B o
80 g 10
. 80
[« 105 o
1782 1806
120 o 105 [
120 3
° 110 o
100 o 1057 85 -1 - - T . -
12 130 4
4 125 o Fg
o 120 o
o8 120 o g
104 115 L3 8
2930 N Mspl
120 4 130 o
s 125 o h
o le —>— Hpall

‘ ‘ - ; ---4&-- Mspll + Hpall




image3.tiff
Coord. 2

1754 ¥

o 1782
x 1783
B
1697 & © 1649
42874
2476 Aa s 15804 o
2500 BN om0 oo o0 @ 1687 10
42930
1747 X
2479 1806
91672
1619
2708

% 1698

Coord. 1

® 2005 - 2006
x 2007

4 2008 -2009 -2010




image4.tiff
Coord. 2

1619 %

ol 1687
1580ey 1 . .
27084,
1747
1649 & 3)(: —
e 00 g 050 " 0400 0,500 1,000 1,500 2,000
1672 . A 2874
 aseex %M 1754 #2930
X 1783
1697 % .
* 1782
' Coord. 1

e 2005 - 2006

x 2007

A 2008 -2009 - 2010




image1.tiff
n° peaks

n° peaks

n° peaks

1790

1780

1885

1870

3650 3675

Mspl

2013 2014 2015 2016
YEARS
Hpall
T T T T
2013 2014 2015 2016
YEARS
Mspl + Hpall
T T T T
2013 2014 2015 2016

YEARS





