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Abstract 


Spontaneous gene flow between wild and cultivated chicory, Cichorium intybus, may 


have implications for the structure and evolution of populations and varieties. One aspect 


of this crop-wild gene flow is the dispersal of transgenes from genetically modified 


varieties, e.g. gene flow from GM chicory to natural chicory could have unwanted 


consequences. With the purpose to identify and quantify crop-wild gene flow in chicory, 


we analysed introgression in 19 wild chicory populations and 14 cultivated chicory 


varieties and landraces distributed across Northern, Central and Mediterranean Europe. The 


analysis was performed using 281 AFLP markers and 75 SSAP markers giving a total of 356 


polymorphic markers. Results from model based assignments using the program Structure 


indicated many incidents of recent gene flow. Gene flow was observed both between 


cultivars and wild populations, between landraces and wild populations, between different 


wild populations as well as between cultivars. Population structure visualized by distance 


based clustering showed a North-South geographical structuring of the wild populations, and 


a general grouping of the cultivars corresponding to known origin. The results indicated, 


however, that the structuring between the two groups of wild and cultivated types was week, 


and that recent crop-wild gene flow was frequent. Therefore focus on mitigating crop-wild 


gene flow should be increased. 


  


Key words: AFLP, co-existence, gene dispersal, introgression,  risk assessment, SSAP 
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Introduction 


Apparently the wild and cultivated types of chicory, Cichorium intybus, can be 


deliberately crossed (Kiers 2000), however, little is known about the spontaneous 


introgression between crop and wild chicory, and thus one of the potential evolutionary 


drivers in the development of chicory is largely unstudied. Recently new demands for 


knowledge about the spontaneous gene flow in chicory has been brought about by 


sanctioning of genetically modified (GM) chicory lines (C/NL/94/25; 


http://europa.eu.int/comm/environment/biotechnology/authorised_prod_1.htm ) for 


breeding activities. The statutory environmental risk assessment of GM chicory is 


hampered by the poor knowledge on gene escape from cultivated chicory. Also after the 


GM chicory has been approved for cultivation, knowledge on gene flow is necessary to 


regulated co-existence of GM cultivars grown in the same area as NON-GM chicory. 


Lastly, also the propagation of conventional chicory seed would benefit from information 


about intraspecific gene flow. 


Therefore, we set out to evaluate if such spontaneous gene flow takes place in 


chicory and evaluate and to what extent. A crude approach to the investigation of 


introgression is to take close genetic relationships between populations and varieties as a 


sign of a significant extent of gene flow between them. However, if a wild population 


clusters with one or more cultivated populations, it is not in itself evidence of gene flow 


from an agricultural field to the wild habitat, but could also be due to the deliberate 


incorporation of wild material during breeding of new cultivars. Likewise, the 


relationships between the cultivars of C. intybus could be influenced by breeders’ 


deliberate introgression of traits among varieties (e.g. Ryder 1999; Kiers 2000). In other 


words, deliberate introgression may complicate the investigation of spontaneous 


introgression. One possible way to overcome this is to evaluate the multi-locus genotype 
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of each individual separately against the allele distribution in the total set of individuals. 


Several methods have been presented recently that could perform this task, but only few 


can handle dominant markers, e.g. Structure (Pritchard et al. 2000). 


In the present study we examined the occurrence of spontaneous introgression between 


wild European populations of chicory and a number of cultivated varieties and land races, 


representing all of the described cultivar groups of chicory. To optimize our search for 


evidence of past and recent introgression in a large dataset of dominant genetic markers, 


we explored genetic relationships between populations and cultivars using distance-based 


trees, and we used a model-based clustering technique that provided estimates for the 


relative proportions of ancestry of each individual in the sample. 


Chicory (Cichorium intybus L., 2n=18) is a perennial herb belonging to the 


Asteraceae family (Kiers, 2000). It is native to Europe and has been cultivated at least 


since Greek and Roman times (Simmonds, 1976). When cultivation of chicory began is 


uncertain, but it was used in the Bronze Age, and around 50 AD chicory was registered by 


the Roman historian Plinius together with lettuce (Kiers, 2000). Today numerous chicory 


varieties for different food and feed purposed are found.  Four cultivar groups exist 


(Kiers, 2000): 1) the root cultivars are grown for their large roots, from which inulin is 


extracted for industrial purposes or the roots are used for feed or coffee surrogate; 2) the 


Witloof cultivars, cultivated mainly in Central and North-Western Europe (e.g. Belgium 


and The Netherlands), are grown to produce etiolated apical buds, which are consumed as 


a salad or cooked; 3) the “Pain de Sucre” cultivars are cultivated mostly in Central and 


North-western Europe and are also eaten as salads; and 4) the Radicchio cultivars, which 


are cultivated in Southern Europe, predominantly in Northern Italy, have reddish leaves 


and are salad-types.  
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Chicory has a self-incompatibility system (Eenink, 1981), which may break down in the 


cultivated forms as a result of selection. Insects, mainly bees, pollinate the brilliant blue 


flowers. The wild form of chicory has a wide distribution in Europe, North Africa and 


Central Asia, and has been naturalized in North America (Simmonds, 1976). It is growing 


in well-drained habitats along roads, rivers and in disturbed places (Kiers, 2000). 


Interspecific hybridization between wild and cultivated C. intybus is assumed to be rather 


easy. In fact, gene flow between cultivated and wild chicory is very likely due to the 


overlap in distribution areas (Van Cutsem et al. 2003), and the high rate of self-


incompatibility of the species (Schoofs and de Langhe 1988). In nature, spontaneous 


hybridization between wild and cultivated chicory has been detected in a Danish 


population by Kiær et al. (2007) and Sørensen et al. (2007). In this population the crop-


wild hybrids had a deviating morphology, and therefore they were easily observed. Also, 


spontaneous hybridization with the closely related species, C. endivia, is apparently 


possible (Rick, 1953). 


In our analysis of crop-wild gene flow, different scenarios of introgression could be 


encountered, each scenario leaving behind the following genetic patterns: 


• If spontaneous introgression of crop genes into wild populations is a recent event, 


then crop genes would only be found in some individuals of a wild population. 


Should introgression be very extensive, the wild recipient and the donor cultivar 


might link closely in the distance based trees.   


• If crop-wild introgression dates back in time, cultivar genes would be more evenly 


distributed among all wild individuals of a recipient population. The wild 


populations that had been most exposed to previous crop introgression, could have 


close relations to the donor cultivar in trees based on genetic distance. 
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• In the cases where breeders have broaden their varieties crossing in wild material, 


we would expect to see an even distribution of wild genetic material in all the 


individuals of a given variety, and most likely distantly related varieties would 


represent different amounts and representation of wild genes. In the distance based 


trees this might be reflected by relatively close links between the cultivated variety 


and its wild donor population. 


• The spontaneous introgression from wild to cultivated types would leave different 


footprints, as the introgression would be sporadic within a given variety – at least 


if we are dealing with recent introgression. In dendrograms based on genetic 


differences, the relations between cultivars and between wild types and cultivars, 


would probably not be affected by this sporadic transfer of wild material. 


 


In the present studies of the genetic structure of cultivated populations, we might expect to 


see one of the following two patterns, which one will depend on the breeding history: 


• If domestication of chicory took place several times, we expect to find well 


separated groups of chicory cultivars in the distance based trees, as well as when 


we force the formation of groups by the model based clustering.  


• If domestication was a single event the model based clustering should form a 


group of wild chicory and a group of cultivars when forced to form two groups. 


We set out to evaluate, if the different scenarios described above could be confirmed 


through a comprehensive molecular analysis of wild populations, landraces and cultivars. 
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Materials and Methods 


Plant material 


Fresh leaves were sampled from 19 wild chicory populations distributed across Northern, 


Central and Mediterranean Europe (Table 1; Fig. 1). Two of the wild populations derived 


from gene bank seeds (see Table 1) the remaining accessions were collected in this 


project. Additionally, we obtained seeds of 14 cultivated chicory varieties from seed 


companies and gene bank accessions, and we collected seeds of 4 Radicchio landraces 


from small-scale farms in Northern Italy, where many farmers maintain their own private 


gene pools (Table 2). Fresh leaves were obtained from seed populations through 


germination in soil-trays under identical greenhouse conditions and random harvest of the 


seedlings. Numbers of seedlings analyzed are given in Table 1 and 2. 


Genetic marker methods  


The sampled individuals were genotyped with two sets of AFLP markers and one set of 


SSAP markers, each set applying four combinations of selective primers (see Table 3 and 


below). Each marker set was applied in a separate laboratory (Table 3), but all analyses 


were based on the same set of DNA extractions to ensure identical starting material. A 


few populations were genotyped in two laboratories only. 


 


DNA extraction  


DNA was extracted following the CTAB-based procedure of Doyle and Doyle (1987) 


with minor modifications: active carbon and mercaptoethanol was added to the CTAB 


buffer before extraction (5 mg and 3 μl per ml, respectively), samples were treated with 


RNAse before (and not after) isopropanol precipitation, pellet isolation and resuspension 


following precipitation was omitted, the procedure was halted following first resuspension 
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in TE, and the samples were stored at 5°C for at least 24 h before storage at -20°C. The 


samples analyzed with SSAP markers were taken through another step of purification 


using the Qiagen DNeasy kit on the first DNA extractions. 


 


AFLP profiling 


The AFLP procedure used with primer set I was performed according to Vos et al. (1995) 


with the following modifications: digestion of DNA ( EcoRI, MseI) and ligation of 


adaptors for the AFLP was done with modifications described by Johannessen et al. 


(2002), and template DNA was amplified twice with modifications described by Shim and 


Jørgensen (2000). The amplified DNA samples were mixed with 98 % formamide loading 


buffer, heated at 96 °C for 5 min, and quickly cooled on ice. The products for marker set I 


were loaded for separation of DNA fragments on a 5 % denaturing polyacrylamide long-


range gel on a LI-COR® 4200 series Automated DNA Sequencer.  


The AFLP procedure used with primer set II was performed according to Vos et 


al. (1995), modified by Bonin et al. (2004), and the products for marker set II were run on 


a denaturing 5% polyacrylamide gel using an automated sequencer (ABI 377; Applied 


Biosystems).  


 


SSAP Marker Analysis  


The SSAP profiling protocol was as described in Syed and Flavell (2007), using a novel 


primer Chi-46 (ATGGAGGCTGGAAATCAACAC), identified from the long terminal 


repeat (LTR) of a chicory Ty1-copia group LTR retrotransposon by the method of Syed et 


al. (2005). For pre-amplification PstI and MseI were used and for selective amplification, 


the MseI adapter primer, with two selective bases and the γ33P-labeled Chi-46 primer with 


one selective base were used. Four combinations of selective primer nucleotides were 
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used (Table 3). SSAP reaction products were separated by electrophoresis on 6% 


denaturing polyacrylamide gels. The fixed, dried gels were exposed to an autoradiography 


film for 5 days and then developed.  


 


Data analysis 


Marker scoring 


Clear and reproductive markers were identified within the visible range of the gels (app. 


100-1000 bp.) and scored manually. Markers were discarded if their frequency among all 


individuals fell outside the range 5%-95%, resulting in a complete set of 356 polymorphic 


markers derived from data set I (90 markers), II (191 markers), and III (75 markers). All 


analyses were performed on the combined data set except for a few populations that were 


only genotyped with two of the data sets. 


 


Genetic variation 


The expected heterozygosity was calculated for each population based on estimates of 


their true allele frequencies, assuming Hardy-Weinberg proportions (Zhivotovsky 1999). 


The distribution of genetic variation within and among populations was assessed with 


analyses of molecular variance (AMOVA), using “RFLP bands” as haplotype input for 


the software Arlequin (Excoffier et al. 1992). Three population subsets, each consisting of 


wild and cultivated populations, were selected and analysed separately in order to 


differentiate between three existing cultivation scenarios in various regions of European: 


low cultivation intensity in Denmark (DK), the common cultivation of Witloof, root 


chicory, and Pain de Sucre in Central and North-western Europe (DECHF), and the 


intensive Radicchio cultivation and seed propagation in Northern Italy (IT). The DK 


population set included all collected wild populations from Denmark, as well as the 
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cultivars BRUS, VENT, CASL, TREV1, VERO, and CHIO1. The DECHF population set 


included all available wild populations from Germany (DE), France (F) and Switzerland 


(CH), as well as SUCR, BRUS, VENT, CASL, TREV1, VERO, and CHIO1. The IT 


population set included all wild populations from Italy, as well as the cultivars TREV1, 


VERO, CAST and CHIO1, and the four Radicchio landraces. 


 


Distance-based clustering 


An unrooted phylogenetic tree was obtained for each population subset based on 


Neighbour-Joining (Saitou and Nei 1987) and pair-wise distances between populations as 


proposed by Reynolds et al. (1983). We assumed that the out-crossing nature of chicory 


and the known network of interbreeding among chicory cultivars (Kiers 2000) would 


result in weak phylogenetic relationships among populations. To incorporate this into the 


analysis, we produced reticulograms (Legendre and Makarenkov 2002) to infer the 


phylogenetic clusters from the distance data. The algorithm, which is implemented in the 


software T-Rex (Makarenkov and Legendre 2004), iteratively infers alternative edges 


(reticulations) between the nodes of an existing phylogenetic tree. It continues until the 


loss of information that arises when multivariate distance data are collapsed into a tree 


structure is minimized. However, the algorithm is purely arithmetic and in this sense has 


no biological criteria. The appropriateness of the produced reticulations should therefore 


be considered (Makarenkov and Legendre 2004: manual). We decided to remove all 


reticulations that were longer than the longest branch length of their respective neighbour-


joining trees. 


For each subset, a thousand replicate distance matrices were bootstrapped using 


AFLPsurv (Vekemans 2001), and consensus trees were generated in Phylip (Felsenstein 


1993), providing statistical support for the obtained phylogenetic structures. 
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Model-based clustering 


Close relationships between wild and cultivar populations could be a result of breeding of 


the cultivar using wild material, but could also reflect significant spontaneous crop-wild 


introgression. In the effort to distinguish between these, we applied the model-based 


clustering algorithm implemented in the software Structure (Pritchard et al. 2000). The 


algorithm establishes a number of synthetic clusters with distinct allele frequencies, based 


on a user-specified number of allowed clusters (K), and returns a posterior probability at 


the specified K. The algorithm allows that individuals can have membership in multiple 


clusters, with membership coefficients summing to 1 across clusters. In this way it was 


possible to identify clustering groups of populations, admixed populations, and 


individuals with mixed ancestry in a single analysis. In accordance with the software 


manual, the data were coded for input as diploid individuals with missing data in one copy 


of all loci. 


The stability of the model behind Structure is known to be hampered in large 


systems with complex structure (Rosenberg et al 2001). The analysis was therefore 


applied to each of the three population subsets. We used the admixture model option and 


allowed allele frequencies to differ between populations (all priors as pre-set). For each 


subset, we ran the algorithm at values of K ranging from 2 to the total number of 


populations in the subset, using 100,000 iterations for burn-in and 100,000 iterations for 


parameter estimation. This was repeated 5 times at each K for each subset, and the ranges 


of K with the highest model probabilities were identified. Longer runs were then 


performed, using 100,000 iterations for burn-in and 800,000 iterations for parameter 


estimation. To study the collapse of populations at gradually decreasing K, long runs were 


performed within the identified ranges plus two steps down.When among-population 


variation is low (i.e. most variation is within pops), independent Structure runs are known 
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to be less consistent (Pritchard et al. 2000; Rosenberg et al. 2002). To assess this, the 


longer runs were replicated 10 times for each population subset, and the median 


probability of all runs at each value of K was calculated in order to identify the K with the 


highest model probability. 


 


Results 


Genetic variation 


In general, populations exhibited equal amounts of genetic variation (Tables 1 and 2) and 


there were no significant pair-wise differences in expected heterozygosity in any of the 


population sub-groupings used for the AMOVA (Table 4). In all of the sub-groupings, 


most of the variation was found among individuals within populations and only inferior 


proportions of the total genetic variation was found among the population groups (Table 


4). The negative variance component observed in the AMOVA of the IT population 


subset probably indicates absence of genetic structure and should be regarded as zero. 


 


Distance-based population structure 


The observed genetic relationships between wild populations reflected the geographical 


distribution of wild populations with some distinct exceptions (Figures 1 and 2). 


Exceptions were the two Danish populations ROS and BRP, which seemed to be 


genetically closer related to the Italian and German populations than to the other Danish 


populations, and BRP was quite isolated from the rest of the wild populations. The same 


was the case for an Italian population, SBT, which was clearly closer related to the 


German populations, but apart from this was somewhat isolated at the end of a long 


branch. Finally, the Swiss population FRIB was significantly closer related to most of the 


Italian populations than to the German populations. The French population, VILL, seemed 


 12







to be most closely related to the main-part of the Danish populations. All of the groupings 


were supported by high bootstrap values. Valid reticulations were found between two of 


the DE populations and Italian populations, and between the German population, KOB, 


and the French population VILL. 


The same populations (ROS, BRP, SBT, FRIB) that deviated in the dendrogram of 


all wild populations, also deviated in the trees subsets of populations from DK, DECHF 


and IT. Overall, the known groups of chicory cultivars and the groups of wild populations 


formed rather well seperated clusters (Fig. 3-5). In the DK phylogram (Fig. 3), most of the 


wild populations formed a distinct cluster except for ROS and BRP found on a different 


branch (bootstrap level 100%) and they were closest related to the Witloof cultivar 


(BRUS; bootstrap level 85%). No valid reticulations were found in the DK data set. In the 


IT phylogram (Fig. 4), all wild populations clustered tightly, except SBT, which was 


genetically very isolated from all populations and seemed to be equally differentiated 


from the wild and cultivated populations. In the IT subset all landraces were closer related 


to the wild Italian populations than to the Radicchio cultivars. Three of them (LR-TREV, 


LR-VERO, and LR-CAST) seemed to form a single cluster, whereas the fourth (LR-


CHIO) was slightly differentiated from the rest. Two valid reticulations were found that 


suggested stronger relationships between the landraces and the Radicchio cultivars than 


indicated by tree topology only. In the DECHF phylogram (Fig. 5), all of the wild German 


populations formed a distinct cluster. The Swiss population (FRIB) was very isolated 


from all populations. The French population (VILL) seemed to be closer related to the 


root- and Witloof-type cultivars than to the other wild populations (bootstrap level 100%). 


A single valid reticulation was found between two wild German populations FHN and 


OWN. 
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Introgression and model-based population structure 


The majority of the individuals within single populations reassigned nearly completely to 


this population (>95%), but some individuals assigned considerably to more than one 


population. Individual ancestry distributions in each population subset are depicted in 


Figures 6-8. 


In a number of DK populations (Fig. 6), some individuals shared considerable 


ancestry with other populations. This was especially the case for the wild population 


ROS, in which individuals showed widely varying degrees of shared ancestry with BRP 


and another, undefined cluster. Five individuals from the other wild populations shared 


approximately one eighth of their ancestry with the Witloof cultivar, BRUS. In VERO, 


many individuals seemed to share half of their ancestry with another Radicchio cultivar, 


CHIO1. Three individuals from the Witloof cultivar BRUS seemed to share 


approximately half of their ancestry with the root cultivar VENT.  


The most probable model for the DK population set (Fig. 6) was found at K = 13 


(~ 13 groups, ln likelihood = -23598). Some of the wild Danish populations were linked in 


distinct clusters at all values of K, i.e. ODD/DBY and EGG/SVP, respectively (Fig. 6). 


The individuals of another wild population, NYG, were completely divided among these 


two distinct clusters at all values of K.. The individuals of BRP all consistently assigned 


to a single cluster at all values of K. Population structure began to collapse as K 


decreased, but only for cultivar populations. From K = 10 to 8, CASL clustered 


increasingly with the other root cultivar VENT, and the Radicchio cultivar VERO 


clustered with CHIO1 at K < 9. 


Some individuals in the IT population set (Fig. 7) showed considerable ancestry 


with other clusters than the one of their own population. One individual from the wild 


UDN consistently shared a fourth of its ancestry with the Radicchio cultivar TREV1. In 


 14







MOS, one individual consistently shared approximately an eighth of its ancestry with 


CAST and TREV1 and another individual shared half of its ancestry with the SBT 


individuals. Several other wild individuals showed slighter traces of introgression from 


cultivars. One individual from LR-VERO consistently shared half of its ancestry with the 


four clustering wild populations. The same was true for an individual from LR-CHIO, in 


which two other individuals also shared a fourth of their ancestry with wild individuals. 


As in the DK subset, many VERO individuals seemed to share half of their genome with 


CHIO1, which was also the case for five individuals from the Radicchio cultivar CAST. 


Similarly, three individuals from the Radicchio cultivar TREV1 shared considerable 


ancestry with the CAST cluster. Three individuals from the landrace LR-CHIO and one 


individual of LR-TREV had traces of shared ancestry with wild Italian populations.  


The most probable model for the IT population set (Fig. 7) was found at K = 10 (ln 


likelihood = -17401). Four of the wild Italian populations (AMR, MOS, SAN, and UDN) 


formed a distinct cluster in all runs at values of K, whereas like in the reticulogram, SBT 


constituted an exclusive cluster at all values of K (Fig. 7). The best run at K = 6 showed 


that most of the wild populations clustered with the three landraces LR-TREV, LR-VERO 


and LR-CAST (Fig. 7). These three landraces LR-TREV, LR-VERO and LR-CAST were 


the first cultivars to start cluster with each other. They clustered in a variety of 


combinations in different runs with values of K= 8-10, including runs with the value of K 


with the highest model probability (Fig. 9). In runs with values of K < 7 these populations 


always clustered together (Fig. 7). In none of the runs did the landrace LR-CHIO share 


ancestry with the other landraces, except three individuals, which in all runs at all values 


of K clustered with the LR-CAST population (Figures 7 and 9). Two individuals from 


LR-VERO always clustered with the LR-TREV population (Fig. 9). At K < 8, the 
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individuals of the CAST population were assigned to varying degrees to the CHIO1 and 


TREV1 clusters.  


In the DECHF population set at all values of K, three individuals from German 


wild population TBN shared between half to one forth of their ancestry with the Witloof 


cultivar BRUS, one individual from FHN shared one forth of its ancestry with BRUS, and 


one individual from VILL shared half of its ancestry with BRUS. The wild populations 


generally displayed minor traces of shared ancestry with the Pan de Sucre cultivar SUCR 


and the Radicchio cultivar VERO. 


The most probable model for the DECHF population set was found at K = 13 (ln 


likelihood = -25611). Some of the wild populations were more or less linked in distinct 


clusters at all values of K (Fig. 8). Overall, the populations KOB, FHN, and OWN 


assigned to the same cluster, and the individuals from TBN shared (at all values of K) a 


varying degree of their ancestry with both this cluster and another cluster encompassing 


also WST. The wild French population formed a unique cluster at all values of K. The 


wild Swiss population FRIB formed a unique cluster but started collapsing with the wild 


German populations KOB, FHN, and OWN at K < 10. The root cultivars CASL and 


VENT clustered inconsistently among runs at higher values of K but consistently at K < 


10. As observed in the DK and IT population sets, the Radicchio cultivar VERO started 


clustering with CHIO1 as K decreased, in the DECHF population set at K < 9. 


 


Discussion  


The detection of introgression by means of genetic markers depends largely on the time 


scale of gene flow, that is, the level and duration of gene flow as well as the time since the 


last gene flow event. Limited and ancient gene flow is obviously harder to detect than 


extensive and recent gene flow. In order to detect past gene flow, the extent needs to have 
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been substantial, so that introgression has led to a stable, mixed gene pool. In order to 


detect single, time-limited gene flow events, they must be recent, and exposable from the 


genetic composition of single individuals. As markers strictly characteristic of either the 


wild or the cultivated gene pool in chicory are hard to find (Van Cutsem et al, 2003; Kiers 


et al., 2000), an assignment tools like Structure come extremely handy when spotting 


introgressed plants in chicory. 


Our results from the model based clustering using Structure indicated frequent, 


recent gene flow between cultivated and wild chicory and between cultivars. Introgression 


between wild and cultivated plants was found in all three populations subsets, but 


generally introgression between accessions - including variety intercrosses - seemed to be 


most pronounced in the Italian set. For example one individual from the wild population 


UND seemed to be a BC1 plant from hybridization with TREV1 as ¼ of the genome 


apparently derived from this cultivar. It is certainly not surprising that introgression 


seemed to be most pronounced in the Italian set, as the cultivation of chicory is much 


more common in this region of collection compared to the other two collection area in 


Germany and Denmark. Besides, the Italian wild populations and landraces were sampled 


in the area of chicory seed production. Fields with flowering cultivars for seed 


propagation, provide ample opportunities of hybridization with other chicory fields and 


wild chicory in the neighbourhood. In the distance based tree, the wild IT populations 


clustered with the locally propagated landraces, which may also be explained by pollen 


flow during propagation. The landraces are propagated small scale at individual farms, 


and possibly isolation measures during this seed propagation are rather inefficient, and 


thus gene flow could be more pronounced compared to when propagation of conventional 


varieties take place. The tight links between wild populations and landraces could also be 


explained differently, namely if landraces evolved as selections from wild populations. 
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The rather frequent introgression detected between different Italian cultivars could be a 


product of both manipulated intercrossing during breeding or spontaneous crossings 


during seed propagation. Unfortunately, details on breeding history of the cultivars are 


hard to obtain, as information resides safely and inaccessibly with the breeders. However, 


as the introgression between cultivars was not evenly distributed among all individuals of 


a variety, spontaneous gene flow is the most likely source of gene transfer.  


 Also in the Danish subset some individuals had experienced introgression, one 


example being the wild Danish population ROS. As mentioned above some of the 


individuals seemed to have introgressed with a cluster not included in the present analysis. 


The ROS population was collected along a road where both wild individuals, an 


unidentified chicory cultivar (possibly related to a Pan de Sucre - type) and 


morphologically hybrid-like individuals between the two were present. The cultivar was 


apparently sown there as embellishment just after construction of the road. A 


comprehensive genetical and morphological analysis of wild, hybrid- and cultivar 


individuals from the ROS population showed that introgression between the cultivar and 


wild chicory plants had taken place, and that hybrids were quite competitive (Kiær et al, 


2007; Sørensen et al., 2007). The result from these detailed studies of the ROS population 


thus confirms the findings in the present study that also point to ROS as an introgressed 


population. However, Kiær et al (2007) and Sørensen et al. (2007) only studied this one 


Danish population, where the long lasting co-existence of crop and wild plants at the road 


margin may have provided optimal conditions for hybridization. Therefore, their results 


may not reflect the general status of introgression in chicory.  


Several wild plants from other wild Danish populations had traces of introgression 


from the Witloof cultivar BRUS. That this cultivar in particular  contributed to 


introgression in DK is perhaps not so surprising, as BRUS (or related cultivar types) is the 
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cultivar most often grown Denmark. There is a small production, and besides BRUS can 


be found in laymen’s gardens. The production is a two step process.  Large roots are 


produced in the field and then transferred to growth containers to germinate in darkness. 


Probably not all plants are transferred to dark-production; some are left in the field, where 


they may flower and introgress with the wild chicory in the area.  It is also possible that 


cultivated chicory may disperse and establish in natural ecosystems, giving rise to gene 


flow with wild types. This is supported by finding of plants apparently belonging to the 


cultivated gene pool in ruderal places in Belgium (Van Custem et al., 2003).  


In the Structure based modelling, we found replicated Structure runs to be 


inconsistent to some extent. This is most likely due to a low among-population variation 


relative to the within-population variation, as has been shown before (Pritchard et al. 


2000; Rosenberg et al. 2002). Another intriguing result from the Structure based modeling 


should also be mentioned: A small part of individuals of two of the accessions NYG (DK) 


and LR-CHIO (I) divided among distinct clusters at almost all values of K. When the 


individuals of single populations are allocated so clearly to other populations, it is most 


likely that sampling errors or erroneous labelling of samples can have been the reason, as 


gene flow would have to be extremely massive to produce these results. However, seed 


dispersal could generate such results. The NYG individuals that did not allocate back to 


their own population allocated to DBY and ODD. All three populations were collected 


along roads close to major ferry-harbours that connect different Danish regions, so seed 


dispersal with cars or lorries from the other two populations to NYG is a possibility. The 


majority of the NYG individuals formed a cluster together with EGG, the population to 


which it was geographically closest. If seed dispersal could be at play in the LR-CHIO 


population is unknown. 
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Within the two gene pools of wild and cultivated chicory the genetic variation was almost 


identical (AMOVA analysis). A similar trend was found when comparing wild and 


cultivated chicory (root types) from Belgium (Van Cutsem et al 2003), so apparently 


breeding of chicory cultivars has had little effect on the general genetic variation. 


Taken as a whole, the genetic relationships observed in the dendrograms were 


similar to the groupings of populations applied in the analysis of molecular variance 


(AMOVA) as wild populations, cultivars and landraces formed identifiable clusters, even 


though the different groups of chicory were not much differentiated from each other. This 


was also seen in the model based clustering as distinct groups of cultivars and wild 


populations were not found when the program was forced to generate two groups (data 


not shown). In the dendrograms there was a geographic grouping of most of the wild 


populations according to their European North-South distribution, but also here there were 


only small differences in genetic variation between these sub-groupings of Danish, 


German/French/Swiss and Italian accessions (AMOVA). However, in the trees of 


population subsets, some of the wild populations diverged substantially from the rest of 


wild populations in that area. The three populations that diverged were the two Danish 


populations BRP and ROS and the Italian population SBT. In accordance with their close 


geographical location, the two Danish populations formed their own cluster in the model 


based analysis, and some individuals from ROS seemed to have introgressed with another 


cluster, not included in the present analysis. SBT consistently formed its own cluster; 


according to its morphology it was also somewhat diverging from the other wild Italian 


chicories, so it might be a previous cultivar that was naturalized. That the three 


populations BRP, ROS and SBT had relatively tight links to cultivars in the trees could be 


due to previous or recent (but frequent) introgression.  
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The wild populations VILL and FRIB were geographically isolated from the other 


wild populations, and their somewhat isolated position in dendrograms and Structure-


outputs are therefore not surprising.   


More than 60% of the genetic variation was always found within the wild or cultivated 


populations, fulfilling the expectations for an outbreeding species. In the Belgian chicory 


study on root chicory and wild populations (Van Cutsem et al., 2003), the largest part of 


genetic variation was likewise found within populations or varieties, and wild and 


cultivated groups were vaguely separated. A similar trend for varieties and wild species of 


other obligate outcrossing species as such as Festuca pratensis and Brassica rapa have 


been reported by Fjellheim and Rognli (2005) and Andersen et al. (2007).  


In conclusion, we started out with some expectations for the genetic patterns that 


would be found  for different introgression-scenarios: We found crop genes in only some 


of the individuals of a given introgressed wild population, and therefore we assume that 


this gene flow was of recent date. Recent gene flow was common in all three areas of 


collection. Ellstrand et al. (1999) and Ellstrand (2001) have reviewed introgression 


between crop plants and their wild or weedy relatives. They found that crop-wild 


hybridization has been involved in the evolution of more aggressive weeds for seven of 


the world’s 13 most important crops. Extensive introgression can also increase the 


extinction risk for the wild taxon (Ellstrand, 2001). Chicory can now be added to the 


series of plant species where crop and wild plants have been demonstrated to introgress 


spontaneously – and rather frequently. So, in a scenario where GM chicory is cultivated 


openly in the field, flow of transgenes to wild types seems unavoidable. The consequences 


of this introgression will depend on the environment and the genes transferred. Gene flow 


can probably be controlled to some extent by co-existence measures, but wild chicory has 


a number of biological characteristics – obligate outcrosser, insect pollinated, perennial, 
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small seeds, dispersal along roads, and high cross compatibility with cultivars – that might 


demand stringent control. 
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Table 1. The studied wild populations of chicory, including population abbreviation, country of 
origin, sample size and expected heterozygosity, Hj (with Std.Err.) 
Country Population Abbreviations N Hj 


Denmark Borup BRP 15 0.22273 (0.01209) 


 Dråby DBY 15 0.24736 (0.00956) 


 Eggeslev EGG 14 0.28087 (0.00933) 


 Nyborg NYG 15 0.32856 (0.00859) 


 Odden ODD 15 0.28022 (0.00981) 


 Roskilde ROS 13 0.29611 (0.01233) 


 Svenstrup SVP 15 0.29195 (0.00931) 


France Villedubert* VILL 15 0.32039 (0.00947) 


Germany Friedrichshafen FHN 14 0.33131 (0.00883) 


 Koblenz KOB 15 0.3474 (0.00928) 


 Owingen OWN 13 0.3084 (0.00915) 


 Tübingen TBN 15 0.34798 (0.00865) 


 Weil der Stadt WST 15 0.30091 (0.00916) 


Italy Amaro AMR 10 0.34678 (0.01482) 


 Mossano MOS 15 0.33057 (0.01557) 


 San Dorligo della Valle SAN 5 0.35112 (0.0152) 


 Subit* SBT 15 0.2382 (0.00957) 


 Udine UDN 14 0.35476 (0.01447) 


Switzerland Fribourg FRIB 10 0.31029 (0.01618) 


Average    0.30715 


* Gene bank accessions obtained from Institut für Pflanzengenetik und Kulturpflanzenforschung, 
Gatersleben, Germany (IPKG) 
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Table 2. The studied cultivars and landraces of chicory, including population abbreviations, 
cultivar type, sample size and expected heterozygosity, Hj, with standard errors (following Lynch 
and Milligan 1994). 
Type Cultivar Abbreviations N Hj 


Radicchio Treviso 1 TREV1 15 0.28577 (0.01031) 


 Treviso 2 TREV2 15 0.28667 (0.0096) 


 Verona VERO 15 0.31762 (0.00898) 


 Castelfranco CAST 15 0.29565 (0.00971) 


 Chioggia 1 CHIO1 15 0.32358 (0.00955) 


 Chioggia 2 CHIO2 15 0.27177 (0.00987) 


 Chioggia F1 CHIOH 15 0.31682 (0.01037) 


 Catalogna 
Frastagliata CALO 14 0.22952 (0.01021) 


Landraces Treviso LR-TREV 14 0.29017 (0.0105) 


 Verona LR-VERO 14 0.28146 (0.01153) 


 Castelfranco LR-CAST 14 0.25803 (0.0106) 


 Chioggia LR-CHIO 14 0.30702 (0.0107) 


Pain de 
Sucre Pain de Sucre SUCR 15 0.22965 (0.01013) 


Witloof Brüsseler 
witloof* BRÜS 12 0.29165 (0.00947) 


Root Cassel CASL 15 0.34087 (0.00855) 


 Ventiva* VENT 15 0.26172 (0.01113) 


Average    0.28675 


* Gene bank accessions obtained from Institut für Pflazengenetik und Kulturpflanzenforschung, 
Gatersleben, Germany (IPKG)
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Table 3. Selective nucleotides applied for the AFLP primers (EcoRI, MseI, and PstI) of marker 
sets I (Risø National Laboratory, Denmark) and II (University of Neuchâtel, Switzerland) and for 
the SSAP primers of marker set III (Universities of Dundee and Udine). 
 


Marker set Primer Primer 


Set I E-ACC M-CAA 


 E-ACG M-CAA 


 E-CAC M-AGG 


 E-CAG M-AGG 


Set II E-AGA P-CAG 


 E-AGT P-CAG 


 E-ATC P-CAG 


 E-ATG P-CTA 


Set III Chi46*-C M-AC 


 Chi46*-T M-AG 


 Chi46*-C M-CG 


 Chi46*-C M-CT 
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Table 4. Analysis of molecular variance (AMOVA) among the complete set of populations, wild 
populations, cultivars, and geographic population sub-groups, respectively. 
 
Population set Variation among individuals 


within populations (%) 
Variation among populations 
within groups (%) 


Variation among groups 
of populations (%) ‡ 


Total* 67.87 30.20 1.93 


Wild** 75.30 18.82 5.88 


Cultivated*** 60.08 26.83 13.09 


DK† 63.42 30.29 6.29 


IT† 94.36 34.80 -29.16 


DECHF† 68.08 26.22 5.70 


The populations were grouped as follows: * wild populations versus cultivars and landraces; ** Danish wild populations 
versus German/French/Swiss wild populations versus Italian wild populations; *** landraces versus Radicchio cultivars 
versus Pain de Sucre versus Witloof and Root cultivars; † wild populations versus cultivars included in each population 
subset, respectively.
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Figure 1. Distribution of wild populations across Europe (see table 1 for population name 
legend). 
 
 


WST 


TBN 


KOB 


FRIB


VILL 


MOS UDN SAN 


SBT 


AMR 


OWN 


EGG 


BRP 


ROS 


ODD 
DBY 


NYB 


SVP 


FHN 


 31







Figure 2. Neighbor-Joining based dendrogram of all the wild populations. 
Reticulations (see text) are shown as stipulated lines. Bootstrap support (1000 
replications) for essential edges is shown as a percentage alongside the given edge. 
Grey area marks two wild populations that diverge from the main part of wild 
Danish populations. 
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Figure 3. Relationship between the 7 wild Danish populations (DK), 3 Root and Witloof 
cultivars (W/R), and 3 Radicchio cultivars (RAD), shown as a Neighbor-Joining based 
dendrogram. Bootstrap support (1000 replications) for essential edges is shown as a 
percentage alongside the given edge. Grey area marks two wild populations that diverge 
from the main part of wild Danish populations. 
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Figure 4. Neighbor-Joining based dendrogram of the 5 wild Italian populations (IT), 4 
Radicchio landraces (LR), and 4 Radicchio cultivars (RAD). Reticulations (see text) are 
shown as stipulated lines. Bootstrap support (1000 replications) for essential edges is 
shown as a percentage alongside the given edge.  
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Figure 5. Neighbor-Joining based dendrogram of the five wild German populations (DE), 
the wild French population (F), the wild Swiss population (CH), 3 Witloof and Root 
cultivars (W/R), the Pan de Sucre cultivar (PS), and 3 Radicchio cultivars (RAD). A 
single reticulation (see text) is shown as a stipulated line. Bootstrap support (1000 
replications) for essential edges is shown as a percentage alongside the given edge. 
 
 


 


KOB
FHN


FRIB


OWN WST


TBN


SUCR


TREV1 


VERO


CHIO1
VILL 


BRUSVENT 


CASL


DE 


RAD 


CH 


F 


PS 
W/R 


0.50 
0.85 


0.67 


 35







Figure 6. Model-based clustering of individuals from the populations of the DK subset 
(see text), shown for values of K between 8 and 13 (a-f). The runs (out of 10) with the 
highest model probability at each K are shown. Populations are divided by black vertical 
lines and individuals are each represented by a vertical bar. The height of different colors 
in each individual designates its membership coefficient to the different clusters, summing 
to 1 across clusters. Most probable K value is framed. 
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Figure 7.  Model-based clustering of individuals from the populations of the IT subset 
(see text), shown for values of K between 5 and 10 (a-f). The runs (out of 10) with the 
highest model probability at each K are shown. Most probable K value is framed. 
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Figure 8. Model-based clustering of individuals from the populations of the DECHF 
subset (see text), shown for values of K between 8 and 13 (a-f). The runs (out of 10) with 
the highest model probability at each K are shown. Most probable K value is framed. 
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Figure 9. Model-based clustering of individuals from the Italian landrace populations 
shown for different runs with K = 10 . 
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AFLP markers and cytotaxonomic analysis reveal
hybridisation in the genus Schoenus (Cyperaceae)


Ivan Scotti, Anna Mariani, Valentino Verona, Alberto Candolini, Carlo A. Cenci,
and Angelo M. Olivieri


Abstract: Molecular, cytological, and morphological data support the existence of a hybrid population between
Schoenus nigricansand Schoenus ferrugineus.This population was found in northeastern Italy, whereS. nigricansis
central with respect to its natural range andS. ferrugineusis marginal, being most common in the Alps and in central
and northern Europe. Molecular marker data show that the putative hybrid population is genetically intermediate be-
tween nearby populations of the parent species. Cytological evidence confirmed the hybrid nature of this population, as
does the almost complete sterility of plants within the population. Although no seeds were produced by the hybrid
population, some possibly fertile pollen grains were produced; this suggests that the possibility of introgression be-
tween the two species through the hybrids cannot completely be excluded.


Key words: Schoenus, AFLP markers, chromosome behaviour, introgression.


Résumé: Les données dérivant d’une analyse moléculaire, cytologique et morphologique démontrent l’existence d’une
population hybride entre leSchoenus nigricanset le Schoenus ferrugineus. Cette population a été trouvée dans le nord-
est de l’Italie, qui constitue le centre géographique de la zone naturelle de distribution duS. nigricans, mais seulement
une zone marginale pour leS. ferrugineus, par rapport à sa zone de plus grande diffusion, c’est-à-dire les Alpes,
l’Europe centrale et l’Europe du nord. Les résultats obtenus à l’aide des marqueurs moléculaires ont montré que la po-
pulation présumée hybride est génétiquement intermédiaire entre des populations voisines d’espèces parentales. La na-
ture hybride de cette population est confirmée par l’examen cytologique ainsi que par la stérilité presque totale des
plantes de la population. Bien que la population hybride n’ait pas produit de graine, une certaine quantité de pollen,
qui pourrait être fertile, a toutefois été produite, ce qui interdit d’exclure radicalement la possibilité d’une introgression
entre les deux espèces à travers les hybrides.


Mots clés: Schoenus, marqueurs AFLP, comportement chromosomique, introgression.
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Introduction


The genusSchoenus(family Cyperaceae) has a large dif-
fusion in Europe, growing from the Scandinavian peninsula
(Mossberg et al. 1994; Hedrèn 1997) to southern Europe and
northern Africa (Zangheri 1976), where it is usually found in
different wet, peaty soils. Lately,Schoenus ferrugineushas
met with some agricultural interest in Germany (Jilg and
Briemle 1992) and England (Gordon 1989) in regions con-
cerned with the reconversion of mesotrophic and oligo-
trophic hay meadows. This species is found mostly in its


natural condition, but studies have been carried out to im-
prove meadow management (Schopp-Guth et al. 1994).


Schoenus nigricansis characterised by a high concentra-
tion of silicon (Ernst et al. 1995) and is considered a typical
pioneer species, important in wet dune slacks (Ernst et al.
1988, 1996).Schoenus ferrugineusgrows in colder climates
and highland pastures, and its range overlapsS. nigricans’ in
central Europe.


The two speciesS. ferrugineusand S. nigricansare mor-
phologically distinguishable by the number of spikelets, the
size of the lowest bract around the inflorescence, and the
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lengths of their basal leaves and perygonial bristles (Tutin et
al. 1996; Pignatti 1982; Zangheri 1976; Hess et al. 1976;
Hegi 1966). They are also cytologically distinct; Hess et al.
(1976), Zangheri (1976), and Tutin et al. (1996) report that
S. ferrugineus possesses 76 chromosomes, whereas
S. nigricansis characterised by 2n = 44–54. Populations of
hybrid plants between these two species have been observed
based on their morphological (Hess et al. 1976; Tutin et al.
1996) and isoenzymatic (Hedrèn 1997) characteristics. Both
S. nigricans and S. ferrugineusare outcrossing, wind-
pollinated species, and therefore cross pollination may occur
even over rather long distances if the reproductive barriers
are not particularly strong. Indeed, Hedrèn (1997) reported
that some hybrids in the Swedish mainland can be found,
even thoughS. nigricansis locally extinct.


An evolutionary approach to investigating hybrids is given
by Hedrèn (1997), who looked at 13 polymorphic loci in 8
different enzyme systems in SwedishSchoenus.The two
species were fertile and differed by only two of the seven
variable loci. Plants classified as hybrids for their intermedi-
ate morphology between the putative parents were sterile
and shared most of the alleles present in the original species.


A more extensive search for polymorphisms is possible
when DNA-based molecular markers are used. In particular,
for taxonomic studies anonymous, multiplexed markers such
as AFLPs (Amplified Fragment Length Polymorphisms;
Zabeau and Vos 1993) can be valuable, because they allow
for the production of large data sets without requiring a pri-
ori sequence information, while being stable and reproduc-
ible. Several authors have used AFLPs as a method for
discriminating related species and varieties and for assessing
their genetic distance (Le Thierry d’Ennequin et al. 2000;
Kiers et al. 2000; Quagliaro et al. 2001). On the other hand,
cytological methods are the best possible tool for the detec-
tion of interspecific mating.


In the present paper, we report molecular and cytological
evidence of the presence of a hybrid population between
S. ferrugineusand S. nigricansin a planizal area of north-
eastern Italy, in close proximity to the southern side of the
Alps. In this area, S.ferrugineus is considered marginal
(Zangheri 1976; Pignatti 1982), whereas this region repre-
sents a more central location forS. nigricans (Zangheri
1976).


Here, cytological and molecular methods are applied to
the characterisation of putative hybrid plants. AFLPs are
used to observe hybridization at the molecular level and
chromosome analysis is used to confirm evidence of genetic
admixture and to explore the reproductive ability of the pu-
tative hybrid plants. The combined conclusions from these
two experiments confirm the observations based on the mor-
phological traits that have so far been taken into consider-
ation by taxonomists.


Materials and methods


Plant material
For the purpose of the present research, samples of natural


populations ofSchoenusspp. were collected from three sites
in northeastern Italy. The sampled material was classified as
S. nigricans, S. ferrugineus, or intermediate between the two


(putative hybrid) based on morphological characters and fer-
tility.


Schoenus ferrugineuswas collected from the Vuarbis (V)
site, S. nigricansfrom the Codroipo (C) site, and the inter-
mediate (putative hybrid) samples from the Raspano (R) site
where they were found in association with a population of
S. nigricans. Plants belonging toEleocharis carniolicawere
collected at the Eggeralm site (Austria), and were coded as
O (for outgroup). All but the O site are located in the prov-
ince of Udine, Italy. Details of the exact location of the pop-
ulations are available from the corresponding author.


For each population, vegetative portions of four plants
were transplanted into pots, then placed in either the green-
house or the field. Four plants per population were used for
morphological, cytological, and molecular analyses. The life
cycle, low germinability of seeds (owing to the peculiar fea-
tures of the integument), and flower biology ofSchoenus
plants made it hard to perform large-scale cytological analy-
ses. Therefore, it was decided to focus molecular and cyto-
logical manipulations on a set of plants for which it was
possible to obtain a complete, unequivocal data set.


Molecular markers (AFLP)
For DNA extraction, up to 300 mg of fresh tissue was


ground in liquid nitrogen and added to 400µL of extraction
buffer (100 mM Tris-HCl (pH 8.0), 50 mM EDTA, 0.5 M
NaCl, 0.2%β-mercaptoethanol, and 1% PVP). After addi-
tion of 100µL of 10% SDS, samples were incubated at 65°C
for 20 min. The mixture was placed on ice for 5 min upon
addition of 170µL of 5 M potassium acetate (pH 6.5) and
precipitated for 20 min at 8000 rpm. The supernatant was
then mixed with 400µL of 100% isopropanol and 40µL of
3 M sodium acetate (pH 5.2). The solution was precipitated
for 2 h at –20°C and centrifuged at maximum speed for
15 min. After one washing with 70% ethanol the pellet was
resuspended in 50µL sterile distilled water and treated with
10 µg RNAse for 1 h at37°C.


DNA (250 ng) was digested in a 30-µL mixture (1×
Pharmacia One-Phor-All Buffer (Amersham Biosciences,
Uppsala, Sweden), 1× BSA, and 5 U each ofEcoRI and
MseI). The primer and adapter names reported here and their
corresponding sequences are as established by Keygene
(Zabeau and Vos 1993; see also http://grain.jouy.inra.fr/
ggpages). For the ligation, 20µL of ligation mixture (2.5µM
MseI double-strand adapter, 0.25µM EcoRI adapter, 0.5 mM
ATP, 1 U T4 DNA ligase, and 1× Pharmacia One-Phor-All
Buffer) were added to 30µL of digestion mixture.
Preselective PCRs were performed in a 20-µL volume with
the following mixture: 5µL ligated DNA, 1:10 dilution;
0.3 µM of each primer (E03 and M02); 200µM each of
dATP, dCTP, dGTP, and dTTP; 0.5 U PE AmpliTaq DNA
polymerase; and 1× PE AmpliTaq buffer I (Applied
Biosystems, Forster City, Calif.). PCR cycles were as de-
scribed in Paglia and Morgante (1998). For the selective
PCR, primers E65 and E69 were combined with primers
M48, M52, M53, M58, M59, and M60. TheEcoRI primer
was labeled (reaction mixture (1-µL volume): 2.5µM primer,
0.5 µCi [γ-33P]ATP/µL, 0.4 U polynucleotide kinase (PNK),
1× PNK buffer, and incubated at 37°C for 30 min). The se-
lective PCR was performed in 20µL with the following pro-
tocol: 5µL of pre-selective PCR product diluted 1:20, 1µL
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labelledEcoRI primer, 0.125µM MseI primer, 200µM each
dNTP, 0.4 U PE AmpliTaq Gold DNA polymerase, 1× PE
AmpliTaq buffer I, and 2.5 mM MgCl2. PCR cycles were as
described above. Gel run and data scoring are as in Paglia
and Morgante (1998).


Data were scored as 0 for the absence and 1 for the pres-
ence of a band. For each pair of plants, the simple matching
coefficient (Ssm) was computed.Ssm is defined as the number
of markers for which two samples are identical, divided by
the total number of markers. It can therefore span from 0
(maximum divergence) to 1 (identity). The matrix ofSsm
values was then used in a principal component analysis
(Gower 1966).


Cytological analysis
Root tips from each plant were pretreated in ice for 24 h


and in a saturated solution ofα-bromonaphtalene for another
4 h at room temperature, then fixed in FAA (63% ethanol,
27% sterile distilled water, 5% acetic acid, 5% formalde-
hyde). Staining was performed according to the Feulgen
method, except that hydrolysis in HCl–N was made to last
30 min instead of the usual 6–7 min. The root-tips were then
put in 1% cellulase at 40°C for 15 min, and squashes were
prepared in 2% acetic orcein. Chromosome counts were
done on 30 well-spread metaphases for each sample. For
analysis of meiosis, spikelets were fixed in alcohol – acetic
acid (3:1), hydrolysed in HCl–N at 60°C for 15 min, and
placed in basic fuchsin for 1 h. Anthers were squashed in
2% acetic orcein. An extended length of hydrolysis for mi-
totic and meiotic preparations, as well as treatment with
cellulase, were rendered necessary by the particular tough-
ness of the plant tissues. Slides for pollen analysis were pre-
pared in 2% acetic carmine and glycerin (1:1).


AFLP runs were carried out at the University of Udine,
whereas cytological work was performed at the CNR Insti-
tute in Perugia.


Results


Preliminary observations
Plants with intermediate characters were identified at the


Raspano site during a survey of the local flora. These sam-
ples showed morphometric parameters intermediate between
those ofS. ferrugineusand those ofS. nigricans(Table 1).
The same samples also turned out to be sterile, both at the
original site and after transplantation to a greenhouse, over
two flowering seasons during which time seed production
was normal for the two true species. Based on these data, the
plants sampled in Raspano were considered putative hybrids
betweenS. ferrugineusand S. nigricans. Molecular and cy-
tological work was carried out to verify this hypothesis.


Four plants from each of four populations were subjected
to cytological analyses and screened for AFLP polymor-
phism. Each population was taken as representative of one
taxon, i.e., population O (Eggeralm,Eleocharis carniolica,
outgroup), population V (Vuarbis,Schoenus ferrugineus),
population R (Raspano, putative hybrid), and population C
(Codroipo,Schoenus nigricans).


AFLP analyses
Of the twelve primer combinations tested, nine produced


banding patterns that could be easily scored. Combinations
E65–M53, E69–M52, and E69–M58 were discarded because
of bad amplification. The remaining nine combinations pro-
duced a total of 128 polymorphic bands (14.2 bands/primer
combination, on average), with a minimum of four polymor-
phic markers for E69–M60 and a maximum of thirty for
E65–M60. The number of polymorphic bands was approxi-
mately proportional to the total number of bands visible in
each pattern. An example of the gel banding pattern is
shown in Fig. 1.


After gel scoring, the data were coded for each plant and
marker as 1 (presence of band) or 0 (absence of band). The
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Species and populations
No. of
plants


Plant height
(cm) Leaf length


Inflorescence
bract length (mm)


No. of
spikelets


No. of akenes
per inflorescence


S. nigricans, Codroipo (C) 100 69.3 (9.2) Longer than half the stem 28.4 (12.1) 6–8 9–17
Hybrid, Raspano (R) 93 60.2 (7.5) Approximately half of the stem 15.1 (7.3) 4–5 0
S. ferrugineus, Vuarbis (V) 70 53.3 (6.8) Shorter than half the stem 17.3 (3.1) 3–4 4–6


Note: Standard deviation is displayed in parentheses.


Table 1. Morphometric and taxonomic data ofSchoenuspopulations.


Fig. 1. Example of AFLP pattern (primer combination E65–
M60). Population codes as described in Materials and methods.
Arrows indicate bands discriminating between groups.
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coded data are available on request from the corresponding
author.


Levels of variability, expressed as percent polymorphic
markers, were variable across taxa.S. nigricansshowed the
highest value (17.9%),S. ferrugineusthe lowest (3.1%), and
the putative hybrid roughly in between (12.5%). The
outgroup showed similar polymorphism (15.6%). Sixteen
markers showed polymorphism in the putativeS. ferrugineus×
S. nigricans(f × n) hybrid population. Ten of these were also
variable in at least one of the two putative parent species.
For 5 out of 16 markers polymorphism was observed be-
tween the two species. Only at one marker didS. ferrugineus
and S. nigricansshow the same monomorphic banding pat-
tern (absence of band), whereas the putative hybrid showed
polymorphism.


The Ssm coefficient was used as a measure of pairwise ge-
netic similarity between individual plants. This parameter
was chosen because it allowed us to analyse AFLP data
without making assumptions on the evolutionary model un-
derlying the observed distribution of variability. Table 2 dis-
plays Ssm values for all plant pairs.


Within-population average similarity values (Table 2)
were computed (as suggested by Bertorelle et al. 1999) as a
measure of genetic uniformity. Both the average and the sin-
gle pairwise values within each population are higher than
any across-groups value.S. ferrugineusshows an average
Ssm of 0.979,S. nigricanshas an average of 0.890, and the
putative f × n hybrid displays an intermediate value.


The matrix of Ssm values was subjected to a principal
component analysis to visualise the similarity within and be-
tween taxa.


The results are displayed in Fig. 2 for the first two compo-
nents, accounting for 51 and 29% of the total variability, re-
spectively. It can be noted that although the outgroup lies
separated from the other three taxa, the putative hybrid is
grouped with the putative parent species relative to the first
component, taking an intermediate position between them
along the second axis. For all the groups there appears to be
strong within-group clustering.


Cytogical analyses
The somatic chromosome number was determined for ev-


ery sample. The large number of chromosomes, their small
size, and their high degree of similarity made it difficult to
perform an accurate karyological study, in particular the
identification of nucleolar chromosomes. Microsporogenesis
analysis was also performed to determine the behaviour of
meiotic chromosomes.


Results from the cytological analysis are reported in Ta-
ble 3. All of the Schoenus nigricansplants showed a chro-
mosome number 2n = 46 (Fig. 3a). Previous data had
indicated 2n = 44 and 2n = 54 for that species (Hegi 1966;
Lid 1985; Löve and Löve 1961). The somatic chromosome
number 2n = 46 was confirmed by microsporogenesis analy-
sis that revealed the presence of diakineses with 23 bivalents
in all of these plants (Fig. 3b). The invariable presence of bi-
valents, generally ring shaped, is indicative of a high level of
chromosome homology and great genome stability.


The plants from theS. ferrugineuspopulation were found
to have chromosome number 2n = 70 or 72 (Fig. 3c), differ-
ent from that reported in the literature (2n = 76) for this spe-
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cies (Hegi 1966; Lid 1985; Tutin et al. 1996). Such
variations, however, could be ascribed to the great number
and small size of the chromosomes, which do not permit a
precise count. Microsporogenesis analysis was carried out
on only two samples of theS. ferrugineusgroup because the
remaining plants had not flowered, probably owing to the
large differences between the natural conditions of growth
and the environmental parameters set in the greenhouse. The
plants analysed displayed diakineses with 35 or 36 bivalents,
though 34 bivalents plus two univalents were also counted
in rare cells from the sample V3. Thus, the observed number
of bivalents confirms the somatic chromosome number as
established in the same plants. In one sample of population
V, very few diakineses with 38 bivalents were observed.
This number, if confirmed, could indicate a somatic chromo-
some number of 2n = 76, as previously found in
S. ferrugineus. Other stages of both first and second meiotic
divisions were found to be normal, with only rare anaphase
II cells showing one or two laggards.


The plants belonging to the putative hybrid group exhib-
ited a chromosome number of 2n = 60 (Fig. 3d). Only one


sample may have had 58 chromosomes (R2). Plants from
this group displayed anthers with very few sporogenous
cells, even though some diakineses with 26–28 bivalents
plus a few univalents (R1 and R4) could be observed. More-
over, the plants in this group showed second meiotic divi-
sion cells with some abnormalities such as laggards,
chromatin bridges, syncytia, and asynchrony (Fig. 3e). One
plant had flowers with only primordia of anthers with no
sporogenous tissue. Taken together, these observations seem
to confirm that this group of plants has little or no fertility,
as already revealed by morphological analysis, strongly sug-
gesting their hybrid nature. Furthermore, analysis showed
pollen grains to be oblong, triangular-shaped, well-coloured,
and thus fully viable in every single plant ofS. nigricans;
pollen grains were smaller, mostly full and coloured, and
had 70% viability in the plants ofS. ferrugineus.In the puta-
tive f × n hybrid, the pollen was small, misshapen, wrinkled,
with partially coloured or empty grains, and had 90–95%
sterility (Figs. 3f–3h).


Discussion


The analysis of AFLP data strongly suggests the hybrid
origin of the samples of population R. When these data are
used for a principal component analysis, the populations are
separated along the first axis in (i) a group uniting the popu-
lations V, R, and C and (ii ) a group including the outgroup
(O) only. The second axis allows us to discriminate within
the first group, with R displaying an intermediate position
between the two parent species. Pooling of the data shows
much the same picture, with the R group sharing a large
number of character states both with the V and the C groups,
whereas comparison between V and C shows a lesser degree
of similarity.


Interestingly, the R group also shows an intermediate level
of polymorphism, as expressed by the percent of polymor-
phic markers. This has no direct explanation because one
would expect a hybrid population to acquire variable loci
from both parent species, and therefore maximize polymor-
phism. Lower than expected diversity may be an artefact,
owing to either the limited sampling performed in this ex-
periment or a real biological occurrence (i) if the hybrid
population has been founded by a limited number of individ-
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Fig. 2. Principal component analysis based on Gower’s similarity values. Groups of samples belonging to the same taxon are circled.
In the Vuarbis (V) population, only two dots appear because the four samples form two pairs of identical individuals (see Table 2).


Species Samples
Chromosome
number (2n) Diakinesis


Schoenus C1 46 23 II
nigricans C2 46 23 II


C3 46 23 II
C4 46 23 II


Schoenus V1 70 —
ferrugineus V2 70 —


V3 70 35 II
V4 70/72 35 II/36 II


Putative R1 60 26 II/28 II + 4–8 I
f × n hybrids R2 58/60 nsc


R3 60 nsc
R4 60 26 II/28 II + 4–8 I


Note: Dash, no flowers; nsc, no sporogeneous cells; I, univalents; II,
bivalents.


Table 3. Chromosome numbers and meiotic behaviour ofSchoenus
spp.
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uals or populations of the parent species, (ii ) a mixture of
different hybrid generations (see Hedrèn 1997) with intro-
gression with one or both parent species, or (iii ) it has un-
dergone genetic bottlenecks. However, caution must be
taken when estimating diversity measures on such small
samples, although the large number of markers that are con-
sidered here could partly overcome this problem thanks to
the advantages of uniformly sampling the genome.


A side observation is that the level of variation among in-
dividuals is higher (average within-population similarity is
lower) here forS. nigricansthan forS. ferrugineus, whereas


the reverse holds true in the Swedish populations studied by
Hedrèn (1997). A possible explanation is that the region we
have sampled (northeastern Italy) is central with respect to
the natural range ofS. nigricans and marginal for
S. ferrugineus, whereas the situation is reversed in northern
Europe. Further, range-scale surveys may allow us to test
this explanation, although this is beyond the scope of this ar-
ticle.


Cytological evidence further corroborates and comple-
ments the molecular proofs of hybridization discussed
above. The chromosome numbers observed here are closely
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Fig. 3. (a and b) Schoenus nigricans. (a) Mitotic metaphase with 2n = 46 chromosomes. (b) Diakinesis with 23 bivalents.(c) Schoenus
ferrugineus, mitotic metaphase with 2n = 72 chromosomes. (d and e) Putative hybrid. (d) Mitotic metaphase with 2n = 60 chromo-
somes. (e) Asynchrony in second meiotic division. (f–h) pollen grains of(f) S. nigricans, (g) S. ferrugineus, (h) putative hybrid. Scale
bar = 10µm.
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similar or identical to those previously published. As a mat-
ter of fact, the counts reported here should be fairly reliable
because they were obtained from squashes and not from sec-
tions. Mitotic metaphase counts in the V, R, and C popula-
tions show that R has an intermediate number of
chromosomes compared with the two true species, suggest-
ing cross-pollination among the parents. Accordingly, the
observation of meiotic metaphases shows aberrations of
chromatid pairing and segregation in the samples belonging
to the R population, thus confirming the hybrid nature of
these cells. As expected in such cases, viable pollen grains
are rare, if any, in the plants of the R group.


Therefore, combined evidence from molecular, cytologi-
cal, and morphological analysis confirms the existence of
hybridization betweenS. nigricans and S. ferrugineusin
populations from northeastern Italy, as already found in
other geographical areas where the two species grow to-
gether (Hess et al. 1976; Tutin et al. 1996). However, the
lack of seeds in the sampled hybrids is not conclusive evi-
dence against a possible introgression, supported by Hedrèn
(1997) and Vanky and Websdane (1995). Small amounts of
viable pollen grains may indeed be produced by hybrid
plants, as observed here, although we have no supporting ev-
idence that they can pollinate hybrid plants or plants of the
parent species.


Further research using a larger sample of populations as
well as more specific cytological and molecular approaches
(including the application of codominant, highly variable
markers such as microsatellites) will be required for a better
understanding of the genetic structure of these hybrids, their
fertility and stability levels, and their significance in the evo-
lution of the genusSchoenus. Nevertheless, the study re-
ported here shows that even a small number of reference
plants form the putative parent species, when screened for a
large set of markers, can confirm the status of putative hy-
brid plants, allowing for the characterisation of even single
individuals.


The possibility of reciprocal pollination between the par-
ent species needs to be evaluated, even though a different
ploidy level may be a severe obstacle to crosses between
S. nigricansand S. ferrugineus, as is the case with many
other species. The fertility of hybrid plants need to be as-
sessed, including the extent to which they can backcross
with the parent species (thus partially breaking the reproduc-
tive barriers between them). Ecological and botanical fea-
tures of these hybrid plants need to be characterized. Taken
together, these further studies would help in understanding
the evolution and evolutionary potential of the genus
Schœnus,the stability of hybrid populations, and their possi-
ble usefulness as forage crops.
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SELECTIVE TRADE-OFFS AND SEX-CHROMOSOME EVOLUTION IN
SILENE LATIFOLIA
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Abstract. Alleles of sexually antagonistic genes (i.e., genes with alleles affecting fitness in opposite directions in the
two sexes) can avoid expression in the sex to which they are detrimental via two processes: they are subsumed into
the nonrecombining, sex-determining portion of the sex chromosomes or they evolve sex-limited expression. The
former is considered more likely and leads to Y-chromosome degeneration. We mapped quantitative trait loci of major
effect for sexually dimorphic traits of Silene latifolia to the recombining portions of the sex chromosomes and found
them to exhibit sex-specific expression, with the Y chromosome in males controlling a relatively larger proportion of
genetic variance than the X in females and the average autosome. Both reproductive and ecophysiological traits map
to the recombining region of the sex chromosomes. We argue that genetic correlations among traits maintain recom-
bination and polymorphism for these genes because of balancing selection in males, whereas sex-limited expression
represses detrimental alleles in females. Our data suggest that the Y chromosome of S. latifolia plays a major role in
the control of key metabolic activities beyond reproductive functions.


Key words. Antagonistic genes, linkage map, quantitative trait loci, sex-specific expression, Y chromosome.
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Divergence between the sex chromosomes (X and Y in
species with heterogametic males, such as mammals, Dro-
sophila, and the genus Silene; Z and W in species with het-
erogametic females, such as birds and butterflies) can be ex-
treme (Lahn et al. 2001), and several models have been de-
veloped to explain the origin of this divergence (Charles-
worth and Charlesworth 2000). In several species, sex
determination is controlled by the presence of a chromosomal
location that both suppresses the development of female re-
productive organs and is required for the development of male
reproductive organs; this locus conventionally identifies the
Y chromosome (we will limit our argument to XY sex-chro-
mosome systems for simplicity). In such systems, the evo-
lution of sex chromosomes starts with selection that tightly
links, by local suppression of recombination, all loci involved
in sex determination in a nonrecombining region (NRY/
NRX) that spans the sex-determining region (SDR).


Over evolutionary time, the NRY/NRX can act as a sink
for antagonistic genes, those in which at least some of their
alleles increase fitness in one sex, but at the same time reduce
fitness in the other. For example, traits have been shown to
strongly influence mating success in only one sex in both
animals and plants (e.g., Wikelski and Trillmich 1997; Delph
and Ashman 2006). If a shift in the mean for these traits is
opposed by other forms of selection (e.g., viability selection)
in the sex for which mating success is not enhanced, then
the trait optima for the two sexes will be different. However,
as long as the two sexes express these genes equally, trait
values in the two sexes will be tightly correlated; one or the
other sex or both will have suboptimal fitness, and so will
the entire population (Lande 1980). Mean population fitness
can be optimized in such cases by decoupling of the ex-
pression of antagonistic genes in the two sexes, thus releasing


2 Present address: Institut National de la Recherche Agrono-
mique, Unité Mixte de Recherches Ecologie des Forêts de Guyane,
Campus agronomique, Avenue de France, BP 709, 97387 Kourou
Cedex, French Guiana; E-mail: ivan.scotti@kourou.cirad.fr.


the constraints between trait values in the two sexes and
allowing each sex to reach its fitness optimum, that is, causing
the evolution of sexual dimorphism.


Two evolutionary mechanisms have been observed to re-
spond to sexually antagonistic selective pressure. In one sce-
nario, antagonistic genes are subsumed in the NRX/NRY
region, which increases in size to cover most of the length
of the Y chromosome (Rice 1996). In genetic terms, this
results in full linkage disequilibrium between alleles at an-
tagonistic genes and alleles at sex-determining loci (Char-
lesworth 1991). Polymorphism is retained at the antagonistic
loci, but each sex will carry the allele or set of alleles that
maximizes its fitness (members of each sex carrying detri-
mental alleles are eliminated by selection). The alternative
scenario is dominated by changes in gene-gene epistatic in-
teractions: antagonistic genes fall under the control of the
SDR and are only expressed (or are expressed at a higher
level) in the sex for which they are beneficial (Rice 1996;
Chippindale et al. 2001; Charlesworth 2002). In this case,
polymorphism is retained, alleles are shared between the two
sexes, but trait means can diverge because of differences in
gene-expression patterns. Actual allele frequencies will de-
pend upon the equilibrium between viability, fecundity, and
sexual selection (Lande 1980; Arnold 1994). Mechanisms of
sex-limited gene expression are generally thought to evolve
on a longer evolutionary time scale than suppression of re-
combination (Charlesworth 2002) and are therefore consid-
ered a less likely response to antagonistic selection. Never-
theless, once differential expression evolves, it leads to op-
timization of mean population fitness, thus suppressing the
drive for the inclusion of antagonistic genes into the NRY/
NRX region.


These two scenarios do not rule out evolutionary pathways
involving incomplete recombination suppression and/or the
presence of antagonistic genes in the recombining parts of
the sex chromosomes (Charlesworth 2002). Rice (1987)
showed theoretically that Y-linked alleles with antagonistic
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effects can reach high equilibrium frequencies even at large
distances from the SDR, especially if detrimental effects for
females are small. In Chinook salmon (Marshall et al. 2004)
and in guppies (Lindholm et al. 2002), antagonistic genes
have been found at intermediate recombinational distances
from sex-determining genes. Lande (1980) provided a de-
tailed formal treatment of the evolution of frequencies of
antagonistic genes from the point of view of the contrasting
effects of such genes on survival and mating-success com-
ponents of fitness within each sex, demonstrating theoreti-
cally that polymorphism can be maintained at equilibrium.
Taken together, the works of Lande (1980) and Rice (1987)
show that antagonistic genes can be polymorphic and be ge-
netically linked at intermediate distance with NRY/NRX.


Distinct sex chromosomes, as well as sexual dimorphism,
exist in plants as well as animals (Geber et al. 1999). In our
study species, Silene latifolia, the sex chromosomes are larger
than the autosomes, and the Y chromosome is the largest of
all (Grabowska-Joachimiak and Joachimiak 2002). It carries
an SDR that contains three sex-determining genes (Wester-
gaard 1946; Donnison et al. 1996; Lebel-Hardenack et al.
2002; Lengerova et al. 2003) but lacks some structural prop-
erties typical of degenerated Y chromosomes (Grant et al.
1994; Matsunaga et al. 2002). Y-linked sequences have coun-
terparts on the X chromosome (Delichère et al. 1999; Atan-
assov et al. 2001; Sugiyama et al. 2003), with one relevant
exception (Matsunaga et al. 2003), and the completely sex-
linked genes reported so far do not show extensive differ-
entiation (Grant et al. 1994; Atanassov et al. 2001; Moore et
al. 2003; Filatov 2005), although a consistent reduction in
genetic diversity has been observed for Y-linked loci (Filatov
et al. 2000, 2001). Silene latifolia sex chromosomes are at
most 20 million years old (Moore et al. 2003). Therefore,
their divergence time is shorter than for extremely degen-
erated Y chromosomes such as those in mammals, and de-
generation of the Y chromosome of S. latifolia may be an
ongoing process.


To investigate sex-linked genetic variation, we mapped
sexually dimorphic traits to the sex chromosomes. These
traits include floral characters (flower number and size) that
are likely to undergo antagonistic selection, as well as life-
history, growth, leaf, photosynthetic, and metabolic traits.
All the studied traits are sexually dimorphic and show varying
degrees of phenotypic and genetic correlation (Delph et al.
2002, 2004, 2005; J. C. Steven, L. F. Delph, and E. D. Brodie
III, unpubl. ms.). Three types of evidence support antago-
nistic evolution for floral traits. Flower number is the most
sexually dimorphic trait yet measured (Delph et al. 2002). A
strong flower size-number trade-off exists, and pollen pro-
duction does not vary with flower size, whereas ovule number
does (Delph et al. 2004). Hence, in terms of the size-number
trade-off, the only way a male can make more pollen is to
produce more flowers, whereas females can produce more
ovules by keeping flower size large, without incurring the
costs of producing extra flowers. Moreover, elaborate floral
displays are selectively advantageous in males because floral
display is correlated with pollinator visitation (Shykoff and
Bucheli 1995). However, as a consequence of genetic cor-
relations between flower number and ecophysiological traits,
the production of large numbers of flowers by males exposes


them not only to the energetic costs related to the production
of additional flowers, but also to a possible further reduction
of the viability component of fitness through correlated phys-
iological responses (Delph et al. 2005). A formal treatment
of the evolutionary consequences of this situation is beyond
the scope of this paper, but we investigated the distribution
of genes for sexually dimorphic traits relative to the NRY/
NRX regions to elucidate the genetic architecture correspond-
ing to this apparently complex trade-off.


We chose to investigate this question by applying quan-
titative trait loci (QTL) mapping to a controlled cross between
S. latifolia selected lines. The use of such crosses is recog-
nized as a valuable tool in the search for determinants of
ecologically relevant traits (Johnson and Barton 2005). QTL
mapping combines genetic linkage mapping with quantitative
trait measurement to detect statistical associations between
regions of the genome and traits. The regions showing an
association are likely to harbor genes (defined QTL) con-
trolling the traits. This strategy is ideally suited for the pre-
sent study because it relies on polymorphism at the QTL, the
expression of the genes, and the presence of differential ef-
fects of QTL alleles. Therefore, the detection of a QTL in a
genomic location for a trait in an artificial population means
that there is a gene controlling the trait, it is expressed, it is
polymorphic, and the polymorphism affects the result of the
action of the gene on the trait. QTL mapping therefore offers
the possibility to study both the position and the expression
state of genes, providing insight into the role of differential
expression and recombination suppression in the determi-
nation of sexual dimorphism.


We report evidence that differential gene expression com-
bines in S. latifolia with close but not absolute linkage of
antagonistic genes with the NRY/NRX region. We argue that
a balance between different forms of selection, mediated by
linkage or pleiotropy, provides an evolutionary explanation
for this situation.


MATERIALS AND METHODS


A female plant was chosen from a selection line (family
29�15) that had undergone four bouts of selection for large
calyx width, wherein selected females had calyces that were
0.52 standard deviations smaller than the unselected females
from this line, averaged across the generations (Delph et al.
2004). Similarly, a male plant was chosen from a selection
line (family 12�36) that had undergone four bouts of selection
for small calyx width, wherein selected males had calyces
that were 0.65 standard deviations larger than unselected
males (Delph et al. 2004). Inbreeding within the two lines
ensured that only residual heterozygosity would be found at
any locus for the two parental plants. The two parents were
crossed, and F1 plants were obtained. One F1 male was back-
crossed to 29�15 to obtain 396 backcross (BC1) plants. No
sex-ratio distortion was observed in the BC1 population. Fifty
quantitative traits, including floral, life-history, growth, leaf,
and physiological traits, were measured on the parental fam-
ilies, on the F1, and on the BC1 population in the greenhouse.


The parental, F1, and BC1 populations were screened with
AFLP markers (Vos et al. 1995) according to the method
described in Rieseberg et al. (2003). A total of 235 markers
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FIG. 1. Schematic representation of the cross used for QTL map-
ping. Informative recombination for the mapping occurs in the F1;
the BC1 males all receive the same maternal X chromosome (X1),
while the Y chromosome they receive from the F1 is the outcome
of recombination between the chromosomes X1 and Y, and is the
cause of within-sex variation. X2, the father’s X chromosome, does
not contribute. A similar scheme applies to BC1 females, in which
variation is due to the recombinant copy of the X chromosome they
receive from their father. Any variation from residual heterozy-
gosity at QTL in P1 cannot contribute to the QTL detected here,
because the chosen genetic markers are homozygous in P1.


were scored that showed a band in the male parent and in
the F1, no band in the female parent, and polymorphism in
the backcross progeny. In addition to AFLP markers, sex
phenotype and two published, sex-linked genes (DDY44,
Moore et al. 2003; SLY-4, Delichère et al. 1999) were scored
and included in the dataset. These markers, including sex
identity, segregate in a backcross configuration and were used
to build a genetic linkage map for the sex chromosomes using
MAPMAKER/EXP (Lander et al. 1987) based on a two-point
LOD score higher than 8.0 and a multipoint LOD score higher
than 5.0. Markers that could not be firmly ordered (because
of complete cosegregation, segregation distortion, or insuf-
ficient LOD support) were attached to the map as accessory
markers and were not used in subsequent analyses.


Trait distributions were tested for normality of distribution
and, when necessary, submitted to a Box-Cox transformation
to obtain normality. One trait (calyx width) showed a strongly
bimodal distribution in males and could not be normalized;
it was therefore analyzed without transformation.


QTL analyses were performed using both QTL Cartographer
(Basten et al. 1994; http://statgen.ncsu.edu/qtlcart/manual/)
on the UITS Unix server at Indiana University and MultiQTL
(http://www.multiqtl.com/) on a PC under the multiple in-
terval mapping (MIM) model. All markers not linked to the
sex chromosomes were used as cofactors, to make use of
information from both detected and undetected QTL. QTL
were retained only when identified by both algorithms with
a P-value of at least P � 0.05 at the chromosome level (per-
mutation test [N � 1000] for MultiQTL, LOD-score proba-
bility for QTL Cartographer, with a penalty function for ad-
ditional QTL as defined in Schwarz 1978). Each QTL position
was validated by bootstrap using MultiQTL (with N � 1000
resampled datasets).


QTL detection was performed on the two sexes separately,
based on the linkage map built on the whole population. This
strategy allowed us to factor out genetic variance caused by
sex itself, genetically determined by the SDR. This strategy
has been independently applied, with the same purposes, to
the mapping of sex-specific QTL in humans (Weiss et al.
2006). Each sex is genetically uniform for the SDR and there-
fore all within-sex, sex-chromosome-linked genetic variance
is controlled by the pseudo-autosomal regions (PARs, the
regions of the sex chromosomes that undergo recombination
in the same way that autosomal chromosomes do). As a con-
sequence of this analytical design, sex-by-genotype inter-
actions are undetermined and appear instead as differences
between the sexes in genetic control. SDR-linked QTL are
detected when the two sexes are analyzed together (not
shown) and are by definition the necessary signature of sexual
dimorphism, that is, gender is a major determinant of a trait’s
value. By separating the two sexes, the study of the SDR is
set aside to concentrate on genes controlling the traits beyond
the factor (sex identity) causing sexual dimorphism in the
traits. With our experimental design, sex-linked variation in
BC males must be Y-linked, because female-derived (P1, re-
current parent-derived) X chromosomes do not contribute to
the genetic variation. Indeed, P1 is assumed to be homozy-
gous at all loci. However, even if residual variation were
present at QTL between P1-derived X chromosomes, P1 is
homozygous recessive at all the mapped AFLP loci, and


therefore any residual variation at QTL loci on P1 X chro-
mosomes will be undetected in our QTL detection analysis,
which is based on co-occurrence of polymorphism at marker
loci and QTL. Sex-linked variation among BC1 females is
obviously X-linked and, for the same reasons as for males,
it is caused by variation between male-derived (F1) X chro-
mosomes (Fig. 1). QTL detected in each sex identify PAR
loci for which the F1 male was heterozygous. Because QTL
detection implies both polymorphism and recombination, the
QTL thus identified can only lie within the PARs and cannot
represent NRY/NRX-linked loci. To assess the probability of
detecting the observed differences in QTL distribution be-
tween males and females, a Monte Carlo simulation proce-
dure was used to estimate Type II error rates. One hundred
backcross populations were generated under the assumptions
of the observed genetic linkage map and the presence of the
QTL observed in males, along with their positions and allele
substitution effects. Population size was set at N � 20, or
approximately one-tenth of the real mapping population for
each sex, to perform a very conservative test. QTL detection
analyses were run on the simulated datasets, and the number
of times at least one QTL was detected for each trait on the
sex chromosomes was recorded. The ratio of the number of
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FIG. 2. Map of the sex chromosomes of Silene latifolia and position
of QTL as determined in females (left) and in males (right). Map
distances (in cM) are shown on the left of the bar representing the
chromosomes; marker names are on the right. Markers in the box
are fully linked to sex-identity phenotype (SEX) and lie within the
non-recombining region of the sex chromosomes. The recombi-
national length of the sex-determining region is zero by definition
and therefore appears as a single point on the map. The map rep-
resents both sex chromosomes, because it is the result of mapping
recombination events between markers associated with the SEX
marker that were homozygous in the female parent (see crossing
scheme in Fig. 1). The relationship between recombinational and
physical distances is unknown, but the two pseudo-autosomal re-
gions are thought to represent a minor fraction of the chromosomes’
physical length (Lengerova et al. 2003). Solid bars indicate distance
between the position of a QTL as detected with the actual data and
the most likely position obtained by bootstrap analysis (see Table
1 for trait names). Thin bars represent 95% bootstrap confidence
intervals. Confidence intervals for all traits except FLCO, ULAR,
and PREP are affected by signals for minor, nonsignificant QTL in
several intervals.


times a QTL was found among the total number of simula-
tions is an empirical estimate of the power of the test (1 �
�), and its complement (�) is an estimate of Type II error
rates. The values of � thus obtained provide the probability
of not finding, in the female population, a QTL that has been
detected in males, assuming that a QTL of the same effect
as in males is actually present in females.


RESULTS


In our linkage map of the S. latifolia sex chromosomes
(Fig. 2), the SDR is represented by the sex-identity locus
(SEX) and by a large number of completely sex-linked mark-
ers. Clustering of neutral molecular markers with the SDR
has already been observed (Ma et al. 2004) and reflects its
large physical size (Liu et al. 2004). In particular, the two
reported sex-linked genes, DDY44 and SLY-4, fully cose-
gregated with the sex-identity locus, thus confirming that they
belong to the NRY. However, we found that several AFLP
markers recombine on both sides of the SDR. Therefore, our
map contrasts with some previously published models of S.
latifolia sex chromosomes (Westergaard 1948; Lengerova et


al. 2003), which assume only one recombining end (the PAR),
but agrees with cytological evidence showing that both arms
of the Y form chiasmata with the X. Our results show sus-
tained levels of recombination, albeit limited to two (phys-
ically small; Lengerova et al. 2003) PARs.


The search for QTL controlling sexually dimorphic traits
was performed separately on individuals of each sex, to detect
sex-specific and chromosome-specific activity (Fig. 1). In
other words, this analysis factors out any epistatic interac-
tions of sex on other genes, because the SDR is homozygous
within each sex by definition and therefore cannot contribute
to genetic variation. Residual (unknown) heterozygosity at
QTL on the maternally derived, PAR of the X chromosome
does not appear in our analysis because the markers were
chosen based on their homozygosity in the female parent.
Therefore, marker state–QTL state correlations cannot be de-
termined for these haplotypes and do not contribute to the
part of the genetic variance identified by our analysis. Re-
sidual variation in the female parent contributes to within-
genotype variance for all genotypes in both sexes and is part
of the error variance.


QTL identified only in one sex correspond to genes with
sex-limited expression: indeed, because of the observed lev-
els of recombination, the PARs cannot have extensively di-
verged and must be collinear, assuming that recombination
frequency between sex chromosomes has not increased over
recent evolutionary time, an occurrence that would contrast
with all evidence on NRY-PAR boundaries in S. latifolia.
Therefore, differences in the detection of QTL between the
sexes cannot be due to differences in gene content and must
be caused by differences in gene expression. Recombination
in the PARs during F1 meiosis will produce both X and Y
recombinant chromosomes. Consequently, both sexes will
show genetic variation in BC1. Males will carry one P1-de-
rived X chromosome (recurrent parent’s contribution, which
does not contribute to variation) and one F1-derived chro-
mosome (which will carry detectable variation because of
recombination). The same applies to females; because F1-
derived sex chromosomes have recombined in the PARs, X
chromosomes in females and Y chromosomes in males should
show qualitatively the same genetic variability (although the
frequencies of parental alleles will obviously differ because
of linkage in the parents) and therefore the same QTL should
be detected in the two sexes. Differences in QTL content
between the two sexes can only be explained by differences
between sexes in allele substitution effects at the QTL, and
must therefore be due to differences at the transcriptional
level, or beyond, between sexes (this is equivalent, in quan-
titative genetics terms, to saying that the SDR locus has ep-
istatic effects on PAR-linked loci).


QTL for several dimorphic traits were mapped in the PARs
both on the Y (males) and on the X (females) chromosome
(Fig. 1). Overall, eight QTL for seven traits were detected
in males, and one in females (for a trait that is not sex-linked
in males). QTL detected in males account for a larger portion
of variation per character than the female-expressed QTL: on
average, each QTL identified in males explains 13.9% of
phenotypic variance, while the only QTL identified in females
explains 4.7% (Table 1). For calyx width, one Y-linked gene
accounts for 49.7% of the phenotypic variance (but see Dis-
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TABLE 1. Percentage of explained variance (PEV) for QTL controlling sexually dimorphic traits mapping to the sex chromosomes (XY)
and average PEV for QTL controlling the same traits and mapping to the autosomes. ‘‘Upper’’ and ‘‘lower’’ refer to QTL position
relative to the sex-determining region in the map shown in Figure 1. L2SH, shape of second leaf above first flower; FLNU, total flower
number; ULSA, specific leaf area (area/mass ratio, a measure of leaf thinness) of second leaf above first flower; ULAR, area of second
leaf above first flower; ULMA, mass of second leaf above first flower; CAWI, average calyx width of flowers; FLCO, flowering time;
PREP, reproductive investment (proportion of biomass represented by reproductive structures).


Trait Sex Trait name PEV XY PEV autosomes


Leaf shape male L2SH 4.0* 5.1
Flower number male FLNU 7.3*** 4.8
Leaf thinness (upper QTL) male ULSA 7.4** 5.75
Leaf thinness (lower QTL) male ULSA 10.9** 5.75
Leaf area male ULAR 9.5** 5.75
Leaf mass male ULMA 8.4* 7.05
Flower size male CAWI 49.7* 3.6
Flowering time male FLCO 9.2** 5.4
Reproductive investment female PREP 4.4** 4.7


* P � 0.05; ** P � 0.01; *** P � 0.001.


FIG. 3. Frequency distribution of calyx width in BC1 males show-
ing bimodality. Arrows show the trait mean in the females of the
large calyx width family (P1) and in the males of the small calyx
width family (P2).


cussion for a comment on this estimate) and can explain the
bimodal distribution for calyx width in the population of
males (Fig. 3); it is noteworthy that females show no bimodal
distribution (data not shown), confirming substantial differ-
ences in the genetic architecture of the trait between males
and females. Other major loci include QTL for other floral,
leaf, and growth traits, including flower number (Fig. 2). A
Monte Carlo simulation procedure was run to estimate Type
II error rates, to evaluate how easily a QTL of the size of
those detected in the males could be missed in the females.
For the seven traits with at least one QTL detected in males,
the power of the test varied between 0.88 and 1.00 (of 100
replicates), leading to Type II error estimates between 0.0
and 0.12. Therefore, the combined probability of failing to
detect the entire set of eight QTL is virtually zero. Table 1
shows the average contribution of autosome-linked QTL for
the same traits for which QTL were also detected on the sex
chromosomes. The contribution of Y-linked QTL is signifi-
cantly larger than autosomal contributions (Wilcoxon
matched pairs signed rank test: Z � �2.197, n � 7, P �
0.014; Wilcoxon two-sample test: Z � �2.84, n1 � 9, n2 �


16, P � 0.002). Thus, for each trait that maps to the Y
chromosome, the latter has a prominent effect relative to the
autosomes. QTL seem to be located in both PARs in males,
although with overlapping bootstrap confidence intervals, and
in a possibly nonoverlapping region of one of the PARs in
females. QTL positions for specific leaf area (leaf thinness,
a trait related to physiology), flower size, and flower number
tend to cluster in one PAR and leaf shape and specific leaf
area in the other, suggesting pleiotropic effects or tight link-
age of multiple loci. These co-occurrences may be easily
explained based on ontogenesis for leaf traits, but not for
traits belonging to different trait classes. However, our liberal
estimates on QTL positions prevent us from testing the al-
ternative hypotheses of pleiotropy versus linkage.


Large bootstrap confidence intervals are a consequence of
the presence of secondary, nonsignificant LOD peaks (data
not shown). These loci do not appear as validated QTL on
our map, but contribute to the variance of QTL position in
bootstrap tests. Therefore, these large confidence intervals
may be caused by background statistical noise produced by
smaller LOD peaks rather than by uncertainties on QTL po-
sitions themselves.


The recombination rates we observed are sufficient to pre-
vent divergence between the X- and the Y-linked copies of
these QTL. Therefore, the differences between male and fe-
male sex-linked QTL must be caused by differential expres-
sion of genes in the two sexes via epistatic interactions with
the SDR. Genes with male-specific expression occur on both
sex chromosomes (Delichère et al. 1999; Sugiyama et al.
2003), probably near the border of the SDR and the PAR
(Filatov et al. 2000; Nicolas et al. 2005). Therefore, previous
research is consistent with the presence of homologous genes
with differential expression on the sex chromosomes, as is
indicated by our results showing the presence of sex-specific
QTL in the recombining regions.


DISCUSSION


We have demonstrated that the genetic control of a diverse
array of traits by the PARs of the sex chromosomes differs
between the sexes in S. latifolia. The Y chromosome appears
to heavily influence trait variation in males, whereas the X
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chromosome does not seem to play as large a role in females.
Variance components could be overestimated in relatively
small samples (here N � 200 and N � 196 for females and
males, respectively), and if we consider the two subpopu-
lations as two independent QTL-detection experiments, ran-
dom variation in the number and position of QTL is expected
(‘‘Beavis effect’’; Beavis 1994). However, the colocalization
of several traits in the same region(s) in males, with large
effects relative to the autosomes and to the female population,
suggests that stochastic variation is not a major cause of the
observed results, as confirmed by the estimates of Type II
error rates obtained by Monte Carlo simulations. While ab-
solute variance components may be overestimated, differ-
ences between the genetic roles of the two sex chromosomes
appear to be large.


The question may arise as to whether the sex-specific QTL
we detected are experimental artifacts, caused by the diver-
gent selection applied to the families our mapping population
is derived from. Could there have been inadvertent selection
for male-specific alleles? Although we cannot provide direct,
molecular evidence, results on dimorphic trait evolution dur-
ing the selection experiment (Delph et al. 2004) suggest that
this is not the case. In each of the two lines, between-sex
trait correlations were unaffected by the selection process or
were slightly reduced. Therefore, it seems unlikely that sex-
specific alleles, responsible for enhanced sexual dimorphism,
had been favored in one or the other of the two selection
lines. Another potential source of spurious results could de-
rive from the selection for small calyx width applied to one
of the two divergent lines. Given the strong correlation be-
tween floral, physiological, and life-history traits, the pos-
sibility exists for having inadvertently selected for alleles
causing poor physiological performance, which would show
up as QTL differentiating the two lines. However, during the
selection experiment no differences were found in viability,
total leaf biomass, vegetative biomass, or photosynthetic
rates between the control lines and the lines selected for small
calyces (see selection program 1 in Delph et al. 2005), which
makes this argument unlikely. Finally, caution must be taken
(Beavis 1994) with the generalization of results obtained in
a single experimental cross; however, our crossing design
(Delph et al. 2004) grants that our mapping population is at
least representative of the natural population the selection
lines were drawn from.


Our results are congruent with predictions for, but cannot
be entirely explained by, antagonistic selection between the
sexes (Lande 1980; Rice 1996). Antagonistic alleles can in-
crease in frequency even if they are not tightly linked to the
SDR, provided that the genetic load for the sex to which they
are detrimental is not too heavy, or if their expression is sex-
limited (Rice 1987). Our sex chromosome-linked QTL show
extensive differential expression between the sexes, as do
other QTL located on the autosomes (not shown). They lie
on the autosomal parts (PAR) of the sex chromosomes and
could be therefore considered to behave as any autosomal
QTL, but they tend to cluster on both sides of the SDR and
their contribution to the variance for each trait is significantly
greater than for any other autosomal locus. These large-effect
genes, showing their effects only in males, therefore tend to
show moderate linkage with the SDR, as predicted theoret-


ically by Rice (1987). In S. latifolia, antagonistic selection
between the sexes seems to be tied to selection within males
through genetic correlations among life-history, ecophysio-
logical, and reproductive traits. On the one hand, these alleles
do not appear to be in full linkage disequilibrium with the
NRY, nor are they fixed, possibly because of a tug of war
in males between positive effects on pollen production and
negative effects on viability (Lande 1980). On the other hand,
differential expression shelters females from the negative ef-
fects of antagonistic alleles that confer a reproductive ad-
vantage to males.


The net consequence of the genetic architecture of S. la-
tifolia sex chromosomes, as it emerges from the results we
present here, is that the two sexes carry the same kind of
sex-linked genetic variation, but this variation is expressed
and therefore undergoes selection only in males. Moreover,
of all QTL controlling dimorphic traits in males, those map-
ping in the PARs display a much larger role than the auto-
somal ones. We propose a tentative three-step evolutionary
explanation of what we have observed. First, in the early
stages of sex chromosome evolution in S. latifolia, flower-
trait genes started to accumulate near the SDR and become
fixed, possibly increasing their expression level relative to
autosomal QTL, as a consequence of enhanced reproduction
in males, but viability selection at linked traits arrested this
process because of increasing genetic load in males (Lande
1980). At this point, in the presence of recombination, female
fitness is permanently displaced from its optimum due to
alleles that are reproductively advantageous in males but det-
rimental to viability in both sexes. Second, sex-limited ex-
pression, which is predicted to evolve over a longer time
scale, would then have arisen and been favored because it
increased fitness in females, while leaving the male trade-off
unaffected, thus globally maximizing population fitness.
Third, allelic variation and large effects on trait variance at
the Y-linked loci is maintained because of balancing selection
on males, probably driven by environmental heterogeneity.
In favorable conditions alleles conferring a mating advantage
cause a lesser viability cost and can spread, while in more
stressful environments selection for viability comes at the
expense of flower production. Observations on the variation
of traits in natural populations across an environmental gra-
dient (Delph et al. 2002) support this view.


The overall genetic architecture of the S. latifolia Y chro-
mosome seems to confirm the theoretical prediction that re-
combination suppression is the most likely evolutionary out-
come of sexual antagonism. Indeed, accumulation of antag-
onistic genes on the sex chromosomes would not have oc-
curred if sex-limited expression had evolved first, because
the latter is sufficient to establish a correlation between sex
and traits. The co-occurrence of recombination suppression
and sex-limited expression, which we have observed, can
only occur if sex-limited expression evolves after the antag-
onistic QTL are already near or have been translocated to a
chromosomal location not farther than 50 cM from the SDR.


The hypothesis that sex-chromosome evolution in S. lati-
folia may be driven by a trade-off between the sexes and
among traits finds indirect confirmation in ecological and
quantitative-genetic results obtained on wild populations. In-
deed, selection on flower size leads to a correlated response
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in ecophysiological traits (Delph et al. 2004, 2005) and suites
of traits occur across populations of this species (Delph et
al. 2002). Some populations exhibit high flower production
and leaf traits associated with fast metabolism and growth
rate, whereas others exhibit relatively low flower production
and leaf traits associated with the conservation of water. It
has been shown in other species that water-use traits are under
selection (Arntz and Delph 2001) and extreme floral displays
have survival costs (Bond and Maze 1999). Correlations be-
tween flower and water-use traits therefore appear to cause
a selective trade-off.


The occurrence of limited recombination and differential
expression may represent an alternative and flexible evolu-
tionary equilibrium to selection-induced suppression of re-
combination in the presence of fitness pleiotropy and may
represent a valid model for other species in which sexually
antagonistic genes are found at intermediate recombinational
distances from the SDR. It may also explain the distribution
of evolutionary strata on S. latifolia sex chromosomes and
the apparent stability of the NRY-PAR boundary (Nicolas et
al. 2005). The PARs of the Y chromosome, however, retain
a full array of functional genes and play a major role in the
control of several kinds of traits. These portions of the Y
chromosome seem to be avoiding the fate of the rest of the
chromosome, since they tend to be masculinized (i.e., they
play a major role in male gene expression relative to auto-
somes), a phenomenon that in mammals affects the X chro-
mosome (Lahn et al. 2001).


Testing our hypothesis about sex-chromosome evolution-
ary pathways in S. latifolia requires measuring the correlation
between reproductive and physiological traits in natural pop-
ulations, as well as the effects of those traits on fecundity
and survival fitness components in experimental conditions.
These experiments, along with comparative mapping of the
two sex chromosomes, will help reveal the mechanisms main-
taining the active genetic role of the Y chromosome in this
model plant species.
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